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ABSTRACT
Mice are one of the most commonly used rodent species as a model for biomedical
research to better understand molecular, genetic, and cellular causes of human disease
and disorders. The production of good quality oocytes is one of the important determinant
factors for successful assisted reproductive technologies (ARTs) clinical outcome as well
as reproductive biology research. Mouse oocyte quality, morphology and functions are
influenced by a variety of the factors such as euthanasia methods of female donors,
superovulation regimes and cryopreservation. The objectives of these studies were
mainly to investigate the methods and factors that are influencing oocyte quality, in-vitro
fertilization (IVF) and embryonic development.
First, how different euthanasia methods including cervical dislocation (CD), high flow
rate CO2 (H CO2) and low flow CO2 (L CO2) would affect the quality and integrity of the
metaphase II (MII) oocytes have been investigated. Cumulus oocyte complexes (COCs)
were collected from female donors that were euthanized by three different methods and
then the oocytes’ subcellular structures including microtubules, F-actin, cortical granules
(CGs) and mitochondria integrities were detected by specific fluorescence dyes. The
xv

results showed that L CO2 caused significant increase in the incidence of premature
cortical granule exocytosis (PCGE) which might be responsible for significantly reducing
the in-vitro fertilization (IVF) and embryonic development rate compared to CD and H
CO2. Secondly, how the superovulation methods would affect the resulting oocyte
morphology, quality, IVF competence and embryonic development was investigated. The
anti-inhibin serum (AIS) superovulation method produced a significantly higher number
of oocytes compared to the pregnant mare serum gonadotrophin (PMSG). Overall, both
methods yielded oocytes with similar sizes and comparable subcellular structures
including microtubules, F-actin, cortical granules and mitochondria. However,
superovulation with AIS produced significantly thinner zona pellucide than PMSG and
the perivitelline space of the oocytes generated from AIS were significantly larger than
PMSG. There were no differences in terms of two-cell embryo development, or morula
and blastocyst formation rates between AIS and PMSG when the oocytes from two
methods were in-vitro fertilized with fresh sperm. Morula and blastocyst development
rates were significantly higher for AIS compared to PMSG when oocytes were fertilized
with frozen-thawed sperm. Thirdly, clutches of mouse cumulus oocytes complexes
(COCs) were cryopreserved by the cryoloop vitrification method after PMSG
superovulation. The cryo-survival rate and integrity and distribution of subcellular
structures including the meiotic spindles, F-actin, cortical granules and mitochondria
were examined and compared with fresh MII oocytes. The vitrified-warmed oocytes
maintained their subcellular structures to a high degree and resulted in acceptable IVF
and embryonic development.

xvi

In conclusion, for optimal research and clinical outcome, considerations should be given
regard to euthanasia methods of oocyte donor mice and type of superovulation regimes.
Despite of its high oocyte yield, superovulation of mice with AIS provides comparable
quality oocytes to the PMSG method. Cryopreservation of the clutches of mouse COCs
via cryo-loop vitrification should be considered for genome banking of genetically
modified mice and biomedical research.
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Chapter One

Literature Review

Introduction
Mice are the most often used laboratory rodents for biomedical research and germline
genetic manipulation in order to model human diseases and disorders (1-3). Generation of
good quality and sufficient numbers of mouse oocytes would minimize the number of
donor animals needed for genetic manipulation and genome banking as well as rare
species propagation and preservation. It is also important for biomedical research
purposes in terms of a wide array of assisted reproductive technologies (ARTs) (4)
including in-vitro fertilization (IVF), intracytoplasmic sperm injection (ICSI), transgenic
animal production, germplasm cryo-banking and somatic cell nuclear transfer (SCNT).

However, mouse oocyte quality, morphology and subcellular structures might be affected
by the euthanasia methods, superovulation methods and cryopreservation procedure.
There has been some evidence suggesting that euthanasia via CO2 inhalation causes
reduced fertilization rates, change in blood pH, respiration rate and heart rate, and blood
pressure (5) and hypothermia (6). It has also been reported that CO2 acidification under
in-vitro conditions may cause permeability of the zona pellucida, interfering with proper
fertilization due to premature cortical granule exocytosis (PCGE) and subsequent in-vitro
embryo development competence as well as fetal development following embryo transfer
1

(7). Therefore, in this research, we performed a series of experiments to determine how
euthanasia methods influence the oocyte subcellular structures subsequently causing
decreased IVF and embryonic development.

Follicle-stimulating hormone (FSH) is a glycoprotein polypeptide hormone that is
synthesized and produced from the anterior pituitary gland by the gonadotropic cells.
Pregnant mare’s serum gonadotropin (PMSG) is widely used for superovulation of
laboratory rodents including mice and rats since PMSG mimics the function of FSH (8)
which selects and stimulates multiple immature ovarian follicles to grow and mature in
mice.

It was demonstrated that the administration of AIS to immune-neutralize inhibin in
sexually mature cycling rats has successfully increased the production of FSH (9). Thus,
immunization of inhibin has been shown to be a very effective way for superovulation
(10). Usually, after 48 hours of PMSG or AIS administration, followed by an injection of
human chronic gonadotrophin (hCG) which mimics the function of luteinizing hormone
(LH) (8) in most species to stimulate final maturation of ovarian follicles and result is
ovulation. It has been reported that passive immunization of inhibin through AIS
produced 1.5 to 3.2 times more oocytes than PMSG administration in mice (11). Given
this large quantity of oocytes obtained from AIS, we hypothesized that there may be
potential morphometric, subcellular and fertilization and embryo development
characteristics differences between these two sources of oocytes which may ultimately
affect their quality and developmental potential.

2

If successful, oocyte cryopreservation is preferable to embryo cryopreservation since it
avoids the controversy concerning ethical, legal and religious concerns in human
reproductive medicine (12). Research for successful oocyte cryopreservation was
demanded due to legislation that restricted cryopreserving excessive embryos in some
countries such as in Italy (13). Unfortunately, unlike embryo and sperm
cryopreservation, oocyte cryopreservation has not been as successful (12, 14-17).
Oocytes are relatively more difficult to cryopreserve compared to sperm and embryos due
to their low surface area to volume ratio and high vulnerability to lethal intracellular ice
formation (18). Therefore, there is an urgent need for oocyte cryopreservation for a wide
range of infertility treatments and preserving fertility for female oncology patients who
are undergoing cancer treatments (e.g. chemotherapy or radiotherapy) since both chemoand radiotherapy cause severe damage to ovarian follicular reserves (19).

Despite significant progress made over the last decade, oocyte cryopreservation is still a
challenging area of reproductive cryobiology and it is less successful than sperm and
embryo cryopreservation (16, 17). Additionally, post-thaw survival, fertilization rate and
embryonic development of the cryopreserved oocytes are relatively poor (15, 20).
Unfortunately, no standard cryopreservation protocol was been established for oocytes
from many mammalian species (21) and the currently available cryopreservation
protocols are still not satisfactory (22). The nylon cryoloop has been used as vitrification
carrier by suspending a droplet of cryoprotectant containing the oocytes or embryos and
directly plunging into liquid nitrogen (LN2) (23). The vitrification by cryoloop method
3

has been relatively successful for the cryopreservation of porcine spermatozoa (24) and
mouse embryos (25). One of the advantages of the cryoloop method is the high cooling
rate (~20,000 °C/min) which is one of the required conditions to achieve a glassy state by
avoiding intracellular ice formation (25, 26).

Subcellular and molecular changes associated with oocyte development
In mammals, after implantation of the blastocyst in the uterus, a small portion of the cell
in the epiblast of the inner cell mass eventually differentiates into precursors of the
primordial germ cells (PGCs) which ultimately form gonads and produce male or female
gametes. After formation of ovaries during fetal development, mammalian growing
immature oocytes are first arrested at the diplotene stage of the prophase I stage of
meiosis I within fetal ovaries and remaining tetraploid until puberty by an inhibitory
signal from the surrounding somatic cells (mural granulosa) in ovarian follicle (27, 28).
This developmentally arrested oocyte is called the germinal vesicle (GV) stage oocyte
due to the characteristic of a large vesicular nucleus in which the chromosomes are
decondensed state in the oocyte (29). Molecular modification in the cytoplasm, such as
elevated cyclic adenosine mono-phosphate (cAMP) prevent the germinal vesicle
breakdown (GVBD) (27), cAMP is a second messenger that is produced from ATP
through the enzyme called adenylate cyclase (AC) which is located inside the oolemma.
The GV stage oocyte progresses to the next developmental stage when the female reaches
puberty wherein individuals who are sexually mature and secrete gonadotropins from the
pituitary gland to stimulate the ovarian follicles to cause GVBD (28, 30).

4

The decreased cAMP causes resumption of meiosis that triggers GVBD (31). The GVBD
also can be considered an indication of the resumption of meiosis (32) and, during the
course of GVBD, chromosomes change from decondensed to condensed state and
meiotic spindles are formed (29). The first meiotic spindle forms in the vicinity of the
condensing chromosomes at the center of the oocyte about 2 hours after GVBD (33).

During prometaphase, the spindles are usually slightly off center and, in most cases,
migrate toward the nearest cortex region of the oocyte just before 1st polar body (PB)
extrusion (34). Cytoplasmic maturation of the oocyte after GVBD can be evaluated by
the following processes: 1) re-distribution of F-actin and microtubules such as their
migration to the cortical region of the oocytes at metaphase stage of the oocyte; and 2)
cortical granule (CGs) re-location to the cortex region of the Metaphase II stage of the
oocyte with the support of the astral microtubules and F-actins. The process of GV
oocyte maturation is also controlled by the maturation promoting factor (MPF) which is
present as a complex form of Cdk 1(p34cdc2) and cyclin B in immature oocytes and
MPF reaches its peak in MI oocytes then decreases at anaphase I and telophase1. High
content of MPF is restored in the cytostatic factor (CSF) arrested oocyte which is also
called MII-arrested oocyte; then, MPF completely disappears after fertilization (35, 36).

Small guanosine triphosphatase (GTPases) and formins also regulate the cytoskeleton
during meiotic maturation (28). F-actins, myosin motors, and formin-2 are necessary for
5

meiotic spindle migration (37). It was determined that the spindle migration in MI stage
oocytes was faulty in oocytes collected from formin-2 knockout mice since they failed to
correctly organize the metaphase spindles and thus, are unable to extrude the 1st PB (38).

Cell division cycle 42 (Cdc42), which is a member of the Rho family of small GTPase
(39), also regulates meiotic spindles and central spindles (28). In the mouse oocytes,
Cdc42 is essential for oocyte polarization that causes an asymmetrical division and
meiotic spindle formation in Meiosis I (37). There are high levels of expression in GV
oocytes and injecting small interference RNA (siRNA) of Cdc42 into GV stage oocytes
decreased both mRNA expression level and production of Cdc42 which caused reduction
in the 1st PB extrusion rates and thus, showed the importance of Cdc42 on oocyte
polarization (39). With the onset of puberty, luteinizing hormone (LH) binds to its
receptors on the surrounding somatic cells (mural granulosa cells), causing the
resumption of meiosis and oocytes proceed to the second metaphase state which is then
become competent to be fertilized by spermatozoa (27, 40). LH is the most important
hormone for oocyte maturation and induction of ovulation because only LH anti-serum
can block ovulation (32). LH is the physiological stimulation for the prophase-tometaphase transition (27, 41). LH decreases the mural granulosa cells cGMP so there is
less cGMP available to transfer from the somatic cells into the ooplasm (27). Either
inhibiting a guanylyl cyclase or stimulating cGMP phosphodiesterase also causes
reduction of cGMP (27). Furthermore, LH causes a significantly reduced guanylate
cyclase activity in the cytosol and particulate fractions which might be due to the
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decreased level of cGMP (42). A decreased level of cGMP causes low cAMP in oocytes
that resumes the meiotic arrest through GVBD (31).

The migration of the first meiotic spindle relies highly on F-actin, but not microtubules,
which was demonstrated by treating oocytes with either cytochalasin D or nocodazole
(33, 34, 43-45). During oocyte development, there are changes in the structure,
organization and composition of the oolemma and cortical cytoplasm at the cortex region
close to MI or MII chromosomes associated with their respective meiotic spindle (45).
However, there are no CGs at the cortex region overlying the metaphase spindles in
mouse eggs (46), thickening the F-actins at the cortex region overlying the metaphase
spindles (46). For the oolemma, there are no microvilli, reducing the cell surface
glycoproteins overlying the metaphase spindles (46). All of these changes indicate an
apparent polarity of the preovulatory oocyte through structural differentiation of the
ooplasm and oolemma that are over the metaphase spindles (43, 47).

Mitochondria number increases dramatically during the oocyte maturation process. In
primordial germ cells (PGCs), there are about a few hundred mitochondria and they
increase to 200,000 in fully grown oocytes (48). Even though the mitochondria
replication start from PGCs, the major increase is observed during the late stages of
folliculogenesis (48). Since the early stages of ovarian follicle growth, the Golgi
apparatus start to produce immature small vesicles which migrate to the cortex region of
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the oocyte. These vesicles are bound to one another to form mature cortical granules (4951).

After GVBD, oocytes develop to the metaphase I (MI) stage at which the tetrads migrate
to a plane which is called the metaphase plate. In the mouse oocyte, the MI stage usually
lasts about 6-11 hours and spindle migration of the chromosomes to the oocyte cortex
region happens during this time (52, 53). Then, oocytes enter anaphase I at which
microtubules and chromosomes are already moving to the cortical region of the oocyte
which is followed by telophase I at which the 1st PB is extruded. At the time of
ovulation, meiosis I is completed and initially extrudes 1st PB (28) and then arrests again
at Metaphase II until post-ovulation induction, which is the fertilization event (30).

Cortical Granules
Cortical granules (CGs) are regulatory secretory membrane bound organelles located in
the cortex region of unfertilized metaphase II stage oocytes. Fertilization takes place
following mutual recognition between male and female gametes. In mice, fertilizable
oocytes are ovulated as cumulus oocyte complexes (COCs) in the ampulla of the oviduct
and interact with sperm to get fertilized. These oocytes are at the Metaphase II stage with
the presence of first polar body in the perivitelline space between the oolemma and the
zona pellucid (a proteinaceous matrix surrounding the oocyte) that is surrounded by many
layers of cumulus cells (54). The CGs are initially located at the center and but then
translocate to the cortex region of the oocytes (55). In immature (germinal vesicle stage)
8

oocytes, CGs are found in the entire cytoplasm, both in the cortex cytoplasm and the
inner cytoplasm. In fully matured oocytes, more specifically in mice and hamsters, there
is an asymmetric distribution of CGs in the cortex region of the oocyte (56).

Proper migration of CGs is one of the criteria for cytoplasmic maturation of the oocytes
(57) and plays a major role for blocking polyspermic fertilization (58). There are two
ways to block polyspermy: firstly, when the first sperm fuses with the oolemma, it causes
depolarization of the oolemma, and the shedding of the oocyte’s sperm receptor folate
receptor 4 known as Juno (54). Secondly, through the CGs vesicles releasing their
contents into the perivitelline space; CGs contain enzymes that harden the zona pellucida
which prevent polyspermic fertilization (54, 55). Cortical granules prevent polyspermy
through these two processes: first, it removes the sperm receptors from the oolemma, and
second, it hardens the zona pellucida and forms a fertilization envelope to prevent
polyspermy. Polyspermy can cause aneuploidy which will result in miscarriages in
humans (59). Therefore, one oocyte has to be fertilized with only one sperm in order for
the conceptus to develop normally.

The zona pellucida (ZP) is the extracellular matrix (ECM) and is comprised of three
glycoproteins, ZP1, ZP2 and ZP3 (56, 60, 61) that surround the plasma membrane of the
unfertilized mammalian oocyte. ZP plays a critical role in blocking polyspermy and CGs
are playing an important role in modifying the structure of ZPs. The structural changes of
the ZP that prevent polyspermy are achieved by exocytosis of CGs from the cortex region
9

of the oocyte. CGs are regulatory secretory organelles that are located along the cortex of
oocytes and which release their contents such as ovoperoxidase in extracellular matrix of
oocytes to cross link the tryrosin residues in the ZP to harden it to prevent polyspermy.
The CGs contain proteinases, ovoperoxidase, calreticulin, N-acetyglucosaminidase, p32
and peptidylarginine deiminase and high percentages of glycosylated components such as
mannosylated proteins, some of which form the CG envelope structure.

Since the early stages ovarian follicle growth, the Golgi apparatus starts to produce small
immature vesicles which migrate to the cortex region of the oocyte; these vesicles are
bound to one another to form mature CGs (49-51). For hamsters, the small vesicles from
the Golgi fuse with secreted vesicles from the rough endoplasmic reticulum (ER) to form
mature CGs (56). In mammalian oocytes, CGs are continuously produced and
translocated by the cytoskeleton (such as F-actins) to the cortex region (62) of the oocyte
until ovulation.

When a spermatozoa penetrates to the oolemma, sperm releases its content into the
cytoplasm of the oocytes, one of which is the phospholipase C (PLC) which catalyzes
phosphatidylinositol 4, 5-bisphosphate (PIP2) to diacyl glycerol (DAG) and inositol
1,4,5-triphosphate (IP3). IP3 from IP2 will bind to its receptor on membrane of the ER in
the oocytes. This binding will lead to calcium release from ER; then, these increased
intracellular calcium releases will cause CGs exocytosis. In this process, the single layer
of CGs will fuse with double membrane oolemma and subsequently release its contents
10

into extracellular matrix, some of the protein such as ovoperoxidase will cross link the
tryrosin residues in ZP that harden it to prevent polyspermy. The following figure shows
the schematic view of CGs exocytosis:

Figure 1. 1. Generalized Model of The Mechanism of Intracellular Calcium Release
Leading To Cortical Granule Exocytosis.

The Biology of Cortical Granules (63)

The morphology of CGs varies in different species in terms of size, shape, number and
density. For example, CGs of the purple sea urchin oocyte contain a striking spiral
structure while CGs in Lytechinus species contain a mosaic substructure in Arbacia
species is stellate (64).
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In mouse oocytes, the CGs increase in number and migrate to the cortex during oocyte
maturation. Cortical granules in the cortex region usually accumulate together to a final
count of around 6000-8000, at a density of 14 granules per 100 µm² and their size is
around 0.1-0.5 um. For sea urchins, the cortex of the egg contains around 15,000 docked
CGs (65).There are both light and dark CGs in mature oocytes, indicating the maturation
condition of CGs content (55).

There is evidence of cross species reactivity in mammalian sperm-oocyte binding. For
example, sperm from rabbits, mice and hamsters readily bind to human oocytes. Human
sperm bind to the other higher primates (66). However, there is no report of zygote
produced from these cross species oocyte-sperm binding, probably because of ethical
reasons. Interestingly, for mouse and hamster oocytes, there are CG free domains
(CGFDs) over the metaphase I and metaphase II spindles associated with nuclear
maturation (67). This CGFDs is specific for rodents because other species including
feline (67), equine (57) , bovine (68), porcine (69), and human (70) oocytes do not have
this domain.

The CGFD forms over the metaphase II meiotic spindles which is unique to rodents and
is associated with partial CGs exocytosis during the oocyte maturation process (65, 71).
Due to this partial CGs exocytosis, there are around 4,000 CGs in one metaphase-II
arrested oocyte compared to the original 6,000-8,000 in the fully grown oocytes (65). The
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formation of the CGFD also creates of a microvillar-free domain and cortical actin cap,
which is F-actin thickening over the metaphase spindle (44, 65).

In humans, around 10% of spontaneous abortions are caused by triploidy due to
polyspermy penetration of the oocyte (72). Consistent with these data, in-vitro
fertilization data also show that around 10% of fertilized oocytes have three or more
pronuclei indicating a failure to block polyspermy (73). High concentrations of
cryoprotectants such as dimethylsulfoxide (DMSO) and propanediol (PROH) trigger 7080% of the CGs exocytosis in all human and mouse oocytes (74, 75).

Mitochondria
Mitochondria in mammalian oocytes play very important roles for energy production,
oocyte maturation, fertilization and embryonic development as well as contributes DNA
to the next generations. Furthermore, mitochondria play critical roles in oocytes’
functioning and they are one of the important indicators of oocyte quality that is vital to
successful fertilization and embryo development (76). One of the important functions of
mitochondria is energy production and thus they are called the energy factories of the
cells. They are double membrane cellular organelles that produce ATP which is also
called energy currency for the cellular function. Mitochondria also play important roles
in cell ageing, apoptosis, metabolism and many diseases (76, 77).
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Mitochondria are the subcellular structure that contain DNA called mitochondrial DNA
(mtDNA) it was originally derived from bacterial genes, and it is the only animal cellular
organelle that contains genetic materials (78). mtDNA is vulnerable to mutation
compared to DNA in nuclear because there is no histone protection as in nucleus DNA
(78). mtDNA encodes several key genes of electron transfer chain which are very
important for mitochondrial energy production (48).

Previous studies have not been consistent about the number of the mitochondria in the
fully grown oocytes. According to Cummins et al (77), a fully grown mammalian oocyte
contains around 100,000 copies of mitochondria that are inherited uniparentally from the
females, as sperm mitochondrial proteins are ubiquitinated and degraded through
proteasomes and autophagy after the sperm penetrates the oocyte (77). However,
according to St John et al (48), in primordial germ cells (PGCs), there are a few hundred
mitochondria and they increase to 200,000 in fully grown oocytes. Even though
mitochondria replication starts from PGCs, the major increase is observed during the late
stages of folliculogenesis (48).

In addition to their well-known energy production function, mitochondria have other
critical functions including calcium homeostasis (79, 80), cell signaling, apoptosis (76)
(81). Since mitochondria are inherited from maternal parents (76, 77), mitochondrial
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dysfunction causing diabetes and deafness (82), Leigh’s Disease (83), and NARP
syndrome (84) are inherited through the oocyte.

Meiotic Spindles
A fertilizable haploid oocyte is produced from one diploid genome content of a germline
precursor converted to a haploid state gamete by dumping ¾ of the duplicated
chromosomes through two meiotic cell divisions known as meiosis I and II (85, 86).
Incorrect meiotic divisions cause aneuploid eggs which develop into nonviable or
impaired embryos that carry an in-correct number of chromosomes which result in
spontaneous abortion, infertility or birth defects in humans (86-88). Chromosome
segregation during meiosis I and II in mammalian oocytes is determined by a microtubule
spindle with no centrosomes (89). Chromosome alignment and segregation depend on
this non centrosomes spindle-shaped structure that is made from microtubules, 25 nm
diameter tubes containing of the a-tubulin and b-tubulin dimmers (86).

Meiotic spindles are essential for meiotic division to produce haploid gamete cells (90).
Derive in vitro maturation, the oocyte resumes meiosis after GVBD, the meiotic spindle
starts to form in the center of the oocyte and translocates to the cortex region in
metaphase I (MI). After first polar body extrusion, the oocyte is arrested in metaphase II
(MII) until fertilization (91).
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Assessing the integrity of the microtubules is the one of the most important criteria to
evaluating the quality of an oocyte. The meiotic spindles are composed of microtubules
that are assembled by polymerization of the a-tubulin and b-tubulin (92). Microtubules
are organized by the microtubule-organizing centers at the two ends and anchor
chromosomes with the kinetochores at the equatorial plane of the meiotic spindles,
forming a barrel shape (93-95). Microtubules play important roles for alignment of the
chromosomes in Metaphase II stage oocytes and correct segregation of the sister
chromatids during anaphase II (96, 97), errors in chromosome segregation can cause
aneuploidy which is a major cause of spontaneous abortions and pregnancy loss in
humans (98). It had also been reported that temperature at 0 °C can cause
depolymerization of microtubular tubulin and the intense alteration of spindle in human
oocytes (99), vitrification can cause disturbance of the microtubules of bovine oocytes
(100).

F-actin
Capturing each and every chromosomes by spindle apparatus during the cell division is
very important to avoid chromosome loss and subsequent aneuploidy (101). However,
this mechanism is not sufficient for larger oocytes from marine species (101). It has been
reported that in starfish oocytes, chromosome capture and transport were dependent both
microtubule assembly and F-actin-driven transport (101). This coordination between
spindle assembly and F-actin is essential because early capture of the chromosome by
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meiotic spindles which are not synchronous to capture by microtubules would lead to
incorrect chromosome separation and aneuploidy oocytes formation (101). This F-actin
driven mechanism is a prerequisite to preventing aneuploidy in the oocyte and normal
embryonic development (102).

In addition, F-actin is one of the most important cytoskeletal components. They
contribute to maintaining the oocytes’ shape, migration of meiotic spindles and
chromosomes, cytoplasm, polar body extrusion, spindle positioning and cell division, and
mammalian embryogenesis. During the process of generating the MII mouse oocytes, one
primary oocyte produces a functional haploid gamete through meiosis I and meiosis II
and two relatively small polar bodies with minimal cytoplasmic content through
asymmetric division, which yields a relatively larger volume of oocyte containing a
haploid genome and most cytoplasm content, which is important for providing the
nutrition and energy for successful fertilization and further early embryonic development
(91). F-actin play a very important role for this asymmetric division by pulling out the
half of the genetic material but relatively small cytoplasmic content, and maintaining the
shape of oocyte. When inhibits the F-actin, it leads to the failure of the extrusion of the
polar body (103). In mammalian oocyte meiotic division, spindle position and movement,
cortical translocation to the cortex region, and cytokinesis depend on F-actins (91, 104106). F-actins at the cortical region reorganize and form an F-actin enriched domain
known as the actin cap above the spindle. At anaphase, F-actins form a nascent
contractile ring to extrude the polar body (103). In addition, F-actin are important for the
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distribution, movement and exocytosis of cortical granules during oocyte maturation and
fertilization, respectively (107). The actin cap forms at the cortex region over the meiotic
spindles where the polar body will be extruded (95). The altered distribution of F-actins
may cause decreased IVF, lower cleavage and reduced embryo development rate (108).

Euthanasia methods
Euthanasia via carbon dioxide (CO2) inhalation is the most commonly used method for
laboratory animals including mice and rats. However, there are increasing numbers of
reports suggesting that euthanasia via CO2 inhalation causes reduced fertilization rates,
change in blood pH, blood pressure, respiration and heart rate (5) and hypothermia (6).

In addition, CO2 inhalation has an anesthetic effect on mice, which may cause depression
of respiratory and cardiovascular systems (6). However, there are still debates about
whether euthanasia via CO2 inhalation is more humane and would actually yield an
optimal research outcome (5, 109). According to the 2013 edition of the American
Veterinary Medical Association (AVMA) guidelines (110), CO2 inhalation with 10% to
30% volume displacement per minute is required for rodent euthanasia (111) unless
cervical dislocation (CD) is scientifically justified (6). It was suggested that while fast
displacement of 100% CO2 decreases the duration of the stress mice undergo, slower
displacement of CO2, prolongs the time period of experiencing distress, ataxia, stress on
breathing (111) and decreases the duration of dyspnea (112).
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Superovulation methods
Pregnant mare’s serum gonadotropin (PMSG) is a unique gonadotropin among mammals
and is widely used for superovulation of laboratory rodents. PMSG acts similar to follicle
stimulating hormone (FSH) (8) which select and stimulate multiple ovarian follicles to
grow and mature by forming functional complexes with both FSH and LH and receptors.
Human chorionic gonadotropin (hCG), on the other hand, appear to form more prompt
and stable hormone-receptor complexes than PMSG. Inhibins are glycoprotein hormones
composed of two molecular forms, inhibin A and inhibin B (113). They are mainly
produced from ovarian follicles and inhibit the production of FSH from the anterior
pituitary gland (10). Using anti inhibin serum (AIS) to immune-neutralize inhibin in
cycling rats was shown to increase the production of the FSH (9). Injection of female
mice with AIS causes an increase in endogenous production of FSH that stimulates
multiple follicular growth in the ovaries (4). Thus, immunization of the inhibin has been
determined to be a very effective way of superovulation (10). To date, superovulation via
immune-neutralization of inhibin was been successfully used for several species
including mice (114), rats (115), hamsters (116), guinea pigs (117), cows (118), mares
(119), ewes (120) and goats (121). The AIS has been reported to be a very effective way
to produce a large number of oocytes from limited number of genetically modified and
wild mouse species along with various inbred and outbred mice strains (11).
Approximately after 48 hours of PMSG or AIS injection, followed by an injection of
human chronic gonadotrophin (hCG) which mimics the function of luteinizing hormone
(LH) (8) most animals undergo final maturation of ovarian follicles and ovulate.
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Oocyte cryopreservation
Human oocyte cryopreservation can avoid a number of ethical, social and religious
problems associated with embryo cryopreservation (12). Increasing numbers of
reproductive aged women choose to cryopreserve their oocytes due to medical, social or
personal reasons. With delayed child bearing age and improved cancer survival rates,
more women desire to preserve their oocytes for future fertility opportunities. For
reproduction, there is an obvious differences between men and women because men are
usually able to reproduce much older than women. In most developed and developing
countries, except for medical reasons women also desire to delay their motherhood either
due to their career or not having a suitable partner. Thus, oocyte cryopreservation also
provides fertility options for these women who wish to preserve their fertility first and
then decide when and with whom they wish to have a child (12).

The very first birth from human frozen oocytes achieved through slow cooling method
was reported in Australia in 1986 (122). A twin pregnancy was achieved after in-vitro
fertilization of cryopreserved oocytes and transfer of the embryos into the uterus (122).
However, MII stage oocytes might be vulnerable to cryopreservation since, at this stage,
there is no nuclear membrane and the chromosomes are loosely attached to the meiotic
spindles (123). The integrity of the meiotic spindle in oocytes is very important for
normal meiotic division and equal haploid chromosome complements (123). The meiotic
spindles capture, organize and stabilize chromosomes through kinetochores (124). Any
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spindle damage can cause abnormal chromosome division and aneuploidy which will
cause failure of subsequent embryo and fetal development (123). On the other hand, there
are recent reports which indicate that the success rate of cryopreserved human oocytes is
comparable to fresh control. In-vitro fertilization outcomes from randomized control
trials also showed that cryosurvival of human oocytes is greatly improving (12).

After age of 35, the fertility of women starts to decline dramatically mostly due to a
decreased follicular numbers as well as poorer oocyte quality. Even though older women
have the ability to conceive, they take significant risk of miscarriages or having a child
with a genetic anomaly such as Down syndrome (12). Family size is also affected by
women’s age as there is a 90% of chance to have only one child if they start conceive at
age of 35 versus a chance of having 3 children family if they start have children at 28
(12).

Oocyte cryopreservation plays an important role oocytes donation programs for oocyte
banks (125). There are also oocyte cryopreservation implications for some other reasons.
For example, women with endometriosis may experience a reduced ovarian follicle
reserve post-surgery. It is recommended as a preoperative fertility preservation option for
young women who are suffering from endometriosis (126).
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There is a case report which demonstrates successful cryopreservation of oocytes of a 25year old nulliparous woman who was suffering from severe endometriosis and low antral
follicle count (126). Women with autoimmune diseases are also advised to cryopreserve
their oocytes for fertility preservation before they are going through gonadotoxic
treatment (127). Furthermore, women with premature ovarian failure due to a variety of
reasons such as genetic aberrations and viral infections may also consider cryopreserving
their oocytes for fertility preservation (128). Other applications may be due to male
fertility problems, for example, the male partner fails to produce sperm on the day of
oocyte retrieval (129). There has been a report of on emergency oocyte vitrification for
women when sperm extraction from the male partner was not successful on the day of
oocyte retrieval, 117 oocytes from 15 women were vitrified and warmed, post-warmed
survival rate was 84.6 with 83.8% fertilization rate by ICSI. The pregnancy rate was
53.3% and 9 healthy babies were delivered from 8 pregnancies (130). Cryopreservation
via vitrification is also used to cryopreserve accumulated oocytes from multiple ovarian
stimulations for low responders to achieve successful IVF and embryo transfer (131).

Unlike embryo and sperm cryopreservation, for most species oocyte cryopreservation has
not been as successful (12, 14-17). Therefore, oocyte cryopreservation is a potential
assisted reproductive technology (ART) for long-term germplasm preservation and a
wide range of infertility treatments and preserving fertility for women who are
undergoing cancer treatments (e.g. chemotherapy or radiotherapy). Both chemo- and
radiotherapy are known to cause severe damage to ovarian follicular reserves (19). Even
though there are several reports about human pregnancy and childbirth (122, 132, 133).
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Despite significant progress made over the last decade, oocyte cryopreservation is still a
challenging area in the reproductive cryobiology field and less successful compared to
sperm and embryo cryopreservation (16, 17). The post-thaw survival, fertilization rate
and embryonic development of the cryopreserved oocytes are relatively poor (15, 20).
Unfortunately, there is no standard cryopreservation protocol for oocytes from many
mammalian species (21) and the current available cryopreservation protocols are still not
satisfactory (22).

Vitrification has been widely used for cryopreservation of oocytes and embryos since it is
more effective, easier to perform, and a less time-consuming than the traditional slow
cooling method (134). In order to avoid formation of lethal intracellular ice, several
methods have been used to perform cryopreservation by vitrification. These protocols
used very small amounts (1-3 µl) of vitrification solution to achieve ultra-rapid cooling
when the samples are rapidly plunged into LN2. So-called “minimum drop vitrification”
systems have resulted in higher survival rates of bovine and porcine oocytes
cryopreservation (135). Other vitrification techniques utilized a few micro liters of
vitrification solution in open pulled plastic French straws (136), cryoloop (137), and
cryotop (138). The nylon cryoloop has been used as a vitrification carrier where oocytes
or embryos were suspended in a droplet of cryoprotectant solution followed by directly
plunging into LN2 for long term storage (23). The cryoloop method has been relatively
successful for the cryopreservation of porcine spermatozoa (24) and mouse embryos (25).
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One of the advantages of the cryoloop method is the generation of a high cooling rate
(20,000 °C/min) to achieve optimal vitrification (25, 26).
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Chapter Two
Euthanasia via CO2 inhalation Causes Premature Cortical
Granule Exocytosis and Influences In-vitro Fertilization and
Embryo Development in MII Mouse Oocytes
Abstract
The production of good quality of oocytes is one of the essential steps for successful
outcome of assisted reproductive technologies (ART) and biomedical reproductive
research. Cervical dislocation (CD) or CO2 inhalation are two commonly used methods
for mouse euthanasia. The objectives of our research were to assess the impact of CD and
CO2 euthanasia on metaphase II (MII) oocyte, in-vitro fertilization (IVF), embryo
development, and subcellular structure, as well as female donor blood clinical chemistry.
In a preliminary study, the superovulated C57BL/6 female mice were euthanized by
either CD or low flow CO2 (15% displacement; L/ per min, L CO2). The collected
oocytes were subjected to IVF and an embryo culture procedure. The oocytes collected
from CD donor females resulted in significantly higher two-cell development rates than
those of L CO2 euthanized donors (48.7% vs. 30.30%, respectively; p = 0.028).
Similarly, the oocytes collected from CD donor females resulted in higher embryo
development rates than those of L CO2 euthanized donors (42.0% vs. 29.0%,
respectively; p = 0.027).
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In a further experiment, the superovulated C57BL/6 female mice were euthanized by
either CD, L CO2 (15% displacement) or high flow (100% displacement; H CO2). The
cumulus-oocyte complexes (COCs) derived from each euthanasia method were then invitro fertilized by using either fresh or frozen-thawed C57BL/6 sperm. After IVF with
frozen-thawed sperm, the oocytes collected from CD euthanized female donors resulted
in a higher two-cell and morula development rates (68.7%) than the L CO2 (43.7%)
euthanized donors (P=0.028). The oocytes collected from CD donor females resulted in a
higher blastocyst (51.6%) development rates than those of H CO2 (29.3%) and L CO2
(14.0%) euthanized donors (P<0.001). Although two-cell development between H CO2
(53.7%) and L CO2 (43.7%) was not statistically different (P=0.443), blastocyst
formation rate (P=0.039) was higher for H CO2 (29.3%) than L CO2 (14.0%). After IVF
with fresh sperm, the oocytes collected from CD euthanized female donors resulted in
significantly higher two-cell (83.1%, 64.6% and 55.3%), morula (74.3% 56.1%, 41.2%)
and blastocyst formation (64.7%, 41.4%, and 31.6%) rates than both H CO2 ( P<0.005,
P<0.003, P<0.001) and L CO2 (P<0.001) euthanized donors, respectively. Although
oocytes derived from L CO2 euthanized donors resulted in lower 2-cell (P=0.189 and
blastocyst (P=0.156) formation than H CO2 euthanized donors, the difference was not
statistically significant.

In order to understand the mechanisms underlying decreased IVF and embryo
development rate in the CO2 euthanasia groups, ICR female mice were randomly
assigned to three experimental groups, high flow CO2 (H CO2), low flow CO2 (L CO2)
and CD. Response variables were: anion gap, cortical granules (CGs), and F-actin. The
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results showed that the plasma anion gap was increased (P<0.001) in the L CO2 group
compared to H CO2. The CGs integrity were measured by using fluorescence intensity
analysis revealed significantly higher rate of premature CG exocytosis (PCGE) for
oocytes derived from the mice euthanized by L CO2 than either CD or H CO2 (P< 0.001).
There was also a higher incidence of PCGE in oocytes derived from L CO2 than H CO2
euthanized mice (P< 0.001). The incidence of PCGE in oocytes derived from H CO2
euthanized mice was higher than those from CD, but lower than those from L CO2
euthanized mice (P< 0.001). In oocytes derived from CD mice, the integrity of F-actins
were preserved at a higher level than oocytes derived from both L CO2 and H CO2
euthanized mice (P<0.001). However, there was no difference in F-actins integrity
between L CO2 and H CO2 (P=0.988).

These data collectively suggest that, as compared to CD, euthanasia by either L CO2 or H
CO2 inhalation causes PCGE and consequently produces lower fertilization and embryo
development rates. Therefore, we conclude that CD is the optimal method of euthanasia
for the purpose of obtaining good quality MII oocytes for mouse IVF and other
reproductive studies.

Key Words: Mouse, Euthanasia, CO2, Cervical Dislocation, Cortical Granules, F-actin,
Anion Gap, IVF
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Introduction
Mice are the most commonly used laboratory animals for biomedical research, for
production of gametes and embryos, and as genetically engineered animal models for
human disease and disorders (1-3). Carbon dioxide (CO2) inhalation is a widely used
euthanasia method for laboratory animals including mice and rats. However, there is an
increasing body of evidence suggesting that euthanasia via CO2 inhalation causes reduced
fertilization rates, and before death changes blood pH, respiration rate, heart rate, blood
pressure (5) and hypothermia (6).

In addition, CO2 inhalation has an anesthetic effect on mice, which may cause depression
of respiratory and cardiovascular systems (6). However, whether euthanasia via CO2
inhalation is more humane and would actually yield an optimal research outcome has
been controversial (5, 109). According to the 2013 edition of the American Veterinary
Medical Association (AVMA) guidelines (110), the CO2 inhalation method with 10% to
30% volume displacement per minute is required for rodent euthanasia (111) unless CD
is scientifically justified (6). It was suggested that while fast displacement of 100% CO2
decreases the duration of the stress mice undergo, slow displacement of CO2 prolongs the
time period of experiencing distress, ataxia, stress on breathing (111) and decreases the
duration of dyspnea (112).

There were an estimated tens of millions of laboratory rodents euthanized by CO2
inhalation (5), thus potential stress and pain caused by CO2 should be taken into
consideration (139). To this end, a recent study found that a darkened chamber with
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slow displacement of CO2 may alleviate stress during CO2 euthanasia (140). A few
studies have reported that euthanasia via CD significantly increased the IVF and embryo
development rate as compared to CO2 euthanasia (6). Roustan et al., (2012)
recommended CD as the optimal method for collecting good quality MII mouse oocytes
for biomedical research (3). The authors suggested that L CO2 can cause decreased pH
and body temperature which subsequently decreases IVF and later embryo development
rate (3, 141).

It has been also suggested that CO2 acidification may cause permeability of the zona
pellucida, interfering with proper fertilization due to premature cortical granule
exocytosis (PCGE) and subsequently embryo in-vitro developmental competence, as well
as fetal development following embryo transfer (7). Several early studies concluded that
pH outside the optimal range can also adversely affect the IVF success rate and
recommended the optimal pH for the mouse oocytes to be fertilized in-vitro to be
between 7.3 to 7.7 (142, 143).

The CG are membrane bound regulatory secretory organelles located in the cortex of
unfertilized MII oocytes of most mammalian species (56, 144). Under normal conditions,
upon fertilization, a single membrane of CGs fuses with the oolemma and releases its
content into the perivitelline space of the oocyte and hardens the zona pellucida to block
additional sperm penetration or prevent polyspermy (145). However, CGs exocytosis
might also occur prematurely in conditions such as the membrane permeability of due to
hypothermia, and toxicity and osmatic shocks caused by cryoprotectant. Cooling-induced
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increased intracellular Ca2+ might also cause PCGE (145, 146). Cryoprotective agents
(e.g. PROH and DMSO) and cryopreservation procedures can also result in extensive
PCGE (74, 145). MII oocytes might be activated due to osmotic shock which possibly
cause, PCGE and second polar body extrusion during the cryopreservation process due to
relatively higher concentrations of cryoprotectant solutions (147). Due to the important
function of the CGs for blocking polyspermy during the fertilization, it becomes
imperative to examine their integrity after various euthanasia methods.

F-actins are one of the cytoskeletal components important for maintaining oocytes shape,
migration of meiotic spindles and chromosomes, polar body extrusion, spindle
positioning and cell division, during mammalian embryogenesis. F-actin are also
involved in the distribution, movement and exocytosis of CGs during oocyte maturation
and fertilization (107). The altered distribution of F-actin may cause decreased IVF,
lower cleavage and reduced embryo development rates (108). Since there has been no
report at this point of the effect of CO2 euthanasia on oocyte subcellular structure changes
(e.g. cortical granules and F-actin) that might cause a decreased IVF and embryo
development rate, our objective was to investigate the oocyte subcellular changes
associated with decreased IVF rates and embryo development in H CO2 and L CO2
euthanasia methods and directly comparing to CD. Our overall hypotheses was that
different euthanasia methods will influence MII mouse oocytes’ fertilization and
subcellular integrity including F-actin CGs.
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Materials and Methods

Animals: In this study, 8-10 week old inbred C57BL/6 (n=36) and eight-week old
outbred ICR mice (n=40) were used (Charles River Wilmington, MA). All of the animal
studies performed were approved by the University of Missouri’s Animal Care and Use
Committee and were in accordance with the guidelines of the Institute for Laboratory
Animal Research Guide for the Care and Use of Laboratory Animals. On arrival at the
University of Missouri, mice were housed in microisolator caging at temperature range of
20-25oC and lighting (10-h dark/14 h light) controlled environment and provided free
access to water and standard pelleted rodent chow. Animals were checked daily by the
animal care staff.

Chemicals: All chemicals used in these studies were obtained from Sigma Chemical
Company (St. Louis, MO) or ThermoFisher Scientific unless stated otherwise.

Superovulation and oocyte collection: For superovulation, each female mouse was
injected with 7.5 IU of pregnant mare serum gonadotropin intraperitoneally (IP) followed
by injection of 7.5 IU human chorionic gonadotropin (hCG) 48 h later. The clutches of
cumulus-oocyte complexes (COCs) were collected from the oviducts 14-15 hours after
hCG injection.

31

Sperm collection and freezing: The cauda epididymides of proven males were dissected
out post-mortem and placed in 1.2 mL 18% raffinose pentahydrate (w/v) and 3%
skimmed milk (w/v) freezing solution as previously described (148). Each epididymis, a
small cut was made by using sterile micro-scissors was secured with a fine tweezers.
After 10 min, freezing solution containing the sperm was loaded into 0.25 mL French
straws, and straws were placed and cooled in vapor phase of LN2 on a wire mesh 8 inches
above the LN2 in a Styrofoam box for 5 min, and then the straws were plunged into LN2
for long term storage.
For fresh sperm collection, a sexually mature proven male was euthanized by cervical
dislocation and the cauda epididymides were gently dissected out and cleaned of any
blood and fat on a clean tissue paper and placed in mineral oil next to the FERTIUP
sperm pre-incubation drop. With the aid of a fine tweezers a small cut was made in each
epididymis. A sterile 27g needle was used to squeeze out dense sperm and immediately
pulled into a 90 L drop of FERTIUP for sperm capacitation for 30 min before IVF. The
procedure took place in an atmosphere of 5% CO2 in air at 37oC.

In Vitro Fertilization: The straws containing frozen sperm were removed from LN2 and
thawed in a water bath at 37oC. The content of the straw was gently expelled on top of 1
mL FHM (holding media) containing BSA (4 mg/mL) in an Eppendorf tube and then
centrifuged for 5 min at 300 G. The supernatant was removed and the sperm pellet was
gently pipetted out and placed into pre-equilibrated 95 mL FERTIUP drop for sperm
capacitation. An IVF procedure was performed as previously described (149, 150). Both
FERTIUP and CARD (for in-vitro fertilization) media were pre-equilibrated in a
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humidified incubator containing 5% CO2 in air under mineral oil at 37oC in 35 mm Petri
dishes (Falcon 351008). For IVF, previously dissected oviducts from each donor females
were separately placed into mineral oil next to a CARD drop and under a
stereomicroscope. The clutches of COCs from each donor were first released into mineral
oil with the aid of fine tweezers and a 28 g needle and then gently pulled into 90 L
CARD drops. For IVF, frozen-thawed or fresh sperm capacitated in FERTIUP were then
gently added (~350x105 motile sperm/mL) into each CARD drop containing the clutches
of COCs. After about 6 hours, sperm and egg co-incubation the presumptive zygotes
were washed 3 times in FHM media containing BSA (4 mg/mL) and transferred into
KSOM (embryo culture media) amino acid culture drops (151, 152) to determine embryo
stage.

Euthanasia Methods: Male mice for the collection of fresh sperm or freezing were
euthanized by using cervical dislocation. Female mice used as oocyte or blood donors
were euthanized by using either CD or by using CO2 inhalation in a clear acrylic plastic
chamber measuring (38.5 cm L, 19.5 cm W, 19.5 cm H) with medical grade (100%) CO2.
Each mouse was euthanized individually and the CO2 chamber was ventilated between
the mice by using a hair dryer in order to clear residual CO2. Low flow rate CO2 (L CO2)
euthanasia was performed at a displacement rate of 15% CO2 per minute in the chamber
via Western Medica CO2 flow meter (Westlake, OH), according to AVMA 2016
guidelines (153). High flow rate CO2 (H CO2) euthanasia was done by using a standard
CO2 regulator providing 100% CO2 into the gas chamber according to AVMA 2013
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guidelines (110). Once the breathing ceased, each mouse was subjected to CD to ensure
death.

Cervical dislocation: For cervical dislocation, a trained person simply grasped the skin
on the back of the neck by the thumb and forefinger and immediately pulled on the base
of the tail in an opposite upward direction from the head in accordance to 2013 AVMA
guidelines (110). The immediate dislocation of the spinal column from the brain ensured
death within a few seconds.

Clinical chemistry: Blood collection was performed by using a 1 mL syringe with a 25gauge needle via intracardiac puncture immediately after euthanasia was confirmed. The
withdrawn blood was transferred into a tube containing sodium heparin and centrifuged
10 minutes at 1,000 x G. The resulting plasma was immediately transferred to a clean
polypropylene tube in 0.5 mL aliquots and placed in the freezer at -20°C until further
analysis. The plasma bicarbonate, sodium, chloride and potassium were determined to
calculate the anion gap (Na - (Cl + HCO3) for each mouse.

Immunofluorescence staining and confocal microscopy: For fluorescence staining,
fresh COCs were dispersed by using 1 mg/ml hyaluronidase to remove the cumulus cells
and 5 mg/ml protease to remove the zona pellucida. Oocytes were fixed with 3.7%
formaldehyde in PBS for 30 min at 37°C. After two washes in PBS containing 0.3%
polyvinylpyrrolidone (PVP), the oocytes were transferred into blocking buffer which is
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composed of 1% BSA and 0.01% Triton X-100 in PBS for one hour. For CGs staining
after three washes in 0.3% PVP/PBS containing 0.1% Tween 20 and 0.01% Triton X-100
for 5 min each, oocytes in each group were stained with LCA-FITC (Lectin from Arachis
hypogaea conjugated with FITC, Sigma, Catalog number: L7381) (10l stock solution+
990 l PBS) for 1 hour at room temperature.

For F-actin staining, oocytes in each group were incubated in 1g/ml of phalloidinTRITC (Rhodamine Phalloidin, Invitrogen, catalog number # R415) at room temperature
for 30 min. After three washes in PBS containing 0.3% PVP, the oocytes were transferred
into a small drop of prolong Antifade mounting medium containing 4, 6 -diamidino-2phenylindole (DAPI) on a microscope slide and covered with a coverslip. Confocal laserscanning images were obtained by using Leica Confocal microscope (Leica, Germany).

Statistical analyses
One-way ANOVA with Tukey post-test comparison were used to compare the effects of
euthanasia methods on fertilization and embryo development and anion gap by using a
Generalized linear model procedure (GLM) in SAS 9.4 for Windows (SAS Institute Inc.,
Cary, NC). Fluorescence intensity of all images were measured by using Fiji ImageJ
software and then all of the data were analyzed by using either one way ANOVA or t-test
by SigmaPlot 14.0 (Systat Software Inc.) and graphs were created based on the analyzed
results.
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Results
In order to determine whether the method of euthanasia used for female donor mice
influence oocyte quality and subsequent IVF and embryo development competence, we
first compared CD with CO2 inhalation (15% displacement; L CO2) on the C57BL/6
oocytes by using frozen-thawed sperm. The results of IVF and pre-implantation
embryonic development competence of oocytes obtained from either L CO2 inhalation or
CD euthanasia are shown in Table 2.1. There was a decrease (18.5%) (P<0.05) in 2-cell
and pre-implantation embryonic development rate (13%) (P<0.05) for the L CO2
treatment compared to CD. In a further experiment, the superovulated C57BL/6 female
mice were euthanized by either CD, L CO2 (15% displacement) or high flow (100%
displacement; H CO2) and fertilized by using either fresh or frozen-thawed sperm.

Figure 2.1 shows two-cell, morula and blastocyst development of oocytes collected from
CD, L CO2 and H CO2 euthanized donors following in-vitro fertilization with frozenthawed sperm and subsequent in-vitro embryo culture. The oocytes collected from CD
donor females resulted in higher two-cell (83.1%, 64.6% and 55.3%), morula (74.3%
56.1%, 41.2%) and blastocyst formation (64.7%, 41.4%, and 31.6%) rates than both H
CO2 ( P<0.005, P<0.003, P<0.001) and L CO2 (P<0.001) euthanized donors, respectively.
Although oocytes derived from L CO2 euthanized donors resulted in lower 2-cell
(P=0.189 and blastocyst (P=0.156) formation than H CO2 euthanized donors, the
difference were not statistically significant.
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Figure 2.2 shows two-cell, morula and blastocyst development of oocytes collected from
CD, L CO2 and H CO2 euthanized donors following in-vitro fertilization with fresh sperm
and subsequent in-vitro embryo culture. The oocytes collected from CD donor females
resulted in higher two-cell (68.7% vs. 43.7%, P=0.028) and morula (61.9% vs. 36.9%,
P=0.027) and blastocyst (51.6% vs. 14.0%, P< 0.01) development rates than the L CO2
euthanized donors. The morula development rates decreased for the L CO2 (36.9%)
compared to CD (61.9%, P=0.027) but were not significantly different for CD vs. H CO2
(P=0.148) and H CO2 vs. L CO2 (P=0.529). The oocytes collected from CD donor
females resulted in higher blastocyst (51.6%) development rates than those H CO2
(29.3%) and L CO2 (14.0%) euthanized donors (P<0.001). Although two-cell
development rates did not reach statistical difference between H CO2 (53.7%) and L CO2
(43.7%, P=0.443), blastocyst formation rate was higher for H CO2 (29.3%) than L CO2
(14.0%, P<0.001). Two-cell embryo development rates were not different between HCO2
(53.7%) and CD (68.7%, P=0.196).

In order to gain fundamental understanding about underlying causes for decreased IVF
and embryo development rates for the oocytes derived from the L CO2 treatment, we
conducted a series of experiments to determine the relationship between euthanasia
methods (H CO2, L CO2, CD) and oocyte subcellular structural characteristics including
CGs and F-actin. While euthanasia by CD was within few seconds, it took an average of
41.1± 0.88 seconds or 4.71± 0.16 min for H CO2, and L CO2 respectively. We
determined and compared the plasma anion gap, CG integrity, F-actin distribution, and
two-cell, morula and blastocyst stage embryo development rates among the three
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euthanasia methods. The anion gap for the L CO2 (13.30 ±1.02) was higher compared to
H CO2 (7.63 ± 1.02) (Figure 2.4, P=0.001) while no statistical difference was detected
between either CD (10.54 ± 0.88) and H CO2, P=0.117) or CD and L CO2 (P=0.093).

Severe PCGE was observed in oocytes obtained from L CO2 euthanized donors as
manifest by reduced fluorescence intensity compared to H CO2 and CD (Figure 2.5J and
Figure 2.6). There were also some disrupted CGs in the H CO2 (Figure 2.5F) oocyte
group compared with CD while all oocytes obtained from CD had intact CGs (Figure
2.5B). There was a significant decrease in CG fluorescence intensity for both L CO2 and
H CO2 compared to CD and the CG fluorescence intensity for H CO2 was higher than the
L CO2 treatment group (P<0.001). Although most oocytes from L CO2, H CO2 and CD
seemingly maintained the intact F-actins (Figure 2.5C, G, K) there were significant
decreases in F-actin fluorescence intensity for L CO2 and H CO2 compared to CD
(P<0.001, Figure 2.7). There was no difference in F-actins intensity detected between L
CO2 and H CO2 (P=0.988).

In order to determine if longer duration of death observed in L CO2 (4.7 min) alone has
any adverse effects on the oocytes, the oviducts containing the COCs were left in the
body for about 5 min after CD, then dissected out and then subjected to CGs and F-actin
integrity assessment. Although apparently intact CGs (Figure 2.8A, D) and F-actin
distribution (Figure 2.8B, E) in both groups, there was a slight but statistically significant
decrease in F-actin fluorescence intensity 5 minute after CD compared to right after CD
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(P=0.01) Figure 2.9). However, there was also difference in terms of CGs fluorescence
intensity between the groups (P=0.031, Figure 2.10).

Discussion
Rodent models are one of the most commonly used animal experimentation models for
life sciences and biomedical researchers (3, 154, 155). One of the most important
considerations for animal experimentation is to obtain optimal quality cells or tissues
post-mortem for reliable outcomes. Thus, it becomes extremely important to determine
the optimal method of euthanasia prior to blood, cell and tissue collection because the
method of euthanasia may impose profound adverse effects on the viability and
functionality of the cells or tissues collected. The main principles of animal use in
biomedical research are defined as 3Rs namely, replacement, reduction and refinement.
These considerations are collectively implemented to improve animal welfare and
scientific quality where the use of animals cannot be avoided (156). To this end, the
method of euthanasia at the completion of the animal experiments or for future in-vitro or
in-vivo studies warrant optimal quality of cells or tissue retrieved. In other word, the
collected cells or tissues should not be affected by the euthanasia method to which donor
animal are subjected to ensure reliability and reproducibility of the data generated. This
will not only assure minimal numbers of animals used but also reliability of future
experiments as well as reproducibility of the data.
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Mammalian oocytes are extremely sensitive cell types which may lose functional
integrity when they are subjected to suboptimal conditions under in-vitro conditions and
prevent them from undergoing proper fertilization and further embryonic development
(145, 157). For assisted reproductive techniques, such as IVF, sperm micro injection, and
cryopreservation, it is important to obtain good quality oocytes from each female donor
in order to minimize animal use for genetically engineered mice in particular (6). To date,
there has been a very limited number of studies which investigated the influence of
euthanasia procedure on post-mortem oocyte and embryo quality (3, 6, 7, 158).

In this study, we first conducted a preliminary experiment on C57BL/6 inbred donor
female mice which are most commonly used strain to create genetic modifications for
human disease models (154, 155). The C57BL/6 mice were euthanized the animals either
by L CO2 or CD euthanasia, and determined the IVF and embryo development rates were
determined. The results of this experiment showed that L CO2 euthanasia method caused
significant reduction in two-cell development (30.30% vs. 48.7%) and further embryo
development (29.0% vs. 42.0%). This reduction may be attributed to hypothermia and all
acidic environment during the euthanasia process since CO2 has all anesthesia effect on
mice which may have decreased their body temperature due to the long duration (4.71
min) of L CO2 euthanasia and may have lowered the pH during CO2 inhalation (6).

Since the H CO2 method was a previously allowable method of euthanasia based on
AVMA guidelines before 2013, we designed an experiment to compare IVF and embryo
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development rates of C57BL/6 oocytes collected from the mice that were euthanized by
either H CO2, L CO2 or CD. The result of this experiment were consistent with our
preliminary study in that L CO2 euthanasia method resulted in significantly lower
(43.7%) 2-cell development compared to CD (68.7%) and H CO2 (53.7%). Further, invitro embryonic development competence also showed a similar pattern in which L CO2
resulted in a significantly lower (14.0%) morula formation rate than from CD (51.6%) or
H CO2 (29.3%).

Because euthanasia by both H CO2 and L CO2 inhalation resulted in a lower fertilization
and embryonic development rates than CD, we conducted all in-depth investigation to
determine the underlying mechanism involved in this phenomenon by examining the
changes in oocytes’ crucial subcellular structures that are responsible for proper
fertilization (cortical granules) and subsequent mitotic cell division (F-actin). The
integrity of CGs is measured by the level of fluorescence intensity within the oocytes.
While oocytes emitting high fluorescence intensity are considered to possess intact CGs,
oocytes emitting low intensity are considered as pre-mature cortical granule exocytosis
(PCGE). The fluorescence intensity of CGs of the oocytes collected from L CO2
euthanasia method significantly decreased compared to both H CO2 and CD. The oocytes
revealed severe PCGE for L CO2 and moderate PCGE for H CO2 euthanasia method
while the vast majority of oocytes derived from CD maintained their integrity.
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These reductions in IVF and 2-cell development rates for the L CO2 group can be
explained by a higher incidence of PCGE which is responsible for blocking more than
one sperm from penetrating the oolemma during a normal fertilization event (56). We
also analyzed the blood plasma clinical chemistry (total CO2, Na, K, Cl) of the oocyte
donors to determine anion gap among H CO2, L CO2 and CD euthanasia methods. The
anion gap is increased in L CO2 compared to H CO2 and CD, which indicates the
possibility of acidification in the blood circulation that subsequently caused PCGE. A
previous study reported that euthanasia via gas (isoflurane) inhalation causes increased
abnormality of the oocytes (3) which might be indicating increased accumulation of gas
in the oviduct activating the oocytes and PCGE. However, the L CO2 group in our study
preserved intact F-actin which indicates that F-actin distribution was not affected by the L
CO2 euthanasia method.
Both two-cell embryo development and morula formation rate were also significantly
decreased (25%) in the L CO2 euthanized mice compared to the CD, it is most likely
because the increased anion gap caused acidic environment which subsequently caused
the severe PCGE of oocytes. These results are consist with the previous reported studies
about the adverse effect of CO2 euthanasia methods on IVF and embryo development (6,
7). It was also reported that MII mouse oocytes acidified by 20% CO2 (pH=6.9) for one
hour could have altered oocyte structures that increase the permeability of the zona
pellucida which subsequently allow multiple sperm penetration and degeneration of the
resulting embryos (7). However, in their study, the oocytes were not affected by the
alkaline conditions, but were still able to develop into two-cell embryos and blastocyst
stage embryos (7).
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It was reported that the optimal pH for the mouse oocyte IVF was in a range between 7.3
to 7.7 (143). The blood pH of the female C57BL/6 mice euthanized by using CO2 at a
displacement rate of 20%/ L/min significantly lowered the pH to 6.5 compared to the CD
(7.31) method (6), which might explain the increased anion gap indicating acidosis in this
study for L CO2 mice. In our preliminary study, the H CO2 euthanasia method caused a
significant increase in PCGE as compared to CD, but did not show a statistically
significant reduction in terms of two-cell embryo development or morula formation.
These results suggest that euthanasia by H CO2 caused a less acidic environment with a
significantly smaller anion gap compared to the L CO2 group, and thus, preserved the
majority of the CGs in the cortex region of the oocytes.

A previous related study investigated the quality of zygote stage embryos derived from
various strains of mice C57BL/6, FVB/N, and B6SJLF1 mice that were euthanized by
either H CO2 (100% displacement) or CD (158). There was no difference between H CO2
and CD when they compared the mean viable egg yield among the strains examined.
Furthermore, their study found no significant difference for in-vitro development
potential of the zygotes to blastocyst stage between the H CO2 and CD euthanasia
methods. It has been well documented that fertilization is the most critical period of
embryonic development in mice. Thus, the exposure of oocytes or sperm to suboptimal
conditions (i.e. hypothermia, various physical stress) before or during the course of
fertilization could inflict PCGE or pre-mature acrosome reaction in respective cell types
(159-161). These potential insults could ultimately cause a significant reduction in
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fertility and produce lower embryonic development (161). On the other hand, once
fertilization completed, development to advanced stages (two-cell to blastocyst) is
relatively less intricate and may be tolerated despite minor insults to already fertilized
eggs (162).

George and Doe, (163) examined the influence of delayed post CD dissection of oviducts
on mouse oocyte viability and embryo developmental competence in-vitro. They
determined that leaving the MII oocytes or pre-implantation embryos in the oviduct up to
30 minutes resulted in lower oocyte viability upon recovery and adversely affected their
developmental potential. Although length of euthanasia with the use of L CO2 in our
study was much shorter (4.7 min) than their study (30 min) such a delay may also
contribute to lower fertilization and embryo development.

Overall, this study clearly demonstrated that CD euthanasia method was able to preserve
the intact distribution CGs and F-actin of oocytes with significantly higher two-cell
embryo development, and morula and blastocyst formation rate compared to the either H
CO2 or L CO2. We conclude that the main reason for the higher oocyte quality was
because CD allows the fastest tissue recovery, and maintains blood pH and the integrity
of oocytes CGs and F-actins, which collectively safeguards optimal fertilization and
embryonic development in-vitro. Furthermore, these results suggest that the CD
euthanasia method is the best euthanasia method for obtaining good quality oocytes for
IVF or other reproductive studies in biomedical research.

44

Figure legends
Figure 2. 1. Two-cell (A), morula (B) and blastocyst (C) development of oocytes
collected from CD, L CO2 and H CO2 euthanized donors following in-vitro fertilization
with frozen-thawed sperm and subsequent in-vitro embryo culture.
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Figure 2. 2. Two-cell (A), morula (B) and blastocyst (C) development of MII mouse
oocytes collected from CD, L CO2 and H CO2 euthanized donors following in-vitro
fertilization with fresh sperm and subsequent in-vitro embryo culture.
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Figure 2. 3. Representative bright field images of two-cell embryos from CD (A), L CO2
(B) and H CO2 (C).
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Figure 2. 4. Plasma anion gap measurements of MII mouse oocyte donors euthanized by
using CD, L CO2 or H CO2.
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Figure 2. 5. Representative confocal images of the localization of the cortical granules
(green) by Lectin conjugated with FITC, F-actin (red) was detected by phalloidin-TRITC
and DNA (blue) was stained by DAPI in the oocytes. Confocal images of DNA (A, E, I),
Cortical granules (B, F, J), F-actin (C, G, K) and merged (D, H, L) representative oocytes.
(A-D) oocytes from cervical dislocation (n=16), (E-H) oocytes from H CO2 (n=10), (I-L)
oocytes from L CO2 (n=10).
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Figure 2. 6. Cortical granules fluorescence intensity measurement of MII mouse oocytes
derived from CD, L CO2 and H CO2 euthanized donors.
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Figure 2. 7. F-actin fluorescence intensity of MII mouse oocytes derived from CD, L CO2
and H CO2 euthanized donors.
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Figure 2. 8. Representative confocal images of the localization of the cortical granules
(green) by using lectin conjugated with FITC, F-actin (red) were detected by phalloidinTRITC. Confocal images of cortical granules (A, D), F-actin (B, E) and merged (C, F)
representative oocytes. (A-C) oocytes from cervical dislocation (n=16), (D-F) oocytes
from 5 minutes after cervical dislocation (n=36).
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Figure 2. 9. F-actin fluorescence intensity of MII mouse oocytes collected from donors
that were euthanized by using CD and recovered 5 minutes after CD.
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Figure 2. 10. Cortical granules fluorescence intensity of MII mouse oocytes collected
from donors that were euthanized by using CD and recovered 5 minutes after CD.
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Table 2. 1. In-vitro fertilization and pre-implantation embryonic development of MII
mouse oocytes derived from CD and L CO2 euthanasia methods.
Euthanasia method

No. oocytes

% 2-cell embryos

% Blastocyst

Cervical dislocation

119

48.70±7.9a

42.0±4.6a

Low CO2 inhalation

89

30.30±7.6b

29.0±5.1b

a,b

Values with different letters within a column are different (P<0.05).
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Chapter Three
Morphometric, Subcellular, In-Vitro Fertilization and
Embryonic Developmental Assessment of MII Mouse Oocytes
Following Superovulation with Anti-Inhibin Serum or
Pregnant Mare Serum Gonadotropin
Abstract
The production of sufficient numbers of oocytes or embryos from donor females is one of
the limitations for assisted reproductive technologies (ARTs) such as in-vitro fertilization
(IVF), intracytoplasmic sperm injection (ICSI), transgenic animal production, germplasm
cryo-banking and somatic cell nuclear transfer (SCNT). This study compared
morphometric, subcellular characteristics, and IVF and in-vitro developmental potential
of Metaphase II (MII) mouse oocytes derived from either Anti-Inhibin Serum (AIS) or
Pregnant Mare Serum Gonadotropin (PMSG) superovulated donor females. Comparisons
were made between the two treatments in terms of quantity, quality, thickness of zona
pellucida (ZP), perivitelline space (PVS), diameter (OD), microtubules, F-actin, cortical
granules (CGs), and mitochondria. Furthermore, fertilization and developmental
potential to blastocyst stage between AIS and PMSG superovulation methods were
compared. The AIS superovulation method produced higher numbers of oocytes
compared to the PMSG treatment (P=0.002). The number of morphologically normal
oocytes produced from the AIS was significantly higher than the PMSG treatment
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(P=0.01). There was no significant difference with regards to morphologically abnormal
oocytes collected from either AIS or PMSG treated females (P=0.425). Additionally, the
morphometric measurements of the oocytes showed no significant difference in diameter
between AIS and PMSG treated females (P=0.289). However, the thickness of the ZP of
oocytes collected from AIS treated females was significantly decreased compared to
PMSG treated females (P<0.0001). The PVS of oocytes derived from the AIS treated
females was larger than for PMSG treated females (P<.0001).

To determine the integrity of subcellular structures, in addition to subjective examination,
fluorescence intensity analysis was performed. The microtubules in both AIS and PMSG
groups were normal even though there was an increased fluorescence intensity in the AIS
group (P<0.001). The F-actin in both the AIS and PMSG groups were normal and the
fluorescence intensity was not significantly different (P=0.330). The CGs in both the
PMSG and AIS groups also showed normal distribution with no significant difference in
fluorescence intensity. While the oocytes derived from PMSG treated females had more
homogenously distributed mitochondria, AIS showed a more peripheral distribution with
no significant fluorescence intensity differences between the two treatment groups.
Embryonic development rate after IVF with fresh sperm showed no significant difference
between AIS and PMSG for two-cell (P=0.103), morula (P=0.203) and blastocyst
(P=0.235). Embryonic development to 2-cell after IVF with frozen-thawed sperm also
did not show significant differences between AIS and PMSG. However, there were
decrease in morula (P=0.01) and blastocyst formation (P=0.032) in the PMSG group
compared to AIS method.
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Overall, these data suggest that AIS produced around 1.81 times more morphologically
normal oocytes with higher two-cell embryo development, morula and blastocyst
formation rates than PMSG. The AIS method not only produce high numbers of
morphologically normal oocytes, but they possessed normal subcellular structures with
good morphological characteristics of oocytes with high in-vitro embryonic
developmental potential.

Keywords: Superovulation, Anti Inhibin Serum (AIS), Pregnant Mare's Serum
Gonadotropin (PMSG), Microtubules, F-actin, Cortical Granules, Mitochondria, Zona
Pellucida, morphometric

Introduction
The production of a sufficient quantity of good quality oocytes is very critical for
biomedical research and assisted reproductive technologies (ARTs) (4) such as in-vitro
fertilization (IVF), intracytoplasmic sperm injection (ICSI), transgenic animal
production, germplasm cryo-banking (14) and somatic cell nuclear transfer (SCNT).
Therefore, the availability of effective superovulation procedure is very important for
producing an adequate number of oocytes and reducing the number of the animals to be
euthanized particularly for genetically modified rare species and low- responder female
strains (4, 11).
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Pregnant mare’s serum gonadotropin (PMSG) is a unique gonadotropin among mammals
and most widely used for superovulation of laboratory rodents. PMSG acts similar to
follicle stimulating hormone (FSH) (8) which selects and stimulates multiple ovarian
follicles to grow and mature by forming functional complexes with both FSH and LH
receptors. Human chorionic gonadotropin (hCG), on the other hand, appears to form
more prompt and stable hormone-receptor complexes than PMSG. Inhibins are
glycoprotein hormones composed of two molecular forms denoted inhibin A and inhibin
B (113). They are mainly produced from ovarian follicles that are potentially inhibiting
the production of the FSH from the anterior pituitary gland (10). Using AIS to immuneneutralize inhibin in cycling rats was known to increase the production of FSH (9).
Immunization of inhibin is a very effective way for superovulation (10). It was
demonstrated that the immune-neutralization of inhibin superovulation method works in
several species including mice (114), rats (115), hamsters (116), guinea pigs (117), cows
(118), mares (119), ewes (120) and goats (121). Injection of female mice with AIS causes
an increase in endogenous production of FSH that stimulates follicular growth in the
ovaries (4). It is a very effective way to produce adequate numbers of oocytes from
genetically modified rare species, and various inbred and outbred mice strains (11).
Generally 48 hours after PMSG or AIS injection, followed by an injection of human
chronic gonadotrophin (hCG) which mimics the function of luteinizing hormone (LH)
(8), most species stimulate final maturation of ovarian follicles and trigger ovulation.
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Oocytes quality is one of the most important determining factors for successful
fertilization and embryo development, both of which are critical for successful pregnancy
for infertility treatments. Thus, examining and selecting the morphological normal, good
quality oocytes is very important for successful execution of ARTs. The integrity of the
microtubules is one of the most important determining factors for the quality of the
oocyte. Microtubules play important roles for the course of the alignment of
chromosomes of Metaphase II stage oocytes and correct segregation of the sister
chromatids during anaphase II (96, 97). Errors in chromosome segregation can cause
aneuploidy which is a major cause of spontaneous abortions and pregnancy loss in
humans (98). Therefore, the integrity of the microtubules is very important for successful
IVF or micro-insemination, cleavage and embryonic development.

Similar to microtubules, F-actin distribution is also very critical during fertilization,
cleavage and proper pre-implantation embryo development. F-actin are one of the most
important cytoskeletal components that contribute to maintaining oocytes’ shape,
migration of meiotic spindles and chromosomes, cytoplasm, polar body extrusion,
spindle positioning and cell division during preimplantation embryo development and
thereafter. In addition, F-actins are important for the distribution, movement and
exocytosis of cortical granules (CGs) during oocyte maturation and fertilization (107).
The altered distribution of F-actin may cause decreased IVF, lower cleavage and reduced
pre-implantation embryo development rate (108).
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The CGs are the Golgi derivative membrane bound regulatory secretory organelles that
range from 0.2 m to 0.6 m in diameter and are found in the cortex of unfertilized MII
oocytes of most species (56, 144). During fertilization, an increased influx of Ca2+ cause
the single membrane of the cortical granules to merge with the oocyte membrane and
release their substances into the perivitelline space. Thus change the structure of ZP
which block the polyspemic fertilization (145).

Mitochondria are considered as one of the important indicators of oocyte quality and are
closely related to successful fertilization and embryonic development (76). Mitochondria
contain genetic materials that contributed from the female oocytes to the offspring.
Mitochondrial dysfunction inherited through the maternal oocyte can cause diabetes and
deafness (82), Leigh’s Disease (83), NARP syndrome (84) etc. in the offspring.

The ZP is an oocyte extracellular matrix that is composed of at least three or four
glycoproteins named ZP1, ZP2, ZP3 and ZP4 (164, 165). They collectively play an
important role during the fertilization and embryo development and implantation. It has
been reported that thickness of the ZP in human oocytes is related to the quality of the
oocytes and fertilization rate (166). Relatively thinner (16.6 m) ZP had higher IVF rate
and the ZP equal to or thicker than 22 m might need ICSI. For rabbit oocytes, the
thicker ZP (19.2 ± 0.3 m) also causes failed fertilization compared to thinner ZP (18.5 ±
0.3 m) of successfully fertilized oocytes (167).
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The perivitelline space (PVS) is the cavity between the oocyte plasma membrane and the
ZP, and is rich in extra-cellular matrix components which are essential for fertilization,
implantation and embryo development. For humans, a systematic review after screening
large numbers (1,622) of MII human oocytes from 160 ovarian stimulation cycles and
126 oocyte donors (168) revealed that oocyte PVS larger than normal have a 1.8 times
higher chance to develop into good quality of embryos.

Materials and Methods
Animals: In this study, 8-12 week old (n= 58) outbred ICR mice were used (Charles
River Wilmington, MA). All of the animal studies were approved by the University of
Missouri’s Animal Care and Use Committee and were in accordance with the guidelines
of the Institute for Laboratory Animal Research Guide for the Care and Use of
Laboratory Animals. On arrival at the University of Missouri. Mice were housed in
microisolator caging at a temperature range of 20-25oC and lighting (10-h dark/14 h
light) controlled environment and provided free access to water and standard pelleted
rodent chow. Animals were checked daily by the animal care staff.

Chemicals: All chemicals used in this experiment were obtained from Sigma Chemical
Company (St. Louis, MO) or ThermoFisher Scientific unless stated otherwise.
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Superovulation and oocyte collection: Each mouse was injected intraperitoneally (I.P)
with either 7.5 or 10 IU of PMSG or 100 l of AIS (CARD institute, Japan) followed by
human chorionic gonadotropins (hCG, 10 IU) injection 48 h later. The AIS had a titer of
1:1000000 as defined by the final dilution of the antiserum required to bind 50% of 125Ilabeled bovine 32-kDa inhibin. The clutches of cumulus-oocyte complexes (COCs) were

collected from the oviducts 14-15 hours after hCG injection.

Sperm collection and freezing: The cauda epididymides were dissected out and placed
in 1.2 mL 18% raffinose pentahydrate (w/v) and 3% skimmed milk (w/v) freezing
solution as previously described (148). A small cut was made by using sterile microscissors by securing each epididymis with a fine tweezer. After 10 min freezing solution
containing the sperm were loaded into 0.25 mL French straws and placed in a Styrofoam
box containing LN2. Straws were placed and cooled in vapor phase of LN2 on a mash
wire 8 inches above LN2 for 5 min, and then the straws were plunged into LN2 for long
term storage.

In Vitro Fertilization (IVF) and embryo culture: For IVF with frozen-thawed sperm,
the straws containing frozen sperm were removed from LN2 and thawed in a water bath at
37oC. The content of the straw was gently expelled on top of 1 mL FHM media
containing BSA (4 mg/mL) in an Eppendorf tube and then centrifuged for 5 min at 300
G. The supernatant was removed and the sperm pellet was gently pipetted out and placed
into a pre-equilibrated 95 L FERTIUP drop for sperm capacitation. For IVF with fresh
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sperm, an adult proven male mouse was euthanized by cervical dislocation and the cauda
epididymides were gently dissected out and cleaned of any blood and fat on clean tissue
paper and placed in mineral oil next to the FERTIUP sperm pre-incubation drop. With
the aid of a fine tweezers a small cut was made in each epididymis. A sterile 27g needle
was used to squeeze out dense sperm and immediately pulled into a 90 L drop of
FERTIUP for sperm capacitation for 30 min before IVF procedure. The procedure was
conducted in an atmosphere of 5% CO2, in air at 37oC.

IVF procedure was performed as previously described (149, 150). Both FERTIUP and
CARD (for in-vitro fertilization) media were pre-equilibrated in a humidified incubator
containing 5% CO2 in air under mineral oil at 37oC in 35 mm Petri dishes (Falcon
351008). For IVF, previously dissected oviducts from each donor female were separately
placed into mineral oil next to a CARD drop and under a stereomicroscope. The clutches
of COCs from each donor were first released into the mineral oil with the aid of fine
tweezers and 28 g needle and then gently pulled into 90 L CARD drops. For IVF,
frozen-thawed sperm were capacitated in FERTIUP and then gently added (~350x105
motile sperm/mL) into each CARD drop containing the clutches of COCs. After about 6
hours of sperm and egg co-incubation, the presumptive zygotes were washed 3 times in
FHM media containing BSA (4 mg/mL) and transferred into KSOM amino acid culture
drops (151, 152) for determination of two-cell, morula and blastocyst development.

Immunofluorescence staining and Confocal Microscopy
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For fluorescence staining, oocytes from both AIS and PMSG cumulus oocyte complexes
were dispersed by using 1 mg/ml hyaluronidase to remove the cumulus cells and 5 mg/ml
protease to remove the ZP. Denuded oocytes were then fixed with 3.7% formaldehyde for
30 min and then permeabilized with 0.3% PVP+0.1% Tween-20 + 0.01% Triton X-100
for 20 min. This was followed by blocking in 1% BSA in PBS containing 0.1% Triton for
1 hour. Then, the oocytes in each group were incubated with anti-α-tubulin−FITC
antibody, mouse monoclonal (clone DM1A, purified from hybridoma cell culture from
Sigma, Catalog number: F2168) diluted 1:200 with blocking buffer for 60 min at room
temperature. For F-actin staining, the oocytes in each group were incubated in 1g/ml of
phalloidin-TRITC (Rhodamine Phalloidin, Invitrogen, catalog number # R415) at room
temperature for 30 min. For cortical granules staining, the oocytes in each group were
stained with LCA-FITC (Lectin from Arachis hypogaea conjugated with FITC, Sigma,
Catalog number: L7381) (10 stock solution+ 990 l PBS) for 1 hour at room temperature.
After three washes in PBS containing 0.3% polyvinylpyrrolidone (PVP), the oocytes
were transferred into a small drop of prolong Antifade mounting medium containing 4, 6
–diamidino-2-phenylindole (DAPI) on a microscope slide and covered with a coverslip.
Confocal laser-scanning images were obtained by Leica Confocal (Leica, Germany). For
mitochondria staining, the oocytes in each group were incubated with rabbit polyclonal
customized phosphate carrier primary antibody overnight, and then stained with goat
anti-rabbit IgG secondary antibody, Alexa Flour plus 647 (Invitrogen) at a dilution of
1:1000 for 1hr at RT. After three washes in PBS containing 0.3% polyvinylpyrrolidone
(PVP), the oocytes were transferred into a small drop of prolong Antifade mounting
medium containing 4, 6 –diamidino-2-phenylindole (DAPI) on a microscope slide and
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covered with a coverslip. Confocal laser-scanning images were obtained by using Leica
Confocal (Leica, Germany).

Statistical analyses. All embryonic development, ZP thickness, perivitelline space,
oocyte diameter, F-actin fluorescence intensity, microtubules fluorescence intensity, CGs
fluorescence intensity, and mitochondria fluorescence intensity data from AIS and PMSG
superovulation groups were analyzed by t-test comparison by using SigmaPlot 14.0
(Systat Software Inc.) and graphs were created based on the analyzed results.

Results
Figure 3.1 shows the comparison of the average number of the oocytes obtained per
donor female after either AIS or PMSG administration. A total of 744 oocytes were
collected from 14 donors after AIS and the total number of 500 oocytes from 17 donors
after PMSG. The mean number of the oocytes obtained from AIS (n=53.14) was higher
than the PMSG (n=29.4, P=0.002). While 90.2% (671/744) of the oocytes were
morphologically normal in the AIS method, 87.4% (437/500) with the use of PMSG.
Figure 3.2 shows the average number of morphologically normal oocytes from each
donor produced from either AIS or PMSG. The average number of morphologically
normal oocytes per donor with the AIS (n=44.7) was higher than PMSG (n=29.1,
P=0.01).
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Figure 3.3 shows the average number of morphologically abnormal (lysed, fragmented)
of oocytes from each donor. There was no significant difference in the average number of
the morphologically abnormal oocytes between AIS (n=4.9) and PMSG (n=4.2,
P=0.425).

In addition to gross morphological evaluation, we performed morphometric analysis by
measuring the diameter, zona pellucida (ZP) thickness and perivitelline space (PVS) of
the oocyte derived from AIS or PMSG stimulation. Figure 3.4 shows the average
thickness of the ZP of oocytes derived from either AIS or PMSG. The ZP thickness of
oocytes collected from AIS (7.92 m) was thinner (8.74 m) than those ZP of PMSG
derived oocytes (P<0.0001). Figure 3.5 shows the average PVS between the AIS and
PMSG methods. The PVS of oocytes derived from AIS (10.98 m) was larger than those
obtained from the PMSG (7.16 m) method (P<0.001). Figure 3.6 shows the average
diameter of oocytes derived from either the AIS or PMSG methods. There was no
statistical difference in oocyte diameter between AIS (71.17 ± 0.28 m) PMSG (73.15 ±
0.30 m, P=0.289).

Further investigation was performed to determine if AIS and PMSG stimulation produces
oocytes with similar subcellular organelle properties including microtubules, F-actin,
cortical granules and mitochondria. Figure 3.7 depicts the representative confocal images
of microtubules of the oocyte derived from AIS or PMSG stimulation. Although the
oocytes from both AIS (n=47) and PMSG (n=100) maintained normal microtubule,
structural integrity, AIS derived oocytes had significantly higher fluorescence intensity
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(Figure 3.8) than PMSG (P<0.001). Figure 3.9 depicts the representative confocal images
of F-actins of the oocytes derived from AIS or PMSG stimulation. The F-actin in both
groups had normal distributions and there was no difference in fluorescence intensity
(Figure 3.10) between AIS or PMSG stimulation (P=0.33). Figure 3.11 depicts the
representative confocal images of cortical granules of oocytes derived from either the
AIS or PMSG superovulation procedure. Both AIS and PMSG derived oocytes had
normal CGs distribution with no significant difference in fluorescence intensity (P=0.13,
Figure 3.12).

Figure 3.13 depicts representative images of the mitochondrial distribution of the oocytes
derived from AIS or PMSG. While the oocytes obtained from PMSG had more
homogenously distributed mitochondria, AIS derived oocytes showed a more peripheral
distribution within the cytoplasm. However, there was no statistical difference with
regard to the fluorescence intensity (Figure 3.14) between AIS and PMSG derived
oocytes (P=0.137).

In order to determine if there is a relation among morphometric, subcellular
characteristics, fertility and embryonic development of oocytes obtained after AIS or
PMSG stimulation, IVF and in-vitro embryo cultures were performed. Figure 3.15 shows
two-cell, morula and blastocyst development of AIS or PMSG derived oocytes following
in-vitro fertilization with fresh sperm and subsequent in-vitro embryo culture. There were
no difference in 2-cell embryo development between AIS (86.2%) and PMSG (75.9%)
stimulated oocytes (P=0.103). There was also no significant difference in morula

68

formation rates (94.3% vs 90%, P=0.235) and blastocyst formation rates (96.8% vs
94.7%, P=0.203) between AIS and PMSG, respectively.

Figure 3.16 shows two-cell, morula and blastocyst development of AIS or PMSG derived
oocytes following in-vitro fertilization with frozen-thawed sperm and subsequent in-vitro
embryo culture. Although there was a 10.6% higher 2-cell embryo development rate for
the AIS (71.5%), derived oocytes, it was not statistically significant compared to PMSG
(60.9%, P=0.189). However, there was a significantly higher rate of morula (91.0% vs
86.9%, P=0.01) and blastocysts formation (95.4% vs 89.9%, P=0.031) for AIS compared
to the PMSG, respectively.

Discussion
It has been reported that passive immunization of inhibin through AIS will produce 1.5 to
3.2 times more mouse oocytes than PMSG administration (11). Given this large numbers
of oocytes obtained from AIS, we hypothesized that there may be potential
morphometric, subcellular and embryo development characteristics between these two
sources of oocytes which may affect their quality their developmental potential. To our
best knowledge, this is the first comprehensive study which investigated and compared
the oocyte diameter, zona pellucida thickness and perivitelline space, oocytes subcellular
structures including microtubules, F-actin, cortical granules, mitochondria, between AIS
and PMSG superovulation protocols for mice.
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The previous studies also investigated the superovulation efficiencies of AIS-hCG and
PMSG-hCG protocols on mice demonstrating lower superovaulatory response such as
Japanese wild-derived Mus musculus molossinus (169) as well as commonly used inbred
(A/J, BALB/cByJ, C3HeJ, DBA/2J, FVB/NJ, BALB/cA, C57BL/6), outbred (ICR) and
hybrid (B6D2F1) strains (4, 11). It has been reported that superovulation by AIS
produces a similar or an increased number of good quality oocytes as compared to PMSG
as determined by developmental potential of 2-cell embryos after IVF and live offspring
(4).

In this study, we first measured the oocyte diameter, ZP thickness, PVS, microtubule
integrity, F-actin, cortical granules and mitochondria distribution from oocytes derived
from either AIS or PMSG. Interestingly, we found that the ZP of oocytes produced from
AIS (7.92 m) was significantly thinner than the ZP (8.74 m) of oocytes obtained from
PMSG (P<0.0001). This is might be indicating a higher potential for in-vitro fertilization
rate according to previous studies on human and rabbits. For MII human oocytes, it was
reported that the thickness of the ZP was related to the quality of the oocytes and in-vitro
fertilization rate (166). A relatively thinner (16.6 m) ZP had the higher IVF rate and the
ZP thicker or equal to or thicker than 22 m might need ICSI. Similarly, in rabbits,
oocytes with thicker ZP (19.2 ± 0.3 m) caused failed fertilization while the oocytes
having thinner ZP (18.5 ± 0.3 m) resulted in successful fertilization (167).
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On the other hand, the PVS (10.98 m) of the oocytes produced from the AIS group were
larger (P<0.001) than the PVS (7.16 m) of oocytes induced from the PMSG method.
This might be representing a greater chance to develop into good quality of embryos
based on a systematic review of human studies which reported that oocyte PVS larger
than normal have a 1.8 times higher chance to develop into good quality of embryos after
screening 1,622 MII human oocytes from 160 ovarian stimulation cycles from 126 oocyte
donors (168). For oocyte diameter, in our study, these two groups produce a similar size
of the oocytes. There were no statistically significant differences in terms of the diameter
of oocytes from AIS vs. PMSG methods (P=0.289).

In this study, although the microtubules of oocytes derived from both superovulation
methods had good integrity, AIS derived oocytes showed significantly higher
fluorescence intensity. This suggests the good quality and in-vitro developmental
potential of the oocytes with AIS in this study since integrity of the microtubules plays an
important role for alignment of chromosomes in the MII stage oocytes and correct
segregation of the sister chromatids during anaphase II (96, 97).

In both AIS and PMSG derived oocytes, the distribution of F-actin were also normal with
no significant difference in fluorescence intensity detected. This additionally
demonstrates the decent quality of the oocytes of both groups since F-actin are one of the
most important cytoskeleton components that contribute to maintaining oocytes’ shape,
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migration of meiotic spindles and chromosomes, cytoplasm, polar body extrusion,
spindle positioning and cell division, mammalian embryogenesis (170) (106).

Additionally, the cortical granules integrity of both AIS and PMSG derived oocytes were
comparable and no differences in fluorescence intensity was detected. This further
validates the potential good quality of oocytes in both AIS and PMSG groups since CGs
play an important role in blocking polyspermy and embryonic development for ensuring
normal fertilization and development of the oocytes (65) (145).

Mitochondria are one of the important indicators of the oocyte quality closely related to
successful fertilization and embryonic developments (76). In this study, the mitochondria
were more homogenously distributed in the oocytes derived from PMSG whereas more
peripherally distributed in the oocytes derived from AIS. However, the fluorescence
intensity of mitochondria in two methods were not statistically significant which provides
further evidence for production of good quality of mouse oocytes in both superovulation
methods.

In order to have a better understanding about the quality and developmental potential of
the oocytes derived from AIS and PMSG, we performed quantitative (number of oocyte
per donor) and qualitative (fragmentation and lysis) evaluations as well as two-cell
embryo development following IVF with either fresh or frozen-thawed sperm, and
monitored 2-cell, morula and blastocyst formation rates. The mean number of the oocytes
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ovulated from each animal in the AIS superovulation method (n=49.6) was significantly
(P=0.002) higher than the mean number of the oocytes ovulated from each clutch in the
PMSG superovulation group (n=29.4) which is consistent with the results of the previous
studies (4) which found significantly increased oocyte yield from AIS in inbred
(BALB/cA, C57BL/6), outbred (ICR) and hybrid (B6D2F1) strains, and wild-derived
strain (Mus musculus molossinus) (169).

With fresh sperm fertilization, we found that there was no significant difference in terms
of the 2-cell embryo formation between AIS (86.2%) and PMSG (75.9%) groups which
was consistent with the results from a previous study (4) that of a similar percentage
oocytes from the AIS and PMSG were able to develop into two-cell embryos. There was
also no significant (P=0.203) difference in terms of the morula formation rate between
the AIS (94.3%) and PMSG (90%) methods. In terms of the blastocyst formation rate,
even though it was slightly higher in the AIS group, it is not statistically different
between AIS (96.8%) and PMSG (94.7%).

Since the oocytes are more often fertilized with frozen-thawed sperm clinically, we
evaluated how the frozen-thawed sperm would affect the 2-cell, morula and blastocyst
formation rate. With frozen-thawed sperm fertilization, our result showed that even
though there was a 10.6% increased 2-cell embryo formation rate in the AIS group, the
difference was not significant. However, there was a significantly higher morula
formation rate found in the AIS (91%) method than the PMSG (86.9%) procedure. In
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terms of the blastocyst formation rate, there was also a significant increase in AIS
(95.4%) group compared to the PMSG (89.9%) method. All of these indicated that the
oocytes produced from AIS method had a higher potential for embryonic development
and offspring (4, 171).

In conclusion, our results showed that normal microtubules, F-actin, cortical granules,
and mitochondria, and especially significantly thinner ZP and larger PVS, contributed to
the slightly higher two cell embryo development, morula and blastocyst formation in the
AIS method than PMSG procedure. But when the oocytes were fertilized with frozenthawed sperm, there were significantly higher morula and blastocyst formation in the AIS
group than the PMSG group. Our results further showed that the AIS method is a very
efficient superovulation method for producing high developmental potential oocytes with
the detailed morphology characteristics and subcellular structures in ICR mice. Thus, the
AIS method can be a very good reference for usage on efficient superovulation for lowresponding and genetically rare species animals for biomedical research.
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Figure Legends
Figure 3. 1. Average number of MII mouse oocytes obtained from each donor female
after either AIS or PMSG superovulation methods.
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Figure 3. 2. The average number of morphologically normal MII mouse oocytes from
each donor female after either AIS or PMSG superovulation methods (A). The average
percent of morphologically normal MII mouse oocytes from each donor female after
either AIS or PMSG superovulation methods (B).
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Figure 3. 3. A representative image of morphologically abnormal oocytes (A). The
average number of morphologically abnormal MII mouse oocytes from each donor
female after AIS or PMSG superovulation methods (B). The average percent of
morphologically abnormal oocytes from each female donor after AIS or PMSG
superovulation (C).
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Figure 3. 4. The average thickness of the ZP of MII mouse oocytes derived from either
AIS or PMSG superovulation methods.
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Figure 3. 5. The average PVS of the MII mouse oocytes derived from AIS and PMSG
superovulation methods.
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Figure 3. 6. The average diameter of MII mouse oocytes derived from AIS or PMSG
superovulation methods.
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Figure 3. 7. The representative confocal images of oocyte microtubules from AIS and
PMSG groups. The microtubules from all of the MII oocytes were maintained in normal
shape. PMSG microtubules (A) microtubules (green) with DNA (blue), AIS (B)
microtubules (green) with DNA (blue).
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Figure 3. 8. The microtubules fluorescence intensity measurement of MII oocyte derived
from AIS or PMSG superovulation methods.
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Figure 3. 9. Representative confocal images of F-actins of the MII mouse oocytes derived
from AIS (A) or PMSG (B) superovulation methods.
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Figure 3. 10. The F-actin fluorescence intensity measurement of MII mouse oocytes
derived from AIS or PMSG superovulation methods.
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Figure 3. 11. Representative confocal image of cortical granules of MII mouse oocytes
derived from either PMSG (A) or AIS (B) superovulation methods.
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Figure 3. 12. Cortical granules fluorescence intensity measurement of MII mouse oocytes
derived from AIS or PMSG superovulation methods.
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Figure 3. 13. Representative images of mitochondria distribution PMSG (A) and AIS (B).
Both groups also had a normal mitochondria distribution with more homogenous
distribution in the PMSG and were more peripherally distributed in the AIS
superovulation method.
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Figure 3. 14. Mitochondria fluorescence intensity measurement of MII mouse oocytes
derived from AIS or PMSG superovulation methods.
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Figure 3. 15. Two-cell (A), morula (B) and blastocyst (C) development of AIS or PMSG
derived oocytes following in-vitro fertilization with fresh sperm and subsequent in-vitro
embryo culture.
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Figure 3. 16. Two-cell (A), morula (B) and blastocyst (C) development of AIS or PMSG
derived oocytes following in-vitro fertilization with frozen-thawed sperm and subsequent
in-vitro embryo culture.
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Chapter Four
Cryo-survival and Subcellular Structural Characterization of
MII Mouse Cumulus Oocyte Complexes Following
Vitrification via Cryoloop Method
Abstract
Oocyte cryopreservation is one of the fertility preservation options for animals and
humans. Vitrification is the most commonly used method to cryopreserve oocytes and
embryos, which uses ultra-rapid cooling and eliminates intracellular ice formation which
is often detrimental to oocyte post-thaw survival. However, due to the exposure to
relatively high concentration of cryoprotective agents, vitrification might cause potential
damage to meiotic spindle, F-actin alteration, premature cortical granules exocytosis and
altered distribution of mitochondria. The objective of this study was to investigate postwarming survival rate of ICR metaphase II (MII) mouse cumulus oocyte complexes
(COCs), subcellular structures of cryo-survived oocytes, and pre-implantation embryonic
development potentials, following in-vitro fertilization (IVF). First, whole clutches of
COCs from superovulated mice were vitrified, in either cryoloops or 0.25 mL French
straws in vitrifcation solution containing 30% ethylene glycol and 0.5 M sucrose. The
survival rate for oocytes in French straws was significantly lower (19%) than the
cryoloop (75%) vitrification method. (P<0.05). Since the oocyte survival rate with the use
of French straws method was dismal, we compared fertilization and blastocyst formation
rates of fresh and cryoloop-vitrified COCs. Both IVF (78% vs. 98.4%) and blastocyst
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formation (56.1% vs. 90.6%) rates for cryoloop method were significantly lower than
fresh control, respectively COCs (P<0.05). We then investigated the integrity of the
abovementioned subcellular structures in order to have a better understanding of the
decreased fertilization and blastocysts formation rate of the cryoloop-vitrified oocytes.
For microtubule integrity, 100% of the vitrified-warmed oocytes (n=100) had normal MII
spindle. Ninety-six percent of the cortical granules of vitrified-warmed oocytes (n=100)
maintained the normal distribution and all of the vitrified-warmed oocytes (n=100)
maintained the normal mitochondrial distribution. However, only 62% of vitrified
oocytes maintained normal distribution of F-actin (n=100). These results showed
cryoloop vitrification of mice COCs had high post-thaw survival with high integrity of
subcellular structures, in spite of decreased IVF and embryo development rates compared
to fresh controls. Thus, the cryoloop vitrification method might be an effective way to
cryopreserve COCs to preserve mouse strains for genome banking and can be a good
model for cryopreserving human oocytes for fertility preservation.

Key words: Cryoloop vitrification, mouse oocytes, microtubules, F-actin, cortical
granules, mitochondria

Introduction
Unlike embryo and sperm cryopreservation, oocyte cryopreservation has not been as
successful (12, 14-17). Oocyte cryopreservation is a very in demand assisted reproductive
technology (ART) for long-term germplasm preservation and a wide range of infertility
treatments, as well as preserving fertility for women with cancer who are undergoing
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cancer treatments (e.g. chemotherapy or radiotherapy). Both chemo- and radiotherapy are
known to cause severe damage to ovarian follicular reserves (19).

Despite significant progress made over the last decade, oocyte cryopreservation is still a
challenging area in the reproductive cryobiology field (16, 17). The post-thaw survival,
fertilization rate and embryonic development of the cryopreserved oocytes are relatively
poor (15, 20). Unfortunately, there is no standard cryopreservation protocol for oocytes
for many mammalian species (21) and the currently available cryopreservation protocols
are still not satisfactory (22).

Cryopreservation by vitrification has been widely used for cryopreservation of oocyes
and embryos since it is more effective, easier to perform, and less time-consuming than
the slow cooling method (134). In order to avoid formation of lethal intracellular ice,
several methods have been used to perform cryopreservation by vitrification. These
protocols use very small amounts (1-3 µl) of vitrification solution to achieve ultra-rapid
cooling when the samples are rapidly plunged into LN2. So-called “minimum drop
vitrification” systems have resulted in higher survival rates for bovine and porcine
oocytes (135). Other vitrification techniques utilized a few micro liters of vitrification
solution in open pulled plastic French straws (136), cryoloop (137), and cryotop (138).

The cryoloop has been used as a vitrification carrier. The loop is made of nylon which
suspends a droplet of cryoprotectant containing the oocytes or embryos for directly
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plunging into LN2 (23). The cryoloop method has been relatively successful for the
cryopreservation of porcine spermatozoa (24) and mouse embryos (25). One of the
advantages of the cryoloop method is the high cooling rate (20,000 °C/min) which is a
very fast vitrification speed that minimizes the ice crystal formation (25, 26).

The subcellular organelles of the MII oocytes are known to be susceptible to
cryopreservation procedures. Microtubules damage and disappearance occur in the MII
mouse oocyte during the process of cryopreservation (19). The premature cortical granule
exocytosis (PCGE) (172-174), change in mitochondrial membrane potential (22, 175) and
mitochondrial distribution (176) have also been reported for various species including
MII human, bovine and mouse oocytes. To this end, assessing the integrity of the
microtubules is one of the most important criteria to evaluate the development potential
of oocyte following cryopreservation. The meiotic spindles are composed of
microtubules that are assembled by polymerization of the α-tubulin and β-tubulin
dimmers (92). Microtubules are organized by the microtubule-organizing centers at the
two ends and anchor chromosomes with the kinetochores at the equatorial plane of the
meiotic spindles, forming a barrel shape (93, 94).

Microtubules play important roles for alignment of chromosomes of Metaphase II stage
oocytes and correct segregation of the sister chromatids during anaphase II (96, 97),
errors in chromosome segregation can cause aneuploidy which is a major cause of
spontaneous abortions and pregnancy loss in humans (98). It has been previously
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reported that hypothermic conditions (0 - 4°C) can cause depolymerization of
microtubular tubulin and alteration of spindle in human oocytes (99), and vitrification can
cause disruption of the microtubules of bovine MII oocytes (100).Therefore, examination
of the microtubule integrity in vitrified-warmed MII oocytes is very important for
predicting euploid embryo yield (177).

F-actin are one of the most important cytoskeletal components as they contribute to
maintaining oocyte shape, migration of meiotic spindles and chromosomes, cytoplasm,
polar body extrusion, spindle positioning and cell division, and mammalian
embryogenesis (178, 179). In addition, F-actins are important for the distribution,
movement and cortical granules exocytosis during oocyte maturation and fertilization
(107, 180). It was reported that the vitrification procedure alters F-actin structures of MII
human oocytes, which can be repaired 3 hours after warming (108). Since the altered
distribution of F-actins may cause reduction in fertilization, cleavage and result in lower
pre-implantation embryo development, it is imperative to evaluate F-actin distribution in
vitrified-warmed oocytes.

The cortical granules (CGs) are originally Golgi derivative membrane bound regulatory
secretory organelles that range from 0.2 µm to 0.6 µm in diameter and are located in the
cortex of MII oocytes of most species (56, 144). During the course of the fertilization
event, an increase influx of Ca2+ causes the single membrane of CGs to merge with
oolemma and release their content into the perivitelline space which causes structural
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changes in the zona pellucida and ultimately blocks the penetration of additional
spermatozoa (145).

It has been well documented that mitochondria are one of the important indicators of the
oocyte quality and closely related to successful fertilization and embryonic developments
(76). Since mitochondria contain genetic materials contributed from oocytes to the next
generations, maternal mitochondrial dysfunction can cause various diseases in the
resulting offspring including diabetes and deafness (82), Leigh’s disease (83), and
NARP syndrome (84).

Although it has been widely used, the vitrification procedure can have many adverse
effects on oocytes including altered F-actin distribution (108), premature cortical
granules exocytosis (PCGE) (172), change in the mitochondria membrane potential (22,
175, 181), disruption of the mitochondria distribution (176) and subsequent cell death
(182). The origins of these adverse effects have been mainly attributed to osmotic shock
due to sudden exposure of oocytes to high concentrations of vitrification solution (183,
184) and sudden cold shock (185), chemical toxicity (183) and the relative large size of
oocyte (70-120 μm) and thus, high water content in the oocyte (186-188).

Mouse models have been commonly used for oocyte cryobiology studies due to their
relative availability and because they provide a good model for development (189, 190).
These previous reports overall suggest that oocyte cryopreservation by vitrification can
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be improved if necessary modification are made to avoid potential harmful effects. The
significance of our study was the use of a relatively lower concentration of permeating
cryoprotectant EG which may cause less toxicity and osmotic stress to the whole clutches
of COCs and also achieve ultra-fast cooling and warming rates, which collectively
prevent the oocytes from direct osmotic injury and chemical toxicity. This is one of the
most comprehensive studies which examines various vital subcellular organelles of MII
mouse oocytes after vitrification and warming. Therefore, the information gained from
the current study will provide broad understanding about potential damages on the
subcellular structures of vitrified-warmed MII mouse oocytes and their impact on the
subsequent in-vitro fertilization and embryonic development competence.

Materials and Methods

Animals: In this study 7-8 weeks old (n=80) outbred ICR mice were used (Charles River
Wilmington, MA). All of the animal studies were approved by the University of
Missouri’s Animal Care and Use Committee and were in accordance with the guidelines
of the Institute for Laboratory Animal Research Guide for the Care and Use of
Laboratory Animals. On arrival at the University of Missouri, mice were housed in
microisolator caging with a temperature range of 20-25oC and lighting controlled
environment (10-h dark/14 h light) and provided free access to water and standard
pelleted rodent chow. Animals were checked daily by the animal care staff.

97

Chemicals: All chemicals used in this experiment were obtained from the Sigma
Chemical Company (St. Louis, MO) or ThermoFisher Scientific unless stated otherwise.

Superovulation and oocyte collection: Each mouse was intraperitoneally injected with
10 IU PMSG followed by 10 IU human chorionic gonadotropins (hCG) 48 h later. The
clutches of cumulus-oocyte complexes (COCs) were collected from the oviducts 14-15
hours after hCG injection.

Vitrification and warming procedure:
The COCs were pulled out from the ampulla of each oviduct and pulled into vitrification
solution 1 (VS1: PBS containing 15% EG + 20% fetal calf serum (FCS)) to equilibrate
for 5 min at 25°C. They were then transferred to vitrification solution 2 (VS2: PBS
containing 30% EG + 0.5 M sucrose 20% FCS) for 1 min at 25°C and immediately
loaded in the cryoloop or French straws and directly plunged into the liquid nitrogen
(LN2). For warming, cryoloops or French straws containing the vitrified COCs were
taken out from LN2 and the contents were transferred into PBS containing 0.5 M sucrose
+ 20% FCS for 5 min at 36°C, then transferred into a washing solution of FHM with 4
mg/mL BSA and then used for post-thaw survival, IVF or confocal microscopy analysis.

Sperm collection and capacitation. The cauda epididymides were dissected out from a
proven male after euthanization by cervical dislocation and cleaned of any blood, fat on
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clean tissue paper and placed in mineral oil next to the FERTIUP sperm pre-incubation
drop. With the aid of fine tweezers a small cut was made in each epididymis, a sterile 27g
needle was used to squeeze out dense sperm and immediately pulled into 90 L drop of
FERTIUP for sperm capacitation for 30 min before the IVF procedure. The procedure
was conducted in an atmosphere of 5% CO2, in air at 37oC.

In Vitro Fertilization (IVF) and embryo culture: The IVF procedure was performed as
previously described (149, 150). Both FERTIUP and CARD (for in-vitro fertilization)
media were pre-equilibrated in a humidified incubator containing 5% CO2 in air under
mineral oil at 37oC in 35 mm Petri dishes (Falcon 351008). To perform IVF with fresh
COCs, dissected oviducts from each donor female were separately placed into mineral oil
next to a CARD drop and under a stereomicroscope. The clutches of COCs from each
donor were first released into the mineral oil with the aid of fine tweezers and 28 g needle
and then gently pulled into 90 L CARD drops. The clutches of vitrified-warmed COCs
were washed three times with HEPES-buffered FHM (4 mg/mL BSA) solution and then
transferred into CARD drops. Both freshly collected and vitrified-warmed COCs were
then fertilized by fresh capacitated sperm by gently adding into each CARD drops (~350
x105 motile sperm/mL) having the fresh or vitrified-warmed COCs. After about 6 hours
of sperm and egg co-incubation the presumptive zygotes were washed 3 times in FHM
media containing BSA (4 mg/mL) and transferred into KSOM amino acid culture drops
(151, 152) for determination of two-cell and blastocyst development.
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Immunofluorescence staining and Confocal Microscopy
For fluorescence staining, both fresh and vitrified COCs were dispersed by using 1 mg/ml
hyaluronidase to remove the cumulus cells and 5 mg/ml protease to remove the zona
pellucida. Denuded oocytes were then fixed with 3.7% formaldehyde for 30mins and then
permeabilized with 0.3% PVP+0.1% Tween-20 + 0.01% Triton X-100 for 20min. This
was followed by blocking in 1% BSA in PBS containing 0.1% Triton for 1hour. Then,
100 oocytes in each group were incubated with Anti-α-Tubulin−FITC antibody, Mouse
monoclonal (clone DM1A, purified from hybridoma cell culture from Sigma, Catalog
number: F2168) diluted 1:200 with blocking buffer for 60 min at room temperature. For
F-actin staining, 100 oocytes in each group were incubated in 1μg/ml of phalloidinTRITC (Rhodamine Phalloidin, Invitrogen, catalog number # R415) at room temperature
for 30 min. For cortical granules staining, 100 oocytes in each group were stained with
LCA-FITC (Lectin from Arachis hypogaea conjugated with FITC, Sigma, Catalog
number: L7381) (10 stock solution+ 990 μl PBS) for 1 hour at room temperature. After
three washes in PBS containing 0.3% polyvinylpyrrolidone (PVP), the oocytes were
transferred into a small drop of prolong Antifade mounting medium containing 4, 6 –
diamidino-2-phenylindole (DAPI) on a microscope slide and covered with a coverslip.
Confocal laser-scanning images were obtained by using Leica Confocal (Leica,
Germany). For mitochondria staining, 100 oocytes in each group were incubated with
Rabbit polyclonal customized phosphate carrier antibody overnight, and then stained with
goat anti-rabbit IgG secondary antibody, Alexa Flour Plus 647 (Invitrogen) at a dilution
of 1:1000 for 1hr at RT. After three washes in PBS containing 0.3% polyvinylpyrrolidone
(PVP), the oocytes were transferred into a small drop of prolong Antifade mounting
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medium containing 4, 6 –diamidino-2-phenylindole (DAPI) on a microscope slide and
covered with a coverslip. Confocal laser-scanning images were obtained by using Leica
Confocal (Leica, Germany).

Statistical analysis
Fertilization and embryonic development data were analyzed by one way ANOVA (SAS
9.4) for Windows (SAS Institute Inc., Cary, NC). Fluorescence intensity data of
microtubules, F-actin, CGs and mitochondria were collected by Fiji ImageJ and then
analyzed by using SigmaPlot 14.0 (Systat Software Inc.) and graphs were created based
on the analyzed results.

Results
Table 4.1 shows post-warming cryosurvival rates of MII stage mouse COCs after
vitrification with either a cryoloop or 0.25 mL French straws. Cryo-survival rates of
COCs vitrified in the French straws were lower (19%) than those vitrified in French
straws (75%, P<0.05). Since the cryo-survival rates with the use of French straws were
very low, we compared in-vitro fertilization (IVF) and embryo development rates of fresh
COCs and cryoloop-vitrified COCs. Table 4.2 shows in-vitro fertilization and preimplantation embryonic development competence of fresh and cryoloop-vitrified mouse
COCs to blastocyst stage. Two cell development rates of cryoloop-vitrified COCs (78%)
were significantly lower than those that were fresh control COCs (98.4%) (P<0.05).
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Blastocyst formation rates of COCs from the cryoloop method (56.1%) was also lower
than fresh control (90.6%) (P<0.05).

In order to have a fundamental understanding of decreased IVF and embryonic
development rate of the oocytes from cryoloop-vitrifed COCs, further investigation was
performed to determine the integrity of oocyte subcellular organelles including
microtubules, cortical granules, mitochondria, and F-actins.

Figure 4.1 depicts representative confocal images of Metaphase-II spindle (green
fluorescence) from fresh vitrified oocytes. The integrity of microtubules of cryo-survived
vitrified oocytes were equal to that of controls (100%) (n=100) (Figure 4.2). Figure 4.3
shows microtubules fluorescence intensity measurement of fresh and vitrified-warmed
MII oocytes. The microtubule fluorescence intensity for vitrified-warmed oocytes were
higher in the vitrified oocytes (P<0.001).

Figure 4.4 depicts representative normal confocal images of fresh and vitrified oocytes as
well as a representative image of an abnormal F-actin distribution. Although 62%
(62/100) vitrified-warmed oocytes had normal F-actins distribution (Figure 4.5), the Factins fluorescence intensity (Figure 4.6) for vitrified-warmed oocytes was higher than
fresh oocytes (P<0.001).
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Figure 4.7 depicts representative confocal images of cortical granules from fresh and
vitrified-warmed oocytes as well as a representative image of an abnormal cortical
granule distribution. The percentage of oocytes with normal cortical granules distribution
between fresh (99/100, 99%) and vitrified (96/100, 96%) oocytes were comparable
(Figure 4.8), but there was a significant decrease in cortical granules fluorescence
intensity in the vitrified-warmed oocytes compared to fresh control (Figure 4.9, P<0.001).
Figure 4.10 depicts representative confocal images of mitochondria from fresh and
vitrified-warmed oocytes. The mitochondria from all fresh (100/100, 100%) and vitrifiedwarmed (100/100, 100%) oocytes showed a normal distribution (Figure 4.11) and the
difference for mitochondria fluorescence intensity between fresh and vitrified-warmed
oocytes was not significant (P=0.076, Figure 4.12).

Discussion
There have been several studies which investigated the cryopreserved MII oocyte
subcellular structures including cortical granules in humans (191-195), meiotic spindles
in mice (194, 196, 197), mitochondria distribution in humans and domestic cats (195,
198, 199) and F-actin in humans (108). Our study simultaneously characterized the
vitrified-warmed MII mouse oocyte subcellular structures including meiotic spindles, Factin, CGs and mitochondria. In addition to subcellular examination, we performed IVF
and monitored the embryonic developmental potential of cryoloop-vitrified MII oocytes
up to the blastocyst stage.
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Our initial experiment comparing cryo-survival of oocytes in a cryoloop versus French
straw showed that cryoloop vitrification was superior to French straw vitrification. It has
been suggested that ice formation is potentially more lethal to oocytes due to their high
surface to volume ratio (200). Vitrification is the transition of an aqueous solution from
liquid to glass state (solid), bypassing the crystalline solid state (201). To achieve
vitrification in the context of cell cryopreservation, the solutions and container in which
the cells are suspended must provide sufficient cooling rates to achieve intracellular and
extra cellular vitrification and avoid lethal intracellular ice formation. This lower
cryosurvival for French straws might be due to the much slower cooling rates with
French straws (5,000 °C/min) than cryoloop (~20,000 °C/min) (25, 26).

In addition to cooling rates, there are several bottlenecks for the vitrification approach
including injury as a result of osmotic stress to the oolemma and subcellular structures,
and chemical toxicity due to high CPA concentration. Furthermore, there is a biological
limit to the concentration of CPAs that the subcellular organelles tolerate. Cytoskeletal
elements are made up of protein filaments such as microtubules, F-actins and
intermediate filaments.

Microtubules are one of the most important subcellular structures of the MII oocyte as
they play important roles for completion of the meiosis during fertilization and postfertilization embryonic development (179, 202). The main function of the meiotic spindle
in the MII oocyte is to segregate sister chromatids equally to the pronucleus and the
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second polar body during the fertilization process (178, 179). Therefore, the microtubule
is critical to producing a normal embryo that contains the correct number of genetic
chromosomes (203, 204). Previous studies have shown that both human and mouse MII
oocyte spindles are extremely sensitive to slow cooling temperatures (205-210). When
exposed to hypothermic temperatures (0-4 oC), MII meiotic spindles depolymerize very
rapidly (206, 208). It has also been reported for MII mouse oocytes that even slightly
below room temperatures might cause abnormal spindle configuration (207, 211).

It also has been suggested that CPA can actually stabilize the microtubule structures and
protect them from depolymerization in the lower temperatures (209, 212-214). The
current study resulted in a high level of microtubule integrity for vitrified-warmed MII
oocytes derived from outbred ICR mice using a cryoloop as a carrier. This is consistent
with a previous study in that all vitrified-warmed B6D2F1 hybrid MII mouse oocytes
maintained normal microtubule configuration after cryopreservation in the presence of a
ethylene glycol (EG) and dimethylsulphoxide (DMSO) combination using a cryotop as a
carrier (197).

F-actin is very important for cell migration and division, spindle positioning and
asymmetric division in mammalian oocytes (104, 178). The structures of F-actin in an
MII oocyte is that there will be a formation of the actin cap which is an increased
intensity network of F-actins on top of the spindles and DNA to position the microtubules
which will ensure asymmetric division that extrude the second polar body with a
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relatively small amount of the cytoplasmic during the fertilization process. This can be
an indication of vitrified-warmed oocytes have the full potential to extrude the second
polar body. Previous studies reported that vitrification altered the F-actin structure of
human oocytes but normal structure was recovered after three hours of warming (108).
F-actin of oocytes were considered normal when a uniformly stained actin with a strong
F-actin networks at the CGs free region were found. In this study, we found reduction
(62%) in normal F-actin distribution in vitrified-warmed oocytes as compared to fresh
ones (100%) although relatively normal F-actin networks around microtubules of
vitrified-warmed oocytes were observed. This lower F-actin may explain the lower IVF
and subsequent embryonic development rates in vitrified-warmed oocytes.

Cortical granule vesicles play a critical role in blocking polyspermy (178, 202). In that
study, a majority (96%) of the vitrified-warmed MII oocytes had intact CGs vesicles with
normal structure and located in the peripheral region with the exception of the cortical
granule free domain (178). This suggests that CGs of MII mouse oocytes maintain their
integrity at a high level throughout the vitrification procedure including during CPA
exposure and ultra-rapid cooling. These findings are consistent with a previous study
which also found no apparent CGs exocytosis in MII human oocytes after slow cooling
(175). However, it has also been reported that a slow freezing process caused a reduction
in CGs density and possibly is the cause of zona hardening in human MII oocytes (191193). Contrary to our study, previous studies used slow cooling and also transmission
electron microscopy (TEM) method to examine CGs and microvilli although the same
CPA, ethylene glycol, was used in this study as well. A latter study by (192) showed that
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choice of carrier used to perform vitrification also influenced the degree of CGs
exocytosis in MII human oocytes. They determined that using a cryoleaf as a carrier
better maintained CGs vesicle integrity than the cryoloop. Imaging was by using TEM in
that study while confocal microscopy was used in the current study.

Mitochondria are the primary source of ATP production in MII oocytes and preimplantation embryos (215). In the current study, we used a polycolonal mitochondrial
phosphate carrier which correlated with ATP level to locate the mitochondria distribution
(216). We determined that all cryo-survived vitrified-warmed MII mouse oocytes
examined had a normal distribution of mitochondria with a slightly increased intensity
near peripheral region, especially where meiotic spindles and chromosomes are located.
No difference in mitochondria distribution between fresh and cryopreserved germinal
vesicle (GV) and MII human oocytes by using Mitotracker Red CMXRos stainings (198).
It has been reported for both GV and MII stage domestic cat oocytes that vitrification
does not disturb the mitochondrial distribution, but causes mitochondrial aggregation and
a decreased fluorescence intensity when evaluated using the MitoTracker Red CMXRos
staining (199).

In conclusion, the current studies collectively provide a more comprehensive perspective
for understanding in-vitro developmental competence and subcellular structural analysis
of the CG, meiotic spindles, actin-filaments and mitochondria of MII mouse COCs
following cryoloop vitrification. Overall, our results suggest that cryoloop-vitrification
of clutches of mouse COCs provides acceptable cryo-survival, subcellular structural
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integrity, and in-vitro embryonic development. Therefore, the cryoloop vitrification
method might be an effective means to cryopreserve COCs to preserve genetically
modified mouse strains for genome banking. These results also are very encouraging for
further studies in order to optimize the cryopreservation conditions and methods for
human MII oocytes.
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Table 4. 1. Post-thaw morphologic integrity of mouse oocytes following vitrification with
Cryoloop or 0.25 mL French straws (n=8).
No. Oocytes

% Oocyte survived

French Straw

129

25 (19.37 ± 2.0)a

Cryoloop

131

99 (75.57 ± 2.0)b

a,b

Values with different letters within a column are different (P<0.05).

Table 4. 2. In-vitro fertilization and pre-implantation embryonic development
competence of fresh and vitrified mouse COCs to blastocyst stage.
No. oocytes

% Fertilized

% 2-cell

% Blastocysts

Fresh

82

78.0±2.5a

98.4±2.1a

90.6±2.8a

Vitrified

115

71.3±2.2a

78.0±1.8b

56.1±2.4b

a,b

Values with different letters within a column are different (P<0.05).
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Figure Legends
Figure 4. 1. Representative confocal images of Metaphase-II spindle (green fluorescence)
of fresh (A) and vitrified-warmed (B) mouse MII oocytes.
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Figure 4. 2. Percentages of normal microtubule spindle fiber configuration of fresh and
vitrified-warmed MII mouse oocytes.
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Figure 4. 3. Microtubules fluorescence intensity measurement of fresh and vitrifiedwarmed MII mouse oocytes.
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Figure 4. 4. Representative normal confocal images of fresh (A) and vitrified-warmed (B)
MII oocytes as well as a representative abnormal (C) F-actin distribution.
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Figure 4. 5. Percentages of normal F-actin distribution for fresh and vitrified-warmed MII
mouse oocytes.
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Figure 4. 6. F-actins fluorescence intensity of fresh and vitrified-warmed MII oocytes.
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Figure 4. 7. Representative normal confocal images of cortical granule vesicle from fresh
(A) and vitrified-warmed (B) oocytes and a representative image of an abnormal (C)
distribution of cortical granule vesicles.

116

Figure 4. 8. Percentage of normal cortical granule vesicle distribution of fresh and
vitrified-warmed MII mouse oocytes.
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Figure 4. 9. Cortical granule vesicle fluorescence intensity of fresh and vitrified-warmed
MII mouse oocytes.
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Figure 4. 10. Representative confocal images of mitochondria of fresh (A) and vitrifiedwarmed (B) MII mouse oocytes.
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Figure 4. 11. Percentage of normal mitochondria distribution of fresh and vitrifiedwarmed MII mouse oocytes.
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Figure 4. 12. Mitochondrial fluorescence intensity measurement of fresh and vitrifiedwarmed MII mouse oocytes.
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