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ABSTRACT

Live poultry flocks are costly to maintain, especially for rare breeds in small populations
or non-commercial circumstances. One strategy to reduce these costs could be cryopreservation of
the chick gonadal tissues and subsequent transplantation into recipients, which would help to
maintain the genetic resources of some heritage chicken breeds that are rare and threatened with
extinction. Thus, the overall goal of the study was to produce offspring derived from donors of
different chicken breeds, including heritage chicken breeds. In our studies, a vitrification-warming
procedure was employed to preserve chick gonadal tissues; and a modified transplantation
technique was used to regenerate chicken breeds by the production of donor-derived offspring. An
assessment of the vitrification-warming procedure was also conducted by using a morphological
scoring system and detecting apoptotic cells via caspase-3 immunofluorescence. Additionally,
cryoprotective agent (CPA) diffusivity measurements were made to facilitate mathematical

prediction of minimally damaging CPA treatments.

One significant aspect of this study focused on post-cryopreservation chick ovarian tissue
transplantation to address the failures of this procedure in previous studies. The goal of this
experiment was to demonstrate that vitrified/warmed one-day-old chick ovarian tissues could be
transplanted and developed generally in the different recipient chicken breeds and can produce the
donor-derived offspring; in addition, to evaluate the potential of different chicken breeds to receive
a donor graft. In particular, two main experiments were conducted on different chicken lines. The
first experiment was transplantation between chickens of similar genetic background of Lohmann
White (Oldenhof et al.) and Barred Rock (BR). The second experiment was transplantation

between chickens of different genetic background Brown Leghorn (BL), BR and BL/BR. The



results differed depending on chicken lines. In the first trial, 50% of ovarian tissues were taken
from adult recipients derived from donors of fresh and vitrified-warmed BR ovaries. Moreover,
one hen appeared to have a donor-derived graft, as well as two of the embryos from this bird
showed alleles of the donor bird. In the second trial, BL and BL/BR background could sustain the
development of a graft regardless of the genetic background of the donor. However, all these grafts
were enclosed by a membrane and had a variety of growth, suggesting some level of rejection by

the recipients.

The assessment of the vitrification-warming procedure was conducted on one to three-
day-old chick testicular and ovarian tissues. Two methods were used to evaluate the damages of
the tissues: Periodic Acid Schiff-Hematoxylin (PAS-H) and an immunohistochemistry technique
via caspase-3 immunofluorescence. From the first method, the morphological damages were
evaluated, based on the morphological grading system. The second method showed the detection
of apoptotic cell execution on the gonadal tissues. Overall, the results show that the vitrification-
warming procedures affect the cellular integrity of one to three-day-old chicken gonadal tissues
through morphological alterations. While the process does not cause more apoptotic cells on
testicular tissues, there are some challenges in ovarian tissues for detecting apoptosis. Taken
together, these results suggest the need to optimize this preservation technique for long-term
storage and the surgery transplantation, especially in chicken ovarian tissues. Finally, to explore
possible relationships between CPA (cryoprotectant agent) equilibration and tissue type,
experiments were performed to determine the rate of diffusion of three CPAs into chick testes and
ovaries. In the future, this diffusion rate can be used with a mathematical model to create an optimal
protocol minimizing the toxicity of CPAs and intracellular ice formation, including diminishing

gonadal tissue damages.



In summary, the studies of this thesis confirmed the potential of the cryopreservation of
chicken genetic material through vitrification and the successful subsequent transplantation of the
vitrified-warmed gonadal tissues into the appropriate recipients. Additionally, limitations have been
described, such as the effects of the vitrification-warming procedure, the rejections from immune
responses of recipients, etc. Some solutions were provided, which could increase the efficiency of

the strategy to be practical for poultry studies in diverse fields.
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CHAPTER 1. INTRODUCTION

Biodiversity and species conservation are critical topics with only vague solutions
affecting extinction risk. Many factors are related to this including inbreeding depression,
environmental change and disasters, human actions in over-exploitation leading to habitat and
genetic diversity loss. Besides wild species, domestic animal biodiversity is also threatened due to
changes in farming systems such as feed shortage, economic and demographic effects etc. It is
especially apparent that because of marketing, industry control of the farming system according to
customer demands, there is significant breed selection pressure in traditional farming goals
(Cunningham, 1995). Many strategies for species protection have been identified including in-situ

conservation, ex-situ conservation and the use of DNA technology.

Cryopreservation is a popular method used in ex-situ species conservation. Towards this
goal, spermatozoa were the first reproductive cells successfully cryopreserved (Polge et al.,
1949a). But nowadays, cryopreservation has been applied to many different species and other cells,
tissues and organs (F. G. Silversides et al., 2013a; Jianan Liu et al., 2013a; Fahy et al., 2004).
Slow-freezing and vitrification are two conventional processes used for the conservation of animal
germplasm (Saragusty and Arav, 2011; Dalman et al., 2017). These two strategies have both
beneficial and negative effects applied for different kinds of cells, organs. The slow freezing
method was demonstrated to be suitable for specific cell types than multicellular types (Jianan Liu
et al., 2013a) because specific cellular characteristics require different cooling rates (Mazur, 1963;
Fahy et al., 1987). However, avian embryos or oocytes cannot be used for cryopreservation

because of the characteristics of the egg yolk such as its large size and high lipid level. Therefore,



avian semen cryopreservation could be the best way for ex-situ management (E Blesbois, 2007;
Zaniboni et al., 2014). Although regular use of some livestock semen cryopreservation appears in
dairy and beef cattle, poultry semen cryopreservation results in fertility rates lower than

mammalian species (Long, 2006).

With these limitations, other strategies are needed to conserve poultry genetic resources.
These methods can include the perpetuation of live animals, blastodisc cryopreservation, and
primordial germ cell cryopreservation (J.M. Pisenti et al., 1999). However, live animals are costly
to maintain, especially for rare breeds in small populations or non-commercial circumstances.
Polge (1951) demonstrated that avian germplasm, including semen, blastodisc, primordial germ
cells (PGC), reproductive tissues, can be cryopreserved. Besides the low fertility rate of
cryopreserved sperm, sex determination in the chicken (Gallus gallus domesticus) and birds are
different from mammals having an XX:XY sex chromosome system with XY (heterogametic sex)
represented male. In contrast, chickens and birds have a ZZ:ZW sex chromosome system with ZZ
(homogametic sex) represented male (Smith and Sinclair, 2004). Thus, cryopreserved sperm does
not contain the “W” chromosome to conserve the entire genome of the breed (F. G. Silversides et
al., 2012b). The feasibility of cryopreserved PGC has brought more benefits than cryopreserved
sperm that would enable the conservation of the whole genetics of the line (Moore et al., 2006).
Moreover, cryopreserved chicken PGCs could be applied to connect genetic conservation with the
reproduction of live stocks during early development (Nakamura et al., 2010). However, during
germ cell development, there are not many germ cells represented in the germinal crescent, an
extraembryonic region, after cryopreservation (Petitte, 2006) that will impact to the efficacy of
genome preservation. Because of these limitations, transplantation and cryopreservation

techniques on mammalian gonads (Schlatt et al., 2002; Gunasena et al., 1997a) have been



optimized and standardized for use on some species such as Japanese quail (Coturnix japonica)(J.
Liuetal., 2013c; Y. Song and Silversides, 2008b) and chickens (F. G. Silversides et al., 2013b; Y.
Song and Silversides, 2007a) by using vitrified gonadal tissues. With these achievements,
transplantation and cryopreservation of the gonadal tissues can be used widely and effectively for
regeneration and preservation of heritage chicken breeds, especially ovarian tissue transplantation

that would conserve the entire genome of the breed.

Our ancestors raised heritage breeds before industrial agriculture became dominant.
These breeds were selected and bred over time to develop characteristics that made them well-
adapted to different environments. With intense industrial agricultural development, the genetic
diversity of heritage breeds has been reduced by the selective pressure aiming to meet consumer
demand such as increased milk or egg production as well as increased weight gain. In addition to
agricultural industrialization, several major livestock and poultry breeds have lost the genetic
diversity necessary to resist to new diseases and parasites and other environmental conditions that
threaten their existence (FAO, 2015). Silversides’s (Agriculture & Agri-Food Canada) research
group is considered the first to optimize and standardize mammalian cryopreserved gonad
transplantation techniques and applied them to some avian species. Their approaches included
orthotopic ovarian transplantation (the transplant of tissue in its position) in the chicken (Y. Song
and Silversides, 2006); cryopreserved chicken testicular tissue procedures to produce offspring (Y.
Song and Silversides, 2007a); ovary transplantation in Japanese quail (Y. Song and Silversides,
2008b); and a model for cryobanking female germplasm in Japanese quail (J. Liu et al., 2013b;
2015; J. Liu et al., 2010). The surgical transplantation of vitrified-warmed ovarian tissues of
different chicken breeds is still not reliably achieved, and evaluation of the viability of chicken

gonadal tissues after vitrification and warming by different histological methods has not been



considered meticulously. This thesis intends to address this missing information, especially with
respect to heritage chicken breeds. Overall, I hypothesized that optimization of transfer procedures
of vitrified-warmed gonad into an appropriate recipient breed can improve the regeneration and
preservation of the genetic diversity of poultry breeds. Two main objectives were to optimize the
gonadal tissue transfer technique into different chicken breeds and evaluate the potential of
different chicken breeds to receive a graft; and to optimize conditions for CPAs equilibration to

minimize the toxicity, osmotic stress and freezing injury of gonads.



CHAPTER 2.REVIEW OF THE LITERATURE

2.1.  Stream of chicken genetic resources

2.1.1. The role of animal genetic diversity

Genetic diversity is the variation of genes between distinct individuals of a species that
produce a variety of traits. Genetic diversity varies significantly from species to species. For
example, there is about a 3% variation in the genome of a fruit fly (Drosophila simulans) versus
0.1% variation in humans (Ellegren and Galtier, 2016). Habitat loss and degradation are causing
the loss of genetic diversity in a population of many species and reducing their population size
(Lowe et al., 2005; Barnett and Kohn, 1991). Additionally, unique genes will be lost in the next
generation and lead to the loss of other genes, eventually depleting the genetic variation (Lande,
1988). Genetic diversity allows a species to adapt to harsh environments, weather, or changes in
the temperature and to resist different diseases. In short, genetic variation is crucial in the survival

and development of species (Yamin Liu, 2018).

The loss of genetic diversity is related to the extinction risk of species caused by four
combined factors: demographic stochasticity due to age, genotype or body size; environmental
stochasticity such as habitat loss, diseases; natural catastrophes, such as floods and fires; and
genetic stochasticity due to changes in gene frequencies caused by founder effect or inbreeding
(Shaffer, 1981). Also, reduced biological fitness associated with inbreeding depression can play a
crucial role in the extinction of species. Inbreeding causes detrimental effects on reproduction and
survival, including sperm production, age at sexual maturity, etc. (R Frankham et al., 2002a;
Richard Frankham, 2005). Darwin was the first to perform experiments to clarify this issue in the

comparison between self and cross-fertilization in the progeny of plants. Seed production and



height were reduced by 41% and 13%, respectively, in self-fertilization (Darwin, 1876; Richard
Frankham, 2005). In small populations, extinction risks will be dramatically increased by loss of
genetic diversity, causing the reduced ability of species to adapt to changes in the environment and

response to diseases.

Genes that are accountable for inbreeding depression can be revealed by scanning the
genome for markers to recognize its signature. With this method, some harmful recessive genes
have been associated with inbreeding depression in many species such as the Scandinavian wolf
(Canis lupus), where two hundred and fifty-eight microsatellite markers were used (Hagenblad et
al., 2009). In other species such as the Belgian Blue cattle and Italian Chianina cattle, the recessive
deficiency was mapped by the highly effective single nucleotide polymorphism technique (SNP,
a mutating of a single nucleotide in the genome at a specific position), (Charlier et al., 2008). In
another fruit fly (Drosophila melanogaster) QTL (quantitative trait locus) mapping (to identify the
locations of genes in the genome) was used to analyze the lethal effects of harmful genes related

to inbreeding (Vermeulen et al., 2008).

Human impacts and inbreeding effects are accountable for the fast decline of endangered
species (Richard Frankham et al., 2014). Genetic diversity is a crucial factor and priority for
adaptation to cope with future challenges (Scherf and Pilling, 2015). Ellegren and Galtier (2016)
claimed that if across-genome diversity was determined accurately in various ways, such as
selective pressure, adaptation, or purification, remarkable progress could be gained related to
genome evolution, a determinant of genetic diversity, as well as species conservation. The term
gene flow is used to depict the movement of animal genetic resources around the world by many
different methods from live animals to frozen semen and embryos. These methods can lead to the

augmentation of the genetic diversity of species because gene flow has created the growth of a



broad range of breeds that can adapt to all kinds of environments or new diseases (Scherf and

Pilling, 2015).

2.1.2. Genetic diversity in poultry

In poultry, chickens and turkeys (Meleagris gallopavo) are the most ancient domesticated
types with different purposes that include providing eggs, meat, and breed shows (physical traits
and ornamentation). Additionally, chickens can be used as model species for vertebrate biology in
basic and applied agricultural research and even as human biomedical disease models. A number
of avian characteristics play an essential key in biological research, including availability, a high
rate of embryo production and considerable experimental flexibility during embryo development.
Current commercial strains were developed from popular breeds to produce rapidly growing
hybrid strains that carry on desirable features for market demand such as high egg and meat
production. In comparison, heritage chicken breeds adhere to other attractive features such as
natural mating, long, productive outdoor lifespan, or a slow growth rate
(livestockconservancy.org). However, it is costly and time consuming to raise and grow pure
strains to satisfy the market (Mathias and Mundy, 2005). Some chicken breeds were employed for
the surgical transplantation such as Barred Rocks (BR), Brown Leghorns (BL) and Lohmann
White (LW). According to a history of breeds provided by University of Illinois Extension (History
of Breeds, n.d), Barred Rocks originated from America that were mixed with different blood lines
(in particular, a Dominique-Black Cochin or Dominique-Black Java cross); however, the exact
origin is still controversial. This breed was put on the Standard of Excellence of the American
Poultry Association in 1874. Another chicken line is Lohmann White that originated from

Germany under the name of the company that reproduced new breeds and is one of the branches



in Lohmann hybrids. While Brown Leghorns come from Italy that belongs to the Mediterranean

class and then brought in America in 1853.

According to a conservation list of Rare Breeds Canada, chicken breeds were classified
basing on their population such as critical (Brown Leghorn, Saskatchewan Plymouth, for instance),
endangered (Shaver White Leghorn, New Hampshire Red, for instance), at risk (Barred Plymouth

Rock).

In general, the decline of poultry breeds is happening at an alarming rate. The genetic
diversity is threatened due to the success of commercial strains, farm development, and inbred
lines that were associated with homozygous and homogeneous offspring (J.M. Pisenti et al., 1999).
A vast number of heritage breeds are at risk, and limited facilities are available for maintaining
them. Moreover, funding is inadequate for research to conserve poultry heritage breeds (FG
Silversides et al., 2008). Some of these populations have unigque characteristics, and the reduction
of genetic diversity could lead to a loss of unique alleles represented by unique features. For
example, body shape, strength, and disease resistance are some dominant characteristics that have
improved generation by generation. Commercial strains do not absolutely possess these unique
features such as adaptation to different environments, and stronger disease resistance that might
cause the loss of genetic diversity in the population. There are some limitations to hybrid chicken
strains, including decreased disease resistance, a high risk of growing too fast, and a short egg-
production life span (J.M. Pisenti et al., 1999). Therefore, it is necessary to maintain unigue genes

from heritage chicken breeds to stabilize the stocks.



2.1.3. Genetic diversity conservation programs

Genetic diversity conservation programs can be divided into three major groups: in situ
conservation, ex-situ in vivo conservation and ex-situ in vitro conservation. In situ conservation is
a way to keep species breeding in their native populations. Some benefits can be found in this
technique, such as the adaptation of breeds to the environment, development of strategies regarding
the management and support. However, this method can face risks of diseases and potential

environmental disasters (Scherf and Pilling, 2015).

Ex-situ in vivo conservation is where live species are kept in a distinct area from their
native population (e.g. on a zoo, farm, etc.). This method can facilitate reproductive management,
especially if the population is tiny, and there are not sufficient samples for cryopreservation.
However, these separated areas might not be similar to their natural environment and thus might

not sustain the entire genetic diversity of breeds (Scherf and Pilling, 2015).

Ex-situ in vitro conservation is defined as the way to preserve species using reproductive
and preservation tools that include keeping cells or tissues at cryogenic conditions for long-term
storage and then reconstituting these materials into a live population. This technique can decrease
risk of a disease outbreak or environmental changes. Depending on their category that could
include critical, endangered and at-risk breeds, each breed or species will need a specific
conservation strategy to increase the population, maintain genetic diversity, develop productivity
or preserve additional cryogenic materials (Scherf and Pilling, 2015). Cryopreservation is a
technology that can fulfill some ex-situ in vitro conservation purposes. For instance, cryopreserved
genetic resources can be used to reconstitute populations as needed to solve issues related to

genetics. Also, cryopreserved samples can be used for research to develop new breeds or genomic



studies. However, in the chicken, germplasm is limited due to a lack of hatcheries that provide rare

or heritage breeds (Blackburn, 2006).

2.2.  Gonadal cryopreservation and application

2.2.1. Cryobiology background

2.2.1.1. Principles of cryobiology

Cryobiology is the study of life at low temperatures. Cryopreservation is the preservation
of life using low temperatures to reduce or eliminate metabolism and all chemical reaction. It is
one of the ways to preserve biological materials such as oocytes, embryos, sperm, cell, tissue, and
organs. However, freezing is usually lethal to living organisms. Cryopreservation aims to protect
cells or tissues from injury due to low temperature (Shaw and Jones, 2003). It is understood that
cryobiology can preserve the integrity of cells or interrupt biochemical reactions of cells (Mazur,
1970). Because of these effects, there are many fields of biology related to freezing and low
temperature, such as cell physiology, food sciences, cryosurgery, etc. In particular, understanding
ice formation is an especially important aspect of living cell responses to low temperature and

crystallization of water.

At low subzero temperatures, ice formation will cause physical and chemical changes to
cells (Fuller et al., 2004). Water plays an essential role in cellular structure and a key role in
cryobiology. Cell volumes are 60 to 85% water that will interact with other intracellular elements,
including proteins, lipids, and others. The state of water in cells is a critical aspect of cryobiology
and includes the movement of water into and throughout the cell. Ice is formed by combining water
molecules with ice nuclei at 0 °C or below in the condition of pure water. Water can then continue

bonding on the ice surface to increase its size to form ice crystals. During this process energy is
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released by the transformation of water into a crystal that can temporarily increase the temperature
to the solution’s melting temperature (e.g. 0 °C for pure water) and remain at that point until ice
formation is complete and water still can endure the liquid phase under the melting point.
Moreover, a process of cooling and warming will be associated with the physical transition of
water in solution (Muldrew et al., 2004). At each physical transition, the concentration of solutes
and temperature are dependent on each other. As ice formation removes pure water from the
system, the melting temperature is reduced in the solution as the solute concentration increases
due to colligative properties such as freezing point depression, boiling point elevation and osmotic

pressure.

Cells lose water once they are exposed to low temperatures because intracellular water
moves out under the vapour pressure differential (Mazur, 1963). This response depends on the rate
of cooling and the cellular permeability of water. Cells will be dehydrated at a slow cooling rate
or with high permeability of water due to the exosmosis of intracellular water. Otherwise, if water
cannot leave the cell, intracellular ice will likely be crystallized. In other words, the permeability
of the cell membrane allows water to move out of the cell so that intracellular volume will be

decreased.

In summary, cells under the influence of freezing cause dehydration and concentrate
intracellular and extracellular solutes (Mazur, 1963). Moreover, Mazur (1963) reported that cell
viability after exposure to low temperatures at a slow cooling rate was higher than a rapid cooling
rate. This was hypothesized to be because damaging intracellular ice formation would be
minimized because water could move from the cell accordingly, and protoplasm would be kept at
its freezing point. Many factors influence this survival including temperature, cooling rate,

membrane permeability or cellular surface area. For example, slowly cooled yeast cells were killed
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below -20 °C (Mazur and Schmidt, 1968), or human red cells are further be damaged with the
increases in cooling rates (Rapatz et al., 1968). Furthermore, during the freezing process, the
physical and chemical mechanisms of cells are altered, and these can affect cell viability. The
optimum cooling rates that are sufficiently fast to avoid “solute damage” but not too fast allow for
intracellular ice formation (Mazur, 1970). Cells that can survive at a specific cooling rates require
correct warming rates; therefore, the warming rate also contributes to the survival of cell (Woods

et al., 2004).

Successful cryopreservation techniques depend on many factors. Evidence suggests that
the warming rate and appropriate cryoprotectant solutions are among the most critical factors for
the cryopreservation of biological materials (Shaw and Jones, 2003). In addition, in the absence of
careful treatment, these living materials will be killed by very low temperature (e.g., in liquid
nitrogen) due to intracellular and extracellular ice formation; thus, many methods have been used
to minimize this damage including cryoprotectants, antifreeze proteins (O'neil et al., 1998) or ice
blocking factors (Wowk et al., 2000). Cryoprotective agents (CPAS) increase the survival of cells
during the freezing and warming process (Rajan and Matsumura, 2018), including human sperm

(Gao et al., 1997), erythrocytes (Terwilliger and Solomon, 1981) or oocytes (Hunter et al., 1992).

The equilibration of high concentrations of CPAs is required, which contributes to the
success of the cryopreservation (Elmoazzen et al., 2005). During cooling and warming, the
colligative properties cause a reduction in melting temperature, and the resulting increased
viscosity causes a reduction in the likelihood of intracellular ice formation (Mazur, 1984).
However, osmotic effects can damage cells during the equilibration with CPAs, and CPAs can be
toxic at a high concentration. At a high concentration of permeating CPAs, rapid dehydration

occurs when adding CPAs that makes cells shrink, and rehydration happens quickly when
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removing CPAs that makes cells swell. These cell responses to CPA equilibration protocols can
cause damage or cell death (Mazur and Schneider, 1986). One possible way to avoid this damage
is adding high concentrations of sugar as an impermeable solute to minimize osmotic effects

during CPA removal after warming (Leibo, 1984).

The “critical concentration” of CPAs is the concentration required to prevent ice
formation during cooling (Woods et al., 2004). Thus, CPAs play an essential role in maintaining
cell survival post-cooling and warming, and CPAs are critical to successful cryopreservation, but
it is well understood that CPAs are toxic, which is a critical barrier to cryopreservation of cells
(Best, 2015; Fahy, 1986; Gilmore et al., 1997). Toxicity is also dependent upon temperature,
concentration, and has varying mechanisms of action depending on which tissue or cells are used.
CPA toxicity can manifest as the release of caspases, proteases, or kinases in cryopreservation of
cells or tissues and results in apoptosis execution (Bissoyi et al., 2014). CPAs interrupt the
hydrogen bonding of water in the solution to prevent ice formation, and these influences induce
non-specific toxicity (Towey and Dougan, 2012). Some popular CPAs have been used, such as
ethylene glycol (EG), propylene glycol (PG), dimethyl sulfoxide (DMSQO), formamide (FMD). All

of these are permeable CPAs that can pass the cell membrane.

It has been shown that toxicity can be reduced by combining different CPAs. One study
showed that a combination of DMSO with PG or FMD could reduce toxicity compared to PG
alone (Jomha et al., 2010). Moreover, non-permeable CPAs are often combined with permeable
CPAs because of the ability to reduce extracellular ice formation and prevent intracellular ice
formation (Meryman, 2007). One such example, sucrose, a non-permeable CPA, is often used as
an extracellular CPA due to the limited ability to pass cell membranes. In addition, these non-

permeable CPAs help to facilitate the absorption of permeating CPAs to cross cell membranes by
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the prevention of excessive osmotic swelling; thus, contributing to the decrease in the toxicity of
permeating CPAs. Also, adding sugar dehydrates cells contributing to the prevention of ice
formation, and allows the regulation of osmotic pressure upon warming and removal of

cryoprotectants (Leibo and Songsasen, 2002).

2.2.1.2. Two methods of cryopreservation: slow freezing and vitrification

There are two main methods for cryopreservation: slow freezing and vitrification. Slow
cooling allows sufficient time for water to move out of the cell during cooling as the osmotic
pressure in the intracellular water equilibrates with extracellular water (Mazur, 1984). However,
this method can be ineffective for tissues or organs, multicellular systems, because of the
intracellular and extracellular ice formation that can damage tissues or organs. It means that
multicellular systems are complex with different cell types requiring optimal cooling rates to
prevent damages (Jianan Liu, 2013). Additionally, organ freezing has not been very successful
because of the combination of different cells, different responses to freezing, and their large sizes
with large volumes (Alink et al., 1977). Thus, the increase in the concentration of solutes, along
with suitable cooling rates, would be considered to avoid ice formation and solution effect (Jianan
Liu, 2013). Also, slow freezing leads to shrunken cells through osmosis, and cytoplasm volume
decreases equally with the decrease of cell volume (Meryman, 1974). The harmful effects were
reported in human red blood cells where viability decreased with slow freezing conditions, such
as low temperature or cryoprotective agents. The viability of cells could be dependent upon three
possible significant factors, including cooling rate, thawing rate, cryoprotective agents, and their
concentrations (Mazur, 1984). Cryoprotective agents are used along with appropriate cooling rate

depending upon cell types based on a programmable freezing device in a slow freezing procedure
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(Kuleshova et al., 2007). In addition, the slow freezing technique can be costly and time-

consuming, requiring expensive devices for controlling the cooling rate.

Vitrification is the process of the ice-free solidification of a liquid to form a glass-like
substance. This solidification process is generally considered safe for cells. However, vitrification
requires high concentrations of cryoprotective agents and typically a super-fast cooling rate (Fahy
etal., 1984). At these cooling rates, the glassy state of water is formed when the viscosity increases
enough that no ice crystals can form. This can lead to avoiding ice-related cell damage and has
been applied to living biological systems. For example, the vitrification method was successfully
applied to mouse embryos (Rall and Fahy, 1985). Mazur (1984) showed that human red blood
cells had higher survival at a faster cooling rate with a rapid warming rate compared to a slower
cooling rate with slow thawing. Another study found the same result on mammalian embryos
(Whittingham et al., 1979). Vitrification comprises the combination of penetrating CPAs to help
the formation of viscosity and non-penetrating CPAs to help dehydrate inside the cell (Kuleshova
et al., 2007). To vitrify, it is necessary to satisfy some conditions, including very high cooling and
warming rates, and adequate solute concentrations. The faster cooling and warming rates are

essential so that a stable amorphous state can be achieved in a selected solution.

Cryopreservation through vitrification is becoming increasingly more widely used to
preserve various biological materials for long term storage (J. Liu et al., 2012; Fahy et al., 1984).
As opposed to slow freezing, vitrification has some advantages: directly plunging samples into
liquid nitrogen is much simpler and faster than the use of controlled rate (slow) freezing.
Additionally, vitrification is not dependent upon serum or proteins to culture cells that some slow
freezing protocols use (Kuleshova et al., 2007). The addition of these sera or proteins may cause

adverse effects for transplantation. Some reports have shown that the high contamination of mouse
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protein used during cryopreservation penetrated embryonic stem cell (ESC) lines and caused the
mutation of ESC due to the presence of sialic acid in mouse protein (Martin et al., 2005). Moreover,
to protect embryo samples during the vitrification procedure, a specific strategy was designed
during cryopreservation in liquid nitrogen by using a double straw to eliminate contamination
(Kuleshova and Shaw, 2000). Besides those advantages, vitrification has also shown limitations.
Using cryoprotective agents (CPASs) at high concentrations is one of the adverse effects due to
their toxicity and osmotic damages that might be caused by the penetration of CPAs moving inside
or outside the cell. However, these limitations may be reduced by the use of combinations of CPASs

(Saha et al., 1996) and using stepwise dilution to prevent osmotic shock.

In general, measures of the efficiency of cryopreservation methods are based on the
quality of samples post-thawing and survival compared to fresh samples. To evaluate slow freezing
or vitrification and select the appropriate method, it is necessary to consider whether the same
factors are employed in both methods, age, size, and supplementation. In a few special cases,
vitrification is used instead of slow freezing due to its characteristics (Szeptycki and Bentov,
2016), but in general, cell therapy and cell culture cryopreservation are mostly slow freezing. Some
reports have shown that vitrification has been preferentially employed for human oocytes and
embryos with high survival, and fewer intracellular injuries (Edgar and Gook, 2012; Setti et al.,
2014; Wang et al., 2012). Vitrification also has some benefits such as low cost, less time, and less
liquid nitrogen required (Klocke et al., 2015). Vitrification has been applied for gonads and other
organs on various species with the potential of the following transplantation (Arav et al., 2005).
For human ovarian tissue, slow freezing is considered more advantageous because it allows

adequate time for CPAs to penetrate into the tissue, but adoption is somewhat limited due to the
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cost, long process with a programmable freezer, and the need for more liquid nitrogen (Klocke et

al., 2015).

2.2.2. Applications of cryopreservation to genetic management

Cryopreservation is an indispensable technique in reproductive technology, and
especially in the genetic fields where germ cells are cryopreserved for long-term storage and
warmed as needed. This is particularly significant in application to rare endangered species to
prevent extinction. Furthermore, the cost and labour for cryopreservation are reduced compared to
keeping a live colony. Also, cryopreservation can be used to regenerate later generations that can
avoid the effects of diseases, environmental changes, or genetic mutations in current populations
(Rajan and Matsumura, 2018). In general, cryopreservation has become essential for preserving
genetics that can be used in the future. Cryopreservation has been applied to several reproductive
cells such as spermatozoa, embryos, and oocytes and in reproductive tissues, including ovarian
tissues and testicular tissues (Woods et al., 2004). For example, semen is frequently cryopreserved
to exchange genetic resources of superior animals or valuable endangered species. To wit, the
mouse is used as a popular model for basic research with mammalian species, and mouse sperm
was one of many materials that were cryopreserved to maintain the genetic resources (Ward et al.,
2003). In 1949, Polge et al. successfully cryopreserved fowl semen (Polge et al., 1949b). This
achievement made a significant impact on using artificial semen insemination (Al) broadly,
especially on dairy and beef cattle (Karow and Critser, 1997). Spermatozoa cryopreservation is
extremely important for cancer patients that preserved sperm before treatments and can be used to

prevent disease transmission to females.
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However, the sperm cryopreservation procedure depends on many factors, including
transmembrane and trans-tissue CPA movement, cooling, and warming rates. These factors can be
evaluated to minimize cellular freezing injury (GJ Morris et al., 1999). For example, human
spermatozoa were successfully cryopreserved by some alterations of cooling rate, choice of CPA,
and extenders (Gilmore et al., 1997). In particular, a selection and concentration of CPA can be
made to prevent osmotic stress, or the optimization of the cooling rate could minimize intracellular
ice formation (Woods et al., 2004). However, different species spermatozoa exhibit different
biological characteristics, tolerance to temperature, and CPA toxicity, so an appropriate
cryopreservation protocol is considered species-dependent (Phelps et al., 1999; Kumar et al.,
2003). Vitrification has also been used for spermatozoa cryopreservation (Le et al., 2019), but
many limitations have been shown in this method, such as disease transmission due to the direct
contact of open straws with liquid nitrogen that could be a vector for disease transmission
(Isachenko et al., 2019). In summary, these studies suggest that the improvement of the sperm
cryopreservation technique depends on many factors, but that successful sperm cryopreservation
has significant applications in many fields such as agriculture, medicine, and biology. In general,
slow freezing is the preferred method for spermatozoa cryopreservation, but vitrification

techniques for sperm freezing are being improved (Hidalgo et al., 2018).

Oocytes are defined as an immature ovum and are produced during female gametogenesis
(Rajan and Matsumura, 2018). Cryopreservation of oocytes plays an important role in different
species in assisted reproduction technologies. (Matsumura et al., 2018), yet low temperatures break
up cytoskeletal elements, plasma membrane, and leads to low fertilization and cell injury (Vincent
and Johnson, 1992). Because of these factors, oocytes tend to be sensitive to cell freezing injury,

primarily intracellular and extracellular ice formation (Leibo et al., 1996). The permeability of
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oocytes is low to water and CPAs due to the small surface area to volume ratio. This means that
slow freezing approaches must be much slower than for other somatic cell types and sperm.
Because of this, vitrification has been applied to human oocytes in several studies, but the success
rate was low as measured by low survival, low fertilization or abnormal development of oocytes
after cryopreservation (Matsumura et al., 2018). Vitrification requires high concentrations of CPAs
that can cause osmotic stress and toxicity effects from CPAs (Rayos et al., 1994; Fahy, 1986).
However, Kuleshova et al. (1999) were able to successfully vitrify mature oocytes with ethylene
glycol, resulting in a baby born. Vitrification has been improved by modification of some factors
such as CPAs, temperature, cooling, and warming rate to protect samples (Gutnisky et al., 2020;

Mazur and Seki, 2011).

An embryo is an early growth stage of a multicellular organism after fertilization of an
oocyte with a sperm. Cryopreservation of embryos can maintain endangered species and genetic
resources. The first achievement was in mouse embryo cryopreservation, and the procedure started
using broadly in many studies on different species such as a rat, rabbit, sheep through a slow
freezing method (Willadsen et al., 1976; Whittingham, 1975; Whittingham and Adams, 1976).
Moreover, mouse embryos that were vitrified with the combination of different CPAs retained
high viability (Rall and Fahy, 1985) and opened the potential of embryo vitrification for humans
(Trounson and Mohr, 1983; Li et al., 2007). With embryo cryopreservation, rodent genetic
resources can be maintained at a low cost, preventing genetic loss due to their short life cycle
(Woods et al., 2004). In the bovine industry, breeding programs have been significantly advanced
by embryos cryopreservation, and these cryopreserved embryos can be provided to recipients as
needed (Woods et al., 2004). Both slow and rapid freezing is used for embryo cryopreservation,

depending on species, but in light of the long processing times and cost of slow freezing, rapid
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cooling may be preferable as it has been improved and achieved success in avoiding intracellular
ice formation, osmotic stress, and appropriate warming rate (Woods et al., 2004). With
cryopreservation, embryos can be stored and used as needed. However, there are still many
challenges related to this technique, such as cooling rate, temperature, and warming rate, impacting
survival (Wittingham, 1972). These approaches are not valid for avian species because of the large

egg yolk size and high lipid concentration.

Cryopreservation of testicular tissue is a technique that can be considered as a source of
sperm for future uses (Hovatta, 2000; Honaramooz, 2012). This method allows the retrieval of
advanced stage germ cells for further application in reproduction, but each species needs to have
an optimal freezing procedure (Res et al., 2000; Avarbock et al., 1996). In particular, some reports
have shown that the male germline of species could be maintained by grafting testicular tissues of
young pigs into mice (Honaramooz et al., 2002) or germ cell transplantation in fish (Okutsu et al.,
2006). This means that cryopreservation becomes a critical reproductive tool due to the
combination of those technologies in different growth stages of germ cells (Gosden and Nagano,
2002). Spermatozoa from testicular tissue cryopreservation were used to inject mouse oocytes for
fertility to produce offspring as an example (Kimura and Yanagimachi, 1995). Moreover,
immature species spermatozoa, which cannot be cryopreserved due to the absence of functional
germ cells, would be replaced by testicular grafting in maintaining the growth of the testes.
However, some issues can occur during the cryopreservation procedure of this tissue kind because
of large size and the combination of different cell types such as spermatid, Leydig, Sertoli cells,
among others. Because of the heterogeneity of cells, cryopreservation of testicular tissue requires
a complicated protocol to satisfy all conditions include temperature, cooling and warming rate,

CPA concentrations to prevent osmotic stress, injuries or damage to cells. The adverse effects of
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cryopreservation protocols were shown in rat testicular biopsies that showed damage in
seminiferous tubules, especially on the basal membrane of Sertoli cells (Jezek et al., 2001). In
summary, testicular tissue cryopreservation is a ‘“backup” method in case other methods for
reproductive preservation are not appropriate or available, although there are some limitations in
the procedure. Therefore, there is a need for species dependent cryopreservation protocol
modification including cooling and warming rates, CPA concentrations, osmotic conditions to

prevent damages for tissues.

Cryopreservation of ovarian tissue is an exciting method in a variety of fields, from
agriculture to medicine, especially in the reproduction with animal models because after warming,
cryopreserved ovarian grafts can be manipulated to stimulate the primordial follicles (Woods et
al., 2004; Gunasena et al., 1997b; Oktay et al., 1998). In the ovarian tissue cryopreservation
process, CPA concentration plays an essential role in the integrity of tissues. As an example,
glycerol was employed in mouse ovarian graft cryopreservation that caused oocyte damages at a
higher concentration, and grafts did not survive after warming (Parrott, 1960). Another report
showed that glycerol was a slowly permeating CPA that caused osmotic stress during the addition
or removal period (Paynter et al., 1999). To address this limitation, different CPAs were explored,
such as ethylene glycol, propylene glycol, and it was found that slow freezing and a combination
of CPAs can be successfully employed in ovarian tissue cryopreservation where success was
demonstrated by follicular growth in mice (Gunasena et al., 1997b). In short, cryopreserved
ovarian tissue transplantation is a potential approach to human infertility issues or maintenance of

genetic resources for endangered species (Agca, 2000; Klocke et al., 2015; Dalman et al., 2017).
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2.2.3. Application of cryopreservation to avian species

2.2.3.1. Cryopreservation of avian primordial germ cells

Primordial germ cells (PGCs) are undifferentiated primary gametes from which oocytes
and spermatogonia are derived from through meiosis and can be differentiated for genetic
alteration. They have applications in both research and industry because PGCs can be used as a
cell-based system for modifications (Pérez Séez et al., 2016). PGCs play an important role in
transferring genetic information from one generation to another by gametogenesis (Nakamura,
2017). In chickens, there are 46 stages of development from fertilization until hatch (Hamburger
and Hamilton, 1951). Avian PGCs are distinct from mammals because PGCs move through the
blood circulation to the genital ridge (Nakamura, 2017); thus, PGCs can be collected from the
bloodstream at stages 14 to 16 of embryonic development or stages 26 to 28 located in the germinal
ridge (Petitte, 2006). Petitte (2006) also reported that culturing cells could be used to increase the
amount of PGCs in, for example, endangered species before cryopreservation because of the small
population. To achieve this transfer of genetic material from one individual to another, the first
step is to remove endogenous PGCs from the recipient host before transferring donor PGC (Naito
et al., 1994). Morphologically, avian PGCs consist of a nucleus with lipids in the cytoplasm. The
amount of glycogen in the chicken PGC cytoplasm can be detected by periodic acid-Schiff staining
(PAS) to distinguish among their development stages, but no glycogen is found in Japanese quail
PGCs (Nakamura, 2017; Swartz and Domm, 1972). Additionally, it is worth noting that avian sex
determination is at fertilization, and the sex chromosomes are combined to form male (ZZ) or
female (ZW) zygotes. These biological characteristics help to establish the appropriate techniques

for conservation the genetic resources (Nakamura, 2017).
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The genetic resources of endangered or heritage chicken breeds play an essential role in
the biodiversity of the species. Because contagious diseases may result in catastrophic mortality,
it is necessary to develop cryopreservation methods and re-establish valuable avian genetic
resources. Cryopreservation methods can maintain these genetic resources and enable them
through crossbreeding as needed (Svoradova et al., 2019). However, preserving and regenerating
these genes requires much effort due to biological properties, including the fact that ova are
covered with a large yolk that makes cryopreservation a near impossibility. To overcome this and
other challenges, PGC cryopreservation has been developed to maintain poultry genetics. This
approach is particularly attractive because the migration route of avian PGCs is specific, and thus

easy to access and can be applied for further studies (Molnér et al., 2019).

Slow freezing is a popular technique for chicken PGCs. Several studies have reported
different results regarding PGC viability and apoptosis in using different CPAs, concentrations,
cooling, and warming rates (Tonus et al., 2016; Sawicka et al., 2015). Using different commercial
CPAs (marked as A, B, C & D) and slow cooling approaches, one paper was reported high rates
of viability and recovery of PGCs from chicken embryos (Setioko et al., 2007). In addition to slow
freezing protocols, vitrification has also been used for chicken PGCs and was reported more
efficient than slow freezing in gonadal colonization rates (Tonus et al., 2017). However, Kohara
et al. found that gonadal germ cell (GGC) viability was reduced using vitrification compared to

slow freezing (Kohara et al., 2008).

With efficient PGC cryopreservation techniques, poultry gene banking has been
employed to regenerate valuable genetics. The purpose is to conserve the precious genetic diversity
of poultry stocks with efficient techniques at a reduced cost compared with maintaining live stocks.

In this approach, PGCs, immature ova and semen are cryopreserved in liquid nitrogen and
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transplanted to appropriate recipient hosts. These recipients are raised until maturity and artificially
inseminated or mated to produce the new generation to maintain the genetic resources (Nakamura,
2017; Woodcock et al., 2019). Although this method has been improved to increase the success
after cryopreservation, the whole process to produce offspring from PGCs cryopreservation may
result in chimeric birds with a low level of germline transmission. Moreover, the long process may

be costly, but the efficiency is not high in preserving genetic resources (Petitte, 2006).

2.2.3.2. Avian semen cryopreservation

Semen cryopreservation has been employed for more than fifty years (E Blesbois, 2007;
Shaffner et al., 1941; Lake et al., 1981). Cryopreservation of avian semen is a common technique
to maintain the genetic resources without negative effects for donors and recipient hosts. However,
this technique cannot preserve the W chromosome in the heterogametic sex of the female due to
the homogametic sex of the male (E Blesbois, 2007). Additionally, cryopreserved avian semen is
stored in cryobanks for future needs (E Blesbois, 2007). One advantage of semen cryopreservation
is that a large number of materials can be stored at the same time (Benesova and Trefil, 2016). In
particular, avian spermatozoa show distinct biological characteristics, including a plasma
membrane with a high surface area to volume ratio and cytoplasm at a small ratio in comparison,
and mitochondria or condensed chromatin in the nucleus (Gliozzi et al., 2011; Etches, 1996). Thus,
the plasma membrane and mitochondria may be mainly damaged and would have negative effects
on fertility (E Blesbois, 2007). Moreover, the damage of the membrane may impact cell function
due to the presence of carbohydrates in the plasma membranes of spermatozoa (Peldez and Long,
2007). Also, the CPA dependence of acrosome reaction that influences fertility after warming was
demonstrated (Moce et al., 2010). Furthermore, limitations regarding CPAs, concentration,

cooling, and warming rate conditions are required to obtain high survival spermatozoa after
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warming (Massip et al., 2004). It was reported that the fertility rate of post warming chicken semen
was remarkably lower than in mammalian species (Wishart, 1985). Several studies have been
successfully reported regarding fowl sperm viability, post thawing, and the acceptable fertility rate
(Chalah etal., 1999). The success rates of bird semen cryopreservation vary from species to species
or even in the same breed (Alexander et al., 1993). Additionally, the success of the
cryopreservation of rooster semen regarding the viability, recovery, and fertility depended upon

the breed and age (Long et al., 2010).

Membrane fluidity plays a vital role in bird spermatozoa that the physiological state can
be recovered post-cooling and warming. Chicken (Gallus gallus domesticus) have higher fluidity
than guinea fowl and, therefore, when evaluated, demonstrate higher sperm viability and intact
morphology (E Blesbois et al., 2005). These results were explained by reducing
cholesterol/phospholipid ratios after cryopreservation on guinea fowl (E Blesbois et al., 2005).
One paper showed that avian spermatozoa reacted differently, depending upon osmotic changes,
equilibration time, cooling-warming rates, temperature and CPAs concentration (Juan M Blanco
etal., 2000). In a comparison of avian species, slower freezing caused damage to turkey and guinea
fowl spermatozoa, but this could be avoided through a fast freezing method that kept sperm at an
acceptable fertility rate (Varadi et al., 2013). This was echoed by Liu (2013), who reported that
vitrification was more suitable for avian spermatozoa than slow freezing. Vitrification was also
employed on Japanese quail spermatozoa and showed that spermatozoa could tolerate conditions
of cryopreservation that resulted in a normal fertility rate (Kang et al., 2016). Avian semen

cryopreservation is one of the critical methods to maintain genetic resources.
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2.2.3.3. Avian testicular tissue cryopreservation and transplantation

In birds, a pair of testes is located along the dorsal side of the abdominal cavity, and the
left testis is usually larger than the right. The tunica albuginea, a connective tissue layer, covers
the testes. Each testis is constituted of many convoluted seminiferous tubules that consist of
spermatogonia, primary, secondary spermatocytes, spermatids, spermatozoa, and Sertoli cells. A
very thin layer divides seminiferous tubules and contains a few interstitial cells (Bacha Jr and

Bacha, 2012).

While avian semen cryopreservation has been employed to preserve species’ genetic
materials, several limitations such as variable fertility of cryopreserved semen and challenges in
collecting semen and performing Al on some breeds are barriers to the success of the method
(Elisabeth Blesbois, 2011; E Blesbois, 2007). In this situation, testicular tissue cryopreservation
and transplantation strategies have been employed to conserve the male germlines of heritage or
endangered chicken species (Juan Manuel Blanco et al., 2009; Jianan Liu, 2013). Moreover, an
attractive feature of this approach is the high recovery rate of germlines that may be obtained from
this method due to the presence of spermatogonia in the testes. There have been several reports
(Y. Song and Silversides, 2007a; F. G. Silversides et al., 2013b) of successful cryopreservation of
chicken testicular tissue using slow freezing where offspring were produced, and the results
showed that spermatogenesis occurred in the seminiferous tubules. These reports indicated that
germ cells could maintain viability during the cryopreservation process (Y Song and Silversides,
2007a). However, this technique also carries some limitations regarding cooling and warming rates

since tissues with multicellular structures are more complicated and much larger than single cells.
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A vitrification protocol was applied to Japanese quail testes preservation, and the
efficiency of the method was evaluated by using the chicken CAM (the chorioallantoic membrane,
a vascular membrane) for grafting. After warming and transplantation, vascular formation and the
viability of the vitrified/warmed tissue were at an acceptable level when compared to fresh tissues
(Jianan Liu, 2013). Alternatively, by using slow freezing for testicular tissues, slow cooling rates
give adequate time for the tissue to equilibrate the interior and exterior cells that may facilitate the
avoidance of damaging intracellular ice formation. Still, the efflux of water out of cells into tissues
leads to extracellular ice formation that generally is not assumed to cause much damage to most
cells (Woods et al., 2004). Slow warming causes recrystallization or devitrification during the

process that leads to cell injuries (Mazur and Seki, 2011).

Presently, vitrification protocols are preferred for preserving testicular tissues (Jianan
Liu, 2013). Post warming, transplantation has resulted in subsequent regeneration of the
cryopreserved testicular tissues. The surgery is simple to transfer either whole donor testes or small
testicular pieces into the position of the host testes that are removed. There are no manipulations
of connection with the vas deferens for transporting sperm because of the tiny size of structures.
To increase the success of cryopreservation and transplantation, pre-transfer castration of the
recipient has contributed to the resumption of testicular tissue function measured by
spermatogenesis (Y. Song and Silversides, 2007a). In chickens, a slow freezing testicular tissue
cryopreservation method achieved a high rate of recovery and produced offspring derived from
donors through orthotopic transplantation (Y. Song and Silversides, 2007a). Moreover,
vitrification has been applied for chicken testicular tissues, that were then transferred to recipient
hosts of similar or different genetic backgrounds (Liptoi et al., 2013; Liptoi et al., 2020). The

success of allografting depends on breeds at a rate ranging from 20% to 100%. In summary,
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testicular tissue cryopreservation and transplantation strategies have provided a solution to
regenerate the genetic resources of male germlines that could cover some negative effects of
previous techniques. However, these strategies depend upon many factors such as breed, cooling

or warming rates, age and castration (Y. Song and Silversides, 2007a).

2.2.34. Avian ovarian tissue cryopreservation and transplantation

In most avian species, the left ovary is active with a normal function that depending on
age. However, at hatch the right ovary is present but does not function and gradually degenerates
or remains small and inactive during the life of the bird (Rothchild, 2003). In the chick, the ovary
is dorsally located, and while initially very small, it obtains a more significant scale at sexual
maturity. The outer and inner portions of the ovary consist of the cortex and vascular medulla
respectively. In the cortex, the stroma contains the most follicles with different stages, including
developing and large-yolk oocytes covering the spherical nucleus. Each oocyte is covered by four
layers, including perivitelline, granulosa, internal theca, and external theca (Bacha Jr and Bacha,
2012). Moreover, mature oocytes and embryos are extremely difficult to cryopreserve because of
the large yolk and massive quantity of lipids. Because of these limitations, the cryopreservation of
ovarian tissues has not been considered as an alternate choice for the preservation of poultry
genetic resources. A large number of primordial follicles in avian ovarian tissues could produce

mature follicles that would be recovered after transplantation (Johnson and Woods, 2009).

Ovarian tissue cryopreservation was successfully demonstrated on Japanese quail, and a
vitrification protocol was more successful compared to slow freezing (J. Liu et al., 2010). A
vitrification procedure was shown to maintain intact tissues with a high recovery rate, and no

negative effects of vitrification on the follicle formation were found (Y Song et al., 2007). Also,
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the recovery of vitrified ovarian grafts was demonstrated by the viability and vascularization in
the transplantation of these grafts into chicken CAM (Jianan Liu, 2013). To achieve repeatable
high survival and high cooling rates, tissues were punctured by acupuncture needles, plunged into
liquid nitrogen, and stored long term in cryovials in liquid nitrogen. These changes have

contributed to the success of this method in Japanese quail ovaries (J. Liu et al., 2010).

After warming, ovarian tissue can be transferred into the selected breeds to regenerate
the valuable genetic resources that contribute to the genetic diversity of species. The first
transplantation of the fresh ovarian tissues was conducted on chicken from 24-30 days old, but no
ovarian grafts were formed at maturity (Grossman and Siegel, 1966; George Hall, 2015). Another
study showed that the orthotopic transplantation of chicken fresh ovarian tissues from 30-45 day-
old chickens obtained low breed-dependent fertilization rates (Kosenko, 2007). These failures
could be explained by a high immune rejection intensively occurring in older chicks (Mast and
Goddeeris, 1999). Alternatively, one to three-day-old chicks have an improved ability to receive a
donor graft until maturity (Y. Song and Silversides, 2006; 2007b). For example, the transplantation
of ovarian tissue of Muscovy ducks (Cairina moshcata) into Pekin ducks (Anas platyrhynchos)
was confirmed by the presence of donor grafts that produced offspring (Y Song et al., 2012).
Furthermore, another study showed that week-old Japanese quails could tolerate the
transplantation of adult ovarian tissues of different genetic backgrounds (J. Liu et al., 2015). These
studies could indicate that each species may respond differently to donor grafts, and challenges
still exist after transplantation because of the immune response of the host to the donor.
Immunosuppressive drugs have been applied to address this issue. However, in several studies, no
significant differences were found between the group using the drug and the group without using

the drug (Y. Song and Silversides, 2007b; 2008b).
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Taken together, transplantation of cryopreserved ovarian tissue can be used to regenerate
previous genetic resources of heritage or endangered avian species. As discussed above, this
strategy was applied to ovarian tissues of Japanese quail, where both slow freezing and vitrification
methods produced offspring derived from donors (J. Liu et al., 2010). In summary, heritage or
endangered avian ovarian tissues could be cryopreserved and transplanted successfully for some
species such as quail, chicken, or duck. The valuable genetic resources could be maintained from
generation to another. Vitrification has shown to be more efficient than slow freezing regarding
viability, vascularization, morphological integrity, and the recovery ability after transplantation.
To obtain improved recovery, many factors in the procedure require modifications, include CPA
type, concentration, cooling and warming rates, that would prevent negative effects of intra or
extracellular ice formation and minimize CPA toxicity. Regarding the post cryopreservation
transplantation, the combination between donor and recipient breeds plays an essential role in the
success of the strategy that produces offspring derived from donors. Many studies have reported
that the success rates were different depending upon the breed (Liptoi et al., 2020; Liptoi et al.,

2013).
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2.3.  Avian immune system in transplantation

In general, the immune system consists of the innate and adaptive systems. The innate
system helps an organism to react quickly after the invasion of foreign agents. The reaction can
result in cellular inflammation that can last longer than the initial invasion and have a significant
impact on tissues. In the meantime, the adaptive immune system is also triggered by the innate
system, but changes depending upon the kind of foreign antigens or infections experienced during
the life of the organism. T cells and B cells are the main components of the adaptive immune
reaction (Farrar et al., 2013). These responses, including the inflammation response occurs after
the transplantation of tissues or organs because heterologous grafts are considered foreign agents
and rejected by the host’s immune system. To avoid rejection, many factors must be assessed,
including the use of immunosuppressive drugs and the selection of the compatibility of species in

transplantation (Jianan Liu, 2013).

2.3.1. The importance of the avian immune system in transplant rejection

The chicken immune system is one of the most critical systems of avian species to study
because of their economic contribution. In general, avian immune responses are similar to
mammalian species and include innate and adaptive immune systems. Cell-mediated and humoral
immunity are two main response mechanisms that involve T cells and B cells, respectively. In
birds, a variety of cells and organs are associated with the immune system and include lymphoid
tissues, bursa of Fabricius, spleen, bone marrow, Meckel’s diverticulum, and the Harderian gland.
Among them, lymphocytes play a critical role in the prevention of the invasion of foreign antigens
(Davison, 2014), and as such, an essential part in tumour graft rejection, also in fighting infections
(Silverstein, 2001). In addition, Silverstein found that graft failure was related to the lymphocytes

that the rejection was considered as a consequence. One possible explanation was that grafting led
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to the interference of vascularization, and cellular immune responses caused the rejection. The
bursa of Fabricius also plays an integral part in the adaptive immune response. This bursa is located
near the cloaca under a sac-like structure and is considered a primary lymphoid organ (Kaspers
and Schat, 2012). For decades researchers have speculated on the specific functions of this bursa.
For example, one report showed that antibody production was related to the bursa of Fabricius
(Glick et al., 1956). The chicken antibody is found in the late period of embryos and after hatching
in a short time. At young ages, B cells go through a process to fully form antibodies until 5-7
weeks, and the bursa is mature at this period (Kaspers and Schat, 2012). Because of these features,
any foreign antigens have negative impacts on this bursa and cause negative effects on the antibody
level. When chickens reach sexual maturity, the bursa of Fabricius regresses, and B cells are

generated from the bone marrow.

Newly hatched chicks have an immune system that is not fully developed and requires
assistance from hens (Speer, 2015). Serum immunoglobulins are provided to chicks at a very early
period of egg formation from hen’s serum. At the beginning stage, egg yolk contains IgY from
blood, and then IgM and IgA are added from the oviduct after the fertilization. The chicks are
assisted by the maternal antibodies maintained in the yolk sac within a few days after hatching,
and chicks will be able to form and develop their complete immune system (Speer, 2015). The
avian immune response depends upon the genes and relates to innate and adaptive immunity that
detects foreign agents or antigens and submits them to T and B cells. Several cellular components
such as macrophages, thrombocytes, natural killer cells, and granulocytes (Kaspers and Schat,
2012) help clear pathogens. The innate response is crucial at the first stage of the invasion and
minimizes the infected areas. In the next step, the adaptive response appears to clear the pathogens

or foreign antigens. With the broad receptors, this system can recognize a large number of
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pathogens and react quickly, but the differentiation of pathogens is not specific. The adaptive
immune response, represented by B and T cells, is efficient and activated for particular memory

cells (Kaspers and Schat, 2012).

In relation to ovarian tissue transplantation, two major issues were identified after
transferring the donor graft to the recipient host: the ischemic injury that occurs during
transplantation (Farrar et al., 2006) and acute post-transplantation rejection (Pratt et al., 2000).
Markers of damaged tissues could be detected by the innate response through cell receptors
(Medzhitov and Janeway, 2002). The inflammatory responses are induced and stimulate the
adaptive responses to those tissues (Murphy et al., 2011). Murphy et al. (2011) also showed that
most rejections were caused by anti-graft effector T cells, whereas regulatory T cells were
promoted by a specific treatment that led to graft tolerance. Moreover, natural Killer cells or
dendritic cells from the innate immune system could be triggered by inflammation at the first stage
to activate T cell response defending the donor grafts. Thus, graft tolerance strategies may be
applied by treatment directed at T cells (Taylor et al., 2005). Although the innate immune
responses contribute to the graft rejections, they have also served as a transplantation tolerance.
The explanation was that the mechanisms of immune suppression were induced by a variety of
mediators such as mast cells through differentiation of cytokine production (de Vries and Noelle,

2010).

2.3.2. The role and application of chicken MHC

The major histocompatibility complex (MHC) is a group of immune response genes. The
chicken MHC is found on chromosome 16 (JE Fulton et al., 2016). The MHC is divided into MHC

class | and 1l molecules that belong to the adaptive immune system (Miller and Taylor Jr, 2016).
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The MHC class | and 11 molecules are detected through CD8-bearing T cells and CD4-bearing T
cells, respectively. In particular, those T cells have contributed to the immune response through
the induction of antibodies (Kaspers and Schat, 2012). Moreover, the chicken MHC is
polymorphic and situated on both regions B and Y of the same chromosome. In addition, the B
locus corresponds with BF/BL regions, and Y locus corresponds with Rfp. MHC-B haplotypes are
mainly focused on specificity related to diseases resistance (Bacon et al., 2000), allograft rejection
(Pazderka et al., 1975). The MHC genes were described in the relationship with transplantation
rejections (Pharr et al., 1996). Some observations showed that the rejection occurred in the case
where the donor and recipient host are unrelated (Pazderka et al., 1975). These observations were
also demonstrated for skin allografts where mismatched genotypes received higher rejection rates

than matched recipients (Taylor Jr et al., 2016).

In tissue or organ transplantations, the adaptive immune system is known to be the main
factor in response to the MHC molecules located at the donor cellular surface. Moreover, the host’s
immune system recognizes the donor tissue and starts a process of an alloimmune response that is
the same process for pathogens and transplantation. This response can be avoided: graft tolerance
was described in the transplantation between matched donor and recipient (Ayala Garcia et al.,
2012). A variety of cellular surface molecules cause the stimulation of the immune system
including MHC molecules and blood group. This recognition is called allorecognition that triggers
T cells of the host. The naive T cells and memory T cells are activated. As the immune response
results, most memory T cells show up at the transplantation site in recipients. At this point,
antibody production is produced through B cells with the help of T cells. The antibody influences
red blood cells, donor leukocyte antigens, and other cells to participate in the rejection (Wood and

Goto, 2012). In summary, the MHC molecule is considered to be one of many factors involving

34



rejection. The immune system is complicated in response to pathogens, foreign antigens, and tissue
transplantations that require the reactions of different components, including antibodies, cytokines,
immune cells (Ayala Garcia et al., 2012). However, immune responses alone are not the sole
mechanism of graft failure. Additional factors that might damage or destroy the graft could be
considered, including ischemic injury, the locate of transplanted tissues or organs, and age at the

time of transplantation (Wood and Goto, 2012).

2.3.3. Prevention of transplant rejection by immunosuppressive drug (mycophenolate

mofetil)

As rejection is the main reason for transplantation failure through the innate and adaptive
immune responses from the host, immunosuppressive treatments play a crucial part in
transplantation to facilitate long term transplantation success (Wood and Goto, 2012; Taylor et al.,
2005). Immunosuppressive drugs are one of the few effective ways to solve the rejection of a graft.
Their main purpose is to inhibit the recipient's immune responses of T cells from the adaptive
immune system because of their major role in the rejection. A variety of immunosuppressants have
been employed depending upon type and location of transplanted tissues or organs, species, and
age, and each drug shows benefits and negative effects (Post et al.,, 2005). Some
immunosuppressive agents are not specific for a particular tissue or organ, e.g. prednisolone,
azathioprine, mycophenolate mofetil (MMF), cyclosporine, sirolimus. These non-specific drugs
dramatically increase the risk of infection (Taylor et al., 2005). However, prednisolone and
azathioprine were successfully employed for the renal transplantation, but not for the heart or liver,

and cyclosporine A was used for skin graft (Borel et al., 1994).
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Most immunosuppressants have been developed and employed for humans (Taylor et al.,
2005) undergoing kidney transplantations and skin grafts. Recently, some of these drugs have been
applied to different species. Among them, mycophenolate mofetil (MMF) has been used for avian
gonad transplantation and has facilitated the successful recovery of tissues in recipients (Y Song
et al., 2012; Frederick G Silversides and Liu, 2012). Although this drug is directed for humans, it
is effective in Japanese quail (Y. Song and Silversides, 2008b) and chickens (Y. Song and
Silversides, 2007b) through empirically administered doses. MMF belongs to an anti-proliferative
class and a compound of mycophenolic acid. The enzyme, named inosine monophosphate
dehydrogenase (IMPDH), is the target that the mycophenolic acid tends to impact (Taylor et al.,
2005). This enzyme has a vital role in the biosynthesis of purine nucleotides (Shu and Nair, 2008).
It is understood to be the rate-limiting step at the first synthesis stage of guanine nucleotides, as
guanine nucleotides play a significant part in receptor systems through their regulation. Also,
IMPDH is considered to be a candidate for the exploration of anticancer drugs and
immunosuppressive treatments (Shu and Nair, 2008). Thus, the administration of MMF post-
transplantation inhibits the guanine nucleotide levels, resulting in cytotoxicity due to the disruption
of DNA or RNA synthesis (Shu and Nair, 2008). Furthermore, guanine nucleotides can be
biosynthesized through two pathways, including salvage and de novo (or IMPDH) pathways, to
synthesize the ribonucleotides. Additionally, IMPDH is related to lymphocyte proliferation
(Jonsson and Carlsten, 2001), thus MMF treatment inhibits IMPDH and leads to the inhibition of
lymphocyte proliferation (B and T lymphocyte) as well. The IMPDH enzyme is encoded by
isoform I and isoform Il (Jain et al., 2004). Among them, type Il plays a crucial role in proliferating
B and T lymphocytes (Zimmermann et al., 1998). Taken together, MMF treatment targeting

IMPDH can suppress B and T lymphocytes and help to maintain the allograft in transplantation.
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Beside benefits, MMF treatment was also associated with several negative effects such as diarrhea
and vomiting in human. These side effects are not significant and MMF has been applied for renal
transplantation or liver transplantation. The results showed that MMF helped to prevent the

rejection and regenerate the graft (Taylor et al., 2005).
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CHAPTER 3. OBJECTIVES AND HYPOTHESES

3.1. Hypotheses
Optimization of transfer procedures of vitrified-warmed gonad into an appropriate
recipient breed can improve the regeneration and preservation of the genetic diversity of poultry
breeds.
3.2.  Objectives
e To optimize the gonadal tissue transfer technique into different chicken breeds and

evaluate the potential of different chicken breeds to receive a graft.

e To optimize conditions for CPAs equilibration to minimize the toxicity, osmotic stress
and freezing injury of gonads.
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CHAPTER 4. OPTIMIZE THE GONADAL TISSUES TRANSFER TECHNIQUE INTO
DIFFERENT CHICKEN BREED

4.1. Abstract

The preservation of the avian genetic material, especially from endangered or heritage
avian species, can be achieved via various techniques, but each technique has both advantages and
disadvantages. Among the available techniques, the gonadal tissue transfer technique has been
considered as one of the best methods to preserve the variability in the genetic material. Gonadal
transplantation can contribute to the progress of the genetic preservation by combining with
vitrification-warming procedures that maintain the gonadal tissues for the long term before
transplantation. In this experiment, the technique was adapted to chickens and was tested on
different chicken breeds. The goal of this study was to demonstrate that one-day-old chick ovarian
tissue can be stored and transplanted through the vitrification-warming procedure and that it can
develop when implanted in a different breed of chicken, producing donor-derived offspring. Two
experiments were conducted using four different chicken lines. In the first experiment, ovarian
tissue was transplanted to chicks of similar genetic backgrounds, either Lohmann White (Oldenhof
et al.) or Barred Rock (BR) and the second experiment, transplantation was similar or different
genetic background hens (Brown Leghorn (BL), BR and BL/BR). Recipient birds were given a
daily dose of the immunosuppressive drug (mycophenolate mofetil) until maturity. The rate of
success was assessed by genotyping donor-derived ovaries (either gonadal tissues or embryos). In
the first experiment, there were 16 recipients. The results showed that donor-derived ovarian
tissues were not detected in any of the LW hens. However, they were detected in 50% of BR hens
for the transplantation between BR recipients with fresh/vitrified-warmed BR ovaries. Also, one
hen appeared to have a donor-derived graft, and two of the embryos from this bird had alleles of

the donor bird. In the second experiment, among 40 recipients that survived and grew to maturity
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for each group of the donor, 11 recipients laid eggs. Genotyping of produced embryos from these
hens revealed that they were derived from the remnant recipient ovarian tissue, not from the donor
ovaries. Necropsy results of 16 hens determined three hens with the presence of a graft. A total of
9 grafts were recovered from recipients having BL and BL/BR genetic background. Among three
recipient breeds, BL and BL/BR background could sustain the development of a graft regardless
of the genetic background of the donor. However, all these grafts were enclosed by a membrane
and had a variety of tissue growth, suggesting some level of rejection by the recipients. Overall,
the study partly sustained the hypothesis that one to three-day-old chick gonadal tissues could be

transplanted and develop and could produce the donor-derived offspring.

4.2. Introduction

Heritage chicken breeds have been raised for a long time by selecting and breeding to
develop characteristics that incorporated unique genes which considered as dominant trends. Due
to their genetic diversity, heritage breeds are well-adapted to diverse circumstances such as harsh
environments and a number of diseases. Unfortunately, the number of heritage chicken breeds has
been reduced alarmingly because of the industrialization of chickens, producing commercial
breeds to suit the high demand of consumers in terms of chicken meat, eggs and pleasure (Janet E
Fulton and Delany, 2003; Pisenti et al., 1999). Moreover, these breeds do not have the tremendous
genetic diversity necessary to resist the appearance of new diseases and parasites or any other
environmental conditions that might threaten their existence (FAO, 2015). In Canada, research
activities and maintenance of heritage chicken lines have declined at Canadian research institutions
and Universities due to limited financial resources to maintain and regenerate their genetic
diversity and reduce disease outbreak risks (FG Silversides et al., 2008). There are a variety of

methods to maintain heritage chicken breeds, but each method has brought up both advantages and
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disadvantages. For instance, ex-situ preservation programs such as gene banks, captive breeding,
gametes and embryos cryopreservation are being implemented in several industrial countries to
prevent future erosion of genetic diversity because maintaining the live heritage chicken breeds is
costly and time-consuming (FG Silversides et al., 2012a). Cryopreservation of poultry semen can
be achieved, but frozen-thawed sperm cells partially lose their ability to fertilize an egg during
artificial insemination (Holt, 2000; Medeiros et al., 2002; Watson, 2000). Importantly, roosters
can produce only homogametic germ cells, limiting the ability to preserve the entire genome of a
poultry breed. Alternative strategies, such as the preservation of gonadal tissues, could solve the
issues related to the conservation of poultry sperm (Y. Song and Silversides, 2007a; Yonghong

Song and Silversides, 2007b; Y. Song and Silversides, 2006).

Gonadal tissue transplantation was first applied by a former researcher of Agriculture
and Agri-Food Canada and his research group (Y. Song and Silversides, 2006). The results showed
that it is possible to transfer chicken ovarian tissues from one breed to another (Y. Song and
Silversides, 2006). Another group tried to replicate this preservation strategy, and a successful
gonadal graft was obtained when donor and recipient lines had a similar genetic background when
testicular tissue was transplanted, but not when ovarian tissue was transplanted (Liptoi et al.,
2013). To our knowledge, only our lab has successfully replicated this technique, which is
currently considered as the gold standard technique to regenerate the genetic diversity of poultry
breeds. The first part of this technique is a vitrification-warming procedure that preserves the
gonadal tissues for long term storage. The vitrification procedure has been previously used to store
and preserve gonadal tissues harvested from a chick (Fahy et al., 1984; Pegg, 2007; J. Liu et al.,
2012). With this procedure, gonadal tissues are stored at very low temperature in liquid nitrogen

(-196 °C), combined with cryoprotectant agents (CPAS) to prevent degeneration and death of the
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tissue due to intracellular ice formation (Mazur and Seki, 2011; Hopkins et al., 2012; Fahy et al.,
1984). The second part of the technique involves a surgical procedure that regenerates heritage
chicken breeds. This procedure will help gonadal tissues to grow in recipient hosts until maturity
to produce their offspring. Theoretically, under the right conditions, testis or ovary can be
indefinitely stored in cryogenic conditions. Thus, when regeneration of a particular gene is
required, a vitrified-warmed gonad can be transferred into a recipient chicken that had had its
gonads removed surgically (Y. Song and Silversides, 2006). Finally, the third and last part of the
gonadal tissue regeneration technique involves immunosuppressive treatments applied to the
recipient chicken to decrease graft rejection and allow the graft to grow and become fully
functional. Silversides’ research group was able to successfully demonstrate the growth of gonadal
grafts in Japanese quail (J. Liu et al., 2010; Y. Song and Silversides, 2008b; J. Liu et al., 2013c),

chicken (Y. Song and Silversides, 2007b; 2007a; 2006), and Muscovy duck (Y Song et al., 2012).

Based on our experiences with the gonadal tissue regeneration technique, we have
introduced some modifications and assessed its efficacy on different chicken breeds. In our study,
we hypothesized that one to three-day-old chick gonadal tissues through a vitrification-warming
procedure can be transplanted and developed normally in the different recipient chicken breeds;
and can produce the donor-derived offspring. The main goal of the project was to confirm that one
to three-day-old chick ovarian tissues, with the use of the vitrification-warming procedure, could
be successfully transplanted to a different recipient chicken breed, and to evaluate the potential of
the ovarian graft to sustain tissue development with follicular activity in the recipient chicken, to

produce donor-derived offspring.
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4.3. Materials and methods

4.3.1. Chick breed preparation and incubation procedures

Barred Plymouth Rock (BR) and Lohmann White (LM) fertilized eggs were obtained
from the Poultry Research and Teaching Unit at the University of Saskatchewan. Dark Brown
Leghorn (BL) fertilized eggs were purchased from the Poultry Research Center at the University
of Alberta. The surgical transplantation protocol was approved by the Animal Research Ethics
Board (UCACS, 2012). Hybrids between BL and BR were produced using BR semen to artificially
inseminate the BL hens (Animal Care Unit, University of Saskatchewan). All fertilized eggs were
incubated in an incubator (Digital 1502 Sportsman) at around 99.9 °F and 60% relative humidity
(RH) for 18 days, and then transferred to a hatcher (Digital 1550 Sportsman) at around 98 °F and

70% RH of the last three days of 21 days incubation period.

4.3.2. Collection of fresh and vitrified-warm ovarian tissue for transplantation

For the collection of fresh ovaries, one to three-day-old chicks from each breed were
humanely euthanized by cervical dislocation, and ovaries were harvested from the abdominal
cavity, and any remnant of connective tissue or blood clots were removed. The collected ovaries
were placed in a holding media (HM) prepared with Dulbecco’s Phosphate Buffered Saline
Solution (DPBS) and 20% Fetal Bovine Serum (FBS) and maintained on ice to store before the
procedure. All chemicals and reagents were purchased from Life Technologies Inc. (Burlington,

ON, Canada) unless otherwise stated.

For the vitrified-warmed ovary, an adapted and modified version of the vitrification
warming protocol described by Liu and colleagues (2012) was followed. The harvested and

cleaned ovaries were gently placed on acupuncture needles (0.20 mm x 30 mm, Dong Bang
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Acupuncture Inc., Chungnam, Korea). For the male chick, one needle contained two testicular
tissues and another needle contained one ovarian tissue regarding female chick, then submerged
in the first equilibrium solution held on ice (7.5% dimethyl sulfoxide (DMSO), 7.5% ethylene
glycol (EG) mixed in HM) for 15 minutes. In the second step, the needles were transferred to the
second equilibrium solution (15% DMSO, 15% EG, 0.5M sucrose mixed in HM) for 3 minutes,
also on ice. Following this step, the needles and tissues were blotted on gauze to remove excess
moisture around the tissues and immediately plunged into a tray holding liquid nitrogen (LN>).
The frozen tissues were transferred to cryovials (one needle in each cryovial) and transferred

immediately to a dewar with LN, for at least five days before the warming process.

For the warming procedure, the frozen cryovials containing the ovarian tissue were
removed from the LN storage tank, and the needles with the gonadal tissue were removed from
the cryovial and placed into a weigh boat filled with LN to facilitate the process. Immediately, the
needles were transferred into HM with added 1 M sucrose at room temperature (RT) for 5 minutes.
The needles and tissue were then transferred to a 0.5 M sucrose solution in HM at RT for 5 minutes
and finally moved to 0.25 M sucrose in HM at RT for 5 minutes. In the last step, the needles were
placed in a petri dish containing DMEM (Dulbecco’s Modified Eagle Medium with 20% FBS) on
ice, and the tissues were removed from the needle until they were grafted. The time to store the

tissues post-warming is at a maximum of 3 hours to prevent damages.

4.3.3. Experimental design

Two experiments were conducted using orthotopic transplantation, in which the donor
tissue or organ was removed and transferred to the recipient host in the same position. Then, chicks

were raised until maturity and artificially inseminated to produce fertile eggs.
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In the first experiment, both fresh and vitrified-warmed ovarian tissue from one to three-
day-old BR and LW were transplanted to recipients of the same breed and age. The sample sizes
of LW/LW and BR/BR were 16 (LW/LW: n=10; BR/BR: n=6). In the meantime, the number of
donor ovaries was 16 (7 fresh LW ovaries, 3 vitrified-warmed LW ovaries, 4 fresh BR ovaries and
2 vitrified-warmed BR ovaries). The control group included chicks without surgery (n=3). The
intent of this trial was to replicate the technique described by Silversides et al. (Y. Song and

Silversides, 2007a; F. G. Silversides et al., 2013a).

In the second experiment, a 3x3 experiment was designed with 9 groups in total (n=40).
BR, BL and hybrids between BL and BR were used as both donors and one to three-day-old
recipients. Group 1 was BR/BR with BR/BR (n=4); group 2 was BR/BR with BL/BL (n=5), group
3 was BR/BR with BL/BR (n=4); group 4 was BL/BL with BR/BR (n=3), group 5 was BL/BL
with BL/BL (n=5), group 6 was BL/BL with BL/BR (n=5), group 7 was BL/BR with BR/BR (n=4),
group 8 was BL/BR with BL/BL (n=5) and group 9 was BL/BR with BL/BR (n=5). The control
group included chicks without surgery (n=3). The aim of the second experiment was to evaluate
the potential of different recipient chicken breeds through the transplantation of ovarian tissue
donors, to assess the role of MHC (major histocompatibility complex) in tissue transplantation,

and to determine whether these combinations were able to minimize the rejection of graft tissues.

In addition, each experiment had a control group with three chicks. These chicks were
the same age as the surgical groups and were raised under the same conditions until maturity.
Moreover, the control group included chicks without surgery that simply hatched and raised. The

goal was to compare with the surgical groups during the time regarding weight, development and

egg laying.
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4.3.4. Transplantation procedure

Newly hatched chicks were genotyped to determine the sex of each individual. Surgical
procedures with small modifications were performed as described in the protocol according to
Silversides et al. (J Liu et al., 2013d; Y Song et al., 2012; Y. Song and Silversides, 2008b; 2007b).
Briefly, the recipient chicks were weighed and administrated 0.5 mg/kg orally of Meloxicam to
provide pre-emptive analgesia (Metacam, Boehringer Ingelheim Ltd., Burlington, ON, Canada)
and then anesthetized by Isoflurane 99.9% (Fresenius Kabi Animal Health, Richmond Hill, ON,
Canada). Once anesthetized, a modified mask was attached to the chick’s head to facilitate the
nasal inhalation of anesthetic. The surgical area was shaved and cleaned with Germi-Stat Gel 4%
(Germiphene Corporation, Branford, ON, Canada). The chicks were then placed on a heated pad
at dorsal recumbency, and an incision was made to open the skin and the muscle, exposing the
abdominal cavity. The yolk sac located at the bottom of the body cavity was removed from the
abdomen by cutting and suturing. The abdominal viscera were moved to allow exposure and
collection of the ovaries. Donor ovarian tissues were orthotopically implanted into recipient
chickens without suture or glue. If a chicks' breathing rate were too high, a catheter that was
connected to isoflurane vaporizer placing into their chest after nicking an air sac membrane until
the close of the last muscle suture. This could prevent chicks from waking up during surgery. The
incision was closed using (Monocryl; Ethicon US). Prior to recovery from anesthesia, 0.1-0.3 ml
of subcutaneous saline was administrated to replace body fluid loss and maintain blood pressure.
After surgery, chicks were placed in a recovery cage with water and food, equipped with a heating
lamp, and chicks were given an antibiotic and an immunosuppressant, 0.2 mg ceftiofur (Excenel,
Zoetis Canada Inc., Kirkland, QB, Canada) and 100 mg/kg of mycophenolate mofetil (Cellcept,

Hoffmann-LaRoche Ltd., Mississauga, Ontario, Canada). The immunosuppressive drug was orally
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administered daily until maturity to minimize the chances of tissue rejection. At maturity (5-6
months age), artificial insemination (Al) was performed on the laying recipient, and fertilized eggs
were incubated until day 10 to 15 to check the feather colour of the fetus (in case of different lines
with different feather colours). These eggs were cooled for an hour at -20 °C to euthanize the fetus,

and DNA was extracted from the fetus for genotyping.

4.3.5. DNA extraction and genotyping of grafted tissues

The four steps of the microsatellite polymerase chain reaction (PCR) are listed below,
and fluorescence was used for genotyping labelling on locus-specific primers for analysis. The
first step involved the extraction of genomic DNA from the collected tissues using the DNeasy
Blood and Tissue kit (Qiagen Inc., Burlington, Ontario, Canada). The second step involved making
copies of the DNA using the PCR technique. Microsatellite loci were chosen based on their
sensitivity to detect donor alleles and polymorphic content. In total, 11 microsatellite loci were
genotyped (ADL0278, ADL0268, LEI0094, MCW0248, MCW0216, MCW0081, MCWO0034,
MCWO0069, MCWO0016, LEIO166, LEI258) by PCR using 1 ul of DNA template and a
commercially available kit and protocols (Qiagen Inc., Burlington, Ontario, Canada). The third
step was running with PCR fragments on an ABI 3500xL (Applied Biosystems) and Genotyping
DNA fragments after diluting the PCR product, equipped with a 50 cm array and filled with POP7
polymer. Genotypes were determined using GeneMapper® version 5.0 software (Applied
Biosystems). The last step was genotyping of recipient and donor chickens, and comparing these
results to that of resected gonadal tissues to determine the origin and subsequent positive or

negative graft acceptance by the recipient chicken (Nordskog and Ghostley).
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4.3.6. Histology examination

Harvested tissues were cleaned to remove the blood and connective tissue artifacts and
immediately fixed in Bouin’s solution 24 hours at 4 °C. After fixation, tissues were removed from
Bouin’s solution by washing three times in 70% ethanol; and stored in 70% ethanol (tissue must
be immersed) at 4 °C in the fridge. Fixed samples were loaded into biopsy embedding cassettes
and placed into the tissue processor (Leica ASP300S, Leica Biosystems Nussloch GmbH,

Nussloch, Germany).

Processed tissues were mounted using wax and sectioned using a microtome (Rankin
17040, M1, USA) into 4 um sections, that were transferred onto slides. After mounting, the slides
were dried on a warmer plate overnight to evaporate any potentially trapped water under the tissue
section. Slides were stained using Hematoxylin and Eosin (H&E) protocol. The sections were

viewed and photographed using a conventional light microscope at various magnifications.

In this histological examination, six to eight-month-old hens were humanely euthanized
to collect ovarian tissues by isoflurane vaporizer and then cervical dislocation. Five grafts that
were identified derived from donors were taken to evaluate by the H&E staining technique
compared to two control ovaries (without surgery) that were collected from three control hens.
Donor-derived ovarian tissues were collected to evaluate their histological morphology. The
evaluation was based on the differences of structures between control ovarian tissues and donor
grafts in the cortex and the medulla of the ovary. With this technique, intracellular structures
regarding morphological histology were evaluated by immune cells showing inflammatory

responses.
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4.4. Results

Experiment 1. Transplantation on recipients of similar genetic background

Donor-derived ovarian tissue from the same strain of hen was not detected in any of the
LW hens (Table 4.1). However, donor-derived ovarian tissue was detected in 50% of BR hens for
both fresh and vitrified-warmed tissues. Moreover, one hen’s ovarian tissue was derived from fresh
donor BR ovary laid eggs in a total of six BR recipients. DNA extraction from the resulting chick
embryos confirmed that tissues were derived from the donor’s ovary. In comparison between LW
and BR, BR recipients were able to sustain BR donor grafts until maturity, while LW recipients

could not tolerate LW donor grafts.
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Table 4.1. Transplantation to recipients of similar genetic background
Number of grafts present in recipients of similar genetic background at maturity of
Lohmann White and Barred Rock laying hens after transplantation into one to three-day-old chicks

(LW: n=10; BR: n=6). LW: Lohmann White, BR: Barred Rock.

_ Number of ovarian
o Number of surgical _
Recipient Donor _ grafts derived from
chicks
donor
LW Fresh LW ovary 7 0/7
Vitrified-warmed LW
LW 3 0/3
ovary
BR Fresh BR ovary 4 (2/4) 50%
Vitrified-warmed BR
BR 2 (1/2) 50%
ovary
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Experiment 2. Transplantation on recipients of similar or different genetic

background

No donor-derived tissue was detected in adult BR recipients (Table 4.2). In addition, eggs
that were laid by the adult hens proved to be derived from the recipient’s remnant ovary, instead
of the donor’s tissue. Regarding BL recipients, the number of donor-derived ovarian tissues at
maturity were obtained by transferring of BR, BL and BL/BR donors were 40%, 20% and 20%,
respectively. Two layers, that had received BR or BL donor ovarian tissues, successfully laid eggs
that derived from the donors’ tissues. Finally, regarding BL/BR recipients, the number of donor-
derived ovarian tissues detected at maturity from BR, BL and BL/BR donors were 0%, 40% and
60%, respectively. Eight of the BL/BR recipient hens laid eggs. However, it was confirmed that
all of the embryos were derived from the recipient’s remnant ovaries, meaning that the ovary itself
was still growing after transplantation although being removed. Moreover, ovarian tissues of 11
laying hens were harvested to determine the presence of donors’ grafts. However, genotyping
results indicated that ovarian tissue was derived from the remnant recipient ovary, not from donors.
In a comparison of BR, BL and BL/BR recipients, BL and BL/BR recipients were able to sustain
the development of donor’s grafts until maturity of similar or different genetic backgrounds.
Moreover, BL/BR recipients could recover well their ovarian tissues to function as normal and lay

eggs at maturity (8/14 hens).
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Table 4.2. Transplantation to recipients of similar or different genetic backgrounds.

Detection of graft in mature recipients of similar or different genetic backgrounds. BR:

Barred Plymouth Rock, BL: Brown Leghorn, BL/BR: Brown Leghorn mixed Barred Plymouth

Rock, layer: egg laid hens.

Donor BR/BR BL/BL BL/BR
Number of Number of Number of
Recipient Layer Layer Layer
grafts present grafts present grafts present
BR/BR 0/4 1/4 0/3 0/3 0/4 0/4
BL/BL 2/5 1/5 1/5 1/5 1/5 0/5
BL/BR 0/4 2/4 2/5 2/5 3/5 4/5
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Necropsy assessment of adult hens

A total of 40 chicks survived until maturity after the surgical procedures. Of these, nine
hens (Table 4.2) showed donor-derived ovarian tissues, but they did not lay eggs compared to other
control hens without surgical procedures. We euthanized them at the same age (7-8 months) to
dissect their ovarian tissues. At collection, ovarian tissues showed a variety of sizes and shapes,
which varied from hen to hen (ranging 0.5 — 4 cm). Some hens (6 out of 9 hens) had ovaries that
were covered by a membrane filled with fluid or small fluid sacs (Figure 4.1 - A, B, C and D). In
the remaining three hens, grafts were located at the bottom of the remnant of the recipient’s ovaries.
A thin membrane had formed to separate the grafts and recipient’s ovaries. These grafts were
smaller than the recipient’s ovaries and appeared to have no biological function (Figure 4.1 — E
and F). In contrast, the recipient’s ovaries had recovered and developed normally, producing a

hierarchy of follicles. These recipients produced eggs at the same time the control hens did.
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Figure 4.1. Necropsy assessment of adult hens (7-8 months old).

Hens were euthanized to dissect their ovarian tissue grafts. Grafts were covered with
membranes filled with fluid (A, B, C, D) or located at the bottom of the recipient’s ovaries (E, F)
showed inside the opened abdomen cavity and detached membranes with fluid (bottom corner of

pictures). The size and shape of ovarian tissues varied from hen to hen (ranging from 0.5 — 4 cm).
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Histological assessment

Histological inspection of ovarian tissue from control hens clearly showed cortex cells
stained with hematoxylin (dark blue) and medulla in eosin dye (bright pink), with the vascular
medulla enveloped by the outer cortex (Fig 4.2A). In comparison, the cortex and medulla of donor-
derived ovarian tissues were not readily distinguishable (Figure 4.2-B, C, D). Immune cells within
ovaries from control birds were scant in the cortex and the medulla of the histological section of
the control ovaries (Figure 4.2A), while donor-derived ovarian tissues showed infiltrates of
immune cells in both areas by histological evidence of inflammatory responses (Figure 4.2B, C).
Heterophil infiltrates (H) were detected in the ovarian cortex (Figure 4.2B), while infiltrates of
lymphocytes (L) were observed in the cortex and the medulla (Figure 4.2C). Golden-brown
hemosiderin was contained in macrophages were observed (M) (Figure 4.2D). In summary,
histological sections of donor ovaries showed clusters of immune cells, distributed over the cortex

and the medulla but did not show in the control.
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Figure 4.2. Hematoxylin and eosin stained hen ovarian grafts

H&E stained ovarian grafts showed a sign of inflammatory response with macrophages
(M), lymphocytes (L) and heterophils (H) at the left corner with arrows (1000X magnification) in
images (B), (C) and (D), respectively at 400X magnification. Normal histological morphology of

the control ovary showed in the image (A) at 200X magnification.
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45. Discussion

Our current study partially supported the hypothesis that the vitrification-warming
procedures and transplantation strategies could be applied to preserve and transplant ovarian
tissues between chicken breeds. The overall goal was to produce offspring derived from donors of
different chicken lines including heritage chicken breeds. We were able to demonstrate that we
could transplant ovarian grafts that are capable of sustained development in different recipient
lines (Table 4.1&2). However, follicular activity was not observed (Figure 4.1A-D). Previous
studies demonstrated that recipient hens could maintain ovarian donor grafts until maturity, and
even produce offspring from donor ovaries through orthotopic transplantation strategies (Y. Song
and Silversides, 2007b; 2007a; 2006). Moreover, these strategies have been successfully applied
for different species such as the Japanese quail (J. Liu et al., 2010; Y. Song and Silversides, 2008b;
J. Liu et al., 2013c) and Muscovy duck (Y Song et al., 2012). However, our study indicates that
there still exist limitations in follicular activities to produce offspring in the implanted chickens in
comparison with the control one. Another important finding was that donors and recipients used
for the surgery transplantation with different combinations of similar (Table 4.1) or different
genetic backgrounds (Table 4.2), and recipients could sustain the development of ovarian donor

grafts regardless of similar or different genetic background.

The current results provide further support for the hypothesis regarding using similar or
different genetic background for the surgical transplantation. Our findings broadly support the
work of other studies (Y. Song and Silversides, 2008a; 2006; J Liu et al., 2013d) in using a variety
of chicken breeds including WL, BR, BL, BL/BR chicks of similar or different genetic
backgrounds for the surgical transplantation to evaluate the compatibility between breeds. The

previous studies mainly focused on WL and BR chicks that were used as recipients and donors,
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respectively (Y. Song and Silversides, 2007b; 2007a; 2006). To be stable and consistent for the
surgery, “closed flocks” were used for the experiment obtained from the Poultry Research and
Teaching Unit at the University of Saskatchewan (WL, BR breeds) and the Poultry Research
Center at the University of Alberta (BL breed). These facilities have been breeding for many years
and have no new genetic material brought in from outside sources. However, our findings are
contrary to another study which has described that the ovarian grafts were not obtained in both
donor and recipient lines of similar or different genetic backgrounds (Liptoi et al., 2013). This
failure could be associated with using busulfan treatment on eggs to impede the growth of the
recipient’s ovarian tissue. As far as we know, no lab has been able to completely successfully

replicate these techniques in females.

Another interesting finding was that, after using both fresh and vitrified-warmed donor
ovarian tissues for the transplantation, recipient chicks could maintain the growth of ovarian donor
grafts in both fresh and vitrified donor ovarian tissues. This is in accord with previous observations
using fresh ovarian tissues (Y. Song and Silversides, 2007b; 2007a; 2006) or vitrified-warmed
ovarian tissues (Jianan Liu, 2013) for the transplantation. The importance of the age of the chicks
used for transplantation seems to be important as reflected by the higher transplant success rate
obtained in the current study as compared to previous publications. One to three-day-old chicks
were used for the transplantation because the success rate was expected to be higher than with
older chicks (Y. Song and Silversides, 2006). However, another study has applied orthotopic
ovarian transplantation of similar or different genetic backgrounds on 30-45 days of age chicken
(Kosenko, 2007). Their findings showed that donor grafts could remain and grow until chickens
were 7 to 12 months old. However, most donor grafts were infertile, degenerated, and functional

grafts achieved at a low success rate (Kosenko, 2007). Our results support the hypothesis that

58



ovarian tissues could be preserved, transplanted and developed in chickens of different genetic
backgrounds by using the vitrification-warming and transplantation techniques employed in the
current study. However, the results also indicate that still exist limitations in follicular activities to

produce viable offspring.

Contrary to our expectations, it has been challenging for recipient chickens to
successfully grow ovarian donor grafts until maturity. Among the possible causes are differences
among chicken breeds and loss of viability during the vitrification-warming procedure or
immunosuppressive treatment. Our findings demonstrated that different chicken breeds had
different abilities to reject, receive, sustain or grow the grafts. These differences were noted during
the pathological examination, including no graft present, ovarian grafts located aside of the
recipient’s ovary (Figure 4.1E-F), and grafts enclosed by a membrane (Figure 4.1A-D), regardless
of the genetic background of the donor and recipient. Another study has shown that the
compatibility between donors and recipients was important for the success of the transplant (Liptoi
et al., 2013). A possible explanation for this might be that the compatibility between breeds is
necessary to prevent rejection or abnormal development of ovarian donor grafts in recipients. The
first successful ovarian transplantation was attained between BR and WL chicks from pure lines,
used as donors and recipients, respectively (Y. Song and Silversides, 2007b; 2006). This suggests
that this could be one of the right combinations leading to a successful transplant. These results
are in line with those of another study that has demonstrated that the success rate of surgery
transplantation depended on the breed (Kosenko, 2007). In that study, a variety of breeds received
a different percentage of donor grafts. Among the used breeds, WL and New Hampshire breeds
seemed more suitable than other breeds (Kosenko, 2007). Moreover, each chick showed adaptation

to surgical transplantation differently due to their body size as well as vascular structures. For
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instance, it was extremely challenging to perform surgeries on newly hatched BR chicks. They
had a high degree of vascularization around the yolk sac, and severe bleeding might occur after its
removal. This has just happened to a lesser degree on any of the other breeds utilized in our studies.
Severe bleeding may result in surgery failure, as the mechanism of revascularization would be
hindered and cause an ischemia-reperfusion injury. However, some of the endogenous processes
occurring in the recipient chicken can help the remaining follicle pool, so the recovery of a donor

graft was still effective (J. Liu et al., 2010).

The next challenge of our study concerned the vitrification-warming procedures that
were used to preserve and transplant ovarian tissues. Although vitrification has been applied for
embryos, oocytes, ovarian tissues of mammals, including humans (Dattena et al., 2004; Gunasena
et al., 1997a; Mazur and Seki, 2011), it is yet under development in avian species, especially in
the chicken. The vitrification-warming procedures of chick gonadal tissues were modified from a
previous study on quail that demonstrated the effectiveness of this technique in preserving quail’s
ovarian tissues (J. Liu et al., 2010). However, the vitrification-warming procedure itself is
necessary to be considered whether it would cause any damage in chick ovarian tissues that could
result in unexpected failures in the surgery transplantation. Besides, as the procedure was firstly
applied for research on mammals, there are vast differences between species that would require
the procedure to be modified accordingly. Some of these are the kinds of cryoprotectants (CPAS)
used and their correct concentrations as well as the time of exposure in CPAs, and the best way of
storing tissues in LN2. Regarding this issue, another study on turkeys has applied the vitrification-
warming procedures for turkey gonadal tissues (George Hall, 2015). This study compared the
vitrification-warming procedure using different times of exposure to CPAs and found the standard

protocol resulted in fewer damage tissues than others (George Hall, 2015). However, it still caused
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some negative influences on the transplanted tissues. Another issue regarding cryopreservation is
CPA:s toxicity. Although CPAs can reduce intracellular ice formation, it can become toxic at high

concentrations, leading to unforeseen injuries to the tissue (Best, 2015).

Another factor that could cause limitations in the success of the procedure was the
immunosuppressive treatment after surgical transplantation. Mycophenolate mofetil was used as
an immunosuppressant drug in our experiment. This drug has been previously used in the gonadal
transfer of some species such as chicken (Y. Song and Silversides, 2007b; 2007a; 2006), quail (J.
Liu et al., 2010; Y. Song and Silversides, 2008b), and duck (Y Song et al., 2012). For example,
the rate of successful offspring produced from the donor ovarian tissues in the immunosuppressed
group was higher than that of the non-immunosuppressive group in a study conducted by Song
and Silversides (2007). During our study, a question was brought up regarding whether the dose
or kind of immunosuppressant drug would be factors for the achievement of successful transplants
in different chicken breeds. Although the immunosuppressive protocol was modified by orally
administering a daily dose until maturity, many recipients could not sustain the normal growth of
donor-derived ovarian grafts until maturity. The effect of the drug and its side-effects must be
considered to determine if the drug would last long enough to block the immune system of any
species at any age after transplantation. Also, unexpected side effects of the drug might happen,
S0 it is necessary to test the efficiency of different immunosuppressive drugs and apply accordingly
(Diehl et al., 2017). Donor ovarian grafts were histologically analyzed to evaluate their
morphology. The results have demonstrated that inflammatory reactions occurred in the ovarian
grafts, as reflected by clusters of immune cells throughout the tissues (Figure 4.2B-D). With these

results, the use of any immunosuppressive drug needs to be considered along with different drugs
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to evaluate the efficiency to apply and replace the current treatment so that ovarian donor graft

could sustain and develop in recipients.

Another additional factor that might have affected our result is the experimental design.
The number of chicks utilized must be evaluated to reach statistical significance. A good
replication number is necessary for the result to be valid and reliable. In our trials, the number of
surgical chicks was unbalanced between fresh groups and vitrified groups. Also, the small sample
size might be one of the reasons for our results to be limited. A more significant number of chicks
used for the surgical transplantation would have likely increased our chances of achieving
successful donor-transplanted tissue engraftment and maturation, particularly when using BR
recipient chicks. Furthermore, the genotype of BR chickens is very similar among individuals,
creating several challenges to differentiate birds from one another. In addition, MHC, which is
known as effective control of disease resistance, was considered a factor for transplantation. It was
expected that chicken breeds with the same MHC could minimize the tissue rejection rate from
recipients (JE Fulton et al., 2016). However, the results did not show what we were expecting
when the BL breed was selected in the second trial because it has one MHC haplotype to test the
possibilities of transplanting tissue from one individual to another so that they have the same
genetic background. Although the ovarian tissues of the similar BL genetic background were used
for the surgical transplantation, but one ovarian graft was derived from the donor. With this result,
more understanding about MHC needs to dig deeper and to recognize the reality about the role of

MHC in the gonadal transplantation.

In conclusion, our study demonstrated that it is possible to preserve gonadal tissue by the
vitrification procedure for an extended period of time. Moreover, the cryopreserved tissue can be

transfer into a recipient of similar or different genetic background, but without follicular activities.
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This indicates that the procedure requires an optimization of the immunosuppressive treatment to

allow an ovarian graft to develop to maturity with folliculogenesis activity.
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CHAPTER 5. ASSESS THE VITRIFICATION-WARMING PROCEDURE ON ONE TO
THREE-DAY OLD CHICK GONADS

5.1. Abstract

Vitrification can be used to preserve gonadal tissue from one to three-day-old chicks.
Vitrified-warmed gonads can be transferred into recipients of the same age to sustain their growth
and maturation, which could preserve the genetic material of heritage chicken breeds. The first
aim of this study was to evaluate the damage of vitrification-warming procedure on one to three-
day-old chick gonadal tissues through histological morphology and apoptosis execution via
caspase-3 immunofluorescence. An additional aim of this study was to establish a mathematical
model that can be used to optimize the procedure for improved preservation of gonadal tissue if
the current vitrification-warming procedure causes damage. Gonadal tissues from chicks that were
one to three days post-hatching were collected for fresh and cryopreserved evaluation. Vitrified-
warmed and fresh testes were fixed for histological analysis, which was performed based on the
grading system of the quality of germ cells such as cell nuclei, peripheral breakdown of the cortex,
and formation of gaps, also based on apoptosis execution through immune-staining with the
caspase-3 antibody. To identify the morphological damages, the tissue was scored blindly, and a
non-parametric test (Mann-Whitney U test) was performed to determine the significance (P<0.05).
Our study revealed that vitrification-warming procedures significantly affected the integrity of the
testis cells; specifically, cellular distinctions between Sertoli cells and germ cells were difficult to
visualize; increased observations of pyknotic nuclei and detachment of intratubular cells from the
myoid cells were noticed, and gaps or shrinkage of cells were observed (P<0.001). Regarding
ovarian tissues, our results demonstrated that vitrified tissues showed significant damages

compared to fresh tissue with regards to nuclei, peripheral breakdown, and a higher number of
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gaps. To determine whether apoptosis would induce the post-vitrification-warming process, tissues
were immuno-stained with the caspase-3 antibody by an immunohistochemical technique where
each testicular or ovarian tissue piece was cut into three sections in one microscope slide with
peripheral and central areas. Then apoptotic cells were counted in five fields per area to calculate
according to a percentage. The experiment was performed in three independent biological
replicates, and data were analyzed using independent samples t-test to compare the means between
two groups by SPSS. No significant difference was found for apoptosis between the fresh and
vitrified testicular groups for both the peripheral and center area. Surprisingly, the fresh ovarian
group showed more apoptosis than the vitrified ovarian group (P<0.05), but apoptosis appeared
significantly higher for vitrified ovaries that were incubated two hours post-warming compared to

the fresh ovarian group.

In summary, the vitrification-warming procedures affect the cellular integrity of one to
three-day-old chick gonadal tissues through morphological alterations. Also, the procedure does
not cause more apoptotic cells on testicular tissues, but there are some challenges in ovarian tissues
for detecting apoptosis execution. Taken together, these results suggest the need to optimize this
preservation technique for long-term storage and the surgery transplantation, especially on chicken
ovarian tissues, to maintain the genetic diversity of species. A mathematical model was established
to create an optimal protocol minimizing the toxicity of CPAs and intracellular ice formation
including diminishing gonadal tissue damages. However, there are still some factors that need to be

detected for future modelling research.
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5.2. Introduction

Cryopreservation has been a practical method for genetic resource preservation in
different fields and species including small animals, livestock, poultry and humans (Jianan Liu,
2013; Woods et al., 2004; Picton et al., 2000; Milazzo et al., 2008; F. G. Silversides et al., 2013a;
Jiang et al., 2020). Genetic material preserved through germplasm cryopreservation plays an
important role in the protection of the genetic diversity of heritage chicken breeds. This technique
IS unique in the genetic materials that are preserved at a low temperature in order to protect the
integrity of cells and tissues. However, there are many factors that can affect the quality of the
cells or tissues such as the type of cryoprotectant solutions used and the cooling and warming rate
utilized (Pegg, 2007). Without careful control, changes in temperature have been demonstrated to
be lethal for the tissue because of several factors, including intracellular and extracellular ice
formation (Mazur, 1963). For example, cryopreservation caused adverse effects on rat bone

marrow and dental pulp, reducing the viability of cells (Davies et al., 2014).

Cryopreservation methods, including slow freezing and vitrification techniques, are
applied for many different purposes. Vitrification is the process of solidification of a liquid to form
a glass-like substance without crystallization due to the use of cryoprotectant agents (Mazur,
1984). The selection of either slow freezing or vitrification method depends on the cells or tissues
to be preserved. In human ovaries, no difference was seen between the slow freezing and
vitrification methods (Klocke et al., 2015). Vitrification has been widely applied to preserve
testicular tissue in mammalian species such as swine (Abrishami et al., 2010), mouse (Curaba et
al., 2011b), and human (Curaba et al., 2011a) or fish species such as zebrafish (Bono-Mestre et
al., 2009). Poultry gametes are a challenge to preserve as the large yolks prevent successful

cryopreservation, but avian ovarian tissues can be vitrified as an alternative (Janet E Fulton and
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Delany, 2003). However, the vitrification method might be associated with the contamination of
pathogens because cells were directly plunged into liquid nitrogen (Tedder et al., 1995). Besides
its benefits, cryopreservation causes some adverse effects that can damage cells and tissue, and

thus improvement is necessary to increase practical application.

Whether the vitrification-warming procedures have any impact on the quality of chick
gonadal tissues used for transplantation surgery is still unknown. Many studies have evaluated
chick gonad vitrification-warming procedures and found alterations in morphology, biochemistry,
function and apoptosis execution of cells after warming (Gutnisky et al., 2020). The effects of
vitrification showed differently on ovarian tissues between human and animal models (Gandolfi
et al., 2006). In human ovarian tissues, follicular morphology and function were normal after
vitrification, and cells could recover rapidly after the procedure (Yuzhakov et al., 2018).
Additionally, apoptosis was also considered as one of the variables used to evaluate the occurrence
of any alteration and damages on cells or tissues caused by the vitrification-warming procedures

(Yuzhakov et al., 2018).

Apoptosis is a form of cell death that occurs in multicellular organisms (Rager, 2015).
Apoptosis maintains the balance of cells in the body and plays a critical key in metabolism,
physiology and pathology. Apoptotic cells are determined by their shape alteration including
blebbing, cell shrinkage, chromatin condensation, and chromosomal DNA fragmentation (Duan et
al., 2003). The detection of apoptosis based on tissue sections was applied in some studies through
histological morphology, TUNEL assay, and in situ end labelling to detect DNA strand breaks
(Barrett et al., 2001; PA Hall, 1999). In the apoptotic molecular pathway, caspase-3 plays an
essential role as the primary executioner for the cleavage of proteins and other processes (Slee et

al., 2001). Because of its importance and specificity, caspase-3 can be utilized to facilitate
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apoptotic detection in tissues. Moreover, caspase-3 is the main effector enzyme of apoptosis and
helps the stimulation of endogenous endonucleases. Because of these characteristics, the early
period of apoptosis can be determined by caspase-3 (Martinez-Madrid et al., 2007). Activated
caspase-3 immunohistochemistry or cleaved CK18 immunohistochemistry has been demonstrated
to be an easy, sensitive and reliable way for the identification and quantification of apoptotic cells
compared with the TUNEL assay (Duan et al., 2003). Another study found that TUNEL assay
could be the best application for necrosis in a tumor (Kraupp et al., 1995), but could not be used
independently to detect apoptosis and necrosis (Levin et al., 1999). Furthermore, apoptosis
regulating factors or anti-apoptotic, pro-apoptotic proteins, including BCL-2 and BAX, play an
essential role in increasing apoptotic cells in the mouse embryo oocytes (De Felici et al., 1999).
Apoptosis caused by cryopreservation was reported in mammalian species’ gonadal tissues,
including human ovarian tissue with DNA fragmentation (Keros et al., 2009), and mouse
primordial ovarian follicles (Lee et al., 2000) using an immunohistochemistry method and
histological morphology (Merdassi et al., 2011). This is also in accord with another report which
showed an increase in the expression of apoptosis-related genes in ovarian tissues post warming
(Dalman et al., 2017). During the growth of the mouse fetal ovary, primordial germ cell, and oocyte
could be degenerated by apoptosis (De Felici et al., 1999). Another report indicated the negative
effects of cryopreservation on the granulosa cells and oocytes of vitrified human ovarian tissues,

and deterioration of secondary follicles (Dalman et al., 2017).

Cryoprotectants (CPAs) play an essential role in cryopreservation. CPAs are classified
into two forms: permeating and nonpermeating (Muldrew et al., 2004). Permeating CPAs that
easily cross the cellular membrane have the following typical characteristics: low molecular

weight, non-ionic molecules, water solubility at cooling and equilibrium in protoplasm. Popular
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permeating CPAs include glycerol, dimethyl sulphoxide (DMSO), formamide (FMD), propylene
glycol (PG), ethylene glycol (EG). Nonpermeating CPAs are macromolecules and sugars, such as
sucrose, that have a high solubility in water as well as restriction of crossing cell membranes. Cell
dehydration occurs at low concentration because of high osmotic coefficients resulting in a
reduction of the extent of crystallization (Muldrew et al., 2004). During cryopreservation,
equilibration with permeating CPAs is challenging because of toxicity and osmotic stresses. This
toxicity can be modulated by many different factors including CPA concentration, temperature,
types of CPA, exposure time, and cell membrane condition (breached or damaged) that can lead
to chemical or osmotic damage that in turn leads to, directly or indirectly, oxidative stress
(Muldrew et al., 2004). In vitrified tissues, high cooling rates and high CPA concentrations are
combined to prevent intracellular ice formation (Mazur, 1984). Because of this toxicity and
osmotic stress, CPA equilibration plays a critical role in minimizing damage related to CPAs
selection and concentration (EImoazzen et al., 2005). One way to rationally deal with the interplay

of osmotic and chemical toxicity is through mathematical modeling (Benson et al., 2018).

The goal of this study was to evaluate the standard vitrification-warming procedure
through histological morphology and apoptosis appearance on gonadal tissues. To facilitate this
analysis, a biophysical study of the diffusion of cryoprotective agents in gonadal tissues was
undertaken, where the diffusivity D of the tissue was evaluated, and an estimate of a was made for
both ovarian and testicular tissue. This information was then combined to facilitate predictions of
improved protocols that would result in minimized CPA equilibration damage. In this study, we
hypothesized that the vitrification-warming procedure induces damage and increase apoptotic cells
in one to three-day-old chick testes and ovaries. Two main objective were that the integrity of

testicular and ovarian tissues could be evaluated by using a morphological scoring system to assess
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the vitrification-warming procedure and to test for the difference of apoptosis in fresh and vitrified-

warmed testes and ovaries, evaluated via caspase-3 immunofluorescence.

5.3. Materials and methods

5.3.1. Gonad preparation

Lohmann White (LM) fertilized eggs were obtained from the Poultry Research and
Teaching Unit (Department of Animal and Poultry Science, College of Agriculture and
Bioresources, University of Saskatchewan), and Dark Brown Leghorn (BL) fertilized eggs were
purchased from the University of Alberta. All fertilized eggs were incubated in an incubator
(Digital 1502 Sportsman) at 99.9 °F and 60% RH (related humidity) and then transferred to a
hatcher (Digital 1550 Sportsman) at 98 °F and 70% RH of the last three days of 21 days incubation

period.

To collect fresh ovaries, one to three-day-old chicks of all breeds above were humanely
euthanized by cervical dislocation, and the left ovaries were harvested from the abdominal cavity
and removed of all remnant connective tissues or blood clots. The collected ovaries were placed
in holding media (HM), Dulbecco’s Phosphate Buffered Saline Solution (DPBS) with 20% Fetal
Bovine Serum (FBS), on ice until the vitrification-warming process. All chemicals and reagents

were purchased from Life Technologies Inc. (Burlington, ON, Canada) unless otherwise stated.

The vitrification warming protocol was adapted from the procedure described by Liu et
al. (2012). Briefly, the ovaries were gently placed on acupuncture needles (0.20 mm x 30 mm,
Dong Bang Acupuncture Inc., Chungnam, Korea). The needles were then submerged in the first
equilibrium solution (7.5% dimethyl sulfoxide (DMSO), 7.5% ethylene glycol (EG) mixed in HM)

for 15 minutes on ice. In the second step, the needles were transferred to the second equilibrium
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solution (15% DMSO, 15% EG, 0.5M sucrose mixed in HM) for 3 minutes on ice. Following this
step, the needles were carefully blotted on gauze to remove excess moisture around the tissues and
immediately plunge into a tray holding liquid nitrogen (LN2). The frozen tissues were then

transferred to the cryovials and kept in the LN tank for at least 5 days before the warming process.

For the warming procedure, the frozen cryovials containing the ovarian tissue were
removed from the LN storage tank, and the needles containing the gonadal tissue were removed
from the cryovial and placed into a weigh boat filled with LN». Following this step, the needles
were immediately transferred into a 1 M sucrose thawing media at room temperature (RT) for 5
minutes. The needles were then transferred to a 0.5 M sucrose solution with HM at RT for another
5 minutes and finally moved to a 0.25 M sucrose with HM at RT for 5 minutes. The needles were
then placed in a petri dish containing DMEM (Dulbecco’s Modified Eagle Medium with 20%

FBS) on ice and the tissues were removed from the needle to be processed.

5.3.2. Periodic Acid Schiff-Hematoxylin (PAS-H)

Harvested tissues (4 fresh testes, 3 vitrified testes, 3 fresh ovaries and 3 vitrified ovaries)
were immediately fixed in Bouin’s solution for 24 hours at 4 °C following the vitrification-
warming procedure. After fixation, tissues were removed from Bouin’s solution by washing three
times in 70% ethanol and stored in 70% ethanol (tissue was immersed) at 4 °C in the fridge. Fixed
samples were loaded into biopsy embedding cassettes and placed into the tissue processor (Leica

ASP300S, Leica Biosystems Nussloch GmbH, Nussloch, Germany).

Tissues were then mounted and sectioned by a microtome (Rankin 17040, MI, USA),
and 4 um sections were transferred onto slides. After mounting, the slides were dried on a warmer

plate overnight and stained using a PAS-H (Periodic Acid Schiff counter stain Hematoxylin)
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protocol: 2 minutes in xylene (2 times); 2 minutes in 100% alcohol (2 times); 2 minutes in 90%
alcohol; 2 minutes in 70% alcohol; running warm tap water (RWTW) for 1 minute; 15 minutes in
Leica Schiff’s reagent; RWTW for 10 minutes; 2 minutes in Leica Hematoxylin 560; RWTW for
1 minute; 15 seconds in 0.15% acid alcohol; RWTW for 1 minute; 1 minute in Leica Blue Buffer
8; RWTW for 3 minutes; 15 seconds for each 90% alcohol and 3 times of 100% alcohol; 1 minute
in xylene and keep the slides in the last xylene. The last step was adding the coverslip to cover the
sections and drying overnight. The sections were viewed and photographed using a conventional
light microscope at various magnifications. On testicular tissues, five observations were done at
both the peripheral and center area of each section, three sections were seen on each slide. On
ovarian tissues, five observations were evaluated in the cortex area. These slides were marked by
coded numbers by one person, and then the evaluation was done by two other people to retain the

objectivity.

5.3.3. Gonad assessment based on the morphological grading system

In this experiment, there were 4 fresh and 3 vitrified testes; 3 fresh and 3 vitrified ovaries
were distributed on the same number of the slides for the observation. The quality of the gonads
was assessed following a modified version of the grading system through the quantitative histology

used by Milazzo et al. (2010; Table 1).
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Table 5.1. Quantitative histology grading system

Tissue | Feature Scores
) o ) 0:  easy; 1. difficult; 2:
Sertoli cell distinction from spermatogonia T
indistinguishable.
Observation of the nuclei 0: easy; 1: indistinguishable
) ) 0: no appearance; 1: <40% of cells; 2:
Testes | Nuclei condensation
40% of cells
Intratubular cell detachment from the basement
0: no appearance; 1: 50%; 2: 100%
membrane
Gap formation or shrinkage 0: no appearance; 1: less; 2: a lot
Primordial germ cell distinction from immature | 0:  easy; 1.  difficult; 2
granulosa cell indistinguishable.
Observation of the nuclei 0: easy; 1: indistinguishable
Ovary 0: no appearance; 1: <40% of cells; 2:

Nuclei condensation

40% of cells

Peripheral breakdown of cortex

0: no appearance; 1: <25%; 2:>25%

Cortex cell gap formation or shrinkage

0: no appearance; 1: less; 2: a lot
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5.3.4. Immunohistochemistry technique via caspase-3 immunofluorescence

5.34.1. Apoptosis appearance between fresh and vitrified-warmed gonadal tissues

In this experiment, the tissues were collected as described above. There were 3 fresh and
3 vitrified testes (n=3); 3 fresh and 3 vitrified ovaries (n=3) distributed on the same number of the
slides for the observation. After dissection, tissues were rinsed with 0.1% saline to remove the
blood and connective tissue artifacts and then immediately fixed in ice-cold 4% paraformaldehyde
(PFA) and left in 4 °C in the fridge for 20 hours. Then, tissues were removed from PFA by washing
three times in 70% ethanol; and left those tissues in 10 mL of 70% ethanol (tissue must be
immersed) at 4 °C in the fridge. Fixed samples were loaded into biopsy embedding cassettes and
placed into the tissue processor (Leica ASP300S, Leica Biosystems Nussloch GmbH, Nussloch,
Germany). A 6-hour cycle was run (3 times in 70% ethanol for 30 mins; 80% ethanol for 30 mins;
3 times in 100% ethanol for 30 mins; 2 times in 100% xylene for 30 mins; lastly, 2 times in paraffin

for 30 mins at 60 °C).

Gonads were then mounted and sectioned using a microtome (Rankin 17040, MI, USA),
and 4um sections were fixed on slides. After mounting, the slides were dried on a warmer plate.
Those sections were immune-stained with caspase-3 antibody (Anti-Caspase-3 antibody, ab90437,
Abcam Inc., Toronto, ON, CA); including the following steps: deparaffinization and hydration of
slides (5 minutes in xylene (2 times), 2 minutes in 100% ethanol (2 times), 2 minutes in 95%
ethanol, 2 minutes in 70% ethanol, 2 minutes in 50% ethanol and 10 minutes in distilled water);
guenching endogenous peroxidase activity and background fluorescence with H.O> for 30 minutes
at room temperature; washing, blocking and probing with the primary antibody at 1:200 dilution

for overnight; washing and probing with the second antibody (Goat Anti-Rabbit 1IgG H&L Alexa
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Fluor 488, ab150077, Abcam Inc., Toronto, ON, CA) at 1:500 dilution for 60 minutes at 37 °C in
an incubator; washing and mounting slides with cytoseal 60 around the edge of the coverslip
(applied Vectashield with Dapi) and storing in opaque slide box in the fridge. The sections were
viewed and photographed using a fluorescence microscope at various magnifications. Five
observations were done at both the peripheral and center area of each section; three sections were

evaluated on each slide.

5.3.4.2. Apoptosis evaluation between fresh and vitrified-warmed gonadal tissues at

different time points

Apoptosis was assessed via an anti-caspase-3 immunofluorescence technique, as
described in the previous section. The experiment was running in five groups including the group
of fresh tissues at 0 h (tissues used right after collection — fresh 0Oh), the tissues kept in holding
media 2 h after the collection (fresh 2 h), the tissue exposed to CPAs 2 h after collection and fixed
(CPA 2 h), the vitrified-warmed tissues at 0 h (tissues used right after warming — vitri 0 h), and
the tissues after vitrification kept in holding media 2 hours (vitri 2 h). Among groups, two groups
including fresh Oh and vitri Oh were described in 5.3.4.1. All tissues were incubated at 37 °C for

2h. In this experiment, five groups of tissues were compared together to evaluate apoptosis.

5.4. Biophysical modelling of CPA equilibration to model the toxicity, osmotic stress and

freezing injury of gonads

The experiment was designed to evaluate CPA diffusivity at three different temperatures
of CPAs (37 °C, 22°C and 0 °C) along with three types of CPAs (30% PG, 30% DMSO and 30%
Formamide) and 6-time points (3, 5, 10, 20, 40 & 80 minutes). Tissues were obtained from chicks

and placed in DPBS, holding media until processing. In this experiment, whole testes (n=53) and
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ovaries (n=29) were harvested from one to three-day-old Dark Brown Leghorn (BL) chicks. Those
samples were replicated three or more times, depending on the amount of sample, at 37 °C, 22 °C

and 0 °C with 6 times points (3, 5, 10, 20, 40 & 80 minutes).

At each chosen temperature and CPA (30% PG, 30% DMSO and 30% Formamide),
tissues were distributed to all three media for 120 min to fully equilibrate. After this incubation,
the tissues were placed into tubes with 150 pl distilled water. At each time point (3, 5, 10, 20, 40
& 80 minutes), an aspirate of 20 pl of solution (now distilled water plus the diffusate from the
tissue) was withdrawn from the tissue sample tube (6 times while keeping the tissue under solution
until the last withdrawal) for the osmometer (Wescor 5520 Vapor Pressure Osmometer, Wescor,
INC, Utah, USA) to measure the solution osmolality. The resulting osmolalities were then fit to
equation (2) and (3), where the initial concentration of C(x,0) is defined as 30% CPA and the Cext(t)
is assumed to be O for the first withdrawal, and adjusted for the measured concentration at each

subsequent step.

The use of mathematical modeling to predict cell and tissue response to CPA
equilibration is common in the field of cryobiology (Anderson et al., 2014). In short, models are
used to quantify both the mechanical damage due to excessive osmotically induced volume
changes, the completion of CPA equilibration processes, and the accumulation of CPA induced
chemical toxicity (Benson, 2015). These models couple three ingredients. First is a model of cell
damage due to high concentrations of CPA. Towards this, Benson et al. defined a toxicity cost
function, Jiox(p), that accounts for the concentration and time-of-exposure dependence during

CPA equilibration (Benson et al., 2018):

Jeox®) = [ 7 €% (&, x)dt dx,
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where C is the CPA concentration of a cell or a tissue at point x at time t, a is a rate parameter, tt
is the final time when the CPA equilibration protocol p (e.g. 1 M for 1 min, 2 M for 2 min, etc.) is
complete. This model of damage is coupled with a model that predicts what the concentration C is
at every space and time during the protocol p. Among many choices, for tissues, the standard

choice is the diffusion model used by Benson et al. (Benson et al., 2018).

dc _
= = DAC, )

C(t, x on the tissue boundary) = Cex:(p), (3)

where D is the CPA diffusivity, and Cext(p) is the concentration on the exterior of the tissue as a

function of protocol p.

Finally, this model is coupled with a model of the mechanical damage done by the
osmotically induced volume changes. The choice of the best model is still not clear and beyond
the scope of this work, but here we follow Benson et al. (Benson et al., 2018) and use the volume
response of the cells on the exterior of the tissue as a proxy for the osmotically induced damage
during equilibration. In short, if the protocol is such that it should not cause mechanical damage
to exterior cells, then we assume that this protocol should be “safe” for all cells and structures in
the tissues. Here we follow the choices of Benson et al. (2018) by using an endothelial cell model
for transport and mechanical sensitivity. Briefly, a two-parameter model of water and CPA
transport across the cell membrane is used to predict cell volume responses to CPA equilibration
protocols (Benson, 2015). This model is coupled with estimates for the cellular osmotic tolerance
limits, limits to which the cells can shrink and swell with minimal damage. All parameters for this

mechanical damage model are defined in Benson et al (2018).
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5.5.  Statistical analyses

For the morphological analysis with PAS-H staining, the global scores were also
compared between the fresh tissue group and the vitrified-warmed tissue group and each
characteristic of each group was compared with each other. On testicular tissues, five observations
were done at both the peripheral and center area of each section, three sections were seen on each
slide (including 4 fresh testes & 3 vitrified testes). On ovarian tissues, one observation was
evaluated at the cortex area because the primordial germ cells are often present in this area and
three sections of each slide were seen (including 3 fresh ovaries & 3 vitrified ovaries). A
nonparametric test (Mann-Whitney U test) was performed to compare the level of damage
observed between fresh and vitrified tissues, (P<0.05). SPSS software (IBM SPSS Statistics,

version 25, Armonk, NY, US) was used to analyze all data.

For apoptosis assessment with immunofluorescence staining via caspase-3 antibody, five
observations were evaluated at both the peripheral and center area of each section. The experiment
was performed in three independent biological replicates, and data were analyzed using
independent samples t-test to compare the means of the apoptosis of the fresh and vitrified-warmed

gonadal tissues by SPSS (significance was set at P<0.05).

For osmolality value, the data were analyzed by a multi-way ANOVAs test to ascertain
if there were any effects of CPAs, different time points and different temperatures on the value of
osmolality. Significance was set at P<0.05, and a post hoc Tukey test was used to test the

interaction between them.
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5.6. Results

5.6.1. Morphological histology of control and vitrified gonadal tissues by PAS-H

Overall, vitrified tissues resulted in higher damage compared to control tissue (Figures
5.1 and 5.2). The alterations included Sertoli cell distinction from spermatogonia, observation of
the nuclei, nuclei condensation, intratubular cell detachment from the basement membrane and
gap formation of shrinkage. The total scores in the vitrified group were significantly higher than
that of the control group (P<0.001; Figure 5.1). In the control group, consistent form of
seminiferous cords located around testis; Sertoli cells lined on the seminiferous tubules
continuously; and spermatogonia with nuclei were close to the basal lamina of the seminiferous
cords (Figure 5.3). In comparison, the vitrified group showed the non-uniform structure of the
seminiferous cords in the testis; cords were altered across testis; Sertoli cells and spermatogonia
were indistinguishable; and gap formation and shrinkage often appeared between the intratubular
cell and the basement membrane. Moreover, the abnormal structures were seen in the center of the

testis (Figure 5.4).
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Score

Control Vitrifie
Testes
Figure 5.1. Total scores for histological morphology of control (n=4) and vitrified (n=3)
one to three-day-old chick testes.
In testes, data are shown as mean * standard error, and the * symbol indicates significant

differences via the Mann-Whitney U test (P<0.05).
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Vitrified
Testes (Centre & Peripheral)

Testes (Peripheral)

Figure 5.2. Scores for histological morphology of control (n=4) and vitrified (n=3) one
to three-day-old chick testes.

Morphological scores for seminiferous cords at the centre (A), peripheral (B) and whole
testes (C) are shown for five damage categories. Significant damage between fresh controls and
vitrified testes was demonstrated with the Mann-Whitney U test (P < 0.001); scores < 1 are the

target. Data are shown as mean + standard error, and the * symbol indicates significant differences.
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Peripheral Center

Figure 5.3. Morphological histology with PAS-H staining of control testes without
vitrification. The normal structure of seminiferous cords is demonstrated. Scale bars 500 um and

50 pm.
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Peripheral

Figure 5.4. Morphological histology with PAS-H staining of vitrified-warmed testes
demonstrating damaged seminiferous cords and cortex cell gap formation. Scale bars 500 um and

50 pum.
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Overall, total scores differed between the control and vitrified ovaries (P=0.027).
Histological analysis of the fresh ovarian tissues showed less gap formation and shrinkage as well
as less nucleic condensation compared to vitrified tissues (Fig 5.7). In the vitrified ovarian tissues
(Fig 5.8), the nuclei were pyknotic and condensed. Gap formation and shrinkage were observed in
a peripheral breakdown of the cortex. Two factors, nuclei and cortex cell gap formation and
shrinkage, were significantly higher in the vitrified group than showed in the control group

(P=0.028 & 0.006) (Fig 5.6).
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Score

~n

Control Vitrified
Ovary

Figure 5.5. Total scores for histological morphology of control (n=3) and vitrified (n=3)
one to three-day-old chick ovaries. Data are shown as mean + standard error, and the * symbol

indicates significant differences via the Mann-Whitney U test (P<0.05).
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Figure 5.6. Scores for histological morphology of control (n=3) and vitrified (n=3) one
to three-day-old chick ovaries. Data are shown as mean + standard error, and the * symbol indicates

significant differences via the Mann-Whitney U test (P<0.05).
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Figure 5.7. Morphological histology with PAS-H staining of ovaries demonstrating
normal structure that can be distinguishable between the cortex and medulla area versus vitrified

ovary showing abnormal structures (20x)
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Peripheral breakdown of cortex Cortex cells gap formation (60X) Vitrified ovary (10X)
(60X)

Figure 5.8. Morphological histology with PAS-H staining of vitrified-warmed ovary

demonstrating gap formation and pyknotic and peripheral breakdown of the cortex.
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5.6.2. Apoptosis determination on both fresh and vitrified chick gonadal tissues

In testicular tissues, apoptotic cells were distributed in the center area and peripheral
area of the fresh and vitrified-warmed testes (Fig 5.9 left). These distributions were equal in both
center, and peripheral areas (P=0.516 & 0.247) was found between groups (Fig 5.9 right). In
general, there was no significant difference between fresh and vitrified-warmed testes when
comparing regions within the testes, including both central and peripheral areas (Fig 5.9 left).
The similarity was shown in Figure 5.10-5.11 that IHC image (PFA-fixed paraffin-embedded
section) of anti-caspase 3 on fresh testes (Figure 5.10) versus vitrified-warmed testes (Figure
5.11). The images show apoptosis by bright green colour spots at the cytoplasm of cells covering
around the nuclei (blue colour spots) in merged images in the center and peripheral areas.
Moreover, the apoptotic appearance was seen without nucleic (in the middle of the images), or

nuclei without apoptosis were shown in both areas.
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Fraction of apoptotic cells
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Figure 5.9. Fraction of apoptotic cells in fresh and vitrified chick testicular tissues (n=3

each group) from both in general and at the center vs peripheral of the tissue. No significant

differences among treatments were found (P>0.05).
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Nucleus Anti-Caspase-3
DAPI Apoptosis execution Merge

Figure 5.10. Immunohistochemistry image (PFA-fixed paraffin-embedded section) of
anti-caspase 3 in fresh chick testes (A: center; B: peripheral)

The images show apoptosis by bright green colour spots at the cytoplasm of cells
covering around the nuclei (blue colour spots) in merged images in the center and peripheral

areas.
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Nucleus Anti-Caspasc-3
DAPI Apoptosis execution Merge

Figure 5.11. Immunohistochemistry image (PFA-fixed paraffin-embedded section) of
anti-caspase 3 in vitrified-warmed chick testes (A: center; B: peripheral)
The images show apoptosis by bright green colour spots at the cytoplasm of cells

covering around the nuclei (blue colour spots) in merged images in the center and peripheral areas.
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Apoptosis appeared equally in both center and peripheral areas of both groups (Fig 5.12
right); however, fresh ovaries showed more apoptosis than vitrified-warmed ovaries (Fig 12 left).
These differences were shown in figure 5.13-5.14, IHC image (PFA-fixed paraffin-embedded
section) of anti-caspase 3 on fresh ovary (Figure 5.13) versus vitrified-warmed ovary (Figure
5.14). Apoptosis clusters were found in the cytoplasm of cells and around nuclei (blue colour
spots with bright green colour clusters around). The fresh ovaries of images in both center and

peripheral areas had more apoptosis appearance than the vitrified-warmed ovaries in comparison.
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Figure 5.12. Comparison of apoptosis in fresh and vitrified chick ovaries (n=3 each

group) both center and peripheral areas for apoptosis execution. Data are shown as mean + SE as

a fraction of apoptotic cells, and the * symbol indicates significant differences via a one-way

ANOVA test (P<0.05).
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Nucleus Anti-Caspase-3
DAPI Apoptosis execution

Figure 5.13. Immunohistochemistry image (PFA-fixed paraffin-embedded section) of
anti-caspase 3 in fresh chick ovary (A: center; B: peripheral)

Apoptosis clusters were found in the cytoplasm of cells and around nuclei (blue colour

spots with bright green colour clusters).
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Nucleus Anti-Caspase-3
DAPI Apoptosis execution

Merge

Figure 5.14. IHC image (PFA-fixed paraffin-embedded section) of anti-caspase 3 in
vitrified-warmed chick ovary (A: center; B: peripheral)
Apoptosis clusters were found in the cytoplasm of cells and around nuclei (blue colour

spots with bright green colour clusters around).
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5.6.3. Apoptosis determination on five groups of chick gonadal tissues

There was no difference in apoptosis appearance between the Fresh Oh and Vitri Oh
testes (Figure 5.15) (P>0.05). However, apoptosis appeared more in Fresh 2h, CPA 2h and
Vitri 2h testes (P<0.0001). Furthermore, no significant difference was found among Fresh

2h, CPA 2h and Vitri 2h (P>0.05).
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Figure 5.15. Testes apoptotic cells exposed to CPAs at different time points. Data are
shown as mean + SE of the fraction of apoptotic cells, and the * symbol indicates significant

differences via a one-way ANOVA test (P<0.05).
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For chick ovary, apoptosis execution was significantly different between Fresh Oh
and Vitri Oh ovaries (P<0.0001). The most striking result to emerge from the data was that
apoptosis appeared less in Vitri Oh group compared to Fresh Oh. The Fresh 2h, CPA 2h and
Vitri 2h groups, were significantly higher than the Fresh Oh and Vitri Oh ovaries (P<0.0001).
Furthermore, no significant difference was found among Fresh 2h, CPA 2h and Vitri 2h

(P>0.05).
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Figure 5.16. Ovary apoptotic cells are exposed to CPAs at different time points. Data are
shown as mean + SE of the fraction of apoptotic cells, and the * symbol indicates significant

differences via a one-way ANOVA test (P<0.05).
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5.6.4. The CPA diffusivities

Figures 5.17 and 5.18 show the measured osmolality values that were then fit to equation
(2) and (3) for the diffusivity D with regressions for all data. In addition, data are also summarized
in Table 5.2. The diffusion experiments were fit for diffusivity using custom software
(Mathematica, Wolfram, Inc). For both testes and ovaries, significant effects of CPA and
temperature were found, with FMD significantly higher diffusivity at all temperatures compared

with PG and DMSO.
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Figure 5.18. Ovarian tissue with best fit regressions for three CPA types
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Table 5.2. Best fit (mean = SEM) parameters for testes and ovaries

CPA type
Tissue type Temperature
FMD DMSO PG
37°C 10.3x10%+1.7 | 9.3x10%+22 9.5x10°%+24
Testes 22°C 14.3x10%+28 |89x10%+2. 8.7x10°+1.8
0°C 10.1x10°+35 | 1.x10%+0.3 3.x10%+0.8
37°C 10.6x10°+18 |[6.1x10%+1.3 5.7x10%+0.6
Ovary 22°C 13.9x10%+28 |8.4x10%+0.5 3.6x10°+0.6
0°C 11.8x10%+26 | 1.7x10%+0.9 1.2x10%+0.1
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5.7. Discussion

The cryopreservation approach of using vitrification and rapid warming has been applied
to tissues from different mammalian species such as mouse, cow, ewe, quail and human. In the
current study, evidence of the impact of this procedure on chick gonadal tissues were studied with
several damage measurement outcomes evaluated. Our results support the hypothesis that the
vitrification-warming procedure induced damages on one to three days old chick testes and ovaries
differently and increased apoptotic cells on these gonadal tissues. The overall goal was to evaluate
how much damage occurred post-procedure by histological morphology and immunostaining.
Because of this, we identified the parameters needed for a mathematical model of CPA
equilibration damage used to determine potentially more optimal CPA equilibration protocols.
These protocols can be tested in future studies. Overall, an optimal vitrification-warming
procedure could preserve the genetic diversity of heritage chicken breeds, including their gonadal

tissues.

The most prominent finding in this study is that there is significant damage associated
with vitrification compared to fresh gonadal tissues, supported by a morphological scoring system
to assess the vitrification-warming procedure (Table 5.1). These adverse effects appeared in the
entire testes (Figure 5.1-5.2) and ovaries (Figure 5.5-5.6) and could be observed in the structure,
nuclei, cell membrane and germ cells as well. One possible explanation of these results may be
that gonadal tissues from very young chicks are vulnerable to low temperatures or changes from
cooling to warming process. Other studies have demonstrated the differences between fresh and
cryopreserved chick ovarian tissues by measuring the diameter of oocyte and follicle (Jianan Liu
et al., 2017). Oocyte and follicle diameters in fresh tissues were comparatively larger than those

in vitrified-warmed tissues. However, this study was confounded slightly by chick age. They
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assessed tissues on different days, specifically day 7 in fresh and day 5 in vitrified tissues, leading
to smaller diameters in vitrified tissues (Jianan Liu et al., 2017). Liu et al. (2007) suggest that
because of their relatively small size, oogonia and primordial follicles at young ages might be more
tolerant of cryopreservation, especially in one to three-day-old. In another study, Svoradova et al.
(2019) confirmed that frozen/thawed day-old chick PGCs showed much lower viability than fresh
day-old chick PGCs by using trypan blue exclusion (TBE) or propidium iodide viability assay
(PIVA). Moreover, vitrified PGC damage was detected through swollen cells or mitochondria by
using transmission electron microscopy, leading to a detailed evaluation in alterations of cell
ultrastructure (Svoradova et al., 2019). Regarding testicular tissues, our results showed that
damage occurred on vitrified-warmed tissues, but the viability and recovery of tissues after the
surgery transplantation were acceptable. This finding is consistent with that of Liu et al. (2012),
who also found that one-week-old chick vitrified-warmed testes showed typical structure and
vascularization of the donor testicular grafts, and additionally was well established after implanting
into a chicken embryo. Song and Silversides (2007a) found similar results, demonstrating
regeneration of functional seminiferous tubules to maturity in newly hatched chick vitrified testes
after transplantation. From these collective findings, the vitrification and transplantation of
testicular tissues seem to be more successful than ovarian tissues. Although in this study, we found
there were some damages due to the vitrification-warming procedure, the recovered viability was

higher in comparison with ovarian tissues.

Our results showed that apoptosis in vitrified testicular tissues was similar to fresh
testicular tissue, meaning that the procedure did not induce more apoptotic cells post-warming. In
contrast, and surprisingly, vitrified ovarian tissues showed reduced apoptosis compared with the

fresh group. Different mechanisms could possibly explain this latter result in inducing apoptosis
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between the fresh group and the vitrified group leading to this contradiction. Liu et al. found that
the percentage of apoptosis in cryopreserved tissues was less than the one in the fresh tissues of
chicks at 1-3 days old, where apoptotic cells were identified by TUNNEL assay (Jianan Liu et al.,
2017). Liu et al. (2017) suggested that the mechanisms that induce apoptosis in vitrification-
warming procedures might be different compared to fresh tissues and that there could be
differences in staining that impact detecting and calculating apoptosis from images. In agreement
with this study, another finding demonstrated that apoptosis appeared more at day-old chicks and
less after (Yoshimura and Nishikori, 2004). The increase in apoptotic cells could be related to the
control of oocyte quality and the removal of abnormal oocytes in mammalian species (Tilly and
Kolesnick, 2002; Yoshimura and Nishikori, 2004). In contrast to earlier findings, however, no
significant difference was observed between fresh and vitrified mouse ovarian tissues concerning

follicle viability (Mazoochi et al., 2008).

With respect to gonadal tissue incubation, apoptosis increased significantly after two
hours of incubation at 37 °C. This echoes results from another finding (Milazzo et al., 2008) that
demonstrated that after warming on immature mice, testicular tissue apoptosis appears after a brief
culture period when identified using the TUNEL assay as opposed to the Annexin V marker that
can be used at an early stage. Similarly, another article showed time-delayed evidence of apoptosis
in the form of rounding, blebbing cells to lysis of cells, and necrotic cells could be named for dead
cells because of the similarity of the DNA fragmentation process (Collins et al., 1997). These
results reflect those of another report (Vanhulle et al., 2006), which showed that cytochrome ¢
release that was related to caspase-3 activation occurred after 1 h incubation, which would lead to
the increasing of apoptosis after incubation of vitrified tissues. In sum, the present work found at

least two major differences between fresh and vitrified gonadal tissue, including histological
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morphology and apoptosis evaluation. Although apoptosis was not detected post-warming on
ovarian tissue, there were significant morphological damages. Regarding surgical transplantation
from the previous chapter, some challenges still occurred in the surgical transplantation of donor
ovarian tissue to recipient. It can thus be suggested that a modified vitrification-warming procedure

is necessary to cryopreserve the chick gonadal tissue.

These findings have important implications for adjusting the vitrification-warming
procedures related to many factors such as CPAs, concentration, temperature and time points.
Because of the challenging interactions of all conditions, one approach to determining an improved
vitrification-warming procedure is to establish a mathematical model (Benson, 2015). The
modified procedure would be based on conditions of CPAs equilibration, including the specific
CPA, concentration, time points for equilibration protocols and temperature. The overall goal of
this study was to minimize damage for gonadal tissues post-procedure, including minimizing the
toxicity, osmotic stress and freezing injury of chicken gonads. One of the overarching hypotheses
of this study was that the vitrification protocol would induce significantly increase apoptosis. This
increase, then, could be quantified using the damage model (Eq 1) developed by Benson et al.
(2018) when coupled with the CPA diffusion model (Eq 2). However, we did not find increased
apoptosis as a function of vitrification. As such, the model in Eg. 1 intended to be used to further

optimize vitrification protocols for chick gonadal tissue could not be informed.

In contrast, this study found significant changes in histological features. This damage
mechanism is not captured by the toxicity cost function described in Eq 1 and suggests that there
may be important mechanical damage mechanisms that should be accounted for in future models
of cryopreservation damage. This is an area for future modelling research. However, there is still

utility in determining CPA diffusivity, D, as a function of temperature (Table 5.2). In particular,
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this study showed that FMD is transported through both ovarian and testicular tissues much more
rapidly than DMSO or PG. These results reflect those of Benson et al. (2018), who used PG
measured in the study of diffusivities in human skin, myometrium, and fibroid that the diffusivity
of PG was lowest on skin. We can use these data to design protocols where we equilibrate first with
the slowest diffusing CPA, PG, e.g. for 2 min, then the second slowest DMSO for 2 min, then the
fastest diffusing CPA, FMD, for 5 min to achieve complete equilibration of all three. This strategy
will minimize the total exposure of FMD, which has a relatively high toxicity compared with other
CPAs. This suggests that shorter CPA equilibration protocols could be developed to reduce total
exposure time and its associated accumulation of toxicity. In future studies, these values will be
used to predict more optimal and shorter CPA equilibration protocols that, for example, might not
need direct-plunge vitrification techniques that require piercing tissues on a needle. It has been
reported that PG caused fewer chromosome damages for ovary cell lines DMSO or EG, but more
substantial chromosome damage than DMSO or EG (Best, 2015). Optimal equilibration prevents
tissues from the intracellular formation that is associated with other factors. Moreover, low
permeability of CPAs also causes negative impacts to cells or tissues as compared to high

permeability, including osmotic stress, injury (Best, 2015).

In conclusion, the vitrification-warming procedures affect the cellular integrity of one to
three-day-old chick gonadal tissues through morphological alterations. In addition, the procedure
does not cause more apoptotic cells on testicular tissues, but it significantly reduces apoptosis on
vitrified-warmed ovaries. The mathematical modelling was used to predict tissue response to CPA
equilibration for both chemical damage and toxicity. However, there are still some factors that need

to be detected for future modelling research.
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CHAPTER 6. DISCUSSION

The main goal of this thesis was to optimize the conditions for successful preservation
and regeneration of poultry gonads to protect the genetic diversity of poultry breeds effectively. It
is possible to preserve poultry gonads, transfer them into a recipient of similar or different genetic
backgrounds, and sustain growth into the recipient. These strategies might help to maintain
precious genetic resources for the need for species in the future. Moreover, this thesis also showed
the evaluation of the vitrification-warming procedure through histological morphology and
produced the modified procedure based on a mathematical model. These improvements would
allow an increase in the efficiency of cryopreservation and transplantation for the regeneration of
the genetic resources of chicken breeds. Also, the poultry industry can apply these optimal
strategies to maintain the unique genetic resources that preserve the value features to prevent the
loss of species due to diseases or harsh environmental factors. From chapter 4, surgical
transplantation was done on chicken breeds of similar or different genetic backgrounds from
donor’s fresh and vitrified-warmed ovarian tissues. The study partially supported the hypothesis
that the strategies of cryopreservation and transplantation of ovarian grafts would be able to sustain
the growth in different recipient lines. However, follicular activities were not found as expected
that were associated with clusters of immune cells shown in histological sections of donor-derived
ovarian tissues. These results suggested that many related issues need to be considered, such as
the immune response of recipient, immunosuppressants, vitrification-warming procedure, etc. In
chapter 5, a more mechanistic study was undertaken to evaluate the vitrified gonadal tissues that
were employed in transferring. Two methods were applied for assessment of the procedure,
including histological morphology and apoptosis execution via caspase-3 immunofluorescence.

The results have shown that the gonadal tissues could not tolerate the impact of the procedure.
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These adverse effects were confirmed by the presence of damage as well as the increase of
apoptotic cells post-warming, suggesting an improvement of the procedure. It was hypothesized
that a mathematical model could be developed that prescribes optimal protocols to define CPAs,
concentration, temperature, and time points to minimize the toxicity of CPAs, cellular injury, or
cellular ice formation. All these modifications aimed to protect gonadal tissues from damage.
Because no significant apoptotic damage was found, the damage would not be useful for the
analysis. | did identify diffusion parameters for each tissue type and CPA to facilitate the
optimization of protocols using a different damage model. In the case of successful
cryopreservation, the potential of the subsequent transplantation will help to regenerate the genetic

resources contributing to the genetic diversity of species.

Two main objectives of this thesis included optimization of the gonadal tissue transfer
technique into different chicken breeds and optimization of the conditions for CPAs equilibration
to minimize the toxicity, osmotic stress, and freezing injury of gonads. For the first objective, the
optimization of the technique was based on the achievement of the transplantation by the
adjustment accordingly. In addition, the potential of different chicken breeds to receive a graft was
evaluated that was associated with the development normally until maturity. In the second
objective, it turned out that the major mechanism of damage we identified after vitrification and
warming, mechanical disruption of tissues instead of programmed cell death, was not able to be

captured by the existing model of CPA equilibration induced damage.

In this study, vitrification was the chosen procedure used to cryopreserve the chicken
gonadal tissues. However, the vitrification procedure was modified from Japanese quail (J. Liu et
al., 2010), and the following transplantation was operated that confirmed by high cell viability,

integrity, the ability to produce offspring on this species. Thus, an appropriate assessment for the
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strategy would be helpful in applying for chicken breeds. The application of those strategies is
associated with chicken or turkey and requires more effort, troubleshooting, and fine-turning
(George Hall, 2015; Y. Song and Silversides, 2006). Based on the evaluation of vitrified-warmed
gonadal tissues, the intense impacts of the procedure caused damage for those tissues, both in
morphology and the increased prevalence of apoptotic cells. These results suggested that chick
gonadal tissues were quite sensitive to the related parameters in the procedure, such as cooling,
warming rate, CPA toxicity, etc. In particular, these effects were shown in cryopreserved ovarian
tissues that primary and secondary follicles were more tolerant than primordial follicles (Gandolfi

et al., 2006).

It is clear then that there are two main aspects of damage. First is that the chick gonadal
tissues could be especially sensitive to removal and transplantation. In this case, it is useful to
determine optimal protocols to collect, store and process before and after cryopreservation and
transplant that will minimize the physical injury and protect the viability and integrity of the tissue.
The improvement of the related parameters in the vitrification-warming procedure might help to
maintain the normal structure and functions. In fact, a specific species’ cellular cryotolerance
depends on specific biophysical characteristics. Comizzoli et al. (2012) identified four following
factors that influence cell viability post-warming, including CPA transport (e.g. membrane
permeability in the case of individual cells, or CPA diffusivity in the case of tissues), CPAs
toxicity, osmotic tolerance, and cooling sensitivity. In addition, freezing injury can happen due to
the exposure to cooling below physiologic temperatures associated with cold shock. Thus, the
exposure time and cooling rate are assessed to protect cells or tissues (Mazur et al., 2008). From
these determinations, it is evident that the CPA transport and chilling sensitivity could be

considered traits that might not change. However, CPAs toxicity and cooling or warming rates
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could be adjusted and changed depending on the cellular membrane. The evaluation of CPAs
toxicity is needed to select appropriate CPAs that could minimize the toxicity. Also, the adjustment
of cooling-warming rates needs to be assessed to diminish cellular damages. However, the
vitrification can occur by the combination of high cooling-warming rate and high CPAs
concentration that will challenge the high risk of damages due to osmotic stress and CPA toxicity
(Davidson et al., 2014). Also, high CPA concentrations can help to minimize cellular ice formation
in the process of cryopreservation (Best, 2015). Besides, volumetric damages could be occurred
due to the differential permeability of the cellular membrane to CPAs and water (Davidson et al.,
2014). Thus, the selection of CPAs types, including penetrating and non-penetrating CPAs, are
essential to reduce the toxicity. Besides, the appropriate combination of CPAs also helps to lower
the concentration but still maintain efficiency. Some universal CPAs have been employed, such as
dimethyl sulfoxide (DMSQO), formamide (FMD), propylene glycol (PG), ethylene glycol (EG),
etc., along with non-permeable cryoprotectants, sucrose, glucose, fructose, etc., for instance (Best,
2015). Among them, some kinds could show specific toxicity, while others showed non-specific
toxicity; EG as an example due to the toxicity to the liver or kidney. Another report was shown
with FMD molecules that their moment of a dipole was two times higher than water molecular;
thus, FMD should be combined with other CPAs to vitrify the biological materials (Brent, 2001;
Richardi et al., 1997). CPAs showed their toxicity differently to diverse cells, tissues, and organs
on different species, leading to the distinct mechanisms for the individual. The CPA permeability
causes an influence on the cellular membrane that the low permeability will cause more damages
that the high one; also, the molecule size impacts this permeability (Gilmore et al., 1997). One
possible solution was the establishment of an appropriate CPA equilibration procedure through

mathematical modelling based on the related parameters including CPAs osmolality, temperature,
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CPA concentration, and time points. Different CPAs were employed at a high concentration (30%)
for the chick gonadal tissues to measure the CPAs osmolality; these parameters were used to design
CPAs equilibration procedure that can minimize the toxicity. These methods have been applied to
the skin, fibroid, and myometrium that minimized toxicity and damages to cells (Benson et al.,
2018). With these strategies, high CPA concentration was used to identify the critical concentration
for the gonadal tissues, and then the final concentration would be advised for the distribution into
the tissue. In the meantime, the toxicity accumulation would be evaluated at a high concentration
(Benson et al., 2018). Through the process, the CPA equilibration procedure determined that CPA
toxicity could be gquantified. Thus, the optimal equilibration procedure was predicted to satisfy

vitrification conditions that prevent the tissues from CPA toxicity.

These results from the vitrification and subsequent transplantation have shown that the
immune response of the recipient would be an extreme issue to be considered carefully. In chapter
3, the results showed differences between chicken lines, confirmed by the presence of donor grafts
in diverse sizes, or the absence of donor grafts at maturity. Besides, immune cells were found in
donor-derived ovarian tissues collected from the mature hen through light microscopy, suggesting
that immune responses have occurred on recipients. However, these immune responses have
unknown at a certain period or during the time post-surgery until maturity. From chapter 2, it is
evident that the immune responses happened to recipients regardless of fresh or vitrified-warmed
tissues. These results confirmed that chicken showed a strong immune response to donor graft
through transplantation, corroborating the findings of the previous works in the surgery
transplantation. In general, success has not completely been achieved in several chicken breeds
(Liptoi etal., 2013; Y. Song and Silversides, 2008a). Besides, chickens possess two distinct central

lymphoid organs, including the thymus and the bursa (Hammer, 1974), which T and B
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lymphocytes are derived from, respectively. The strong immune system might be one of many
challenges that prevented the success of the transplantation, which was associate with the rejection
of donor grafts. Immunosuppressant treatment (Mycophenolate Mofetil — MMF) has been
employed to solve this issue. MMF has been demonstrated to inhibit the proliferation of T cells
and B cells (RE Morris et al., 1990), suggested targeting ovarian transplantation (Y. Song and
Silversides, 2007b). However, no significant difference was found between the treatment group
and the group without treatment on chicken breeds in general (Y. Song and Silversides, 2007b;
Liptoi et al., 2013). In the meantime, it is difficult to evaluate whether the immunosuppressant
treatment could be effective because the use of this drug was empirical; thus, the need is an
appropriate assessment regarding the use of immunosuppressants within species to complete the
goal. The selection of appropriate drugs, along with a suitable dose, would allow recipients to
receive donor grafts. Although MMF was challenged when employed for transplants among breeds
of chickens, it was useful when employed with Japanese quail to produce offspring derived from
donors (Y. Song and Silversides, 2008b). To master the effects of MMF on chicken, it needs to be
tested to provide an appropriate treatment regarding dosing, aging, etc. Also, other
immunosuppressants could be used by individuals or a combination of a different drug, which
might help to prevent rejection. Cyclosporin A (CsA) is considered as an immunosuppressant for
chicken transplants through its inhibition to T cell proliferation, failing the cytokine encoding,
which is essential for the immune system (Bucy et al., 1990; Schreiber and Crabtree, 1992). In
addition, the combination of immunosuppressants has been demonstrated by graft survival in renal
transplants (Lindholm et al., 1992). Both dual therapy (cyclosporine & prednisolone) and triple
therapy (cyclosporine, azathioprine, and prednisolone) were found conclusively to prevent acute

rejection. Besides using immunosuppressive drugs to avoid rejection, a variety of methods have
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been employed to increase the survival and growth of donor grafts. A method was described to
prevent the organ transplant rejection, which was the modification of the immune system based on
T cells (Thorp et al., 2015). The authors explained that modified or impaired T cells could not
reach to target organs or donor grafts to attack them, resulting in T cell exhaustion; and this would
mean that donor grafts could be protected from being rejected (Thorp et al., 2015). In another
study, a technique was provided to prevent transplant rejection without drugs for Kidney
transplants (Mitka, 2002); the method was conducted by injecting blood stem cells of donors into
recipients. In the process, these recipients were provided dose of radiation with the target of
immune system to decrease the vulnerable cells to immune responses. Then, those stem cells were
absorbed into the bone marrow of recipients and incorporated with its blood circulation to facilitate

accept the donor grafts as their own (Mitka, 2002).

In summary, vitrification will be considered as the right procedure that may be applied
to many biological materials of diverse species, especially on bird gonadal tissues, if its conditions
are satisfied correspondently. Moreover, vitrification has shown more benefits regarding the
simplicity and the low cost (Comizzoli et al., 2012). The broad application of the strategies,
including vitrification and subsequent transplantation, will help the recovery of species and protect
the population from extinction. In this thesis, vitrification-warming procedure and immune
response of recipients to donor grafts have emerged as main factors, which contributed to the
success of gonadal tissue transplantation. Besides, several factors should be considered, such as

the compatibility of breeds and optimal surgical technique.
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CHAPTER 7. FUTURE DIRECTIONS

This thesis concentrated on the vitrification-warming procedure and subsequent
transplantation to cryopreserve chick gonadal tissues for long term regeneration of the genetic
resources of the poultry breeds, including heritage chicken breeds. Thus, an optimal vitrification-
warming procedure is necessary to secure the strategy. During our studies, several limitations
emerged for tissues post-procedure regarding cell structural integrity or apoptosis execution; thus,
a novel method was establish based on the related conditions. In further works, improved
mathematical models that can account for mechanical tissue disruption (as opposed to just
apoptosis and necrosis) and from them an improved vitrification-warming procedure will need to
be tested with the chick gonadal tissues, which can be compared with the previous processes. The
re-evaluation will help to provide an appropriate and applicable procedure. Also, the
transplantation techniques need to be improved to improve their effectiveness. The improvements
could be regarding the prevention of bleeding with concise technique, ablation of gonadal tissue

with an electrocautery device, for instance.

Moreover, the results showed issues related to the post-transplantation incursion of
immune cells, which appeared in the histological morphology of ovarian tissues at maturity,
suggesting some levels of rejection. Thus, the immunosuppressive treatment will need to be
optimized depending on recipients to achieve functional and active ovarian grafts. To increase the
efficiency of the immunosuppressants, birds can be tested at different times for the presence or
absence of the drug and their immune response at those time points. This experiment should be
designed with a larger number of chicks to achieve enough statistical power to facilitate evaluation
through aging stages. Finally, different chicken breeds should be selected to find appropriate

recipients for transplantation to prevent rejection.
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CHAPTER 8. GENERAL CONCLUSIONS

The thesis confirmed the potential of the vitrification method and subsequent
transplantation of the chick gonadal tissues into recipients, which help maintain the genetic
resources of heritage chicken breeds. In addition, donor-derived offspring can be produced through
ovarian tissue transplantation. Thus, producers or industries can cryopreserve gonads from one to
three days old chick using the vitrification technique and regenerate those tissues when needed.
To minimize tissue damages and increase the efficiency in preserving and regeneration of gonadal
tissues, it will require an optimization of the procedure and the immunosuppressive treatment to

allow the ovarian graft to develop at maturity with folliculogenesis activity.

Also, the vitrification-warming procedure was evaluated by the morphological damages
and the execution of apoptotic cells on gonadal tissues, including testes and ovary. The studies
showed some negative effects of the procedure, which were based on the alterations of the cellular
structure. From these assessments, the current mathematical model developed to predict tissue
response to CPA equilibration could not be used and requires further research. However, to
facilitate this analysis and future work, a biophysical study of the diffusion of cryoprotective agents
in gonadal tissues was also undertaken, establishing the relative rates of permeation of CPAs in
chick gonadal tissues. However, it is necessary to evaluate damage mechanisms and relevant

factors for further research to improve the vitrification protocol for chick gonadal tissue.

116



REFERENCES

Abrishami, M., Anzar, M., Yang, Y., & Honaramooz, A. (2010). Cryopreservation of immature
porcine testis tissue to maintain its developmental potential after xenografting into recipient mice.
Theriogenology, 73(1), 86-96.

Agca, Y. (2000). Cryopreservation of oocyte and ovarian tissue. ILAR journal, 41(4), 207-220.
Alexander, A., Graham, J., Hammerstedt, R., & Barbato, G. (1993). Effects of genotype and
cryopreservation of avian semen on fertility and number of perivitelline spermatozoa. British
poultry science, 34(4), 757-764.

Alink, G., Verheul, C., & Offerijns, F. (1977). Isolation and low temperature preservation of adult
rat heart cells. Cryobiology, 14(4), 399-408.

Anderson, D. M., Benson, J. D., & Kearsley, A. J. (2014). Foundations of modeling in
cryobiology—I: Concentration, Gibbs energy, and chemical potential relationships. Cryobiology,
69(3), 349-360.

Arav, A., Revel, A., Nathan, Y., Bor, A., Gacitua, H., Yavin, S., et al. (2005). Oocyte recovery,
embryo development and ovarian function after cryopreservation and transplantation of whole
sheep ovary. Human Reproduction, 20(12), 3554-3559.

Avarbock, M. R., Brinster, C. J., & Brinster, R. L. (1996). Reconstitution of spermatogenesis from
frozen spermatogonial stem cells. Nature medicine, 2(6), 693-696.

Avyala Garcia, M. A., Gonzélez Yebra, B., Lépez Flores, A. L., & Guani Guerra, E. (2012). The
major histocompatibility complex in transplantation. Journal of transplantation, 2012.

Bacha Jr, W. J., & Bacha, L. M. (2012). Color atlas of veterinary histology. John Wiley & Sons.

117



Bacon, L., Hunt, H., & Cheng, H. (2000). A review of the development of chicken lines to resolve
genes determining resistance to diseases. Poultry science, 79(8), 1082-1093.

Barnett, S., & Kohn, J. (1991). Genetic and evolutionary consequences of small population size in
plants. Genetic and Conservation of Rare Plants, New York.

Barrett, K. L., Willingham, J. M., Garvin, A. J., & Willingham, M. C. (2001). Advances in
cytochemical methods for detection of apoptosis. Journal of Histochemistry & Cytochemistry,
49(7), 821-832.

Benesova, B., & Trefil, P. (2016). Possibilities for preserving genetic resources in birds. World's
Poultry Science Journal, 72(3), 628-641.

Benson, J. D. (2015). Modeling and optimization of cryopreservation. Cryopreservation and
Freeze-Drying Protocols (pp. 83-120). Springer.

Benson, J. D., Higgins, A. Z., Desai, K., & Eroglu, A. (2018). A toxicity cost function approach
to optimal CPA equilibration in tissues. Cryobiology, 80, 144-155.

Best, B. P. (2015). Cryoprotectant toxicity: facts, issues, and questions. Rejuvenation research,
18(5), 422-436.

Bissoyi, A., Nayak, B., Pramanik, K., & Sarangi, S. K. (2014). Targeting cryopreservation-induced
cell death: a review. Biopreservation and biobanking, 12(1), 23-34.

Blackburn, H. (2006). The national animal germplasm program: challenges and opportunities for
poultry genetic resources. Poultry science, 85(2), 210-215.

Blanco, J. M., Gee, G., Wildt, D. E., & Donoghue, A. M. (2000). Species variation in osmotic,
cryoprotectant, and cooling rate tolerance in poultry, eagle, and peregrine falcon spermatozoa.

Biology of reproduction, 63(4), 1164-1171.

118



Blanco, J. M., Wildt, D. E., Hofle, U., Voelker, W., & Donoghue, A. M. (2009). Implementing
artificial insemination as an effective tool for ex situ conservation of endangered avian species.
Theriogenology, 71(1), 200-213.

Blesbois, E. (2007). Current status in avian semen cryopreservation. World's Poultry Science
Journal, 63(02), 213-222.

Blesbois, E. (2011). Freezing avian semen. Avian Biology Research, 4(2), 52-58.

Blesbois, E., Grasseau, I., & Seigneurin, F. (2005). Membrane fluidity and the ability of domestic
bird spermatozoa to survive cryopreservation. Reproduction, 129(3), 371-378.

Bono-Mestre, C., Cardona-Costa, J., & Garcia-Ximénez, F. (2009). Effects on cell viability of
three zebrafish testicular cell or tissue cryopreservation methods. Cryoletters, 30(2), 148-152.
Borel, J. F., Feurer, C., Gubler, H., & Stahelin, H. (1994). Biological effects of cyclosporin A: a
new antilymphocytic agent. Agents and actions, 43(3-4), 179-186.

Brent, J. (2001). Current management of ethylene glycol poisoning. Drugs, 61(7), 979-988.
Bucy, R., Li, J., Xu, X., Char, D., & Chen, C. (1990). Effect of cyclosporin A on the ontogeny of
different T cell sublineages in chickens. The Journal of Immunology, 144(9), 3257-3265.

Chalah, T., Seigneurin, F., Blesbois, E., & Brillard, J. (1999). In vitro comparison of fowl sperm
viability in ejaculates frozen by three different techniques and relationship with subsequent fertility
in vivo. Cryobiology, 39(2), 185-191.

Charlier, C., Coppieters, W., Rollin, F., Desmecht, D., Agerholm, J. S., Cambisano, N., et al.
(2008). Highly effective SNP-based association mapping and management of recessive defects in

livestock. Nature genetics, 40(4), 449.

119



Collins, J. A., Schandl, C. A., Young, K. K., Vesely, J., & Willingham, M. C. (1997). Major DNA
fragmentation is a late event in apoptosis. Journal of Histochemistry & Cytochemistry, 45(7), 923-
934.

Comizzoli, P., Songsasen, N., Hagedorn, M., & Wildt, D. (2012). Comparative cryobiological
traits and requirements for gametes and gonadal tissues collected from wildlife species.
Theriogenology, 78(8), 1666-1681.

Cunningham, E. (1995). Global impact domain—animal genetic resources. Retrieved June, 14,
2007.

Curaba, M., Poels, J., Van Langendonckt, A., Donnez, J., & Wyns, C. (2011a). Can prepubertal
human testicular tissue be cryopreserved by vitrification? Fertility and sterility, 95(6), 2123. €9-
2123. el2.

Curaba, M., Verleysen, M., Amorim, C. A., Dolmans, M.-M., Van Langendonckt, A., Hovatta, O.,
et al. (2011b). Cryopreservation of prepubertal mouse testicular tissue by vitrification. Fertility
and sterility, 95(4), 1229-1234. el.

Dalman, A., Farahani, N. S. D. G., Totonchi, M., Pirjani, R., Ebrahimi, B., & Valojerdi, M. R.
(2017). Slow freezing versus vitrification technique for human ovarian tissue cryopreservation: an
evaluation of histological changes, WNT signaling pathway and apoptotic genes expression.
Cryobiology, 79, 29-36.

Darwin, C. (1876). The Effects of Cross and Self Fertilization in the Vegetable Kingdom. 1876.
New York, Appleton.

Dattena, M., Accardo, C., Pilichi, S., Isachenko, V., Mara, L., Chessa, B., et al. (2004).

Comparison of different vitrification protocols on viability after transfer of ovine blastocysts in

120



vitro  produced and in  vivo derived. Theriogenology, 62(3-4), 481-93.
doi:10.1016/j.theriogenology.2003.10.010.

Davidson, A. F., Benson, J. D., & Higgins, A. Z. (2014). Mathematically optimized cryoprotectant
equilibration procedures for cryopreservation of human oocytes. Theoretical Biology and Medical
Modelling, 11(1), 13.

Davies, O., Smith, A., Cooper, P., Shelton, R., & Scheven, B. (2014). The effects of
cryopreservation on cells isolated from adipose, bone marrow and dental pulp tissues.
Cryobiology, 69(2), 342-347.

Davison, F. (2014). The importance of the avian immune system and its unique features. Avian
immunology (pp. 1-9). Elsevier.

De Felici, M., Di Carlo, A., Pesce, M., lona, S., Farrace, M., & Piacentini, M. (1999). Bcl-2 and
Bax regulation of apoptosis in germ cells during prenatal oogenesis in the mouse embryo. Cell
Death & Differentiation, 6(9), 908-915.

de Vries, V. C., & Noelle, R. J. (2010). Mast cell mediators in tolerance. Current opinion in
immunology, 22(5), 643-648.

Diehl, R., Ferrara, F., Miller, C., Dreyer, A. Y., McLeod, D. D., Fricke, S., et al. (2017).
Immunosuppression for in vivo research: state-of-the-art protocols and experimental approaches.
Cellular & molecular immunology, 14(2), 146-179.

Duan, W. R., Garner, D. S., Williams, S. D., Funckes-Shippy, C. L., Spath, I. S., & Blomme, E.
A. (2003). Comparison of immunohistochemistry for activated caspase-3 and cleaved cytokeratin
18 with the TUNEL method for quantification of apoptosis in histological sections of PC-3
subcutaneous xenografts. The Journal of Pathology: A Journal of the Pathological Society of

Great Britain and Ireland, 199(2), 221-228.

121



Edgar, D. H., & Gook, D. A. (2012). A critical appraisal of cryopreservation (slow cooling versus
vitrification) of human oocytes and embryos. Human reproduction update, 18(5), 536-554.
Ellegren, H., & Galtier, N. (2016). Determinants of genetic diversity. Nature Reviews Genetics,
17(7), 422.

Elmoazzen, H., Elliott, J., & McGann, L. (2005). Cryoprotectant equilibration in tissues.
Cryobiology, 51(1), 85-91.

Etches, R. J. (1996). Reproduction in poultry. CAB international.

Fahy, G. M. (1986). The relevance of cryoprotectant “toxicity” to cryobiology. Cryobiology, 23(1),
1-13.

Fahy, G. M., Levy, D., & Ali, S. (1987). Some emerging principles underlying the physical
properties, biological actions, and utility of vitrification solutions. Cryobiology, 24(3), 196-213.
Fahy, G. M., MacFarlane, D., Angell, C., & Meryman, H. (1984). Vitrification as an approach to
cryopreservation. Cryobiology, 21(4), 407-426.

Fahy, G. M., Wowk, B., Wu, J., Phan, J., Rasch, C., Chang, A., et al. (2004). Cryopreservation of
organs by vitrification: perspectives and recent advances. Cryobiology, 48(2), 157-178.

FAO (2015) 'The Second Report on the State of the World’s Animal Genetic Resources for Food
and Agriculture'. Edited by B.D. Scherf & D. Pilling. FAO Commission on Genetic Resources for

Food and Agriculture Assessments. Rome. . Available at: http://www.fao.org/3/a-

14787el/index.html.

Farrar, C. A., Kupiec-Weglinski, J. W., & Sacks, S. H. (2013). The innate immune system and
transplantation. Cold Spring Harbor perspectives in medicine, 3(10), a015479.
Farrar, C. A., Zhou, W., Lin, T., & Sacks, S. H. (2006). Local extravascular pool of C3 is a

determinant of postischemic acute renal failure. The FASEB Journal, 20(2), 217-226.

122


http://www.fao.org/3/a-i4787e/index.html
http://www.fao.org/3/a-i4787e/index.html

Frankham, R. (2005). Genetics and extinction. Biological conservation, 126(2), 131-140.
Frankham, R., Ballou, J., & Briscoe, D. (2002a). Introduction to Conservation Genetics Cambridge
Univ. Press, Cambridge.

Frankham, R., Bradshaw, C. J., & Brook, B. W. (2014). 50/500 or 100/1000 debate is not about
the time frame-Reply to Rosenfeld. arXiv preprint arXiv:1406.6424.

Frankham, R., Briscoe, D. A., & Ballou, J. D. (2002b). Introduction to conservation genetics.
Cambridge university press.

Fuller, B. J., Lane, N., & Benson, E. E. (2004). Life in the frozen state. CRC press.

Fulton, J., Lund, A., McCarron, A., Pinegar, K., Korver, D., Classen, H., et al. (2016). MHC
Variability in Heritage breeds of chickens. Poultry science, 95(2), 393-399.

Fulton, J. E., & Delany, M. E. (2003) 'Poultry genetic resources--operation rescue needed'.
American Association for the Advancement of Science.

Gandolfi, F., Paffoni, A., Brambilla, E. P., Bonetti, S., Brevini, T. A., & Ragni, G. (2006).
Efficiency of equilibrium cooling and vitrification procedures for the cryopreservation of ovarian
tissue: comparative analysis between human and animal models. Fertility and sterility, 85, 1150-
1156.

Gao, D., Mazur, P., & Critser, J. K. (1997). Fundamental cryobiology of mammalian spermatozoa.
Reproductive tissue banking (pp. 263-328). Elsevier.

Gilmore, J., Liu, J., Gao, D., & Critser, J. (1997). Determination of optimal cryoprotectants and
procedures for their addition and removal from human spermatozoa. Human reproduction (Oxford,
England), 12(1), 112-118.

Glick, B., Chang, T. S., & Jaap, R. G. (1956). The bursa of Fabricius and antibody production.

Poultry Science, 35(1), 224-225.

123



Gliozzi, T., Zaniboni, L., & Cerolini, S. (2011). DNA fragmentation in chicken spermatozoa
during cryopreservation. Theriogenology, 75(9), 1613-1622.

Gosden, R., & Nagano, M. (2002). Preservation of fertility in nature and ART. REPRODUCTION-
CAMBRIDGE-, 123(1), 3-11.

Grossman, M., & Siegel, P. (1966). Orthotopic ovarian transplants in chickens. Poultry Science,
45(6), 1434-1436.

Gunasena, K. T., Lakey, J. R., Villines, P. M., Critser, E., & Critser, J. K. (1997a). Allogeneic and
xenogeneic transplantation of cryopreserved ovarian tissue to athymic mice. Biology of
Reproduction, 57(2), 226-231.

Gunasena, K. T., Lakey, J. R., Villines, P. M., Critser, E. S., & Critser, J. K. (1997b). Allogeneic
and xenogeneic transplantation of cryopreserved ovarian tissue to athymic mice. Biology of
reproduction, 57(2), 226-231.

Gutnisky, C., Morado, S., Gadze, T., Donato, A., Alvarez, G., Dalvit, G., et al. (2020).
Morphological, biochemical and functional studies to evaluate bovine oocyte vitrification.
Theriogenology, 143, 18-26.

Hagenblad, J., Olsson, M., Parker, H. G., Ostrander, E. A., & Ellegren, H. (2009). Population
genomics of the inbred Scandinavian wolf. Molecular ecology, 18(7), 1341-1351.

Hall, G. (2015) Vitrification of day old turkey testes and ovaries, and subsequent transplantation
and folliculogenesis growth rates and patterns in chickens. University of Saskatchewan

Hall, P. (1999). Assessing apoptosis: a critical survey. Endocrine-related cancer, 6(1), 3-8.
Hamburger, V., & Hamilton, H. L. (1951). A series of normal stages in the development of the
chick embryo. Journal of morphology, 88(1), 49-92.

Hammer, D. (1974). The immune system in chickens. Avian Pathology, 3(2), 65-78.

124



Hidalgo, M., Consuegra, C., Dorado, J., Diaz-Jimenez, M., Ortiz, |., Pereira, B., et al. (2018).
Concentrations of non-permeable cryoprotectants and equilibration temperatures are key factors
for stallion sperm vitrification success. Animal reproduction science, 196, 91-98.

History of Breeds. (n.d). https://web.extension.illinois.edu/eggs/res10-breedhistory.html.

Accessed.

Holt, W. (2000). Basic aspects of frozen storage of semen. Animal reproduction science, 62(1), 3-
22.

Honaramooz, A. (2012). Cryopreservation of testicular tissue. Current frontiers in cryobiology.
Rijeka: INTECH, 209-28.

Honaramooz, A., Snedaker, A., Boiani, M., Schéler, H., Dobrinski, I., & Schlatt, S. (2002). Sperm
from neonatal mammalian testes grafted in mice. Nature, 418(6899), 778-781.

Hopkins, J. B., Badeau, R., Warkentin, M., & Thorne, R. E. (2012). Effect of common
cryoprotectants on critical warming rates and ice formation in aqueous solutions. Cryobiology,
65(3), 169-178.

Hovatta, O. (2000). Cryopreservation of testicular tissue. Molecular and cellular endocrinology,
169(1-2), 113-115.

Hunter, J., Bernard, A., Fuller, B., McGrath, J., & Shaw, R. (1992). Plasma membrane water
permeabilities of human oocytes: the temperature dependence of water movement in individual
cells. Journal of cellular physiology, 150(1), 175-179.

Isachenko, V., Rahimi, G., Mallmann, P., Sanchez, R., & Isachenko, E. (2019). Technologies for
Cryoprotectant-Free Vitrification of Human Spermatozoa: Asepticity as a Criterion for

Effectiveness. In Vitro Fertilization (pp. 643-654). Springer.

125


https://web.extension.illinois.edu/eggs/res10-breedhistory.html

J.M. Pisenti, M. E. D., R.L. Taylor, Jr., U.K. Abbott, H. Abplanalp, J.A. Arthur,, M.R. Bakst, C.
B.-J., J.J. Bitgood, F.A. Bradley, K.M. Cheng, R.R. Dietert,, J.B. Dodgson, A. M. D., A.B. Emsley,
R.J. Etches, R.R. Frahm, R.J. Gerrits,, P.F. Goetinck, A. A. G., D.E. Harry, S.J. Lamont, G.R.
Martin, P.E. McGuire,, & G.P. Moberg, L. J. P., C.O. Qualset, M.A. Qureshi, F.T. Shultz, and
B.W. Wilson (1999). Avian Genetic Resources at Risk: An Assessment and Proposal for
Conservation of Genetic Stocks in the USA and Canada. Avian Poultry Biology Reviews, 12(1-2),
15-33.

Jain, J., Almquist, S. J., Ford, P. J., Shlyakhter, D., Wang, Y., Nimmesgern, E., et al. (2004).
Regulation of inosine monophosphate dehydrogenase type | and type Il isoforms in human
lymphocytes. Biochemical pharmacology, 67(4), 767-776.

Jezek, D., Schulze, W., Kalanj-Bognar, S., Vukeli¢, Z., Milavec-Pureti¢, V., & Krhen, 1. (2001).
Effects of various cryopreservation media and freezing-thawing on the morphology of rat
testicular biopsies. Andrologia, 33(6), 368-378.

Jiang, Y., Zhu, W.-Q., Zhu, X.-C., Cai, N.-N., Yang, R., Cai, H., et al. (2020). Cryopreservation
of calf testicular tissues with knockout serum replacement. Cryobiology.

Johnson, A. L., & Woods, D. C. (2009). Dynamics of avian ovarian follicle development: cellular
mechanisms of granulosa cell differentiation. General and comparative endocrinology, 163(1-2),
12-17.

Jomha, N. M., Weiss, A. D., Forbes, J. F., Law, G. K, Elliott, J. A., & McGann, L. E. (2010).
Cryoprotectant agent toxicity in porcine articular chondrocytes. Cryobiology, 61(3), 297-302.
Jonsson, C., & Carlsten, H. (2001). Inosine monophosphate dehydrogenase (IMPDH) inhibition

in vitro suppresses lymphocyte proliferation and the production of immunoglobulins,

126



autoantibodies and cytokines in splenocytes from MRLIpr/Ipr mice. Clinical & Experimental
Immunology, 124(3), 486-491.

Kang, K. S., Park, T. S., Rengaraj, D., Lee, H. C., Lee, H. J., Choi, H. J., et al. (2016). Fertilisation
of cryopreserved sperm and unfertilised quail ovum by intracytoplasmic sperm injection.
Reproduction, Fertility and Development, 28(12), 1974-1981.

Karow, A. M., & Critser, J. K. (1997). Reproductive tissue banking: scientific principles. Elsevier.
Kaspers, B., & Schat, K. A. (2012). Avian immunology. Academic Press.

Keros, V., Xella, S., Hultenby, K., Pettersson, K., Sheikhi, M., Volpe, A., et al. (2009).
Vitrification versus controlled-rate freezing in cryopreservation of human ovarian tissue. Human
reproduction, 24(7), 1670-1683.

Kimura, Y., & Yanagimachi, R. (1995). Mouse oocytes injected with testicular spermatozoa or
round spermatids can develop into normal offspring. Development, 121(8), 2397-2405.

Klocke, S., Bundgen, N., Koster, F., Eichenlaub-Ritter, U., & Griesinger, G. (2015). Slow-freezing
versus vitrification for human ovarian tissue cryopreservation. Archives of gynecology and
obstetrics, 291(2), 419-426.

Kohara, Y., Kanai, Y., & Tajima, A. (2008). Cryopreservation of gonadal germ cells (GGCs) from
the domestic chicken using vitrification. The Journal of Poultry Science, 45(1), 57-61.

Kosenko, O. (2007). Orthotopic transplantation of donor ovary as an alternative method of
artificial reproduction of fowl. Russian Agricultural Sciences, 33(3), 189-192.

Kraupp, B. G., Ruttkay-Nedecky, B., Koudelka, H., Bukowska, K., Bursch, W., & Schulte-
Hermann, R. (1995). In situ detection of fragmented DNA (TUNEL assay) fails to discriminate
among apoptosis, necrosis, and autolytic cell death: a cautionary note. Hepatology, 21(5), 1465-

1468.

127



Kuleshova, L., Gouk, S., & Hutmacher, D. (2007). Vitrification as a prospect for cryopreservation
of tissue-engineered constructs. Biomaterials, 28(9), 1585-1596.

Kuleshova, L., & Shaw, J. M. (2000). A strategy for rapid cooling of mouse embryos within a
double straw to eliminate the risk of contamination during storage in liquid nitrogen. Human
Reproduction, 15(12), 2604-2609.

Kumar, S., Millar, J., & Watson, P. (2003). The effect of cooling rate on the survival of
cryopreserved bull, ram, and boar spermatozoa: a comparison of two controlled-rate cooling
machines. Cryobiology, 46(3), 246-253.

Lake, P., Ravie, O., & McAdam, J. (1981). Preservation of fowl semen in liquid nitrogen:
application to breeding programmes. British Poultry Science, 22(1), 71-77.

Lande, R. (1988). Genetics and demography in biological conservation. Science, 241(4872), 1455-
1460.

Le, M. T., Nguyen, T. T. T., Nguyen, T. T., Nguyen, T. T. A., Nguyen, V. Q. H., & Cao, N. T.
(2019). Cryopreservation of human spermatozoa by vitrification versus conventional rapid
freezing: effects on motility, viability, morphology and cellular defects. European Journal of
Obstetrics & Gynecology and Reproductive Biology, 234, 14-20.

Lee, C.J., Park, H. H., Do, B.R., Yoon, Y.-D., & Kim, J. K. (2000). Natural and radiation-induced
degeneration of primordial and primary follicles in mouse ovary. Animal reproduction science,
59(1-2), 109-117.

Leibo, S. (1984). A one-step method for direct nonsurgical transfer of frozen-thawed bovine
embryos. Theriogenology, 21(5), 767-790.

Leibo, S., Martino, A., Kobayashi, S., & Pollard, J. (1996). Stage-dependent sensitivity of oocytes

and embryos to low temperatures. Animal Reproduction Science, 42(1-4), 45-53.

128



Leibo, S., & Songsasen, N. (2002). Cryopreservation of gametes and embryos of non-domestic
species. Theriogenology, 57(1), 303-326.

Levin, S., Bucci, T. J.,, Cohen, S. M., Fix, A. S., Hardisty, J. F., Legrand, E. K., et al. (1999). The
nomenclature of cell death: recommendations of an ad hoc Committee of the Society of
Toxicologic Pathologists. Toxicologic pathology, 27(4), 484-490.

Li, Y., Chen, Z., Yang, H., Zhong, W., Ma, S., & Li, M. (2007). Comparison of vitrification and
slow-freezing of human day 3 cleavage stage embryos: post-vitrification development and
pregnancy outcomes. Zhonghua Fu Chan Ke Za Zhi, 42(11), 753-755.

Lindholm, A., Albrechtsen, D., Tufveson, G., Karlberg, 1., Persson, N. H., & Groth, C.-G. (1992).
A randomized trial of cyclosporine and prednisolone versus cyclosporine, azathioprine, and
prednisolone in primary cadaveric renal transplantation. Transplantation, 54(4), 624-631.

Liptoi, K., Buda, K., Rohn, E., Drobnyak, A., Meleg, E. E., Palinkas-Bodzsar, N., et al. (2020).
Improvement of the application of gonadal tissue allotransplantation in the in vitro conservation
of chicken genetic lines. Animal Reproduction Science, 106280.

Liptoi, K., Horvath, G., Gal, J., Varadi, E., & Barna, J. (2013). Preliminary results of the
application of gonadal tissue transfer in various chicken breeds in the poultry gene conservation.
Animal reproduction science, 141(1), 86-89.

Liu, J. (2013) Cryopreservation and transplantation of gonadal tissue for genetic conservation and
biological research in avian species. University of British Columbia

Liu, J., Cheng, K. M., Purdy, P. H., & Silversides, F. G. (2012). A simple vitrification method for
cryobanking avian testicular tissue. Poult Sci, 91(12), 3209-13. doi:10.3382/ps.2012-02454.

Liu, J., Cheng, K. M., & Silversides, F. G. (2013a). Fundamental principles of cryobiology and

application to ex situ conservation of avian species. Avian Biology Research, 6(3), 187-197.

129



Liu, J., Cheng, K. M., & Silversides, F. G. (2013b). A model for cryobanking female germplasm
in Japanese quail (Coturnix japonica). Poult Sci, 92(10), 2772-5. doi:10.3382/ps.2013-03292.
Liu, J., Cheng, K. M., & Silversides, F. G. (2013c). Production of live offspring from testicular
tissue cryopreserved by vitrification procedures in Japanese quail (Coturnix japonica). Biol
Reprod, 88(5), 124. doi:10.1095/biolreprod.113.108951.

Liu, J., Cheng, K. M., & Silversides, F. G. (2015). Recovery of fertility from adult ovarian tissue
transplanted into week-old Japanese quail chicks. Reprod Fertil Dev, 27(2), 281-4.
doi:10.1071/RD13256.

Liu, J., Elsasser, T. H., & Long, J. A. (2017). Microscopic Morphology and Apoptosis of Ovarian
Tissue after Cryopreservation using a Vitrification Method in Post-Hatching Turkey Poults,
Meleagris gallopavo. The Journal of Poultry Science, 54(4), 303-311.

Liu, J., Robertson, M., Cheng, K., & Silversides, F. (2013d). Chimeric plumage coloration
produced by ovarian transplantation in chickens. Poultry science, 92(4), 1073-1076.

Liu, J., Song, Y., Cheng, K. M., & Silversides, F. G. (2010). Production of donor-derived offspring
from cryopreserved ovarian tissue in Japanese quail (Coturnix japonica). Biol Reprod, 83(1), 15-
9. doi:10.1095/biolreprod.110.083733.

Liu, Y. (2018). Genetic Diversity and Disease Susceptibility. BoD-Books on Demand.

Long, J. (2006). Avian semen cryopreservation: what are the biological challenges? Poultry
Science, 85(2), 232-236.

Long, J., Bongalhardo, D., Pelaez, J., Saxena, S., Settar, P., O’Sullivan, N., et al. (2010). Rooster
semen cryopreservation: effect of pedigree line and male age on postthaw sperm function. Poultry

science, 89(5), 966-973.

130



Lowe, A. J., Boshier, D., Ward, M., Bacles, C. F. E., & Navarro, C. (2005). Genetic resource
impacts of habitat loss and degradation; reconciling empirical evidence and predicted theory for

neotropical trees. Heredity, 95(4), 255-273. http://dx.doi.org/10.1038/sj.hdy.6800725.

Martin, M. J., Muotri, A., Gage, F., & Varki, A. (2005). Human embryonic stem cells express an
immunogenic nonhuman sialic acid. Nature medicine, 11(2), 228-232.

Martinez-Madrid, B., Camboni, A., Dolmans, M.-M., Nottola, S., Van Langendonckt, A., &
Donnez, J. (2007). Apoptosis and ultrastructural assessment after cryopreservation of whole
human ovaries with their vascular pedicle. Fertility and sterility, 87(5), 1153-1165.

Massip, A., Leibo, S., & Blesbois, E. (2004). Cryobiology of gametes and the breeding of domestic
animals. Life in the frozen state (pp. 397-418). CRC Press.

Mast, J., & Goddeeris, B. (1999). Development of immunocompetence of broiler chickens.
Veterinary immunology and immunopathology, 70(3-4), 245-256.

Mathias, E., & Mundy, P. (2005) 'Herd movements: The exchange of livestock breeds and genes
between North and South'. League for Pastoral Peoples and Endogenous Livestock Development.
Matsumura, K., Jain, M., & Rajan, R. (2018). 7 Cell and Materials Interface in Cryobiology and
Cryoprotection. Cell and Material Interface: Advances in Tissue Engineering, Biosensor, Implant,
and Imaging Technologies, 163.

Mazoochi, T., Salehnia, M., Valojerdi, M. R., & Mowla, S. J. (2008). Morphologic, ultrastructural,
and biochemical identification of apoptosis in vitrified-warmed mouse ovarian tissue. Fertility and
sterility, 90(4), 1480-1486.

Mazur, P. (1963). Kinetics of water loss from cells at subzero temperatures and the likelihood of
intracellular freezing. The Journal of general physiology, 47(2), 347-369.

Mazur, P. (1970). Cryobiology: the freezing of biological systems. Science, 168(3934), 939-949.

131


http://dx.doi.org/10.1038/sj.hdy.6800725

Mazur, P. (1984). Freezing of living cells: mechanisms and implications. American Journal of
Physiology-Cell Physiology, 247(3), C125-C142.

Mazur, P., Leibo, S., & Seidel Jr, G. E. (2008). Cryopreservation of the germplasm of animals
used in biological and medical research: importance, impact, status, and future directions. Biology
of reproduction, 78(1), 2-12.

Mazur, P., & Schmidt, J. J. (1968). Interactions of cooling velocity, temperature, and warming
velocity on the survival of frozen and thawed yeast. Cryobiology, 5(1), 1-17.

Mazur, P., & Schneider, U. (1986). Osmotic responses of preimplantation mouse and bovine
embryos and their cryobiological implications. Cell biophysics, 8(4), 259-285.

Mazur, P., & Seki, S. (2011). Survival of mouse oocytes after being cooled in a vitrification
solution to— 196 C at 95 to 70,000 C/min and warmed at 610 to 118,000 C/min: A new paradigm
for cryopreservation by vitrification. Cryobiology, 62(1), 1-7.

Medeiros, C., Forell, F., Oliveira, A., & Rodrigues, J. (2002). Current status of sperm
cryopreservation: why isn't it better? Theriogenology, 57(1), 327-344.

Medzhitov, R., & Janeway, C. A. (2002). Decoding the patterns of self and nonself by the innate
immune system. Science, 296(5566), 298-300.

Merdassi, G., Mazoyer, C., Guerin, J. F., Saad, A., Salle, B., & Lornage, J. (2011). Examination
of viability and quality of ovarian tissue after cryopreservation using simple laboratory methods
in ewe. Reproductive Biology and Endocrinology, 9(1), 78.

Meryman, H. T. (1974). Freezing injury and its prevention in living cells. Annual review of
biophysics and bioengineering, 3(1), 341-363.

Meryman, H. T. (2007). Cryopreservation of living cells: principles and practice. Transfusion,

47(5), 935-945.

132



Milazzo, J., Vaudreuil, L., Cauliez, B., Gruel, E., Masse, L., Mousset-Simeon, N., et al. (2008).
Comparison of conditions for cryopreservation of testicular tissue from immature mice. Human
Reproduction, 23(1), 17-28.

Miller, M. M., & Taylor Jr, R. L. (2016). Brief review of the chicken major histocompatibility
complex: the genes, their distribution on chromosome 16, and their contributions to disease
resistance. Poultry science, 95(2), 375-392.

Mitka, M. (2002). Preventing Transplant Rejection Without Drugs. JAMA, 287(20), 2645-2645.
Moce, E., Grasseau, |., & Blesbois, E. (2010). Cryoprotectant and freezing-process alter the ability
of chicken sperm to acrosome react. Animal reproduction science, 122(3-4), 359-366.

Molnar, M., Léazar, B., Sztan, N., Végi, B., Drobnyak, A., Téth, R., et al. (2019). Investigation of
the Guinea fowl and domestic fowl hybrids as potential surrogate hosts for avian cryopreservation
programmes. Scientific reports, 9(1), 1-13.

Moore, D., Purdy, P., & Blackburn, H. (2006). A method for cryopreserving chicken primordial
germ cells. Poultry science, 85(10), 1784-1790.

Morris, G., Acton, E., & Avery, S. (1999). A novel approach to sperm cryopreservation. Human
Reproduction, 14(4), 1013-1021.

Morris, R., Hoyt, E., Murphy, M., Eugui, E., & Allison, A. 22 (1990) 'Mycophenolic acid
morpholinoethlester (RS-61443) is a new immunosuppressan that prevents and halts heart allograft
rejection by selective inhibition of T-and B-cell purine synthesis' Transplantation proceedings.
pp. 1659-1662 4.

Muldrew, K., Acker, J., Elliott, J., & McGann, L. (2004). The water to ice transition: implications

for living cells. Life in the frozen state, 67-108.

133



Murphy, S. P., Porrett, P. M., & Turka, L. A. (2011). Innate immunity in transplant tolerance and
rejection. Immunological reviews, 241(1), 39-48.

Naito, M., Tajima, A., Yasuda, Y., & Kuwana, T. (1994). Production of germline chimeric
chickens, with high transmission rate of donor-derived gametes, produced by transfer of primordial
germ cells. Molecular reproduction and development, 39(2), 153-161.

Nakamura, Y. (2017). Avian biotechnology. Avian Reproduction (pp. 187-214). Springer.
Nakamura, Y., Usui, F., Miyahara, D., Mori, T., Ono, T., Takeda, K., et al. (2010). Efficient system
for preservation and regeneration of genetic resources in chicken: concurrent storage of primordial
germ cells and live animals from early embryos of a rare indigenous fowl (Gifujidori).
Reproduction, Fertility and Development, 22(8), 1237-1246.

Nordskog, A., & Ghostley, F. (1954). Heterosis in Poultry: 1. Strain Crossing and Crossbreeding
Compared with Closed Flock Breeding. Poultry Science, 33(4), 704-715.

O'neil, L., Paynter, S., Fuller, B., Shaw, R., & DeVries, A. (1998). Vitrification of mature mouse
oocytes in a 6 M Me2SO solution supplemented with antifreeze glycoproteins: the effect of
temperature. Cryobiology, 37(1), 59-66.

Oktay, K., Newton, H., Mullan, J., & Gosden, R. (1998). Development of human primordial
follicles to antral stages in SCID/hpg mice stimulated with follicle stimulating hormone. Human
reproduction (Oxford, England), 13(5), 1133-1138.

Okutsu, T., Suzuki, K., Takeuchi, Y., Takeuchi, T., & Yoshizaki, G. (2006). Testicular germ cells
can colonize sexually undifferentiated embryonic gonad and produce functional eggs in fish.

Proceedings of the National Academy of Sciences, 103(8), 2725-2729.

134



Oldenhof, H., Heutelbeck, A., Blésse, A.-K., Bollwein, H., Martinsson, G., Wolkers, W. F., et al.
(2015). Tolerance of spermatozoa to hypotonic stress: role of membrane fluidity and correlation
with cryosurvival. Reproduction, Fertility and Development, 27(2), 285-293.

Parrott, D. M. (1960). The fertility of mice with orthotopic ovarian grafts derived from frozen
tissue. Reproduction, 1(3), 230-241.

Paynter, S., McGrath, J., Fuller, B., & Shaw, R. (1999). A method for differentiating nonunique
estimates of membrane transport properties: mature mouse oocytes exposed to glycerol.
Cryobiology, 39(3), 205-214.

Pazderka, F., Longenecker, B. M., Law, G. R., & Ruth, R. F. (1975). The major histocompatibility
complex of the chicken. Immunogenetics, 2(1), 101-130.

Pegg, D. E. (2007). Principles of cryopreservation. Cryopreservation and freeze-drying protocols,
39-57.

Pelaez, J., & Long, J. A. (2007). Characterizing the glycocalyx of poultry spermatozoa: I.
Identification and distribution of carbohydrate residues using flow cytometry and epifluorescence
microscopy. Journal of andrology, 28(2), 342-352.

Pérez Séez, J. M., Bussmann, L. E., Baranao, J. L., & Bussmann, U. A. (2016). Improvement of
chicken primordial germ cell maintenance in vitro by blockade of the aryl hydrocarbon receptor
endogenous activity. Cellular Reprogramming (Formerly"” Cloning and Stem Cells™), 18(3), 154-
161.

Petitte, J. (2006). Avian germplasm preservation: embryonic stem cells or primordial germ cells?
Poultry science, 85(2), 237-242.

Pharr, G. T., Gwynn, A. V., & Bacon, L. D. (1996). Histocompatibility antigen (s) linked to Rfp-

Y (Mhc-like) genes in the chicken. Immunogenetics, 45(1), 52-58.

135



Phelps, M., Liu, J., Benson, J., Willoughby, C., Gilmore, J., & Critser, J. (1999). Effects of Percoll
separation, cryoprotective agents, and temperature on plasma membrane permeability
characteristics of murine spermatozoa and their relevance to cryopreservation. Biology of
reproduction, 61(4), 1031-1041.

Picton, H., Kim, S., & Gosden, R. (2000). Cryopreservation of gonadal tissue and cells. British
medical bulletin, 56(3), 603-615.

Pisenti, J., Delany, M., Taylor, R., Abbott, U., Abplanalp, H., Arthur, J., et al. (1999). Avian
genetic resources at risk: an assessment and proposal for conservation of genetic stocks in the USA
and Canada. Avian Poult. Biol. Rev, 12(1&2), 1-102.

Polge, C., Smith, A. U., & Parkes, A. S. (1949a). Revival of spermatozoa after vitrification and
dehydration at low temperatures. Nature, 164(4172), 666.

Polge, C., Smith, A. U., & Parkes, A. S. (1949b). Revival of spermatozoa after vitrification and
dehydration at low temperatures. Nature, 164(4172), 666-666.

Post, D. J., Douglas, D. D., & Mulligan, D. C. (2005). Immunosuppression in liver transplantation.
Liver transplantation, 11(11), 1307-1314.

Pratt, J. R., Abe, K., Miyazaki, M., Zhou, W., & Sacks, S. H. (2000). In situ localization of C3
synthesis in experimental acute renal allograft rejection. The American journal of pathology,
157(3), 825-831.

Rager, J. E. (2015). The Role of Apoptosis-Associated Pathways as Responders to Contaminants
and in Disease Progression. Systems Biology in Toxicology and Environmental Health (pp. 187-
205). Elsevier.

Rajan, R., & Matsumura, K. (2018). Development and Application of Cryoprotectants. Survival

Strategies in Extreme Cold and Desiccation (pp. 339-354). Springer.

136



Rall, W. F., & Fahy, G. M. (1985). Ice-free cryopreservation of mouse embryos at— 196 C by
vitrification. Nature, 313(6003), 573-575.

Rapatz, G., Sullivan, J. J., & Luyet, B. (1968). Preservation of erythrocytes in blood containing
various cryoprotective agents, frozen at various rates and brought to a given final temperature.
Cryobiology, 5(1), 18-25.

Rayos, A., Takahashi, Y., Hishinuma, M., & Kanagawa, H. (1994). Quick freezing of unfertilized
mouse oocytes using ethylene glycol with sucrose or trehalose. Reproduction, 100(1), 123-129.
Res, U., Res, P., Kastelic, D., Stanovnik, M., Kmetec, A., & Merlo, A. (2000). Birth after treatment
of a male with seminoma and azoospermia with cryopreserved-thawed testicular tissue: Case
report. Human Reproduction, 15(4), 861-864.

Richardi, J., Krienke, H., & Fries, P. H. (1997). Dielectric constants of liquid formamide, N-
methylformamide and dimethylformamide via molecular Ornstein-Zernike theory. Chemical
physics letters, 273(3-4), 115-121.

Rothchild, I. (2003). The yolkless egg and the evolution of eutherian viviparity. Biology of
reproduction, 68(2), 337-357.

Saha, S., Otoi, T., Takagi, M., Boediono, A., Sumantri, C., & Suzuki, T. (1996). Normal calves
obtained after direct transfer of vitrified bovine embryos using ethylene glycol, trehalose, and
polyvinylpyrrolidone. Cryobiology, 33(3), 291-299.

Saragusty, J., & Arav, A. (2011). Current progress in oocyte and embryo cryopreservation by slow
freezing and vitrification. Reproduction, 141(1), 1-19.

Sawicka, D., Chojnacka-Puchta, L., Zielinski, M., Plucienniczak, G., Plucienniczak, A., &
Bednarczyk, M. (2015). Flow cytometric analysis of apoptosis in cryoconserved chicken

primordial germ cells. Cellular and Molecular Biology Letters, 20(1), 143-159.

137



Scherf, B. D., & Pilling, D. (2015). The second report on the state of the world's animal genetic
resources for food and agriculture.

Schlatt, S., Kim, S. S., & Gosden, R. (2002). Spermatogenesis and steroidogenesis in mouse,
hamster and monkey testicular tissue after cryopreservation and heterotopic grafting to castrated
hosts. Reproduction, 124(3), 339-346.

Schreiber, S. L., & Crabtree, G. R. (1992). The mechanism of action of cyclosporin A and FK506.
Immunology today, 13(4), 136-142.

Setioko, A. R., Tagami, T., Tase, H., Nakamura, Y., Takeda, K., & Nirasawa, K. (2007).
Cryopreservation of primordial germ cells (PGCs) from White Leghorn embryos using
commercial cryoprotectants. The Journal of Poultry Science, 44(1), 73-77.

Setti, P. E. L., Porcu, E., Patrizio, P., Vigiliano, V., De Luca, R., d’Aloja, P., et al. (2014). Human
oocyte cryopreservation with slow freezing versus vitrification. Results from the National Italian
Registry data, 2007-2011. Fertility and sterility, 102(1), 90-95. e2.

Shaffer, M. L. (1981). Minimum population sizes for species conservation. BioScience, 31(2), 131-
134.

Shaffner, C. S., Henderson, E., & Card, C. (1941). Viability of spermatozoa of the chicken under
various environmental conditions. Poultry Science, 20(3), 259-265.

Shaw, J., & Jones, G. (2003). Terminology associated with vitrification and other cryopreservation
procedures for oocytes and embryos. Human Reproduction Update, 9(6), 583-605.

Shu, Q., & Nair, V. (2008). Inosine monophosphate dehydrogenase (IMPDH) as a target in drug

discovery. Medicinal research reviews, 28(2), 219-232.

138



Silversides, F., Purdy, P., & Blackburn, H. (2012a). Comparative costs of programmes to conserve
chicken genetic variation based on maintaining living populations or storing cryopreserved
material. British poultry science, 53(5), 599-607.

Silversides, F., Song, Y., Renema, R., Rathgeber, B., & Classen, H. (2008). Cryopreservation of
germplasm from chickens kept in Canadian research institutions. Canadian journal of animal
science, 88(4), 577-580.

Silversides, F. G., & Liu, J. (2012). Novel techniques for preserving genetic diversity in poultry
germplasm. Animal Science Reviews, 207-214.

Silversides, F. G., Purdy, P. H., & Blackburn, H. D. (2012b). Comparative costs of programmes
to conserve chicken genetic variation based on maintaining living populations or storing
cryopreserved material. Br Poult Sci, 53(5), 599-607. doi:10.1080/00071668.2012.727383.
Silversides, F. G., Robertson, M. C., & Liu, J. (2013a). Cryoconservation of avian gonads in
Canada. Poult Sci, 92(10), 2613-7. doi:10.3382/ps.2013-03185.

Silversides, F. G., Robertson, M. C., & Liu, J. (2013b). Growth of subcutaneous chicken testicular
transplants. Poult Sci, 92(7), 1916-20. doi:10.3382/ps.2013-03057.

Silverstein, A. M. (2001). The lymphocyte in immunology: from James B. Murphy to James L.
Gowans. nature immunology, 2(7), 569-571.

Slee, E. A., Adrain, C., & Martin, S. J. (2001). Executioner caspase-3,-6, and-7 perform distinct,
non-redundant roles during the demolition phase of apoptosis. Journal of biological Chemistry,
276(10), 7320-7326.

Smith, C. A., & Sinclair, A. H. (2004). Sex determination: insights from the chicken. Bioessays,

26(2), 120-132.

139



Song, Y., Cheng, K., Robertson, M., & Silversides, F. (2012). Production of donor-derived
offspring after ovarian transplantation between Muscovy (Cairina moschata) and Pekin (Anas
platyrhynchos) ducks. Poultry science, 91(1), 197-200.

Song, Y., Emmi, A., & Journey, C. (2007). Effects of vitrification on functional recovery of
ovarian tissues. Fertility and Sterility, 88, S355-S356.

Song, Y., & Silversides, F. (2007a). Production of offspring from cryopreserved chicken testicular
tissue. Poultry science, 86(7), 1390-1396.

Song, Y., & Silversides, F. (2007b). Heterotopic transplantation of testes in newly hatched
chickens and subsequent production of offspring via intramagnal insemination. Biology of
reproduction, 76(4), 598-603.

Song, Y., & Silversides, F. G. (2006). The technique of orthotopic ovarian transplantation in the

chicken. Poult Sci, 85(6), 1104-6. https://www.ncbi.nlm.nih.gov/pubmed/16776482.

Song, Y., & Silversides, F. G. (2007b). Offspring produced from orthotopic transplantation of

chicken ovaries. Poult Sci, 86(1), 107-11. https://www.ncbi.nlm.nih.gov/pubmed/17179423.

Song, Y., & Silversides, F. G. (2007a). Production of offspring from cryopreserved chicken

testicular tissue. Poult Sci, 86(7), 1390-6. https://www.ncbi.nlm.nih.gov/pubmed/17575187.

Song, Y., & Silversides, F. G. (2008a). Long-term production of donor-derived offspring from
chicken ovarian transplants. Poult Sci, 87(9), 1818-22. doi:10.3382/ps.2008-00103.

Song, Y., & Silversides, F. G. (2008b). Transplantation of ovaries in Japanese quail (Coturnix
japonica). Anim Reprod Sci, 105(3-4), 430-7. doi:10.1016/j.anireprosci.2007.12.024.

Speer, B. (2015). Current therapy in avian medicine and surgery. Elsevier Health Sciences.

140


https://www.ncbi.nlm.nih.gov/pubmed/16776482
https://www.ncbi.nlm.nih.gov/pubmed/17179423
https://www.ncbi.nlm.nih.gov/pubmed/17575187

Svoradova, A., Makarevich, A., Vasicek, J., Olexikova, L., Dragin, S., & Chrenek, P. (2019).
Microscopic Assessment of Dead Cell Ratio in Cryopreserved Chicken Primordial Germ Cells.
Microscopy and Microanalysis, 25(5), 1257-1262.

Swartz, W. J., & Domm, L. (1972). A study on division of primordial germ cells in the early chick
embryo. American Journal of Anatomy, 135(1), 51-69.

Szeptycki, J., & Bentov, Y. (2016). Cryopreservation of embryos and gametes: past, present, and
future. Cryopreservation in Eukaryotes: IntechOpen.

Taylor, A. L., Watson, C. J., & Bradley, J. A. (2005). Immunosuppressive agents in solid organ
transplantation: Mechanisms of action and therapeutic efficacy. Critical reviews in
oncology/hematology, 56(1), 23-46.

Taylor Jr, R., Medarova, Z., & Briles, W. (2016). Immune effects of chicken non-MHC
alloantigens. Poultry science, 95(2), 447-457.

Tedder, R., Zuckerman, M., Brink, N., Goldstone, A., Fielding, A., Blair, S., et al. (1995). Hepatitis
B transmission from contaminated cryopreservation tank. The Lancet, 346(8968), 137-140.
Terwilliger, T., & Solomon, A. (1981). Osmotic water permeability of human red cells. The
Journal of general physiology, 77(5), 549-570.

Thorp, E. B., Stehlik, C., & Ansari, M. J. (2015). T-cell exhaustion in allograft rejection and
tolerance. Current opinion in organ transplantation, 20(1), 37.

Tilly, J. L., & Kolesnick, R. N. (2002). Sphingolipids, apoptosis, cancer treatments and the ovary:
investigating a crime against female fertility. Biochimica et Biophysica Acta (BBA)-Molecular and
Cell Biology of Lipids, 1585(2-3), 135-138.

Tonus, C., Cloquette, K., Ectors, F., Piret, J., Gillet, L., Antoine, N., et al. (2016). Long term-

cultured and cryopreserved primordial germ cells from various chicken breeds retain high

141



proliferative potential and gonadal colonisation competency. Reproduction, Fertility and
Development, 28(5), 628-639.

Tonus, C., Connan, D., Waroux, O., Vandenhove, B., Wayet, J., Gillet, L., et al. (2017).
Cryopreservation of chicken primordial germ cells by vitrification and slow freezing: A
comparative study. Theriogenology, 88, 197-206.

Towey, J., & Dougan, L. (2012). Structural examination of the impact of glycerol on water
structure. The Journal of Physical Chemistry B, 116(5), 1633-1641.

Trounson, A., & Mohr, L. (1983). Human pregnancy following cryopreservation, thawing and
transfer of an eight-cell embryo. Nature, 305(5936), 707-709.

Vanhulle, V. P., Neyrinck, A. M., Pycke, J.-M., Horsmans, Y., & Delzenne, N. M. (2006). Role
of apoptotic signaling pathway in metabolic disturbances occurring in liver tissue after
cryopreservation: Study on rat precision-cut liver slices. Life sciences, 78(14), 1570-1577.
Varadi, E., Vegi, B., Liptoi, K., & Barna, J. (2013). Methods for cryopreservation of guinea fowl
sperm. PLoS one, 8(4).

Vermeulen, C. J., Bijlsma, R., & Loeschcke, V. (2008). QTL mapping of inbreeding-related cold
sensitivity and conditional lethality in Drosophila melanogaster. Journal of evolutionary biology,
21(5), 1236-1244.

Vincent, C., & Johnson, M. (1992). Cooling, cryoprotectants, and the cytoskeleton of the
mammalian oocyte. Oxford reviews of reproductive biology, 14, 73.

Wang, X.-l., Zhang, X., Qin, Y.-g., Hao, D.-y., & Shi, H.-r. (2012). Outcomes of day 3 embryo
transfer with vitrification using Cryoleaf: a 3-year follow-up study. Journal of assisted

reproduction and genetics, 29(9), 883-889.

142



Ward, M. A., Kaneko, T., Kusakabe, H., Biggers, J. D., Whittingham, D. G., & Yanagimachi, R.
(2003). Long-term preservation of mouse spermatozoa after freeze-drying and freezing without
cryoprotection. Biology of reproduction, 69(6), 2100-2108.

Watson, P. (2000). The causes of reduced fertility with cryopreserved semen. Animal reproduction
science, 60, 481-492.

Whittingham, D. (1975). Survival of rat embryos after freezing and thawing. Reproduction, 43(3),
575-578.

Whittingham, D., & Adams, C. (1976). Low temperature preservation of rabbit embryos.
Reproduction, 47(2), 269-274.

Whittingham, D., Wood, M., Farrant, J., Lee, H., & Halsey, J. (1979). Survival of frozen mouse
embryos after rapid thawing from— 196° C. Reproduction, 56(1), 11-21.

Willadsen, S. M., Polge, C., Rowson, L., & Moor, R. (1976). Deep freezing of sheep embryos.
Reproduction, 46(1), 151-154.

Wishart, G. (1985). Quantitation of the fertilising ability of fresh compared with frozen and thawed
fowl spermatozoa. British Poultry Science, 26(3), 375-380.

Wittingham, D. (1972). Survival of mouse embryos frozen to-196 degrees and-269 degrees.
Science, 178, 411-414.

Wood, K. J., & Goto, R. (2012). Mechanisms of rejection: current perspectives. Transplantation,
93(1), 1-10.

Woodcock, M. E., Gheyas, A. A., Mason, A. S., Nandi, S., Taylor, L., Sherman, A., et al. (2019).
Reviving rare chicken breeds using genetically engineered sterility in surrogate host birds.

Proceedings of the National Academy of Sciences, 116(42), 20930-20937.

143



Woods, E. J., Benson, J. D., Agca, Y., & Critser, J. K. (2004). Fundamental cryobiology of
reproductive cells and tissues. Cryobiology, 48(2), 146-156.

Wowk, B., Leitl, E., Rasch, C. M., Mesbah-Karimi, N., Harris, S. B., & Fahy, G. M. (2000).
Vitrification enhancement by synthetic ice blocking agents. Cryobiology, 40(3), 228-236.
Yoshimura, Y., & Nishikori, M. (2004). Identification of apoptotic oocytes in the developing ovary
of embryonic and post-hatched chicks in Japanese Quail (Coturnix japonica). The Journal of
Poultry Science, 41(1), 64-68.

Yuzhakov, V., Malinova, I., Kiseleva, M., Fomina, N., Bandurko, L., Komarova, E., et al. (2018).
Effect of vitrification on functional morphology and viability of the ovarian tissue. Bulletin of
experimental biology and medicine, 1-6.

Zaniboni, L., Cassinelli, C., Mangiagalli, M. G., Gliozzi, T. M., & Cerolini, S. (2014). Pellet
cryopreservation for chicken semen: Effects of sperm working concentration, cryoprotectant
concentration, and equilibration time during in vitro processing. Theriogenology, 82(2), 251-258.
Zimmermann, A. G., Gu, J.-J., Laliberté, J., & Mitchell, B. S. (1998). Inosine-5’-monophosphate
dehydrogenase: regulation of expression and role in cellular proliferation and T lymphocyte

activation. Progress in nucleic acid research and molecular biology (pp. 181-209). Elsevier.

144



