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Abbreviations

Al: artificial insemination

ART: assisted reproductive technology

ATP: adenosine triphosphate

A-l: anaphase |

BSA: bovine serum albumin

COCs: cumulus oocyte complexes

DCF: 2',7'-dichlorofluorescein diacetate
DCHFDA: 2’,7’-dichlorodihydrofluorescein diacetate
DPBS: Dulbecco’s phosphate-buffered saline
EGA: embryonic genome activation

ET: embryo transfer

FCS: fetal calf serum

FSH: follicle stimulating hormone

GAGs: glycosaminoglycans

HEPES: 4-(2-hydroxyethyl)-1-piperazineethanesutfatid
hpi: hour post insemination

IVC: invitro culture

IVF: invitro fertilization

IVM: invitro maturation

IVP: invitro production

MPF: maturation-promoting factor

M-I: metaphase |



M-II: metaphase Il

OPU: ovum pick-up

PN: pronucleus

ROS: reactive oxygen species
SD: standard deviation

TCM: tissue culture medium
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Preface

During the past three decades, marked advances beese made in the field of assisted
reproductive technology (ART). In livestock protlon, ART has already become imperative
technology:in vitro production (IVP), embryo transfer (ET), ovum pigi- (OPU) and artificial
insemination (Al). Invitro maturation (IVM), one of the ARTS, is the techrgpldhat produces the
fertile oocytes from immature oocytes. In manycsge the offspring derived from vitro-matured
oocytes have been produced (mouse: Schroeder gng E84, cattle: Critsest al. 1986; Hanadat
al. 1986, sheep: Crozet al. 1987, pig: Mattioliet al. 1989, human: Chet al. 1991). In cattle, the
productive efficiency of blastocysts from oocytebjected to IVM has been improved throughout the
last decades, and IVM results in about 40% of b®wncytes subjected to IVM developing to the
blastocyst stage (Lonergan and Fair 2014; Wrenzyahkd Stinshoff 2013). However, the
developmental competence of vitro-matured bovine oocytes is still lower than that iof
vivo-matured bovine oocytes (Rizesal. 2002). Therefore, further researches for IVMbofine
oocytes are required for additional improvemeniMdfl systems.

Nuclear and cytoplasmic maturation is essentialofmrytes to acquire developmental competence
during IVM (Eppig 1996; Ferreirat al. 2009). Nuclear maturation is defined as a meioti
progression from germinal vesicle to metaphase MHIf. On the other hand, cytoplasmic
maturation including a variety of processes occwithin the cytoplasm of the oocytes: the
redistribution of cytoplasmic organelles, and tteage of mMRNA, proteins and transcription factors
(Ferreiraet al. 2009). After the completion of nuclear maturati@ocytes gradually accomplish
cytoplasmic maturation and acquire developmentampmience. Then, they maintain that
competences of fertilization and embryonic develeptrfor a certain period, but eventually undergo
deterioration in their quality and lose developraéntompetence. This phenomenon is called
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“oocyte aging” (Miacet al. 2009). It is thought that the oocyte aging is ofithe factors causing the
low efficiency of blastocyst yieldh vitro (Agunget al. 2006; Longet al. 1994; Rispoliet al. 2011;
Wardet al. 2002). In humans and rodents, oocyte aging fisel as numerous morphological and
cellular alterations (reviewed in Lord and Aitke@13; Miaoet al. 2009). Moreover, recent studies
on murine oocytes have indicated the possibiligt thxidative stress acts as a trigger for a caschde
several events associated with oocyte aging andbtiee aging-related changes caused by oxidative
stress is mitochondrial dysfunction (Lord and Aik2013). However, there are few data on
aging-related changes in bovine oocytes and ewetirtling of aging of bovine oocytes during IVM
culture is unclear. Therefore, research on agifgpvine oocytes will contribute to the development
of methods for preventing aging im vitro-matured bovine oocytes, and eventually to the
improvement of ART efficiency. Moreover, it haslbeproposed that bovine oocytes may be a better
model than murine for assessing the risks of huAfm (Leidenfrostet al. 2011; Malhiet al. 2005).
This is because important similarities to humanduibe the emergence of follicular waves, the
number of waves during the menstrual/estrous cgelection of a dominant follicle and ovulation of
a single follicle (Malhiet al. 2005).

Therefore, the author focused on clarifying thenggielated changes in bovine oocytes during IVM
in this study. In chapter 1, to estimate the tgsirwhen bovine oocytes acquire and lose their
developmental competence during IVM culture, thebmnic development ofn vitro-matured
bovine oocytes based on the times of nuclear matarand sperm penetration was investigated. In
chapter 2, aging-related changesitnvitro-matured bovine oocytes were investigated, espgcial

focusing on the functions of mitochondria durindM\¢ulture and early embryonic development.



Chapter 1

Estimation of the optimal timing of fertilization for embryonic development of in

vitro-matur ed bovine oocytes based on the times of nuclear maturation and sperm penetration

Introduction

Nuclear and cytoplasmic maturation is essentialofmrytes to acquire developmental competence
(Eppig 1996; Ferreir&t al. 2009). After the completion of nuclear maturatioocytes gradually
accomplish cytoplasmic maturation and acquire dgmakntal competence. This competence is
maintained for a certain period, but oocytes ewahtwndergoes deterioration in quality and lose
developmental competence, which is called “oocgiag (Miao et al. 2009). However, the optimal
timing for fertilization to achieve proper embryordevelopment oin vitro-matured bovine oocytes
remains unclear, and the developmental competenicevitro-matured bovine oocytes is lower than
that ofin vivo-matured oocytes (Rizag al. 2002). One of the reasons for the low developaien
competence ofn vitro-matured bovine oocytes may be that fertilizatiatwred at a suboptimal
timing for oocytes. Therefore, clarification oktleptimal timing for fertilization ofn vitro-matured
bovine oocytes will contribute to improve IVP eféocy and basic research on oocyte aging.

Many researchers have examined the effect of thatidn of IVM on the embryonic development
of bovine oocytes (Agungt al. 2006; Longet al. 1994; Mertoret al. 2003; Parlet al. 2005; Wardet
al. 2002), but their optimal maturation culture pdedor yielding a high blastocyst rate were not
consistent (18 to 24 h). Although it was reporthdt the timing of fertilization after achieving
nuclear maturation affected the blastocyst devetyrof IVM oocytes (Dominko and First 1997), no
studies determined the relationship between théngnof sperm penetration of nuclear-matured
oocytes and subsequent embryonic development. kifletics of meiotic progress during IVM has
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been shown to be affected by the addition of sumestgto IVM medium (lzadyaat al. 1996; Susst

al. 1988), temperature during IVM culture (Edwaetial. 2005), periods of ovary conservation (lwata
et al. 2003), or the size of follicles from which oocytare retrieved (lwatat al. 2004). It was
reported that the timing of sperm penetration wdlkiénced by bull variation and conditions iaf
vitro fertilization (IVF) (Saekiet al. 1995; Takahashi and First 1993). There is aipitigsthat this
inconsistency of optimal maturation culture periadscaused by the different timing of nuclear
maturation and sperm penetration.

In previous studies, bovine oocytes at about 3fden the initiation of IVM were considered as aged
or slightly aged oocytes and used to investigategagelated changes (Rispai al. 2011; Somfaget
al. 2011; Sugimurat al. 2012). This was because the oocytes maturegDftrbefore IVF showed a
low developmental rate to blastocysts (Risgbhll. 2011). However, since it takes several hours for
bovine oocytes to be penetrated by sperm aftetirgjdivVF (Rispoliet al. 2011; Takahashi and First
1993), studies on the characteristics of aged escywhould not be based on developmental
competence corresponding to the duration of IVM, ibstead on the timing of sperm penetration.
Exact identification of the changes in the develeptal competence based on the timing of sperm
penetration may contribute to the establishmenarofn vitro model for basic research on oocyte
acquisition of developmental competence and ocayieg.

In the present study, for estimation of the optirtialing of fertilization for achieving proper
embryonic development ofn vitro-matured bovine oocytes correctly and for clarifyithe
characteristics of oocytes possessing high devedapahcompetence, the author investigated the time
of nuclear maturation and sperm penetration duifdg and IVF, and also examined the effect of the

time of sperm penetration after nuclear maturatiorthe embryonic development of bovine oocytes.



Materialsand M ethods
Chemicals
All the chemicals and reagents used for this studge purchased from Sigma-Aldrich (St. Louis,

MO, USA), unless otherwise stated.

In vitro maturation and fertilization of bovine oocytes

IVM was performed as previously described (Takahastal. 1996). Briefly, bovine cumulus
oocyte complexes (COCs) aspirated from follicleso(8 mm in diameter) of slaughterhouse-derived
ovaries were cultured for various periods (12 tdhBOnder a humidified atmosphere of 5%  Q®air
at 39°C using droplets of IVM medium (about 10 C@0su). IVM medium was composed of
4-(2-hydroxyethyl)-1-piperazineethanesulfonic aci@HEPES)-buffered tissue culture medium
(TCM)-199 (Invitrogen, Grand Island, NY, USA) suppiented with 10% fetal calf serum (FCS,
Invitrogen), 0.02 units/ml follicle stimulating hoone (FSH, from porcine pituitary), jg/mi
estradiol-1B, 0.2 mM sodium pyruvate and f@/ml gentamicin sulfate.

IVF was conducted using frozen-thawed semen from ldalstein bull according to a procedure
described previously (Takahashi and Kanagawa 198@&h) slight modifications. In brief, motile
sperm (2 x 10 sperm/ml) separated from thawed semen using aolPefGE Healthcare,
Buckinghamshire, UK) gradient (45 and 90%) wereinoubated with COCs in droplets of IVF
medium (about 10 COCs/1Q0). IVF medium was composed of modified Bracketitl &liphant
isotonic medium (Takahashi and First 1993) contajrd mg/ml fatty acid-free bovine serum albumin
(BSA), 2.5 mM theophylline, 2QM penicillamine, 10uM hypotaurine and uM epinephrine.
Co-incubation of COCs and sperm was performed fir 88 h under 5% C0O5% Q and 90% N at

39°C.



Evaluation of the nuclear status of matured and fertilized oocytes

After various periods of IVM or IVF, oocytes wereeéd from the cumulus cells by vortexing.
Denuded oocytes were fixed with ethanol:acetic &Ritl) and stained with a 1% aceto-orcein solution.
Their meiotic stages and fertilization statusegisppenetration and pronucleus (PN) formation) were
examined under a phase-contrast microscope (Nagaao2006a; Naganet al. 2006b). Oocytes
that reached the M-Il stage were defined as nucfedured, and oocytes having enlarged sperm

head(s) were defined as penetrated by sperm.

I'n vitro culture and evaluation of subsequent embryonic development

To determine the developmental competences of escytseminated oocytes were assigneith to
vitro culture (IVC) according to a procedure describegivipusly (Takahashet al. 1996; Takahashi
and Kanagawa 1998b). In brief, inseminated oooyt®e freed from the cumulus cells by vortexing
at 18 h post insemination (hpi). Cumulus-free ¢tesywvere washed three times and cultured for 6
days under 5% C5% Q and 90% Nat 39°C in droplets of IVC medium (about 30 oosy@@ul).
IVC medium was a modified synthetic oviduct fluidntaining 1 mM glutamine, 12 essential amino
acids for basal medium Eagle, 7 non-essential aragids for minimum essential medium and 10
png/ml insulin, and further supplemented with 5 mMc@me, 5 mM taurine, 1 mM glucose and 3
mg/ml fatty acid-free BSA. After 44 to 48 and 186169 hpi (2 and 7 days after IVF, respectively),
cleavage (developmental stage of cleaved embryud)development to the blastocyst stage were
assessed, respectively. All blastocysts were stdgjeto counting of the total number of cells by an

air-drying method (Takahashi and First 1992).



Experimental design

In Experiment 1-1, to estimate the timing when 56fw@ocytes reached the M-Il stage, oocytes
were subjected to IVM for 14, 16, 17, 18, 19, 2d @2 h and their nuclear statuses were determined.
A total of 645 COCs were subjected to IVM culturéifter that, the time when 50% of oocytes
accomplished nuclear maturation was computed usi@gercentage values of M-Il oocytes at each
IVM time point. In brief, the percentage values were modeled usiagsompertz equation, and the
time to reach the point of 50% in the modeled Gamapeurve was defined as the time when 50% of
oocytes reached the M-Il stage. The Gompertz eqquatn be specified as follows: y = a x exp (-
e® =9 (y = M-Il rate, x = duration of IVM, a, b and cparameters of the equation).

In Experiment 1-2, to investigatthe relationship between IVM duration and the tigniof
fertilization, oocytes after 12, 14, 18, 22, 26 &@dh of IVM were assigned for 4, 8, 12 and 18 h of
IVF and their fertilization statuses were determdineA total of 696 COCs were subjected to IVM
and IVF. Then, the timings when 50% of oocytes evpenetrated by sperm and formed two
pronuclei were estimated using the Gompertz equatibe same as in Experiment 1-1. The
relationships between the duration of IVM and tineetfrom IVF start to sperm penetration and PN
formation were also analyzed.

In Experiment 1-3, to investigate the timing whenliMocytes have the highest developmental
competence, oocytes subjected to 12, 14, 18, 22nd630 h of IVM and 18 h of IVF were cultured
and examined for cleavage and development to tagtdilyst stage. A total of 663 oocytes were
subjected to IVC. In addition, the author estirdatee optimal timing for embryonic development of
in vitro-matured bovine oocytes by analyzing the resultsuafear maturation, sperm penetration and

subsequent embryonic development.



Statistical analysis

Data of nuclear maturation and fertilization, sgbgel to arcsine transformation (Experiments 1-1
and 1-2), and of embryonic development (ExperinieB) were analyzed using one-way analysis of
variance followed by Tukey-Kramer’s honestly sigraht different test as a post hoc test. Nonlinear
regression analyses for the kinetics of nucleauraéibn, sperm penetration and PN formation after
the initiation of IVM or IVF (Experiments 1-1 and2) were performed by the Gompertz equation.
Linear regression analyses were performed for agprg the relationships between the duration of
IVM and the time from IVF start to sperm penetratiand PN formation (Experiment 1-2).
Quadratic regression analysis to express the oaktiip between the period from nuclear maturation
to sperm penetration and blastocyst rate was peer(Experiment 1-3). The level of statistical
significance was set &< 0.05. Statistical analyses were performed ugiegsoftware JMP version
10.0.2 (SAS Institute, Cary, NC, USA) and StatVieersion 5.0 (Abacus Concepts, Berkeley, CA,

USA).



Results
Experiment 1-1

The data of the nuclear status at each time pdintM and the Gompertz curve fitted to the M-I
rate are shown in Fig. 1-1. At 14 h after IVM gtanore than 80% of oocytes were at the metaphase
I (M-I) stage. Although no oocyte reached the Msthge, some oocytes (16.6%) were at the
anaphase or telophase | (A-I/T-I). At 16 h afééMl start, 14.3% of oocytes reached M-Il. At 18 h
after IVM start, more than half of oocytes reacivdl (64.5%). After 19 h of IVM start, the M-I
rate reached a plateau. By the Gompertz equatfor 0.906), the time when 50% of oocytes

reached the M-Il stage was estimated to be 17féehtae initiation of IVM.

Experiment 1-2

The data of sperm penetration and PN formatiorael ¢éime point of IVF in oocytes subjected to
different IVM culture periods are shown in Fig. 1-2ZThe Gompertz curves fitted to these values are
also shown in Fig. 1-2. At 4 hpi, no oocyte wasgieated by sperm in the groups with 12, 14 and 18
h of IVM, and some oocytes were penetrated by sperthe groups with 22, 26 and 30 h of IVM.
At 8 hpi, in the groups with 14 and 18 h of IVMns® oocytes (27.9 and 27.4%) were penetrated by
sperm and the penetration rate was significantijadyi in the groups with 26 and 30 h of IVM than in
the others® < 0.05). Few oocytes showed PN formation in atlugrs at 8 hpi. At 12 hpi, more
than 60% of oocytes showed PN formation in the gneith 30 h of IVM, and the percentages of PN
formation in the groups with 26 and 30 h of IVM wdrigher than in the othe® € 0.05). At 18 hpi,
the percentages of sperm penetration and PN faymatithe group with 12 h of IVM were lowe® (
< 0.05), and those in the groups with 18, 22, 26 3 h of IVM were similar. The proportions of
polyspermic oocytes were lower than 10%, regardigsthe durations of IVM and IVF (data not
shown). The regression equation of the estimdtadstwhen 50% of oocytes were penetrated by
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sperm after IVM culture for 12 to 30 h was “y = =388 x+ 15.7” (f = 0.905,P < 0.01), which
indicated that a longer duration of IVM resultedaster sperm penetration. The regression equation
of the estimated times when 50% of oocytes showdoPmation after IVM culture for 14 to 30 h
was “y = — 0.280 x+ 19.6” {r= 0.979,P < 0.01). These two regression lines were almosilied

and the time period from sperm penetration to PNn&tion was similar regardless of the VM

duration.

Experiment 1-3

The data of embryonic development in oocytes stdgeto different IVM durations are shown in
Table 1-1. At 2 days after IVF, the cleavage (atzcell) in the group with 12 h of IVM was lower
than that in the group with 22 h of IVMP(< 0.05). The proportion of cleaved oocytes that
developed te5 cells (beyond the third cell cycle) was signifittg higher in the groups with 22 and
26 h of IVM than in that with 14 hP(< 0.05) and tended to be higher in the group wizhhaf IVM
than in that with 12 hR = 0.09). At 7 days after IVF, the percentage @fsticysts based on the
number of inseminated oocytes in the group withh2@ IVM was higher than those in the groups
with 12 and 30 hK < 0.05). The total number of cells in blastocygés higher in the group with 22
h of IVM than in the groups with 12 and 18 h of IMM < 0.05).

The correlation between the period from nucleamunaditon to sperm penetration and blastocyst rate
based on the number of inseminated oocytes is shiowig. 1-3. The developmental rate to the
blastocyst stage (based on the number of insendirateytes: 44%) peaked when sperm penetration
occurred at 12.2 h after achieving nuclear matomati.e., 29.7 h after the initiation of IVM), aride

optimal IVM duration was estimated to be about 21 h
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Discussion

From the estimation in the present study, bovineyt®ss matured for about 21 h before IVF have
the highest rate of development to the blastocimies This is in agreement with the results of
previous reports (Agung al. 2006; Longet al. 1994). In the present study, 50% of oocyteshedc
the M-Il stage after 17.5 h of IVM culture. Thisemtic progression of oocytes is in agreement with
the finding of a previous report in which a simil&iM system was employed (Siraetlal. 1989).

The present study demonstrated that the time ofrspenetration was affected by IVM duration: a
longer duration of IVM resulted in faster sperm @kation (interval from IVF start to sperm
penetration: y = — 0.328 x+ 15.7). In the pred#ifit system (Takahashi and First 1992; Takahashi
and First 1993), sperm capacitation mainly depemaethe glycosaminoglycans (GAGs) produced by
cumulus cells (Che#t al. 1990; Salustret al. 1992), and the production of GAGs from cumululésce
increased during IVM culture (Chest al. 1990). Therefore, in the present IVF conditiosiserm
may have difficulty penetrating oocytes after sHertn IVM culture, but easily penetrate them after
long-term IVM culture. The results also showed tie time period from sperm penetration to PN
formation was similar regardless of the IVM duratio On the other hand, a previous report indicated
that M-Il oocytes recovered after 16 h of IVM cuéitand immediately subjected to IVF required a
longer period for PN formation than those cultufed another 8 h before being subjected to IVF
(Dominko and First 1997). This inconsistency ma&ydue to the delay of sperm penetration after
short-term IVM culture in the present study.

The results of the time from nuclear maturation%5M-II at 17.5 h) to sperm penetration and
blastocyst development indicated that oocytes aeduihe highest developmental competence at
around 12 h after achieving nuclear maturation l{3@fter the initiation of IVM culture, Fig. 1-3).
This estimated time may be comparable to a prewiepsrt by Dominko and First (1997). They
indicated that oocytes extruded a first polar bafigr 16 h of IVM required another 8 h of cultuce t
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acquire high developmental capacity. In their I8¥stem, the presence of a sperm head in the
cytoplasm was first observed at 5 hpi, regardidsth® time of M-Il or the time of insemination.
Therefore, the time of sperm penetration is eseohab be about 13 h after achieving nuclear
maturation (29 h after the initiation of IVM cul&); and our findings support their results.

In the present study, the cleavage rate, the ligstaate based on the number of inseminated
oocytes and the total cell number in blastocystev@wver in the group with 12 h of IVM than in the
group with 22 h.  This result may reflect lower spgenetration rate at 18 hpi in the group withh12
of IVM than that in the group with 22 h. Anothesgsible explanation for this result is inadequate
cytoplasmic maturation of oocytes. As describeavabunder the present IVF system, the timing of
sperm penetration depended on the function of cusnakells. To clarify the time of oocyte
acquisition of developmental competence, an IVResysthat can allow sperm to penetrate oocytes
whenever we want should be developed.

Although the percentages of sperm penetration &pi8nd cleavage in groups with 22 and 30 h of
IVM were similar, the developmental competenceh® blastocyst stage of the group with 30 h of
IVM was significantly lower than that of the groufith 22 h. It has been reported that mitochondria
can play important roles in the production of adsne triphosphate (ATP) for fertilization and
pre-implantation embryo development, and act asestof intracellular calcium and proapoptotic
factors (Ferreirat al. 2009; Wanget al. 2009). Tarazonet al. (2006) suggested the important role
of ATP produced by mitochondria for the embryonemgme activation (EGA) process. In bovine
oocytes, minor and major EGAs were observed atlth® 4-cell and 8- to 16-cell stages and were
found to be responsible for successful subsequetiry®nic development (Badet al. 2007).
Therefore, it is speculated that the low percergayjeleavage and blastocyst development are caused

by the failure of the essential EGA process in agedytes. In future study, EGAs, the

12



mitochondrial activity and ATP content of oocytesrided from different culture durations of IVM
should be examined.

The present study showed that oocytes penetrategpdayn at around 30 h after the initiation of
IVM culture had the highest developmental competerand that they began to lose their
developmental competence gradually after this @minin previous studies, bovine oocytes at about
30 h after IVM were considered as aged or slighthgd oocytes and used to reveal aging-related
changes (Rispolt al. 2011; Somfakt al. 2011). However, after 30 h of IVM, degradatidnttoe
microfilament-rich domain overlying the spindlebiovine oocytes was not observed, which had been
observed in porcine aged oocytes (Sondaal. 2011). Moreover, maturation-promoting factor
(MPF) activity was similar to that in bovine oocytmatured for 24 and 32 h (Rispetial. 2011),
although a decrease in activity of MPF in bovineytes matured for 40 h was observed (Teaal.
2002). Because aged oocytes were defined as tlatedorated in quality and lost developmental
competence (Rispoét al. 2011), from the present result and previous testile author recommends
that bovine oocytes at 30 h after the initiation\&%1 should not be considered as aged oocytes, but
considered as fully matured ones.

In conclusion, in the present culture system, bewocytes acquire their highest developmental
competence at around 12 h after achieving nucledunation (i.e., around 30 h after the initiatidn o
IVM culture). To achieve stable IVP of bovine ey, it is recommended to use the IVF system
that permits oocytes to be penetrated by spermndrdhis timing. In addition, in the case of
conducting basic studies on oocyte acquisition lasd of developmental competence by using the
present culture system, bovine oocytes at 30 In tigeinitiation of IVM should be considered as fully

matured oocytes, not as aged ones.
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Table1-1. Theeffectsof thetiming of IVF start after IVM (duration of VM) on embryo development.

Timing of Cleavage and developmental stage Blastocyst development
IVF start No. of at 2 days after IVF start at 7 days after IVF start
after IVM oocytes
(duration of  (replicates) % >2 cells % >3 cells % >5 cells % blastocysts % blastocysts Total cell no. in
IVM: h) /oocytes /cleaved /cleaved / oocytes /cleaved blastocyst (n)
+
12 104 (4) 67.2+4%8 73.246.7 9.4+12%) 32.847.8 49.2+13.1 131'(2;;’4'9)
+62.6Y
14 106 (4) 77.4£2%) 69.58.2 6.0+724 35.6+7.3" 46.1+10.2 153?3‘:)2'6
+61 9
18 109 (4) 78.9+37) 70.2420.3 17.2+11%) 38.4+5.8" 48.6+7.2 133'(35()31'2
+
22 136 (5) 80.5+6% 78.549.9 28.2+7% 50.0£9.%) 62.6+14.0 173'(2;3;5'6)
+72.49
26 108 (4) 78.745%) 73.1+6.9 27.9452 42.7+9.F9 54.7+12.7 147'23;(57)2'&
+58.3
30 100 (4) 71.1£9%) 69.816.1 13.8+9%) 29.0+4.4 40.8+2.6 156. (12‘;8'3

a.b) pifferent superscripts within the same columnatiffignificantly P < 0.05).

Data are presented as means + standeiatide (SD).
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The equations of the curves for the percentageooftes penetrated were y = 68.8 x exp
(- & %9001y (2 = 0.871), 89.6 x exp (- &% 785 (? = 0.877), 96.0 x exp (= &%
*-859 (* = 0.964), 93.9 x exp (- &°°*~8%) (¥ = 0.934), 94.9 x exp (- 8°*°*~>%

(r* = 0.946), 1.02 x T0x exp (- %28 ®-489 (22 = 0.874) for 12, 14, 18, 22, 26 and 30 h
of IVM, respectively.

The equations of the curves for the percentageoytes with 2PN were y = 24.1 x exp (-
e 2240139 (2 = 0.706), 58.4 x exp (= &5 *-139 (2 = 0.970), 77.1 x exp (- &8 *-
130) (v* = 0.950) 79.4 x exp (= &5 *=129 (12 = 0.949), 88.2 x exp (= &2 *-119 (f? =
0.991), 79.3 x exp (- &2 =198 (2 = 0.966) for 12, 14, 18, 22, 26 and 30 h of IVM,
respectively.

Dotted line shows 50%.**“%alues with different characters differ significnin the
percentage of sperm penetration and PN formatiogaah time post-inseminatiof

0.05). Each group had 2 to 4 replicates and 2ibtoocytes.
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Fig. 1-3. The regression curves describing the relationship between the time from nuclear
matur ation to sper m penetration and the per centage of blastocysts.
Time from initiation of IVM to sperm penetration cuduration of IVM corresponding to
time from nuclear maturation to sperm penetratigndescribed on the x-axis. a) Time
from nuclear maturation to sperm penetration isnshcand the time from initiation of
IVM to sperm penetration is also shown in parerghes b) Duration of IVM culture.
Regression equation was y = 7.23x — 0.297= 0.963,P < 0.01).
Dotted lines show the time from nuclear maturatiorsperm penetration and blastocyst

rate when the developmental rate to the blastatgge reached its maximum value.
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Summary

The objective of this research was to estimateotitanal timing for fertilization to achieve proper
embryonic development oh vitro-matured bovine oocytes. Firstly, COCs were subgeto VM
for 14 to 22 h. The timing when 50% of oocyteschesl the M-Il stage was estimated to be 17.5 h
after IVM start. Secondly, using oocytes subjedtedvVM for 12 to 30 h, sperm penetration was
examined after 4 to 18 h of IVF. A significant aéige correlation between IVM duration and the
timing when 50% of oocytes were penetrated by spafter IVF start was observed® < 0.01).
Finally, oocytes subjected to 12 to 30 h of IVM wénseminated and cultured for 6 days to examine
embryonic development. In the group with 22 h\dM| the percentages of cleaved embryos and
blastocysts showed highest values in all groupsccoAding to the regression equation describing the
time from nuclear maturation to sperm penetratigrafd the percentage of blastocysts (y) (y = 7.23x
— 0.297%, P < 0.01), the blastocyst rate peaked when spermtagiom occurred at 12.2 h after
achieving nuclear maturation. In conclusion, urttierpresent IVM/IVF conditions, it was estimated
that oocytes acquired their highest developmemaipetence at about 30 h after IVM start, and thus

the optimal IVM duration was calculated to be akigilih.
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Chapter 2

Aging-related changesin in vitro-matured bovine oocytes: oxidative stress, mitochondrial

activity and ATP content after nuclear maturation

Introduction

In humans and domestic animals, it is well knowatt ost-ovulatory aging of oocytes at the M-I
stage adversely affects the outcome of ART, sudhl §Saackeet al. 2000),IVF (Agunget al. 2006;
Harrisonet al. 1988), and intracytoplasmic sperm injection (Earand Horiuchi 2001; Yanagidhal.
1998). In humans and rodents, post-ovulatory agafgoocytes is defined as numerous
morphological and cellular alterations, and causeslecrease in fertilization and embryonic
development (reviewed in Lord and Aitken 2013; M&al. 2009). In bovines, botim vivo andin
vitro aging of oocytes cause a decrease in fertilizaéind embryonic development (Agueg al.
2006; Longet al. 1994; Rispoliet al. 2011; Roelof&t al. 2006; Saacket al. 2000; Warckt al. 2002).
However, there are few data on aging-related clmmgebovine oocytes. Research on aging in
bovine oocytes will contribute to the developmerit @ method for preventing aging im
vitro-matured bovine oocytes, and eventually to improveroeART efficiency.

Recently, studies on murine oocytes have indictttedpossibility that oxidative stress acts as a
trigger for a cascade of several events associatdd oocyte aging and one of the aging-related
changes caused by oxidative stress is mitochondly&flnction (Lord and Aitken 2013). It has been
reported that the aging of murine oocytes causereased oxidative stress (Takahagthal. 2009),
mitochondrial dysfunction (Wildingt al. 2001; Zhanget al. 2011) and decreased intracytoplasmic
levels of ATP(Chietal. 1988). Ininvitro-matured bovine oocytes, the changes in level afaikie
stress (Moradat al. 2009), mitochondrial activity (Nabenisét al. 2012; Tarazonat al. 2006) and
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ATP content (Mertoret al. 2012; Nagan@t al. 2006b; Stojkoviat al. 2001; Tamassiat al. 2004)
during IVM culture for less than 24 h were deteratinbut there are few data on the changes in these
parameters associated with bovine oocyte agingerefbre, it is still unclear whether the extension
of IVM duration in bovine oocytes causes the agiegted changes in oxidative stress, mitochondrial
activity and ATP content.

The present study was conducted to clarify the cgagitated changes related to oxidative stress,
mitochondrial activity and ATP content im vitro-matured bovine oocytes, and to mitochondrial
activity in embryos at around the 8-cell embryaystaderived fromn vitro-fertilized bovine oocytes.
Firstly, the author confirmed the competence ofilieation and embryonic development in oocytes
subjected to 22 and 30 to 34 h of IVM. Then, tbthar examined reactive oxygen species (ROS)
production, mitochondrial activity, and ATP contémioocytes after 20, 30, and 40 h of IVM culture,

and also examined the mitochondrial activity in eyobk at 72 h after IVF.
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Materialsand M ethods
In vitro maturation and fertilization of bovine oocytes

IVM was performed as previously described (Takahashal. 1996). Briefly, bovine ovaries
(mostly Holstein breed) obtained at a local abatteére kept in plastic bags at 20°C and were
transported to the laboratory within 6 to 10 hiwit collection. Bovine COCs were aspirated from
small antral follicles (2 to 8 mm in diameter). er@OCs with brown-colored ooplasm surrounded
by intact cumulus investments (Nagast@l. 2006a) were washed twice in HEPES-buffered Tysode
medium (Bavisteret al. 1983) supplemented with 3 mg/ml BSA (fraction )2 mM sodium
pyruvate and 5@g/ml gentamicin sulfate. The COCs were then cattuior 20 to 40 h under a
humidified atmosphere of 5% G@ air at 39°C in droplets of IVM medium (about COCs/50ul).
IVM medium was composed of HEPES-buffered TCM-18®i{rogen) supplemented with 10% FCS
(Invitrogen), 0.02 units/ml FSH (from porcine ptary), 1 ng/ml estradiol-1p, 0.2 mM sodium
pyruvate and 5Qg/ml gentamicin sulfate.

IVF was conducted using frozen-thawed semen from ldalstein bull according to a procedure
described previously (Takahashi and Kanagawa 198@&#a) slight modifications. In brief, motile
sperm (2 x 1Dsperm/ml) separated from thawed semen using @IP€BE Healthcare) gradient (45
and 90%) were co-incubated with COCs in droplet$v/éf medium (about 10 COCs/1Q0). IVF
medium was composed of modified Brackett and Oliphaotonic medium (Takahashi and First
1993) containing 3 mg/ml fatty acid-free BSA, 2.5ntheophylline, 20uM penicillamine, 10uM
hypotaurine and &M epinephrine. Co-incubation of COCs and spermpeformed for 18 h under

5% CQ, 5% G and 90% MNat 39°C.
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Evaluation of thefertilized oocytes

After 18 h of IVF, oocytes were freed from the clmsucells by vortexing. Denuded oocytes were
fixed with ethanol: acetic acid (3:1) and stainethva 1% aceto-orcein solution. Their fertilizatio
statuses (sperm penetration and PN formation) wgesmined under a phase-contrast microscope
(Naganoet al. 2006a; Naganet al. 2006b). Oocytes having enlarged sperm head(shade PN
were defined as penetrated by sperm, and the fioltpwategories of oocytes penetrated by sperm
were recorded: 1) oocytes with male and female ymign or with an enlarged sperm head and
anaphase ll/telophase Il chromosome (normal featilbn), 2) oocytes with more than two enlarged
sperm heads or male pronuclei (polyspermy), amub8ytes with an enlarged sperm head and female

PN or with male PN and telophase Il chromosomen@sipnous fertilization).

In vitro culture and evaluation of subsequent embryonic development

To determine the developmental competences of escymseminated oocytes were assigned to
IVC according to a procedure described previousbkéhashit al. 1996; Takahashi and Kanagawa
1998b). In brief, inseminated oocytes were fre@onfthe cumulus cells by vortexing at 18 hpi.
Denuded oocytes were washed three times and alitoré days under 5% G(O6% G and 90% N
at 39°C in droplets of IVC medium (25 to 30 oocy@équ). 1VC medium was a modified synthetic
oviduct fluid containing 1 mM glutamine, 12 essahtamino acids for basal medium Eagle, 7
non-essential amino acids for minimum essential iomdand 10 pg/ml insulin, and further
supplemented with 5 mM glycine, 5 mM taurine, 1 nghdcose and 3 mg/ml fatty acid-free BSA.
After 2 and 7 days of IVF (44 to 48 and 166 to hpl) respectively), cleavage and development to the
blastocyst stage were assessed, respectively.bladtocysts were subjected to counting of the total

number of cells by an air-drying method (Takahastu First 1992).
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M easurement of ROSin individual oocytes

The quantity of HO, produced by individual oocytes was measured as &@8rding to a previous
report (Mareiet al. 2012). ROS in oocytes can be quantified by ma&ag2', 7'-dichlorofluorescein
diacetate (DCF) (Nasr-Esfahaet al. 1990). DCF fluorescence is generated byOHfrom
2'7'-dichlorodihydrofluorescein ~ which is  formed byintracellular esterase from
2', 7’-dichlorodihydrofluorescein diacetate (DCHFDA)

After IVM culture, oocytes were freed from the cdomicells by vortexing. Denuded oocytes
with a polar body were incubated with 8 DCHFDA in Dulbecco’s phosphate-buffered saline
(DPBS) supplemented with 10% FCS for 15 min at 3@id washed in DPBS. Stained oocytes
were transferred to a slide glass with a small athofl DPBS and pressed gently with a cover slide.
Their fluorescence emissions were then observederurad fluorescence microscope using an
appropriate filter (BZ-9000; Keyence, Osaka, Japanyl the sectioned fluorescent images of each
oocyte were acquired atpin interval. The mean green fluorescent intensitgach oocyte, which

represents the 4@, level, was calculated by analysis software (BZ-HRayence).

Evaluation of mitochondrial activity in individual oocytes and embryos

Denuded oocytes or embryos at 72 hpi were staingd -1 (Cell Technology Inc., Mountain
View, CA, USA) as described previously (Tarazehal. 2006) with slight modifications. JC-1is a
fluorescent dye that accumulates in mitochondréhsirows the membrane potential across the matrix
membrane (Reerat al. 1991). JC-1 fluorescence has two emission peaith, red fluorescence
(JC-1 dimers) indicating high-polarized mitochomadr(high membrane potential) and green
fluorescence (JC-1 monomers) indicating low-poktizmitochondria (low membrane potential)
(Reerset al. 1991). Mitochondrial activity can be evaluated the intensity of the red/green
fluorescence (Nabenishial. 2012; Tarazonet al. 2006; Wildinget al. 2001).
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Briefly, they were incubated with AM JC-1 and lug/ml Hoechst 33342 in DPBS supplemented
with 10% FCS for 15 min at 37°C and washed twicdPBS. Stained oocytes or embryos were
transferred to a slide glass with a small amouri@@®BS and pressed gently with a cover slide. They
were then observed under a fluorescence micros@p®000). The distributions of JC-1 dimers
with red fluorescence and monomers with green ésoence were detected using the red filter and
green filter of the microscope, respectively. Mitondrial activity of the oocytes at the M-Il stage
cleaved oocytes (evaluated by Hoechst staining) dedermined by the intensity of the red/green

fluorescence using software (BZ-H2A).

M easurement of ATP content in individual oocytes

After IVM culture, oocytes were freed from the cuoricells by vortexing. The ATP content of
individual oocytes with a polar body was measuredoeding to a previous report (Nagaaboal.
2006b; Rieger 1997). Briefly, a denuded oocyte washed four times in the sample buffer and
transferred to 2l of the sample buffer in a 1.5 ml tube. The samplffer consisted of 99.0 mM
NaCl, 3.1 mM KCI, 0.35 mM NaiPO,, 21.6 mM sodium lactate, 10.0 mM HEPES, 2.0 mM IgaC
1.1 mM MgCl, 25.0 mM NaHC@ 1.0 mM sodium pyruvate, 0.1 mg/ml of gentamiaitfate and 6.3
mg/ml of BSA (Rieger 1997). These tubes were mlaneboiling water for 3 min to inactivate the
endogenous phosphatases and then frozen at -86f@ssay. All assay reagents were purchased as
a kit (ATP bioluminescent somatic cell assay kil,-ASC) and prepared according to the
manufacturer’s instructions. The ATP stock solutiwwas diluted to concentrations of 0.16 to 10
pmol/25pl in sample buffer for the ATP standards. The Asiéhdards and samples in 1.5 ml tubes
were kept on ice, and 50 of ice-cold somatic cell-releasing agent was adubeall tubes. After the
tubes were kept on ice for 5 min, the contentsheftubes were transferred to a white 96-well plate
(Labsystems, Tokyo, Japan). Thereafter, 10®f assay mix was added to each well at 5 sec

24



intervals and held at room temperature for 5 mipdes through the initial chemiluminescence flash
period. ATP content in an oocyte was quantifiednbgasuring the luminescence (Luminesensor

JNR AB-2100, Atto, Tokyo, Japan).

Experimental design

In Experiment 2-1, bovine oocytes after 22 and®84 h of IVM were assigned for 18 h of IVF
and their fertilization statuses were determineth addition, the percentages of cleavage and
development to the blastocyst stage were evaluat®dt of 473 oocytes subjected to IVM and IVF,
351 oocytes were subjected to IVC (20 to 30 oodsgphlcate), and the remaining 122 oocytes were
used for the fertilization evaluation (10 to 13 yes/replicate).

In Experiment 2-2, oocytes subjected to IVM for 30, and 40 h served in the determination of
ROS, mitochondrial activity and ATP content. Tlesult in chapter 1 indicated the time when 50%
of oocytes reached the M-Il stage was 17.5 h #fieinitiation of IVM, and the times when 50% of
oocytes were penetrated by sperm after IVM culfare22 and 30 to 34 h were around 30 and 40 h
after the initiation of IVM culture, respectively.Namely, oocytes subjected to IVM for 20, 30 and 40
h were considered as “oocytes immediately afterl Mrtival’, “oocytes with high developmental
competence”, and “aged oocytes”, respectively. ROS measurement, a total of 78 oocytes were
subjected to IVM, and oocytes with polar body dieabserved under stereomicroscope were used for
the experiment (10 to 13 oocytes/replicate). Afieo evaluating mitochondrial activity and ATP
content, a total of 216 oocytes were subjecte¥td, land oocytes with a polar body clearly observed
under stereomicroscope were used for the experir(®rib 14 oocytes/replicate). In addition,
oocytes were then subjected to 22 h (penetratespbym at around 30 h after starting IVM) and 34 h
(penetrated by sperm at around 40 h after stal¥ivy of IVM, IVF and IVC, and the cleavage and
developmental stage of embryos were confirmed byntmber of nuclei stained with Hoechst 33342
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at 72 hpi. Mitochondrial activities of cleaved ewds were then examined. Distribution of
high-polarized mitochondria in embryos was alsondrad, and the percentage of embryos with
high-polarized mitochondria at the periphery ofshtaneres was recorded. In the experiment, 20 and

21 embryos derived from the oocytes subjected tar234 h of IVM were used (1 replicate).

Statistical analysis

Data of fertilization and embryonic development gEsiment 2-1) and mitochondrial activity of
embryos at 3 days after IVF (Experiment 2-2) waralyzed by Student'stest. ROS, mitochondrial
activity, and ATP content of oocytes after IVM ault (Experiment 2-2) were analyzed using
one-way analysis of variance followed by Tukey-Keamt® honestly significant different test as a
post-hoc test. Data of embryonic development astfiloution of high-polarized mitochondria in
embryos was analyzed by Fisher's exact test (Exyani 2-2). The level of statistical significance
was set aP < 0.05. Statistical analyses were performed udiM@ software version 10.0.2 (SAS

Institute).
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Results
Experiment 2-1

The data of fertilization is shown in Table 2-1. herl percentages of normal fertilization,
polyspermy and sperm penetration were similar gas of IVM duration. However, the
percentage of oocytes that formed PN asynchronaushe group subjected to 30 to 34 h of IVM was
higher than in the group subjected to 22Ph<(0.01). In the group subjected to 30 to 34 h\ifl)
the percentages of delay in male and female PNdtom were 10.4 and 1.3%, respectively. As
shown in Table 2-2, the cleavage rate tended tovwer in the group subjected to 30 to 34 h of IVM
than in the group subjected to 22f= 0.06). The percentages of blastocysts baselenumber
of inseminated and cleaved oocytes in the groupestdd to 30 to 34 h of IVM were also lower than
in the group subjected to 22 R € 0.01). Total cell numbers in blastocysts wergilar regardless
of IVM duration.

ROS production in oocytes after different IVM cultuperiods is shown in Fig. 2-1. Mean
intensity of DCF fluorescence in the group subjedte40 h of IVM was similar to that of the groups
subjected to 20 and 30 h, and that in the groupestdal to 30 h of IVM was lower than that in the
group subjected to 20 h of IVMP(< 0.01). The mitochondrial activity and the ATPntent in
oocytes of different IVM culture periods are shownFig. 2-2. The mitochondrial activity in the
group subjected to 40 h of IVM was higher thanhie group subjected to 20 R € 0.01). The
mitochondrial activity in the group subjected to I3®@f IVM showed an intermediate value between
the groups subjected to 20 and 40 h of IVM. Thd?ADbntent in the group subjected to 40 h of IVM
was higher than in the other groups<0.01).

At 72 hpi, the percentage aB-cell stage embryos in the group subjected to 22 INM (60.0%)
was higher than in the group subjected to 34 Wbf [23.8%) P < 0.05). As shown in Fig. 2-3, the
mitochondrial activity of embryos at 72 hpi was #amregardless of IVM duration; however, the
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percentage of embryos having high-polarized mitadnia at the periphery of blastomeres (Fig. 2-4)
was higher in the group subjected to 34 h of IVNI.(8%6) than in the group subjected to 22 h (30.0%)

(P <0.01).
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Discussion

In the present study, normal fertilization rate wsimilar regardless of IVM duration, but
developmental competence to blastocyst stage wa#lohe bovine oocytes subjected to 30 to 34 h
of IVM. These results were consistent with thaultssof previous studies (Agureg al. 2006; Long
et al. 1994; Rispoliet al. 2011; Wardet al. 2002). Moreover, asynchronous fertilization bagn
frequently observed in bovine oocyte subjected @ot® 34 h of IVM. The delay in male PN
formation might be due to the deficiency of male dgtiwth factor in the group subjected to 30 to 34 h
of IVM (Saekiet al. 1991; Thibaulet al. 1975). The reason for the delay in female Pkhé&dion is
unclear, but a similar delay in female PN formatiwas observed in fertilized oocytes from aged
hamsters (Suzulet al. 1996).

In contrast to the past report that cytoplasmic R@®ocytes increased with oocytes aging in
murine and swine (Lorét al. 2013; Takahashét al. 2009; Tanget al. 2013), the extension of IVM
culture up to 40 h did not cause the increasedptasmic ROS in the present study. Moreover,
although it has been reported that mitochondridividg and ATP content in human, murine and
porcine oocytes decrease with aging (&hal. 1988; Hacet al. 2009; Igarashet al. 2005; Wildinget
al. 2001; Zhanget al. 2011), the mitochondrial activity and ATP contenbovine oocytes subjected
to 40 h of IVM were highest among all IVM duratioimsthe present study. Therefore, it is thought
that the depression of developmental competenegéd oocytes was not due to the mitochondrial
dysfunction and the decrease of intracytoplasmielseof ATP caused by oxidative stress. On the
other hand, ROS in the oocytes after 30 h of IVMsWawer than in the oocytes after 20 h of IVM,
and this result showed that the oocytes after 3 WM had high competence to protect against
oxidative stress. Therefore, it is thought that aof the reasons of this high developmental
competence oocytes penetrated by sperm at arouhca8ér the initiation of IVM was due to the low
oxidative stress in oocytes by high competencertdept against oxidative stress. In a previous
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study (Takahastet al. 2009), it was reported that cumulus cells presg@nihe increase of ROS during

in vitro aging. Although the author used only oocytes igudomplete cumulus investments, the
relationship between the function of cumulus cefls ROS generation during IVM culture should be
examined in further study.

Van Blerkom and Davis (2006) indicated that the ptakmalemmal domains, including
high-polarized mitochondria, were extruded as fragts from human embryo blastomeres and this
phenomenon caused failure to cleave during earlgrgmmic development. In the present study,
high-polarized mitochondria were frequently obsdna the periphery of blastomeres in embryos
derived from aged oocytes. These high-polarizédahondria at the periphery of blastomeres might
have already been extruded from blastomeres li&gthvious report (Van Blerkom and Davis 2006),
and it is possible that the extrusion of high-pakd mitochondria from blastomeres causes lower
early embryonic development of aged oocytes. Hewein the present study, it was unable to
confirm the clear extrusion of high-polarized mhioadria from blastomeres because bovine embryo
contained a large number of lipid droplets in trogplasm unlike human embryos (Krugpal. 1983)
and it was necessary to press the embryos witlver atide for observing the mitochondria stained by
JC-1. In future study, the localization of highlgntzed mitochondria in embryos derived from the
aged bovine oocytes should be examined in detaldxgtron microscope analysis.

Although the present study does not clarify theeddirrelationship between the enhanced
mitochondrial activity and low developmental congrete of bovine oocytes, the present results
suggest that enhanced mitochondrial activity mayohe of the reasons for low developmental
competence aifn vitro-aged bovine oocytes. High-polarized mitochondriaocytes are associated
with elevated levels of ATP generation (Van Blerk8008). Tamassidt al. (2004) indicated that
ATP content in OPU-derived oocytes did not incredseng IVM culture, but ATP content in
abattoir-derived oocytes did increase. Also it baen reported that OPU-derived bovine oocytes
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kept high developmental competence during longeioge of IVM culture than abattoir-derived
oocytes (Mertoret al. 2012). These previous reports indicate that @Btived oocytes can control
mitochondrial activity and this ability contributée maintaining high developmental competence
during long periods. In the present study, blagtscderived from oocytes subjected to 30to 34 h o
IVM culture (penetrated by sperm at around 40 krate initiation of IVM culture) had a similar
number of cells to those derived from oocytes suibpkto 22 h of IVM culture. This suggests that
some oocytes at around 40 h after IVM start maintbeir developmental competence. In future
study, it is necessary to examine the mechanismsiahtenance of mitochondrial activity in
vitro-matured bovine oocytes and the relationship betwdlee mitochondrial activity and
developmental competence in detail.

In conclusion, the present study suggests that dewelopmental competence of aged bovine
oocytes is probably not due to low mitochondrighaty or low ATP content, but high mitochondrial
activity at fertilization and localization of highelarized mitochondria at the periphery of blastmae
during early embryonic development. Enhanced rhitodrial activity seems to have detrimental
effects on the developmental competence of bovowytes, and it is possibly related with oocyte
agingin vitro. Future detailed studies on the relationship betwenhanced high mitochondrial

activity at fertilization and subsequent embryoaepment should be conducted.
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Table2-1. Theeffect of IVM duration of bovine oocytes on fertilization at 18 h after IVF

: No. of % of oocytes with Total
Duration of oocytes penetration
VM (h) (replicates)  normal fertilization* olysperm asynchronous (%)
polyspermy fertilization**
22 45 (4) 84.6+8.4 8.649.2 0.0¢8.0  93.2¢87
30to 34 77 (7) 79.1+13.7 9.2+10.5 11.7#6.9 100+0.0

abyalues (mean + SD) with different superscripts witolumns are significantly differenP(<
0.01).
* normal fertilization: male and female pronucleiaorenlarged sperm head and anaphase ll/telophase

Il chromosome

** asynchronous fertilization: an enlarged spernach@nd female PN or male PN and telophase I

chromosome
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Table 2-2. The effect of VM duration of bovine oocytes on embryonic development at 2 and 7
days after IVF

Duration No. of Total cell no.
% >2-cell % blastocyst % blastocyst
of IVM embryos in blastocysts
, /oocytes /oocytes /cleaved
(h) (replicates) (n)
172.5+77.5
22 161 (6) 81.1+5%8 51.6+9.4 64.1+13.9
(83)
157.6£56.5

30to 34 190 (7) 71.1+1F6  24.2+8.8 33.8+11.% (45)

2 yalues (mean + SD) with different superscriptshiritthe same column differ significantl &
0.01).

AB values (mean + SD) with different superscriptshirithe same column tended to be differéht(
0.06).
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Boxplots of the mean green intensity of DCF fluorescence in oocytes after VM
culture, which representsthe H,0, level.

The lower and upper + 1.5 quartile are indicatedvbiskers, the lower and upper ends of
the boxes indicate the 25th and 75th quartiles,thadine across the middle of the box
identifies the median sample value. The circlesesamt the outliers.®” Values with
different characters differ significantly among thieree IVM groups P < 0.01).

Numbers of oocytes used are indicated in parergh@seeplicates).
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Fig. 2-2. Boxplots of mitochondrial activity (a) and ATP content (b) in oocytes after 1VM
culture.
The lower and upper + 1.5 quartile are indicatedvhiskers, the lower and upper ends of
the boxes indicate the 25th and 75th quartiles,thadine across the middle of the box
identifies the median sample value. The circlesesgmt the outliers.*“Values with
different characters differ significantly among thleree IVM groups P < 0.01).

Numbers of oocytes used are indicated in parenth@se=plicates).
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Fig. 2-4. Bright field (A) and fluorescent micrographs (B, C and D) of embryos (72 hpi) derived
from the oocytes subjected to 22 (1) and 34 h (2) of IVM culture.
B, high-polarized mitochondria stained by JC-1idwy-polarized mitochondria stained by
JC-1: D, nuclei stained by Hoechst 33342. Twelve &rcells are observed in D1 and 2,
respectively.
The embryo derived from the oocyte subjected toh2af IVM shows high-polarized

mitochondria at the periphery of blastomeres (waitews: B2).



Summary

The objective of this research was to clarify tiggng-related changes im vitro-matured bovine
oocytes. Firstly, the author examined the fedtiizn and embryonic development of bovine oocytes
after 22 and 30 to34 h of IVM. The oocytes afteért@ 34 h of IVM (penetrated by sperm at around
40 h after starting IVM) showed a lower developraérte to blastocyst®(< 0.01), although normal
fertilization rates were similar regardless of IMMration. In the next experiment, ROS (evaluated
by H,O,), mitochondrial activity and ATP content in oocytafter 20, 30 and 40 h of IVM were
examined. ROS in the group subjected to 30 h ofl showed lowest value in all groups. The
mitochondrial activity and the ATP content in thegp subjected to 40 h of IVM were higher than in
the group subjected to 20 P & 0.01) and those in the group subjected to 30 h of IVMvsib
intermediate values in all groups. Thereafterpafibndrial activities at 3 days after IVF in emisyo
derived from the oocytes subjected to 22 and 3#IWM were evaluated. In the group subjected to
34 h of IVM, high-polarized mitochondria were freqily observed at the periphery of blastomeres.
The results suggest that high mitochondrial agtieibserved in oocytes at prolonged duration after
IVM start and localization of high-polarized mitaoidria at the periphery of blastomeres during early
embryonic development may be associated with thhedevelopmental competence in aged bovine

oocytes.
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Summary and Conclusion

Nowadays IVP of bovine embryos is general technignd commercially used; however, the
developmental competence of vitro-matured bovine oocytes is still lower than that iof
vivo-matured bovine oocytes. Nuclear and cytoplasmatunation are essential for oocytes to
acquire developmental competence during IVM.  Affter completion of nuclear maturation, oocytes
gradually accomplish cytoplasmic maturation anduaegdevelopmental competence. Then, they
maintain that competences of fertilization and embic development for a certain period, but
eventually undergo deterioration in their qualithdalose developmental competence. This
phenomenon is called “oocyte aging”. In this teethe author conducted the study to estimate the
timing when bovine oocytes acquire and lose thewetbpmental competence during IVM culture and
investigate aging-related changesiimyvitro-matured bovine oocytes, especially focusing on the
functions of mitochondria during IVM culture andrlgeembryonic development.

In chapter 1, the objective was to estimate théntinwhen bovine oocytes acquire and lose their
developmental competence during IVM culture. Tingbeonic development ain vitro-matured
bovine oocytes based on the times of nuclear ntadarand sperm penetration was investigated.
Firstly, COCs were subjected to IVM for 14 to 22 W he timing when 50% of oocytes reached the
M-Il stage was estimated to be 17.5 h after IVMtstaSecondly, using oocytes subjected to IVM for
12 to 30 h, sperm penetration was examined afterl8 h of IVF. A significant negative correlation
between IVM duration and the timing when 50% ofydes were penetrated by sperm after IVF start
was observed. Finally, oocytes subjected to 120t of IVM were inseminated and cultured for 6
days to examine embryonic development. It was sldothat bovine oocytes had their highest
developmental competence at around 12 h after dnlgieuclear maturation (i.e., around 30 h after
the initiation of IVM culture), and began to loseadually their developmental competence after this
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timing. Therefore bovine oocytes at 30 h after itligation of IVM should be considered as fully
matured oocytes, not as aged ones.

In chapter 2, the objective was to clarify the ggielated changes im vitro-matured bovine
oocytes. The oocytes subjected to IVM for 20 hcwes immediately after M-Il arrival), 30 h (fully
matured oocytes with high developmental competerzce) 40 h (aged oocytes) served in the
determination of ROS production (evaluated byO}, mitochondrial activity and ATP content.
ROS in the oocytes after 30 h of IVM was lower tlirathe oocytes after 20 h of IVM, and this result
showed that the oocytes after 30 h of IVM had hligmpetence to protect against oxidative stress.
The mitochondrial activity and ATP content in bavioocytes subjected to 40 h of IVM were highest
among all IVM durations. In addition, mitochondriactivities at 3 days after IVF in embryos
derived from the oocytes subjected to 22 h (petetray sperm at around 30 h after starting IVM)
and 34 h (penetrated by sperm at around 40 h siiéeting IVM) of IVM were evaluated. In the
group subjected to 34 h of IVM, high-polarized roltondria were frequently observed at the
periphery of blastomeres. These high-polarizeadchibndria at the periphery of blastomeres might
have already been extruded from blastomeres. Huggested that high mitochondrial activity
observed in oocytes at prolonged duration after I\dkrt and localization of high-polarized
mitochondria at the periphery of blastomeres duaagdy embryonic development may be associated
with the low developmental competence in aged louicytes.

The present study demonstrates that bovine oocwiEguire their highest developmental
competence at around 30 h after the initiation @M1 culture and then begin to lose their
developmental competence gradually. Moreoves, $thiowed that, in contrast to the past reports, the
mitochondria activity increases with aging of vitro-matured bovine oocytes. Therefore, this
depression of developmental competenceivitro—matured bovine oocytes is possibly related with
the enhanced mitochondrial activity.
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Summary in Japanese

FDIRINZNE - IRREREBANT R AR RRINF 2 W RN R EAN I B RELSBEL., 4
DOEFE - WRICEBRL TWD, BE TR, BRI RERIN T2 DR (58 PR W REZR AR 0 23 58
BT LHEIEITK 40%CE TR _EL7ZAN AR AR He TR IR T O FE A BB IR 4
IR DERIEGE R R OB EPHIFFSN TS,

YRR N DA BTN 1355 — I 0 AT T R MF IE L TO DR DR TR L D
R Z 2T BB 5, TL T8 BB PH (M-Il #) (GELZRIC, BO
BOAHMNMEIET D, Z0 M-Il BITET D ECTOBMBAAIAL S D, IR ICIER 2%
BB LORAICLELMIE OMEERNEL CH O MIRERRALZET L, BEERLERGT L L
EZOHNTWD, FBERBETERBLIIIFIIUIZOSOM, BAERBLHERLIE, 2 a2 12K,
ZOFRERDIKTRIIFDELLEZHILTND, EMC T ZDIFF- T, BRI REF S
DUNIHLF B2 AL DR SV TVD D, AR IC B W TEIEARIC R O N FEA LT
NWTELT | FINFHRERBICEL % O R A RRES B IR TREII R Th L, MO REMC
FOEOWIBRRA~DFAEREELT0IZIE, BICIDFEAERME T T LaNIIFFITZE T4
D, £ ZCARIFE TIE, FIIFE2 R E L CERBEL - O A RES S IO T
REHIZHEE T 5L Eb10, BLBRICHDINFNOINa R 7 IEMICEREL 7218 B Oz
THREILTZ,

B 1 EIE, IRF ORI C T 25 A RE S B L OME TR HEE 45284 HBIEL T,
FEPTARPIE TRV R RSB OARRTE T RSB LOERER OB FRARHZAL)ICT
DD, B WNRE S B O4IPENHENI L 7 I0F-2 AV Tl # B L ORIV 21T o 72,
ZFORER BERREGE T R SRS R R AATE 17 .50 ChY | ARSI LB DB TR A
ETORMOMIIZAOHEBEN RbhI-, KIZ, RAER, RO ZERBL R EERELZITV.
FCEASE T D ORE T2 A ETORE SRR ~DFE AR L O BIEMEL TR T, ZORER ., BRRGE

51



THAK 12 BRfE (RS BRLETK0 30 BERE) 1K T AMEALTIRF ORI ~ DR AR D i
IR D EHEES VT, Fo R TR AR BUASE 2 B AR B0RF R LAREIZ 225 2812 2o T IR0
IR~ DR AERITE T DI LRSIz, LA EDRERNG R FEO S TR LT
DORBBINTF1T, RAGEERBIEEK 30 B CRAREDRLERD, Z0%, BAEMNME T
HZEMBHGLIEIR ST,

52T T, (RSB Z 38 1T DAL ARIRF N COZALEZBABNC T2 82 BRI LT, B
PSEEBAMATR 20 BeR (ARATE TEZOIRT), 30 Bif] (B FEAEREZH T20F) BLU 40
i (BLORF) B OFIRFHNICBITDIEMERFEM (H0,) FEAERE. IFa FUTEREB LY
ATP &R B2/, TORE R, RESEERLGE 30 Fef B OIIFHNO H0, EITRHIER 20
REHIDIRF DI AR @L< /2D DNE, FTBELREN B e LHER ST, o, AT E B 16 40
Re R L 7= B LINF Tl Sba RUTTEMENE ED, ATP 56 &b Z</o7, IRIT, FEEEE
2255 NT AR ARIZEREL T, 2D 3 AR ITHFELNIZROBIER P OINa RUTEM AT,
ZFORER, RS 34 %I L TRONZIR (TR AT 2B A4 40 BRI B L
E) \ZBWTE, EEMEDOIN U T REERIDIRIC S Abivie, Fio, BIERUZICHFET DIk
I RYUTIE, BRI SN TV B EHEES T, DL EORERD G RS B DR R
L2 LIIF TRONDIIE A RE DR T IE, EMHAL LTI RUT 3 T AR5 A2 i | 2B 2R
BARET HZLICBEEL CTND T EAVRIBE LT,

RFFROFER A ORI ERIRF DFEAEREIL, BRI E A 1285 | 70 b Al 2 B AR
#IBORFfH] B ICHbm<RY, ZDORIFIR X IR T T DL~ T, Fio, iRBVE R
AOREfE R L 7= ZALIRF- CIIIha s RUTTEMEA B D, ATPE R E2ENL THDZENRHLMNIC
7polz, SHIT, AR IZ (L LTI I3 b2 RU T ZHilE 9 288 S & kv Sha R 7

DIEMHEAIZIVESN AR OFEEREDME T T2 EAVRIRS NI,

52



