
ABSTRACT 
 

RODRIGUEZ, KARINA FLORES.  Molecular Mechanisms of Gonadotropin-Induced 

Oocyte Maturation. (Under the direction of Dr. Charlotte E. Farin) 

In vitro maturation of oocytes is routinely utilized for the production of embryos for 

commercial as well as research purposes.  The objectives of the research described in this 

dissertation were: 1) to examine the molecular mechanism involved in gonadotropin-induced 

resumption of meiosis in cultured bovine and murine cumulus oocyte complexes (COC); 2) 

to determine the developmental potential of bovine oocytes maintained in meiotic arrest by 

inhibition of transcription; and 3) to analyze patterns of gene expression in bovine COC 

during the onset of gonadotropin-induced oocyte maturation. 

Murine COC were maintained in meiotic arrest by culture in the presence of either of 

the transcriptional inhibitors, 5,6-dichloro-1-β-D-ribofuranosylbenzimidazole (DRB) or α-

amanitin.  For either transcriptional inhibitor to effectively block maturation, FSH but not 

hCG, was required in the culture medium.  Transcriptional inhibition of oocyte maturation 

was ineffective if denuded oocytes were utilized.  Differential activation of Type I and Type 

II PKA was performed in murine COC.  Activation of Type I PKA resulted in the inhibition 

of maturation whereas activation of Type II did not.  Activation of Type II PKA resulted in 

transcription, which was required for maturation of murine and bovine COC and mimicked 

the action of FSH.  The developmental competency of bovine COC maintained in meiotic 

arrest for 20 h by DRB was not different from control COC.   

Comparison of the patterns of mRNA for oocytes matured for 0h, 4h or 4h+DRB 

resulted in the isolation of 4 amplicons that were expressed at 4h but not in 0h or 4h+DRB 



 

groups.  This result was reconfirmed by semi-quantitative PCR.  No homology to known 

sequences was found suggesting that they may represent novel transcripts.   

The following model for FSH induced oocyte maturation is proposed: FSH binds to 

its cumulus cell receptor and increases cAMP.  The elevation of cAMP results in activation 

of Type I and Type II PKA.  Activation of Type I PKA inhibits oocyte maturation whereas 

activation of Type II PKA induces gene transcription that subsequently leads to the 

resumption of meiosis.   
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REVIEW OF LITERATURE 
 

A clear understanding of the process of oocyte maturation is critical for the efficient 

application of biotechnologies such as in vitro embryo production and mammalian cloning.  

In the domestic livestock industry, the application of in vitro oocyte maturation technologies 

has resulted in the production of embryos for both commercial and research purposes.  In 

order to better understand the physiological mechanism that underlies the processes of oocyte 

maturation, a detailed review of oogenesis from both a developmental and molecular 

perspective is needed.  This will be the major topic of this review.  In addition, the impact of 

in vitro manipulation of oocytes on their subsequent developmental competence will also be 

reviewed.  Although the primary focus will be on the bovine and murine model systems, data 

from other species will be discussed when appropriate. 

 

OOCYTE DEVELOPMENT 

Oogenesis 

 During early mammalian embryogenesis, primordial germ cells migrate from the yolk 

sac to the genital ridge (1, 2).  On embryonic day 7 the mouse embryo exhibits a few 

recognizable primordial germ cells in the yolk sack endoderm (3).  However, by embryonic 

day 13 the female mouse embryo contains a differentiated gonad with actively dividing germ 

cells, now identified as oogonia (1).  Oogonia undergo a high frequency of mitotic divisions 

and possess a distinctive morphology that includes a large size, large nuclear to cytoplasmic 

ratio, intracytoplasmic vesicles, intracellular bridges that connect adjacent germ cells and the 

presence of alkaline phosphatase (3, 4, 5).  Specific alkaline phosphatase staining is routinely 



 

 

2

utilized for identification of oogonia (5, 6).  As a result of the frequent mitotic divisions, the 

number of oogonia increases to about 20,000 by the time the genital ridge is fully colonized 

(3).   

The precise signals that induce oogonia to enter meiosis and transform into oocytes 

are not known.  By embryonic day 17 in mice, all the oogonia have entered meiosis and the 

murine ovary contains oocytes at different stages of the first meiotic prophase (3, 7).  During 

the pre-leptotene stage following the last mitotic division, DNA replication occurs for the 

final time.  During the zygotene stage, chromosomes form bivalents composed of four 

chromatids.  The oocyte then progresses through pachytene where chiasmata form and 

genetic recombination occurs as a result of crossing over.  Oocytes continue through the 

diplotene stage of the first meiotic division and become arrested at late diplotene or dictyate 

stage of prophase I of the first meiotic division (3).  At this stage, oocytes are surrounded by 

a single layer of flattened pre-granulosa cells and are known as primordial follicles (3).  This 

pool of primordial follicles becomes the only source of germ cells throughout an adult 

females’ life.  This germ cell pool is developed during fetal life in both primates and 

ruminants and in the early neonatal period in rodents (8).   

After all oocytes are arrested in prophase I of meiosis and the pool of available 

oocytes has been established, follicles are recruited to leave this resting pool to begin growth.  

The physiological signal for recruitment of follicles is unknown.  Once a follicle is recruited, 

it will continue to grow until it is ovulated or becomes atretic (9).  Most of the oocytes are 

lost to atresia (9).  In cattle, as in rodents, most of the follicular loss due to atresia occurs near 

the end of follicular development (10, 11).  In humans, follicular atresia is first observed in 
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utero at around 6 months of gestation and continues throughout life (12).  By the onset of 

puberty, 95% of all follicles have been lost due to atresia (13).   

Primordial follicles contain oocytes that are not capable of supporting meiotic 

progression and embryonic development (14).  Acquisition of the capacity to undergo the 

resumption of meiosis and support embryonic development occurs gradually as the oocyte 

increases in diameter (15).  In mice, meiotic competence is acquired when the oocytes 

reaches a diameter of 80 µm during the secondary follicle stage (3).  In bovine oocytes, 

acquisition of meiotic competence does not occur until the antral follicle stage when the 

oocyte diameter is greater than 100 µm (15).  As the oocyte grows, it first acquires the 

capacity to undergo germinal vesicle breakdown (GVBD), then becomes capable of 

progressing to metaphase I (MI) and subsequently becomes arrested in metaphase II (MII) 

(15).  At a diameter of approximately 110 µm the bovine oocyte exhibits full meiotic 

competency and can reach MII (15).  As the follicular diameter increases to about 2 mm and 

the oocyte increases in diameter from 110 to 120 um, developmental competency is acquired 

and the oocyte is capable of supporting fertilization and embryonic development (16).  

Bovine oocytes from follicles greater than 6 mm in diameter have the greatest developmental 

competency (17; Figure 1). 

Oocyte growth involves not only an increase in mass, but also qualitative and 

quantitative changes in molecules and organelles required for adequate metabolism and 

acquisition of developmental competency (18).  Transcripts are required for synthesis of 

proteins for oocyte metabolism or for export outside the cell (16).  In addition, an increase in 

Golgi apparatus and mitochondrial reorganization occurs (18).  The zona pellucida is a 

protein layer that appears during oocyte growth, surrounds the oocyte and increases in  
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thickness as the oocyte increases in diameter (3).  It is composed of three proteins, zona 

protein (ZP) 1, ZP 2 and ZP 3, which are synthesized and secreted by the growing oocyte (3).  

Factor in the germ line α (FGL-α) is a transcription factor that has been recently described 

which binds to the promoter region of the three mouse zona pellucida genes (19).  FGL-α has 

a role in the coordination of oocyte-specific expression of the zona proteins (19).  The zona 

pellucida contains species-specific sperm receptors that will mediate sperm-oocyte 

interactions during fertilization.   

Once a follicle is recruited for growth, a burst of transcription and translation occurs 

in the oocyte and this continues until the oocyte reaches maximum diameter, depending on 

the species (18).   

 

Folliculogenesis 

Follicular recruitment is associated with the initiation of oocyte growth (3).  In cattle, 

follicular recruitment likely begins during gestation because antral follicles can be found at 

birth (20).  In rodents, follicular recruitment and growth begins post-natally at approximately 

5 days of age (3).   

Primordial follicles are formed as the oocyte becomes surrounded by a single layer of 

flattened granulosa cells (21).  They populate the ovarian cortex and, as discussed earlier, are 

the sole source of germ cells throughout adult life.  Bovine oocytes measure approximately 

30 µm in diameter in primordial follicles (22).  These oocytes will increase in their total 

volume more than 100-fold as they reach a diameter of 120 µm in the tertiary follicle (16, 

18).  Similarly, murine oocytes experience a 300-fold increase in total volume as they grow 

from approximately 12 µm in diameter to a final diameter of 80 µm in tertiary follicles (3).   
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As the bovine follicle starts to grow, granulosa cells divide by mitosis and become 

cuboidal (22).  A single layer of cuboidal granulosa cells surrounds the oocyte and forms the 

primary follicle (22).  At this time the theca cell layer becomes apparent (23).  Secondary 

follicles are characterized by the presence of the theca cell layer, the presence of more than 2 

layers of actively dividing granulosa cells and the formation of the zona pellucida (23).  At 

this stage, the oocyte remains arrested at the dictyate stage of meiosis and, if removed from 

the follicle, is unable to resume meiosis (15).   

 The hypogonadal mouse, which lacks gonadotropin releasing hormone and therefore 

gonadotropins, exhibits a significant decrease in the number of growing follicles and no 

follicular development beyond the early antral stage (24).  These observations suggest that 

gonadotropins have some role in preantral stage growth as well as their recognized role in 

antrum development (24).  Antrum formation depends on FSH stimulation (25), which 

results in the accumulation of fluid between granulosa cells.  Associated with antrum 

formation is the differentiation of the innermost layer of granulosa cells that surrounds the 

oocyte.  These granulosa cells become columnar in shape and form the layer known as 

corona radiata.  Cells of the corona radiata are intimately associated with the oocyte as a 

result of gap junctional connections (3).   

 

Oocyte – Cumulus Interactions 

Communication between the oocyte and its surrounding somatic cells is critical for 

folliculogenesis and acquisition of developmental competence (26, 27).  This communication 

occurs through either gap junctions or secreted paracrine signals.  Many studies have 

demonstrated that granulosa cells influence various oocyte functions throughout follicular 
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development (28, 29, 30, 31, 32).  Conversely, oocytes have a critical role in the regulation of 

granulosa cells (26, 27) and are required to regulate folliculogenesis in the mouse (27, 33).  An 

oocyte-granulosa cell regulatory loop occurs as physiological input from the oocyte is required 

for follicular development and follicular signals transmitted to the oocyte are required for 

normal oogenesis and acquisition of developmental competence (26, 27, 34).   

Granulosa cells support oocyte growth and development and regulate transcriptional 

activity of the oocyte genome (35).  In turn, specific oocyte-derived factors have been 

identified and are recognized to influence follicular development.  For example, in the mouse 

growth differentiation factor (GDF)-9, a member of the transforming growth factor β 

superfamily, is expressed only in oocytes and is required for early folliculogenesis (36).  

Mice lacking GDF-9 are infertile due to a lack of follicular development past the primary-

follicle stage (36).  A second specific oocyte protein, bone morphogenic protein (BMP)-15, 

also functions in a cooperative manner with GDF-9.  Mice lacking BMP-15 have decreased 

ovulation and fertilization rates (37).  Sheep homozygous for the BMP-15 deletion, also 

exhibit arrest of follicular development at the primary follicle stage (38).   

Gap Junctions 

Physical connections between adjacent follicle cells are found at all stages of 

follicular development (22).  Gap junctions allow for metabolic coupling between adjacent 

granulosa cells and between oocytes and their surrounding cumulus cells (39).  These 

intercellular membrane channels allow for the exchange of ions, second messengers and 

metabolites less than 1 kDa (40).  Nucleotides, glucose metabolites and amino acids are 

known to be transferred into the growing oocyte through gap junctions (41).   
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Gap junctions are composed of connexons, which are hexamers of protein subunits 

called connexins (42).  Each connexin consist of four transmembrane domains, 2 

extracellular loops, 1 intracellular loop and cytoplasmic N- and C-termini (42).  There are 

nearly 20 published murine and human connexin gene sequences, with more anticipated to be 

characterized in the future (42, 43).   

Within the primordial follicle, the oocyte is connected to a single layer of flattened 

granulosa cells by way of adherent-like junctions (22).  Projections of the oolema also 

penetrate between adjacent granulosa cells (22).  In addition, gap junctions can be found 

between the granulosa cells themselves.  Gap junctions between the oocyte and its 

surrounding cumulus cells do not appear until the secondary follicular stage and this 

appearance coincides with the acquisition of competence to resume meiosis (22).  Oocyte-

granulosa cell gap junctions are required for the coordination of cytoplasmic and nuclear 

maturation (34, 44).  In turn, gonadotropins modulate the expression of connexins.  FSH up-

regulates the expression of connexin 43 in rat granulosa cell lines and also increases 

electrical coupling (45).  In contrast, LH and hCG have been associated with phosphorylation 

of connexin 43 (46) which is speculated to account for the closure of the gap junction 

channels (47).  Finally, PKA induces connexin 43 aggregates in porcine granulosa cells (48).  

These data are consistent with the idea that FSH, through activation of PKA, acts to increase 

intracellular communication between the cumulus cells and the oocyte whereas following LH 

exposure, the communication decreases as the gap junctions are closed. 

Use of connexin knock-out mice has provided insight onto the roles of gap junctions 

in folliculogenesis and oocyte development (44, 49, 50).  Connexin 37 is expressed by 

oocytes in all stages of folliculogenesis (49).  Mice lacking connexin 37 exhibit normal 
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development until the late pre-antral stage (44, 49).  However, antral follicles never develop 

and ovulation cannot be induced.  Oocyte growth progresses to only 75% of normal mature 

size and these oocytes do not exhibit full meiotic competence (44).  In addition, mice lacking 

connexin 43 have deficient granulosa cell proliferation and follicular development does not 

progress past the primary follicle stage (50).  Based on these findings, it is clear that gap 

junctional communication between the oocyte and the granulosa cells is essential for both 

folliculogenesis and oogenesis (42, 44).   

 

Gonadotropins and Second Messenger Systems 

The gonadotropic hormones, follicle stimulating hormone (FSH) and luteinizing 

hormone (LH), are part of the glycoprotein hormone family that also includes thyroid 

stimulating hormone (TSH) and chorionic gonadotropin (synthesized only by the placenta of 

primates and equines ; 51).  Hormones of this class are heterodimers and are composed of an 

α and β subunit pair.  The α subunit is identical for all family members but is conserved 

within species, conferring species specificity (52).  The α subunit combines with one of 4 

hormone-specific β subunits forming a biologically active molecule with the explicit 

characteristics of that hormone (53).   

The oocyte does not express gonadotropin receptors (54).  Thus, the actions of 

gonadotropins on oocytes are indirect and are mediated by the follicular cells.  FSH and LH 

receptors belong to a sub-class of G-protein associated receptors.  Both contain a particularly 

long extracellular domain (55).  Hormone-induced changes in gene expression occur in both 

granulosa and theca cells (56).   
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Role of FSH 

FSH is synthesized in the gonadotrophs of the anterior pituitary, under the control of 

gonadotropin-releasing hormone (GnRH).  FSH synthesis and secretion can be modulated by 

inhibin/activin peptides and steroid hormones (reviewed by 57).  mRNA for the FSH receptor 

(FSHr) is confined to the gonads and is constitutively expressed by granulosa cells after the 

primordial follicle stage (58).  FSH is clearly required for antrum formation since ablation of 

the FSH receptor by null mutation in mice resulted in the arrest of follicular development at 

the preantral stage (25).  In primates treated with a GnRH agonist to suppress gonadotroph 

function, follicular growth proceeds normally in the absence of LH if purified FSH is 

administered (reviewed by 59).  Furthermore, in heifers treated with a GnRH antagonist, 

follicular growth was restricted to a maximum of 4.5 mm in diameter (60).  Administration 

of FSH to heifers treated with a GnRH antagonist stimulated follicular growth to a level not 

different from control heifers (60).  Exogenous FSH alone is sufficient to produce follicular 

growth and maturation of developmentally competent oocytes in chronically gonadotropin-

deficient macaques (59).   

FSH acts to directly stimulate proliferation of granulosa cells in mice (61), humans 

(62, 63), rats (64) and cows (65).  In addition, treatment with FSH induced DNA synthesis in 

cultured human granulosa cells (62).  Stimulation of cultured granulosa cells with FSH 

results in the activation of genes required for proliferation and differentiation (63).  Specific 

gene transcription stimulated by FSH includes P450 cholesterol side chain cleavage complex 

(66, 67), P450 aromatase (68, 69, 70), LH receptor (71), IGF and IGF binding proteins (72, 73, 

74), tissue plasminogen activator (TPA;75), TPA inhibitor (76), 3β-hydroxysteroid 

dehydrogenase (77, 78) and heat shock protein -90 (79).   
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FSH Signal Transduction 

FSH receptor (FSHr) is found on the surface of both granulosa and cumulus cells and 

its expression increases during follicular development (80).  Two isoforms of the FSHr have 

been described in bovine and human granulosa cells (81, 82).  In humans, primordial follicles 

do not express FSHr mRNA whereas 33% of primary and 100% of secondary follicles did 

(58).  As noted earlier, FSHr belongs to a subclass of G-protein coupled receptors.  The FSHr 

has a molecular weight of 100 kDa and displays a long extracellular domain (57, 83).   

The actions of FSH are mediated through the cAMP second messenger system which is 

induced through the activation of adenylase cyclase following receptor binding (Figure 2; 

84).  As a result of FSH stimulation in cultured mouse COC, an increase in cAMP occurs 

first in the cumulus cells and is then transmitted to the oocyte through gap junctions (85).  

Activation of protein kinase A (PKA) occurs as a result of the increase in cAMP (86).  The 

major recognized target for PKA phosphorylation is the nuclear transcription factor cAMP 

Response Element Binding Protein (CREB; 87).  However, more recently, other transcription 

factors have been associated with elevated cAMP such as specificity protein (Sp) 1 and Sp3 

(64).  FSH, through the action of cAMP and PKA phosphorylation, also activates the MAP 

kinase (MAPK) pathway (88) and phosphorylation of histone H1 and H3 (89, 90).  The 

phosphorylation of histone proteins downstream from FSH binding leads to the 

transcriptional activation of selected genes (90).   

 

Role of LH 

Luteinizing hormone, as well as FSH, is produced by the anterior pituitary in response to 

GnRH.  The actions of LH include signaling for the resumption of meiosis and  
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lutenization.  The involvement of LH on oocyte maturation has been clearly demonstrated in 

vitro.  Oocytes within explanted follicles are stimulated to undergo GVBD in response to LH 

stimulation (91).  In addition, LH stimulates theca cell androgenesis and maintains 

progesterone production by the corpus luteum (57).   

Oocytes do not express LH receptor (LHr) mRNA during folliculogenesis (92).  The 

expression of LHr is restricted to the theca and granulosa cells (92, 93).  The concentration of 

LHr varies according to both the stage of follicular development and the type of follicular 

cell (77, 94, 95).  In bovine follicles, expression of LH receptor mRNA was first observed in 

theca interna cells of follicles shortly after antrum formation (77).  The levels of LH receptor 

mRNA in cells of the theca interna of healthy antral follicles increased with follicular size 

(77).  Receptors for FSH, but not for LH, are transcribed in the cumulus and granulosa cells 

of bovine COC from small and medium size antral follicles (81).  In bovine granulosa cells, 

LH receptor mRNA was expressed only in healthy follicles greater than 9 mm in diameter 

(77).   

Following the LH surge, a peak in the levels of cAMP occurs in both granulosa and 

cumulus cells (96).  In the pig and sheep, this increase occurs 1 to 2 h following LH 

stimulation (96, 97).  Interestingly, following LH stimulation in sheep, the concentration of 

calcium increased first in cumulus cells and then in the oocyte (98).   

 

LH Signal Transduction 

Following LH binding to its receptor, a rise in cAMP occurs due to activation of 

adenylate cyclase (99, 100).  This increase in cAMP results in the activation of PKA (99, 

100).  LH binding also results in the production of inositol-triphosphate (IP3) by turnover of 
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phosphoinositol through activation of phospholipase C (99, 100, 101).  IP3 is responsible for 

the release of calcium from intracellular stores (102).  In the absence of gonadotropin 

stimulation, intracellular calcium levels in cultured sheep COC are stable at around 50 – 100 

nM (98).  Calcium has been proposed as a potential mediator of oocyte maturation in murine 

(103) and bovine (104, 105) COC.  In response to LH stimulation, cultured sheep cumulus 

cells showed a distinct rise in intracellular calcium levels to approximately 400 nM (98).  In 

addition, a gap-junction dependent increase of calcium in the oocyte was observed in 83% of 

the COC studied (98).  Together these observations suggest the involvement of 

phospholipase C and IP3 downstream from LH binding and further suggest that this may 

result in an influx of calcium into the oocyte itself. 

A rapid depolarization occurs in response to LH stimulation in cumulus cells, but not 

in the mural granulosa cells of antral follicles in the sheep (106).  Selective activation of 

either PKA or PKC results in hyperpolarization of cumulus cells due to increased chloride 

and potassium conductance (106).  Simultaneous stimulation of both kinases results in 

depolarization that may be due to the activation of voltage-gated ion channels (106, 107).   

Before the LH surge, porcine cumulus cell membrane potential is -50 mV, and the oocyte 

membrane potential is -30 mV (108).  Following the LH surge, the cumulus cell membrane 

potential increases to -30 mV whereas the oocyte membrane potential remains at -30 mV 

(108) therefore eliminating the transjunctional potential.  Furthermore, preliminary data from 

Mattioli et al. (107) suggests a transient increase in electrical coupling between the oocyte 

and the cumulus cell following the LH surge.  These observations suggest an increase 

exchange of molecules occurs between the oocyte and the cumulus cells following LH 

binding (reviewed in 107).   
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OOCYTE MATURATION 

Oocyte maturation involves cytoplasmic as well as nuclear maturation.  Cytoplasmic 

maturation entails the accumulation of factors in the ooplasm that are required for resumption 

of meiosis, fertilization and embryonic development.  Nuclear maturation includes the events 

that occur associated with the resumption of meiosis, which results in a haploid oocyte and 

preparation of the oocyte for fertilization (3).   

The physiological signal that triggers resumption of meiosis in prophase I arrested 

oocytes is not well understood.  Following follicular recruitment and oocyte growth, the 

oocyte is capable of undergoing resumption of meiosis and fertilization.  Resumption of 

meiosis in explanted follicles cultured in vitro is induced by gonadotropins (109).  In large 

Graafian follicles, FSH, LH and hCG all triggered resumption of meiosis (110, 111).  In rats, 

oocytes in small antral follicles cultured in vitro resumed meiosis in the presence of FSH and 

not LH (112).  This observation is consistent with the fact that no LH receptors are found in 

small antral follicles in rodents (113).   

 

Nuclear Maturation 

Structural Aspects of Nuclear Oocyte Maturation 

Germinal Vesicle Stage 

COC extracted from follicles are immature and arrested in prophase I of meiosis.  

Immature oocytes are characterized by the presence of a nuclear envelope that contains 

decondensed chromosomes (3).  Chiasmata and meiotic recombination has occurred before 

oocytes become arrested at this stage.  Oocytes displaying a GV are not able to undergo 



 

 

16

fertilization or zona pellucida reaction.  Cumulus cells that surround the oocyte are 

compacted. 

Germinal Vesicle Breakdown  

In vivo, oocytes undergo germinal vesicle breakdown (GVBD) or dissolution of the 

nuclear membrane in response to the gonadotropin surge.  In vitro, oocytes extracted from 

bovine follicles ≥ 2 mm in diameter or from antral follicles from mice undergo GVBD if 

cultured in either the presence or absence of gonadotropins.  Oocytes in this stage display 

chromosome condensation and the initiation of cumulus cell expansion. Remnants of the 

nuclear envelope may still be visible.   Spindle assembly begins and one kinetochore forms 

per chromosome rather than one per chromatid. 

Metaphase I 

Following GVBD, condensed chromosomes line up forming the metaphase I (MI) 

plate.  Bovine oocytes are found at the MI stage after 12 hours of culture whereas murine 

oocytes progress to MI after 3 h of culture.  The paired chromosomes begin moving to 

opposite ends (poles) of the cell during anaphase I.  

Metaphase II 

Metaphase II (MII) stage oocytes are characterized by the presence of the first polar 

body and the formation of a nuclear envelope.  The oocyte is now haploid but each 

chromosome has two chromatids.  The oocyte is ready to undergo fertilization and support 

post-fertilization embryonic development. 
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Biochemical Aspects of Nuclear Maturation 

Cell division in eukaryotic cells has been divided into 4 stages which include G1, S, G2 

and M.  S phase is characterized by DNA replication. G1 and G2 stand for periods of time that 

separate phases of DNA replication. R is a time point within G1 that marks the irreversible 

commitment of the cell to division. M phase is characterized by cell division and includes four 

steps: prophase, metaphase, anaphase and telophase (114).  The meiotic cell cycle consists of 

two consecutive M-phases.  Oocytes arrested in prophase I of meiosis are characterized by the 

presence of a nuclear membrane or germinal vesicle (GV) which contains diffuse 

chromosomes.  Resumption of meiosis is required for fertilization and is characterized by 

dissolution of the nuclear membrane or germinal vesicle breakdown (GVBD), chromosome 

condensation, progression through MI and expulsion of the first polar body (115).  The oocytes 

then become arrested at metaphase II (MII) and are ready for fertilization (reviewed by 116).  

Two kinases are important for the control of oocyte maturation: Maturation Promoting Factor 

(MPF; 117) and Mitogen-Activated Protein Kinase (MAPK;118, 119).   

Maturation Promoting Factor (MPF) 

MPF was first described as a factor in the cytoplasm of matured xenopus oocytes that 

induced maturation in GV stage oocytes (117).  In addition, MPF activity was later identified 

in somatic cells that were in M phase of mitosis and, because of this, it has also been referred 

to as M-phase promoting factor.  In each case, MPF acts to control the entry and exit of 

eukaryotic cells into M-phase (120).  During the meiotic cell cycle in oocytes, MPF is activated 

at MI, inactivated between MI and MII and then reactivated at MII (reviewed by 121; Figure 

3).   
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MPF is a heterodimeric complex composed of cyclin B and a cyclin-dependent kinase 

(cdk), a 34 kDa protein that is homologous to the product of the fission yeast gene, cdc2 

(p34cdc2; reviewed by 122).  Cdks are catalytically inactive as monomers.  Activation of cdk 

requires that it is bound to a cyclin, phosphorylated on Thr 161 and dephorphorylated on 

Thr14 and Tyr15 (123).  Cdc25, a phosphatase homologous to the protein product of the 

fission yeast gene cdc25, is the activator of p34cdc2 (124).  The protein product homologous 

to the fission yeast gene wee1 phosphorylates Tyr15 and Thr14 of p34cdc2, inactivating it 

(124).   

A balance between the activation and the inhibition of MPF regulates the entry into 

M-phase and resumption of meiosis in oocytes (122).  Vanadate, an inhibitor of tyrosine 

phosphorylation of p34cdc2 effectively inhibits oocyte maturation in mouse and rats (120, 

125).  Exit from M-phase occurs as a consequence of cyclin B degradation resulting in the 

inactivation of MPF (126).  The puromycin analog, 6-dimethylaminopurine (DMAP), is a 

kinase inhibitor that blocks phosphorylation of tyrosine residues on p34cdc2 (127) and 

prevents GVBD of starfish (128), mouse (129) and bovine oocytes (130).  Chromosome 

condensation is not prevented by DMAP, suggesting that GVBD and chromosome 

condensation are independent events (reviewed by 131).   

Xenopus oocytes are arrested in G2 and are induced to enter M phase of meiosis by 

progesterone stimulation.  They have been used successfully as models for the study of cell 

cycle regulation in mammals.  In the G2-arrested Xenopus oocyte, 10% of the p34cdc2 is 

associated with cyclin B and is phosphorylated on Thr161; however it is maintained in an  



  

19



 

 

20

inactive state by phosphorylations on Thr14 and Thy15 (132, 133).  As discussed above, 

binding of p34cdc2 to cyclin B is required for MPF activation.  However, synthesis of cyclin 

per say is not required for progesterone-induced oocyte maturation in Xenopus leading to the 

conclusion that other proteins are required for the activation of MPF and initiation of 

maturation (121).  Recently, a novel protein, rapid inducer of G2/M transition in oocytes 

(RINGO), has also been described in Xenopus oocytes and was required for progesterone 

induction of maturation (133).  RINGO was also identified in immature mouse oocytes and 

induced oocyte maturation in this species (119).   

Accumulation of cyclin B1 protein is associated with the resumption of meiosis in 

bovine cumulus-oocyte complexes (COC; 134).  Furthermore, cyclin B1 protein 

microinjected into cycloheximide-treated bovine oocytes triggered meiotic resumption (134).  

However, in bovine COC, cyclin B1 mRNA levels decrease with increased follicular 

diameter (135).  Taken together, these observations suggest that the decline in cyclin B1 

mRNA associated with advancing follicular development may be due to translation.  This 

would increase the availability of cyclin B1 protein which is required for activation of MPF 

and resumption of meiosis (134, 135).   

Mitogen Activated Protein Kinase 

The mitogen-activated protein kinase (MAPK) pathway is activated during meiotic 

maturation in vertebrate oocytes (121) and is involved in oocyte responses to reproductive 

hormones resulting in the activation of MPF (123).  In the mouse, MAPK activity rises as the 

oocyte enters metaphase I and remains high during oocyte maturation (136).  This activity is 

associated with the assembly of the first meiotic spindle and its migration to the oocyte 

cortex during MI (116, 137, 138).  In immature mice, meiotically incompetent oocytes 
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contain MAPK, suggesting that meiotic incompetency does not result from a lack of MAPK 

(139). 

Evidence for a role for MAPK in the initiation of GVBD has been described.  Chesnel 

and Eppig (139) suggested that GVBD in murine oocytes required the accumulation of 

activators of MAPK rather than MAPK itself (reviewed by 123).  In the presence of the 

protein phosphatase inhibitor, okadaic acid, denuded mouse oocytes that were maintained in 

meiotic arrest by elevated levels of intracellular cAMP underwent GVBD.  In this model, 

MAPK activation was induced before GVBD occurred (reviewed by 123).  Furthermore, in 

bovine oocytes, activation of MAPK by MOS microinjection resulted in induction of GVBD 

(140).  Microinjection of active MAPK into GV-stage porcine oocytes also induced GVBD 

(141).  Taken together, these observations suggest that, in addition to MPF, MAPK activation 

is sufficient for the resumption of meiosis.   

 

Cytoplasmic Maturation  

Cytoplasmic maturation involves a variety of metabolic, biochemical and structural 

modifications required for the progression of meiosis, fertilization and the activation of 

pathways required for embryonic development (142).  Structural modifications include the 

redistribution of organelles such as cortical granules, mitochondria, Golgi apparatus and 

endoplasmic reticulum.  Biochemical and metabolic modifications include the acquisition of 

the ability to decondense sperm chromatin (142, 143) and acquisition of stored mRNA (18).   

Mitochondria 

Mitochondria in primary oocytes are predominantly round and display longitudinal 

cristae (22).  As the oocyte is recruited for growth, mitochondria become elongated, display 
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transverse cristae and move to the cortical region (22).  Coincident with the acquisition of 

developmental competence, hooded mitochondria appear within the cytoplasm (22).   

Cortical Granules 

Cortical granules are membrane-bound organelles that undergo exocytosis 

immediately upon fertilization and act to trigger the zona reaction.  This contributes to the 

prevention of polyspermy (3).  Formation and accumulation of cortical granules occurs 

during oocyte growth (3).  In the mouse, GV-stage oocytes display cortical granules 

distributed throughout the cortex (144).  Cortical granules in immature bovine oocytes are 

localized in clusters deep in the sub-cortical region (145).  GV-stage oocytes are not capable 

of undergoing the zona reaction.  Instead, this ability is acquired during nuclear maturation 

(144).  Bovine COC from large antral follicles showed a fully dispersed pattern of cortical 

granule distribution with granules evenly spaced and localized in the oocyte periphery (145).  

When bovine oocytes aspirated from follicles 2 to 8 mm in diameter are matured in vitro, the 

distribution of cortical granules within the cortical region of the oolemma changes depending 

on the presence or absence of cumulus cells (146).   After maturation, cortical granules in 

COC become fully dispersed in the cortical ooplasms, directly under the plasma membrane 

(146).  In contrast, most of the cortical granules in denuded oocytes were localized in clusters 

deeper in the cortical ooplasm (146).   

Accumulation of mRNA 

The fully-grown mouse oocyte contains 200 times more RNA than a somatic cell (3, 

18).  Transcription of these messages occurs according to physiological need in a timely 

manner (18).  Some transcripts required during cytoplasmic maturation, such as genes that 

code for zona pellucida proteins or normal metabolic activities, are translated during oocyte 
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growth whereas other genes such as those involved in ovulation or cell cycle progression are 

expressed only at specific points in time (18).  In addition, an accumulation of mRNAs that 

will be translated during early embryonic development occurs during oocyte growth.  These 

maternal mRNAs are required for directing early embryonic development prior to the 

activation of the embryonic genome (147).  The storage of mRNA takes place during oocyte 

growth and the stability of these stored mRNAs is associated with the length of their poly-A 

tail (148).  Translational activation is associated with cytoplasmic polyadenylation or 

lengthening of the poly-A tails (149).  In the growing oocyte, after gene transcription and 

export of the mRNAs to the cytoplasm, shortening of the poly-A tails maintains mRNAs in a 

dormant state (150).   

The principal mechanism involved in time-specific translation of transcripts 

accumulated during oogenesis is the regulation of polyadenylation (18, 151).  Translation of 

these maternal preformed mRNAs occurs following activation by polyadenylation or 

lengthening of the poly-A tails (150).  A highly conserved specific sequence in the 3’-

untranslated region signals for polyadenylation (AAUAAA; 23, 152).  The dormant maternal 

mRNAs contain a further highly conserved sequence UUUUUAU, which is referred to as the 

adenylation control element (ACE; 153).  This conserved sequence regulates both the 

polyadenylation and the deadenylation of maternal preformed mRNA (23).  Inhibition of 

polyadenylation by codyceptin, an adenosine analogue, prevented both progesterone-induced 

GVBD and chromatin condensation in Xenopus oocytes (154) and gonadotropin-induced 

maturation in ovine and bovine COC (151, 155). 

In bovine oocytes matured in vitro, polyadenylation of mRNA that code for proteins 

required for both GVBD and chromatin condensation occurs within the first 6 h after the 
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onset of culture (151).  In cultured bovine oocytes, polyadenylation of mRNA that encode 

proteins involved in the activation of MAPK and MPF occurs within 9-12 h of the onset of 

culture (151).  Because in bovine oocytes GVBD occurs between 6-8 hours after the 

initiation of culture, this observation is consistent with the suggestion that in the bovine 

oocyte GVBD can occur in the absence of MAPK and MPF activation (151).   

 

 

MATURATION OF OOCYTES IN VITRO  

Oocytes can resume meiosis if removed from the follicle and cultured in vitro.   Bovine 

follicles from 2 to 8 mm in diameter are commonly used as a source of oocytes for embryo 

production.  Ovaries are usually obtained from abattoir cows that are at different stages of the 

estrus cycle. In contrast, murine oocytes are typically obtained from superovulated prepubertal 

mice.   In both cases, oocytes are selected based on morphological features that include several 

layers of compacted cumulus cells.  Bovine oocytes are characterized by a dark cytoplasm and 

determination of meiotic stage involves fixation, staining and microscopic examination.  In 

contrast, murine oocytes exhibit a clear cytoplasm and the GV or polar body is easily visible 

under microscopic examination.   

Different media systems are used for in vitro maturation of oocytes.  Supplementation of 

a simple defined medium with different substances has been shown to increase developmental 

competence following fertilization.  Epidermal growth factor (EGF) increased blastocyst 

development following fertilization and induced changes in protein patterns during maturation 

(156, 157, 158).  Growth hormone (GH) supplementation during maturation enhanced the 

developmental capacity of bovine oocytes (159).  Serum has been shown to increase the 
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developmental competence of in vitro matured oocytes (160).  In the mouse, immature oocytes 

undergo nuclear maturation if cultured either in the presence or absence of serum but their 

developmental competence following fertilization is compromised if matured in the absence of 

serum because of premature hardening of the zona pellucida (161).  Addition of fetuin, a 

protein component of fetal bovine serum, prevents premature zona hardening and allows in 

vitro culture of murine oocytes in serum-free medium (113, 161).  Recently murine oocytes, 

matured either in the presence or absence of serum, were compared by use of intracytoplasmic 

sperm injection (ICSI; 162).  Oocyte maturation in the absence of serum was detrimental to 

fertilizability following ICSI (162).  Oocyte maturation in the presence of serum and cumulus 

cells enhanced both fertilizability and developmental capacity of zygotes produced by ICSI 

(162). 

Conventional conditions for the in vitro maturation of bovine oocytes include 10% heat 

inactivated bovine serum and gonadotropin supplementation (163).  Development of a defined 

maturation system for bovine oocytes is currently being pursued.  Replacement of serum by 

bovine serum albumin (BSA) or polyvinyl alcohol (PVA) resulted in a decreased percentage of 

zygotes reaching the blastocyst stage (164).  However, the developmental competence of COC 

matured using TCM-199 medium in the absence of serum but in the presence of fetuin was not 

compromised (164).  Culture of bovine COC in modified synthetic oviductal fluid (mSOF) 

supplemented with PVA also decreased the percentage of zygotes reaching the morula and 

blastocyst stage (165).  However, development to the morula and blastocysts stage by 

maturation of COC in mSOF medium supplemented with polyvinyl pyrrolidone (PVP)-40 was 

higher than the development of COC matured in mSOF medium supplemented with serum 

(165).  In contrast, Saeki et al. found that maturation of bovine COC in TCM-199 in the 
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absence of hormone or serum supplementation but in the presence of PVP was detrimental for 

development to the blastocyst stage following fertilization (166).  This apparent discrepancy in 

the developmental competency of oocytes matured in the presence of serum versus maturation 

in the presence of macromolecules is probably due to the different base media (TCM-199 

versus mSOF) used in each experiment and the possible contribution of unknown substances 

such as growth factors present in serum that may have rescued oocytes with lower 

developmental competence.   

 

Spontaneous versus Gonadotropin Induced Maturation 

The kinetics of oocyte maturation in vitro varies between species.  Upon release from 

the follicle, oocytes competent to resume meiosis will spontaneously undergo GVBD within 

3 h from the initiation of culture in the mouse and 6 h in the cow (163, 167).  Most of the 

oocytes complete nuclear maturation in approximately 12 h of culture for the mouse and 20 h 

of culture for the cow.   

It is widely accepted that spontaneous maturation occurs as a consequence of the 

removal of the oocyte from the inhibitory environment of the follicle resulting in a 

subsequent drop in the levels of intra-oocyte cAMP.  This would be consistent with the 

essentially linear kinetics seen for spontaneously maturing murine (168) and bovine COC 

(169).  Furthermore, spontaneous maturation can be inhibited if the levels of cAMP within 

the oocyte are artificially elevated by either cAMP analogs (168), phosphodiesterase 

inhibitors (170, 171, 172) or activators of adenylate cyclase (173, 174).   

Because maturation in vivo requires the exposure of the COC within the follicle to the 

gonadotropin surge, spontaneous maturation can be considered an artifact of in vitro culture 

(175).  Furthermore, oocytes matured in the presence of gonadotropins, either in vivo or in 
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vitro, have higher developmental competence (176).  It is clear that two separate pathways 

are utilized for spontaneous versus gonadotropin-induced maturation.  As mentioned above, 

spontaneous maturation is associated with linear kinetics in both murine (168) and bovine 

COC (169).  These linear kinetics coincide with a decrease in the levels of intra-oocyte 

cAMP.  FSH-induced maturation likely occurs through FSH binding to its cumulus cell 

receptors.  After binding, an initial increase in the levels of cAMP occurs (85).  This is 

consistent with the observation that an initial delay occurs before maturation begins when 

murine (168) and bovine (169) COC are cultured in the presence of FSH.  Because 

gonadotropin receptors are absent from oocytes, FSH must stimulate maturation through an 

indirect mechanism involving cumulus cells.  This is in agreement with the observation that 

transcriptional inhibitors such as α-amanitin and 5,6-dichloro-1-β-D-ribofuranosyl-

benzimidazole (DRB) are effective in blocking GVBD only when COC from the pig (177), 

sheep (155), cow (169, 178) and mouse (179) are cultured in the presence of FSH.   

Using the mouse as a model, the effect of gonadotropin supplementation during oocyte 

maturation on developmental competency following fertilization has been examined.  No 

difference in the developmental capacity of murine oocytes obtained from 26 day old eCG-

primed females matured in vitro was found when COC were cultured either in the presence or 

absence of FSH (180).  In this study, inclusion of FSH in oocyte maturation medium did not 

increase the developmental competency of oocytes obtained from eCG-primed mice at 22 days 

of age, but did increase competency of oocytes obtained from unprimed 22 day old mice (180).   

In bovine COC, FSH supplementation during in vitro oocyte maturation increased 

developmental competence (176).  Supplementation with LH, FSH and E2 enhanced 

fertilizability and development to the blastocyst stage in the presence of serum or PVP (166).  
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Supplementation of defined maturation medium with FSH + GH increased the developmental 

capacity of bovine COC to the blastocyst stage (181).  In contrast, other studies have shown no 

difference in the proportion of oocytes that developed to the blastocyst stage when bovine 

oocytes were matured either in the presence or absence of FSH (182).  This disparity between 

studies is probably related to the oocyte source and culture conditions.  Also, the presence of 

serum in the medium seems to augment effect of FSH to increase developmental competency.  

Nevertheless, the use of gonadotropins as medium supplements probably resembles more 

closely the conditions for in vivo maturation than the use of a gonadotropin-free maturation 

medium.   

 

Manipulation of Oocyte Maturation 

A variety of systems for in vitro maturation has been developed.  The goal of each of 

these systems is to increase the proportion of oocytes that will develop to the blastocyst stage 

after fertilization.  As previously discussed, the developmental competence of oocytes matured 

in vivo is greater than the developmental competence of oocytes matured in vitro.  This 

difference implies that probable improvements in vitro culture systems will increase the 

developmental competence following fertilization.  The inhibitory environment of the follicle 

allows time necessary for growth and for the acquisition of developmental competence through 

cytoplasmic maturation.  The oocytes that are routinely utilized for in vitro maturation, 

fertilization and culture originate from follicles that in vivo would not be ready to ovulate.  

Bovine oocytes are generally extracted from follicles that are between 2 – 8mm in diameter.  

These oocytes have the potential to benefit from in vitro culture in the presence of a meiosis 

inhibitor that will, in theory, allow for increased time for the completion of cytoplasmic 
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maturation.  Also, the manipulation of different factors during the induced meiotic arrest may 

increase developmental competence (183).  It is critical that the meiotic inhibitors utilized for 

maintaining prolonged meiotic arrest should be fully reversible and not decrease 

developmental competence.  For example, treatment of cycloheximide-arrested oocytes with 

progesterone increased subsequent development to the blastocyst stage (183).  Also, artificially 

increased levels of cAMP during cycloheximide arrest slightly improved developmental 

competence (184).   

To date, a number of different modulators of maturation has been utilized to maintain the 

oocyte at the GV stage while cultured in vitro.  However, only limited data are available 

coupling the use of these inhibitors with the improvement of oocyte developmental 

competency.   

cAMP 

As discussed earlier, the spontaneous maturation of oocytes from a number of species 

can be prevented by supplementing culture media with different compounds that maintain 

elevated levels of cAMP.  These compounds include phosphodiesterase inhibitors (185, 186), 

AMP analogs (187, 188, 189), activators of adenylate cyclase (190) and invasive adenylate 

cyclase (173).  A species-specific response to different cAMP analogs exists.  Murine COC 

are more sensitive to dibutyryl cAMP (dbcAMP) than to 8-bromo-cAMP (8BrcAMP; 188, 

191).  In contrast, bovine COC are more sensitive to 8BrcAMP than to dbcAMP (189).  

These observations may be due to the different binding affinities for the regulatory subunit of 

PKA of each cAMP isoform and the different kinetics of maturation for each species (175).  

Culture of murine oocytes with a cAMP analog that does not activate PKA did not inhibit 

GVBD (185).  Furthermore, murine oocytes maintained at the GV stage by dbcAMP and 
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then microinjected with an inhibitor of PKA resumed meiosis (185).  In contrast, during 

gonadotropin-induced maturation, cAMP levels increase, PKA is stimulated and maturation 

takes place.  This apparent contradiction in the action of PKA on oocyte maturation can 

probably be explained by the presence of different PKA isoenzymes in the oocyte and 

granulosa cells (192).  In the mouse, differential stimulation of Type I PKA inhibits oocyte 

maturation (179, 192).  In contrast, differential activation of Type II PKA stimulates 

resumption of meiosis (179, 192).   

Purines 

Follicular fluid is inhibitory to oocyte maturation in a species independent manner 

(175).  As the follicle matures and increases in diameter, the meiosis-arresting activity of the 

follicular fluid decreases (193).  The observation that follicular fluid was inhibitory to 

meiotic resumption led to the hypothesis that the oocyte is actively maintained in meiotic 

arrest by some factor in the follicular fluid.  A component of follicular fluid of less than 

1,000 daltons was isolated and identified as the purine hypoxanthine (194).  Hypoxanthine 

has been found in follicular fluid of mice (195) and cows (196).  When supplemented in 

culture medium at physiological levels, hypoxanthine inhibited the initiation of spontaneous 

maturation.  Purines act to inhibit the initiation of oocyte maturation by blocking PDE 

activity, which stops the catabolism of cAMP, thus maintaining elevated levels of cAMP 

within the oocyte (175).   

Inhibitors of Protein Synthesis  

Protein synthesis is required for gonadotropin-induced and spontaneous maturation in 

cultured mammalian oocytes.  Ekholm and Magnusson (1979) concluded that short-lived 

proteins are necessary for resumption of meiosis in rat COC (197).  Goat oocytes are also 
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sensitive to protein synthesis inhibitors, and the study of protein patterns revealed the 

appearance of a 27 KDa protein at the onset of GVBD (198).  Mouse COC maintained in 

meiotic arrest by hypoxanthine and then transferred to hypoxanthine-free medium in either 

the presence or absence of FSH were maintained at the GV stage by culture with 

cycloheximide (199).  Protein synthesis is required for GVBD initiation in bovine (178), 

porcine (200) and ovine (201) COC. 

Activation of MAPK, which is needed for normal cell cycle progression, requires 

protein synthesis in the mouse (129).  Bovine oocytes contain small amounts of cyclin B-1 

protein (134).  This low level of cyclin B-1 seems to be the limiting factor that prevents 

spontaneous maturation in the presence of protein synthesis inhibitors (134).  Protein 

synthesis inhibitors utilized in the absence of gonadotropins may be blocking the activation 

of MPF and hence prevent resumption of meiosis, maintaining oocytes at the GV stage.  

Other studies have found that protein phosphorylation rather than protein synthesis is 

required for GVBD in the mouse (202) and bovine COC (130). 

Protein Kinase Inhibitors 

Because the activity of p34cdc2 is mediated by phosphorylation, protein kinase 

inhibitors have been utilized to modulate the activation of MPF and resumption of meiosis.  

Kinase inhibitors such as butyrolactone (203), 6-dimethylaminopurine (6-DMAP; 204) and 

roscovitine (205) act by blocking cdk1 kinase by competing with ATP for binding to the 

catalytic site (206, 207). 

Meiosis Activating Sterol 

 Meiosis activating sterol (MAS) was first described as a heat-stable substance, 

secreted by cumulus cells in response to FSH stimulation which induces meiotic maturation 
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in murine COC maintained in meiotic arrest by hypoxanthine (208, 209).  The ability of 

cumulus cells to secrete MAS is present even after separation of cumulus cells from their 

oocytes (209).  MAS is present in human follicular fluid (FF-MAS) and stimulated in vitro 

oocyte maturation in humans (210).  MAS is the product of the demethylation of lanosterol 

by lanosterol 14α-demethylase (LDM; 211).  Interestingly, inhibition of LDM, by the highly 

specific inhibitors azalanstat (212) and ethyldiol (213) failed to confirm a role of MAS in the 

resumption of meiosis in the rat and mouse (214).  Furthermore, LDM expression has been 

localized mainly to oocytes of primordial and primary follicles and its expression decreases 

with oocyte growth (212).  The localization of LDM to mainly small oocytes is not 

compatible with a role for MAS in the indirect pathway used by gonadotropins to stimulate 

maturation of oocytes through cumulus cells of antral follicles (214).  MAS clearly has a 

stimulatory role in hypoxanthine-arrested mouse COC and denuded oocytes (209, 213) but a 

physiological role in gonadotropin-induced resumption of meiosis is unlikely (214). 

Transcriptional Inhibitors 

Bovine (169, 178), porcine (177) and ovine (155) COC cultured in the presence of 

gonadotropins were maintained at the GV stage by culture in the presence of a transcriptional 

inhibitor.  These observations suggest that de-novo mRNA synthesis is required for 

gonadotropin-induced maturation of bovine COC (169).  In hypoxanthine-arrested murine 

COC, α-amanitin blocked the induction of meiosis by FSH, suggesting a role for 

transcription in this model system as well (175, 215).  In the absence of gonadotropins, 

transcriptional inhibitors are ineffective in arresting oocyte maturation (169, 216).  These 

data suggest that spontaneous maturation does not require de-novo mRNA synthesis.   
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In bovine, porcine and ovine COC, transcription required for gonadotropin-induced 

GVBD occurs within 1 h of the initiation of culture (155, 177, 178).  Furthermore, cumulus 

cells are required for the inhibitory action of the transcriptional inhibitors on meiotic 

progression (155, 169).  Finally, microinjection of α-amanitin directly into the ooplasm had 

no effect on the progression of maturation (177).  These observations suggest that during 

gonadotropin-induced oocyte maturation, required transcription takes place in cumulus cells 

and results in a meiosis-inducing signal that is then transmitted to the oocyte.   
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STATEMENT OF THE PROBLEM 

 

 Oocytes matured in vitro exhibit a lower developmental competence than oocytes 

matured in vivo (217).  Furthermore, oocytes that have been exposed to gonadotropins either 

in vivo or in vitro are more developmentally competent than oocytes matured in the absence 

of gonadotropins (176, 217).  Understanding the mechanisms involved in gonadotropin-

induced oocyte maturation is critical for the development and improvement of efficient in 

vitro culture systems in that it would allow the development of in vitro systems that more 

closely resemble these events.  Unfortunately, the molecular mechanism involved in 

gonadotropin-induced maturation is unknown.  Therefore, the objectives of the research 

described in this dissertation were: first, to examine molecular mechanisms involved in 

gonadotropin-induced resumption of meiosis in cultured bovine and murine cumulus oocyte 

complexes; second, to determine the developmental potential of bovine oocytes maintained 

in meiotic arrest by inhibition of transcription; and third, to analyze patterns of gene 

expression in bovine cumulus oocyte complexes during the onset of gonadotropin-induced 

oocyte maturation.   
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ROLE OF GENE TRANSCRIPTION AND PKA SUBTYPE ACTIVATION  

IN MURINE OOCYTE MATURATION 

 

ABSTRACT 

 
The objectives of this study were to examine the role of transcription and the 

coincident involvement of Type I and Type II PKA in the resumption of meiosis in murine 

cumulus oocyte complexes. The transcriptional inhibitors 5,6-dichloro-1-β-D-ribofuranosyl-

benzimidazole (DRB) or α-amanitin (AM) were used for this purpose. The first series of 

experiments were designed to characterize the role of transcription in gonadotropin-mediated 

and spontaneous murine oocyte maturation, to examine the roles of specific gonadotropins 

(FSH vs. hCG) and cumulus cells in transcriptionally mediated oocyte maturation and, to 

determine the reversibility of the transcriptional arrest of meiosis. In the presence of FSH, 

transcriptional inhibitors arrested germinal vesicle breakdown (GVBD; DRB: 2.4± 2%, 

Control: 75.7±2% and AM: 4.4±4%, Control: 69.9±4%). Furthermore, cumulus cells (CUM) 

were shown to be required for transcriptional inhibitors to arrest GVBD (DRB+CUM: 

0±15%, DRB-CUM: 94.3±13% and AM+CUM: 14.7±2%, AM-CUM: 98.8±2%).  Thus, in 

the mouse, FSH-mediated GVBD utilizes a transcriptional mechanism, likely occurring 

within the cumulus cell compartment. In a second experimental series, the role of 

transcription in mediating the resumption of meiosis after activation of either Type I or Type 

II PKA was examined.  Activation of Type I PKA in murine COC resulted in the arrest of  
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GVBD that was independent of a transcription (+DRB: 7.3±9% GVBD, -DRB: 11.4±9% 

GVBD). In contrast, activation of Type II PKA resulted in the resumption of meiosis, which 

required the occurrence of gene transcription (+DRB: 12.4±9% GVBD, -DRB: 80.1±9% 

GVBD).  Because FSH binding to cumulus cells is known to activate the PKA second 

messenger system, our results suggest that in cultured murine COC, FSH binding to cumulus 

cells results in the activation of Type II PKA, which in turn, mediates downstream 

transcription required for the initiation of GVBD. 
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INTRODUCTION 

 

The resumption of meiosis in oocytes is characterized by chromosome condensation, 

germinal vesicle breakdown (GVBD) and progression into meiosis I.  In vivo, this occurs in 

response to the preovulatory surge of gonadotropins (1).  In vitro, maturation occurs 

spontaneously in the absence of gonadotropins when the oocyte is removed from the 

intrafollicular environment (2). Because maturation can be prevented by elevation of cAMP 

in isolated cumulus oocyte complexes (COC) and denuded oocytes (3, 4, 5, 6), spontaneous 

maturation is believed to result from a fall in levels of intra-oocyte cAMP. 

Specific inhibitors of RNA polymerase II, such as α-amanitin or 5,6-dichloro-1-β-D-

ribofuranosylbenzimidazole (DRB), have been used to demonstrate that gonadotropin-

mediated resumption of meiosis in the pig (7), sheep (8), and cow (9, 10) requires an initial 

transcription that occurs in the cumulus cell compartment of COC.  In bovine COC, 

transcriptions initiated by FSH did not occur when COC resumed meiosis spontaneously or 

in the presence of hCG (11).  In the mouse, it has been suggested that GVBD is not mediated 

by transcription (12). However, in hypoxanthine-arrested murine COC, α-amanitin blocked 

the induction of meiosis by FSH, suggesting a role for transcription in this model system (13, 

14).  

Signal transduction by FSH occurs following binding to its receptor, which results in 

stimulation of adenylyl cyclase and activation of cyclic AMP-dependent protein kinase A 

(PKA; 15).  Protein kinase A is a tetrameric molecule consisting of a regulatory subunit 

dimer. Each regulatory subunit is bound to one inactive catalytic subunit.  Two isozymes of 

PKA exist and have been designated as Type I and Type II based on the order of elution of their 
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regulatory subunits (RI and RII, respectively) from anion exchange resins (16).  There are two 

cAMP binding sites found on each of these two regulatory subunits.  Within each regulatory 

subunit, the two cAMP binding sites differ based on their rate of exchange and affinity for [3H]-

cAMP (17, 18).  By using combinations of cAMP analogs that selectively bind to each site on 

the regulatory subunits, one can differentially activate either Type I or Type II PKA (19).  

Differential activation of PKA isozymes has opposing effects on murine oocyte maturation. 

Oocytes were arrested at the germinal vesicle (GV) stage after activation of Type I PKA, 

whereas activation of Type II PKA stimulated GVBD in oocytes arrested by IBMX (20).  

The role of de-novo gene transcription following specific gonadotropin stimulation 

and PKA activation has not been characterized for murine oocyte maturation.  The objectives 

of this study were to examine the role of transcription and the coincident involvement of 

Type I and Type II PKA in the resumption of meiosis in murine cumulus oocyte complexes.  

 

 

MATERIALS AND METHODS 

 

Reagents and Media 

5,6-Dicholoro-1-β-D-ribofuranosylbenzimidazole (DRB, Lot #027H4086) and the 

cAMP analogs, N6-monobutyryl-cyclic adenosine monophosphate (N6), aminohexyl-amino-

cyclic adenosine monophosphate (AHA), and 8-bromo-cyclic adenosine monophosphate (8 - 

Br) were purchased from Sigma Chemical Co. (St. Louis, MO). α-Amanitin (AM) was 

purchased from Boehringer Mannheim (Indianapolis, IN). Human chorionic gonadotropin 
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(hCG; 75 IU/L, Sigma Chemical Co., St. Louis, MO) and FSH (0.5 µg/ml USDA oFSH-18) 

were used as media supplements. Unless otherwise noted, chemicals for preparation of media 

were from Sigma Chemical Co. (St. Louis, MO) and were of tissue culture grade. PMSG 

used for superovulation was obtained from Sigma Chemical Co (St. Louis, MO). 

 Waymouth medium supplemented with 5% fetal bovine serum, 0.23 mM pyruvate, 7 

mM taurine, 50 mg/L streptomyocin sulfate, and 75 mg/L penicillin G was used for all 

cultures. For experiments using α-amanitin, the drug was dissolved in medium and used 

immediately at a concentration of 10 µg/ml. For experiments using DRB, a 20 mg/ml stock 

solution was prepared in DMSO and used at a final concentration of 120 µM.  This dose was 

chosen based on an evaluation of doses ranging from 30 µM to 150 µM DRB to maintain 

murine COC at the germinal vesicle stage for a 3 hour culture period (data not shown). 

 Differential activation of PKA subunits was performed by supplementing media with 

different combinations of cAMP analogs.  For the activation of Type I PKA, a combination 

of N6 and AHA was used (20). For activation of Type II PKA, a combination of 8-Br and N6 

was used (20).  The analogs were dissolved in DMSO and used immediately. An equimolar 

concentration of each analog was used to achieve the final concentration indicated for 

specific experimental group. 

 
Role of Transcription in Gonadotropin-Mediated Resumption of Meiosis 

Oocyte Recovery and Culture Conditions.  

Prepubertal Swiss Albino mice (20-23 days old; Taconic, Germantown, NY) were 

maintained on a 12L:12D light cycle with access to food and water ad libitum. For all 
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experiments, a minimum of six mice was used in each replicate. For each experimental 

replication, mice were given an intraperitoneal injection of 5 IU PMSG and killed by cervical 

dislocation 48 hours later. Ovaries were removed from the body cavity and placed into 

culture medium where they were extracted from the bursa, cleaned of adhering fat, bisected, 

and distributed to dishes containing appropriate treatment media. These demi-ovaries were 

then bisected a second time and distributed such that each mouse contributed ovarian tissue 

to all four treatment groups included in each experiment. Antral follicles on each quarter-

ovary were punctured with a sterile needle and COC were collected. COC were washed once 

in fresh treatment medium and then cultured in multiwell dishes containing 0.5 ml treatment 

medium.  Use of this procedure assured that COC were collected directly into treatment 

media and eliminated the need for maturation inhibitors such as IBMX or hypoxanthine to be 

included in the experimental protocol. All cultures were conducted at 37°C in an atmosphere 

of 5% CO2 in air with 100% humidity. At the termination of culture, oocytes were denuded 

of their cumulus cells by manual pipetting and visually assessed for the resumption of 

meiosis at a magnification of 60X using a stereomicroscope. Oocytes not demonstrating an 

intact GV were classified as having undergone GVBD. Oocytes demonstrated a dark or 

fragmented ooplasm or dark cumulus cells were classified as degenerated.  All procedures 

involving animals were carried out in accordance with NIH guidelines for the care and use of 

laboratory animals under the approval of the North Carolina State University Institutional 

Animal Care and Use Committee. 

 
Effect of Gonadotropins on Inhibition of Meiotic Maturation by DRB or α-Amanitin.  

Two experiments were conducted. For both Experiments IA and IB, COC were 

distributed to one of four treatments in a 2 x 2 factorial arrangement. In Experiment IA, the 



 

 

67

main factors were transcriptional inhibitor (DRB vs. vehicle control) and gonadotropin 

treatment (FSH+hCG vs. medium control). In Experiment IB, the main factors were 

transcriptional inhibitor (α-amanitin vs. medium control) and gonadotropin treatment 

(FSH+hCG vs. medium control). For both experiments, COC were cultured 3h after which 

time oocytes were stripped of their cumulus by manual pipetting and assessed for GVBD. 

Each experiment (IA and IB) was replicated four times and each included an average of 145 

± 28 COC and 143±27 COC per replicate respectively. 

 
Effect of Supplementation with Either hCG or FSH on Inhibition of Meiotic Maturation 

by DRB or α-Amanitin 

Two experiments were conducted. Each experiment included treatments in a 2 x 2 

factorial arrangement with the major factors being presence or absence of specific 

gonadotropins (FSH, hCG).  In Experiment IIA, all media were supplemented with 120 µM 

DRB. In Experiment IIB, all media were supplemented with 10 µg/ml α-amanitin. For both 

experiments, COC were cultured for 3h after which time oocytes were denuded by manual 

pipetting and assessed for incidence of GVBD. Experiments IIA and IIB were each replicated 

four times and included an average of 129 ± 18 and 136 ± 30 COC per replicate, 

respectively. 

 
Effect of Cumulus Cell Removal on the Inhibition of Oocyte Maturation by DRB or α-

Amanitin. 

 For these two experiments, all media were supplemented with 0.5 µg/ml FSH. When 

appropriate, COC were denuded by manual pipetting in treatment medium prior to the 



 

 

68

initiation of culture. In Experiment IIIA treatment groups were in a 2 x 2 factorial 

arrangement with the major factors being presence or absence of transcriptional inhibitor 

(DRB) and presence or absence of cumulus cells surrounding the oocyte. In Experiment IIIB, 

the major treatment factors were transcriptional inhibitor (α-amanitin) and the presence or 

absence of cumulus cells (COC). For both experiments cultures continued for 3h.  After 

culture, all COC were denuded by manual pipetting and groups were assessed for GVBD. 

Experiments IIIA and IIIB were replicated four times and included and average of 127 ± 25 

and 135 ± 24 COC per replicate, respectively. 

 
Reversibility of DRB- and α-Amanitin-Mediated arrest of GVBD 

 All media for Experiments IVA and IVB were supplemented with 0.5 µg/ml FSH. In 

Experiment IVA, COC were distributed to one of five treatment groups: −DRB 3h (culture for 

3h in control medium); +DRB 3h (culture for 3h in medium supplemented with DRB); +DRB 

reverse (culture for 3h in medium supplemented by DRB followed by transfer to inhibitor-free 

medium and culture for an additional 3h); −DRB reverse (culture for 3h in control medium, 

transfer to fresh control medium, culture for an additional 3h); +DRB 6h (culture for 3h in 

DRB-supplemented medium, transfer to DRB-supplemented medium, culture for an additional 

3h). At the termination of treatment, COC from each group were denuded and assessed for the 

occurrence of GVBD. 

 In Experiment IVB the treatment groups were the same as in Experiment IVA with the 

exception that α-amanitin was used as the transcriptional inhibitor in place of DRB. 

Experiments IVA and IVB were each replicated four times and included and average of 164 ± 

50 and 82 ± 13 COC per replicate respectively.  
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Role of PKA Isozymes in Facilitating Resumption of Meiosis 

Oocyte Recovery and Culture Conditions 

 Prepubertal Swiss Albino mice (20-23 days old) were housed and superovulated as 

previously described. For all experiments, a minimum of 12 mice was used in each replicate. 

Ovaries were collected as previously described and then bisected. Each demi-ovary was 

distributed randomly to dishes containing treatment media so no mouse would contribute 

more than one demi-ovary to the same treatment. Cultures were performed in the absence of 

gonadotropin stimulation unless specifically noted. COC were cultured for 3h or 4h after 

which the COC were stripped by manual pipetting and assessed for GVBD.   

 
Effect of Differential Activation of Type I or Type II PKA on Resumption of Meiosis 

Analogs utilized for the activation of Type I PKA were N6 - monobutyryl-cAMP and 

8-aminohexylamino-cAMP, whereas analogs utilized for the activation of Type II PKA were 

N6 - monobutyryl-cAMP and 8-bromo-cAMP (20).  In the first two replicates of this 

experiment, analogs used for activation of either Type I or Type II PKA were used at either 

0, 50 or 100 µM.  In the second two replicates two additional concentrations (5 µM and 10 

µM) were also included. That is, dosages included in the final two replicates were 0, 5, 10, 

50, 100 µM.  Cultures were continued for 3h after which time oocytes were stripped from 

their cumulus cells and assessed for GVBD. The experiment was replicated four times and 

included an average of 212 ± 25 COC per replicate.   
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Role of Transcription in Regulating Meiosis Following Differential Activation of Type I or 

Type II PKA 

 Based on the previous analysis, two effective concentrations for activation of Type I 

or Type II PKA where chosen for further study.  COC were distributed to one of 12 treatment 

groups and cultured for 4h. The 12 treatment groups were arranged in 3 subgroups: Control 

groups: n=4 groups that included all combinations of ± FSH and ± DRB; Type I activation 

groups: n=4 groups that included 10 µM or 50 µM Type I cAMP analogs in the presence or 

absence of DRB; and, Type II activation groups: n=4 groups that included 5 µM or 10 µM 

Type II cAMP analogs in the presence or absence of DRB.  Following termination of culture, 

COC were stripped of their cumulus cells by manual pipetting and assessed for GVBD. The 

experiment was replicated four times with an average of 201±94 COC per replicate. 

 
Statistical Analysis 

Data on the percentage of oocytes undergoing GVBD were analyzed as raw data and 

arcsin transformed data before being analyzed by analysis of variance using General Linear 

Model Procedures (SAS, 1986). All models included treatment groups and replicate. When a 

significant F-statistic was found, means were separated using Duncan’s New Multiple Range 

Test (SAS, 1988). All data are reported as least squares means ± standard error and the 

significance differences were based on the analysis of the transformed data. The number of 

oocytes per replicate is expressed as mean ± standard deviation.  A probability of p < 0.05 was 

considered statistically significant. 
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RESULTS 

 

Role of Transcription in Gonadotropin-Mediated Resumption of Meiosis 

Effect of Gonadotropins on Inhibition of Meiotic Maturation by DRB or α-Amanitin 

 Meiotic maturation occurring in the presence of gonadotropins was sensitive to 

transcriptional inhibition by either DRB or α- amanitin (Figure 1, Panels IA, IB).  In contrast, 

neither inhibitor was effective in arresting GVBD when COC were cultured in the absence of 

gonadotropins. Based on these observations, nascent gene transcription was required for 

gonadotropin-mediated resumption of meiosis.  In contrast, resumption of meiosis in the 

absence of gonadotropins (spontaneous maturation) did not require transcription. To 

determine if transcriptional activation occurred in response to a specific gonadotropin (hCG 

or FSH) a subsequent experiment was conducted.  

 

Effect of hCG or FSH on inhibition of meiotic maturation by DRB or α-Amanitin 

Germinal vesicle breakdown initiated in the presence of FSH and hCG or FSH alone 

was effectively blocked by treatment with either DRB or α-amanitin (Figure 1, Panels IIA, 

IIB).  GVBD initiated in the presence of hCG alone or in the complete absence of 

gonadotropins was insensitive to transcriptional inhibition.  Thus, FSH-mediated resumption 

of meiosis occurred through a transcriptional pathway that was not utilized during either 

spontaneous maturation or hCG-mediated resumption of meiosis. 
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Figure 1. Characterization of gonadotropin-mediated GVBD in murine COC. Panel IA, B: 

Effect of gonadotropins on inhibition of meiotic maturation by DRB or α-amanitin (AM; 

GN: FSH + hCG). Panels II A, B: Effect of hCG or FSH on inhibition of meiotic maturation 

by DRB or AM. All treatments depicted in Panel IIA included 120 µM DRB. All treatments 

represented in Panel IIB 10 µg/ml AM. Panels III A, B: Effect of cumulus removal on the 

inhibition of oocyte maturation by DRB or AM (CUM: cumulus cell; all treatment groups 

included 0.5 µg/ml FSH). Panel IV A, B: Reversibility of DRB- and AM-mediated arrest of 

GVBD (all treatments included 0.5 µg/ml FSH; for additional details of experimental 

treatments see text). a, b, c, P<0.001; *,**,*** P <0.001 within each panel. 



 

 

73



 

 

74

Effect of Cumulus Removal on the Inhibition of Oocyte Maturation by DRB or α-

Amanitin 

 In the presence of cumulus cells both DRB and α-amanitin effectively inhibited 

FSH-mediated GVBD (Figure 1, Panels IIIA, IIIB). However, when cumulus cells were 

removed, neither transcriptional inhibitor was effective in preventing GVBD. These data 

suggest that transcription initiated during FSH–mediated GVBD likely occurred in the 

cumulus cell compartment. 

 
Reversibility of DRB- and α-Amanitin-Mediated Arrest of GVBD 

Because α-amanitin has been associated with oocyte and embryo degeneration (21, 

22), the capacity of murine COC to continue maturation after culture in the presence of either 

transcriptional inhibitor was examined.  Transcriptional inhibition of FSH-mediated GVBD 

was reversible and was not associated with oocyte degeneration (Figure 1, Panel IVA, IVB). 

Ninety-eight percent of COC cultured for 3h in the presence of DRB and 81% of COC 

cultured in the presence of α-amanitin remained at the GV stage (+DRB 3h and +AM 3h, 

respectively). After 6h of culture in the presence of DRB, 89% of COC remained at the GV 

stage, and after 6h of culture in the presence of α-amanitin 85% remained at the GV stage 

(+DRB 6h or +AM 6h respectively). When COC were exposed to DRB or α-amanitin and 

then transferred to inhibitor-free medium and cultured for an additional 3h, approximately 

92% of COC in the case of DRB and 66% in the case of α-amanitin underwent GVBD 

(+DRB Rev and +AM Rev, respectively). Compared to treatments with DRB, differences in 

reversibility associated with α-amanitin were not due to an increased incidence of oocyte 
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degeneration since less that 1.5% (28/2009) of oocytes were degenerate after treatment with 

α-amanitin. 

Role of PKA Isoenzymes in Facilitating Resumption of Meiosis 

Effect of activation of Type I or Type II PKA on meiotic resumption: dose-response 

analysis 

 Increasing concentrations of Type I PKA activators resulted in a dose-dependent 

decrease in the incidence of GVBD in cultured murine COC (Figure 2).  Because activation 

of Type II PKA was reported to initiate resumption of meiosis in dbcAMP-arrested COC 

(20), the most effective concentrations for activation of Type II PKA were defined as the 

lowest concentration used that did not interfere with oocyte maturation. These concentrations 

were 5 µM and 10 µM (84.1± 14.3% GVBD and 88.5 ± 14.3% GVBD, respectively; Figure. 

2).   

Role of transcription in regulating meiosis following differential activation of Type I or 

Type II PKA 

In the absence of FSH, treatment of murine COC with Type I PKA activators at 

10µM or 50µM significantly inhibited the occurrence of GVBD (p< 0.001).  There was no 

effect of treatment with DRB on the percentage of oocytes remaining in GV arrest following 

activation of Type I PKA. These observations suggest that inhibition of GVBD by activation 

of Type I PKA does not require transcription.  In contrast, activation of Type II PKA resulted 

in resumption of meiosis requiring a transcription.  When DRB was added to media in the 

presence of activators of Type II PKA, GVBD was inhibited (Figure 3).  In addition, this 

degree of inhibition was not different from that found when DRB was used in the presence of 

FSH (20.7 ± 8.4% and 12.5 ± 8.4% GVBD, respectively).  
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DISCUSSION 

 
Data presented in this study demonstrate that in cultured murine COC, FSH-mediated 

GVBD requires gene transcription.  The use of two inhibitors, each of which prevents 

transcription by different mechanisms, led to similar conclusions.  DRB, an analog of the 

nucleoside adenosine, acts by preventing the formation of a stable transcription initiation 

complex (23). In contrast, α-amanitin acts by specifically inhibiting nucleoplasmic RNA 

polymerase II (24).  Treatment with either inhibitor did not induce oocyte degeneration 

during the short-term cultures used throughout these experiments since only 85 oocytes of a 

total of 4282 oocytes (2%) were classified as degenerated following culture.  In addition, 

COC were not required to be maintained in a hypoxanthine-induced meiotic arrest (13, 14) in 

order for either transcriptional inhibitor to prevent gonadotropin-mediated GVBD. 

When gonadotropins were included in the culture medium, GVBD was initially 

inhibited in murine (25, 26) and bovine (10) COC.  This transient inhibition was followed by 

an acceleration in the rate of GVBD compared to that seen during spontaneous maturation 

(10, 27). The initial inhibitory phase has been hypothesized to result from an increase in 

cAMP occurring in response to hormone binding (28, 29).  

In bovine, porcine, and ovine COC, transcription required for gonadotropin-induced 

GVBD occurs within 1 hour of the initiation of culture (7, 8, 9).  Because the kinetics of 

maturation in murine oocytes are rapid (4, 30), it is likely that this transcriptional event 

occurs within minutes of the initiation of culture.  In cattle and sheep, gonadotropin-mediated 

maturation required the presence of cumulus cells (8, 22, 31). In the present study, removal 

of cumulus cells rendered both DRB and α-amanitin ineffective in blocking murine GVBD.  
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These data are consistent with a model in which FSH induces GVBD through transcription 

that occurs in the cumulus cells.  

 It is unlikely that the lack of effectiveness of the transcriptional inhibitors to block 

GVBD in denuded oocytes resulted from a decreased access of the inhibitor to the oocyte. 

Treatment of bovine COC with DRB resulted in greater than a 94% reduction in [3H]-uridine 

incorporation into oocyte mRNA regardless of the presence or absence of gonadotropins in 

the culture medium (10). In addition, injection of α-amanitin directly into denuded porcine 

oocytes was ineffective in blocking GVBD (7). 

 Neither DRB nor α-amanitin was effective in preventing spontaneous maturation or 

hCG-mediated maturation of COC.  In contrast, in the presence of FSH both transcriptional 

inhibitors were effective in preventing meiotic resumption.  These observations are consistent 

with those for bovine COC (11) and suggest that GVBD initiated in the presence of FSH 

involves a transcriptional step that is not required when GVBD occurs spontaneously or 

under hCG stimulation.  It should be noted that COC from these PMSG-stimulated follicles 

may have few, if any, receptors for LH (32, 33, 34).  Therefore, these COC may have been 

non-responsive to hCG treatment and, as a result, even in the presence of hCG they may have 

undergone spontaneous GVBD. 

Based on data from both the present study and the literature, a general consensus can 

be reached regarding mechanisms of mammalian oocyte maturation for in vitro cultured 

COC.   In this regard, oocytes can be said to undergo either spontaneous or gonadotropin-

mediated maturation. Spontaneous maturation occurs as a result of a decline in intraoocyte 

cAMP levels after removal of the oocyte or COC from an inhibitory intrafollicular 

environment.  This would be consistent with the essentially linear kinetics seen for 
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spontaneously maturing murine (5) and bovine COC (10).  In contrast, gonadotropin-

mediated maturation likely occurs through a mechanism involving FSH binding to cumulus 

cells, initiating an increase in intracellular cAMP and activation of both Type I and Type II 

PKAs.  Activation of Type I PKA results in a temporary inhibition of oocyte maturation by 

an intracellular mechanism not involving transcription. Simultaneously, activation of Type II 

PKA would initiate a new gene transcription event that subsequently leads to the resumption 

of meiosis.  This hypothesized mechanism would be consistent with observations in the 

present study and well as with observations of Downs and Eppig (5) and Farin and Yang (10) 

that culture of COC in the presence of gonadotropins first inhibited and then accelerated the 

rate of GVBD in mice and cattle, respectively.  Based on data in the present study, it 

becomes apparent why oocytes did not revert to spontaneous maturation when arrested at the 

GV stage by transcriptional inhibitors in the presence of FSH. In this case, it is likely that 

FSH-induced increases in cAMP continued to stimulate Type I PKA, which then maintained 

oocytes in GV arrest.  However, the simultaneous activation of transcription that is mediated 

by stimulation of Type II PKA, and is required for GVBD, was blocked by the actions of 

DRB or α-amanitin.   

Based on this model, it would follow that neither transcriptional nor translational 

inhibitors would be effective in the absence of an FSH stimulus in any species. This is 

consistent with reports for the mouse (27), rat (35), pig (7, 36), and cow (10).  Conversely, in 

the presence of an FSH stimulus it would be anticipated that both transcriptional and 

translational inhibitors would interrupt GVBD.  This has been clearly established in the cow 

and pig (7, 9, 10, 22, 36).  Furthermore, murine COC that were meiotically arrested with 

hypoxanthine and then cultured in the presence of FSH were also inhibited from undergoing 
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GVBD by treatment with cycloheximide (14) or α-amanitin (13, 14).  Data in the present 

study demonstrate that in the mouse, transcriptional inhibition by either DRB or α-amanitin 

occurred only in the presence of FSH, could be mimicked by activation of Type II PKA, and 

did not require prior hypoxanthine-induced meiotic arrest.  Taken together, these 

observations strongly support the conclusion that transcriptional and translational regulation 

of GVBD in both murine and livestock COC is remarkably similar, particularly when 

assessed under analogous culture conditions.  

In summary, mechanisms for FSH-mediated GVBD in cultured murine COC are 

similar to those described for in vitro matured COC of other species, including cattle.  Thus, 

in cultured murine COC FSH binding to cumulus cells results in the activation of Type II 

PKA which, in turn, mediates transcription required for the initiation of germinal vesicle 

breakdown.  
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ACTIVATION OF TYPE II PKA STIMULATES RESUMPTION OF MEIOSIS BY A 

TRANSCIPTIONAL MECHANISM IN CULTURED BOVINE COC 

ABSTRACT 

The objective of this study was to assess the role of transcription after activation of 

Type II PKA in bovine cumulus oocyte complexes (COC) matured in vitro. Differential 

activation of Type II PKA was performed by culture of COC in the presence of an isomolar 

concentration of a combination of N6-monobutyryl-cyclic adenosine monophosphate (N6) 

and 8-bromo-cyclic adenosine monophosphate (8-Br).  The role of transcription was assessed 

by culture of COC in the presence or absence of the transcriptional inhibitor 5,6-dichloro-1-

β-D-ribofuranosylbenzimidazole (DRB).  Selected COC were distributed to one of 8 

treatment groups arranged into 2 subgroups: Control groups: n=4 which included all 

combinations of ± FSH and ± DRB; and, Type II PKA activation groups: n=4 which included 

0.5 mM or 1.0 mM Type II cAMP analogs in the presence or absence or DRB.  The 

proportion of oocytes that underwent germinal vesicle breakdown (GVBD) was assessed 

after 20 h of culture.  As expected, FSH-induced maturation was inhibited by culture in the 

presence of the transcriptional inhibitor (FSH: 97 ± 4 % GVBD; FSH+DRB: 19 ± 4% 

GVBD; P<0.001).  When COC were cultured with either 0.5 mM or 1.0 mM Type II PKA 

activators in the presence of DRB, GVBD was also inhibited (0.5 mM: 95 ± 6%, 0.5mM + 

DRB: 37 ± 6% GVBD, P<0.01; 1.0 mM:  85 ± 4%, 1.0 mM + DRB: 36 ± 4% GVBD; 

P<0.01).  In summary, activation of Type II PKA in cultured bovine COC stimulated 

maturation by initiating transcription required for the onset of GVBD.   

This chapter has been submitted for publication as: Activation of Type II PKA Stimulates Resumption of Meiosis by a 

Transcriptional Mechanism in Cultured Bovine COC. K.F. Rodriguez and C.E. Farin. Dom Anim Endo. 



 

 

87

INTRODUCTION 

 

During embryonic development, the oocyte becomes arrested at the dictyate stage of 

prophase I of meiosis.  Throughout the life of the female, oocytes remain in dictyate arrest 

within their follicles until either the preovulatory surge of gonadotropins signals the 

resumption of meiosis or atresia ensues (1).  Oocytes removed from bovine follicles ≥ 2 mm 

in diameter and cultured in vitro can resume meiosis either in the presence or absence of 

gonadotropins (2).  Spontaneous maturation is believed to result from a fall in levels of intra-

oocyte cAMP, since maturation is prevented by elevation of cAMP in isolated cumulus 

oocyte complexes (COC) and denuded oocytes (3, 4, 5, 6).  In the presence of gonadotropins 

maturation is mediated by the cumulus cells and, in murine COC, is associated with an initial 

increase in the levels of cAMP (7). 

Specific inhibitors of RNA polymerase II, such as α-amanitin or 5,6-dichloro-1-β-D-

ribofuranosylbenzimidazole (DRB), have been used to demonstrate that gonadotropin-

mediated resumption of meiosis in the pig, (8) sheep, (9) cow (10, 11) and mouse (12) 

requires initial transcription, which occurs in the cumulus cell compartment of COC.  In 

bovine and murine COC, transcription initiated by FSH did not occur when COC resumed 

meiosis spontaneously or in the presence of hCG (12, 13). 

Following binding to its receptor, FSH stimulates an elevation of cAMP levels by 

activation of adenylyl cyclase.  This elevated level of cAMP results in activation of cyclic 

AMP-dependent protein kinase A (PKA; 14).  Protein kinase A is a tetrameric molecule 

consisting of paired regulatory subunit dimers each bound to one inactive catalytic subunit.  

Two isozymes of PKA exist and have been designated as Type I and Type II based on the order 

of elution of their regulatory subunits (RI and RII, respectively) from anion exchange resins 
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(15).  There are two cAMP binding sites found on each of the two regulatory subunits. Within 

each regulatory subunit, the two cAMP binding sites differ based on their rate of exchange and 

affinity for [3H]-cAMP (16, 17).  By using combinations of cAMP analogs that selectively bind 

to each site on the regulatory subunits, one can differentially activate either Type I or Type II 

PKA (18).  Differential activation of PKA isoenzymes has opposing effects on maturation of 

cultured murine oocytes.  Oocytes were arrested at the germinal vesicle (GV) stage after 

activation of Type I PKA (12, 19).   In this case, activation of Type I PKA appears to 

maintain meiotic arrest by a non-transcriptionally mediated mechanism (12).  In contrast, 

activation of Type II PKA stimulated GVBD in oocytes arrested by IBMX (19).  

Furthermore, stimulation of Type II PKA resulted in resumption of meiosis in culture murine 

COC that required nascent gene transcription and mimicked the mechanism utilized by FSH 

to initiate GVBD (12). 

Bovine COC can be maintained at the GV stage by the increased levels of cAMP that 

occur following the use of invasive adenylate cyclase (iAC; 20).  Furthermore, inhibition of 

maturation by culture of bovine COC with IBMX or forskolin also maintained COC arrest at 

the GV stage (21, 22).  These inhibitors are dependent upon activation of PKA (20, 23) but 

the specific role of PKA in the maturation of bovine COC has not been described.  The 

objective of the present experiment was to assess the potential role of transcription following 

Type II PKA activation in regulating bovine oocyte maturation.  
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MATERIALS AND METHODS 

 
Reagents 

5,6-Dicholoro-1-β-D-ribofuranosylbenzimidazole (DRB, Lot #027H4086) and the 

cAMP analogs, N6-monobutyryl-cyclic adenosine monophosphate (N6) and 8-bromo-cyclic 

adenosine monophosphate (8 - Br) were purchased from Sigma Chemical Co. (St. Louis, 

MO).  Unless otherwise noted, chemicals for preparation of media were from Sigma 

Chemical Co. (St. Louis, MO) and were of tissue culture grade.  

A 20 mg/ml stock solution of DRB was prepared in DMSO and used at a final 

concentration of 120 µM.  Differential activation of Type II PKA was performed by 

supplementing media with a combination of the cAMP analogs 8-Br and N6 (12, 19).  The 

analogs were dissolved in DMSO and used immediately.  An equimolar concentration of 

each analog was used to achieve the final concentration indicated for each experimental 

group.  

Oocyte Recovery and Culture Conditions 

Ovaries collected at a local abattoir were transported to the laboratory in saline with 

0.75 µg/ml penicillin.  Follicles from 2- to 8-mm in diameter were aspirated using an 18 ga 

needle and 10 cc syringe.  COC with several layers of cumulus cells were collected, washed 

5 times in modified Tyrode’s medium (TL-Hepes) and matured for 20 h in 1 ml of TCM-199 

supplemented with 10% heat-inactivated estrus cow serum (ECS), 1 µg/ml estradiol, 200 µM 

pyruvate, and 50 µg/ml gentamicin.  Bovine COC were distributed to one of 8 treatment 

groups and cultured for 20 h.  The 8 treatment groups were arranged in 2 subgroups: control 

groups (n=4) that included all combinations of ± DRB (120 µM in 0.2% DMSO) and ± FSH 
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(5 µg/ml); and Type II activation groups: (n=4) that included 0.5 mM and 1.0 mM activators 

of Type II PKA in the presence or absence of DRB.  The experiment was replicated 12 times 

with an average of 62 ± 19 COC per replicate.  All cultures were maintained in an 

atmosphere of 5% CO2 in air with 100% humidity.  Control and treatment media were 

changed at 4 h intervals throughout the 20 h culture period. 

Assessment of Meiotic Stage  

At the end of the culture period, oocytes were assessed for stage of meiotic 

maturation as previously described (11).  Briefly, COC were manually denuded, placed on a 

microscope slide and gently covered with a cover slip on which Vaseline was placed on two 

opposing edges. COC were fixed in ethanol-acetic acid (3:1; v/v) for approximately 20 h, 

stained with 1% orcein in 25% acetic acid and de-stained with ethanol-acetic acid.  Oocytes 

were evaluated for stage of meiotic maturation using criteria established by Motlik et al. (24) 

using differential interference contrast microscopy at a magnification of 200X. 

Statistical Analysis 

Data were arcsin transformed and analyzed by one-way ANOVA with separation of 

means using Duncan’s Multiple Range Test.  P < 0.05 was considered statistically 

significant.  All data are reported as least squares means ± standard error.  
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RESULTS 
 

Consistent with previous data (11, 13), GVBD initiated in the presence of FSH was 

effectively blocked by treatment with DRB (Control + FSH: 97 ± 4% GVBD, DRB + FSH: 

19 ± 4% GVBD, respectively; P<0.001; Figure 1).  Compared to controls, GVBD initiated in 

the absence of FSH was inhibited by approximately 13% when COC were cultured with 

DRB alone (Control ± FSH: 97 ± 4% GVBD, DRB – FSH: 84 ± 4% GVBD, respectively; 

P<0.01; Figure 1).  

No differences were found in the proportion of oocytes that underwent GVBD in the 

presence of either 0.5 or 1.0 mM Type II PKA activators in the absence of DRB (0.5mM: 95 

± 6%, 1.0 mM: 85 ± 4% GVBD; respectively; Figure 1).  Compared to 0.5 mM and 1.0 mM 

Type II PKA controls matured in the absence of DRB, GVBD initiated in the presence of 

Type II PKA activators was effectively blocked by culture with DRB (0.5 mM + DRB: 36.5 

± 6% GVBD, 1.0mM + DRB: 35.9 ± 4% GVBD; p< 0.01; Figure 1).  The inhibition of 

GVBD achieved when Type II PKA activators were used in combination with DRB was not 

as effective as when DRB was utilized in FSH-supplemented medium (DRB + FSH: 19 ± 4% 

GVBD, 0.5 mM + DRB: 36.5 ± 6% or 1.0 mM + DRB: 35.9 ± 4% GVBD; P< 0.001, Figure 

1). 
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DISCUSSION 

 

Consistent with previously published data in bovine (11) and murine COC (12) the 

transcriptional inhibitor DRB effectively blocked FSH-induced but not spontaneous 

maturation.  These data imply that FSH-induction of maturation required transcription that 

does not occur during spontaneous maturation.  Signal transduction by FSH occurs following 

stimulation of adenylate cyclase and activation of cyclic AMP-dependent protein kinase A 

(PKA; (14).  Data in the present study demonstrated that activation of Type II PKA in 

cultured bovine COC also results in transcription required for GVBD.  These findings are in 

agreement with those reported for murine COC (12). 

In contrast with our findings in the mouse, treatment with DRB alone decreased the 

proportion of COC that underwent spontaneous GVBD compared to controls.  These data 

suggest that 13% of the spontaneously maturing COC appear to be DRB-sensitive and 

require gene transcription for GVBD to occur.  We suspect that sensitivity to DRB in this 

small proportion of spontaneously maturing COC may reflect the inherent heterogeneity of 

the bovine COC obtained from abattoir ovaries.  Unlike homogeneous populations of murine 

COC that are obtained from gonadotropin-treated prepubertal females, bovine COC are 

aspirated from abattoir ovaries obtained at random stages of the estrous cycle.  Thus, it is 

probable that a proportion of selected bovine COC might have been exposed to endogenous 

gonadotropins prior to their collection.  In these COC, the process of gonadotropin-induced 

maturation may have already begun.  Thus, these COC would be sensitive to DRB treatment 

and would not undergo GVBD, even when cultured in the absence of FSH.   
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It is clear that the mechanism of maturation occurring in the presence of Type II PKA 

activators differs from spontaneous maturation because they can be differentiated by their 

sensitivity to DRB.  Activation of Type II PKA in the absence of FSH seems to commit 

oocytes to a gonadotropin-induced maturation pathway because culture in presence of the 

DRB inhibits GVBD and mimics the effect of FSH supplementation.  Furthermore, oocytes 

that are cultured in the presence of either FSH or Type II PKA activators remain arrested at 

the GV stage by DRB and do not revert to a spontaneous pathway.   

Our previous results (12) as well as those of Downs and Hunzinker-Dunn (19) 

suggest that in the mouse, activation of Type I PKA results in inhibition of GVBD.  An 

unsuccessful attempt was made to activate Type I PKA in bovine COC (Rodriguez and Farin, 

unpublished).  We suspect that the inability to consistently activate Type I PKA in bovine 

COC also reflects the differences between use of the superovulated-prepubertal mouse 

model, which results in a homogeneous population of COC, compared to the abattoir 

collected bovine ovary model which results in a more heterogeneous population of COC.   

Subcellular compartmentalization of Type II PKA, through its interaction with A-

kinase anchoring proteins (AKAPs), may increase its specificity in regulating meiosis (25).  

FSH promotes redistribution of Type II PKA holoenzyme in rat granulosa cells through 

induction of AKAPs (26).  It has been proposed that the initial delay in maturation that 

occurs following binding of FSH to its receptor may be a result of activation of Type I PKA 

(12, 19).  This initial delay would allow time for the induction of AKAPs and redistribution 

and activation of Type II PKA.  Based on data presented in this study, activation of Type II 

PKA results in the initiation of gene transcription and the production of required mRNA 
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signals for GVBD.  This may occur through PKA-dependent phosphorylation of histone H3 

as has been shown for FSH-mediated transcription in rat granulosa cells (27). 

In summary, activation of Type II PKA promotes GVBD by a transcriptional 

mechanism that mimics the action of FSH in stimulating GVBD in cultured bovine COC.  

Identification of the transcriptional signal required for the initiation of GVBD in COC 

cultured in the presence of FSH is critical for understanding the molecular mechanisms 

underlying gonadotropin-induced meiotic maturation. 
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DEVELOPMENTAL CAPACITY OF BOVINE COC AFTER TRANSCRIPTIONAL 
INHIBITION OF GERMINAL VESICLE BREAKDOWN 

ABSTRACT 

Oocytes cultured in the presence of FSH with the transcriptional inhibitor DRB 

remain in meiotic arrest at the germinal vesicle stage (GV).  The objective of this study was 

to assess the developmental capacity of bovine cumulus oocyte complexes (COC) following 

prolonged meiotic arrest by DRB.  COC were matured for 20 h in Tissue Culture Medium 

(TCM)-199 supplemented with 10% estrous cow serum (ECS), 10 µg/ml LH, and 5 µg/ml 

FSH in the presence or absence of 120 µM DRB.  COC in both groups were fertilized and 

then randomly assigned to one of two development media: TCM-199+10% ECS or 

mSOF+0.6% fatty acid-free BSA.  Development was assessed at 72 hpi, 168 hpi (day 7) and 

216 hpi (day 9).  As expected, culture with DRB arrested oocyte maturation at the GV stage 

(DRB, 91 ± 3% GV; Control, 1 ± 3% GV; p<0.001).  However, no significant differences 

were found for inhibitor treatment, development medium or their interaction on cleavage of 

zygotes at 72 hpi (TCM-199, 88 ± 4% vs. mSOF, 85 ± 4%; DRB, 82 ± 4% vs. Control, 91 ± 

4%).  Similarly, no effect of inhibitor, development medium or their interaction was found on 

development to the blastocyst stage on either day 7 (TCM-199; Control, 31 ± 6% vs. DRB, 

21 ± 6%; mSOF; Control, 21 ± 6% vs. DRB, 14.4 ± 6%) or on day 9 (TCM-199; Control, 41 

± 9% vs. DRB, 35 ± 9%; mSOF: Control 43 ± 8% vs. DRB: 21 ± 8%).  In summary, bovine 

COC maintained in meiotic arrest for 20 h by culture in the presence of DRB retain their 

capacity to develop to the blastocyst stage after fertilization in vitro. 

This chapter has been submitted for publication as: Developmental Capacity of Bovine COC after 

Transcriptional Inhibition of GVBD.  Rodriguez, KF and Farin CE.  Theriogenology. 
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INTRODUCTION 

Throughout follicular development oocytes remain arrested at prophase I of meiosis.  

During this meiotic arrest, oocyte growth continues with increases in oocyte diameter and 

accumulation of maternal RNA transcripts required for acquisition of developmental 

competence following fertilization (1, 2, 3).  Both cytoplasmic and nuclear maturation must 

occur for the oocyte to become competent to support subsequent post-fertilization 

development.  Cytoplasmic maturation includes cellular changes including alignment of 

cortical granules, increased lipid accumulation (4) and accumulation of gluthatione (5, 6).  

Nuclear maturation refers to acquisition of the ability to undergo dissolution of the germinal 

vesicle (nuclear membrane), condensation of the chromosomes, release of the first polar body 

and subsequent arrest at metaphase II (MII; 7, 8).   

Resumption of meiosis in vivo is triggered by the preovulatory gonadotropin surge 

(9).  However, when bovine cumulus oocyte complexes (COC) are aspirated from antral 

follicles greater than 2 mm in diameter and cultured in vitro, they resume meiosis either 

spontaneously or in the presence of gonadotropins (10, 11).  De-novo transcription is 

required for gonadotropin-mediated, but not spontaneous, oocyte maturation (12).  Specific 

inhibitors of transcription, such as α-amanitin or 5,6-dichloro-1-β-D-ribofuranosyl-

benzimidazole (DRB), have been used to arrest gonadotropin-mediated resumption of 

meiosis in the pig (13), sheep (14), cow (12, 15) and mouse (16).  For transcriptional 

inhibitors to effectively arrest maturation at the GV stage several layers of cumulus cells 

must surround the oocytes and gonadotropins must be present in the maturation medium (12, 

16).  These observations support the conclusion that gonadotropin stimulation results 
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transcription, which occurs in the cumulus cells and is required for the initiation of GVBD 

(12, 16). 

Only 30 to 40% of bovine oocytes that undergo maturation and fertilization in vitro 

reach the blastocyst stage (17, 18, 19).  This is in contrast to the observation that 

approximately 80% of oocytes matured and fertilized in vivo reach the blastocyst stage (20).  

It has been suggested that the developmental competence of in vitro matured oocytes might 

be increased if oocytes could be maintained in meiotic arrest allowing an additional 

opportunity for cytoplasmic maturation to occur (3, 21).  Roscovitine, a purine that 

specifically inhibits maturation promoting factor (MPF) kinase activity and effectively blocks 

cell cycle progression, has been used to maintain bovine oocytes at the germinal vesicle stage 

without compromising their subsequent developmental potential (21).  In contrast, the 

developmental capacity of bovine COC maintained in transcriptional arrest of meiosis with 

α-amanitin is severely reduced (22).  It is unclear if the reduction in developmental capacity 

after fertilization noted in de Witt and Kruip (22) was a generalized effect following 

transcriptionally-mediated meiotic arrest or an effect of the specific transcriptional inhibitor 

used.  Therefore, the objective of this study was to assess the developmental capacity of 

bovine COC after prolonged meiotic arrest in the presence of the transcriptional inhibitor 

DRB. 
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MATERIALS AND METHODS 

Reagents and Media 

Tissue culture medium (TCM-199 with Earl’s salts) was purchased from Gibco BRL 

(Grand Island, NY). Equine pituitary LH (11.5 NIH LH-S1 U/mg) and porcine pituitary FSH 

(50 mg/vial Armour FSH standard) preparations were obtained from Sigma Chemical Co. 

(St. Louis, MO). The transcriptional inhibitor 5,6-dichloro-1-β-D-ribofuranosyl-

benzimidazole (DRB) was obtained from Sigma Chemical Co. (St. Louis, MO). All other 

reagents and medium supplements were of tissue culture grade and purchased from Sigma 

Chemical Co. 

 

Experimental Design, Oocyte Maturation and Embryo Production 

The overall experimental design is illustrated in Figure 1. Ovaries collected at a local 

abattoir were transported to the laboratory in saline with 0.75 µg/ml penicillin. Follicles 2- to 

8-mm in diameter were aspirated using an 18 ga needle and 10 cc syringe.  COC were 

collected, washed 5 times in modified Tyrode’s medium (TL-Hepes), and matured for 20 h in 

1 ml of TCM-199 with 10% heat-inactivated estrus cow serum (ECS), 10 µg/ml LH, 5 µg/ml 

FSH, 1 µg/ml estradiol, 200 µM pyruvate and 50 µg/ml gentamicin, either in the presence of 

DRB (120 µM in 0.2% DMSO) or vehicle control (0.2% DMSO).  All cultures were 

maintained in an atmosphere of 5% CO2 in air with 100% humidity.  Both control and 

treatment media were changed at 4 h intervals throughout the 20 h inhibitor treatment period. 
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At the end of the 20 h inhibitor treatment period, a subset of COC from the DRB-treatment 

group and all COC from the control group were assessed for stage of meiotic maturation as 

previously described (12).  Briefly, COC were manually denuded, placed on a microscope 

slide and a three-dimensional mount was prepared using a cover slip on which Vaseline had 

been placed on two opposing edges.  COC were fixed in ethanol-glacial acetic acid (3:1) for 

approximately 20 h, then stained with 1% orcein in 25% acetic acid and de-stained with 

ethanol-acetic acid.  Oocytes were evaluated for stage of meiotic maturation using criteria 

established by Motlik et al. (23) using differential interference contrast microscopy at a 

magnification of 200X. 

The remaining COC from the DRB treatment group were washed 5 times in 

maturation medium and then transferred to inhibitor-free medium for an additional 20 h of 

oocyte maturation.  This 20 h maturation period was chosen based on data from a preliminary 

experiment demonstrating that after release from the inhibitor, COC follow normal kinetics 

of maturation (data not shown).  A new group of untreated COC were collected, washed and 

matured simultaneously for use as a control group (see Figure 1).  After maturation, all COC 

were washed once and placed into 0.75 ml fertilization medium consisting of Tyrode-

albumin-lactate-pyruvate medium supplemented with 6 mg/ml fatty acid-free BSA and 10 

µg/ml heparin (24).  Motile spermatozoa were collected using a swim-up procedure (24) and 

fertilization was conducted for 18-20 h using a final concentration of 1 x 106 spermatozoa/ml.  

Thawed frozen semen from the same sire was used for the production of all embryos.  

Presumptive zygotes were washed 6 times in TL-Hepes and transferred into either 1 ml 

TCM-199 with 10% ECS and 50 µg/ml gentamicin or into 1 ml modified Synthetic 

Oviductal Fluid (mSOF) supplemented with 0.6% fatty acid free BSA, 1% (v/v) minimal 
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essential medium non-essential amino acids and 50 µg/ml gentamicin (25).  Cultures in 

TCM-199-based development medium were performed in an atmosphere of 5% CO2 in air 

with 100% humidity.  Medium was changed at 48 h intervals throughout culture.  Cultures in 

mSOF were performed in an atmosphere of 90%N:5%O2:5%CO2 and the medium was 

undisturbed throughout the entire development period. 

At 72 hours post insemination (hpi) a subset of zygotes from each treatment group 

was assessed to determine the percent of zygotes cleaved within each experimental replicate 

(n=61 ± 9 zygotes per replicate; 4 replicates).  The remaining undisturbed zygotes were 

continued in culture and assessed for stage of development at 168 hpi (day 7) and 216 hpi 

(day 9; n=65 ± 10 COC per replicate; 4 replicates).  

 
Statistical Analysis 

Data for the effect of treatment on the percentage of oocytes within specific meiotic 

stages were arcsin transformed and analyzed using Student’s t-tests.  Data for the effect of 

treatment on preimplantation embryo development were arcsin transformed and analyzed by 

two-way ANOVA (26).  The statistical model included the effects of replicate, medium, 

inhibitor and the interaction of medium and inhibitor.  Means were considered statistically 

different at P<0.05.  Data are reported as least squares means ± standard error.  
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RESULTS 

Consistent with previous reports (12, 27, 28), bovine COC matured for 20 h in the 

presence of the transcriptional inhibitor DRB remained at the GV stage (91 ± 2% GV) 

compared to control COC (0 ± 2 % GV; P<0. 01, Figure 2).  No significant difference was 

found in the proportion of COC remaining at the MI stage between control and DRB-arrested 

groups (3 ± 3 % vs. 4 ± 3%, respectively).  The majority of COC in the control group reached 

metaphase II (95 ± 4% vs. 4 ± 4% for control and DRB-treated COC, respectively; P< 0.01, 

Figure 2). 

At 72 hpi, the percentage of zygotes cleaving to the 2-cell stage or beyond was not 

different between control and DRB-arrested COC regardless of development medium (TCM-

199 Control, 95 ± 4% cleaved; TCM-199 DRB-arrested, 82 ± 4% cleaved; mSOF Control, 87 

± 4% cleaved; mSOF DRB-arrested, 82 ± 4% cleaved). 

The percentage of COC that developed to the blastocyst stage after 168 hpi (day 7) 

and 216 hpi (day 9) did not differ between control and DRB-arrested groups when either 

TCM-199 or mSOF was used for culture.  This was true whether data were expressed as a 

percent of COC matured or as a percent of oocytes cleaved (Table 1). 
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DISCUSSION 

Prolonged transcriptional inhibition of oocyte maturation by DRB does not appear to 

significantly compromise subsequent development to the blastocyst stage.  Our results 

contrast with those of de Wit and Kruip (22) who found that arrest of meiosis by prolonged 

transcriptional inhibition using α-amanitin was severely detrimental to oocyte developmental 

competence.  In that study, no COC held in prolonged meiotic arrest for 24 h by α-amanitin 

developed to the blastocyst stage after fertilization in vitro.  Differences in the mechanism of 

action of the transcriptional inhibitor used in de Wit and Kruip (22) compared to the inhibitor 

used in the present study likely accounts for the observed differences in developmental 

capacities of the arrested oocytes.  α-Amanitin acts by specifically inhibiting nucleoplasmic 

RNA synthesis by permanently binding to RNA polymerase II (29).  In contrast, DRB 

specifically inhibits transcription by preventing the formation of a stable transcription 

initiation complex by binding to DRB-sensitive transcription factors present within the cell 

(30).  Binding of DRB to these sensitive factors is highly reversible (30).  In the present 

study, oocytes held in meiotic arrest by DRB resume meiosis with normal kinetics after 

removal of the inhibitor from the culture medium (Rodriguez and Farin, unpublished).  

Therefore, it appears that use of a general transcriptional arrest mechanism to prolong 

maturation prior to fertilization is not itself detrimental to oocyte developmental competency. 

A greater proportion of in vivo matured oocytes reach the blastocyst stage than in 

vitro matured oocytes (20, 31, 32, 33).  The observation that in vivo matured COC have 

different developmental competencies than in vitro matured COC supports the premise that 

in vitro maturation systems can be improved.  The manipulation of factors that may affect 

developmental competence while COC are maintained in meiotic arrest needs to be explored 
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(3).  Progesterone treatment, which stimulates transcription of de-novo mRNAs through a 

receptor-mediated mechanism (reviewed in 34) had a significant positive effect on 

subsequent oocyte developmental competence when administered during a 6 h period of 

meiotic arrest maintained by cycloheximide (3).  Similarly, analogs of cAMP have been 

shown to stimulate progesterone receptor-mediated transcription in the absence of 

progesterone (reviewed in 34) and increase oocyte developmental competence during a 6 h 

cycloheximide arrest (35).  These observations suggest that the bovine oocyte can respond to 

the manipulation of factors during meiotic arrest.   

Based on studies of [3H]-uridine incorporation, the bovine oocyte is transcriptionally 

active during folliculogenesis (10, 36).  Transcriptional activity decreases during antrum 

formation but a low level of activity is detected in fully-grown mouse (37) and bovine 

oocytes (10, 36).  This low level of transcriptional activity may represent the activation of 

genes that influence the acquisition of developmental competence as well as the activation of 

genes that signal for the resumption of meiosis.  Unfortunately, culture of bovine COC in the 

presence of DRB would inhibit all transcription initiation, including the generation of 

mRNAs needed for both of these physiological functions.  Because subsequent 

developmental capacity of COC maintained in meiotic arrest by culture in the presence of 

DRB appears not to be compromised, the DRB-arrest model represents a useful physiological 

approach for the identification of gene products that regulate the onset of GVBD. 

In summary, bovine COC maintained in meiotic arrest for 20 h by culture in the 

presence of the transcriptional inhibitor DRB maintain their capacity to develop to the 

blastocyst stage.  
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IDENTIFICATION OF NOVEL TRANSCRIPTS REQUIRED FOR 

GONANDOTROPIN-INDUCED BOVINE OOCYTE MATURATION 

ABSTRACT 

Bovine oocyte maturation can occur spontaneously or in the presence of 

gonadotropins.  De-novo transcription is required for the initiation of gonadotropin-induced 

but not spontaneous maturation. The purpose of this experiment was to identify mRNAs 

whose expression is associated with the initiation of GVBD.  Bovine ovaries were collected 

from an abattoir and 2 – 8 mm follicles were aspirated to obtain cumulus oocyte complexes 

(COC). COC were selected, washed and either immediately snap frozen in liquid nitrogen 

(0h) or snap frozen after culture for 4h.  The medium used for COC culture was TCM-199 

with 10% estrus cow serum, 5 µg/ml FSH, 10 µg/ml LH, 1µg/ml estradiol, 200 µM pyruvate 

and 50 µg/ml gentamicin in the absence or presence of the transcriptional inhibitor DRB (4h 

and 4h+DRB, respectively).  COC were stored at -80ºC prior to the extraction of whole cell 

RNA.  Differential display was performed using 4 anchor primers and 24 arbitrary primers.  

Differentially expressed bands were confirmed by replication and then isolated.  Amplicon 

specific primers and independent pools of cDNA from COC frozen at either 0h or 4h were 

used to reconfirm differential expression using semi-quantitative PCR.  Expression of 

GAPDH was utilized as a housekeeping control.  A total of 4 amplicons was found to be 

differentially expressed in cDNA from COC from the 4h culture group compared to the 0h or 

4h+DRB groups.  No differences were found in the expression of GAPDH between treatment 

groups.  Homology searches conducted for the 4 amplicons using the BLAST algorithm did 

not identify similarities to known sequences suggesting that these amplicons represent novel 

transcripts. 



 

 

117

INTRODUCTION 

 

Mammalian oocytes become arrested in the dictyate stage of prophase I and normally 

resume meiosis in response to the pre-ovulatory surge of gonadotropins (1).  When bovine or 

murine oocytes are extracted from the follicle and cultured in the presence of gonadotropins, 

they resume meiosis in a transcriptionally dependent manner (2, 3, 4).  This transcriptional 

event occurs in the cumulus cell since inhibition of transcription during maturation of 

denuded bovine (2) and murine (4) oocytes is ineffective in arresting GVBD.  Furthermore, 

microinjection of the transcriptional inhibitor α-amanitin does not block GVBD in denuded 

porcine COC (5).  Together, these observations suggest that gonadotropin binding to cumulus 

cells results in transcription which is required for GVBD (4).  Following FSH-binding to its 

receptor on the cumulus cell, activation of protein kinase A (PKA) occurs.  In murine COC, 

activation of Type I PKA is associated with an inhibition of maturation and activation of 

Type II PKA is associated with an induction of maturation (4, 6).  Activation of Type II PKA 

requires transcription for the initiation of GVBD in murine (4) and bovine COC (Chapter 3). 

In bovine COC, addition of a transcriptional inhibitor to maturation medium at 

different times after the initiation of culture indicated that the transcriptional event required 

for the gonadotropin-induced GVBD occurs between 1-2 h of the initiation of culture (3).  

Furthermore, addition of the protein synthesis inhibitor cycloheximide blocks FSH-induced 

oocyte maturation if added within 6h after the initiation of culture (3).  The transcripts 

required for GVBD are likely present in the ooplasm between 2 and 6 h of the initiation of 

culture.  However, the identity of these gonadotropin-induced mRNAs required for the 

resumption of meiosis and GVBD are not known.  The objective of this study was to 

compare the transcriptional profiles of bovine COC cultured for either 0h, 4 h after the 
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initiation of culture (4h) and for 4 h after the initiation of culture in the presence of the 

transcriptional inhibitor DRB (4h+DRB) to initially identify potential transcripts whose 

expression is associated with the initiation of GVBD.   

 

 

MATERIALS AND METHODS 

 
Experimental Design 

Experiments were performed to assess and compare the effect of transcriptional 

inhibition on mRNA expression profiles of bovine COC before the initiation of maturation (0 

h), after 4 h of culture in the presence of gonadotropins (4h) and after 4 h of culture in the 

presence of gonadotropins and DRB (4h+DRB).  In addition, semi-quantitative PCR analysis 

to verify differentially expressed amplicons was performed using independent samples of 

cDNA of bovine COC cultured for 0 h or 4 h in the presence of gonadotropins.   

 

Reagents and Media  

Tissue culture medium (TCM-199 with Earl’s salts) was purchased from Gibco BRL 

(Grand Island, NY). Equine pituitary LH (11.5 NIH LH-S1 U/mg) and porcine pituitary FSH 

(50 mg/vial Armour FSH standard) preparations were obtained from Sigma Chemical Co. 

(St. Louis, MO). The transcriptional inhibitor 5,6-dichloro-1-β-D-ribofuranosyl-

benzimidazole (DRB) was obtained from Sigma Chemical Co. (St. Louis MO). All other 

reagents and medium supplements were of tissue culture grade and purchased from Sigma 

Chemical Co.  Tri-reagent was purchased from Molecular Research Center Inc., (Cincinnati, 

OH). DNase I and Taq Polymerase were purchased from Roche Molecular Biochemicals 
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(Mannheim, Germany).  Superscript II reverse transcriptase and dNTPs were purchased from 

Invitrogen (Carlsbad, CA). Random hexamers were purchased from Promega Co. (Madison, 

WI).  Gene-Clean II purification kit was purchased from Bio 101 (Carlsbad, CA).  QIAquick 

PCR purification kit was purchased from Qiagen Inc. (Valencia, CA). All primers for PCR 

and differential display were synthesized by Qiagen Operon (Alameda, CA).   

 

Oocyte Recovery and Maturation  

Ovaries were collected from a local abattoir and transported to the laboratory in 0.9% 

sterile saline supplemented with 0.75 µg/ml penicillin.  Follicles 2- to 8-mm in diameter were 

aspirated using an 18 ga needle and 10 cc syringe.  COC were collected, washed 3 times in 

modified Tyrode’s medium (TL-Hepes) and either snap frozen in liquid nitrogen (0h) or snap 

frozen after culture for 4 h in the presence of DRB (120 µM in 0.2% DMSO; 4h+DRB) or 

vehicle control (0.2% DMSO; 4h).  All cultures were conducted in 1 ml of TCM-199 

supplemented with 10% heat-inactivated estrus cow serum (ECS), 10 µg/ml LH, 5 µg/ml 

FSH, 1 µg/ml estradiol, 200 µM pyruvate, and 50 µg/ml gentamicin. Cultures were 

maintained in an atmosphere of 5% CO2 in air with 100% humidity.  After snap freezing in 

liquid nitrogen all COC stored at -80ºC prior to extraction of whole cell (wc) RNA. 

 

wcRNA Extraction and Reverse Transcription 

Tri-reagent was added to frozen COC at a ratio of 800 µl to 120 COC.  Extraction 

was performed according to manufacturer’s instructions and the resulting wcRNA was 

resuspended in diethyl pyrocarbonate-treated water at a concentration of 250 ng/ml.  Quality 

of the extracted wcRNA was assessed by visualization of 18S and 28S rRNA bands on 1% 
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ethidium bromide-stained agarose gels.  Aliquots (1 µg) of wcRNA were snap-frozen in 

liquid nitrogen and stored at -80ºC prior to analysis.  Individual aliquots were thawed on ice 

and for each cDNA synthesis reaction 0.5 µg of each sample was treated with 15U of DNase 

I for 20 min at 37ºC.  DNA-free wcRNA was reversed transcribed using Superscript II 

RNase H- for 1h at 37ºC.  The final 50 µl reactions included 0.5 µg of sample mRNA, 500 ng 

of 3’primer, 0.8 mM dNTP mix, 1X first strand buffer (50 mM Tris-HCL, 75 mM KCL, 3 

mM MgCl2), 0.01 mM dithiothreitol and 400 units of Superscript II reverse transcriptase.  

For each treatment, aliquots of COC cDNA for DD-PCR analysis were synthesized using 

each of the 4 anchor primers: dT8VA, dT8VG, dT8VC and dT8GC.  cDNA used for semi-

quantitative PCR analysis was synthesized with 1.5 µg random hexamer primers.  A negative 

control reaction that included all reagents but no wcRNA was included. All cDNA samples 

were then cleaned to remove reverse transcription reagents using either Gene Clean II (BIO 

101) or PCR clean-up Kit (Qiagen) as recommended by the manufacturer.  cDNA was then 

resuspended in diethyl pyrocarbonate-treated water at a concentration of 5 ng/µl.  

 
Differential Display PCR (DD-PCR) 

DD-PCR was performed according to the methods of Liang and Pardee (1992; 7).  

All reactions were performed in duplicate.  For the DD-PCR analysis, a total of 24 arbitrary 

primers was used in combination with each anchor primer (n=96 reactions, Table 1; 8).  Each 

PCR reaction was run in a final volume of 20 µl and included 5 µl of cDNA sample (25 ng 

cDNA), 200 ng of the anchor primer, 40 ng of the arbitrary primer, 16 µM dNTP mix, 10 µCi 

of [35S]-dATP (Amersham Pharmacia Biotech), 1X PCR buffer (10 mM Tris-HCL, 1.5 mM 

MgCl2, 50mM KCl) and 2.5 U of Taq polymerase.  A negative control that included all  
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reagents in the final PCR mix and no cDNA was included.  All PCR reactions were 

assembled on ice, overlaid with mineral oil and briefly spun before placing into a PTC-100 

thermal cycler (MJ Research, Watertown, MA).  PCR was performed for 40 cycles under the 

following conditions: denaturation for 30 sec at 94ºC, annealing for 30 sec at 45ºC and 

primer extension for 60 sec at 72ºC.  A final extension for 5 min at 72ºC was performed.  

PCR products were electrophoresed on 6% denaturing polyacrylamide gels in 0.6X TBE 

buffer at 60mA until the xylene cyanol loading dye reached the bottom of the gel 

(approximately 3h).  Gels were dried for 4h at 60-80ºC and exposed to X OMAT-AR film 

(Kodak) for 48 h at room temperature.  Differentially expressed fragments were located by 

superimposing the radiograph on the gel using preset alignment markings.  Amplicon bands 

present in the 4h group but not in the 0h or 4h+DRB groups were selected for further 

analysis.  When a band of interest was identified, PCR reactions were repeated with the same 

cDNA pool.  If positive, PCR reactions were then performed on independent 0h, 4h and 

4h+DRB cDNA pools.  If still positive, then original fragments of interest were excised with 

a sterile blade.  Amplicon DNA was released from the gel fragment by boiling for 10 min.  

The resuspended DNA was then subcloned (TA Cloning Kit, Promega, Madison, WI) and 

sequenced (Duke University Sequencing Facility, Durham, NC). 

 
Semi-Quantitative PCR and Image Analysis 

Primers for semi-quantitative PCR were designed using the Gene Amplify 1.2 

(Madison, WI) and Oligo 4.0.2 primer analysis software (Plymouth, MA).  In addition, 

primers for bovine glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were synthesized 

based on previously published sequences (9; Table 2).  GAPDH was utilized as a 

housekeeping standard.  Independent pools of cDNA from 0h and 4h groups were utilized for 
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Figure 1.  Representative differential display gel analysis utilized for comparison 

of patterns of mRNA expression during gonadotropin-induced bovine oocyte 

maturation.  A: Gel depicts DD-PCR products from the amplification of 0h, 4h and 

4h+DRB COC cDNA for one anchor primer (dT8GC) and 3 arbitrary primers (RP# 

13, 14, 16). All reactions were run in duplicate.  B:  Magnified image of boxed 

portion of gel shown in A.  The arrow denotes a band of interest demonstrating 

differential expression, present in duplicate reactions at 4 h but not at 0h or 

4h+DRB. 

0h 4h 4h+DRB 

  0   4   4D      0    4   4D    0     4    4D

RP #13        RP #14          RP#16 

      dT8GC 

A 
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 PCR.  Assays for unknown (UK) #3, UK#6 and UK#11 were replicated 3 times utilizing 

independent pools of 0h and 4h COC cDNA.  Assays for UK#1 were replicated twice 

utilizing independent pools of 0h and 4h COC cDNA.  

For each PCR assay, the individual 20 µl reactions included 200 ng of the appropriate 

forward and reverse primers, 16 µM dNTP mix, 1X buffer (10 mM Tris-HCL, 1.5 mM 

MgCl2, 50mM KCl) and 2.5 U Taq polymerase.  Reaction mixes for UK#3, UK#6 and 

UK#11 also included 4 µl of Q solution (Qiagen).  The reaction mixes for UK#3 and UK#6 

included 75 ng of sample cDNA.  The reaction mixes for UK#11 included 100 ng of sample 

cDNA and for UK#1, included 125 ng of sample cDNA.  All reactions were assembled on 

ice, overlaid with oil and briefly spun at 4ºC before placing into a PTC-100 thermal cycler 

for 2 min at 94 ºC.  The standard PCR program included denaturation for 10 sec at 94 ºC, the 

appropriate annealing temperature for 10 sec (Table 2) and 10 sec at 72º C for primer 

extension. The final cycle included a final period for primer extension at 72 ºC for 5 min.   

The band intensity of each PCR product was determined using computer-assisted 

video densitometry (Optimus 6.1; Media Cybernetics, Bothell, WA).  The ratio of the signal 

intensities for the specific amplicon products was expressed relative to the signal intensity of 

GAPDH.  

 
Statistical Analysis 

All data were analyzed using General Linear Model procedures (10).  All means were 

considered statistically different at P<0.05.  The statistical model used to analyze signal 

intensities included the main effects of reverse transcription reaction, treatment and the 

interaction of cycle number by treatment.   
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RESULTS 

 
Comparison of the mRNA profiles expressed in bovine COC matured for 0h, 4h or 

4h+DRB resulted in the initial identification of 11 differentially expressed amplicons.  These 

amplicons were designated unknown (UK) #1 through 11 and were expressed only in the 4h 

treatment group but not in the 0h or the 4h+DRB treatment groups.  Differential expression 

was confirmed by repeatability of the bands within duplicates, by repeated PCR reactions on 

the same cDNA and by repeated PCR using new cDNA pools.  In Figure 1 is illustrated a 

representative differential display gel depicting one of the differentially expressed bands 

identified.   

Subcloned inserts were sequenced following band isolation and subcloning.  

Following initial band identification, reconfirmation and semi-quantitative RT-PCR analysis, 

four differentially expressed mRNA amplicons were identified (Figure 2).   The original 

primers utilized for differential display and the nested primers designed for each amplicon as 

well as their expected product lengths and annealing temperature are presented in Table 2.  

The nucleotide sequences of these amplicons and the nested primers within each amplicon 

are presented in Figure 3.  PCR of independent pools of 0h and 4h COC cDNA using nested 

primers for UK#1, UK#3 and UK#6 resulted in amplification products that matched the 

expected product lengths (Table 2).  The amplification product from 0h and 4h COC cDNA 

pools using nested primers for UK#11 was expected to be 319 bp in length; however, the 

amplified product was found to be 510 bp in length.  Sequence analysis of this product 

revealed that amplification occurred from only one primer of the nested primer pair (Figure 

4).  Comparison of the product sequence revealed it to be dissimilar to the original sequence 

of the UK#11 amplicon.  
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GAPDH 

UK#1 

UK#3 

UK#6 

UK#11 

Figure 2.    Representative PCR products for the 4 UK amplicons identified as well as 

GAPDH.  Amplification of the PCR products was performed utilizing nested primers 

generated from the sequences of the differentially expressed amplicons (Table 2).  Each 

PCR reaction was performed in duplicate on cDNA from COC cultured for either 0h or 4h 

in the presence of gonadotropins.  The gel for UK#1 depict the products after 25 cycles of 

amplification.  Gels for UK#3, UK#6 and UK#11 depict the products after 30 cycles of 

amplification 

277 bp 

198 bp 

289 bp 

509 bp 

120 bp 

0h 4h
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UK#1 
 
TTACAACGAGGACATAGAAGTTGACAGACTATCAAATTATCAGGCATATAAAACTGATACTGCT
GGACGTTACAAAGAAAATCATCTTGCTGTTTCATCAGCACCAGATCCAAACCTGATTCAACCCAGT
GCAGAAAAGACAAAAATGCAAGATGCAGCAATTCAGACAATCCCCTCCTGTGGCAGTTTTGATGG
GGATCAGCAAGATCATAATTTGTCTGACGTCAAAGTTGATGAAAGTGTGCAAACTTCAAGTAACA
ACAAATCAACTCAACACTTATCTTTAAGCCCACAAGATTCTATAGATATCTCAGGAAAATTCAGG
AGTAAGGGCCCCCTCGTTGTA 
 
 
UK#3 
 
TACAACGAGGGTGATGTCAAATAGCAATTTCCCACAACTGATTAAAAACTGAGTTGGAAGTCAGG
AGTTCTTTCTGTCGCCCTGTTTGTCCTCTGTTCAATGGTTATTTGGTAATTATATTTGAGGTAAGT
AGAAAGGTAATTTTGGACCAAAGCCTTTACGGTATATCCACAGATGTCAAATTGCTGAGACTAACT
CCTTCAAATTCCCTCTCTCTGAAATTCTTCCCTGAGTTCCACCTTCTTGATAAATCTATCAGTGCTT
CAGTGGCGATGAAATGTTTGCTGAGGGACATCTGGGTGTATCAAGTGGCAGAGGACCAATCTTCT
GTATCGCCTCGTTGTA 
 
 
UK#6 
 
TACAACGAGGCATAGGTATCACTCCCATTTTCAACACTGGGAAACCTGAGGGTTTAGAGGCTTA
GGTTTAGACACTTGCCTAAAAGAGGCCAAGCTAGTGAATGGCAGGAAGCTATGGTGAGAACTCGG
GCCTGGCTGAGCCCAGAACTGGGTCTTCATGACCTTTAGTACCATCTGTGATCTGATGGTGCTTGA
AGCGGAGCTGGGTTAAACAGACAGCTCTGGCAGTCTAAGAGGGCTCAGATTTTCCTCTAGAGTGG
GGCCGGTTCCCTTGAGACCTGACTTGGGGGTCCCCTTGGCCTTGCGTGCTGCTTTCCTCCTGCCGT
CTGTTGCCGCATCCCTCGTTGTA 
 
 
UK#11 
 
GATCCAGTACCCACAAGTAAATGTCTGATCCAGTACCATACAAAAGAGTTTATTGAACTGTAGC
AAGTTCAAAGGAGAATGACCATATCATTCAAAGTGTCTTCTTTAAGCCTTTATTTCCATTTTATGTT
CAGAACAGCTTTATTCTTACTAATTTACCTTATAATAAACGTTATAAACATTATTTAAAATAATGTT
TGAACTTACAGAAGAAATCTTAAGTAAATTTTAAATATAAATTACTTAATTACACTCACACACATG
TAAAAATATAAAATTGTCTATGTTTTATGTATATTTGGAGATAGATAGGTAATCTCCTATAGCTA
GTACTGGATC 
 
 
Figure 3.  Sequences of the 4 differentially expressed amplicons identified in the DD-PCR 

analysis.  The sequence and position of the nested primers utilized for semi-quantitative PCR 

analysis are shown underlined in bold type.   
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UK#11 insert sequence 
 
GATCCAGTACCCACAAGTAAATGTCTGATCCAGTACCATACAAAAGAGTTTATTGAACTGTAGC
AAGTTCAAAGGAGAATGACCATATCATTCAAAGTGTCTTCTTTAAGCCTTTATTTCCATTTTATGTT
CAGAACAGCTTTATTCTTACTAATTTACCTTATAATAAACGTTATAAACATTATTTAAAATAATGTT
TGAACTTACAGAAGAAATCTTAAGTAAATTTTAAATATAAATTACTTAATTACACTCACACACATG
TAAAAATATAAAATTGTCTATGTTTTATGTATATTTGGAGATAGATAGGTAATCTCCTATAGCTA
GTACTGGATC 

 
UK#11 product sequence (F) 
 

TACGACTCACTATAGGGCGAATTGAATTTAGCGGCCGCGAATTCGCCCTTGATCCAGTACCCACA
AGTAATAGGCTTTTTTATGTTTCCATGGGTGGACTTCCTTAGGGGTGAGTCTTTCTGAAGCTTATCC
TACCCAGAACGGTTGCAACCTGAGAGCCAGGCATCCCCGGGTCAGGGTGCAGATCCCCAGGCAGG
TTGAGGCGTGACAGCCTCCTAGAGATCGAATCCCCGGGCAGGTCAAGGCGTGACGGCCTCCTGAG
GATTGGGTCCCTGGGCAGGTCGAGGTGTGATGACCTCCTGGGACCCCTGGGACTAGAGGATCCCC
GAGCAGGTTGAGACGTGACAACCTTTTGAAGACCGATCCCTAGGCAGGTCAAGGCGTGATGACCT
CCTGGGACCCCCGGACTGGAGTTTGGGCATCCCCAAGATCTCCAGTGTGACCAGTATTGGGTAGG
ATTAGGGGGTTGGATATTATAGAGTATTTCCCTCCCAAGGCCAACTATTTTCTGGNTGNCTNTNCA
NAANATNGNANAGGCAAACTNGNGGGTNCTGGATCAAGGGC 

 
UK#11 product sequence (R) 
 

TTACGCCAGCTCAGNAATTAACCCTCACTAAAGGGACTAGTCCTGCAGGTTTAAACGAATTCGCCC
TTGATCCAGTACCCACAAGTTTGCCTCTACAATCTTCTGGAGAGACAACCAGTAAAATAGTTGGC
CTTGGGAGGGAAATACTCTATAATATCCAACCCCCTAATCCTACCCAATACTGGTCACACTGGAGA
TCTTGGGGATGCCCAAACTCCAGTCCGGGGGTCCCAGGAGGTCATCACGCCTTGACCTGCCTAGG
GATCGGTCTTCAAAAGGTTGTCACGTCTCAACCTGCTCGGGGATCCTCTAGTCCCAGGGGTCCCAG
GAGGTCATCACACCTCGACCTGCCCAGGGACCCAATCCTCAGGAGGCCGTCACGCCTTGACCTGC
CCGGGGATTCGATCTCTAGGAGGCTGTCACGCCTCAACCTGCCTGGGGATCTGCACCCTGACCCGG
GGATGCCTGGCTCTCAGGTTGCAACCGTTCTGGGTAGGATAAGCTTCANAAAGACTCACCCCTAA
GGAAGTCCACCCATGGAAACATAAAAAAGCCTATTACTTGNGGGTACTGGATCAAGGGCGAATTC
NNGGNCGNTAAATNCAATTNNCCCTATAGNGAGNCNN 
 
 
Figure 4.  Sequences for UK#11 products.  The original amplicon sequence is shown at the 

top with the nested primers in underlined bold type.  The forward (F) and reverse (R) 

sequences of the PCR product obtained from utilizing the nested primers are also shown.  

The products were obtained from the amplification from only one primer.  The sequences of 

the PCR products have no homology with the original insert sequence.   



 

 

130

Comparison of the signal intensities of the PCR products from COC cDNA samples 

from 0h and 4h treatment groups using semi-quantitative PCR demonstrated that the 

expression of each of the four unknown mRNAs was more abundant after 4h of in vitro 

culture compared to 0h (Figure 2, 5 and 6).  The expression of mRNA for GAPDH was not 

different between treatments.  When signals intensities of the PCR products representing the 

four differentially expressed amplicons were expressed as a ratio of the signal intensities of 

products representing mRNA for GAPDH, statistical differences were maintained (Figure 2, 

5 and 6).  Homology searches conducted for the 4 amplicons using the BLAST algorithm did 

not identify any similarities to known sequences.   

 

 

DISCUSSION 

 
 Differential display-PCR is a technique that allows for the identification of 

differentially expressed genes (7, 8, 11).  The use of defined combinations of primers for 

reverse transcription PCR generates a series of mRNAs that correspond to a fraction of the 

mRNA present in the extract (7).  The major disadvantage of this method is that, by design, 

the cDNA amplicons generated represent sequences primarily from the 3’ untranslated region 

(UTR) and not more upstream in the coding sequences or 5’- UTR of mRNAs.  As a result, 

the correct identification of the amplicon sequences generated becomes more difficult 

because 3’-UTRs of mammalian mRNAs are highly divergent.  Thus, further characterization 

of mRNA sequences represented by differentially expressed amplicons frequently requires 

analysis using rapid amplification of cDNA ends (RACE) techniques.   
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In the present study, use of DD-PCR resulted in the initial identification of eleven 

differentially expressed amplicons.  As expected, the differential expression of four of the 

initial 11 amplicons was independently reconfirmed by semi-quantitative PCR.  The 

expression of COC mRNA represented by all 4 of these amplicons was greater after 4h of 

culture in the presence of gonadotropins compared to 0h culture controls.  Based on selection 

criteria, these mRNAs were also not expressed in the 4h+DRB treatment group.  For all of 

these amplicons, no identity to known sequences was found using the BLAST algorithm.  

This observation suggests that the 4 amplicons represented novel mRNAs.  This result may 

not be surprising since 25% of mRNAs identified in human oocytes by SAGE analysis were 

also found to be novel sequences (12, 13).   

 In bovine COC, addition of α-amanitin (3) or DRB (Farin, unpublished) no later than 

1–2 h after the initiation of culture was required for these transcriptional inhibitors to block 

oocyte maturation.  In rabbit COC, α-amanitin had to be present in the culture medium 

within 2 h of the initiation of culture to effectively arrest oocyte maturation (14).  Similarly, 

ovine COC were maintained at the GV stage only if α-amanitin was present in the maturation 

medium within 1–2 h of the initiation of culture (15).  Together, these observations indicate 

that the transcription induced by gonadotropin stimulation occurs within a 2h window after 

the start of culture in a number of mammalian species.  In sheep, cattle and pigs protein 

synthesis inhibitors such as cycloheximide must be present between 2 and 6h after the 

initiation of culture to inhibit GVBD (3,16, 17, 18).  Thus, in these species it is likely that 

mRNA synthesis begins after 1-2 h from the initiation of culture and continues to the 

translated up to 6 h after the initiation of culture.  In this study, the 4 h culture time was 

chosen because it provided the highest probability of finding detectable levels of mRNA. 
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 Following gonadotropin stimulation, an increase in the levels of cAMP occurs as a 

result of the activation of adenylase cyclase and leads to activation of type I and type II PKA.  

In the mouse, activation of Type I PKA resulted in the inhibition of maturation whereas 

activation of Type II PKA stimulated maturation (6).  Activation of Type II PKA in murine 

COC results in transcription required for the initiation of GVBD (4).  The inhibitory effects 

of the activation of Type I PKA coincide with the initial inhibition of oocyte maturation that 

follows gonadotropin-stimulation (2, 19).  Interestingly, in rat granulosa cells, FSH 

stimulates phosphorylation of histone H3 through the activation of PKA (20, 21).  

Furthermore, also in rat granulosa cells, phosphorylation of histone H3 by PKA allows for 

transcriptional activation of specific FSH responsive genes (21).  Some of these genes have 

been identified to be associated with steroidogenesis (22, 23) and connexin expression (24).  

The present study demonstrates that FSH also induces other genes with unknown identities 

whose expression coincides with the initiation of GVBD.   

 The inhibitory action of DRB on gonadotropin-induced maturation is dependent upon 

the presence of cumulus cells in both bovine (2) and murine (4) COC.  Furthermore, 

disruption of gap-junctional communication between the cumulus cells and the oocyte with 

heptanol prevented FSH-induced resumption of meiosis in hypoxanthine-arrested murine 

COC (25).  These observations suggest that this transcription takes place in the cumulus cell 

and that the maturation signal is likely transmitted to the oocyte through gap junctions.  

Microinjection of α-amanitin directly into the ooplasm of porcine oocytes had no effect on 

the progression of maturation (5).  These data imply that cumulus cells, and not the oocyte, 

are targets for the transcriptional inhibitor.  The maturation signal transmitted to the oocyte 

by the cumulus cell, if transmitted through gap junctions, would have to be a small molecule 
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(<900 Da; 26) such as cAMP or ions.  That transcription is required for this maturation signal 

suggests the possibility that mRNAs encoding specialized ion channels or connexin proteins 

may be candidates for these key transcripts.  Interestingly, in rat granulosa cells FSH does 

induce the expression of connexin 43 mRNA (24). 

In summary, DD-PCR analysis was used to compare mRNA populations in bovine 

COC during gonadotropin-mediated oocyte maturation.  Analysis of mRNA populations in 

COC cultured for 0h or 4h in either the presence or absence of the transcriptional inhibitor 

DRB, led to the identification of 11 differentially expressed amplicons.  Of these 11 

amplicons, the differential expression of 4 of these amplicons was subsequently verified by 

semi-quantitative PCR.  For all 4, expression was increased at 4h of culture compared to 0h 

controls.  Homology searches conducted for the 4 amplicons using the BLAST algorithm did 

not identify any similarities to known sequences, suggesting that these amplicons represent 

novel transcripts. 
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GENERAL CONCLUSIONS 

The technology of in vitro maturation of oocytes is utilized for the production of 

embryos for commercial as well as research purposes.  The difference between the 

developmental potential of oocytes matured in vivo compared to oocytes matured in vitro 

suggests the possibility for improvement of in vitro oocyte maturation systems.  An 

understanding of the molecular mechanisms that underlie gonadotropin-induced maturation 

may allow for the improvement of this technology.  The research described in this 

dissertation was performed to determine the molecular pathways that underlie in vitro 

gonadotropin-induced maturation.   

Following binding to its receptor, gonadotropins stimulate COC to undergo 

maturation in a variety of in vitro culture systems.  Previous studies in our laboratory 

demonstrated that cultured bovine COC could be maintained in meiotic arrest following 

release from the follicle if a transcriptional inhibitor is present in the culture medium.  

Similarly, in Chapter 2 murine COC were shown to be maintained in meiotic arrest by 

culture in the presence of one of either two transcriptional inhibitors, 5,6-dichloro-1-β-D-

ribofuranosylbenzimidazole (DRB) or α-amanitin, both of which utilize different 

mechanisms to block transcription.  For both transcriptional inhibitors to effectively block 

maturation, FSH but not hCG, was required in the culture medium.  Furthermore, 

transcriptional inhibition of oocyte maturation was ineffective if denuded oocytes were 

utilized.  From these observations, it was concluded that FSH binding to its cumulus cell 

receptor results in transcription, which is required for the initiation of maturation.  In this 

same study, differential activation of Type I and Type II PKA isoforms was performed in 

murine COC.  Activation of Type I PKA resulted in the inhibition of maturation whereas 
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activation of Type II did not.  Furthermore, in the absence of gonadotropin supplementation, 

culture of murine COC in the presence of activators of Type II PKA and a transcriptional 

inhibitor resulted in the meiotic arrest.  These observations suggest that in murine COC, FSH 

stimulation results in the activation of Type I and Type II PKA.  Activation of Type I results 

in a transient delay of maturation which is then followed by activation of Type II PKA.  

Activation of Type II PKA is then followed by transcription required for gonadotropin-

induced oocyte maturation.  As shown in Chapter 3 of this thesis, in cultured bovine COC, 

activation of Type II PKA also results transcription required for gonadotropin-induced 

maturation.  Taken together these observations suggest that the mechanism of action of 

gonadotropin-induced maturation is probably conserved between these two species.   

The possibility of improvement of in vitro oocyte maturation systems is based on the 

observation of greater developmental competency for oocytes matured in vivo versus oocytes 

matured in vitro (1).  Maintenance of meiotic arrest provides an opportunity for the 

manipulation the culture environment with the goal of improvement of developmental 

competency following fertilization.  The identification of oocyte maturation inhibitors that do 

not diminish the developmental competency of oocytes following release from this meiotic 

arrest is critical for the application of this approach.  As shown in Chapter 4, the 

developmental competency of bovine COC maintained in meiotic arrest for 20 h by culture in 

the presence of DRB was not different from control COC.   

Identification of the specific mRNA transcripts required for gonadotropin-induced 

resumption of meiosis would allow for a targeted silencing of these required mRNAs.  As 

shown in Chapter 5, the comparison of the mRNA expression patterns for oocytes matured 

for 0h, 4h or 4h+DRB resulted in the isolation of 11 amplicons that were found to be 
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differentially expressed after 4h of culture.  After semi-quantitative PCR analysis, the 

differential expression of 4 transcripts was confirmed.  No homology to known sequences 

was found for this amplicons which suggests the possibility that they represent novel 

transcripts.  Future work towards the identification of the specific transcript(s) required for 

the initiation of GVBD would provide a unique opportunity to achieve a targeted arrest of 

meiosis without affecting the accumulation of key mRNAs needed for further acquisition of 

developmental competence.  Such a system has the potential to be used to increase the 

developmental competence of in vitro matured COC. 

Based on the current literature and the results obtained in the experiments that are part 

of this dissertation, a general working model can be developed regarding the mechanism of 

gonadotropin-induced maturation in vitro.  Inside the follicle, oocytes are maintained in 

meiotic arrest (Figure 1A).  Following extraction from the follicle, the oocytes undergo 

maturation in either the presence or absence of gonadotropins.  Spontaneous maturation 

likely occurs solely as a result of a decline in intraoocyte cAMP.  This decline may occur 

either passively, as no more cAMP is shuttled to the oocyte through gap junctions, or due to 

the removal of an inhibitory signal that maintained PDE 3A present in the oocyte cytoplasm 

inactivated.  This decrease in the levels of cAMP allows GVBD to occur (Figure 1B).  This 

mechanism would be consistent with the essentially linear kinetics observed for spontaneous 

maturation of murine and bovine COC (2, 3).  In contrast, gonadotropin-mediated maturation 

likely occurs through a mechanism that involves FSH binding to its receptor on the cumulus 

cells.  FSH receptor activation results in an increase in the levels of cAMP and activation of 

both Type I and Type II PKA (4, 5).  Activation of Type I PKA results the inhibition of 

oocyte maturation though an intracellular mechanism that is independent of gene 
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transcription (5).  The mechanism of Type I PKA inhibition of maturation may involve the 

arrest of PDE 3A activity, maintaining the level of cAMP and the oocyte at the GV stage 

through the initial inhibitory period that follows FSH stimulation (Figure 2A).  After Type I 

PKA activation, subsequent activation of Type II PKA occurs, which results in the initiation 

of a transcriptional signal that mediates gonadotropin-induced resumption of meiosis.  

Subcellular compartmentalization of Type II PKA though its interaction with A-kinase 

anchoring proteins (AKAPs) may increase its specificity in regulating meiosis (6).  FSH 

promotes redistribution of Type II PKA in rat granulosa cells through induction of AKAPs 

(7).  Furthermore, FSH-mediated transcription in rat granulosa cells occurs through PKA-

dependent phosphorylation of histone H3 (8).  It can be proposed that the original delay in 

maturation is a result of activation of Type I PKA, which allows time for redistribution of 

AKAPs, transcription of required mRNA signals and possible accumulation of additional 

competency factors, while preventing spontaneous maturation and maintaining COC in the 

gonadotropin-induced maturation pathway (Figure 2B).   

The proposed mechanism described for gonadotropin-induced resumption of meiosis 

is consistent with the observations that following gonadotropin stimulation an, initial delay in 

the rate of oocyte maturation occurs (2, 3).  This proposed mechanism also explains why 

oocytes committed to resume meiosis as a result of gonadotropin stimulation do not revert to 

the spontaneous maturation pathway while arrested at the GV stage by a transcriptional 

inhibitor.  In this case, the continued activation of Type I PKA by FSH is responsible for 

maintaining the arrest whereas the stimulatory phase of FSH-induced oocyte maturation 

would be blocked by the transcriptional inhibitor.  Based on this model it would follow that 

neither transcriptional nor translational inhibitors would be effective in blocking oocyte 
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maturation in the absence of gonadotropin stimulation.   This is consistent with reports for 

the mouse (9), rat (10), pig (11, 12) and cow (3).  In the mouse, COC maintained in meiotic 

arrest by culture in the presence of hypoxanthine resumed meiosis if stimulated by FSH (13).  

Both the transcriptional inhibitor α-amanitin and the protein synthesis inhibitor 

cycloheximide blocked FSH-stimulated resumption of meiosis (4, 14).  Furthermore, in the 

mouse, transcriptional inhibition of maturation occurred only in the presence of FSH and 

could be mimicked by activation of Type II PKA (5).  Taken together these observations 

suggest that transcriptional and translational mechanisms of gonadotropin-mediated 

resumption of meiosis in both murine and bovine in vitro-cultured COC are similar.  In both 

cases, following FSH binding to its cumulus cell receptor, cAMP levels increase within the 

cumulus cell.  This elevated levels of cAMP result in activation of Type I and Type II PKAs.  

Activation of Type I PKA is involved in the transient inhibition of maturation whereas Type 

II PKA activation results in new gene transcription that subsequently leads to resumption of 

meiosis.   
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