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ABSTRACT 

AGE-RELATED HAMSTER MITOCHONDRIAL CHANGES AND OOCYTE 
CHANGES FOLLOWING AUTOLOGOUS PLATELET 

MITOCHONDRIAL MICROINJECTION 

Fang Li 
Old Dominion University, 2011 

Director: Dr. R. James Swanson 

This study's objective was to verify age-related mitochondrial changes in oocytes from 

old hamsters compared with those from young hamsters. We used autologous platelet 

mitochondrial microinjection to improve the mitochondrial quality and quantity of aged oocytes to 

improve their pregnancy potential. Metaphase II oocytes were collected from super-ovulated 

female hamsters and prepared for biochemical and morphological analysis. Adenosine 

triphosphate (ATP) levels, mitochondrial DNA (mtDNA) number, reactive oxygen species (ROS) 

level and mitochondrial membrane potential (MMP) were determined in individual oocytes from 

young and old hamsters. Transmission electron microscopy (TEM) allowed evaluation of oocyte 

ultra-structure. In oocytes from old hamsters, ATP levels and mtDNA number were reduced an 

average of 35.4% and 51.8% respectively compared to young oocytes. Lower MMP and higher 

ROS levels were observed in oocytes from old hamsters compared with those from young 

hamsters. TEM analysis supported low mitochondrial quantity and increased mitochondrial 

electron density in old oocytes, along with collapsed cytoplasmic lamellae. When comparing 

platelet mitochondria between young and old hamsters, no significant difference was found in 

ATP level per mitochondrion or ultrastructure. After autologous platelet mitochondrial 

microinjection, ATP production increased significantly in the microinjected group, however mtDNA 

number and embryo development to blastocyst stage were not improved. MitoTracker Green FM 

(MGF) was used to help quantify mitochondria, but the results conflicted with mtDNA and TEM 

data, which suggests that MGF, as a MMP dependent reagent, is not an ideal method to reflect 

mitochondrial number. Our data suggest that (1) age-related morphological and functional 

mitochondrial changes occur in oocytes from old hamsters compared with young hamsters; (2) 

platelets can be used as a source for mitochondrial transfer; and (3) autologous platelet 



mitochondrial microinjection improves mitochondrial ATP production in old oocytes. The fact that 

no change in blastocyst development after microinjection was observed does not rule out that 

there might not be improvement of post-implantation embryo development. Therefore, further 

study will focus on effect of autologous platelet mitochondrial microinjection on post-implantation 

embryo development. 
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CHAPTER I 

INTRODUCTION 

BACKGROUND 

Mammalian oocytes 

Oocytes are mature female germ cells, derived from primordial germ cells (PGCs) which are 

descendants of the epiblast Mouse primordial germ cells are localized at the base of the allantois 

[1,2] In humans, meiosis I of ootidogenesis of PGCs begins in the fetal ovary between 11 and 12 

weeks of age PGCs undergo many cycles of mitotic division before entering the first stage of 

meiosis I, ultimately leading to the production of millions of oogonia [3] Oogonia enter the first 

meiotic division and arrest in prophase I as primary oocytes in the late fetal period, where they are 

surrounded by squamous precursors of follicular cells [4] A primary oocyte and its relatively 

undifferentiated granulosa cells enclosed by a basement membrane are recognized as a 

primordial follicle In both the rat and mouse, the formation of primordial follicles is completed by 

birth [5, 6], while in the hamster, germ cell mitosis continues for a few days after birth Therefore, 

germ cells, primordial oocytes and somatic cells are all found in the ovaries of a newborn hamster 

[7] In humans the primary oocytes halt in the diplotene stage of prophase I until puberty, and then 

a few continue to develop in each menstrual cycle The oocyte remains in the immature state 

because of many factors, such as oocyte maturation inhibitor secreted by granulosa cells At the 

start of the human menstrual cycle, some primary follicles begin to develop with increased follicle 

stimulating hormone (FSH) and only one (rarely two) healthy secondary follicle remain(s) growing 

by day 9 of the cycle. Other developed primary follicles undergo cellular atresia On day 14 of the 

cycle, a serum luteinizing hormone (LH) surge occurs As LH levels increase during the late 

preovulatory period, a number of events occur (1) the secondary follicle develops into a tertiary 

follicle which (2) becomes a mature follicle and ruptures (3) forming a corpus luteum from the 

empty follicle. 

The LH surge is triggered by the positive feedback of estradiol 17-p. The primary oocyte 

completes the first meiotic division leading to the formation of a polar body and a secondary 

The journal model is Biology of Reproduction 
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oocyte arrested at the metaphase II stage. [8, 9] (Fig. 1). 

FIG. 1. Development of oocyte. Small A) primordial follicle develops into a B) primary 

follicle, then a C) secondary follicle and finally D) a fluid filled tertiary follicle (mature). This 

follicle may E) ovulate and become a corpus luteum 

The quantity and quality of human follicles and their associated ova are major factors 

contributing to an age-related decline in fertility. Since the whole follicle pool is already laid down in 

the ovaries by the fifth intrauterine month in humans and a few days after birth in hamsters, 

damage can accumulate in follicles and ova as they age over years for humans or over months for 

hamster. At about 5 months in utero, the total number of follicles is established for the human 

reproductive lifespan, and their associated ova are aging from that fifth month on until the final 

ovulation at menopause. Follicles degenerate by a process called atresia either before or after 

initiating follicular growth [10]. Follicular depletion occurs faster than ovulation and only about 500 

of 5 million oocytes will actually ovulate [11]. Accelerated atresia of the oocytes begins at an 

average age of 37.5 years (yrs) in humans, and starts at an earlier age in 10% of women [10]. 

Antral follicle count and basal serum levels of FSH are markers for ovarian reserve in normal 

women without polycystic ovaries, and a significant reduction in ovarian reserve occurs after the 

age of 35 yrs [12]. Obvious decline in fecundity has been reported after the age of 30 yrs, and 

fertility loss at an average age of 41 yrs [13, 14]. Yet many women, especially those in the 

workforce, tend to delay conception for education and a career. The chance for these women to 

have a successful pregnancy, however, is lower compared with younger women. 
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In vivo and In vitro Fertilization 

In human in vivo fertilization, the oocyte and sperm meet in the peritoneal cavity near the 

ovary or in the fallopian tube The sperm head penetrates the zona pellucida and binds and fuses 

with the plasma membrane of the oocyte Once the sperm enters the ooplasma, the oocyte rapidly 

undergoes a number of metabolic and physical changes called egg activation, including a rise in 

the intracellular concentration of calcium, completion of the second meiotic division and cortical 

reaction Chromatin from both the sperm and egg are then encapsulated in membrane-bound 

structures called pronuclei Over the next few days, the mammalian embryo undergoes a series of 

cell divisions forming a hollow sphere of cells called a blastocyst when the embryo moves into the 

lumen of the uterus on day 4 after ovulation The embryo will hatch out of the zona pellucida, 

attach to and penetrate the endometrium of the uterus on day 7 and grow there until birth But 

many factors may cause female or male infertility Female fecundity (conceiving ability) generally 

decreases with aging The monthly probability of an ongoing pregnancy for a 35-year-old (yo) is 

only about half of that of a 20-30-yo [15] Age-related infertility is considered to be resolvable with 

assisted reproductive technology 

The birth of Louise Brown in 1978, the world's first "test tube baby" is a major milestone in the 

history of both medicine and science The "test tube baby" technique, in vitro fertilization (IVF) plus 

embryo transfer / transplantation, offers treatment to couples who previously had no hope of 

having a child of their own IVF was originally developed as an approach for overcoming 

mechanical blockage of fallopian tubes that prevented sperm from reaching and fertilizing ova 

released from the ovary However, this technique can be used for the treatment of infertility 

resulting from numerous causes, such as male sub-fertility and immune infertility 

The IVF treatment cycle is a complex, multidisciplmary procedure A typical cycle for humans 

consists of the following phases 

(1) Superovulation (ovarian stimulation) with a GnRH agonist or antagonist to suppress 

endogenous pituitary FSH and LH secretion, combined with stimulating folliculogenesis with 

FSH Human chorionic gonadotropin (hCG) is used to induce ovulation In vitro maturation of 

oocytes may be required for women with polycystic ovaries 
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(2) Oocyte retrieval by vaginal ultrasound-guided follicular puncture is followed by identification of 

oocytes 

(3) In vitro fertilization or intracytoplasmic sperm injection (ICSI) with prepared sperm 

(4) Identification of fertilized oocytes (zygotes) and further culture 

(5) Evaluation and selection of embryos for transfer to the uterus [16] 

Even though IVF techniques were developed and refined over the last three decades, the 

success rate of IVF clinics is still quite variable and depends on many factors including the 

laboratory and clinical approaches as well as patient characteristics such as age and physical 

uniqueness According to statistics from the Center for Disease Control and Prevention (CDC), the 

success rate of IVF clinics is 30-35% for women under age 35, 25% for women 35 to 37, 15-20% 

for women 38 to 40 and 6-10% for women over 40 [17] The positive association of unsuccessful 

pregnancy with age over 30 is largely due to spontaneous abortions [15], which may partly be due 

to the quality of ova IVF treatment with donor oocytes from younger women, however, may greatly 

enhance the reproductive prospects for women who have little chance to a successful pregnancy 

with their own oocytes [18] This highlights the age-related fertility decline in females as mainly, if 

not fully, driven by oocyte changes with aging All these studies suggested that the fertility rate of 

both in vivo and in vitro decline sharply after 35 yrs in humans The reproduction of aging women 

is still a big challenge even though assisted reproductive technology has made remarkable 

progress in the last 30 yrs 

Mitochondria 

Mitochondria are the energy center for cellular activity producing adenosine triphosphate 

(ATP) by aerobic respiration, which is the major source of energy in eukaryotic cells Mitochondrial 

size and shape vary with tissues and cells, typically they are sausage-like in shape with 

dimensions of 3-4um in length and about 1um in diameter [19] The morphology, size, quantity 

and distribution of mitochondria vary widely by organism, tissue type and different physiological 

conditions, even within the same cell types Under the electron microscope, mitochondria are 

double membrane-enclosed organelles with outer mitochondrial membrane (OMM), inner 

mitochondrial membrane (IMM), inter-membrane space (IMS) and matrix (Fig 2) 



Cristae 

IMS 

- OMM 

IMM 

FIG. 2. Overview of a mitochondrion. Outer mitochondrial membrane (OMM), Cristae, inter 

membrane space (IMS) and inner mitochondrial membrane (IMM) (bar=500nm) 

The outer membrane embeds some transport proteins and is permeable to small molecules, 

but large proteins need a specific signaling sequence to enter the inter-membrane space. The 

inter-membrane space is the space between the outer and inner membranes. The numerous 

cristae were thought to be the result of protruded IMM into a matrix, but after observation of three-

dimensional images of mitochondria from electron tomography, Perkins et al. proposed that the 

continuity of the cristae with the inner mitochondrial membrane is achieved by a relatively small 

number of narrow tube-like connections [20]. In other words, the anatomical bottleneck can 

constitute a barrier and separate the two compartments: an intra-cristal space and inter-

membrane space [21]. This view, however, is subject to debate [22]. The inner membrane is 

highly impermeable to all molecules. Many important proteins are on the inner mitochondrial 

membrane, such as proteins involved in the electron transport system, the ATP-synthesizing 

complex, fatty acid synthesis, and specific proteins for transport, metabolism, mitochondrial fusion 

and fission. Mitochondria are the most sensitive organelles to aging in the cell and may reflect the 

level of damage in a cell, such as DNA mutation, ATP deficiency, initiation of apoptosis and 

* • 
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necrosis. The role of mitochondria in apoptosis is very well established with support by many 

researchers [23-25]. Many studies suggest that mitochondrial dysfunction and mtDNA mutation 

may cause aging. Several studies have indirectly implicated mtDNA inheritance in longevity [26, 

27]. Harman and others proposed a theory that mitochondria are the most relevant free radical 

target in aging besides being the main cellular source of reactive oxygen species (ROS) [28-30]. 

This theory provides an overview of the role of mitochondria in aging. Some mitochondrial 

characteristics contribute to the central role of mitochondria in aging, such as being the main ROS 

source and target, and the accumulation of mtDNA mutations and deletions from endogenous and 

exogenous factors causing phenotype resembling premature aging [31-33]. It is conceivable that 

exposure to certain environmental toxins and endogenous factors such as ROS could result in a 

preferential accumulation of mtDNA damage and accelerate aging [30, 34-37]. 

The electron transport chain (ETC) and ATP synthase are two of the most important 

structures in the mitochondrial inner membrane. The ETC couples electron transfer between 

electron donors (e.g., nicotinamide adenine dinucleotide (NADH) and flavin adenine dinucleotide 

(FADH2)) and electron acceptors (e.g., 02) to drive the transfer of protons out of the inner 

membrane. Complex I (NADH dehydrogenase) accepts electrons from NADH, and passes them to 

coenzyme Q (ubiquinone), which also receives electrons via FADH2 electrons from complex II 

(succinate dehydrogenase)). Coenzyme Q passes electrons to complex III (cytochrome bc1 

complex), which passes electrons to cytochrome c. Cytochrome c passes electrons to complex IV 

(cytochrome c oxidase, which reduces molecular oxygen to water). The mitochondrial electron 

transport chain is also one of the major cellular generators of ROS including superoxide (02~), 

hydrogen peroxide (H202) and the free hydroxyl radical (OH) [38, 39]. All of the electron carriers 

in the ETC could pass electrons to molecular oxygen, but coenzyme Q, namely the ubiquinone site 

in complex III and part of complex I are believed to be the two major ROS-forming sites [40-42]. 

ROS produced by mitochondria are believed to be an important factor in the aging process of 

many tissues and organs, such as brain and ovary. 

Mitochondrial membrane potential 

The ETC produces a mitochondrial membrane potential (MMP) across the inner 
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mitochondrial membrane MMP is formed by a proton gradient as a result of proton pumping by 

the oxidative respiratory chains located in the membrane [43] The concentration of protons in the 

IMS is much higher than in the matrix, since the inner membrane is impermeable to protons Thus 

an electrochemical proton gradient is established across both sides of the inner membrane This 

gradient is positive and acidic on the outside of IMM and negative and alkaline on the inside 

(matrix) 

The proton gradient has two components a membrane potential and a pH gradient both 

driven by protons The energy stored in both the pH gradient and the membrane potential drives 

ATP synthase to synthesize ATP [44, 45] This mitochondrial membrane potential in most 

mammalian mitochondria is around 240mV [46] Regulation of MMP may play a functional role in 

cellular programs such as transport of metabolites and ions like calcium [47], importing of 

precursor enzymes [48, 49] and mitochondrial protein synthesis [50, 51] Changes of 

mitochondrial membrane potential may reflect different growing states or different phases in the 

cell cycle Darzynkiewicz et al suggest that MMP increases with the cell cycle moving from S to 

G2 to M phase [52], and different level of oxygen consumption may be accompanied by different 

MMP When cells begin to differentiate, MMP may also change [44] The MMP was reduced 

when erythroleukemia cells were induced to differentiate [53] The MMP is also the energy source 

driving outer and inner membrane fusion, a pH gradient is necessary for outer membrane fusion 

while an electrical potential is required for inner membrane fusion [54, 55], which are important for 

mitochondrial replication A decline of MMP suggests an increase of mitochondrial inner 

membrane permeability and a decreased proton gradient across the inner membrane, which will 

reduce ATP synthesis MMP disruption has been observed in many cases of necrosis and in more 

than fifty different models of apoptosis [56] 

The mitochondrial membrane permeability transition pore (MPTP) is a high-conductance, 

non selective channel, which is assembled from the (1) pro- and anti-apoptotic members of the 

Bax and Bcl2 gene family, (2) mitochondrial outer membrane voltage-dependent anion ion channel 

(VDAC), (3) mitochondrial inner membrane adenine nucleotide (nt) translocator (ANT), (4) 

cyclophilin D, and (5) benzodiazepine receptor [57] The opening of MPTP channels occurs under 
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some pathological conditions such as stroke, traumatic injury and some neurodegeneration [58] 

VDAC, a member of the ponn family, is a highly conserved protein located in the mitochondrial 

outer membrane Binding sites for hexokinase, glycerol kinase and Bax are located on the surface 

of VDAC Therefore those proteins are activators or inhibitors of MPTP Another protein of MPTP, 

ANT, is an inner mitochondrial membrane protein which can exchange adenosine diphosphate 

(ADP) and ATP between the mitochondrial matrix and the cytosol [59] Induced by pyndoxal 

phosphate, ANT can interact with VDAC and ADP/ATP on the binding site facing the cytosol In 

this case, the MPTP would open When the ADP/ATP binding site of ANT faces the mitochondrial 

matrix and ANT stops interacting with VDAC, the MPTP channel would close [60] 

Most, but not all signals or stimuli that trigger overproduction of ROS and reduced MMP will 

activate the MPTP channel H202 out of mitochondria may interact with mitogenic signal 

transduction pathways, inhibit apoptosis by stabilizing the MPTP, and drive cell proliferation [61] 

The opening of MPTP produces an increase of permeability of the mitochondrial inner 

membrane, leading to the collapse of the MMP, mitochondrial swelling and cell death Opening of 

MPTP is thought to be a consequence of apoptosis [62], but the opening of MPTP may result in 

release of apoptotic proteins stored in the mitochondrial inter-membrane space, specifically 

cytochrome c, procaspase-9, apoptosis initiating factor, and endonuclease G [63], which would 

promote apoptosis and provoke an apoptotic cascade reaction 

Mitochondria also play an important role in regulating cytoplasmic calcium concentration with 

MPTP When the mitochondrial matrix is overloaded with calcium, MPTP will open to release Ca2+ 

into the cytoplasm from the matrix Conversely, when Ca2+ concentration in the cytoplasm is over 

the threshold limit, Ca2+ may enter mitochondria via Ca2+ channels Ca2+ can also be pumped back 

into the cytosol by a Na+/Ca2+ exchanger [64] Ca2+ overload and ROS generation can result in 

opening of MPTP channels [65], and the Ca2+ threshold for MPTP opening is coupled to 

irreversible increases in oxidative stress [66] The mitochondrial matrix is not homogeneous, but 

shows fine granularity of high electron density The intensity of high electron density varies with 

the metabolic state of the tissue observed The high electron density may be the result of 

sequestration and storage of calcium [67] 
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Mitochondria DNA (mtDNA) 

Most genetic material is contained in the nucleus However, the mitochondrion is the only 

organelle with its own genome which is similar to bacterial genomes Mitochondria are thought to 

have evolved from bacteria [68] Mitochondrial DNA is maternally inherited because sperm 

mtDNA is degraded in the fertilized egg In mammals, mtDNA is a double-stranded circular mtDNA 

molecule with approximately 16 5kb including both heavy and light strands [21] The two strands 

of mtDNA are differentiated by their different guanine and thymine content and density in 

denaturing gradients The compact and contiguous circular mammalian mtDNA molecule does not 

have introns The genome contains 37 genes encoding two ribosomal RNAs (rRNA), 22 transfer 

RNAs (tRNA) and 13 polypeptides Some of the polypeptides are essential parts of the oxidative 

phosphorylation system The D-loop region on mtDNA contains the main regulatory sequences for 

transcription and replication initiation [69] 

Peroxidative damage to nuclear and mtDNA or cell membranes has been considered the 

main mechanism for decay of cellular function by the free radical theory of aging [28] ROS 

including superoxide, H202, HOCI and others, are produced in mitochondria because of the 

leakage of high energy electrons through the electron transport chain The mtDNA is a major 

target of ROS, because (1) mtDNA is located near the inner mitochondrial membrane sites where 

oxidants are formed from the electron transport chain, (2) mtDNA lacks both protective histones 

and DNA repair ability unlike nuclear DNA [70], (3) mtDNA replication starts from a D-loop with a 

single strand, which produces some mutant genome from "replication jumping" by removal of any 

single-stranded "excess" DNA up to a double-stranded region [71] 

Mitochondria and oocyte aging 

Egg production, maturation, fertilization and embryo development are factors which define 

the quality of an oocyte [72] Oocyte production and maturation consist of nuclear and cytoplasmic 

replication and maturation Fertilization and embryo development require both nuclear and 

cytoplasmic maturation in the oocyte [73] The release of the first polar body marks nuclear 

maturation, while cytoplasmic maturation is more complicated Evaluation of mitochondria has 

been suggested as a useful estimate of cytoplasmic maturation [74] 
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Mitochondrial replication occurs in parallel with increasing cellular metabolism. Thus, the 

increasing ATP needs are matched by increasing mitochondrial numbers which is generally 

associated with increasing cytoplasmic volume. In mice, the number of mitochondria expands 

10,000 times in immature oocytes progressing from the primordial follicular stage to mature 

ovulated oocytes [75]. The human metaphase II (M II) oocyte is estimated to have 100,000 to 

200,000 mitochondria. Maximum mitochondrial size and cristae complexity are reached just at the 

beginning of the phase of rapid oocyte growth and decline thereafter in humans [76]. As human 

oocytes age, mitochondria accumulate mtDNA mutations after decades of exposure to ROS and 

other free radicals, which may reduce mitochondrial ATP generation [77]. The development of 

primordial follicles was found to be delayed or arrested with lower ATP supply [78]. 

Many age-related functional and morphological changes occur in oocytes which include 

increased density of the mitochondrial matrix, increased ROS production, increased mtDNA 

mutations, decreased MMP and decreased ATP synthesis [79, 80]. The adult resting primordial 

follicular oocyte has about 6000 mitochondria on average [75]. The total germ-line mitochondrial 

number will decrease to 5 million in 800-1,000 germ cells by puberty and will continue to fall [81]. 

The MMP is related to oocyte aging in many ways. The age-related decrease of MMP in 

human oocytes and embryos was observed by Wilding [82]. This reduction may be caused by a 

decrease of ANT, an important protein of MPTP [83]. High-polarized mitochondria are required in 

the pericortical oolemma for ATP production and calcium homeostasis [84] which is necessary for 

sperm penetration and cortical granule exocytosis [85]. Low ATP levels caused by low MMP may 

also limit energy for oocytes and pre-implantation embryos [86, 87]. The ATP produced by 

mitochondria is critical for nuclear and cytoplasmic maturation of oocytes [88] and sustaining the 

activity of the meiotic Ca2+ wave pacemaker [89]. Therefore, low-polarized mitochondria may be 

one of the major reasons for poor fertility of aged oocytes. Mitochondria also contain anti-

apoptotic and apoptogenic components such as cytochrome c. Apoptosis of oocytes from aging 

mice also increases and this correlates with their observed increase of abnormalities in oocyte 

mitochondria as well [90]. Apoptosis may be one of the protective mechanisms to eliminate 

damaged oocytes with accumulated mtDNA mutation [91]. 
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The apoptotic rate of old immature oocytes (from 41-50-yo women) is significantly higher than 

young oocytes (from 21-40-yo women) and consequently the developmental potential of oocytes 

from older women decreases sharply [92]. ROS is one of the reasons for the high apoptotic rate in 

old oocytes. Thouas [86] suggested that excessive ROS production in aged oocytes might 

promote the opening of MPTP and subsequently initiate the release of cytochrome c, which 

activates the mitochondrial caspase apoptotic cascade pathway. The process may contribute to 

preimplantation embryo arrest [86]. Opening of VDAC may induce apoptosis by releasing 

cytochrome c. Blocking VDAC1 activity in bovine oocytes with anti-VDAC1 antibodies resulted in 

the change of physiologically maturing oocytes in vitro [93]. Oocytes are more susceptible to 

mitochondrial dysfunction since mtDNA does not replicate until postimplantation [94], which may 

restrict replication of mitochondria. The mtDNA copy number varies in oocytes, and aging exerts a 

negative influence on the process of mitochondrial genesis [95]. 

Compared with young oocytes, aged oocytes also produce a higher proportion of embryos 

with normal appearance but abnormal genes, such as chromosomal aneuploidy [96]. Abnormal 

motor proteins may contribute to aneuploidy in aged oocytes [97], while polo-like kinases, spindle 

assembly regulators, need ATP as one of the phosphate donors for phosphorylation [98]. 

Therefore, lower ATP or MMP levels may contribute to chromosomal aneuploidy in aged females, 

which is probably part of the mechanism of age-related mitochondrial dysfunction on abnormal 

oocyte spindle assemblies [99-101]. 

Mitochondrial distribution may be used as one marker to estimate cytoplasmic maturation. An 

oocyte in the germinal vesicle stage shows homogeneous mitochondrial distribution throughout the 

ooplasma [82], while oocytes in metaphase I (M I) or M II generally show heterogeneous 

mitochondrial distribution with a peripheral pattern. Most M II oocytes have large granulated 

mitochondria clumped in the pericortical cytoplasm [78]. Mitochondrial redistribution in different 

cellular zones is conducted by the cytoskeletal microtubules [102]. The improper formation of the 

cytoplasmic microtubule network contributes to abnormal distribution of mitochondria (such as 

homogenous mitochondrial distribution in M II oocytes), which leads to inappropriate ATP 

distribution and contributes to retardation or arrest of embryogenesis [103]. Distribution of 
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mitochondria not only influences ATP distribution, but also affects the regulation of calcium The 

demand for ATP and calcium provoke mitochondrial redistribution in oocytes [104] Mitochondrial 

aggregation with smooth endoplasmic reticulum (SER) in mature oocytes is essential for their 

cooperation on regulating calcium concentration In mammals, activating oocyte development by 

sperm fertilization initiates a prolonged series of elevations of intracellular Ca2+, which is generated 

by increasing production of inositol 1,4,5-tnphosphate (IP3)[105] Sperm fertilization initiates IP3 

production by introducing some sperm factors into the oocyte, such as sperm-specific 

phospholipase c, which is the primary candidate for the elevation of Ca2+ [106-108] Oocyte 

maturation not only requires a high level of ATP production, but also needs proper regulation of 

calcium concentration in the cytoplasm, mitochondria matrix and SER [74, 104] Calcium performs 

an important role in the embryonic cellular cycle and establishment of the embryonic axis [109] 

Mitochondria from cumulus cells versus mitochondria from platelets 

Some groups have introduced mitochondria from autologous cumulus cells into oocytes [110, 

111] However, because of age-related mitochondrial defaults in cumulus cells, autologous 

cumulus cell mitochondrial microinjection is not the best option Studies have shown that the 

incidence of deletion of mtDNA 4,977bp (A4,977) in granulosa cells was positively associated with 

aging [112, 113] Use of platelets as the mitochondrial source has the following two benefits (1) 

platelets degenerate in about 10 days in the circulatory system if they are not involved in clotting 

[114] This rapid turnover of platelets results in reducing defective mitochondria and defective 

mtDNA platelet load [115] (2) Platelets are anucleate, thus excluding nuclear DNA contamination 

of the autologous mitochondrial microinjection into oocytes 

Hamster oocytes and reproduction 

In hamsters, the first set of follicles mature just prior to the first ovulation occurring between 

26-30 days of age[116] In addition to hormone influence, hamster oocyte ovulation is also 

determined by the time of lights-on during a 24 hr period [117] More than 12 5 hr of light per day 

are required for hamsters [118] Constant light interferes with ovulation, but does not block 

development of follicles [119] 

The female hamster reproductive cycle is invariant in length at four days On day 2 of the 
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cycle, each ovary contains 10-12 follicles whose antral cavities expand rapidly between late day 3 

and early day 4 About 50% of the oocytes in large follicles ovulate between late day 4 and early 

day 1, while the other 50% become atretic [120] In the four-day cycle, estrogen levels increase 

and plateau over day 3 to early day 4, reaching peak by noon of day 4 Progesterone levels peak 

in the afternoon of day 4, the same with FSH and LH So ovulation occurs between late day 4 to 

early day 1 [121] 

Hamsters are an excellent animal model for the study of oocytes, microinjection and 

fertilization for several reasons (1) hamster ova are less fragile than mouse ova, which in our 

laboratory, leads to more successful microinjected hamster ova, (2) the hamster ovum is closer to 

the human ovum not only in durability but also in size (about 100um) (3) female hamsters show a 

regular and predictable four-day estrous cycle, (4) large numbers of eggs (30-60) can be obtained 

from superovulation, and (5) in-house production of hamsters is convenient with 16 days of 

gestation and around 10 pups born per liter [122] 

The same age-related decline of fertility occurs in hamsters as in humans Mizoguchi 

reported that the fertilization rate in aged hamsters decreased and suggested that defective ova 

were one of the major factors resulting in increased preimplantation loss in aged hamsters [123] 

Successful IVF in the golden hamster was reported in 1964 [124] After decades of development, 

IVF in hamsters became a mature and usable technique for research But even though the 

hamster is a good model for reproductive research, the hamster has not been used in much 

research on age-related changes of oocytes and age-related mitochondrial changes in hamster 

oocytes have not been extensively studied to date Therefore, we have used the hamster as our 

model to (1) analyze age-related mitochondrial changes in the oocyte, (2) to improve mitochondrial 

function in oocytes and (3) improve the fertility of hamster oocytes by introducing mitochondria 

from autologous platelets into aged oocytes If this works in hamsters, we predict that in the future, 

some older women with infertility due to aging ova would seek similar methods to improve their 

fertility 
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All of these studies suggest dysfunction of mitochondria is one key factor contributing to 

oocyte in vivo aging Therefore we proposed that replacement of mitochondria in aged oocytes 

with healthier mitochondria may be a reasonable treatment to retrieve oocyte function 

SPECIFIC AIMS AND APPROACHES 

1 To test the hypothesis that mitochondria of oocytes from young hamsters have significant 

morphological and functional differences compared to those from old hamster Individual 

ovaries and oocytes were recovered from young (2-4 month) and old (12-14 month) female 

golden Syrian hamsters We evaluated penvitelline space of oocytes in young compared to 

old hamsters by light microscope (oocytes without penvitelline space are deemed to be 

healthy oocytes [125]) We compared mitochondrial quantity changes in oocytes from young 

and old hamsters by MitoTracker green fluorescence staining and measurement of mtDNA 

copy number, and compared quality change by ATP level, ROS and JC-1 fluorescence 

staining We also used TEM (Transmission Electron Microscopy) to evaluate mitochondrial 

quantity and quality (ultrastructure) of oocytes from young and old hamsters 

2 To test the hypothesis that platelet mitochondria from young hamsters are not significantly 

different compared to those from old hamsters We compared the mitochondrial quantity, 

quality and ultrastructure of platelets from young and old hamsters by mtDNA copy number, 

ATP level and TEM 

3 To test the hypothesis that mitochondrial quantity and function can be improved by introducing 

"young" autologous mitochondria into old oocytes Copy number of mtDNA, density of 

MitoTracker fluorescence and ATP level were measured to analyze mitochondrial quantity and 

quality change in oocytes between pre- and post-microinjection of autologous mitochondrial 

suspensions derived from autologous platelets Oocytes and platelets were isolated from both 

young and old hamsters Platelets from a superovulated female were isolated from blood 

drawn from the inferior vena cava (IVC), and the mitochondria were isolated from those 

platelets Following this exsanguination, excised fallopian tubes were irrigated to collect the 

superovulated ova Autologous mitochondria were microinjected into experimental ova from 
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each superovulated young and old female hamster while sham control ova were microinjected 

with the carrier substance only. 

4. To test the hypothesis that oocyte fertilization can be improved by introducing "young" 

autologous mitochondria into old oocytes. Control (non-injected), sham-control and 

microinjected ova were co-incubated for four hours with sperm collected from healthy young 

male hamsters. The resulting embryos were evaluated daily for development to the blastocyst 

stage. 

SIGNIFICANCE 

The significance of my research lies in the possibility and practicability of introducing healthier, 

autologous mitochondria into an aging hamster oocyte to improve fertilization and embryo 

production rates. This approach might then be applied to human oocytes obtained from older 

women. 
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CHAPTER II 

AGE-RELATED MITOCHONDRIAL CHANGES OF HAMSTER OOCYTES 

INTRODUCTION 

Many age-related mitochondrial changes in oocytes have been reported about human, mouse, 

rat and pig [10, 103], but few of them are about hamster Here, we plan to prove that there are 

some defects of mitochondrial quantity and quality in oocytes from old hamsters compared to 

those from young hamsters Therefore in this chapter, ATP levels, mtDNA copy number, ROS 

level and MMP were determined in oocytes from young and old hamsters Transmission electron 

microscopy was performed to evaluate oocyte ultrastructure 

MATERIALS AND METHODS 

Female golden Syrian hamsters were grouped into a young hamster group (2-4 months) and 

an old hamster group (12-16 months) according to Parkening's classification [2] The animals 

were housed in a temperature and light controlled room All experimental protocols and animal 

handling procedures were reviewed and approved (#07-016 and #10-035) by the Institutional 

Animal Care and Use Committee (IACUC) of Old Dominion University (ODU) All of the reagents 

and materials were purchased from the companies listed in Table 3-5 

Statistical analysis 

The data were analyzed by using the Statistical Package for Social Sciences (SPSS) 18 0 

program The percentage of blastocyst formation was evaluated by using a x2 t e s t The 

penvitelline space of oocytes was tested with Student's t-test after transformed to arcsine The 

relationship between ATP content and mitochondrial DNA copy number in an oocyte was 

evaluated by using the Pearson correlation test The ATP content, mitochondrial copy number, 

ratio of dark mitochondria and fluorescence intensity of oocytes from young and old hamsters were 

compared with Student's t-test The ATP content, mitochondrial copy number and fluorescence 

intensity of oocytes from control, sham and microinjected group were compared one-way Analysis 

of Variance (ANOVA) followed by comparison among groups The results are presented as mean 

±SD, and p<0 05 was considered statistically significant 
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Superovulation 

Old female hamsters selected at random with regard to estrous were induced to super-

ovulate by intra-peritoneal (IP) injections of Pregnant Mare's Serum Gonadotropin (PMSG) 

followed 54 hours (hrs) later by hCG Super-ovulated females were sequentially euthanized over 

a period of 2 hrs starting approximately 17 hrs after the hCG injection 

Collection of Superovulated Metaphase II Oocytes 

Animals were anesthetized with 0 2 ml of 60 mg/ml sodium pentobarbital by IP injection and 

the experiment began 2 minutes (mm) later The abdominal area was sterilized with 70% ethanol 

The abdomen was entered by creating a small hole over the umbilicus and then stripping the skin 

simultaneously down over the hind legs and up over the forelegs Oviducts were excised 

(salpingectomy) by first gently stretching and then shredding the mesosalpinx and mesometnum 

close to each oviduct and uterine horn, respectively, and then cutting between the oviduct and the 

ovary at the intramural junction with microsurgical scissors Oviducts were placed in sterile 35x5 

mm polystyrene Nunclon culture dishes with 3 ml of M199TE medium as described by Yamauchi 

et al [122] Under a Ziess dissecting stereomicroscope at 20x magnification, watchmaker forceps 

were used to slide the fimbrial os onto a 26-gauge sterile needle attached to a 1 ml sterile syringe 

A cumulus oophorus cell with oocyte complex (COC) was irrigated from the oviducts with medium 

expressed from the syringe with moderate force COC from individual hamsters was placed in a 

100 pi 1% hyaluronidase / medium mixture under paraffin oil and evaluated continuously for the 

cumulus cells to dissociate from the oocytes Oocytes that were close to being cell-free were then 

picked up with a hand-pulled glass micropipette (approximate 100 urn lumen inner diameter) and 

washed 3 times through hyaluronidase-free medium with vigorous pipetting to remove all cumulus 

cells Normal M-ll-stage eggs (judged by minimal penvitelline space with one small polar body 

pressed against the oolemma) were evaluated at 32x magnification and collected from the 4th 

wash droplet to a Petri dish with medium for the experimental protocols 

Some of the normal M-ll-stage oocytes were collected at 32x magnification from the 35mm 

dish and each oocyte was transferred with 3 ul medium into cryotubes with 97 ul somatic cell ATP 
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releasing reagent and immediately frozen with liquid nitrogen as oocyte lysate for ATP and mtDNA 

analysis. 

Evaluating Oocyte Penvitelline Space 

All ovulated oocytes were counted. Those oocytes which were expanded tightly against the 

zona pellucida (minimal penvitelline space) with a clear indentation at the polar body (Fig. 3) were 

judged to be healthy oocytes [125]. Oocytes with a wide perivitelline space were judged poor in 

quality and discarded. 

Fluorescence Labeling Mitochondria and Confocal Microscopy 

Fluorescence Labeling Mitochondria with JC-1 

The potential-sensitive fluorescence dye 5,5',6,6'-tetrachloro-1,1,3,3'-

tetraethylbenzimdazoylcarbocyanine iodide (JC-1) was used to measure the activity of 

mitochondria by reflecting MMP. The process was performed according to a previously described 

method [86]. Low-polarized mitochondria with MMP (negative inside) between neutrality and 100 

mV generally show green fluorescence under the confocal or fluorescence microscope because of 

the monomer form of JC-1. High-polarized mitochondria (MMP >_140 mV) are indicated by red 

fluorescence due to JC-1 aggregate formation. The stock solution was 0.77 mM in dimethyl 

sulfoxide (DMSO). Before use, the dye was diluted in M199TE to 1pM as the final working 

solution at room temperature. The retrieved oocytes were incubated in the JC-1 working solution 

for 30 min at 37° according to the description of Zeng et al. [78]. The fluorescence was evaluated 

under a Zeiss LSM-510 confocal laser scanning microscope equipped with a Kr-Ar laser to 

produce an excitation wavelength of 488 nm, and a 530 nm dichroic mirror was used to allow 

passage of the emission wavelength. The emission wavelength was analyzed by a photomultiplier 

after being filtered through a 527-538 nm band-pass filter (green emission) or 581-602 nm filter 

(red emission). A Z-section scan with 5 urn intervals through the center of the oocyte was used for 

the analysis of fluorescence intensity as described by Van Blerkom et al. [126]. The images were 

processed and the intensities of both red and green fluorescence of JC-1 in the oocyte were 

measured by using MetaMorph 7.5. 
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Quantification of ROS and mitochondria in oocytes 

Intracellular ROS was quantified with MitoTracker Red CM-H2XROS (MRR) MRR is oxidized 

by ROS, mainly by superoxide and hydrogen peroxide and trapped in mitochondria by its 

chloromethyl moiety [127] The total mitochondrial population was measured by labeling 

mitochondria with MitoTracker Green FM (MGF) MGF covalently bind to mitochondrial proteins 

by reacting with free thiol groups of cysteine residues [128] Experiments were performed in a 

similar way to the steps of JC-1 staining above The stock solutions of MGF and MRR were each 

1 mM in DMSO The final working solutions were 400 nM and 1 pM in M199TE respectively 

Emitted fluorescence from MGF and MRR passed through 535 and 600LP emission filter A Z-

section scan with 5 urn intervals through the center of the oocyte was used for the analysis of 

fluorescence intensity 

Quantification of ATP 

The content of ATP in individual oocytes was determined by the ATP bioluminescent somatic 

cell assay kit based on the lucifenn-luciferase reaction A volume of 100 pi of 1 5 diluted ATP 

assay mix was added to individual wells in a white opaque 96-well plate and kept at room 

temperature for 3-5 mm to allow endogenous ATP hydrolysis One hundred pi ice-cold somatic 

cell ATP-releasing reagent and 50 pi of ultrapure water were mixed with 50 pi sample or standard 

100 pi of the mixture were transferred to one of the duplicated reaction wells in the 96-well plate 

with 100 pi ATP assay reagent diluted 1 5 The amount of light emitted from every reaction well 

was immediately measured using a Dynex MLX microtiter plate luminometer The background 

luminescence was subtracted from readings of all wells The ATP in single oocyte samples was 

calculated by comparison to a standard curve generated over the range of 2 5-500 fmol/100 pi 

Real-time polymerase chain reaction (quantitative PCR or QPCR) quantification of mtDNA 

in oocyte 

QPCR using the Roche Lightcycler 480 system was used to quantify mtDNA copy numbers 

PCR primers were designed using the mitochondrial 12S nbosomal DNA sequences for golden 

hamster by LightCycler Probe Design Software 2 0, and synthesized by Integrated DNA 

Technologies, Inc Hamster 12S nbosomal DNA primer sequences were 



20 

5TCAAAGGACTTGGCGG3' (forward) and 5'CTTCCAGCCCATAGG3' (reverse). The specificity 

of selected primers was tested by conventional PCR (1 cycle of denaturation at 95°C for 4 min, 35 

cycles of amplification at 95°C for 30 sec, 55°C for 30 sec, 72°C for 30 sec and 1 cycle of 

extension at 72°C for 1 min), and the length of PCR products was measured by electrophoresis. 

The 12S mitochondrial ribosomal DNA amplicons (192 bp) were subcloned into pCR2, a TOPO-

cloning vector. Recombinants were isolated, purified plasmid DNA was obtained using a Qiagen 

Plasmid Isolation kit according to the manufacturer's instructions, and the inserted mtDNA 

sequence was confirmed by DNA sequence analysis. The purified plasmid DNAs (pFCHam12S) 

were quantified by spectrophotometry at 260 nm. DNA concentration (pg/pl) was calculated from 

OD 260 value and plasmid concentration was obtained by dividing DNA concentration by plasmid 

molecular weight. 

Recombinant plasmid DNA was used to construct the standard curve in order to quantify the 

mitochondrial genomes (mtDNA) in the same oocytes used for the ATP assay. The circular nature 

of the recombinant substrate was expected to more accurately reflect the topology of the 

endogenous mtDNA and produce more reliable amplification [129]. 

The LightCycler DNA FastStart SYBR Green kit was utilized to perform QPCR. Two pi of 

oocyte lysate (as described in the method of collection of superovulated M II oocytes) was used as 

a template in a 20 p,l final volume, including 0.2fiM each of the forward and reverse primers, 2mM 

MgS04 4 pi SYBR mix. In the positive and negative control capillaries, 2 pi 107 purified 

pFCHam12S plasmid solution as positive control and water as negative control replaced oocyte 

lysate respectively. All sample capillaries, positive and negative, were duplicated for reliable data. 

The DNA was denatured at 95°C for 10 min, then amplification proceeded for 45 cycles at 95°C for 

0 sec, 55°C for 5 sec and 72°C for 12 sec, followed by melting curve analysis to detect mis-

priming. A standard curve from 10 — 108 DNA molecules was generated by serial 10-fold dilutions 

with water of the appropriate purified stocks of pFCHam12S. Relative mtDNA copy numbers for 

individual oocytes were calculated by comparison to the standard curve established previously. 
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Oocyte Preparation for Transmission Electron Microscope 

TEM preparation used modified procedures described by Brittion et al. [130]. Oocytes 

collected above were fixed in 2.5% glutaraldehyde (GA) in 0.1 M phosphate buffer (PB) for 4 hrs at 

4°C. Subsequently, oocytes were washed twice in 0.1 M PB, once in 10% bovine serum albumin 

(BSA) in Dulbecco's PBS (Phosphate buffered saline) and transferred to a Beem capsule (flat 

bottom size 3) containing 1 drop of 10% BSA. Following a 30 min rest, the capsules were spun in 

a swinging bucket centrifuge for 15 min at 1800g. Three drops of GA were carefully overlaid on 

the surface of the BSA to avoid mixing. The capsules were centrifuged horizontally for 1 hr again 

and subsequently filled with GA and refrigerated at 4°C overnight. On the following morning, the 

GA was poured off and the fixed protein/oocyte mold was transferred from the Beem capsule to a 

1 ml vial. The mold was washed twice in 0.1 M PB and post-fixed with osmium tetroxide (1% 

osmium tetroxide in 0.1 M PBS) for 2 hrs and then washed twice in PB. The mold was dehydrated 

in ethanol gradients (30%, 50%, 70%, 90%, 95%, 10 min each and 2x 100%, 15 min each) and 

infiltrated with pure propylene oxide 2x for 15 min each. Then the mold was infiltrated in 1:1 

EMBed 812 mixture and propylene oxide for 1 hr and pure EMBed 812 for 1 hr sequentially. The 

EMBed 812 mixture was made from an Embed 812 kit with 20ml EMBed 812, 9ml DDSA 

(dodecenyl succinic anhydride), 12ml NMA (Methyl-5-Norbornene-2,3-Dicarboxylic Anhydride), 

and 0.75ml DMP-30 (Dimethylaminomethyl phenol). The mold was aligned into a Beem capsule 

filled with EMBed 812 mixture and polymerized in a 60°C oven for 48 hrs. The samples were cut 

on an RMC-MT2C ultramicrotome. Thin sections were collected on G200-Cu grids, stained with 

uranyl acetate and lead citrate sequentially, and examined on a JEM-1200EXI electron 

microscope. 

RESULTS 

Evaluating Penvitelline Space of Oocytes 

Young and old hamsters were superovulated and oocytes were dissociated from cumulus 

masses. Of 522 oocytes from 14 young hamsters, 88.68 % were predominantly expanded against 

the zona pellucida (minimal penvitelline space) with a clear indentation at the polar body (Fig. 3), 

which are judged to be healthy oocytes [125, 131], while 58.64% of 322 oocytes from 17 old 
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hamsters could be described in this way. The remaining old oocytes had wide perivitelline spaces 

with no indentation from the polar body. The data reveals that young hamsters produced more 

morphologically healthy-appearing oocytes (88.68%) in comparison to old hamsters (58.64%), 

which is an age-related significant decrease of 33.87% in percentage of healthy oocytes from aged 

vs. young hamsters (p=0.00015, Student's t-test with arcsine transform, p=0.00015). 

FIG.3. Morphological difference between oocytes from young hamster vs. old hamster. A) Young 

hamsters have a significantly higher number of "healthy-appearing" oocytes vs. old hamsters. 

Approximately B) 88.68% of young oocytes were expanded against the zona pellucida with a clear 

indentation at the polar body in comparison to 58.64% in old oocytes. C) The remaining old 

oocytes had wide perivitelline spaces with no indentation from the polar body 522 from 14 young 

hamsters and 322 from 17 old hamsters). 
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Polarization of mitochondria in M II oocytes from young and old hamsters 

The green and red fluorescence intensities of JC-1 in M II oocytes were measured by 

MetaMorph 7.5. The green fluorescence intensity of oocytes from young hamsters was similar 

(Student's t-test, P=0.561) to those from old hamsters, and the red fluorescence intensity of 

oocytes from young hamsters was significantly higher (Student's t-test, P=0.002) than those from 

old hamsters (Fig. 4A). The young oocytes had a significantly higher (Student's t-test, P=0.014) 

ratio of red/green fluorescence intensity (6.9) of JC-1 than old oocytes (4.3) (Fig. 4B). 
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FIG.4. Fluorescent signals in JC-1 stained oocytes. A) Intensities of green( B) for young and D) 

for old) and red( C) for young and E) for old) fluorescence. B to E) are image samples of oocytes. 

F) Mean ratio of red/green relative fluorescence of JC-1 stained M II oocytes (n=24 for young from 

5 hamsters, n=30 for old from 6 hamsters) from young and old hamsters. The red fluorescence 

intensity of oocytes from young hamsters was higher (P=0.002) than those from old hamsters, and 

young oocytes had higher (P=0.014) red/green fluorescence intensity ratio than old oocytes. The 

data are presented as mean ±SD. 
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The reactive oxygen species (ROS) level in M II oocytes from young and old hamsters 

MitoTracker Red CM-H2ROS was originally developed to stain mitochondria [132]. MRR may 

be used to determine the intracellular quantity of ROS [133]. Cytoplasmic fluorescence intensities 

of MGF staining images were analyzed with software MetaMorph 7.5. The oocytes from old 

hamsters incubated with MRR showed a significant increase (Student's t-test, P=0.049, n=30) in 

ROS production compared with those from young hamsters (Fig. 5). 

A 140 - r — — —— 

120 — — 

Young Old 

FIG.5. Fluorescent signals of oocytes stained with MitoTracker Red CM-H2XROS. A) The 

intensities of fluorescence of oocytes from old hamsters stained with MitoTracker Red CM-

H2XROS are significantly higher than those from young hamsters (p=0.049, n=30 in each group 

from 6 young and 6 old hamsters). B) and C) are image samples of young and old oocyte 

respectively. The data are presented as mean ±SD. 
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Quantification of mitochondria labeled with MitoTracker Green FM 

MitoTracker Green FM is a fluorescence dye which can specifically bind to mitochondria. A 

comparison between the fluorescence intensities of oocytes from young and old hamsters is 

presented in Figure 6. Cytoplasmic fluorescence intensities of MGF staining images were 

analyzed with MetaMorph 7.5. As shown in Figure 6, no significant difference was seen between 

young and old oocytes (Student's t-test, n=30, p=0.08). 

FIG.6. Fluorescence signals of oocytes stained with MitoTracker Green FM. A) The intensities of 

fluorescence of oocytes form old hamsters stained with MGF are not significantly different with 

those from young hamsters (p=0.08, n=30 in each group from 6 young and 6 old hamsters). B) 

and C) are image samples of young and old oocytes respectively. The data are presented as 

mean ±SD. 
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Quantification of ATP 

As one of the mitochondrial functional measurements, the levels of intracellular ATP in 

individual oocytes from young (2-4 months) and old (12-16 months) hamsters were determined. 

ATP levels were measured in 163 hamster oocytes (90 from 6 young hamsters and 73 from 7 old 

hamsters). The average ATP level in oocytes from old hamsters (78.45 ±80 fmoles /oocyte) was 

significantly lower (Student's t-test, p=0.002) than those from young hamsters (121.5 ±94 fmoles 

/oocyte) (Fig.7). This represents a decrease of 35.4% in the average level of ATP in old hamster 

oocytes compared to that in young hamster oocytes. 

young old 

FIG.7. ATP content in oocytes from young and old hamsters. Average ATP level in oocytes from 

young hamsters (121.5 ±94 fmoles /oocyte) was significantly higher (p=0.002) than those from old 

hamsters (78.45 ±80 fmoles /oocyte). 163 hamster oocytes were measured for ATP level, 90 from 

6 young hamsters and 73 from 7 old hamsters The data are presented as mean ±SD. 
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Real-time polymerase chain reaction (PCR) quantification of oocyte mtDNA 

Mitochondrial DNA is present at about 100,000 copies per mature oocyte, with 2 copies per 

mitochondrion on average [134, 135]. As shown in Figure 8A, 118 hamster oocytes (63 from 7 

young hamsters and 55 from 7 old hamsters) were retrieved and mtDNA content was measured by 

real-time PCR. Young hamsters contained an average of 8.3 ±8 x104 mtDNA copies while an 

average of 4.1 ±6.4 x104 copies were found in old oocytes; a decrease of 51.8% (Student's t-test, 

p=0.0015) in the average number of mtDNA genomes in old hamster compared to young hamster 

oocytes. 

Correlation of ATP Levels and mtDNA Number in Individual Hamster Oocytes 

Figure 8B indicates significant linear relationship between the ATP levels and the mtDNA 

numbers in hamster oocytes when the average values are compared with Pearson correlation test. 

In addition, Figure 8B also shows that there is a medium (r=0.311) correlation of ATP level and 

mtDNA number within individual hamster oocyte (p=0.007). These correlations suggest that a low 

number of mitochondrial genomes, and hence mitochondria, results in a low level of ATP per 

oocyte, whether that oocyte is from a young or old hamster. 
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FIG.8. MtDNA content and relationship between mtDNA and ATP contents in oocytes. A) Young 

hamsters contained an average of 8.3 ±8 x104 mtDNA copies while an average of 4.1 ±6.4 x104 

copies were found in old oocytes, (ANOVA, p=0.0015). 118 hamster oocytes (63 from 7 young 

hamsters and 55 from 7 old hamsters) were measured for mtDNA copy number. B) A medium 

(r=0.311) correlation of ATP level and mtDNA number was found within individual hamster oocytes, 

(Pearson correlation test p=0.007). The data are presented as mean ±SD in Figure A . 



30 

Mitochondrial morphological difference between young and old hamster oocytes by TEM 

Figure 9 shows examples of mitochondrial morphological differences between oocytes from 

young and old hamsters The independent experiments represent 6 young and 6 old female 

hamsters Figure 9A and 9B show young (A) and old (B) hamster oocytes at 2,000 x A 

statistically significant decrease of 36% (p=0 0000041, Student's t-test with arcsine transform), in 

mitochondrial number in aged vs young individual hamster oocytes, and data are presented in 

Table 1 Figure C and D show young (C) and old (D) hamster oocytes at 10,000 x All oocytes 

contain some dark mitochondria with large amounts of electron dense areas but old oocytes on 

average contain a significantly higher frequency (31 % higher) of dark mitochondria without distinct 

cristae (Student's t-test, p=0 0002), and data are presented in Table 2 E and F show collapsed 

cytoplasmic lamellae in higher magnification within old oocytes (F), but these were not seen in 

young oocytes (E) The analysis was performed with ImageJ with Plugms downloaded from the 

National Institute of Health (NIH) contributed by Alberto Duma and Tseng Qmgzong et al , 

following the method as described by Weibel et al [136] 
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FIG 9 Mitochondrial morphological examples of oocytes from young and old hamsters A) Young 

and B) old oocytes at 2,000 x Note mitochondria ( ->• ), normal cytoplasmic lamellae ("3 ) 

Significantly higher mitochondrial number in oocytes from young hamsters (p=0 0000041) C) 

Young and D) old oocytes at 10,000x Note dark mitochondria (A), mitochondria with clear cristae 

( ^ ) All oocytes contain some dark mitochondria with large amounts of electron dense areas but 

old oocytes display significantly higher frequency of dark mitochondria without distinct 

cnstae(p=0 0002) Collapsed cytoplasmic lamellae (—*•) in F) old oocytes, but not in E) young 

oocytes at 19,000x The independent experiments represented 6 young and 6 old female 

hamsters 
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TABLE 1. Number of mitochondria per visual field in oocytes from young and old hamsters. 

Subject 

Y1-1 

Y1-2 

Y1-3 

Y1-4 

Y1-5 

Y2-1 

Y2-2 

Y2-3 

Y2-4 

Y2-5 

Y2-6 

Y2-7 

Y3-1 

Y3-2 

Y4-1 

Y5-1 

Y6-1 

Y6-2 

Y6-3 

Y6-4 

Mean 

Young group 

81 

81 

90 

88 

81 

67 

109 

79 

65 

86 

62 

74 

77 

60 

61 

60 

78 

74 

66 

71 

75.5 

Subject 

01-1 

01-2 

02-1 

02-2 

02-3 

02-4 

02-5 

03-1 

03-2 

03-3 

04-1 

04-2 

04-3 

04-4 

04-5 

05-1 

06-1 

06-2 

06-3 

06-4 

Old group 

55 

42 

45 

74 

50 

42 

53 

51 

53 

50 

75 

90 

58 

60 

52 

64 

53 

46 

54 

41 

55.4 
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TABLE 2. Number of dark mitochondria and mitochondria with clear cristae per visual field in 

oocyte of hamsters. 

Subject 

Y1-1 

Y2-1 

Y2-2 

Y2-3 

Y3-1 

Y3-2 

Y3-3 

Y4-1 

Y4-2 

Y4-3 

Y4-4 

Mean 

Mc 

16 

17 

13 

14 

21 

14 

8 

5 

11 

13 

11 

Young group 

Md 

20 

16 

13 

10 

14 

7 

6 

6 

8 

9 

7 

Mc/(Md+Mc)% 

44.4 

51.5 

50.0 

58.3 

60.0 

66.7 

57.1 

45.5 

57.9 

59.1 

61.1 

55.6 

Subject 

01-1 

02-1 

02-2 

02-3 

03-1 

03-2 

03-3 

04-1 

05-1 

06-1 

Mean 

Mc 

9 

6 

3 

4 

10 

11 

7 

25 

41 

25 

Old group 

Md 

12 

12 

7 

7 

16 

16 

10 

35 

54 

41 

Mc/(Md+Mc)% 

42.9 

33.3 

30.0 

36.7 

38.5 

40.7 

41.2 

41.7 

43.2 

37.9 

38.6 

Dark mitochondria without clear cristae(Md), mitochondria with clear cristae (Mc) 

DISCUSSION 

Mitochondrial morphological and functional age-related changes in human and mouse 

oocytes have been reported by many groups [10, 103], but rarely reported for the hamster. Only 

Mizoguchi et al.[123] reported that defective oocytes with chromosomal abnormality represent one 

major factor leading to increased preimplantation loss in the aging hamster. Large perivitelline 

spaces were related to lower fertilization rates [131] in humans. We evaluated morphological 

differences between young and old oocytes by light microscopy. We found old hamsters produced 

a significantly lower percentage (33.87% lower) of healthy-appearing oocytes with minimal 

perivitelline space than young hamsters. This result coincided with the lower fecundity rates of old 

female hamsters compared with that of young ones according to previous research [123]. 

Oocyte quality has been associated with the size of the mitochondrial population [137]. 

Oocyte energy comes mainly from mitochondrial ATP, so healthy mitochondria are needed in 

sufficient numbers to maintain the ATP level necessary for oocyte development and fertilization. 

The amount of mtDNA can accurately reflect the quantity of mitochondria. In humans the average 

mtDNA in fertilizable oocytes is 250,454 copies, while oocytes that do not fertilize have an average 
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mtDNA copy number of 163,698 [138]. We have also shown that mtDNA number decreased 

significantly in M-ll-stage oocytes from old hamsters compared with those in young hamsters. 

Even though we don't know the mitochondrial threshold for successful fertilization of a hamster 

oocyte, the 51.8% decrease of mtDNA in old oocytes is one of the main factors contributing to the 

low fertility rate of the aging hamster. There are large standard deviations of the mtDNA copy 

number, which may come from the physical uniqueness of individual hamsters. Therefore, nested 

ANOVA may be used here for avoid bias of individuals. 

Ultrastructural evaluation of mitochondria further confirmed the significant difference of 

mitochondrial number between oocytes from young and old hamsters. As shown by TEM pictures 

in Table 1, oocytes from young hamsters contained a 36% higher average number of mitochondria 

than those from old hamsters. 

MitoTracker Green FM was also used to semi-quantify mitochondria. The mitochondria in 

oocytes were labeled with MitoTracker Green in Figure 6. However, the result is controversial 

compared with QPCR data. The data show no significant difference between young and old 

oocytes. Combined with our JC-1 data, the nonconformity between MitoTracker Green and 

mtDNA results could be explained by the possibility that MitoTracker Green is partly a 

mitochondrial membrane potential dependent dye. MitoTracker Green is supposed to selectively 

accumulate in the mitochondrial matrix where it covalently binds to mitochondrial proteins by 

reacting with free thiol groups of cysteine residues [128]. It should stain mitochondria with green 

fluorescence regardless of mitochondrial membrane potential according to the manuals. However, 

MitoTracker Green fluorescence intensity has been demonstrated to be both MMP and oxidation 

sensitive [139]. Therefore, MitoTracker Green may not have been a good choice for membrane 

potential independent analysis of mitochondrial quantity due to this probe's sensitivity to both MMP 

and oxidation [140]. Alternatively, immunohistochemistry or immunofluorescence could be used 

as a complementary method to further confirm mitochondrial quantity in future research. 

From the mtDNA and TEM data, we saw that on average the young oocytes had more 

mitochondria than the old oocytes. Mitochondrial quantity and quality are both important for 
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oocyte development and fertilization. Therefore, the following mitochondrial functional 

measurements were performed to identify possible points of malfunction in old oocytes. 

MMP is one of the most important and common mitochondrial functional indices. A decrease 

in MMP reflects mitochondrial dysfunction and is related to increases in a series of mitochondrial 

functional changes such as ROS production, decreased ATP level and irregular calcium regulation. 

Here we report the first published evidence about MMP changes in hamster oocytes. Based upon 

the increased red fluorescence by JC-1 stained oocyte (Fig. 5A), young oocytes have higher 

polarization of their mitochondria than do old oocytes. To remove the bias from the difference in 

mitochondrial quantity between young and old oocytes, we used the ratio of red-to-green 

fluorescence intensity to reliably describe this change. Figure 5B demonstrates the ratio of 

red/green fluorescence intensity to be significantly lower in oocytes from old hamsters. According 

to the characteristics of JC-1, this ratio implies that a higher percentage of the mitochondria in 

young oocytes maintain a higher polarization than those in old oocytes which are highly polarized. 

Since the energy stored in the mitochondrial membrane potential drives ATP synthase, the 

polarization reduction in old oocyte mitochondria could lead to a reduced ATP production, which is 

observed in Figure 8A. It remains to be determined if decreased MMP is an inducer or a 

subsequent event in the apoptotic pathway, but in either case, the decrease in MMP indicates the 

possibility of increased apoptosis occurring in older oocytes. This decrease in MMP could be 

related to the poor development of old oocytes and low fecundity of old hamsters. 

Another index of mitochondrial dysfunctional index is ROS levels. Our data show that ROS 

levels in old oocytes are significantly higher than in young oocytes. This data suggests the 

accumulation of defective mitochondria with higher ROS concentrations in the oocytes from old 

hamsters. Conflicting reports have been published on the changes in MMP and ROS generation 

[141]. Some studies show mitochondrial uncoupling as a cytoprotective strategy to limit ROS 

generation, while other authors think collapse of MMP induces ROS generation [142, 143]. The 

relationship of ROS production to apoptosis has been well documented and we propose that our 

demonstrated increase in ROS production contributed to mitochondrial dysfunction as well. The 
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apoptosis assay, such as measurement of active caspases, should be used in the future to 

support this. 

Evaluation of morphological changes in mitochondrial ultrastructure indicated that old oocytes 

manifested a higher frequency of dark mitochondria without distinct cristae. Old oocytes 

possessed more mitochondria with high density and less mitochondria with distinct cristae than 

young oocytes. Our hamster oocyte morphology agrees with the increase in cristae complexity 

and electron density seen in the mitochondrial matrix with both in vivo and in vitro human oocyte 

aging [76]. Mitochondrial morphology changes with follicular development. Weakley reported that 

the electron density of the mitochondrial matrix and the complexity of cristae increased in the 

rapidly enlarging oocyte until follicular antral formation and declined thereafter [144]. Thus the 

electron density in our TEM partly reflects the mature level of oocytes. Ishida et al. suggested that 

high electron density may be the result of sequestration and storage of calcium [67]. 

The density changes in mitochondria are intimately associated with the smooth endoplasmic 

reticulum (SER) [144]. Our TEM micrographs did not reveal changes in regular vesicle SER, but 

we observed some cytoplasmic lamellae (CL). CL are a conformational change in the SER [145] 

and collapsed forms of these structures were observed only in oocytes from old hamsters. The 

abnormalities of both CL and mitochondria together might indicate a dysfunction in the regulation 

of calcium concentration in the cytoplasm and mitochondrial matrix, since mitochondria and SER 

play important roles in tittering calcium concentration. 

The data presented in this chapter illustrate both mitochondrial dysfunctions and 

morphological changes in oocytes from old hamsters vs. young hamsters. These parameters 

probably contribute to a lower fertility rate and fecundity through decreased ATP production, 

abnormal regulation of calcium concentration and transfer, and increase of ROS in addition to 

other mechanisms that are not yet elucidated. 
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CHAPTER III 

COMPARISON OF PLATELET MITOCHONDRIAL STRUCTURE AND 

FUNCTION BETWEEN YOUNG VS. OLD HAMSTERS 

INTRODUCTION 

Transfer of both ooplasm and autologous cumulus cell mitochondria into aging oocytes in 

humans and mice has been reported by some groups [110, 111, 146, 147]. However, 

mitochondrial heteroplasmy was barred by the Food and Drug Administration (FDA) [146], and 

age-related accumulation of mtDNA defects in cumulus cells weakened the reliability of these two 

methods. Therefore, we chose platelets as our source of mitochondrial transfer because of the 

rapid turnover rate and anuclearity. In this chapter, ultrastructure and ATP levels in platelets from 

young and old hamsters were compared to test these hypothesized advantages of platelets for 

mitochondrial transfer. 

MATERIALS AND METHODS 

Recovering platelets 

Hamsters were injected with 0.1-0.2 ml sodium pentobarbital depending on body weight 

(60mg/ml in 10% ethanol, 20% glycerol, 70% water), followed by a midline incision along the linea 

alba to open the abdomen. The IVC was exposed and a Surflo 16Gx2" IV (intra-venous) catheter 

was inserted into the IVC. An anticoagulant solution of heparin (0.2 ml) was injected into the IVC 

prior to blood withdrawal with a 5 ml (6 ml capacity) syringe. About 4.0 ml blood was transferred to 

a 5 ml test tube with 0.5 ml anticoagulant citrate/dextrose solution. After that, 1.5 ml Histopaque 

was placed into a 10 ml Accuspin tube and centrifuged at 1,700g for 30 seconds to spin the 

Histopaque below the frit (a porous high density polyethylene barrier which separate tube into two 

chambers) of the Accuspin tube. Blood (4.5 ml) from IVC of hamster was transferred into the 

Accuspin tube and spun at 1,000g for 10 min to separate the platelet-containing plasma layer from 

leukocytes and erythrocytes in the blood. The plasma layer was transferred into a new 15 ml tube 

filled with 12 ml of Eagle's minimum essential medium (MEM). The tube was spun at 1,700g for 

15 min. The pellet was re-suspended in 4.5 ml MEM and spun at 1,700g for 15 min again. The 

supernatant was aspirated to yield the final pellet which was re-suspended in 200 pi somatic cell 
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ATP releasing reagent and immediately frozen with liquid nitrogen and stored in -80°C freezer for 

ATP and mtDNA analysis. 

Quantification of ATP 

The platelet lysate was diluted 1:500 with 998 pi pure water after thawing to produce the 

working solution for ATP and mtDNA analysis. Preliminary experiments showed that the 

concentration of this working solution was in the reliable range of the standard curve mentioned 

above. The ATP content in the platelet lysate from 40 pi of blood, using 100 pi of platelet-lysate 

working solution, was determined by the ATP bioluminescent somatic cell assay kit with the same 

protocol used in oocyte lysate analysis described in Chapter 2. The amount of light emitted was 

measured using a Dynex MLX micro-liter plate luminometer. 

Real-time PCR quantification of mtDNA 

The LightCycler DNA FastStart SYBR Green kit was utilized to perform real-time PCR in the 

same protocol used for measuring mtDNA of oocyte lysate. Two pi of platelet lysate was used in a 

20 pi final volume with duplication. Two pi of 107 purified pFCHam12S solution and water were 

used as positive and negative controls respectively. A standard curve from 10 to 108 mtDNA 

molecules was generated by serial 10-fold dilutions of the appropriate purified stocks of 

pFCHam12S. Relative mtDNA copy numbers for individual oocytes were calculated compared 

with the standard curve. 

Platelet Preparation for Transmission Electron Microscope 

Platelet preparation for TEM was performed in the same manner as oocyte preparation for 

TEM described in Chapter 2. 

RESULTS 

Ratio of ATP to mtDNA in platelets from young and old hamsters 

Platelets have an average of 4 mitochondria and each mitochondrion contains a single mtDNA 

molecule [148]. Therefore, the ratio of ATP content to mtDNA molecules reflects ATP level per 

mitochondrion and suggests mitochondrial function in platelets. As shown in Figure 10, 1,000 

platelet mitochondria from young hamsters produced an average of 40.4 ±48.4 fmoles ATP 

molecules, compared with an average of 33.4 ±47.8 fmoles ATP molecules per 1,000 platelet 
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mitochondria from old hamsters. This difference was not significant (Student's t-test, p=0.72). 

Blood samples were drawn from 12 young and 14 old hamsters. This result suggests that 

platelets from young and old hamsters have similar ATP levels. 
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FIG.10. Ratio of ATP molecule number per 1,000 mtDNA molecules in platelets from young and 

old hamsters. An average of 40.4 ±48.4 fmoles ATP molecules per 1,000 mtDNA molecules was 

produced from platelet mitochondria from 12 young hamsters compared with an average of 33.4 

±47.8 fmoles ATP molecules from platelets from 14 old hamsters. No significant difference was 

observed (p=0.72). 

Mitochondrial morphology of platelets 

The ultrastructure of platelet mitochondria did not show obvious differences between young 

and old hamsters. The cristae of platelet mitochondria (Fig 11A and 11B) were not as clear as 

mitochondria from other somatic cells such as cumulus cells (Fig 11C), and there were more 

electron-dense particles in the platelet mitochondria. This characteristic of platelet mitochondria 

was similar to mitochondria in oocytes. 
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FIG.11. Mitochondrial morphology of platelets. The ultrastructure of platelet mitochondria does not 

show obvious differences between A) young and B) old hamsters. The cristae of platelet 

mitochondria were not as clear as mitochondria from other somatic cells such as C) cumulus cells, 

namely there were more electron-dense particles in platelet mitochondria. The white arrows point 

to mitochondria in platelets. The dark arrows point to mitochondria in cumulus cells.(Bar=500nm) 
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DISSCUSSION 

Ooplasmic transfer and autologous cumulus cell mitochondrial transfer to aging oocytes have 

been reported in humans and mice [110, 111, 147] However, since the mitochondria with their 

own mtDNA come from different individuals, ooplasmic transfer may leads to heteroplasmic 

embryos The heteroplasmic embryos with heterogenous mtDNA constructed showed highly 

variable levels of heteroplasmy in different tissues [149] and among offspring [81] Heteroplasmy 

may produce problems involving mitochondnal-related diseases, because haplogroup and sub-

haplogroup defining changes may affect mitochondrial replication [150] In addition, the ethical 

problem of heterogeneous genetic material is hard to overcome Consequently, this procedure 

has been rejected by the FDA [146] 

Some types of age-related mtDNA mutations, such as deletion of 4,977bp on mtDNA (A4977), 

have also been reported in platelets of aging humans [151-153] The 4977bp deletion is a 

common deletion of mtDNA and generally causes some sporadic mitochondrial related diseases 

such as Pearson's syndrome and Kearn-Sayre syndrome It occurs between two 13-bp direct 

repeats at positions 13447-13459 and 8470-8482, and has been used as a mtDNA damage 

biomarker [154] Cumulus cells also contain some age-related mutations such as deletion of 

4,977bp on mtDNA The frequency of A4977 in cumulus cells from women over 34-yo are two 

times higher than those women below 34-yo (6 9% vs 3 2%, [113]) The aged cumulus cells with 

high frequency of mitochondria with A4,977 in are not appropriate for mitochondrial transfer The 

frequency of A4.977 in human platelets, however is below 0 00018%, much lower than other cell 

types [115] 

From the data above, no significant difference was found between morphology and ATP 

production of platelets from young and old hamsters The ratio of ATP molecules to mtDNA 

molecules means the energy production level per platelet mitochondrion can be considered an 

accurate reflection of mitochondrial function This result suggested that platelet mitochondria from 

old hamsters were as good as those from young hamsters in ATP production Therefore, platelet 

mitochondria were chosen here for autologous mitochondrial transfer We did not measure 

mtDNA mutation of platelets, but it is assumed that the rapid turnover of platelets (about 10 days) 
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probably filters most of the defective mtDNA out of the platelet mitochondrial cohort according to 

previous description [115]. Detection of platelet mtDNA defects and additional measurements of 

mitochondrial function and morphological changes can be performed in future research to further 

confirm the similarity between platelet mitochondria from young and old hamsters. 

With the critical advantages of platelets, including anucleate condition and rapid turnover 

rate, platelets can be considered as the better source (with normal ATP production) of autologous 

mitochondrial transfer. In addition, the relative high electron density of the platelet mitochondrial 

matrix is similar to that of oocytes from Figure 11 and other reports [155]. This similarity may 

benefit oocytes more than autologous mitochondrial transfer from other tissues and cells. 
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CHAPTER IV 

MITOCHONDRIAL CHANGES IN HAMSTER OOCYTES FOLLOWING 

AUTOLOGOUS PLATELET MITOCHONDRIAL MICROINJECTION 

INTRODUCTION 

After confirming the age-related mitochondrial changes in oocytes from old hamsters and the 

desirable characteristics of platelets as a source for mitochondrial transfer, all M II oocytes 

collected were divided into three groups ~ control (un-injected), sham-injected and microinjected 

groups. For sham injections, the injection pipette was introduced into the oocyte without injecting 

any foreign material. For microinjection, the injection pipette was introduced into the oocyte and 

autologous platelet mitochondria in M199 media were injected into the oocyte. ATP level and 

mtDNA copy number were determined respectively within individual oocyte of the three groups. 

MitoTracker Green FM was used to further estimate the quantity of mitochondria. 

MATERIALS AND METHODS 

Collection of Superovulated M II Oocytes 

All protocols followed the methods outlined in Chapter II. All M II oocytes collected here were 

divided into three groups- control, sham injection and microinjection groups. 

Recovering platelet mitochondria 

Platelets were isolated following the protocol given in Chapter ill but stopped before lysis in 

somatic ATP releasing reagent. 

Mitochondrial isolation 

The platelet pellet was transferred to a 1 ml micro-centrifuge tube, suspended in isotonic 

buffer ST20 [156] (Table 3) followed by homogenization with the Dounce homogenizer. The 

sample was placed in a Parr Cell Disruption Bomb for further platelet disruption at 1200 psi for 20 

min on ice prior to rapid decompression. The resultant suspension was centrifuged at 1000g at 

4°C for 10 min to pellet the un-broken platelets. The resulting supernatant was transferred into 

another 1 ml micro-centrifuge tube and centrifuged again at 5000g for 15 min at 4°C. The 
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mitochondrial pellet was finally suspended in 20 pi M199TE, and this mitochondrial suspension 

was transferred under oil to a square petri dish for microinjection 

Autologous mitochondrial transfer by microinjection 

A square petri dish (containing several 150 pL M199TE droplets with one oocyte each and 

the mitochondrial suspension droplets) was overlaid with mineral oil (density 0 84 g/ml) The 

micromanipulation injection system consists of a (1) PLI-100 pico-injector with a Thomas Ultra Air 

Pac air compressor, (2) Nikon Diaphot light microscope that has a hanging ICSI micromanipulation 

apparatus mounted with a microinjection pipette (4 micron tip diameter, 60 mm length, 30°angle) 

and (3) holding pipette (9-17 micron tip diameter, 60 mm length, 30°angle) A 10-15 pi aliquot of 

mitochondrial suspension was drawn into the ICSI pipette The oocyte, on the holding pipette, was 

injected with mitochondrial suspension through the zona pellucida and oolemma into the ooplasm 

After incubation for 1 hr, some oocytes were transferred with 3 pi M199TC into a cryotube with 97 

pi somatic cell ATP releasing reagent and immediately frozen with liquid nitrogen before storage in 

-80°C freezer for ATP and mtDNA analysis The other oocytes were incubated with 400 nM MGF 

for fluorescence labeling of mitochondria Oocytes in the sham injection group had an empty 

needle inserted into the ooplasm for 5 seconds 

Quantification of ATP and Real-time PCR quantification of mtDNA in oocytes 

All protocols were identical to the methods used in Chapter II 

Mitochondrial Fluorescence Labeled with MitoTracker Green FM and Confocal Microscopy 

All protocols were identical to the methods used in Chapter II 

Counting mitochondria in pellet with real-time PCR and TEM 

The pellet of mitochondria was suspended in 20 pi M199TE, The number of mitochondria in 

this mitochondrial suspension was counted by real-time PCR with the same method described in 

Chapter II, since there are 1-2 mtDNA in each mitochondrion The result of real-time PCR was 

confirmed by TEM The mitochondria in each TEM picture were counted The number of 

mitochondria in each picture was considered as the number of mitochondria in the volume of 

picture area times 0 5pm since the average size of mitochondria is 0 5-1 pm The total number 

was obtained by comparing the volume of picture area timing 0 5pm and the volume of pellet 
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RESULTS 

Real-time PCR quantification of mtDNA in oocytes from the three groups 

As shown in Figure 12, 74 old hamster oocytes (29 control , 21 sham , and 24 microinjected) 

were retrieved, injected and measured by real-time PCR. Control Oocytes contained an average 

of 6.8 ± 8.8 x104 mtDNA copies, sham oocytes contained an average of 7.5 ± 10.6x104 mtDNA 

copies, and microinjected oocytes contained an average of 8.0 ± 16.8 x104 mtDNA copies. No 

significant increase (One-way ANOVA, p=0.92) in mtDNA occurred due to sham or mitochondrial 

microinjection compared with the control group. 

FIG.12. Quantification of mtDNA in oocytes from control, sham and microinjected groups. 74 old 

hamster oocytes (n=29 of control, 21 of sham, and 24 of microinjected) were retrieved, injected 

and measured by rtPCR. Control oocytes contained an average of 6.8 ±8.8 x104 mtDNA copies, 

sham oocytes contained an average of 7.5 ±10.6 x104 copies, and microinjected oocytes 

contained an average of 8.0 ±16.8 x104 copies. The experiments represented 7 old female 

hamsters. The data are presented as mean ±SD.( P>0.05 ) 
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Quantification of ATP in oocytes from control, sham and microinjected groups 

In order to check the mitochondrial functional improvement through microinjection, the levels 

of intracellular ATP in individual oocytes of the three groups were determined ATP levels in 101 

hamster oocytes (41 controls, 29 shams, and 31 microinjected) were measured As shown in 

Figure 13, the control oocytes contained 526 2 ±289 2 fmoles ATP molecules, the sham oocytes 

contained an average of 557 2 ± 242 9 fmoles ATP molecules and the microinjected oocytes 

contained an average of 729 3 ±365 9 fmoles ATP molecules (Fig 13) 

Therefore, mitochondrial microinjection improved ATP level of oocytes from old hamsters by 

38 6% compared with control group (p=0 006) and by 30 9% compared with sham group (p=0 03), 

while there is no significant improvement by sham injection One-way ANOVA was used for 

statistical analysis 
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Control Sham Microinjected 

FIG.13. Quantification of ATP in oocytes from control, sham and microinjected groups. Hamster 

oocytes (101) were measured for ATP level (n=41 of control, 29 of sham, and 31 of microinjected). 

The control oocytes contained 526.2 ±289.2 fmoles(fM) ATP molecules, sham oocytes an average 

of 557.2 ± 242.9 fM ATP and microinjected oocytes an average of 729.3 ±365.9 fM ATP. 

Therefore, mitochondrial microinjection improved ATP level of oocytes from old hamsters by 38.6% 

compared with control group (p=0.006) and by 30.9% compared with sham group (p=0.03). No 

significant improvement took place in the sham injection compared with control (p=0.684). The 

experiments represented 7 old female hamsters. The data are presented as mean ±SD. 

Quantification of mitochondria in oocytes from control, sham and microinjected groups-

mitochondria labeled with MitoTracker Green FM 

Comparisons among fluorescence intensities of oocytes from control, sham and microinjected 

groups are presented in Figure 14. Cytoplasmic fluorescence intensities of MGF-stained images 

were analyzed with MetaMorph 7.5. Figure 14 shows a significant increase in the microinjected 

group compared with control (p<0.05) and sham (p<0.05) groups. No significant improvement was 

achieved with sham injection compared to the control group (p=0.11). One-way ANOVA was used 

for statistical analysis. 
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FIG.14. Fluorescent signals in oocytes stained with MitoTracker Green FM. The microinjected 

group had a significant increase in ooplasmic fluorescence intensity compared with control (p<0.05) 

and sham (p<0.05) groups. No significant improvement was achieved with sham injection 

compared to the control group (p=0.11). The experiments represent 30 oocytes in each group 

from 9 old female golden hamsters. The data are presented as mean ±SD. 

Counting mitochondria in pellet with real-time PCR and TEM 

The result of real-time PCR showed that there were 40-200 x106 mitochondria in each pellet. 

Figure 15 shows the way that mitochondrial number was counted by TEM. The volume of pellet (A) 

is about 18.7x106 pm3. There are about 11 mitochondrial (B) per 6 pm3. Therefore, there are 

about 3.4x107 mitochondria in each pellet, which is close to the result from real-time PCR. 

The mitochondrial pellet was suspended in 20 pi medium and only 10-15 pi mitochondrial 

suspension was injected into one oocyte, therefore only about 17-100 mitochondria were injected 

into each oocyte. 
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FIG 15 Counting mitochondria in pellet with TEM A) The volume of pellet is about 18 7x106 pm 

B) There are about 11 mitochondrial per 6 pm3 Therefore, there are about 3 4x107 mitochondria 

in each pellet (Bar=500nm) 

DISCUSSION 

ATP production, apoptosis, calcium regulation and many other important events related to 

mitochondrial activity are crucial for successful embryo development Van Blerkom has reported 

increased ATP content in injected M II oocytes of mouse after homologous mitochondrial transfer 
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[157]. In our study, ATP levels also increased after autologous platelet mitochondrial 

microinjection. Successful fertilization for human M II oocytes may require a net ATP content of 

about 2 pmol per oocyte [158, 159], which suggested an ATP content around 2 pmol may be an 

important threshold for oocyte competence and fertilization. The threshold of ATP content in 

hamster oocytes for successful fertilization is not clear, but the lower average ATP level in old 

oocytes reported in our study contributes to the low fertilization of old oocytes. After microinjection 

with mitochondria, the ATP level of old oocytes even exceeded the ATP level of oocytes from 

young hamsters as mentioned in chapter II, which may help old oocytes pass the threshold of 

oocyte competence and embryo development. 

However, mitochondrial microinjection did not alleviate the defect of the low mitochondrial 

numbers in old oocytes. Perez et al. reported in a short note that 5000 mitochondria were injected 

into mouse oocytes by their group, and Kong et al. reported 3000 mitochondria transferred into a 

human oocyte [110, 160], but they did not report quantifying the injected number of mitochondria 

experimentally and estimated from the starting number of cells. For the first time, we measured 

mitochondrial quantity of recipient oocytes 1 hour after microinjection. In this study, 10-15 pi 

culture medium with less than 100 isolated platelet mitochondria (determined by TEM and real­

time PCR of mitochondrial pellets) were injected into each oocyte in the microinjected group. The 

small number of injected mitochondria did not change the mitochondrial cohort numbers in oocytes 

significantly enough to be detected by real-time PCR compared with 50,000 endogenous 

mitochondria. In addition, one hour of culture is not long enough for significant mtDNA replication. 

The significant increase in ATP levels suggested that mitochondrial function was improved, even 

though the transferred mitochondrial number in this study is far less than other reports. Normally, 

mtDNA copy number remains unchanged until after the blastocyst stage. An early study on the 

rabbit embryo suggested that the reduced mitochondrial quantity per cell during the pre­

implantation stage is apparently accommodated by increased concentrations of ATP generation 

per mitochondrion [161]. Thus, the microinjection of autologous mitochondria mainly contributed 

to increased metabolism of mitochondria in the oocytes by improving ATP production and the 
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failure to increase mitochondrial number by a large amount may not be a necessary factor for 

improving the fertility rate. 

The data from MitoTracker Green FM staining is not consistent with the mtDNA results. The 

fluorescence intensity of the microinjected group is significantly higher than the sham and control 

groups. This increase may be due to the following reasons: (1) the oocytes were evaluated about 

2 hours after microinjection and the stimulated replication within that time frame may have led to a 

small increase in mitochondrial number. To confirm this, culturing injected oocytes for a longer 

time and measuring mtDNA copy number is a future plan. (2) Mitochondrial pellets contained 

many mitochondrial fragments after the final centrifugation. Since the MitoTracker Green may 

covalently bind to mitochondrial proteins by reacting with free thiol groups of cysteine residues 

[128], the large amount of mitochondrial fragments with thiol groups of cysteine residues may have 

contributed a major part of the increased fluorescence intensity. (3) Microinjection may have led to 

decreased MMP in a small but significant number of mitochondria, even though the total ATP 

production was improved by the majority of mitochondria. According to Burckman et al. [139], 

MitoTracker Green fluorescence intensity was both MMP and oxidation sensitive and fluorescence 

increased with decreased MMP. The first and third reason can also explain the increase of the 

fluorescence intensity in the sham group. In the sham group, oocytes may have been stimulated 

by the insertion of the pipette. 

Another phenomenon was found in this study. In oocytes from old hamsters, the ATP level in 

the control group in Chapter IV was significantly higher (p=3 x 10"11) than those oocytes in Chapter 

II (Fig. 8A). This difference might have occurred because in Chapter II, we collected oocytes 

immediately after stripping their cumulus cells. The enzyme treatment would stress the oocytes 

and the ATP level might have decreased because of this stress. In Chapter IV, we cultured the 

oocyte for 1 hour after enzyme treatment before collecting them, which allowed the oocytes to 

recover from stress. The mtDNA copy number in old oocytes in Chapter IV is not higher than that 

in chapter II (Fig. 8B) significantly (p=0.14) (Fig.16). One-way ANOVA was used for statistical 

analysis. 
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FIG.16. ATP level and mtDNA copy number of oocytes before and after incubation for one hour. A) 

The ATP level in oocytes after incubation is significantly higher (p=0.03 x 10"9, n=55 in "before 

incubation group", n=29 in "after incubation group") than before. B) The mtDNA copy number after 

incubation is not significantly higher than before incubation (p=0.14, n=55 in "before incubation 

group", n=29 in "after incubation group"). 
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CHAPTER V 

CHANGES IN OOCYTE PRE-IMPLANTATION FERTILIZATION FOLLOWING 

AUTOLOGOUS PLATELET MITOCHONDRIAL MICROINJECTION 

INTRODUCTION 

In this study, we planned to determine whether mitochondrial microinjection affects pre­

implantation embryo development by comparing the percentage of blastocyst formation among 

control, sham and microinjected groups. 

MATERIALS AND METHODS 

Collection of Sperm 

Two to six month old male hamsters were administered 0.1-0.2 ml sodium pentobarbital (60 

mg/ml) by IP and euthanized via peumothorax and cervical dislocation. A midline incision through 

the scrotum was carried out to expose testes and locate the vas deferens for excision followed by 

transfer into M2 medium for sperm collection at 37°C. 

In vitro fertilization 

Oocytes were collected as previously described and microinjected with autologous 

mitochondria isolated from platelets. The microinjected oocytes were transferred into M199TE 

medium and incubated at 37°C, 5% C02, 100% H20 for one hour prior to IVF. A 30 pi sperm 

droplet was then added to control and microinjected oocytes and incubated at 37°C, 5% C02, 

100% H20 for 3 hrs. The fertilized oocytes were transferred into M199TE medium and placed in 

the incubator at 37°C, 5% C02, 100% H20 for 24 hrs followed by transfer into hamster embryo 

culture medium 9 (HECM-9) [162] (Table 3) for blastocyst evaluation 72 hrs later. 

Evaluation of blastocyst development 

The cultured fertilized oocytes were evaluated for blastocyst embryo development at 72 and 

96 hours by light microscopy. 

RESULTS 

In vitro fertilization 

A total of 312 hamster oocytes were fertilized with sperm (control N=132, sham N=89 and 

microinjection N=91). The IVF rate was determined by the percentage of fertilized embryos 
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developing to the blastocyst stage. The sham group demonstrated a higher percentage of 

blastocyst embryo development (69%) than control (58%) and microinjected (55%) groups (Fig. 17). 

X1 test was used for statistical analysis. 

Control Sham Microinjected 

FIG. 17. In vitro fertility rate of pre-implantation embryos. The IVF rate (determined by percent 

blastocyst embryo development) of mature oocytes of sham group (69%) was higher than control 

(58%) and microinjected (55%) groups. The experiments represented 22 old female golden 

hamsters. There are no significant differences among three groups(p>0.05). 

DISCUSSION 

According to the data in Figure 17, autologous mitochondria microinjection did not seem to 

significantly enhance blastocyst development. Though the sham group illustrates a higher 

percentage of blastocyst embryos than control and microinjection groups there is no significant 

difference. Previous reports have indicated improvement in oocyte quality and fertilization using 

mitochondria isolated from granulosa cells [111, 163]. However, Takeda et al. [164] showed that 

exogenous mitochondria delay parthenogenic development of murine oocytes. Autologous 
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platelet mitochondria microinjection into oocytes enhanced ATP production but did not improve 

blastocyst formation. One reason for such observations could be that injected mitochondria affect 

embryo development during late pre-implantation and post-implantation stages, but not during the 

cleavage stage [111]. One study showed that mitochondria are morphologically undifferentiated 

and generate relatively low levels of ATP in mature M II mammalian oocytes and early cleavage 

embryos in comparison to blastocyst embryos [111]. Generally, the mtDNA copy number does 

not change until the blastocyst stage [165]. The unchanged mitochondrial quantity of 

microinjected oocytes may not influence the embryo cleavage, and the effect of increased ATP 

levels within the oocyte may improve the fertility rate during post-implantation stages. Therefore 

the fact that we saw no significant increase in blastocyst formation does not mean that autologous 

platelet mitochondrial microinjection cannot improve the fertility rate. Measurement of post-

implantation conditions should be performed to see the final effect of this method. 
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CHAPTER VI 

CONCLUSION 

Numerous age-related morphological and functional mitochondrial changes have been 

demonstrated in oocytes from old and young Syrian hamsters. They include increase of electron 

density, complexity of mitochondrial ultrastructure and ROS level, decrease of mitochondrial 

quantity, decrease of MMP and ATP production. Morphological changes of oocytes determined by 

the perivitelline space showed that young hamsters ovulated more "healthy looking" oocytes than 

old hamsters. 

Platelets can be a good source for mitochondrial transfer since no differences in ATP 

production and morphology were seen between old and young hamsters. Lower common mtDNA 

mutation frequency and anucleate are other two advantages of platelets as a source for 

mitochondrial transfer. 

Autologous platelet mitochondrial microinjection could improve ATP production of recipient 

oocytes without significantly changing mitochondrial quantity, although we saw no impact on pre­

implantation fertility rate as determined by the percentage of blastocyst development. However 

further studies examining the post implantation fertility rate may reveal a positive influence of 

mitochondrial microinjection on aging oocytes. 
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APPENDIX 

TABLE 3 List of materials utilized 

Name of materials 

35mm petn-dish 

60mm petn-dish 

Accuspin™ tube 

ATP bioluminescent somatic cell assay kit 

Beem capsule 

Bovine Serum Albumin (BSA) 

CaCI2 2H20 
Citrate Dextrose Solution USP (ACD) 
Formula A 

Dulbecco's PBS 

EMBed 812 
EthyleneDiamineTetraacetic Acid (EDTA) 
(disodium salt) 
Female/male golden Syrian 
(HsdHan™ AURA) hamster 

G200-Cu grid 

Glutamme 

Glutaraldehyde 

Heat-inactivated fetal bovine serum 

Heparin 

Hepes 

Histopaque 

holding pipette(9-17pm, 60mm, 30°) 

Human Chorionic Gonadotropin (hCG) 

Hyaluronidase 

JC-1 dye 

KCI 

KH2P04 

lead citrate 
LightCycler DNA FastStart SYBR Green 
kit 

Medium 199 

MgS04 7H20 

microinjection pipette(4pm, 60mm, 30°) 

Mineral oil (embryo tested) 

Minimum Essential Eagle Medium 

Source 

Nalge NUNC International, Rochester, NY, USA 
Becton Dickinson labware, Franklin Lake, NJ, 
USA 

Sigma-Aldnch, St Louis, MO, USA 

Sigma-Aldnch, St Louis, MO, USA 

Electron Microscopy Sciences, Hatfield, PA, USA 

Sigma-Aldnch, St Louis, MO, USA 

Sigma-Aldnch, St Louis, MO, USA 

Baxter Healthcare Corporation, IL, USA 

Sigma-Aldnch, St Louis, MO, USA 

Electron Microscopy Sciences, Hatfield, PA, USA 

Sigma-Aldnch, St Louis, MO, USA 

Harlan Laboratories, Indianapolis, IN, USA 

Electron Microscopy Sciences, Hatfield, PA, USA 

Sigma-Aldnch, St Louis, MO, USA 

Electron Microscopy Sciences, Hatfield, PA, USA 

Sigma-Aldnch, St Louis, MO, USA 

Abraxis, IL in USA 

Sigma-Aldnch, St Louis, MO, USA 

Sigma-Aldnch, St Louis, MO, USA 

SWE MED, Kungsbacka,Sweden 

Sigma-Aldnch, St Louis, MO, USA 

Sigma-Aldnch, St Louis, MO, USA 

Invitrogen, Eugene, OR, USA 

Sigma-Aldnch, St Louis, MO, USA 

Sigma-Aldnch, St Louis, MO, USA 

Electron Microscopy Sciences, Hatfield, PA, USA 

Roche, Mannheim, Germany 

Invitrogen, Grand Island, NY, USA 

Sigma-Aldnch, St Louis, MO, USA 

SWE MED, Kungsbacka,Sweden 

Sigma-Aldnch, St Louis, MO, USA 

Sigma-Aldnch, St Louis, MO, USA 



TABLE 3 Continued 

Name of materials 

MitoTracker Green FM 

MitoTracker Red CM-H2XROS 

Na Lactate (60% soln) 

Na Pentobarbital (60mg/ml) 

Na Pyruvate 

NaCI 

NaHC03 

Norm-Ject Syringe (5ml) 

Osmium Tetroxide 

penicillin-streptomycin 

Plasmid isolation kit 
Pregnant Mare's Serum Gonadotropin 
(PMSG) 

Primer 

Propylene Oxide 

Square petri dish 

somatic cell ATP releasing reagent 

Sucrose 

Surflo16Gx2"l V catheter 

Taurine 

TOPO-cloning vector 

Tricine 

uranyl acetate 

Source 

Invitrogen, Eugene, OR, USA 

Invitrogen, Eugene, OR, USA 

Sigma-Aldnch, St Louis, MO, USA 

Shens, Phoenix, AZ, USA 

Sigma-Aldnch, St Louis, MO, USA 

Sigma-Aldnch, St Louis, MO, USA 

Sigma-Aldnch, St Louis, MO, USA 

Henke Sass Wolf, Germany 

Electron Microscopy Sciences, Hatfield, PA, USA 

Sigma-Aldnch, St Louis, MO, USA 

Qiagen, Germany 

Sigma-Aldnch, St Louis, MO, USA 
Synthesized by Integrated DNA Technologies, Inc, 
Coralville, IA, USA 

Electron Microscopy Sciences, Hatfield, PA, USA 
Becton Dickinson labware, Franklin Lake, NJ, 
USA 

Sigma-Aldnch, St Louis, MO, USA 

Sigma-Aldnch, St Louis, MO, USA 

Terumo Corporation, Japan 

Sigma-Aldnch, St Louis, MO, USA 

Invitrogen.Carlsbad, CA, USA 

Sigma-Aldnch, St Louis, MO, USA 

Electron Microscopy Sciences, Hatfield, PA, USA 
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TABLE 4 List of instruments utilized 

Name of Instrument 

Thomas Ultra Air Pac-Air compressor 

Cell disruption bomb 

LSM510Meta Confocal microscope 

Dissecting stereomicroscope 

Homogenizer 

LightCycler Probe Design Software 2 0 

Light Microscope 

MetaMorph 7 5 

microtome 

microsurgical scissors 

Needle (26-Gauge) 

pico-mjector 

plate luminometer 

Real-time PCR 

SPSS 18 0 

Syringe (1ml) 

Transmission electron microscope 

Watchmaker forceps 

Type of Instrument 

Thomas Ultra Air Pac-Air compressor 

Parr Cell Disruption Bomb 

Zeiss, Oberkochen, Germany 

Ziess, Eastern Microscope Co , Raleigh, N C 

Pounce Homogenizer 

Roche, Indianapolis, IN, USA 

Nikon Diaphot 

Molecular Devices, Inc Sunnyvale, CA, USA 

RMC-MT2C ultramicrotome for EM 
No ST-SAS-15, ASSI, Accurate Scientific & 
Surgical Instruments, Westbury, N Y 
B-D, Becton Dickinson, Baxter Diagnostics Inc , 
Scientific Products Division, Columbia, MD, USA 

PLI-100 pico-mjector 

Dynex MLX microtiter plate luminometer 

Roche LightCycler 480 system 

Chicago, IL, USA 
B-D, Becton Dickinson, Baxter Diagnostics Inc , 
Scientific Products Division, Columbia, MD, USA 

JEM-1200EXI electron microscope 

ASSI, No ST-JFC-7 



TABLE 5. List of components of medium. 

Name of medium 
M199TE[122] 

Hamster Embryo Culture 
Medium-9(HECM-9)[162] 

M2 (for hamster sperm 
collection) [122] 

ST 20 homogenization 
medium [156] 

Components 
Medium 199 (1X) 

Taurine 
Hepes 

Heat-inactivated fetal bovine 
serum 

Penicillin-streptomycin 
Polyvinyl Alcohol (PVA) 

NaCI 
KCI 

CaCI2 
MgCI2 

NaHC03 
DL-Na-lactate 

1M HCI 
Taurine 

Asparagine 
Cysteine 
Histidine 
Lysine 
Proline 
Serine 

Aspartic Acid 
Glycine 

Glutamic Acid 
Glutamine 

Ascorbic Acid 
Biotin 

Choline CI 
Folic acid 
Inositol 

Niacinamide 
Pantothenate 

Pyridoxal 
Riboflavin 
Thiamine 

NaCI 
KCI 

KH2P04 
MgS04 
CaCI2 

Na Lactate 
Na pyruvate 

EDTA 
Glutamine 

BSA 
Penicillin-streptomycin 

Sucrose 
Tricine-NaOH 

EDTA 
PH 

Concentration (mM) 

5.0 
25.0 

1ml/20mlM199 

50IU/ml 
0.1 mg/ml 

113.6 
3.0 
1.9 
0.5 
15.0 
4.5 

1.4pl/ml 
0.5 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.01 
0.2 
0.01 

0.005 
0.005 
0.003 
0.003 
0.005 
0.003 
0.001 
0.001 
0.003 
81.62 
4.8 
1.18 
1.18 
1.7 

31.3 
0.27 
0.11 
1.0 

5 mg/ml 
100IU/ml 

8.0% (w/v) 
20 mM 
1 mM 
7.4 



TABLE 6 Abbreviations 

Abbreviations 

PGC 

FSH 

LH 

IVF 

Yrs 

Yo 

GnRH 

IP 

hCG 

ICSI 

CDC 

ATP 

OMM 

IMM 

IMS 

mtDNA 

ROS 

ETC 

NADH 

FADH2 

OH 

H202 

MMP 

MPTP 

VDAC 

ADP 

rRNA 

tRNA 

Mil 

ANT 

M l 

SER 

A4.977 

TEM 

IVC 

IACUC 

ODU 

ANOVA 

PMSG 

The full name 

primordial germ cells 

follicle stimulating hormone 

luteinizing hormone 

In Vitro Fertilization 

years 

Year-old 

Gonadotropm-releasmg hormone 

Intrapentoneally 

Human chorionic gonadotropin 

intracytoplasmic sperm injection 

Center for Disease Control and Prevention 

adenosine triphosphate 

outer mitochondrial membrane 

inner mitochondrial membrane 

inter-membrane space 

mitochondrial DNA 

reactive oxygen species 

electron transport chain 

nicotinamide adenine dinucleotide 

flavin adenine dinucleotide 

hydroxyl radical 

hydrogen peroxide 

mitochondrial membrane potential 

mitochondrial membrane permeability transition pore 

voltage-dependent anion ion channel 

adenosine diphosphate 

nbosomal RNA 

transfer RNA 

metaphase II 

adenine nucleotide (nt) translocator 

metaphase 1 

smooth endoplasmic reticulum 

deletion of mtDNA 4977bp 

Transmission Electron Microscopy 

inferior vena cava 

Institutional Animal Care and Use Committee 

Old Dominion University 

Analysis of Variance 

Pregnant Mare's Serum Gonadotropin 



TABLE 6. Continued. 

Abbreviations 

hrs 

min 

COC 

JC-1 

DMSO 

MRR 

MGF 

QPCR 

GA 

PB 

PBS 

BSA 

NMA 

DMP-30 

DDSA 

CL 

FDA 

MEM 

IP 

HECM-9 

The full name 

hours 

minutes 

Cumulus oophorus cells with oocyte complex 
5,5',6,6'-tetrachloro-1,1,3,3'-tetraethylbenzimdazoylcarbocyanine 

iodide 

dimethyl sulfoxide 

MitoTracker Red CM-H2XROS 

MitoTracker Green FM 

Real-time polymerase chain reaction 

glutaraldehyde 

phosphate buffer 

Phosphate buffered saline 

bovine serum albumin 

Methyl-5-Norbornene-2,3-Dicarboxylic Anhydride 

Dimethylaminomethyl phenol 

dodecenyl succinic anhydride 

cytoplasmic lamellae 

Food and Drug Administration 

Eagle's minimum essential medium 

intraperitoneal^ 

hamster embryo culture medium 9 
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