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In 1672, Reinier de Graaf first described the transformation of ovarian follicles into 
corpora lutea. He reported that both age and coitus cause very great changes in eggs 
(follicles). In young animals, the follicles are very small, and in more developed ones they 
are larger. After coitus, the follicles alter to resemble the globules (the corpora lutea), with 
the number corresponding to the number of fetuses the animal will produce. Ovarian 
follicles have since been shown to be the basic functional unit of the ovary. When follicle 
growth is initiated, the oocyte enlarges and the somatic cells expand clonally to produce 
mural and cumulus granulosa cells within the Graafian follicle [1]. Initiation of primordial 
follicle growth and transition from a primordial to a primary follicle depends on changes in 
the ovarian microenvironment. However, the temporal regulation of this process is still 
poorly understood [2]. 
 

The maturation of preovulatory follicles has been studied extensively and involves 
combined actions of various hormones and locally produced growth factors that prepare the 
follicle to respond to luteinizing hormone (LH); follicle maturation is gonadotropin 
dependent and is associated with increasing production of estrogens, mainly estradiol-17β 
(E2) [3]. This is a result of the action of gonadotropins on the theca and granulosa cells of 
the developing follicle. Maximal estrogen production occurs at the level of the preovulatory 
follicle, when the combined actions of FSH and LH are exerted on granulosa cells. The LH 
surge acts to terminate follicular growth and activate genes that are necessary for follicle 
and oocyte maturation and ovulation.  
 

There are many similarities in the function of different somatic cells and oocytes. 
However, oocytes show some remarkable phenomena. The process of meiosis in an oocyte 
is marked by specific periods of arrest, which are not seen in other germ cells. Moreover, 
the oocyte has the capacity to remain in a dormant state for years without comprising its 
ability to resume meiosis and grow. Another important feature of the oocyte is its ability to  
store large amounts of RNA in a very stable state for many years [4]. Furthermore, the 
zygote inherits almost whole of its cytoplasm from the oocyte, and the early pre-
implantation embryo is therefore dependent on maternally transcribed RNA until activation 
of its own genome. The successes obtained in cloning certain mammals have further 
highlighted the enormous potential of the oocyte to remodel, transform and reprogram an 
older donor cell nucleus [5-7]. These characteristics make the oocyte the most important 
cell in the body. It is, therefore, essential to understand the mechanisms regulating the 
resumption of meiosis. 
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The correct regulation of gene expression is a demanding and vitally important process. 
As most eukaryotic cells carry an entire organism’s worth of genetic information, 
controlling which genes are turned on, and when, is essential for normal growth and 
development. A complex interplay between transcriptional regulators (transcription factors) 
and chromatin structure establishes a barrier to gene activation, which ensures that genes 
are transcribed only when appropriate signals make their way to the nucleus. Moreover, the 
transcription proteins themselves have to be present at the right place, at the right time and 
in the correct amounts, and their activity has to be fine-tuned to produce levels of 
transcription that are appropriate for each gene. Using several approaches, genes have been 
identified that are expressed in the oocyte. Using IVM techniques, a number of studies have 
made important strides in elucidating genes involved in developmental competence and to 
explore different cellular pathways and mechanisms involved in oocyte maturation [8], 
cellular response to DNA damage, growth [9], apoptosis induction [10] and transcription 
regulation [11]. However, although approximately 90% of oocytes collected from 3- to 6-
mm antral follicles and matured using IVM techniques can progress through meiosis 
normally, only 30 to 40% will reach the blastocyst stage, and few will yield viable offspring 
after transfer. Therefore, the relevance of the information obtained from in vitro culture 
systems to the physiological situation remains unclear.  
 

Publication of the complete DNA sequence for the human genome has provided the 
starting point for understanding the genetic complexity of man and the role of genetic 
variation in diverse processes. It is also clear that primate and rodent models have played an 
invaluable role in understanding this information. Nevertheless, model animals other than 
primates and rodents have also played an important role in developing reproductive 
technology for man. Indeed, the bovine model has been the fundamental research platform 
for developing human assisted reproductive techniques; treatments and techniques used for 
superovulation, oocyte maturation, in vitro fertilization and embryo culture and transfer, 
were all based upon many years of research with bovine oocytes and embryos [12-14]. 
Comparative genetic maps have also indicated that the bovine and human genomes are 
more similar than either is with the mouse genome. The mean length of conserved segments 
between man and cow is approximately twice as long as that between man and mouse [15]. 
Furthermore, orthologous exonic alignment of non-coding DNA sequences from cattle, pigs, 
cats and dogs consistently grouped them closer to man than rodent (mouse and rat) 
sequences [16]. In addition, distinct mechanisms for embryonic genome activation during 
early preimplantation development exist in man and mouse; during this period the embryo 
is unable to respond to external stimuli by altering its pattern of gene expression. In human 
embryos, embryonic genome activation does not occur until the 4 to 8 cell stage [17, 18], 
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whereas in the mouse embryonic genome activation takes place very early in development, 
at the late 1-cell stage [19, 20]. In the cow, induction of transcription occurs at the late 4-
cell stage [21] making the cow is a better model for man in this regard. Moreover, a recent 
study showed significant differences among different mice strains induced to ovulate with 
regard to cytoplasmic microtubule organizing center (MTOC) number [22]; the relatively 
outbred nature of cattle avoids the limitations inherent to strain-to strain variations. In 
addition, because of the wealth of information on reproductive techniques in cattle and 
physiological similarities to man such as being a monovular species, the cow appears an 
appropriate choice for studying the molecular mechanisms of oocyte maturation and early 
embryonic development to ultimately help improve human assisted reproductive techniques. 
 

Farm animal biotechnologies that are based on ovarian stimulation, in vitro maturation 
of oocytes, in vitro fertilization, and embryo culture, and also specialized techniques such 
as pronuclear injection and somatic cell nuclear transfer have been shown to suffer a 
number of side effects. These include a high frequency of pre- and post-implantation 
developmental arrest, abnormal fetal development, increased perinatal loss and elevated 
birth weight [23-25]; problems that are all unusual under natural reproductive conditions. 
Moreover, oocytes matured in vitro are less competent of producing offspring than those 
matured in vivo [26-28], while oocytes recovered from gonadotropin stimulated cows are 
not all of equal quality [29, 30]. It is clear that the developmental fate of an embryo is 
largely dictated by the quality of the oocyte from which it is derived, and that the oocyte’s 
microenvironment during maturation but also additional factors can explain or indicate the 
health, maturity and competence of that oocyte (for review see [31].  

 
Oocyte maturation 
 

The term “meiotic maturation” generally refers to the resumption of meiosis in an 
oocyte that was arrested in the dictyate stage of meiotic prophase I. Structurally, these 
events are represented by the breakdown of the germinal vesicle (GVBD) and dissolution of 
its inner lining, a fibrillar network of laminae. Subsequently, chromosomes move from the 
center of the nucleus towards the undulating membranes, where condensation takes place. 
Chiasmata move to the ends of the chromosomes and the chromatin becomes 
heterochromatic. After completion of condensation, the chromosomal bivalents appear V-
shaped and telocentric. Once highly condensed, the chromosomes aggregate in the center of 
the oocyte, waiting to line up on the metaphase spindle. The spindle apparatus increases in 
size and moves to the periphery of the oocyte. Metaphase I (Fig. 1, 8) lasts for only a few 
hours and gives way to anaphase I, when the chromosomal bivalents move towards 
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opposite ends of the spindle. During telophase I, preparations for the extrusion of the first 
polar body are made. One set of the recently separated homologous chromosomes is 
extruded with a small amount of cytoplasmic material into the perivitelline space (Fig 1, 
11). This takes place in late telophase I. Once the oocyte reaches metaphase II [32], it 
arrests until sperm penetration, fertilization and the subsequent events that mark the 
initiation of embryonic development. The events related to the nuclear changes of meiosis 
II are unusual in that the chromosome and the DNA content of the oocyte are halved. 
Moreover, the transition from meiosis I to II is peculiar because progression of the cell 
cycle occurs without DNA replication between these two stages. Finally, a truly haploid 
ootid never exists in mammals because the final reduction in chromosome number does not 
occur until fertilization. All of these nuclear events are encompassed within the term: 
nuclear maturation. Proper and coordinated reductional division must occur to ensure the 
success of meiotic events. As in the mitotic cell cycle, checkpoint machinery operates in 
meiosis to ensure that one event does not occur until the preceding event has been 
completed. To date, two different checkpoints have been shown to operate in meiosis. The 
recombination checkpoint ensures that cells do not exit the pachytene stage until 
recombination intermediates have been resolved. The metaphase checkpoint prevents cells 
from exiting metaphase I until all chromosome pairs have been properly oriented on the 
spindle apparatus [33]. Meiotic chromosomes frequently do not segregate properly leading 
in man to a variety of well described birth defects and a very high frequency of 
miscarriages [34, 35]. 
 

The nuclear maturation events of meiosis are accompanied by changes in the cytoplasm 
that prepare the oocyte to undergo the events related to fertilization and activation of 
embryonic development. Currently, a number of processes are considered to be components 
of cytoplasmic maturation: these include events that ensure the occurrence of normal 
fertilization, such as acquisition and redistribution of the smooth endoplasmic reticulum 
(SER) and calcium stores [36]; an increase in the number and redistribution of the receptor 
operated calcium channels [37-39], migration of the cortical granules to a position close to 
the oolemma and acquisition of the ability to control the remodeling of sperm chromatin 
into a paternal genome that, in concert with the maternal genome, directs embryonic 
development [40]. The coordination of oocyte cytoskeletal (microtubule and microfilament) 
dynamics which is critical to the normal progression of nuclear maturation is another 
important event closely associated with proper cytoplasmic maturation [41].  

Transitions between different phases of the cell cycle are driven by cytoplasmic 
maturation-promoting factor (MPF), which consists of cyclin-dependent kinase (Cdk1 or 
p34cdc2) and cyclin B [42-44]. Inactive Cdc2-cyclin B is present in the cytoplasm during 
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interphase but, after it is activated, it accumulates in the nucleus where it phosphorylates 
multiple targets and initiates nuclear envelope breakdown [45]. Cdk1 activity plays an 
important role in driving the cell cycle, at least up to the metaphase stage. Completion of 
the cell cycle is then accomplished by proteolytic machinery anaphase promoting complex 
(APC) which destroys the Cdk activity by degrading cyclin [46]. An inability to destroy 
cyclin leads to cells becoming arrested in anaphase and failing to undergo cytokinesis [47]. 
Although the major events of the cell cycle in somatic cells have been studied in detail, 
there are still many aspects that are not fully understood. In addition, oocytes and embryos 
show some differences to somatic cells; oocytes grow very rapidly without dividing, and 
fertilized oocytes divide rapidly in the absence of growth. For these reasons, it is possible 
that the pathway leading to activation and cell cycle arrest is different. To date, the 
molecular and biochemical mechanisms mediating meiotic resumption in vivo are not clear, 
even though many studies have been conducted in this field [48, 49]. 
 

Successful coordination of nuclear and cytoplasmic maturation is of critical significance 
in ensuring normal fertilization and embryogenesis [50]. In this respect, maintaining the 
correct nuclear position within the cytoplasm, segregation of genetic material and 
movement of the male and female pronuclei towards each other, are all processes dependent 
on microtubule and actin cytoskeletal elements [51-55]. It is widely accepted that oocyte 
quality as reflected by the ability to give rise to healthy offspring is affected by exogenous 
hormone administration and by in vitro culture conditions, where the latter are known to 
affect structural integrity [56], normality of chromosomes [57, 58] and metabolism [59, 60].  
 
In vivo versus in vitro oocyte maturation 
 

In the absence of an LH surge, fully-grown oocytes arrest in prophase I of the first 
meiotic division. The preovulatory LH peak initiates resumption of meiosis. Subsequently, 
oocytes undergo GVBD, and then progress through metaphase I, anaphase I, telophase I, 
before arresting again at metaphase II (MII) until sperm-induced oocyte activation occurs 
[62]. Alternatively, mechanical removal of oocytes from their normal environment and 
subsequent culture in vitro induces spontaneous meiotic resumption, without the 
requirement for gonadotropic hormone stimulation [63, 64].  
These observations led to the development of a model for the regulation of meiotic 
maturation and arrest in mammalian oocytes based on the assumptions that meiotic arrest 
and resumption is modulated by putative factors in the follicular fluid [65] and cyclic 
adenosine mono-phosphate (cAMP) levels within both the follicle and the oocyte [66, 67]. 
However, while a rise in follicular cAMP mediates LH-induced meiotic maturation, 
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maintaining high levels of cAMP within an oocyte by exposure (in vitro) to dibutyryl-
cAMP (dbcAMP) [68] or a phosphodiesterase (PDE) inhibitor [69] prevents that oocyte 
from resuming meiosis spontaneously. Such opposing actions of cAMP in the two follicular 
compartments, i.e., the somatic cells and the oocyte, have been explained by the differential 
localization of subtype-specific PDEs in the granulosa cells and oocyte [70]. Cyclic AMP in 
turn activates protein kinase A (PKA), resulting in phosphorylation of specific substrates 
within the oocyte [71, 72]. 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Schematic representation of meiosis in the mammalian oocyte. Adapted from [61]. Prophase I: 1-5 in 
fetal ovary, 6-7 germinal vesicle formation. After the LH surge, oocyte meiosis resumes, Metaphase I: 8, 
Anaphase I: 9, Telophase I: 10, and arrest at Metaphase II: 11untill fertilization. After fertilization, the oocyte 
enters Anaphase II: 12, Telophase II: 13 which completes the second meiotic division and results in second polar 
body extrusion 14.   
 

In vitro oocyte maturation (IVM) has been widely used for studying regulation of oocyte 
maturation, and for the production of embryos, in various species, including cattle [73, 74], 
sheep [75, 76], pig [77] and man [78]. In recent years, it has become increasingly clear that 
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oocyte maturation media have a profound effect on the oocyte’s ability to resume meiosis 
and develop into a blastocyst [79, 80]. In cattle, steroid hormones, growth factors and 
meiotic inhibitors have been shown to modulate the developmental potential of oocytes [9, 
81-84]. Nevertheless, the events occurring during spontaneous maturation cannot strictly be 
compared to the hormone-induced meiotic resumption that occurs in vivo because of the 
lack of interactions between the oocyte and follicle components in vitro. Moreover, despite 
the vast amount of bovine oocytes reaching the Metaphase II stage (90%), only 30 to 40% 
reach the blastocyst stage after IVF and IVC, and only 5 to 10% result in the birth of a live 
offspring after embryo transfer [31, 85]. It has been postulated that in vitro maturation 
systems adequately support nuclear maturation in mammalian oocytes, but fail to produce 
oocytes with a fully mature cytoplasm [86]. Cytoplasmic maturation involves numerous 
metabolic and structural modifications in preparation for subsequent fertilization [87-90]. 
Deficient cytoplasmic maturation may be reflected by specific cytoplasmic abnormalities 
including cytoplasmic inclusions, vacuoles, abnormal lipid accumulation and deficient 
organelle migration [91, 92]. 
 

In vivo, in cow and woman, usually only one follicle becomes dominant and grows 
beyond 8 mm in diameter; the other, subordinate follicles regress. The dominant follicle 
continues to develop into a preovulatory follicle, which will eventually release a mature and 
competent oocyte [93, 94]. There is a number of steps associated with selection and 
establishment of follicle dominance once a follicle reaches 8 mm in diameter. These include 
the appearance of LH receptors on the granulosa cells [95], increased production of 
estradiol [3, 96, 97], leading to an decreased amplitude and increased pulse frequency of 
pituitary LH release [98].  
For experimental studies, cattle oocytes are generally collected from the ovaries of 
slaughtered cows and from small follicles of 2 to 6 mm in diameter. The acquisition and 
expression of meiotic competence in IVM oocytes has been related to changes in oocyte 
growth, germinal vesicle break down, meiotic cell cycle status and transcriptional activity 
[99-102]. Moreover, oocytes harvested from small follicles may not have undergone an 
essential pre-maturation step, such that there are various possible reasons for the limited 
developmental competence of oocytes originating from small follicles following in vitro 
maturation. 
 
Exogenous hormone stimulation 
 

Follicular development in cattle occurs in a wave like pattern. The emergence of each 
follicle wave is stimulated by an FSH surge. After emergence, a group of follicles enters a 
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common growth phase and the FSH surge begins to decline, reaching nadir levels at around 
the time of follicle size deviation. A transient increase in circulating LH, and enhanced LH 
receptor expression in granulosa cells has also been reported around the time of selection of 
the future dominant follicle. At this point, LH stimulates an increase in E2 secretion by 
healthy follicles which is involved in suppressing FSH secretions to levels lower than 
required by smaller growing follicles, thereby facilitating the establishment of dominance 
[103-105]. 
 

Ovarian stimulation with exogenous gonadotropic hormones is usually initiated at the 
onset of the second follicular wave (between days 8 and 12 of the estrous cycle) [106], 
when FSH and LH are effective in inducing multiple follicle development and ovulation in 
cattle (Figure 2). 
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Figure 2. Schematic model of follicular dynamics on the ovary and changes in progesterone and LH 
concentrations in the peripheral blood during the estrous cycle in the cow. A commonly used scheme for 
superovulation is depicted at the top of the figure. (Adapted from van de Leemput, E. E, Thesis, 1998) 

 
Despite drawbacks of current superovulation techniques, this basic approach is still the 

only method available under practical conditions. The only way in which hormone 
stimulation increases the likelihood of achieving a pregnancy is by increasing the number 
of oocytes or embryos retrieved, and which can be used for various assisted reproductive 
techniques. It is well known that the hormonal milieu of the follicles is altered in cows 
stimulated with exogenous gonadotropin, to a degree depending partly on the type of 
protocol and the exact hormone regime used [29, 107-110]. Studies in vivo and in vitro 
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have demonstrated that different gonadotropin preparations have different effects on the 
expression of steroidogenic enzymes and subsequently on steroid hormone production by 
ovarian follicle cells [111-114]. Ovarian stimulation in mice has been shown to result in a 
significant increase in the frequency of oocyte spindle defects, resulting in chromosomal 
errors [115-117]. Reduced fertility and increased pre- and post-implantation mortality have 
also been reported as consequences of using standard doses of gonadotropins [118-127]. 
Cytogenetic analysis of pronuclear stage mouse embryos after ovarian stimulation 
demonstrated a higher incidence of chromosomal aberrations in the female pronucleus 
compared to the male pronucleus, indicating a developmental abnormality of oocyte origin 
[125]. Although findings from various species have contributed to our understanding of 
ovarian stimulation effects, few studies have examined the effect of ovarian stimulation on 
gene expression. Proper spindle positioning and accurate chromosome segregation have 
common molecular requirements in diverse organisms: microtubules, actins, dynein, 
myosin, kinesins and formins. Bovine preovulatory follicles are much larger than those in 
rodents, which makes it possible to study steroid levels as a marker for follicle quality and 
examine the latter’s relevance to gene expression. 
 
Molecular motors and chromosomal segregation genes 
 

The active transport of organelles, proteins, RNAs, and chromosomes along the 
microtubules and microfilaments of the cytoskeleton to specific destinations within a cell is 
essential for normal development. Microtubules are polarized in such a way that the minus 
ends are always located at the microtubule organizing center, near the nucleus while the 
plus ends extend to the periphery. Dynamics and interactions of molecular motor proteins 
with the cytoskeleton provide the machinery for most membrane trafficking within the 
cytoplasm of higher eukaryotes. In most mammalian cells, two classes of motor proteins 
with opposite directionality, kinesins and cytoplasmic dyneins achieve oriented transport 
using microtubules.  
 

Cytoplasmic dynein is a minus end directed motor complex that consists of heavy chains, 
intermediate chains and light chains [128]. The heavy chain contains the motor domain 
[129] and the other chains appear to target the motor to various cargos [130, 131]. Although 
the full complement of microtubule motors has been identified in several model organisms, 
their functions and hence the mechanisms of many active transport processes remain poorly 
defined. Dynein has been shown to participate in a variety of processes, including nuclear 
migration, centrosome separation, spindle formation [132], spindle alignment, chromosome 
segregation [133], nuclear envelope breakdown [134], mRNA localization [135, 136], and 
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organelle transport [137]. Kinesin was first found in neural tissue, where it functions to 
generate plus end directed movements [138] and subsequent studies have suggested an 
essential role in meiosis [139, 140]. Since microtubules undergo profound changes in 
organization during meiotic maturation in mammalian oocytes [141] and these changes are 
implicated in the regulation of organelle movement, distinct expression patterns may occur 
during meiotic maturation and early embryonic development.   
 

Actin-based motor cytoplasmic myosin has been demonstrated to participate in many 
organelles and cellular movements during oogenesis and embryonic development [41, 142-
146]. A recent study showed that in fertilized mouse oocytes, inhibition of myosin II or 
myosin light chain kinase (MLCK), which belongs to the family of Ca2+ /calmodulin-
dependent protein kinases and specifically phosphorylates myosin regulatory light chains, 
inhibited second polar body formation and reduced cortical granule exocytosis [147].  

Mammalian cells frequently exhibit an asymmetric distribution of organelles, proteins or 
cytoskeletal components along a particular axis. This internal organization is referred to as 
‘cell polarity’ [148]. Meiotic division requires the correct positioning of the spindle within 
the cell, in addition to assembly of the spindle apparatus and segregation of the 
chromosomes. Formins are proteins that mediate interactions between microtubules and the 
cell cortex to establish spindle position, they also function as nucleators of actin filaments 
and are involved in motile processes such as the formation of actin cables in yeast, 
assembly of actin filaments in the cytokinetic ring [149] and mitotic spindle position in 
yeast [150]. Partition defective protein (par) genes have been identified as essential 
regulators of egg polarity in C.elegans and with a specific protein kinase C (PKC-3) form a 
complex in the anterior half of the C. elegans zygote [151, 152]. Recent studies in mice 
showed that, during oocyte maturation, spindle associated par-3 was translocated to the 
cortex, suggesting a role for par-3 in establishing asymmetry in the oocyte and defining the 
future site of polar body emission [153]. 
 

Meiotic and developmental competence is acquired progressively during follicle and 
oocyte maturation and is associated with a series of nuclear and cytoplasmic changes [154]. 
It is well known that oocytes undergo various structural changes during maturation 
including mitochondrial redistribution, cortical granule translocation and mRNA 
localization. Since oocytes matured in vitro or resulting after ovarian stimulation, show 
inferior cytoplasmic competence, in terms of defects in cortical granule translocation and 
chromosomal mis-segregation [30, 116, 117, 155, 156], it seems likely that the motor 
proteins regulating chromosome segregation play a role in several other aspects of oocyte 
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maturation and developmental competence. However, the function and expression of these 
proteins within the oocyte is currently rudimentary. 
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Fig. 3. A basic overview of the structure of the molecular motors; kinesin, dynein and myosin. All of the 
molecular motors are large multiprotein complexes with a dimeric structure. They each consist of a globular head 
domain, which contacts the cytoskeleton and provides the force for motility by hydrolysing ATP, and tail domains, 
which are more divergent and likely to be involved in cargo recognition. (A) Kinesin is in general a plus-end-
directed MT motor. However, there are many kinds of kinesins, including minus-end-directed motors. (B) 
Cytoplasmic dynein, the major MT minus-end-directed motor in the cell, is responsible for the transport of many 
cargos. It is the largest of the motors and has an accessory multiprotein complex, (C) Non-muscle myosins are a 
large and diverse family of actin-based motors. Modified from [157] 
 
 
Fatty acid transport and metabolism 

 
The mammalian oocyte and embryo are able to use a variety of substrates for the 

production of ATP. Lactate and glucose, and to lesser extent amino acids, can all be 
metabolized to produce ATP [60, 158]. The extent to which these exogenous sources 
contribute to ATP production varies, and depends on the stage of maturation or on the stage 
of development after fertilization [159, 160]. 
 

Lipids comprise one of the most important classes of complex molecules present in 
animal cells. Within any mammalian cell, lipid diversity and concentrations are determined 
by the process of lipid metabolism, including lipid transport, utilization and de novo 
synthesis. Lipids are used as a means of communication, for regulating of a variety of 
physiological processes (as hormones), and as cellular constituents for the protection 
against a desiccating environment (phospholipids). Moreover, the ability to synthesize and 
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store fat and then utilize it as an energy source is central to the development and survival of 
many mammalian cells. An imbalance in lipid metabolism can lead to developmental 
failure. Therefore, understanding the regulatory pathways that govern energy intake and 
storage (i.e., fat accumulation) versus energy expenditure (i.e., fat oxidation) is a key to 
understanding energy requirement of the oocyte during maturation and of early embryonic 
development during culture. 
 

Long-chain fatty acids (LCFA) are thought to be the class of lipids serving the most 
diverse functions. Fatty acids are the primary substrate for energy in liver and muscle cells, 
and are needed for the formation of complex lipids, amongst which the phospholipids are of 
central importance as constituents of cell membranes [161, 162], and as signaling 
compounds [163] to modulate the expression of specific genes [164, 165]. These various 
dynamic functions of fatty acids require that their availability, both outside and inside cells, 
be tightly controlled, not only to make sufficient amounts of fatty acids available when 
needed, but also to prevent them from local accumulation since this may dramatically 
impair cell function [166, 167]. 
 

There are different mechanisms by which lipids can move intracellularly. In general, 
medium chain fatty acids move to a desired site within a cell by diffusion while long and 
very long fatty acids use specific lipid-transfer protein-mediated transport [166]. Several 
membrane proteins that increase the uptake of LCFAs when over-expressed in cultured 
mammalian cells have been identified. The best characterized of these are FAT/CD36 [168] 
and fatty acid transport proteins (FATPs; solute carrier family 27). CD36, also known as 
fatty acid translocase, is a receptor for several ligands, including oxidized LDL and long-
chain FFAs [169, 170]. Expression of CD36 in fibroblasts which do not endogenously 
express CD36, is associated with an increase in FA uptake and incorporation into 
phospholipids [171]. The distribution of CD36 favors tissues with a high metabolic capacity 
for FAs such as adipose tissue, heart and skeletal muscle [169], where it is involved in high-
affinity uptake of fatty acids [173, 174]. In addition, mice null for CD36 have been shown 
to exhibit increased serum FA, triglyceride and cholesterol levels [172]. Although lipid 
transfer proteins have been described extensively in various tissues [175, 176], evidence for 
their active presence in mammalian oocytes and early embryos is lacking. Six FATP genes 
have been described in the human and mouse genomes (FATP1-6). FATP1 was the first 
family member identified [177] and is thus far the best studied. Expression of FATP1 in 
mammalian cells increases the import of LCFAs and very long chain fatty acids (VLCFAs), 
but not of medium chain substrates [178]. However, the mechanism of LCFA import and 
whether its regulation is relevant to oocyte maturation and early embryonic development is 
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unknown. Understanding these expression patterns may contribute to improvements in IVM 
culture techniques to produce competent oocytes.  
 

Once transported across the cell membrane, LCFAs are targeted to specific metabolic 
pathways. A candidate factor capable of coordinating responses to different lipid 
constituents is AMP-activated protein kinase (AMPK), it is a heterotrimeric enzyme that is 
conserved from yeast to man and functions as a gauge to monitor cellular energy stores 
[179-181]. AMPK regulates the expression of genes involved in lipid synthesis by 
modulating the activities of different transcription factors and coactivators [182]. The 
nuclear receptors, transcription factors and peroxisome proliferator-activated receptors 
(PPARα  and PPARγ) that are activated by AMPK, and the fatty acid derivatives released 
as a result regulate gene networks that promote lipid synthesis and storage in adipocytes 
(PPARγ), or activate oxidation pathways (PPARα) [183]. There are numerous reports 
linking the expression of PPARs in granulosa cells to ovarian function [184-187], but their 
expression in the oocytes itself has not been documented in detail. Identifying the pattern of 
changes in expression of these transcription factors will not only provide information about 
energy requirements during oocyte maturation and early embryonic development but may 
clarify whether fatty acids and changes in culture conditions can modify oocyte maturation 
through direct interactions with transcription factors within the oocyte. 
 

AMPK also phosphorylates acetyl-CoA carboxylase (ACC) leading to inhibition of 
ACC activity and decreased malonyl-CoA content. Two major mammalian ACC isoforms 
have been identified. ACCα and ACCβ are products of distinct genes with different tissue 
expression patterns, physical and enzymatic properties, the expression of which responds to 
hormones or changes in dietary composition during development [188-194]. Both ACC 
isozymes produce malonyl-CoA which is required for fatty acid synthesis and, together 
with fatty acid synthase [195] for fatty acid chain elongation systems, and also inhibits 
mitochondrial carnityl palmitoyltransferase (CPT), the rate-limiting enzyme in the import 
and oxidation of fatty acids in mitochondria [196]. Moreover, ACC catalyzes a pivotal step 
in fuel metabolism because it links fatty acid and carbohydrate metabolism through the 
shared intermediate acetyl-CoA. To date, however, there has been no evidence to support 
the existence of this system in mammalian oocytes. Moreover, lipid transfer activities have 
not been described in either oocytes or in developing embryos. 
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Figure 4. Metabolic pathways involved in lipid metabolism of liver and skeletal muscle. Among the lipid 
metabolic enzymes, acetyl-CoA carboxylase (ACC), fatty-acid synthase (FAS) and carnitine palmitoyl transferase 
(CPT) are the three that primarily regulate the synthesis of malonyl-CoA, which is the principal inhibitor of fatty-
acid entry into mitochondria for β-oxidation. Stearoyl-CoA desaturase-1 (SCD1) regulates lipid oxidation by 
converting stearic acid (18:0) to oleic acid (18:1). The saturated fatty acyl-CoAs are known to allosterically inhibit 
ACCα, FAS (FAS) and acyl-carrier protein (ACP) and are involved in fatty-acid synthesis; however, their role in 
lipid metabolism remains unclear. ACS, acyl-CoA synthase; MCD, malonyl-CoA decarboxylase. Modified from 
[197]. 
 
 
Methods for studying differential gene expression 
 

Different techniques have been developed for the screening of genetic alterations at the 
mRNA level. The most widely used being subtractive hybridization, differential display, 
serial analysis of gene expression and cDNA microarray hybridization. 
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      1.                    2.
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a
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d

T1 T2
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Fig. 5. Schematic diagram of the cDNA library construction procedure using suppression subtractive 
hybridization. Modified from [200] 
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Suppression Subtractive hybridization (SSH) 
 

SSH is a technique used to isolate nucleic acids present in one sample but not in another. 
The two samples compared are the “tester” and “driver” (Fig. 5). The tester is the sample 
from which differentially expressed sequences are to be isolated, and the driver is a 
reference sample. Subtraction is based on hybridizing the sequences present in both the 
tester and the driver samples, and subsequent separation of driver and tester-driver hybrids 
from unhybridized tester DNA. To achieve as complete a subtraction as possible, an excess 
of driver DNA is used during hybridization [198]. The most developed version of 
subtraction hybridization SSH, combines normalization with subtraction in a single step 
[199]. As a result, concentration of the high and low abundance cDNA species is equalized, 
subtraction is effective with all sequences, and the probability of detecting rare, 
differentially expressed sequences is increased. In selection, a suppression PCR is used to 
selectively suppress amplification of non-target DNA molecules, while the target molecules 
are exponentially amplified in the same reaction. SSH is a powerful technique for enriching 
differentially expressed genes. The subtracted cDNA population can be used to construct a 
cDNA library followed by screening with another method like microarray. SSH is also 
suitable for detecting novel sequences. 
 
DNA microarray 
 

A DNA microarray consists of thousands of individual gene sequences printed in a high-
density array on a glass microscope slide. It provides a practical and economical tool for 
studying gene expression on a very large scale [201, 202]. The introduction of array 
technology to the study of mammalian oocyte transcription has been held back by the low 
number of oocytes available for array analysis. Indeed, the ideal approach to gene 
expression profiling would be to use full genome microarrays to identify genes up- or 
down-regulated at specific stages of maturation. This requires a fully sequenced genome 
something which currently exists only for a few organisms including man, Drosophila, 
Caenorhabditis elegans, yeast, mouse and rat and not the cow [203]. In organisms lacking a 
fully sequenced genome, screening and identifying genes requires alternative techniques 
such as differential display polymerase chain reaction (DD PCR) and SSH.  
 

Nucleic acid microarrays primarily use short oligonucleotides (15– to 25 nt), long 
oligonucleotides (50 to –120 nt) and PCR-amplified cDNAs (100 to –3,000 base pairs) as 
array elements. Both types of elements have shortcomings, for example short 
oligonucleotides sometimes lack the specificity required to ensure single-gene specificity in 
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complex hybridizations; for this reason, a ‘tiling approach’ with multiple short oligos per 
gene is often used. Because of their extended length, PCR amplified cDNAs produce strong 
signals and high specificity. The cDNA inserts are readily obtained from cDNA libraries, 
and are typically used for organisms for which only limited genomic sequence is available 
[204-206].  
 

During a DNA microarray assay, two RNA samples are labeled separately with different 
fluorescent tags (for example, cyanine 3 and cyanine 5 (Cy3, Cy5)), hybridized to a single 
microarray and scanned to generate fluorescent images from the two channels. A two-color 
graphical overlay can then be used to visualize genes that are activated or repressed (Fig. 
6). All microarray strategies allow comparisons of tissue types such as heart versus brain, 
normal versus diseased tissue samples, or time-course samplings of cell cultures subjected 
to different treatments or conditions, and both schemes yield high-quality gene expression 
data.  
 

DNA library
PCR amplification

and purification

Printing

cDNA
Hybridization

Test cDNA
sample

Reference
cDNA sample Excitation

Emissions

 
 
Fig. 6. Schematic diagram of a microarray procedure. Modified from [212] 

 
 

Several groups have used microarray techniques to capture the total molecular 
information by making SSH cDNA libraries [203, 207-209]. However, because of the 
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difficulty in obtaining large numbers of mammalian oocytes, molecular studies have been 
limited to examining transcripts in oocytes from slaughterhouse material matured in vitro. 
Currently available approaches to overcoming limitations inherent to gene expression 
profiling of cell and tissues types of limited abundance are to amplify starting RNA or to 
amplify cDNA using PCR based strategies. The Switch Mechanism At the 5` end of Reverse 
Transcript (SMART) amplification method, available as a kit from Clontech overcomes this 
problem [210]. This method utilizes a modified oligo dT primer (CDS II/3PCR primer) to 
prime the reverse transcription, and the SMART II oligonucleotide in the same reaction to 
facilitate template switching by reverse transcriptase [210, 211]. The template switching 
generates single-stranded full-length cDNA libraries that can then be used for different 
purposes. 
 
Quantitative polymerase chain reaction (QPCR) 
 

In general, regulation of protein abundance in a cell is accomplished solely by regulation 
of mRNA; virtually all differences in cell type or state are correlated with changes in the 
mRNA levels for specific genes. Therefore, knowing when a gene is expressed often 
provides a strong clue as to its biological role. In a conventional PCR, the amplified product 
is detected by an end-point analysis, by running DNA on an agarose gel after the reaction 
has finished. In contrast, real-time PCR allows the accumulation of amplified product to be 
detected and measured as the reaction progresses, that is, in “real time”. This is made 
possible by including a DNA-binding fluorescent dye in the reaction; specialized thermal 
cyclers equipped with fluorescence detection systems are then used to monitor fluorescence 
during the exponential phase of the reaction [213, 214].   
 

QPCR is one of the most sensitive and reliable quantitative methods for measuring gene 
expression. It allows the amplification of mRNA in low abundance and permits the analysis 
comparison of gene expression in low numbers of samples. It has been broadly applied to 
quantification of transcripts in oocytes and early embryos [11, 207, 215-217]. Accurate 
quantitative PCR analysis depends on the integrity of the purified RNA. Real-time RT-PCR 
needs high quality, DNA-free, and un-degraded RNA [218]. Similarly, the reverse 
transcriptase step (RT) is a source of variability. In addition to reaction conditions and the 
enzyme used; priming method used to initiate cDNA synthesis can affect cDNA synthesis 
efficiency. Target gene nonspecific primers using random primers is widely used to 
circumvent high inter-assay variation in the RT reaction [219], using nonspecific primers 
can also maximize the number of genes that can be assayed from a single cDNA pool. 
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Another important marker for kinetic PCR is the fluorescent probe used to quantify 
detection. Two methods have become established for the detection of amplicons, Gene-
specific fluorescent probes like Taqman and FRET, and non-sequence specific fluorescent 
dsDNA binding dyes like SYBR Green I and ethidium bromide (for review [213, 214]). 
The level of expression can be measured by absolute or relative quantitative real-time PCR. 
Absolute quantification relates the PCR signal to input copy number using a calibration 
curve, while relative quantification measures the relative change in mRNA expression level 
(for review see [220]). 
 
 
Scope of the thesis 
 

The objectives of this study were to characterize and clarify the regulation of meiotic 
resumption in in vivo matured oocytes at the transcriptional level, including the possible 
role of expressed genes in developmental competence. Following a brief introduction on 
general aspects of oocyte biology, oocyte maturation, different reproductive 
biotechnologies and the methods used to study gene expression in Chapter 1, we 
investigated the temporal changes and relationships between follicular fluid steroid 
concentration and follicle size at various stages of follicle and oocyte maturation; the 
methods used to distinguish between follicles based on steroid profile are discussed in 
Chapter 2. The objective of Chapter 3 was to describe the transcriptome of the bovine 
oocytes at the onset of meiotic resumption, and to elucidate the functional importance of 
these genes in regulating meiotic resumption. In Chapter 4, the transcription levels of 
selected genes known to be involved in spindle formation and chromosome segregation 
were quantified using QPCR at different stages of maturation in vivo in oocytes collected 
from cows stimulated with oFSH, and classified as normal or deviant based on follicular 
steroid profiles; the same transcripts were quantified in oocytes at corresponding stages of 
maturation in vitro. Because of the lack of information about lipid metabolism in the oocyte, 
in Chapter 5 the expression patterns of eight mRNAs that play key roles in lipid 
metabolism were analyzed at various stages of oocyte maturation and early embryonic 
development in vivo; the same transcripts were quantified in oocytes matured and 
blastocysts produced in vitro to examine the impact of in vitro culture conditions. Finally, 
the overall implications of the results obtained during this PhD study are discussed in 
Chapter 6. 
 
 



Chapter 1 
 
 

 21

References 
 
1. Gougeon A. regulation of ovarian follicular development in primates:facts and hypotheses. Endocrine 

review 1996; 17: 121-155. 
2. van den Hurk R, Zhao J. Formation of mammalian oocytes and their growth, differentiation and 

maturation within ovarian follicles. Theriogenology 2005; 63: 1717-1751. 
3. Dieleman SJ, Kruip TA, Fontijne P, de Jong WH, van der Weyden GC. Changes in oestradiol, 

progesterone and testosterone concentrations in follicular fluid and in the micromorphology of 
preovulatory bovine follicles relative to the peak of luteinizing hormone. J Endocrinol 1983; 97: 31-42. 

4. Bachvarova RF. A maternal tail of poly(A): the long and the short of it. Cell 1992; 69: 895-897. 
5. Wakayama T, Rodriguez I, Perry AC, Yanagimachi R, Mombaerts P. Mice cloned from embryonic 

stem cells. Proc Natl Acad Sci U S A 1999; 96: 14984-14989. 
6. Wakayama T, Yanagimachi R. Cloning of male mice from adult tail-tip cells. Nat Genet 1999; 22: 127-

128. 
7. Wilmut I, Schnieke AE, McWhir J, Kind AJ, Campbell KH. Viable offspring derived from fetal and 

adult mammalian cells. Nature 1997; 385: 810-813. 
8. Robert C, Barnes FL, Hue I, Sirard MA. Subtractive hybridization used to identify mRNA associated 

with the maturation of bovine oocytes. Mol Reprod Dev 2000; 57: 167-175. 
9. Bevers MM, Izadyar F. Role of growth hormone and growth hormone receptor in oocyte maturation. 

Mol Cell Endocrinol 2002; 197: 173-178. 
10. Yuan YQ, Peelman LJ, Williams JL, Van Zeveren A, de Kruif A, Law A, Van Soom A. Mapping and 

transcription profiling of CASP1, 3, 6, 7 and 8 in relation to caspase activity in the bovine cumulus-
oocyte complex. Anim Genet 2004; 35: 234-237. 

11. Vigneault C, McGraw S, Massicotte L, Sirard MA. Transcription factor expression patterns in bovine 
in vitro-derived embryos prior to maternal-zygotic transition. Biol Reprod 2004; 70: 1701-1709. 

12. Brackett BG, Bousquet D, Boice ML, Donawick WJ, Evans JF, Dressel MA. Normal development 
following in vitro fertilization in the cow. Biol Reprod 1982; 27: 147-158. 

13. Gardner DK, Lane M. Culture and selection of viable blastocysts: a feasible proposition for human 
IVF? Hum Reprod Update 1997; 3: 367-382. 

14. Trounson A, Anderiesz C, Jones G. Maturation of human oocytes in vitro and their developmental 
competence. Reproduction 2001; 121: 51-75. 

15. Band MR, Larson JH, Rebeiz M, Green CA, Heyen DW, Donovan J, Windish R, Steining C, 
Mahyuddin P, Womack JE, Lewin HA. An ordered comparative map of the cattle and human genomes. 
Genome Res 2000; 10: 1359-1368. 

16. Thomas JW, Touchman JW, Blakesley RW, Bouffard GG, Beckstrom-Sternberg SM, Margulies EH, 
Blanchette M, Siepel AC, Thomas PJ, McDowell JC, Maskeri B, Hansen NF, Schwartz MS, Weber RJ, 
Kent WJ, Karolchik D, Bruen TC, Bevan R, Cutler DJ, Schwartz S, Elnitski L, Idol JR, Prasad AB, 
Lee-Lin SQ, Maduro VV, Summers TJ, Portnoy ME, Dietrich NL, Akhter N, Ayele K, Benjamin B, 
Cariaga K, Brinkley CP, Brooks SY, Granite S, Guan X, Gupta J, Haghighi P, Ho SL, Huang MC, 
Karlins E, Laric PL, Legaspi R, Lim MJ, Maduro QL, Masiello CA, Mastrian SD, McCloskey JC, 
Pearson R, Stantripop S, Tiongson EE, Tran JT, Tsurgeon C, Vogt JL, Walker MA, Wetherby KD, 
Wiggins LS, Young AC, Zhang LH, Osoegawa K, Zhu B, Zhao B, Shu CL, De Jong PJ, Lawrence CE, 
Smit AF, Chakravarti A, Haussler D, Green P, Miller W, Green ED. Comparative analyses of multi-
species sequences from targeted genomic regions. Nature 2003; 424: 788-793. 

17. Braude PR, Bolton V, Moore S. Human gene expression first occurs between the four- and eight-cell 
stages of preimplantation development. Nature 1988; 322: 459-461. 



 
 
 

 22

18. Telford NA, Watson AJ, Schultz GA. Transition from maternal to embryonic control in early 
mammalian development: a comparison of several species. Mol Reprod Dev 1990; 26: 90-100. 

19. Schultz RM, Davis W, Jr., Stein P, Svoboda P. Reprogramming of gene expression during 
preimplantation development. J Exp Zool 1999; 285: 276-282. 

20. Schultz RM, Worrad DM, Davis Wj, Da Sousa DA. Regulation of gene expression in the 
preimplantation mouse embryo. Theriogenology 1995; 44: 1115-1131. 

21. Barnes FL, First NL. Embryonic transcription in in vitro cultured bovine embryos. Mol Reprod Dev 
1991; 29: 117-123. 

22. Ibanez E, Albertini DF, Overstrom EW. Effect of genetic background and activating stimulus on the 
timing of meiotic cell cycle progression in parthenogenetically activated mouse oocytes. Reproduction 
2005; 129: 27-38. 

23. Kruip TA, Bevers MM, Kemp B. Environment of oocyte and embryo determines health of IVP 
offspring. Theriogenology 2000; 53: 611-618. 

24. Young LE, Fernandes K, McEvoy TG, Butterwith SC, Gutierrez CG, Carolan C, Broadbent PJ, 
Robinson JJ, Wilmut I, Sinclair KD. Epigenetic change in IGF2R is associated with fetal overgrowth 
after sheep embryo culture. Nat Genet 2001; 27: 153-154. 

25. Leese HJ, Donnay I, Thompson JG. Human assisted conception: a cautionary tale. Lessons from 
domestic animals. Hum Reprod 1998; 13 Suppl 4: 184-202. 

26. Greve T, Xu KP, Callesen H, Hyttel P. In vivo development of in vitro fertilized bovine oocytes 
matured in vivo versus in vitro. J In Vitro Fert Embryo Transf 1987; 4: 281-285. 

27. Rizos D, Ward F, Duffy P, Boland MP, Lonergan P. Consequences of bovine oocyte maturation, 
fertilization or early embryo development in vitro versus in vivo: implications for blastocyst yield and 
blastocyst quality. Mol Reprod Dev 2002; 61: 234-248. 

28. van de Leemput EE, Vos PL, Zeinstra EC, Bevers MM, van der Weijden GC, Dieleman SJ. Improved 
in vitro embryo development using in vivo matured oocytes from heifers superovulated with a 
controlled preovulatory LH surge. Theriogenology 1999; 52: 335-349. 

29. Dieleman SJ, Bevers MM. Folliculogenesis and oocyte maturation in superovulated cattle. Mol Reprod 
Dev 1993; 36: 271-273. 

30. Hyttel P, Greve T, Callesen H. Ultrastructure of oocyte maturation and fertilization in superovulated 
cattle. Prog Clin Biol Res 1989; 296: 287-297. 

31. Merton JS, de Roos AP, Mullaart E, de Ruigh L, Kaal L, Vos PL, Dieleman SJ. Factors affecting 
oocyte quality and quantity in commercial application of embryo technologies in the cattle breeding 
industry. Theriogenology 2003; 59: 651-674. 

32. Tsafriri A. Mammalian oocyte maturation: model systems and their physiological relevance. Adv Exp 
Med Biol 1979; 112: 269-281. 

33. Roeder GS. Meiotic chromosomes: it takes two to tango. Genes Dev 1997; 11: 2600-2621. 
34. Hall H, Hunt P, Hassold T. Meiosis and sex chromosome aneuploidy: how meiotic errors cause 

aneuploidy; how aneuploidy causes meiotic errors. Curr Opin Genet Dev 2006; 16: 323-329. 
35. Hassold T, Abruzzo M, Adkins K, Griffin D, Merrill M, Millie E, Saker D, Shen J, Zaragoza M. 

Human aneuploidy: incidence, origin, and etiology. Environ Mol Mutagen 1996; 28: 167-175. 
36. Mehlmann LM, Terasaki M, Jaffe LA, Kline D. Reorganization of the endoplasmic reticulum during 

meiotic maturation of the mouse oocyte. Dev Biol 1995; 170: 607-615. 
37. Mehlmann LM, Kline D. Regulation of intracellular calcium in the mouse egg: calcium release in 

response to sperm or inositol trisphosphate is enhanced after meiotic maturation. Biol Reprod 1994; 51: 
1088-1098. 



Chapter 1 
 
 

 23

38. Mehlmann LM, Mikoshiba K, Kline D. Redistribution and increase in cortical inositol 1,4,5-
trisphosphate receptors after meiotic maturation of the mouse oocyte. Dev Biol 1996; 180: 489-498. 

39. Shiraishi K, Okada A, Shirakawa H, Nakanishi S, Mikoshiba K, Miyazaki S. Developmental changes in 
the distribution of the endoplasmic reticulum and inositol 1,4,5-trisphosphate receptors and the spatial 
pattern of Ca2+ release during maturation of hamster oocytes. Dev Biol 1995; 170: 594-606. 

40. McLay DW, Carroll J, Clarke HJ. The ability to develop an activity that transfers histones onto sperm 
chromatin is acquired with meiotic competence during oocyte growth. Dev Biol 2002; 241: 195-206. 

41. Sun QY, Schatten H. Regulation of dynamic events by microfilaments during oocyte maturation and 
fertilization. Reproduction 2006; 131: 193-205. 

42. Motlik J, Pavlok A, Kubelka M, Kalous J, Kalab P. Interplay between CDC2 kinase and MAP kinase 
pathway during maturation of mammalian oocytes. Theriogenology 1998; 49: 461-469. 

43. Doree M, Hunt T. From Cdc2 to Cdk1: when did the cell cycle kinase join its cyclin partner? J Cell Sci 
2002; 115: 2461-2464. 

44. Tremblay K, Vigneault C, McGraw S, Sirard MA. Expression of cyclin B1 messenger RNA isoforms 
and initiation of cytoplasmic polyadenylation in the bovine oocyte. Biol Reprod 2005; 72: 1037-1044. 

45. Ookata K, Hisanaga S, Okano T, Tachibana K, Kishimoto T. Relocation and distinct subcellular 
localization of p34cdc2-cyclin B complex at meiosis reinitiation in starfish oocytes. Embo J 1992; 11: 
1763-1772. 

46. Minshull J, Pines J, Golsteyn R, Standart N, Mackie S, Colman A, Blow J, Ruderman JV, Wu M, Hunt 
T. The role of cyclin synthesis, modification and destruction in the control of cell division. J Cell Sci 
Suppl 1989; 12: 77-97. 

47. Felix MA, Labbe JC, Doree M, Hunt T, Karsenti E. Triggering of cyclin degradation in interphase 
extracts of amphibian eggs by cdc2 kinase. Nature 1990; 346: 379-382. 

48. Mehlmann LM. Oocyte-specific expression of Gpr3 is required for the maintenance of meiotic arrest in 
mouse oocytes. Dev Biol 2005. 

49. Mehlmann LM. Stops and starts in mammalian oocytes: recent advances in understanding the 
regulation of meiotic arrest and oocyte maturation. Reproduction 2005; 130: 791-799. 

50. Eppig JJ. Coordination of nuclear and cytoplasmic oocyte maturation in eutherian mammals. Reprod 
Fertil Dev 1996; 8: 485-489. 

51. Starr DA, Han M. ANChors away: an actin based mechanism of nuclear positioning. J Cell Sci 2003; 
116: 211-216. 

52. Tran PT, Marsh L, Doye V, Inoue S, Chang F. A mechanism for nuclear positioning in fission yeast 
based on microtubule pushing. J Cell Biol 2001; 153: 397-411. 

53. Maniotis AJ, Chen CS, Ingber DE. Demonstration of mechanical connections between integrins, 
cytoskeletal filaments, and nucleoplasm that stabilize nuclear structure. Proc Natl Acad Sci U S A 
1997; 94: 849-854. 

54. Kirschner MW, Mitchison T. Microtubule dynamics. Nature 1986; 324: 621. 
55. Albertini DF. Regulation of meiotic maturation in the mammalian oocyte: interplay between exogenous 

cues and the microtubule cytoskeleton. Bioessays 1992; 14: 97-103. 
56. Hyttel P, Callesen H, Greve T. Ultrastructural features of preovulatory oocyte maturation in 

superovulated cattle. J Reprod Fertil 1986; 76: 645-656. 
57. Sanfins A, Plancha CE, Overstrom EW, Albertini DF. Meiotic spindle morphogenesis in in vivo and in 

vitro matured mouse oocytes: insights into the relationship between nuclear and cytoplasmic quality. 
Hum Reprod 2004; 19: 2889-2899. 



 
 
 

 24

58. Sanfins A, Lee GY, Plancha CE, Overstrom EW, Albertini DF. Distinctions in meiotic spindle structure 
and assembly during in vitro and in vivo maturation of mouse oocytes. Biol Reprod 2003; 69: 2059-
2067. 

59. Van Blerkom J. Mitochondria in human oogenesis and preimplantation embryogenesis: engines of 
metabolism, ionic regulation and developmental competence. Reproduction 2004; 128: 269-280. 

60. Thompson JG. In vitro culture and embryo metabolism of cattle and sheep embryos - a decade of 
achievement. Anim Reprod Sci 2000; 60-61: 263-275. 

61. Tsafriri A. Oocyte maturation in mammals. New York: Plenum; 1978. 
62. Baker TC. Oogenesis and ovulation. Cambridge: Cambridge University Press; 1982. 
63. Pincus C, Enzmann EV. The comparative behavior of mammalian eggs in vivo and in vitro. J Exp Med 

1935; 62: 665-675. 
64. Edwards RG. Maturation in vitro of mouse, sheep, coe, pig, rhesus monkey and human ovarian oocytes. 

Nature 1965; 208: 349-351. 
65. Tsafriri A, Pomerantz SH. Oocyte maturation inhibitor. Clin Endocrinol Metab 1986; 15: 157-170. 
66. Schultz RM, Montgomery RR, Belanoff JR. Regulation of mouse oocyte meiotic maturation: 

implication of a decrease in oocyte cAMP and protein dephosphorylation in commitment to resume 
meiosis. Dev Biol 1983; 97: 264-273. 

67. Conti M, Andersen CB, Richard F, Mehats C, Chun SY, Horner K, Jin C, Tsafriri A. Role of cyclic 
nucleotide signaling in oocyte maturation. Mol Cell Endocrinol 2002; 187: 153-159. 

68. Homa ST. Effects of cyclic AMP on the spontaneous meiotic maturation of cumulus-free bovine 
oocytes cultured in chemically defined medium. J Exp Zool 1988; 248: 222-231. 

69. Sirard MA, First NL. In vitro inhibition of oocyte nuclear maturation in the bovine. Biol Reprod 1988; 
39: 229-234. 

70. Tsafriri A, Chun SY, Zhang R, Hsueh AJ, Conti M. Oocyte maturation involves compartmentalization 
and opposing changes of cAMP levels in follicular somatic and germ cells: studies using selective 
phosphodiesterase inhibitors. Dev Biol 1996; 178: 393-402. 

71. Rose-Hellekant TA, Bavister BD. Roles of protein kinase A and C in spontaneous maturation and in 
forskolin or 3-isobutyl-1-methylxanthine maintained meiotic arrest of bovine oocytes. Mol Reprod Dev 
1996; 44: 241-249. 

72. Bornslaeger EA, Mattei P, Schultz RM. Involvement of cAMP-dependent protein kinase and protein 
phosphorylation in regulation of mouse oocyte maturation. Dev Biol 1986; 114: 453-462. 

73. Yamamoto K, Otoi T, Koyama N, Horikita N, Tachikawa S, Miyano T. Development to live young 
from bovine small oocytes after growth, maturation and fertilization in vitro. Theriogenology 1999; 52: 
81-89. 

74. Brackett BG, Zuelke KA. Analysis of factors involved in the in vitro production of bovine embryos. 
Theriogenology 1993; 39: 43-64. 

75. Brown BW, Radziewic T. Production of sheep embryos in vitro and development of progeny following 
single and twin embryo transfers. Theriogenology 1998; 49: 1525-1536. 

76. Ptak J, Loi P, Dattena M, Tischner M, Cappai P. Offspring from one-month-old lambs: studies on the 
developmental capability of prepubertal oocytes. Biol Reprod 1999; 61: 1568-1574. 

77. Prather RS, Day BN. practical considerations for the in vitro production of pig embryos. 
Theriogenology 1998; 49: 23-32. 

78. Trounson AO, Pushett D, Maclellan LJ, Lewis I, Gardner DK. Current status of IVM/IVF and embryo 
culture in humans and farm animals. Theriogenology 1994; 41: 57-66. 



Chapter 1 
 
 

 25

79. Watson AJ, De Sousa P, Caveney A, Barcroft LC, Natale D, Urquhart J, Westhusin ME. Impact of 
bovine oocyte maturation media on oocyte transcript levels, blastocyst development, cell number, and 
apoptosis. Biol Reprod 2000; 62: 355-364. 

80. Lonergan P, Rizos D, Gutierrez-Adan A, Fair T, Boland MP. Oocyte and embryo quality: effect of 
origin, culture conditions and gene expression patterns. Reprod Domest Anim 2003; 38: 259-267. 

81. Guixue Z, Luciano AM, Coenen K, Gandolfi F, Sirard MA. The influence of cAMP before or during 
bovine oocyte maturation on embryonic developmental competence. Theriogenology 2001; 55: 1733-
1743. 

82. Bevers MM, Dieleman SJ, van den Hurk R, Izadyar F. Regulation and modulation of oocyte maturation 
in the bovine. Theriogenology 1997; 47: 13-22. 

83. Bilodeau S, Fortier MA, Sirard MA. Effect of adenylate cyclase stimulation on meiotic resumption and 
cyclic AMP content of zona-free and cumulus-enclosed bovine oocytes in vitro. J Reprod Fertil 1993; 
97: 5-11. 

84. Mayes MA, Sirard MA. Effect of type 3 and type 4 phosphodiesterase inhibitors on the maintenance of 
bovine oocytes in meiotic arrest. Biol Reprod 2002; 66: 180-184. 

85. Mermillod P, Oussaid B, Cognie Y. Aspects of follicular and oocyte maturation that affect the 
developmental potential of embryos. J Reprod Fertil Suppl 1999; 54: 449-460. 

86. Moor RM, Dai Y, Lee C, Fulka J, Jr. Oocyte maturation and embryonic failure. Hum Reprod Update 
1998; 4: 223-236. 

87. Eppig JJ, Schultz RM, O'Brien M, Chesnel F. Relationship between the developmental programs 
controlling nuclear and cytoplasmic maturation of mouse oocytes. Dev Biol 1994; 164: 1-9. 

88. Payne C, Schatten G. Golgi dynamics during meiosis are distinct from mitosis and are coupled to 
endoplasmic reticulum dynamics until fertilization. Dev Biol 2003; 264: 50-63. 

89. Santos TA, El Shourbagy S, St John JC. Mitochondrial content reflects oocyte variability and 
fertilization outcome. Fertil Steril 2006; 85: 584-591. 

90. Tarazona AM, Rodriguez JI, Restrepo LF, Olivera-Angel M. Mitochondrial activity, distribution and 
segregation in bovine oocytes and in embryos produced in vitro. Reprod Domest Anim 2006; 41: 5-11. 

91. Calarco PG. Polarization of mitochondria in the unfertilized mouse oocyte. Dev Genet 1995; 16: 36-43. 
92. Van Blerkom J. Microtubule mediation of cytoplasmic and nuclear maturation during the early stages 

of resumed meiosis in cultured mouse oocytes. Proc Natl Acad Sci U S A 1991; 88: 5031-5035. 
93. Ginther OJ, Beg MA, Bergfelt DR, Donadeu FX, Kot K. Follicle selection in monovular species. Biol 

Reprod 2001; 65: 638-647. 
94. Fortune JE, Sirois J, Turzillo AM, Lavoir M. Follicle selection in domestic ruminants. J Reprod Fertil 

Suppl 1991; 43: 187-198. 
95. Ireland JJ, Roche JF. Development of antral follicles in cattle after prostaglandin-induced luteolysis: 

changes in serum hormones, steroids in follicular fluid, and gonadotropin receptors. Endocrinology 
1982; 111: 2077-2086. 

96. Dieleman SJ, Hendriksen PJ, Viuff D, Thomsen PD, Hyttel P, Knijn HM, Wrenzycki C, Kruip TA, 
Niemann H, Gadella BM, Bevers MM, Vos PL. Effects of in vivo prematuration and in vivo final 
maturation on developmental capacity and quality of pre-implantation embryos. Theriogenology 2002; 
57: 5-20. 

97. Dieleman SJ, Blankenstein DM. Changes in oestrogen-synthesizing ability of preovulatory bovine 
follicles relative to the peak of LH. J Reprod Fertil 1984; 72: 487-494. 

98. Goodman RL, Karsch FJ. Pulsatile secretion of luteinizing hormone: differential suppression by 
ovarian steroids. Endocrinology 1980; 107: 1286-1290. 



 
 
 

 26

99. Wickramasinghe D, Ebert KM, Albertini DF. Meiotic competence acquisition is associated with the 
appearance of M-phase characteristics in growing mouse oocytes. Dev Biol 1991; 143: 162-172. 

100. Schramm RD, Tennier MT, Boatman DE, Bavister BD. Chromatin configurations and meiotic 
competence of oocytes are related to follicular diameter in nonstimulated rhesus monkeys. Biol Reprod 
1993; 48: 349-356. 

101. Fair T, Hyttel P, Greve T. Bovine oocyte diameter in relation to maturational competence and 
transcriptional activity. Mol Reprod Dev 1995; 42: 437-442. 

102. Fair T, Hyttel P, Greve T, Boland M. Nucleus structure and transcriptional activity in relation to oocyte 
diameter in cattle. Mol Reprod Dev 1996; 43: 503-512. 

103. Ginther OJ, Bergfelt DR, Kulick LJ, Kot K. Selection of the dominant follicle in cattle: role of estradiol. 
Biol Reprod 2000; 63: 383-389. 

104. Ginther OJ, Bergfelt DR, Beg MA, Kot K. Follicle selection in cattle: role of luteinizing hormone. Biol 
Reprod 2001; 64: 197-205. 

105. Driancourt MA. Regulation of ovarian follicular dynamics in farm animals. Implications for 
manipulation of reproduction. Theriogenology 2001; 55: 1211-1239. 

106. Mapletoft RJ, Steward KB, Adams GP. Recent advances in the superovulation in cattle. Reprod Nutr 
Dev 2002; 42: 601-611. 

107. Fortune JE, Hinshelwood MM, Roycroft J, Vincent SE. Superovulation in cattle: effects of purity of 
FSH preparation on follicular characteristics in vivo. Bull Assoc Anat (Nancy) 1991; 75: 55-58. 

108. Kanitz W, Becker F, Schneider F, Kanitz E, Leiding C, Nohner HP, Pohland R. Superovulation in 
cattle: practical aspects of gonadotropin treatment and insemination. Reprod Nutr Dev 2002; 42: 587-
599. 

109. Keller DS, Teepker G. Effect of variability in response to superovulation on donor cow selection 
differentials in nucleus breeding schemes. J Dairy Sci 1990; 73: 549-554. 

110. Kelly P, Duffy P, Roche JF, Boland MP. Superovulation in cattle: effect of FSH type and method of 
administration on follicular growth, ovulatory response and endocrine patterns. Anim Reprod Sci 1997; 
46: 1-14. 

111. Saacke RG, DeJarnette JM, Bame JH, Karabinus DS, Whitman SS. Can spermatozoa with abnormal 
heads gain access to the ovum in artificially inseminated super- and single-ovulating cattle? 
Theriogenology 1998; 50: 117-128. 

112. Soumano K, Lussier JG, Price CA. Levels of messenger RNA encoding ovarian receptors for FSH and 
LH in cattle during superovulation with equine chorionic gonadotrophin versus FSH. J Endocrinol 
1998; 156: 373-378. 

113. Soumano K, Price CA. Ovarian follicular steroidogenic acute regulatory protein, low-density 
lipoprotein receptor, and cytochrome P450 side-chain cleavage messenger ribonucleic acids in cattle 
undergoing superovulation. Biol Reprod 1997; 56: 516-522. 

114. Soumano K, Silversides DW, Doize F, Price CA. Follicular 3 beta-hydroxysteroid dehydrogenase and 
cytochromes P450 17 alpha-hydroxylase and aromatase messenger ribonucleic acids in cattle 
undergoing superovulation. Biol Reprod 1996; 55: 1419-1426. 

115. Van Blerkom J, Davis P. Differential effects of repeated ovarian stimulation on cytoplasmic and 
spindle organization in metaphase II mouse oocytes matured in vivo and in vitro. Hum Reprod 2001; 
16: 757-764. 

116. Van Blerkom J. The origin and detection of chromosomal abnormalities in meiotically mature human 
oocytes obtained from stimulated follicles and after failed fertilization in vitro. Prog Clin Biol Res 
1989; 296: 299-310. 



Chapter 1 
 
 

 27

117. Van Blerkom J. Occurrence and developmental consequences of aberrant cellular organization in 
meiotically mature human oocytes after exogenous ovarian hyperstimulation. J Electron Microsc Tech 
1990; 16: 324-346. 

118. McKiernan SH, Bavister BD. Gonadotrophin stimulation of donor females decreases post-implantation 
viability of cultured one-cell hamster embryos. Hum Reprod 1998; 13: 724-729. 

119. Breese GR, Vogel RA, Kuhn CM, Mailman RB, Mueller RA, Schanberg SM. Behavioral and prolactin 
responses to 5-hydroxytryptophan in rats treated during development with 5,7-dihydroxytryptamine. 
Brain Res 1978; 155: 263-275. 

120. Elmazar MM, Vogel R, Spielmann H. Maternal factors influencing development of embryos from mice 
superovulated with gonadotropins. Reprod Toxicol 1989; 3: 135-138. 

121. Frye GD, Chapin RE, Vogel RA, Mailman RB, Kilts CD, Mueller RA, Breese GR. Effects of acute and 
chronic 1,3-butanediol treatment on central nervous system function: a comparison with ethanol. J 
Pharmacol Exp Ther 1981; 216: 306-314. 

122. Kuhn CM, Vogel RA, Mailman RB, Mueller RA, Schanberg SM, Breese GR. Effect of 5,7-
dihydroxytryptamine on serotonergic control of prolactin secretion and behavior in rats. 
Psychopharmacology (Berl) 1981; 73: 188-193. 

123. Murray FT, Cameron DF, Vogel RB, Thomas RG, Wyss HU, Zauner CW. The pituitary-testicular axis 
at rest and during moderate exercise in males with diabetes mellitus and normal sexual function. J 
Androl 1988; 9: 197-206. 

124. Spielmann H, Vogel R. Genotoxic and embryotoxic effects of gonadotropin hyperstimulated ovulation 
on murine oocytes, preimplantation embryos and term fetuses. Ann Ist Super Sanita 1993; 29: 35-39. 

125. Vogel R, Spielmann H. Genotoxic and embryotoxic effects of gonadotropin-hyperstimulated ovulation 
of murine oocytes, preimplantation embryos, and term fetuses. Reprod Toxicol 1992; 6: 329-333. 

126. Vogel RB, Books CA, Ketchum C, Zauner CW, Murray FT. Increase of free and total testosterone 
during submaximal exercise in normal males. Med Sci Sports Exerc 1985; 17: 119-123. 

127. Ertzeid G, Storeng R. The impact of ovarian stimulation on implantation and fetal development in mice. 
Hum Reprod 2001; 16: 221-225. 

128. King SM. The dynein microtubule motor. Biochim Biophys Acta 2000; 1496: 60-75. 
129. Asai DJ, Wilkes DE. The dynein heavy chain family. J Eukaryot Microbiol 2004; 51: 23-29. 
130. Steffen W, Karki S, Vaughan KT, Vallee RB, Holzbaur EL, Weiss DG, Kuznetsov SA. The 

involvement of the intermediate chain of cytoplasmic dynein in binding the motor complex to 
membranous organelles of Xenopus oocytes. Mol Biol Cell 1997; 8: 2077-2088. 

131. Young A, Dictenberg JB, Purohit A, Tuft R, Doxsey SJ. Cytoplasmic dynein-mediated assembly of 
pericentrin and gamma tubulin onto centrosomes. Mol Biol Cell 2000; 11: 2047-2056. 

132. Vaisberg EA, Koonce MP, McIntosh JR. Cytoplasmic dynein plays a role in mammalian mitotic 
spindle formation. J Cell Biol 1993; 123: 849-858. 

133. Eshel D, Urrestarazu LA, Vissers S, Jauniaux JC, van Vliet-Reedijk JC, Planta RJ, Gibbons IR. 
Cytoplasmic dynein is required for normal nuclear segregation in yeast. Proc Natl Acad Sci U S A 
1993; 90: 11172-11176. 

134. Salina D, Bodoor K, Eckley DM, Schroer TA, Rattner JB, Burke B. Cytoplasmic dynein as a facilitator 
of nuclear envelope breakdown. Cell 2002; 108: 97-107. 

135. Bullock SL, Zicha D, Ish-Horowicz D. The Drosophila hairy RNA localization signal modulates the 
kinetics of cytoplasmic mRNA transport. Embo J 2003; 22: 2484-2494. 

136. Hays T, Karess R. Swallowing dynein: a missing link in RNA localization? Nat Cell Biol 2000; 2: E60-
62. 



 
 
 

 28

137. Hirokawa N, Noda Y, Okada Y. Kinesin and dynein superfamily proteins in organelle transport and cell 
division. Curr Opin Cell Biol 1998; 10: 60-73. 

138. Vale RD, Reese TS, Sheetz MP. Identification of a novel force-generating protein, kinesin, involved in 
microtubule-based motility. Cell 1985; 42: 39-50. 

139. Mitchison TJ, Maddox P, Gaetz J, Groen A, Shirasu M, Desai A, Salmon ED, Kapoor TM. Roles of 
polymerization dynamics, opposed motors, and a tensile element in governing the length of Xenopus 
extract meiotic spindles. Mol Biol Cell 2005; 16: 3064-3076. 

140. Barton NR, Goldstein LS. Going mobile: microtubule motors and chromosome segregation. Proc Natl 
Acad Sci U S A 1996; 93: 1735-1742. 

141. Albertini DF. Cytoplasmic microtubular dynamics and chromatin organization during mammalian 
oogenesis and oocyte maturation. Mutat Res 1992; 296: 57-68. 

142. Kamal A, Goldstein LS. Connecting vesicle transport to the cytoskeleton. Curr Opin Cell Biol 2000; 
12: 503-508. 

143. Yin H, Pruyne D, Huffaker TC, Bretscher A. Myosin V orientates the mitotic spindle in yeast. Nature 
2000; 406: 1013-1015. 

144. Alexandre H, Van Cauwenberge A, Tsukitani Y, Mulnard J. Pleiotropic effect of okadaic acid on 
maturing mouse oocytes. Development 1991; 112: 971-980. 

145. Wheatley S, Kulkarni S, Karess R. Drosophila nonmuscle myosin II is required for rapid cytoplasmic 
transport during oogenesis and for axial nuclear migration in early embryos. Development 1995; 121: 
1937-1946. 

146. Simerly C, Nowak G, de Lanerolle P, Schatten G. Differential expression and functions of cortical 
myosin IIA and IIB isotypes during meiotic maturation, fertilization, and mitosis in mouse oocytes and 
embryos. Mol Biol Cell 1998; 9: 2509-2525. 

147. Matson S, Markoulaki S, Ducibella T. Antagonists of myosin light chain kinase and of myosin II 
inhibit specific events of egg activation in fertilized mouse eggs. Biol Reprod 2006; 74: 169-176. 

148. Cove DJ. The generation and modification of cell polarity. J Exp Bot 2000; 51: 831–838. 
149. Evangelista M, Zigmond S, Boone C. Formins: signaling effectors for assembly and polarization of 

actin filaments. J Cell Sci 2003; 116: 2603-2611. 
150. Lee L, Klee SK, Evangelista M, Boone C, Pellman D. Control of mitotic spindle position by the 

Saccharomyces cerevisiae formin Bni1p. J Cell Biol 1999; 144: 947-961. 
151. Etemad-Moghadam B, Guo S, Kemphues KJ. Asymmetrically distributed PAR-3 protein contributes to 

cell polarity and spindle alignment in early C. elegans embryos. Cell 1995; 83: 743-752. 
152. Hung TJ, Kemphues KJ. PAR-6 is a conserved PDZ domain-containing protein that colocalizes with 

PAR-3 in Caenorhabditis elegans embryos. Development 1999; 126: 127-135. 
153. Duncan FA, Moss SB, Schultz RM, Williams CJ. PAR-3 defines a central subdomain of the cortical 

actin cap in mouse eggs. Dev Biol 2005; 280: 38-47. 
154. Hyttel PF, T. Callesen, H. Greve, T. oocyte growth, apacitation and final maturation in cattle. 

Theriogenology 1997; 47: 23-32. 
155. Hyttel P, Xu KP, Greve T. Ultrastructural abnormalities of in vitro fertilization of in vitro matured 

bovine oocytes. Anat Embryol (Berl) 1988; 178: 47-52. 
156. Van Blerkom J. Morphodynamics of nuclear and cytoplasmic reorganization during the resumption of 

arrested meiosis in the mouse oocyte. Prog Clin Biol Res 1989; 294: 33-51. 
157. Tekotte H, Davis I. Intracellular mRNA localization: motors move messages. Trends Genet 2002; 18: 

636-642. 



Chapter 1 
 
 

 29

158. Thompson JG, Bell AC, Pugh PA, Tervit HR. Metabolism of pyruvate by pre-elongation sheep 
embryos and effect of pyruvate and lactate concentrations during culture in vitro. Reprod Fertil Dev 
1993; 5: 417-423. 

159. Houghton FD, Thompson JG, Kennedy CJ, Leese HJ. Oxygen consumption and energy metabolism of 
the early mouse embryo. Mol Reprod Dev 1996; 44: 476-485. 

160. Houghton FD, Leese HJ. Metabolism and developmental competence of the preimplantation embryo. 
Eur J Obstet Gynecol Reprod Biol 2004; 115 Suppl 1: S92-96. 

161. McEvoy TG, Coull GD, Broadbent PJ, Hutchinson JS, Speake BK. Fatty acid composition of lipids in 
immature cattle, pig and sheep oocytes with intact zona pellucida. J Reprod Fertil 2000; 118: 163-170. 

162. Homa ST, Racowsky C, McGaughey RW. Lipid analysis of immature pig oocytes. J Reprod Fertil 
1986; 77: 425-434. 

163. Bevers EM, Comfurius P, Dekkers DW, Zwaal RF. Lipid translocation across the plasma membrane of 
mammalian cells. Biochim Biophys Acta 1999; 1439: 317-330. 

164. Price PT, Nelson CM, Clarke SD. Omega-3 polyunsaturated fatty acid regulation of gene expression. 
Curr Opin Lipidol 2000; 11: 3-7. 

165. Jump DB. Fatty acid regulation of gene transcription. Crit Rev Clin Lab Sci 2004; 41: 41-78. 
166. Abumrad NA, Sfeir Z, Connelly MA, Coburn C. Lipid transporters: membrane transport systems for 

cholesterol and fatty acids. Curr Opin Clin Nutr Metab Care 2000; 3: 255-262. 
167. Hajri T, Abumrad NA. Fatty acid transport across membranes: relevance to nutrition and metabolic 

pathology. Annu Rev Nutr 2002; 22: 383-415. 
168. Coburn CT, Knapp FF, Jr., Febbraio M, Beets AL, Silverstein RL, Abumrad NA. Defective uptake and 

utilization of long chain fatty acids in muscle and adipose tissues of CD36 knockout mice. J Biol Chem 
2000; 275: 32523-32529. 

169. Abumrad NA, el-Maghrabi MR, Amri EZ, Lopez E, Grimaldi PA. Cloning of a rat adipocyte 
membrane protein implicated in binding or transport of long-chain fatty acids that is induced during 
preadipocyte differentiation. Homology with human CD36. J Biol Chem 1993; 268: 17665-17668. 

170. Ibrahimi A, Abumrad NA. Role of CD36 in membrane transport of long-chain fatty acids. Curr Opin 
Clin Nutr Metab Care 2002; 5: 139-145. 

171. Ibrahimi A, Sfeir Z, Magharaie H, Amri EZ, Grimaldi P, Abumrad NA. Expression of the CD36 
homolog (FAT) in fibroblast cells: effects on fatty acid transport. Proc Natl Acad Sci U S A 1996; 93: 
2646-2651. 

172. Febbraio M, Abumrad NA, Hajjar DP, Sharma K, Cheng W, Pearce SF, Silverstein RL. A null 
mutation in murine CD36 reveals an important role in fatty acid and lipoprotein metabolism. J Biol 
Chem 1999; 274: 19055-19062. 

173. Abumrad N, Harmon C, Ibrahimi A. Membrane transport of long-chain fatty acids: evidence for a 
facilitated process. J Lipid Res 1998; 39: 2309-2318. 

174. Van Nieuwenhoven FA, Verstijnen CP, Abumrad NA, Willemsen PH, Van Eys GJ, Van der Vusse GJ, 
Glatz JF. Putative membrane fatty acid translocase and cytoplasmic fatty acid-binding protein are co-
expressed in rat heart and skeletal muscles. Biochem Biophys Res Commun 1995; 207: 747-752. 

175. Knipp GT, Liu B, Audus KL, Fujii H, Ono T, Soares MJ. Fatty acid transport regulatory proteins in the 
developing rat placenta and in trophoblast cell culture models. Placenta 2000; 21: 367-375. 

176. Hirsch D, Stahl A, Lodish HF. A family of fatty acid transporters conserved from mycobacterium to 
man. Proc Natl Acad Sci U S A 1998; 95: 8625-8629. 

177. Schaffer JE, Lodish HF. Expression cloning and characterization of a novel adipocyte long chain fatty 
acid transport protein. Cell 1994; 79: 427-436. 



 
 
 

 30

178. Lewis SE, Listenberger LL, Ory DS, Schaffer JE. Membrane topology of the murine fatty acid 
transport protein 1. J Biol Chem 2001; 276: 37042-37050. 

179. Hardie DG, Corton J, Ching YP, Davies SP, Hawley S. Regulation of lipid metabolism by the AMP-
activated protein kinase. Biochem Soc Trans 1997; 25: 1229-1231. 

180. Hardie DG. Minireview: the AMP-activated protein kinase cascade: the key sensor of cellular energy 
status. Endocrinology 2003; 144: 5179-5183. 

181. Kemp BE, Stapleton D, Campbell DJ, Chen ZP, Murthy S, Walter M, Gupta A, Adams JJ, Katsis F, 
van Denderen B, Jennings IG, Iseli T, Michell BJ, Witters LA. AMP-activated protein kinase, super 
metabolic regulator. Biochem Soc Trans 2003; 31: 162-168. 

182. Woods A, Azzout-Marniche D, Foretz M, Stein SC, Lemarchand P, Ferre P, Foufelle F, Carling D. 
Characterization of the role of AMP-activated protein kinase in the regulation of glucose-activated gene 
expression using constitutively active and dominant negative forms of the kinase. Mol Cell Biol 2000; 
20: 6704-6711. 

183. Evans RM, Barish GD, Wang YX. PPARs and the complex journey to obesity. Nat Med 2004; 10: 355-
361. 

184. Lovekamp-Swan T, Jetten AM, Davis BJ. Dual activation of PPARalpha and PPARgamma by mono-
(2-ethylhexyl) phthalate in rat ovarian granulosa cells. Mol Cell Endocrinol 2003; 201: 133-141. 

185. Lovekamp-Swan T, Chaffin CL. The peroxisome proliferator-activated receptor gamma ligand 
troglitazone induces apoptosis and p53 in rat granulosa cells. Mol Cell Endocrinol 2005; 233: 15-24. 

186. Banerjee J, Komar CM. Effects of luteinizing hormone on peroxisome proliferator-activated receptor 
gamma in the rat ovary before and after the gonadotropin surge. Reproduction 2006; 131: 93-101. 

187. Froment P, Gizard F, Defever D, Staels B, Dupont J, Monget P. Peroxisome proliferator-activated 
receptors in reproductive tissues: from gametogenesis to parturition. J Endocrinol 2006; 189: 199-209. 

188. Abu-Elheiga L, Jayakumar A, Baldini A, Chirala SS, Wakil SJ. Human acetyl-CoA carboxylase: 
characterization, molecular cloning, and evidence for two isoforms. Proc Natl Acad Sci U S A 1995; 
92: 4011-4015. 

189. Munday MR, Hemingway CJ. The regulation of acetyl-CoA carboxylase--a potential target for the 
action of hypolipidemic agents. Adv Enzyme Regul 1999; 39: 205-234. 

190. Abu-Elheiga L, Brinkley WR, Zhong L, Chirala SS, Woldegiorgis G, Wakil SJ. The subcellular 
localization of acetyl-CoA carboxylase 2. Proc Natl Acad Sci U S A 2000; 97: 1444-1449. 

191. Brownsey RW, Boone AN, Elliott JE, Kulpa JE, Lee WM. Regulation of acetyl-CoA carboxylase. 
Biochem Soc Trans 2006; 34: 223-227. 

192. Brownsey RW, Zhande R, Boone AN. Isoforms of acetyl-CoA carboxylase: structures, regulatory 
properties and metabolic functions. Biochem Soc Trans 1997; 25: 1232-1238. 

193. Kim KH. Regulation of mammalian acetyl-coenzyme A carboxylase. Annu Rev Nutr 1997; 17: 77-99. 
194. Girard J, Ferre P, Foufelle F. Mechanisms by which carbohydrates regulate expression of genes for 

glycolytic and lipogenic enzymes. Annu Rev Nutr 1997; 17: 325-352. 
195. Hardie DG. Regulation of fatty acid synthesis via phosphorylation of acetyl-CoA carboxylase. Prog 

Lipid Res 1989; 28: 117-146. 
196. Kerner J, Hoppel C. Fatty acid import into mitochondria. Biochim Biophys Acta 2000; 1486: 1-17. 
197. Shi Y, Burn P. Lipid metabolic enzymes: emerging drug targets for the treatment of obesity. Nat Rev 

Drug Discov 2004; 3: 695-710. 
198. Sagerstrom CG, Sun BI, Sive HL. Subtractive cloning: past, present, and future. Annu Rev Biochem 

1997; 66: 751-783. 
199. Diatchenko L, Lau YF, Campbell AP, Chenchik A, Moqadam F, Huang B, Lukyanov S, Lukyanov K, 

Gurskaya N, Sverdlov ED, Siebert PD. Suppression subtractive hybridization: a method for generating 



Chapter 1 
 
 

 31

differentially regulated or tissue-specific cDNA probes and libraries. Proc Natl Acad Sci U S A 1996; 
93: 6025-6030. 

200. Snell TW, Brogdon SE, Morgan MB. Gene expression profiling in Ecotoxicology. Ecotoxicology 2003; 
12: 475-483. 

201. Schena M, Shalon D, Davis RW, Brown PO. Quantitative monitoring of gene expression patterns with 
a complementary DNA microarray. Science 1995; 270: 467-470. 

202. Stears RL, Martinsky T, Schena M. Trends in microarray analysis. Nat Med 2003; 9: 140-145. 
203. Sirard MA, Dufort I, Vallee M, Massicotte L, Gravel C, Reghenas H, Watson AJ, King WA, Robert C. 

Potential and limitations of bovine-specific arrays for the analysis of mRNA levels in early 
development: preliminary analysis using a bovine embryonic array. Reprod Fertil Dev 2005; 17: 47-57. 

204. Cho RJ, Fromont-Racine M, Wodicka L, Feierbach B, Stearns T, Legrain P, Lockhart DJ, Davis RW. 
Parallel analysis of genetic selections using whole genome oligonucleotide arrays. Proc Natl Acad Sci 
U S A 1998; 95: 3752-3757. 

205. Lashkari DA, DeRisi JL, McCusker JH, Namath AF, Gentile C, Hwang SY, Brown PO, Davis RW. 
Yeast microarrays for genome wide parallel genetic and gene expression analysis. Proc Natl Acad Sci 
U S A 1997; 94: 13057-13062. 

206. Yuen T, Wurmbach E, Pfeffer RL, Ebersole BJ, Sealfon SC. Accuracy and calibration of commercial 
oligonucleotide and custom cDNA microarrays. Nucleic Acids Res 2002; 30: e48. 

207. Sirard MA, Dufort I, Coenen K, Tremblay K, Massicotte L, Robert C. The use of genomics and 
proteomics to understand oocyte and early embryo functions in farm animals. Reprod Suppl 2003; 61: 
117-129. 

208. Yao J, Ren X, Ireland JJ, Coussens PM, Smith TP, Smith GW. Generation of a bovine oocyte cDNA 
library and microarray: resources for identification of genes important for follicular development and 
early embryogenesis. Physiol Genomics 2004; 19: 84-92. 

209. Evans AC, Ireland JL, Winn ME, Lonergan P, Smith GW, Coussens PM, Ireland JJ. Identification of 
genes involved in apoptosis and dominant follicle development during follicular waves in cattle. Biol 
Reprod 2004; 70: 1475-1484. 

210. Zhu YY, Machleder EM, Chenchik A, Li R, Siebert PD. Reverse transcriptase template switching: a 
SMART approach for full-length cDNA library construction. Biotechniques 2001; 30: 892-897. 

211. Herrler M. Use of SMART-generated cDNA for differential gene expression studies. J Mol Med 2000; 
78: B23. 

212. Duggan DJ, Bittner M, Chen Y, Meltzer P, Trent JM. Expression profiling using cDNA microarrays. 
Nat Genet 1999; 21: 10-14. 

213. Bustin S. Absolute quantification of mRNA using real-time reverse transcription polymerase chain 
reaction assays. J Mol Endocrinol 2000; 25: 169-193. 

214. Bustin SA, Benes V, Nolan T, Pfaff MW. Quantitative real-time RT-PCR - a perspective. J Mol 
Endocrinol 2005; 34: 597-601. 

215. McGraw S, Robert C, Massicotte L, Sirard MA. Quantification of histone acetyltransferase and histone 
deacetylase transcripts during early bovine embryo development. Biol Reprod 2003; 68: 383-389. 

216. Lonergan P, Fair T, Corcoran D, Evans AC. Effect of culture environment on gene expression and 
developmental characteristics in IVF-derived embryos. Theriogenology 2006; 65: 137-152. 

217. Corcoran D, Fair T, Lonergan P. Predicting embryo quality: mRNA expression and the preimplantation 
embryo. Reprod Biomed Online 2005; 11: 340-348. 

218. Mannhalter C, Koizer D, Mitterbauer G. Evaluation of RNA isolation methods and referance genes for 
RT-PCR analyses of rare target RNA. Clin Chem Lab Med 2000; 38: 171-177. 



 
 
 

 32

219. Bettegowda A, Patel OV, Ireland JJ, Smith GW. Quantitative analysis of messenger RNA abundance 
for ribosomal protein L-15, cyclophilin-A, phosphoglycerokinase, beta-glucuronidase, glyceraldehyde 
3-phosphate dehydrogenase, beta-actin, and histone H2A during bovine oocyte maturation and early 
embryogenesis in vitro. Mol Reprod Dev 2005. 

220. Valasek MJ, Repa JJ. The power of real-time PCR. Adv physiol edu 2005; 29: 151-159. 
 
 


