
ABSTRACT 
 
 
KUCHENBROD, LAUREN MARIE. Effect of Serum and Hormone 
Supplementation on the Competence of Oocytes Selected by Brilliant Cresyl Blue 
Staining. (Under the direction of Charlotte E. Farin and Peter W. Farin). 
 
 Successful production of viable blastocysts in vitro depends on the utilization 

of a culture system that ensures oocyte maturation and the acquisition of 

developmental competence. A new method for evaluation of oocyte quality is 

assessment of glucose-6-phosphate dehydrogenase (G6PDH) activity prior to culture 

using brilliant cresyl blue (BCB) stain. The objective of this study was to determine if 

the status of maturity (BCB+, BCB–) prior to culture alters the response of bovine 

cumulus-oocyte complexes (COC) to serum (estrus cow serum (ECS)), hormone 

(follicle stimulating hormone (FSH) and epidermal growth factor (EGF)) and heat 

inactivation status of serum. 

 Bovine COC were incubated in 26µM BCB in TL-Hepes for 90 minutes. They 

were then designated as BCB+ or BCB– and matured in one of the following 

treatments in modified synthetic oviduct fluid supplemented with polyvinyl alcohol 

and myoinositol (mSOF+PVA) for 20 h: control, FSH (0.2 U/ml) + EGF (50 ng/ml), 

10% ECS, and FSH+EGF+ECS. COC were then fertilized for 20 h. Presumptive 

zygotes were denuded and cultured in mSOF+PVA for 72 h. Presumptive zygotes 

were then moved to mSOF + 10% ECS for culture to 7 d post-insemination.  



 Serum and hormone had an additive effect on cumulus expansion. Heat 

inactivation of that serum also improved cumulus expansion. The presence of serum 

during maturation improved the ability of BCB– oocytes to resume meiosis whereas 

BCB+ oocytes exhibited similar rates of germinal vesicle breakdown (GVBD) 

irrespective of the presence of serum. Serum also improved the proportion of oocytes 

to reach metaphase II (MII). Heat inactivation of serum reduced the proportion of 

oocytes cleaving by 48 h post-insemination (hpi) compared to non-treated serum. 

This difference was even greater for cleavage to at least the 4-cell stage by 48 hpi. 

The presence of serum during maturation resulted in a higher proportion of BCB+ 

oocytes cleaving to at least the 4-cell stage by 48 hpi. BCB– oocytes treated with heat 

inactivated serum in the absence of hormone yielded greater blastocyst development 

compared to treatment with non-treated serum in the absence of hormone. 

Conversely, treatment of BCB+ oocytes with heat inactivated serum in the absence of 

hormone yielded lower blastocyst development compare treatment with non-treated 

serum in the absence of hormone. BCB– oocytes treated with heat inactivated serum 

in the absence of hormone yielded greater blastocyst development compared to BCB+ 

oocytes under the same conditions. However, the addition of hormone during 

maturation eliminated the differential effect of heat inactivated serum on blastocyst 

production with respect to BCB status. Heat inactivation of serum also resulted in a 

higher proportion of blastocysts developing from cleaved BCB– oocytes compared to 

those developing from cleaved BCB+ oocytes. There was a greater proportion of 



blastocysts of combined quality grades 1 and 2 produced in the presence of heat 

inactivated serum compared to those produced in non-treated serum.  

 There are differential effects of supplementation of maturation medium and of 

heat inactivation of serum on oocytes selected by brilliant cresyl blue staining. These 

findings suggest that although BCB– oocytes are less mature at time of recovery 

compared to BCB+ oocytes, their developmental competence can be improved by 

culture conditions. 
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REVIEW OF LITERATURE 

OOCYTE DEVELOPMENTAL COMPETENCE 

 The concept of developmental competence is generally understood to be the 

ability of an oocyte to fertilize and develop into viable offspring (Sirard, 2001). 

Because most in vitro studies that use developmental competence as an endpoint do 

not result in transfer of embryos to recipients, developmental competence is viewed 

as the ability of oocytes to develop to the blastocyst stage. Specifically, 

developmental competence is considered the acquisition of functional properties 

during oocyte differentiation that are required for further development.  

 The developmental competence of oocytes matured in vivo is significantly 

greater compared to those matured in vitro. In cattle, up to 80% of oocytes recovered 

after in vivo maturation develop to the blastocyst stage (Bordignon et al., 1997; 

Blondin et al., 2002; Dieleman et al., 2002; Rizos et al., 2002b) while up to only 40% 

of oocytes matured in vitro reach the same stage of development (van de Leemput et 

al., 1999; Rizos et al., 2002b; Ward et al., 2002). Developmental competence also 

appears to be greater in oocytes that have been exposed to gonadotropins, either in 

vivo or in vitro, compared to those matured in the absence of gonadotropins (Izadyar 

et al., 1998; dela Pena et al., 2002).  

 One aspect of competence is the completion of oocyte maturation. Nuclear 

maturation is the ability of the oocyte to resume meiosis, progress to the second 

metaphase plate and extrude the first polar body. The arrest at metaphase II is 
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maintained until the oocyte is removed from the follicle. Cytoplasmic maturation is 

associated with cellular changes that occur during nuclear maturation, such as 

mitochondria relocation and cortical granule migration, which allow for fertilization 

to occur (Sirard, 2001). Molecular maturation involves the accumulation of specific 

mRNA (Sirard, 2001). Because resumption of meiosis from metaphase II arrest 

results in an arrest of transcription, it greatly limits the molecular reprogramming 

required to progress through the maternal-zygotic transition during early embryonic 

development (Sirard, 2001).  

 The importance of full acquisition of oocyte competence was made evident in 

an experiment in which oocytes were recovered from ovaries at different times after 

slaughter.  Oocytes recovered from ovaries incubated for 4 h in warm saline yielded 

more ≥64-cell embryos compared to those from ovaries incubated for 2, 6 or 7 h 

(Blondin et al., 1997a). These findings suggest a changing follicular 

microenvironment that influences the capacity of the oocyte to attain developmental 

competence. Similarly, treatment with an intramuscular injection of FSH-P followed 

by slaughter after 48 h produced significantly more ≥32-cell and ≥64-cell embryos 

compared to slaughter after 24 and 72 h (Blondin et al., 1997b). Because cortical 

granule migration and mitochondria rearrangement appear delayed in superovulated 

animals, cytoplasmic maturation may be incomplete (Hyttel et al., 1986; Greve et al., 

1995). FSH withdrawal 48 h prior to oocyte recovery, as well as the post-slaughter 
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incubation of ovaries, may allow the oocyte to complete its final maturation and 

thereby improve developmental competence.  

 Although blastocyst formation is a convenient endpoint, it is a limited 

predictor of further development. Complex biological events, such as cleavage and 

cell allocation, rely on differential expression of genes by the embryonic genome and 

rely only partially on maternal oocyte inheritance. Even more importantly, 

morphologically normal blastocysts do not imply further development. For example, 

in vitro production of rabbit embryos yields high proportions of blastocysts that do 

not develop to term after transfer to recipient females (Murakami and Imai, 1996). In 

the mouse, parthenogenic development gives rise to morphologically normal 

blastocysts that arrest by the 25-somite stage (Surani et al., 1984). Therefore, 

blastocyst development does not ensure developmental competence.  

 

Selection for Developmental Competence 

 In vitro studies primarily rely on oocytes obtained from abattoir-derived 

ovaries. These oocytes are unavoidably heterogeneous (Gordon, 1990; Carolan et al., 

1994; Roca et al., 1998) because they come from follicles at different stages of 

growth and atresia as well as from animals of varying age and estrous cycle status. 

For these reasons, the establishment of effective protocols for oocyte selection is vital 

for obtaining consistent results across laboratories. 
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Morphological Selection 

 The specific numerical classification of oocyte morphology often varies 

between laboratories, but the qualities assessed are consistent. Oocytes are graded 

based on cumulus cells, specifically the number of layers and degree of expansion. In 

general, oocytes with slightly expanded and darker cumulus cells had higher 

blastocyst development rates than those with compact, bright cumulus cells (Wurth 

and Kruip, 1992). These findings were consistent with those of Bilodeau-Goeseels 

and Panich (2002) and Blondin and Sirard (1995), in which oocytes with early signs 

of atresia had good developmental potential. Conversely, those oocytes with 

incomplete or absent cumulus cells had lower rates of cleavage and blastocyst 

development (Bilodeau-Goeseels and Panich, 2002). This is consistent with findings 

that the removal of cumulus cells negatively affects oocyte maturation, fertilization 

and development (Zhang et al., 1995; Cecconi et al., 1996; Ka et al., 1997; Goud et 

al., 1998).  

 In addition to cumulus cell morphology, the morphology of the oocyte 

cytoplasm is also important. Maturation and developmental competence of bovine 

oocytes in vitro was superior for those with heterogeneous ooplasm compared to 

those with homogenous ooplasm (Fuduka and Enari, 1993; Blondin and Sirard, 

1995). Heterogeneous cytoplasm was also associated with a reduction in polyspermy; 

and therefore, a higher capacity for normal fertilization (Nagano et al., 1999). This 

effect may be due to the normal distribution of cortical granules after maturation 
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within oocytes with heterogeneous cytoplasm. Because cortical granule exocytosis is 

a mechanism for prevention of polyspermy, cortical granule clustering may set up the 

oocyte for polyspermic penetration (Hyttel et al., 1988). 

 

Follicle Size 

 Assessment of developmental capacity of oocytes from different size follicles 

has been well documented (Tan and Lu, 1990; Pavlok et al., 1992; Lonergan et al., 

1994b; Arlotta et al., 1995; Blondin and Sirard, 1995). In general, developmental 

competence of the oocyte is acquired when follicles reach 2 mm in diameter. No 

differences in cleavage or blastocyst development were found for embryos derived 

from medium (2 to 5 mm) and large (5 to 8 mm) follicles (Yang et al., 1998). In 

contrast, Lonergan et al. (1994b) observed that oocytes from 2 to 6 mm follicles 

yielded lower rates of development to the cleavage and blastocyst stages compared to 

those recovered from follicles >6 mm in diameter. Follicles >6 mm in diameter 

contained significantly more oocytes that possessed six or more cumulus layers 

whereas 2 to 6 mm follicles yielded significantly more oocytes that possessed 4 or 5 

cumulus layers, suggesting that oocytes from larger follicles may be of higher quality. 

Differences in cleavage and blastocyst development between these two studies may 

be a consequence of the culture conditions used. For example, Lonergan et al. 

(1994b) performed all embryo culture on a bovine oviductal epithelial monolayer 

whereas Yang et al. (1998) cultured in a semi-defined medium without co-culture.  
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 In agreement with Lonergan et al. (1994b), Blondin and Sirard (1995) found 

that oocytes with early signs of degeneration (class 3) primarily originated from 

atretic follicles that were in the later phases of follicular growth. Significantly more of 

these oocytes developed past the 16-cell stage compared to oocytes with compact, 

complete cumulus (class 2) or oocytes with incomplete or expanded cumulus (classes 

4 to 6). These observations suggest that these oocytes, having been subjected longer 

to the follicular microenvironment, may attain a higher level of cytoplasmic 

maturation compared to oocytes recovered from earlier stages of follicular 

development. The lower rates of development for oocytes from classes 4 to 5 reflect 

the decline in quality as the follicle and oocyte both undergo advanced stages of 

atresia. Class 6 oocytes may be either of low quality or denuded as a result of 

technique during aspiration.  

 

Brilliant Cresyl Blue (BCB) Staining 

 An alternative method for evaluation of oocyte quality is assessment of 

glucose-6-phosphate dehydrogenase (G6PDH) activity prior to culture. This enzyme 

is synthesized within the oocyte during oogenesis and serves as a component of the 

pentose phosphate pathway, providing ribose phosphate for nucleotide synthesis and 

much of the NADPH utilized as a hydrogen or electron donor in reductive 

biosynthetic pathways. Whereas G6PDH activity is high in growing oocytes (Mangia 

and Epstein, 1975; Wassarman, 1988; Rodriguez-Gonzalez et al., 2003), it is low in 
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oocytes that have completed their growth phase (Wassarman, 1988; Rodriguez-

Gonzalez et al., 2002).  

 Staining of oocytes with BCB is a simple, noninvasive method for measuring 

G6PDH activity. As a result of G6PDH activity, BCB is reduced from a blue-colored 

compound to a colorless compound (Ericsson et al., 1993). Therefore, the cytoplasm 

of oocytes that have lowered G6PDH activity as a result of completing their growth 

phase will appear blue, whereas oocytes that are still growing remain colorless.  

These two classifications are referred to as BCB+ and BCB–, respectively. Specific 

G6PDH activity was approximately 2.5 times higher in BCB– oocytes than in BCB+ 

oocytes based on measurement of NADP reduction in the cytosol of bovine oocytes 

(Alm et al., 2005). In addition, the specific G6PDH activity of BCB– oocytes was 

approximately 50% higher than in unselected oocytes (Alm et al., 2005).  

 BCB staining has been successfully used to select more competent (BCB+) 

oocytes that yield higher rates of maturation, fertilization and development to the 

morula and blastocyst stages than unstained (BCB−) oocytes in several species. In 

porcine oocytes, a reduction in BCB staining was negatively associated with oocyte 

maturation, fertilization and development of male and female pronuclei (Ericsson et 

al., 1993). Conversely, porcine oocytes that demonstrated positive staining (BCB+) 

yielded higher cleavage rates and greater total blastocyst cell numbers compared to 

control oocytes (Wongsrikeao et al., 2006). However, BCB+ porcine oocytes did not 

yield higher development of blastocyst rates compared to controls. Interestingly, 
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assessment of BCB staining status both before and after maturation had deleterious 

effects on fertilization and embryonic development (Wongsrikeao et al., 2006). 

Similarly, exposure of oocyte to BCB only at the end of maturation culture 

significantly impaired their ability to develop to the blastocyst stage compared to 

controls, and BCB staining had detrimental effects on MII oocytes but not GV 

oocytes (Wongsrikeao et al., 2006). Given these findings, Wongsrikeao et al (2006) 

concluded that differences in the effects of the BCB test before and after maturation 

culture may be due to changes in oocyte morphology and physiology. In cattle, the 

selection of BCB+ oocytes resulted in higher percentages of oocytes maturating and 

reaching the blastocyst stage of development (Alm et al., 2005). Blastocysts from 

BCB+ oocytes also had a greater number of cells compared to BCB– oocytes, but not 

compared to unstained controls (Alm et al., 2005).   

 BCB staining has become an area of particular interest for the selection of 

oocytes from prepubertal animals. In studies of both prepubertal goats and heifers, the 

mean diameters of BCB+ oocytes was greater than that of BCB– oocytes (Rodriguez-

Gonzalez et al., 2002; Pujol et al., 2004). These findings are in agreement with those 

found in the pig (Roca et al., 1998) and are consistent with the concept that G6PDH 

activity declines as oocytes complete their growth phase. In prepubertal goats, the 

proportion of BCB+ oocytes that maturated and were fertilized was higher than that 

for BCB– oocytes or controls (Rodriguez-Gonzalez et al., 2002). Similarly, the 

percentage of embryos developing to the morula plus blastocyst stages were 
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significantly higher for BCB+ oocytes compared to BCB- oocytes (Rodriguez-

Gonzalez et al., 2002). Although there was no difference in blastocyst development 

between BCB+ and BCB– oocytes, percentages were low for both categories (4.0% 

and 0.5%, respectively). This was most likely due to the oocytes coming from 

prepubertal animals rather than mature animals. In heifers, fertilization of BCB+ 

oocytes resulted in a greater percentage of embryos developing compared to BCB– or 

control oocytes (Pujol et al., 2004). With regard to blastocyst development, 

developmental rates obtained from BCB+ heifer oocytes were greater than those 

obtained from BCB– and control oocytes. However, blastocyst development of BCB+ 

oocytes from heifers remained lower than those obtained from cow oocytes (Pujol et 

al., 2004). These studies showed that BCB staining is an effective method for 

selection of oocytes from prepubertal animals. However, these selected oocytes are 

not necessarily equivalent to those obtained from mature animals.  

 Most recently, Bhojwani et al. (2007) used BCB to improve blastocyst 

development rates after bovine somatic cell nuclear transfer (SCNT). It was 

determined that embryos from BCB– oocytes yielded significantly lower cleavage 

rates than those from BCB+ or control oocytes. Thus, it is likely that BCB– staining 

may be correlated to decreased developmental competence in oocytes. Also, embryos 

derived from BCB+ oocytes yielded higher rates of blastocyst development than 

those derived from BCB– oocytes (Bhojwani et al., 2007). These findings confirmed 

that BCB staining is a powerful tool not only for the selection of oocytes for in vitro 
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fertilization and culture but also for the selection of competent oocytes for other 

applications. 

 

OOCYTE MATURATION 

Spontaneous Maturation 

 The follicle actively inhibits the resumption of meiosis of its enclosed oocyte.  

The follicular wall, when cultured in vitro, maintains inhibition on co-cultured 

immature, cumulus-oocyte complexes (COC) (Sirard and Coenen, 1993). Dissection 

of the follicular wall revealed that although granulosa cells participate in inhibition, 

the main contributing factor originates from theca cells (Richard and Sirard, 1996a). 

The active factor produced by theca cells is short-lived, requiring replenishing every 

4 h or continuous presence of the theca cells (Richard and Sirard, 1996b).  

 Spontaneous maturation occurs due to the removal of the oocyte from the 

inhibitory environment of the follicle, resulting in lowered cAMP within the oocyte. 

This decline in cAMP may occur passively or by activation of phosphodiesterase type 

3A (PDE3A) present in the oocyte cytoplasm (Tsafriri et al., 1996; Conti et al., 1998; 

Richard et al., 2001; Conti et al., 2002).  This maturation occurs with a linear 

progression in the occurrence germinal vesicle breakdown (GVBD) with time in 

culture (Rodriguez and Farin, 2004). 

 Intra-oocyte levels of cAMP can be maintained through the use of compounds 

such as phosphodiesterase (PDE) inhibitors (Bornslaeger et al., 1986; Tsafriri et al., 
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1996; Conti et al., 1998), cAMP analogues (Sato et al., 1985; Homa, 1988; Eppig, 

1989), activators of adenylate cyclase (Ekholm et al., 1984) and invasive adenylate 

cyclase (Aberdam et al., 1987). Maintenance of elevated cAMP levels has been 

shown to maintain meiotic arrest in both isolated COC and denuded oocytes (Dekel et 

al., 1981; Schultz et al., 1983; Downs and Eppig, 1984; Eppig, 1989). Because 

maturation in vivo requires the follicle-enclosed COC to be exposed to the 

gonadotropin surge, spontaneous maturation is viewed as an artifact of in vitro culture 

(Downs, 1995a). 

 

Gonadotropin-Induced Maturation 

 Exposure to the gonadotropin surge overrides the inhibitory environment of 

the follicle, resulting in the resumption of meiosis and ovulation (Tsafriri et al., 1973; 

Tsafriri et al., 1976). Bovine COC used for in vitro culture have few, if any, receptors 

for luteinizing hormone (LH) (Xu et al., 1995; Manikkam et al., 2001). Due to this 

lack of receptors, follicle stimulating hormone (FSH), rather than LH, has been 

determined to act as the key gonadotropin in driving oocyte maturation in cultured 

bovine COC (Rodriguez and Farin, 2004).  

 The binding of FSH to its receptor on cumulus cells activates both the type I 

and type II PKA pathways (Downs and Hunzicker-Dunn, 1995; Rodriguez et al., 

2002). Activation of the type I PKA pathway causes a temporary delay of oocyte 

maturation by a transcription-independent intracellular mechanism resulting in the 
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transient maintenance of high intra-oocyte cAMP levels (Rodriguez et al., 2002). 

Simultaneously, there is activation of the type II PKA pathway which results in 

transcription, leading to the initiation of GVDB (Rodriguez et al., 2002). The 

temporary elevation in cAMP levels produces a transient delay in oocyte maturation, 

followed by an accelerated rate of GVBD between 6 and 9h of culture (Rodriguez and 

Farin, 2004). Based on a proposed model, FSH-induced elevations in cumulus cAMP 

stimulate both cumulus and oocyte type I PKA. This would explain why bovine COC 

maintained in meiotic arrest by transcription inhibition in the presence of FSH do not 

undergo spontaneous maturation (Farin and Yang, 1994).  

 

IN VITRO CULTURE SYSTEMS  

Medium Types  

 One example of a standard medium used for in vitro maturation of bovine 

oocytes is Tissue Culture Medium 199 (TCM199). This complex medium was 

developed for culturing somatic cells and does not reflect compositions that an oocyte 

or resulting embryo would be exposed to in vivo. Consequentially, culturing oocytes 

and embryos in this medium may subject them to sub-optimal conditions, resulting in 

induced stress (Niemann and Wrenzycki, 2000), altered metabolism (Thompson et al., 

1992; Rieger et al., 1995), and poor developmental competence. For example, 

TCM199 contains 5.56 mM glucose (Wright and Bondioli, 1981), whereas the 

concentration of glucose in the bovine oviduct is only 0.2 to 0.4 mM (Carlson et al., 
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1970). Concentrations of glucose above physiological levels in the culture medium 

may artificially drive glycolysis to abnormally high levels, depending on stage of 

preimplantation development (Thompson et al., 1992; Rieger et al., 1995). Failure to 

suppress glycolysis prior to compaction can result in embryos arresting at the “8- to 

16-cell block” (Thompson et al., 1992; Gardner et al., 2000). As with most media, 

TCM199 can be used either with serum supplementation (Lonergan et al., 1994a; 

Rosenkrans and First, 1994; Avery et al., 1995; Pinyopummintr and Bavister, 1996; 

Thompson et al., 1998a) or without (Keskintepe et al., 1995; Keskintepe and 

Brackett, 1996).  

 A defined medium that has become more popular for bovine embryo culture is 

Synthetic Oviduct Fluid (SOF) (Tervit et al., 1972), a medium whose composition 

was based upon the biochemical analysis of ovine oviductal fluid (Restall and Wales, 

1966). The original medium has since been modified by the addition of amino acids 

(Gardner et al., 1994). Other modifications include the addition of citrate (Keskintepe 

et al., 1995), the removal of glucose (Takahashi and First, 1992), and the addition of 

EDTA for the initial 72 h of the culture period (Gardner et al., 2000). Unlike 

TCM199, embryos cultured in SOF are maintained in the absence of a somatic cell 

monolayer, allowing for culture under a more hypoxic condition (5 to 7% O2) rather 

than the 20% level of O2 found when cultures are maintained in 5% CO2 in air. This 

system reduces the stress inflicted on developing embryos, as reflected by the reduced 

expression of stress marker genes (Wrenzycki et al., 1999; Rizos et al., 2002a). SOF 
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has also been used for bovine oocyte maturation, although its production of 

blastocysts is often reduced compared to the traditional medium of TCM199 with 

serum (Lonergan et al., 1994a). SOF is commonly supplemented with either bovine 

serum albumin (BSA) or polyvinyl alcohol (PVA), but the addition of serum remains 

widespread due to improved blastocyst yields in these sub-optimal culture conditions 

(Schellander et al., 1990; Gordon, 1994; Lonergan et al., 1994a; Lonergan et al., 

1996; Van Langendonckt et al., 1997; Gandhi et al., 2000). 

 

Defined vs. Co-Culture  

 With the establishment of successful media formulations for mouse embryo 

culture, such as M16 (Whittingham, 1971), there was a struggle to develop 

comparatively successful systems for ruminants (Wright and Bondioli, 1981). The 

development of SOF (Tervit et al., 1972) facilitated the production of viable 

blastocysts from early cleavage stage bovine and ovine embryos produced in vivo. 

Some investigation was made by Walker et al. (1989) into modification of this 

system, but there was little implementation at that time. Conflicting reports of 

requirements for consistent culture of ruminant embryos through the “8- to 16-cell 

developmental block” (Wright and Bondioli, 1981; Eyestone and First, 1991) further 

hindered the development of a reliable culture system. For example, Betterbed and 

Wright (1985) cultured sheep embryos using atmospheric oxygen with 5% CO2 and a 
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5.6 mM concentration of glucose, whereas Tervit et al. (1972) cultured with low 

oxygen tension and energy substrate levels based on oviduct concentrations.  

 Given the highly variable results originally obtained with SOF and other 

simple defined media, alternative co-culture systems were developed (Gandolfi and 

Moor, 1987; Eyestone and First, 1989). The debate regarding the importance of 

somatic cell co-culture has focused on the interaction between the somatic cells with 

the medium and embryos, specifically the occurrence of positive or negative medium 

conditioning (Bavister, 1995). Positive conditioning of medium is the result of the 

secretion of embryotrophic factors, such as growth factors, from the somatic cells. 

Conversely, negative conditioning results from the removal of potentially harmful 

substances or modification of medium constituents by somatic cells. The degree of 

conditioning depends on the type of somatic cell and type of medium used for the co-

culture.  While co-culture systems have greatly improved production of viable 

blastocysts, they have yielded little information concerning the factors influencing 

embryo development. This is primarily due to the interaction between the culture 

medium and somatic cells which can mask the true effects of embryotrophic 

compounds and the physical environment (Bavister, 1995; Leese et al., 1995). 

 

Needs of the Embryo 

 A shift of focus back to defined medium systems occurred as a result of the 

creation of sequential media systems (Thompson, 2000; Lane et al., 2003) where 
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components are changed in accordance with the needs of the embryos. In early 

embryos, the generation of ATP occurs primarily by oxidative phosphorylation, 

through oxidation of pyruvate and amino acids (Javed and Wright, 1991; Rieger et al., 

1992a; b; Gardner et al., 1993; Thompson, 1996; Thompson et al., 2000). The 

preferred metabolic pathway in embryos later switches to favoring glycolysis during 

compaction and blastulation (Gardner et al., 1993; Thompson, 1996; Thompson et al., 

2000). Consequentially, the development of culture media designed to suppress 

glycolysis prior to compaction resulted in overcoming the “8- to 16-cell block” 

(Thompson et al., 1992; Gardner et al., 2000). One attempted method of overcoming 

this block was the reduction or complete removal glucose from the culture medium; 

however, this created conditions that were not physiological because glucose is found 

in the lumen fluids of the reproductive tract (Gardner, 1998). Low-glucose or 

glucose-free conditions also are likely detrimental to the embryo because glucose 

serves roles in other processes, such as ribose and NADPH production through the 

pentose phosphate pathway. 

 To solve this dilemma, it was necessary to control the rate of glycolysis in 

early embryos.  One of the best known metabolic regulators during embryo 

development is ethylenediamine tetraacetic acid (EDTA), a non-selective chelator of 

divalent cations (Abramczuk et al., 1977; Gardner et al., 2000; Lane and Gardner, 

2001). At the cellular level, EDTA suppressed glycolytic rates within pre-compaction 

embryos (Lane and Gardner, 1997; Gardner et al., 2000), most likely by Mg2+ 
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intracellular chelating, a co-factor necessary for several glycolytic enzymes (Lane and 

Gardner, 1997). Because oxidative phosphorylation is depressed during abnormally 

high glycolysis (Seshagiri and Bavister, 1989), the addition of EDTA during early 

development allows suppression of glycolysis without requiring the removal of 

glucose from the culture medium. EDTA can then be removed from culture later in 

development when embryo metabolism switches over to increased glycolysis. 

  

Protein Supplementation 

 Another issue confronting the use of defined culture systems is the removal of 

protein, specifically albumin. Substitution with polyvinyl alcohol (PVA) provides a 

surfactant activity similar to albumin but typically results in lower rates of 

development. Thompson et al. (1998) found that protein content decreased in 

embryos during early cleavage. This was followed by an increase in protein content 

during compaction and blastulation. Furthermore, total protein content was lower in 

blastocysts cultured in PVA-supplemented medium compared to those produced in 

vivo or in BSA- or FCS-supplemented medium (Thompson et al., 1998b). This 

difference was not due to changes in the rates of protein synthesis but to changes in 

protein uptake via pinocytosis (Thompson et al., 1998b). Supplementation with PVA 

also altered energy substrate utilization in blastocysts. Compared to embryos cultured 

in the presence of BSA, embryos cultured in PVA showed an increase in pyruvate 

update (Eckert et al., 1998) but a decrease in its oxidation (Lee et al., 1998). Possible 
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fates of this excess pyruvate may be conversion to lactate to maintain an appropriate 

intracellular pH or redox potential (Gibb et al., 1997; Butcher et al., 1998; Edwards et 

al., 1998), transamination to alanine to remove excess ammonia (Partridge and Leese, 

1996), detoxification of intracellular hydrogen pyroxide (O'Fallen and Wright, 1995) 

and involvement in the maintenance of intracellular amino acid pools (Eckert et al., 

1998). 

 

MEDIUM SUPPLEMENTATION  

Serum 

IVP systems commonly use serum to improve the culture environment. Serum 

is a complex mixture of many biomolecules with balanced growth-promoting and 

growth-inhibiting activities (Maurer, 1986). A variety of molecules are present in 

serum including amino acids, hormones, growth factors, cytokines, vitamins, and 

chelators of heavy metals (Gordon, 1994; Lonergan et al., 1996; Abe and Hoshi, 

2003). Serum also serves as a buffer to protect and rescue oocytes and embryos from 

less-than-optimal culture environments (Gandhi et al., 2000). The addition of serum 

resulted in improved rates of embryo development (Schellander et al., 1990; 

Lonergan et al., 1996) when added during in vitro maturation (IVM) and an increased 

proportion of oocytes developing to the morula to blastocyst stages during in vitro 

culture (IVC) (Gordon, 1994; Lonergan et al., 1994a; Van Langendonckt et al., 1997). 
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Despite the beneficial effects of serum supplementation, there is evidence to 

suggest that serum also has detrimental effects both on the culture system and on the 

embryos. Unidentified components of serum introduce variation into the culture 

system, not only within experiments but also between laboratories (Kane, 1987a; 

Gandhi et al., 2000; Russell et al., 2006). These unknown components, combined 

with the rescuing effect of serum, can mask problems within the culture system itself. 

For this reason, studies addressing culture medium optimization will often omit serum 

supplementation. 

 

Types of Serum 

Two common types of serum used for in vitro culture are fetal calf serum 

(FCS) and estrus cow serum (ECS). Schellander et al. (1990) found that maturation 

medium supplemented with FCS, LH and estradiol or ECS alone during maturation 

supported high rates of fertilization. In contrast, supplementation with FCS alone 

resulted in a significantly lower fertilization rate. Cleavage of zygotes in this same 

study differed significantly at 48 h post-insemination. Cleavage rates were 27.3% for 

FCS with hormones, 75.5% for ECS alone and 6.6% for FCS alone. These differences 

emphasize the importance of hormonal supplementation, even in the presence of 

serum. Given that oocyte maturation in the presence of high concentrations of bovine 

LH enhanced embryonic development (Brackett et al., 1989), the beneficial effects of 

ECS may be due to its high LH content. This is consistent with the findings of 
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Sanbuissho and Threlfall (1989), who studied the effects of serum collected on 

different days of the estrous cycle. Supplementation of maturation medium with ECS 

yielded statistically different fertilization rates as determined by cleavage 24 hour 

post-insemination. Maturation of oocytes in serum from cows in standing estrus 

resulted in a significantly higher fertilization rate compared to serum collected at 

ovulation or after ovulation (33.9% for serum at standing estrus, 12.5% for serum at 

ovulation and 17.8% for serum 24 h after ovulation) (Sanbuissho and Threlfall, 

1989). As LH levels are highest 24 h prior to ovulation, these findings are consistent 

with the concept that elevated LH promotes bovine embryonic development. 

However, Sanbuissho and Threlfall (1989) did not determine actual LH content in the 

different serum types.   

 

Heat Inactivation of Serum 

 While serum is commonly heat inactivated to destroy heat-labile complement 

components and pathogens (Bradbury et al., 1984; Alco and Padh, 1985), this is more 

important for serum collected from adult animals than for serum collected from fetal 

animals (Triglia and Linscott, 1980). Although there are few published papers 

concerning heat inactivation of serum and its effect on cell culture systems, published 

findings suggest that the need for heat inactivation may vary depending on the type of 

serum used (Pinyopummintr and Bavister, 1994). It should be noted that these studies 

only investigated the effect of heat inactivation on FCS and bovine calf serum (BCS) 
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and did not include ECS.  As ECS is collected from adult animals and therefore has 

greater amounts of complement (Triglia and Linscott, 1980), the importance of heat 

inactivation for ECS cannot be dismissed.  

 

Kinetics 

 The addition of serum during in vitro embryo production alters developmental 

kinetics. For example, serum supplementation during IVM and in vitro fertilization 

(IVF) produced embryos with blastomeres that were larger than in vivo-derived 

embryos (Holm et al., 2002) while the addition of serum during IVC inhibited early 

cleavage division and accelerated blastocyst development (Pinyopummintr and 

Bavister, 1991; Van Langendonckt et al., 1997; Abe and Hoshi, 2003). These 

responses are analogous to observations of rabbit and hamster embryos in which early 

developmental stages were sensitive to culture conditions and required only a simple 

medium to undergo initial cleavage (Kane, 1987b; McKiernan et al., 1991). A similar 

biphasic effect has been observed in sheep (Rooke et al., 2007) in that serum 

exposure during IVC in the first 48 hours retarded early embryo growth while serum 

exposure during the last 48 hours increased blastocyst yields. Beneficial components 

of serum, when used as a supplement later in culture, may include vitamins, fatty 

acids and growth factors that are required for embryonic development (Kane and 

Foote, 1970; Kane et al., 1986; Kane, 1987a; Kane and Bavister, 1988). 
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Ultrastructural Features 

There are major differences in the ultrastructural features between morulae 

produced in serum-free compared to serum-supplemented culture systems. Abe et al. 

(1999b) reported that embryos developed in serum-containing medium had large lipid 

droplets while those developed in serum-free conditions had fewer lipid droplets. 

These findings were similar to those of another study that noted a greater number of 

lipid droplets in bovine morulae produced in vitro with serum compared to those 

produced in vivo (Abe et al., 1999a). Similarly, Crosier et al. (2000) found the 

volume density of lipid was significantly increased in embryos from in vitro culture 

compared to those produced in vivo. Compact morulae produced in a serum-

supplemented system also had a significantly higher proportional volume of vacuoles 

compared to embryos produced in serum-restricted or serum-free culture systems 

(Crosier et al., 2000).  

Abe et al. (1999b) reported that morulae developed in serum-free medium 

contained mitochondria that were primarily elongated whereas those of embryos from 

serum-supplemented medium were spherical and ovoid, indicating immaturity. 

Similar mitochondrial changes have been observed in ovine embryos (Dorland et al., 

1994).  In contrast, Crosier et al. (2000) reported an increased volume density of 

immature mitochondria in compact morulae produced in serum-restricted or serum-

free culture conditions compared to those from a traditional serum-supplemented 

system. Crosier et al. (2000) also reported reduced volumes of mature mitochondria 
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for embryos produced in in vitro culture systems. One possible explanation for these 

conflicting results is that Crosier et al. (2000) used objective morphometric 

measurements whereas Abe et al. (1999b) used subjective assessments only.  

There are also major differences in the ultrastructural features between 

blastocysts produced in serum-free compared to serum-supplemented culture systems. 

Abe and Hoshi (2003) observed larger lipid droplet accumulation in blastocysts 

cultured in serum-supplemented medium compared to those cultured in serum-free 

medium, while Crosier et al. (2001) reported an increased volume density of lipid in 

mid- and expanded blastocysts from in vitro culture treatments as compared to those 

produced in vivo. Once again, there was a reduced volume density of mature 

mitochondria in embryos from IVP systems (Crosier et al., 2001).  

Abe and Hoshi (2003) later suggested that the presence of serum had adverse 

effects on the structure of mitochondria by causing the accumulation of cytoplasmic 

lipids resulting in impaired mitochondrial function and an inability to properly 

metabolize lipids. Conversely, Crosier et al. (2000) suggested that lipid accumulation 

was a result of impaired mitochondrial function, but argued that lipid accumulation 

did not occur as a result of serum exposure because lipid accumulation occurred in 

both serum-free and serum-containing media.  

 While the methods implemented by Abe et al. (1999b) did not involve 

morphometric or statistical analysis, the data cannot be dismissed. Most likely, the 

differences between these findings and those made by Crosier et al. (2000; 2001) are 
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a result of in vitro maturation conditions. In the experiments performed by Abe et al. 

(1999b), oocytes were matured in serum-free or serum-supplemented conditions and 

then carried out into development using corresponding serum-free or serum-

supplemented conditions. Crosier et al. (2000; 2001) matured all oocytes in the same 

serum-containing medium. These differences in procedures may explain why Crosier 

did not find statistical differences in lipid droplet accumulation or mature 

mitochondria between the in vitro culture treatments. This implies that maturation 

conditions are more important than culture conditions for mitochondrial development. 

 

Growth Factors 

Epidermal Growth Factor (EGF) 

Receptors for EGF are found on mammalian granulosa and cumulus cells (St-

Arnaud et al., 1983; Feng et al., 1987; Wandji et al., 1992; Singh et al., 1995). The 

quantity of EGF receptors (EGFR) on granulosa cells is influenced by the 

gonadotropin and steroid environment (St-Arnaud et al., 1983; Feng et al., 1987), 

with EGFR expression being highest in the preovulatory follicle (Feng et al., 1987). 

The potential role of gonadotropins in the regulation of EGFR expression is further 

demonstrated by findings that EGFR levels are higher during late proestrus than 

during diestrus (Chabot et al., 1986).  

EGF has been shown to have a positive effect on the in vitro maturation of 

oocytes from cattle (Coskun et al., 1991; Harper and Brackett, 1993; Park and Lin, 
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1993; Kobayashi et al., 1994; Lorenzo et al., 1994; Im and Park, 1995; Rieger et al., 

1998), pigs (Sommer, 1992; Reed et al., 1993; Singh et al., 1993; Coskun and Lin, 

1994; Ding and Foxcroft, 1994), rodents (Dekel and Sherizly, 1985; Feng et al., 1987; 

Downs et al., 1988; Ueno et al., 1988; Das et al., 1991; Das et al., 1992) and humans 

(Das et al., 1991; Gomez et al., 1993). Supplementation with physiological 

concentrations of EGF during IVM stimulated cumulus expansion, increased the 

percentage of oocytes achieving nuclear maturation and improved blastocyst 

production rates (Lonergan et al., 1996; Park et al., 1997). EGF can also induce 

cytoplasmic maturation of cumulus-oocyte complexes in the absence of 

gonadotropins and serum (Park et al., 1997) as evidenced by higher rates of blastocyst 

development even after correction for improved nuclear maturation (Lonergan et al., 

1996). EGF supplementation during IVM yielded varied results, which may be 

explained in part by culture media and supplementation. Studies that did not note an 

improvement in blastocyst development cultured embryos in TCM199 with 10% 

serum (Im and Park, 1995; Rieger et al., 1998). It is quite possible that the benefits of 

serum masked any developmental improvements caused by EGF.  

To demonstrate the possible role of EGF in the intrafollicular regulation of 

oocyte maturation, Das et al. (1992) removed EGF from human follicular fluid by 

immunoprecipitation and found that the stimulatory effect on murine oocyte 

maturation was lost. However, the addition of 5 ng/ml EGF into this follicular fluid 

restored the stimulatory effect on maturation. There is a lack of data on follicular 
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fluid levels of EGF in ruminants. However, Rose et al. (1991) demonstrated that the 

binding of radiolabeled EGF to bovine cumulus and antral granulosa cells was 

inhibited in the presence of follicular fluid from 2- to 5-mm follicles, suggesting that 

bovine follicular fluid contains EGF or EGF-like substances (Rose et al., 1991).   

While EGF has been proven to regulate oocyte maturation through its 

interaction with cumulus cells (Downs et al., 1988; Brucker et al., 1991; Coskun and 

Lin, 1994), other studies have shown EGF to have maturation-promoting effect 

directly on the oocyte itself (Das et al., 1991; Lonergan et al., 1996). Interestingly, 

although EGFR mRNA has been identified in the oocytes of mice (Wiley et al., 1992; 

Hill et al., 1999), humans (Maruo et al., 1993; Chia et al., 1995), pigs (Singh et al., 

1995), goats (Gall et al., 2004) and hamsters (Garnett et al., 2002), it has yet to be 

identified in the oocytes of cattle. In vitro maturation studies that argue against the 

direct effect of EGF, such as Lorenzo et al (1994), used oocytes that were denuded at 

aspiration rather than oocytes that were denuded after collection. This selection 

process may have influenced results as these denuded oocytes may have been less 

developmentally competent compared to cumulus-enclosed oocytes. Despite the lack 

of knowledge concerning its specific molecular mechanisms, EGF seems to play an 

important role in both oocyte maturation and embryonic development capacity.  
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Insulin-like Growth Factor-I (IGF-I) 

 IGF-I is produced by cumulus cells and granulosa cells within the growing 

follicle (Wasielak and Bogacki, 2007) and appears to serve roles in both oocyte 

maturation and embryo development. Supplementation of IGF-I to concentrations 

found in follicular fluid improves nuclear maturation of oocytes (Lorenzo et al., 1994; 

Xia et al., 1994; McCaffery et al., 2000), suggesting that cumulus cells alone cannot 

produce sufficient amounts of IGF-I. Sakaguchi et al (2000) found that IGF-I 

accelerated progression of meiosis in oocytes matured in serum-free medium, but this 

effect was neutralized by the presence of serum. Besides influencing nuclear 

maturation, IGF-I may serve as an anti-apoptotic factor at the stage of caspase 

activation (Wasielak and Bogacki, 2007). In an in vivo study of IGF-I, intraovarian 

administration in prepubertal cattle overcame the partial developmental deficiency of 

the collected oocytes (Oropeza et al., 2004). This reinforces the importance of 

exposure to growth factors during oocyte maturation.  

 The addition of IGF-I to culture medium has yielded several benefits, 

including improved blastocyst rates (Herrler, 1992; Palma et al., 1997; Prelle et al., 

2001; Moreira et al., 2002; Block et al., 2003), increased blastocyst cell number 

(Byrne et al., 2002; Moreira et al., 2002; Sirisathien and Brackett, 2003; Sirisathien et 

al., 2003), increased glucose transport (Pantaleon and Kaye, 1996), and reduced 

apoptosis of blastomeres (Byrne et al., 2002; Makarevich and Markkula, 2002; 

Sirisathien and Brackett, 2003). Perhaps the most important improvement resulting 
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from culture supplementation with IGF-I is increased post-transfer survival of 

blastocysts when transferred into heat-stressed, lactating dairy cows (Block et al., 

2003; Block and Hansen, 2007). Further investigation showed that survival is not a 

result of increased blastocyst cell numbers, blastomere apoptosis or cell allocation, 

but rather altered expression of gene transcripts which may be vital for embryo 

development and survival following transfer (Block et al., 2008).  

 

Hormones 

Follicle Stimulating Hormone (FSH) 

 The use of exogenous FSH for ovarian stimulation has been well documented 

to increase the number of viable oocytes collected from young or mature animals 

(Sirard and Lambert, 1985; Xia et al., 1994). Using an optimized protocol for FSH 

administration, over 75% of the recovered immature oocytes developed to blastocysts 

compared to an average of 40% in the absence of FSH treatment in vivo (Blondin et 

al., 2002). While it is known that several days of treatment with exogenous FSH 

improves the development competence of recovered oocytes, the precise mechanism 

by which FSH acts to improve developmental competence has been difficult to 

elucidate. Given that the inclusion of FSH in oocyte maturation medium can improve 

competence within a few hours in culture, the pathways by which FSH act may differ 

between oocytes matured in vivo compared to those matured in vitro. Both in vivo 

and in vitro, the effect of FSH is mediated by cumulus cells that are stimulated to 
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produce factors essential for oocyte growth and maturation (Moor and Dai, 2001; 

Gilchrist et al., 2004).  

 FSH is the main driver of antral follicle growth in vivo (Adriaens et al., 2004). 

FSH triggers granulosa cell proliferation during early preantral development, prevents 

atresia, induces LH receptor synthesis and promotes steroid hormone production in 

several species (Urban et al., 1991; Adriaens et al., 2004; Sasson et al., 2004; 

Hunzicker-Dunn and Maizels, 2006; Silva et al., 2006). FSH controls steroidogenesis 

through the induction of a number of signal cascades in granulosa cells including 

protein kinase A (PKA) and C (PKC), extracellular regulated kinases (ERKs), p38 

mitogen-activated protein kinases (MAPKs) and phosphatidylinositol-3 kinase (PI3K) 

(Gonzalez-Robayna et al., 2000; Salvador et al., 2001; Ali and Sirard, 2005; 

Hunzicker-Dunn and Maizels, 2006).  

 FSH is commonly used in in vitro maturation protocols based on its ability to 

improve fertilization, embryonic development, and cumulus expansion (Izadyar et al., 

1998; Calder et al., 2003). Identification of FSH receptor mRNA in granulosa cells 

and cumulus cells but not in oocytes themselves (van Tol et al., 1996) is consistent 

with the proposal that FSH actions are mediated by cumulus cells. FSH did not 

stimulate meiotic resumption in denuded oocytes (Byskov et al., 1997), further 

suggesting that FSH may enhance GVBD by production of a signal in surrounding 

somatic cells.  
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 The inclusion of EGF, along with FSH, in maturation medium improved 

developmental competence over that of FSH alone (Harper and Brackett, 1993). This 

observation supports the suggestion that these two hormones work together to 

regulate oocyte maturation in vitro. While FSH-induced oocyte maturation requires 

gene transcription and EGF does not, transcriptional inhibition of FSH and EGF in 

combination results in maintenance of meiotic arrest (Farin et al., 2007). This 

suggests that the mechanism used by FSH predominates over that used by EGF when 

both are present, and that the two pathways overlap upstream of transcriptional 

events.  

 Further insight into the mechanism of FSH-induced oocyte maturation was 

provided by Downs and Chen (2008), who examined the roles of EGF-like peptides 

in GVBD. Specific blocking of the EGF receptor (EGFR) in murine COC by AG1478 

resulted in inhibition of meiotic resumption by the EGF-like peptide amphiregulin 

(AR) and FSH. Similar to findings with FSH (Fagbohun and Downs, 1991; Coskun 

and Lin, 1994; Downs, 1995b), gap junction inhibition blocked EGF-induced oocyte 

maturation (Downs and Chen, 2008). These results suggest that EGF-like peptides are 

released from cumulus cells in response to FSH stimulation and act to induce meiotic 

resumption. The blocking of EGFR also prevented meiotic resumption by dbcAMP 

pulsing and PKC activators (Downs and Chen, 2008). It appears that FSH stimulation 

activates both PKA and PKC which drive the production of EGF-like peptides within 
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cumulus cells. These peptides then act in a gap junction-mediated manner to induce 

the oocyte maturation. 

 

Luteinizing Hormone (LH)  

 A surge of LH from the pituitary gland induces the resumption of meiosis in 

follicle-enclosed oocytes shortly before ovulation. This stimulation occurs via the 

action of LH on surrounding somatic cells, specifically the outermost granulosa cells, 

rather than the oocyte itself. As cumulus cells and oocytes both lack LH receptors 

(Peng et al., 1991; Eppig et al., 1997), the maturation-promoting signal must 

somehow be transmitted from the mural granulosa cells to the oocyte. Recent work 

has shed some light on how the LH signal transmits from the exterior to the interior of 

the follicle. A closely related family of proteins that includes transforming growth 

factor-α (TGFα), heparin-binding EGF-like growth factor (HB-EGF), amphiregulin 

(AREG), epiregulin (EREG), betacellulin (BTC), epigen, and neuregulins (Yarden 

and Sliwkowski, 2001) are believed to serve roles in this transmission. All of these 

EGF-like growth factors bind and activate four related receptors that are part of a 

super-family of tyrosine kinase receptors: epidermal growth factor receptor (EGFR), 

ErbB2, ErbB3 and ErbB4 (Yarden and Sliwkowski, 2001; Holbro and Hynes, 2004).  

 The roles of EGF-like factors during the preovulatory period have been 

explored in a number of recent studies. Both in vivo injection of hCG and in vitro 

exposure of murine follicles to LH induce a rapid increase in mRNAs coding for 
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EREG, AREG and BTC (Park et al., 2004; Ashkenazi et al., 2005). Both EREG and 

AREG mRNA levels in ovaries peak at 2 h after in vivo injection of hCG and then 

rapidly decline, while BTC mRNA reaches maximum levels after 5 h (Pan, 2004; 

Park et al., 2004). EGF-like growth factor expression has also been observed in vivo 

after the gonadotropin surge in the rat and mouse (Sekiguchi et al., 2004; Hsieh et al., 

2007). Thus, both exogenous and endogenous exposure to LH induces an increase in 

the expression of EREG, AREG and BTC. Similar findings have been published with 

human and bovine granulosa cell cultures (Robert et al., 2001; Freimann et al., 2004). 

These mRNAs are then translated into the corresponding proteins, resulting in 

bioactive EGF-like growth factors (Park et al., 2004).  

 In cultured follicles, EREG, AREG and BTC all induced oocyte maturation as 

efficiently as LH (Park et al., 2004). The suggestion that these EGF-like factors act 

downstream of LH is consistent with the finding that oocyte maturation induced by 

LH occurs over 4 h, while maturation following exposure to EREG and AREG only 

required 2 to 3 h (Park et al., 2004). Pharmacological inhibition of the EGF receptor 

in cultured follicles completely inhibits LH-induced oocyte maturation, further 

supporting a link between these EGF-like proteins and LH (Park et al., 2004). 

Although EGFR is expressed in oocytes (Gall et al., 2004) and EGF has been shown 

to have direct effects on oocytes (Das et al., 1991; Lonergan et al., 1996), EREG and 

AREG appear to require cumulus cells to promote maturation (Park et al., 2004). 

Furthermore, mice deficient in the AREG ligand exhibit delayed meiotic resumption. 
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In contrast, only roughly 60% of oocytes from mice deficient in EREG resumed 

meiosis within 8 h of hCG injection (Hsieh et al., 2007). This difference in meiotic 

resumption may be due in part to differences in the genetic backgrounds of the mice 

used in this experiment or it may be related to differences in the receptor binding 

activities of each ligand. Specifically, EREG interacts with both EGFR and ErbB4, 

whereas AREG only interacts with EGFR (Johnson et al., 1993; Riese et al., 1998). 

 In mice that lack the AREG ligand and contain a hypomorphic allele of the 

EGFR, LH failed to signal meiotic resumption (Hsieh et al., 2007). These mice also 

exhibited decreased expression of genes involved in cumulus expansion, impaired 

ovulation and impaired luteinization. Superovulation resulted in primarily unruptured 

antral follicles containing oocytes at the GV stage with compacted cumulus cells and 

little luteinization of somatic cells. These findings support the proposed model 

whereby the actions of LH are accomplished by activation of the EGF network.  

 

Estradiol-17β 

 Estradiol-17β is produced in dominant follicles from both the follicular phase 

and the early luteal phase and levels are inversely proportional to FSH concentration 

in plasma during these phases (Kaneko et al., 1991). This suggests a role for estradiol 

in the suppression of FSH secretion during the estrous cycle. This role is also 

suggested by the fact that administration of estradiol decreases plasma FSH levels in 

ovariectomized heifers (Kesner and Convey, 1982; Butler et al., 1983) and decreases 
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FSH-β mRNA and FSH secretion in ovine pituitary cell cultures (Phillips et al., 

1988). The secretion of estradiol from dominant follicles ends abruptly at 8 days after 

the LH and FSH surge, probably as a result of atresia (Kaneko et al., 1991). 

 Although estradiol is often used in maturation protocols, its role in oocyte 

IVM is controversial. Many studies determined that estradiol supplementation 

resulted in increased maturation rates (Fukui et al., 1982; Younis et al., 1989) while 

others found estradiol inhibited maturation (Robertson and Baker, 1969; Eppig and 

Koide, 1978; Richter and McGaughey, 1979; Smith and Tenney, 1980; Eroglu, 1993). 

These conflicting results, along with subsequent differences in influence on embryo 

development rates (Saeki et al., 1997; Beker et al., 2002), appear to be related to 

culture system design and the species used in the study. Beker et al. (2002) found that 

estradiol supplementation in the absence of serum significantly reduced oocyte 

maturation and subsequent blastocyst development and increased the occurrence of 

chromosomal aberrations. Also, the addition of FSH to maturation medium negated 

these effects though nuclear aberrations were still present (Beker et al., 2002). 

Together, these findings suggest that supplementing the maturation medium with 

serum, which contains gonadotropins, can prevent the negative impact of estradiol on 

nuclear maturation.  
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OVERVIEW 

 The developmental competence of oocytes matured in vivo is significantly 

greater compared to those matured in vitro. Selection of oocytes for developmental 

competence is accomplished primarily by a visual assessment of the morphology of 

the cumulus and the ooplasm. New selection methods, such as assessment of G6PDH 

activity, are allowing for even more critical selection of oocytes.   

 Oocyte maturation in vitro can occur spontaneously or by induced by 

gonadotropins. Spontaneous maturation occurs due to the removal of the oocyte from 

the inhibitory environment of the follicle, resulting in lower intra-oocyte cAMP. 

Gonadotropin-induced maturation is driven by FSH and results in a transient delay in 

oocyte maturation, followed by an accelerated rate of GVBD. 

 Both defined culture systems, such as SOF, and co-culture systems, such as 

TCM199, are commonly used in in vitro bovine embryo production. While co-culture 

systems have greatly improved production of viable blastocysts, they have yielded 

little information concerning the factors influencing embryo development.  

 While serum is commonly used to improve the culture environment, there is 

evidence to suggest that it also has detrimental effects on both the culture system and 

on the embryos. Growth factors, such as EGF and IGF-I, and hormones, such as FSH, 

LH and estradiol-17β, are also common supplements used in vitro to improve oocyte 

maturation and embryo development. 
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STATEMENT OF THE PROBLEM 

 Successful production of viable blastocysts in vitro depends on the utilization 

of a culture system that ensures oocyte maturation and the acquisition of 

developmental competence. Many factors, such as medium, hormone or growth factor 

supplementation and the use of serum, lead to differences in the ability of oocytes to 

fertilize and develop into viable embryos. The importance of heat inactivation of 

serum is debated and is often regarded as a personal preference rather than a 

necessity.  

 The primary method for oocyte selection currently being used for bovine 

culture is visual assessment of morphology of the cumulus and the ooplasm (Blondin 

and Sirard, 1995; Bilodeau-Goeseels and Panich, 2002). An alternative method for 

evaluation of oocyte quality is assessment of G6PDH activity prior to culture using 

BCB stain. While it has been well documented that a higher proportion of BCB+ 

oocytes mature, fertilize, and develop compared to BCB- oocytes in cattle (Pujol et 

al., 2004; Alm et al., 2005), the differential effects of hormone, growth factor and 

serum exposure have not been investigated. Therefore, the objective of this study was 

to determine if the status of maturity (BCB+, BCB–) prior to culture alters the 

response of cumulus-oocyte complexes (COC) to FSH, EGF, serum and heat 

inactivation status of serum. The endpoints of interest were cumulus expansion, 

nuclear maturation, cleavage 48 h post-insemination, blastocyst development and 

embryo grade.  
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EFFECT OF SERUM AND HORMONE SUPPLEMENTATION ON  
THE COMPETENCE OF OOCYTES SELECTED BY  

BRILLIANT CRESYL BLUE STAINING 
 

ABSTRACT 

 Successful production of viable blastocysts in vitro depends on the utilization 

of a culture system that ensures oocyte maturation and the acquisition of 

developmental competence. A new method for evaluation of oocyte quality is 

assessment of glucose-6-phosphate dehydrogenase (G6PDH) activity prior to culture 

using brilliant cresyl blue (BCB) stain. The objective of this study was to determine if 

the status of maturity (BCB+, BCB–) prior to culture alters the response of bovine 

cumulus-oocyte complexes (COC) to serum (estrus cow serum (ECS)), hormone 

(follicle stimulating hormone (FSH) and epidermal growth factor (EGF)) and heat 

inactivation status of serum. 

 Bovine COC were incubated in 26µM BCB in TL-Hepes for 90 minutes. They 

were then designated as BCB+ or BCB– and matured in one of the following 

treatments in modified synthetic oviduct fluid supplemented with polyvinyl alcohol 

and myoinositol (mSOF+PVA) for 20 h: control, FSH (0.2 U/ml) + EGF (50 ng/ml), 

10% ECS, and FSH+EGF+ECS. COC were then fertilized for 20 h. Presumptive 

zygotes were denuded and cultured in mSOF+PVA for 72 h. Presumptive zygotes 

were then moved to mSOF + 10% ECS for culture to 7 d post-insemination.  

 Serum and hormone had an additive effect on cumulus expansion. Heat 

inactivation of that serum also improved cumulus expansion. The presence of serum 
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during maturation improved the ability of BCB– oocytes to resume meiosis whereas 

BCB+ oocytes exhibited similar rates of germinal vesicle breakdown (GVBD) 

irrespective of the presence of serum. Serum also improved the proportion of oocytes 

to reach metaphase II (MII). Heat inactivation of serum reduced the proportion of 

oocytes cleaving by 48 h post-insemination (hpi) compared to non-treated serum. 

This difference was even greater for cleavage to at least the 4-cell stage by 48 hpi. 

The presence of serum during maturation resulted in a higher proportion of BCB+ 

oocytes cleaving to at least the 4-cell stage by 48 hpi. BCB– oocytes treated with heat 

inactivated serum in the absence of hormone yielded greater blastocyst development 

compared to treatment with non-treated serum in the absence of hormone. 

Conversely, treatment of BCB+ oocytes with heat inactivated serum in the absence of 

hormone yielded lower blastocyst development compare treatment with non-treated 

serum in the absence of hormone. BCB– oocytes treated with heat inactivated serum 

in the absence of hormone yielded greater blastocyst development compared to BCB+ 

oocytes under the same conditions. However, the addition of hormone during 

maturation eliminated the differential effect of heat inactivated serum on blastocyst 

production with respect to BCB status. Heat inactivation of serum also resulted in a 

higher proportion of blastocysts developing from cleaved BCB– oocytes compared to 

those developing from cleaved BCB+ oocytes. There was a greater proportion of 

blastocysts of combined quality grades 1 and 2 produced in the presence of heat 

inactivated serum compared to those produced in non-treated serum.  
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 There are differential effects of supplementation of maturation medium and of 

heat inactivation of serum on oocytes selected by brilliant cresyl blue staining. These 

findings suggest that although BCB– oocytes are less mature at time of recovery 

compared to BCB+ oocytes, their developmental competence can be improved by 

culture conditions. 

 

INTRODUCTION 

Successful production of viable blastocysts in vitro depends on the utilization 

of a culture system that ensures oocyte maturation and the acquisition of 

developmental competence. Many factors, such as medium, hormone/growth factor 

supplementation and the use of serum, lead to differences in the ability of oocytes to 

fertilize and develop into viable embryos. Due to these variations, numerous studies 

have been published aimed at improving culture conditions by identifying the specific 

requirements of oocytes and embryos for proper post-fertilization development. 

 Gonadotropins, such as luteinizing hormone (LH) and follicle stimulating 

hormone (FSH), and steroid hormones, such as estradiol (E2), are commonly added to 

medium to improve oocyte developmental competence. Oocytes matured in medium 

containing these hormones exhibited higher percentages of oocytes fertilized, cleaved 

oocytes, and total blastocysts compared to those matured in hormone-free medium 

conditions (Younis et al., 1989; Saeki et al., 1991; Izadyar et al., 1998; Calder et al., 

2003). In vitro, FSH, in particular, serves an important role in regulating the 
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resumption of meiosis by stimulating cumulus cells to secrete a positive factor to 

overcome meiotic arrest (Rodriguez and Farin, 2004). FSH binding to cumulus cells 

increases cAMP concentrations and promotes cumulus expansion (Choi et al., 2001). 

FSH is commonly used in in vitro maturation protocols based on its ability to improve 

fertilization, embryonic development, and cumulus expansion (Izadyar et al., 1998; 

Calder et al., 2003).  

 Epidermal growth factor (EGF) serves a physiological role in the regulation of 

oocyte maturation and post-fertilization embryo development and has been added to 

medium to improve developmental competence (Lonergan et al., 1996; Park et al., 

1997). The addition of EGF stimulates cumulus expansion in cultured cumulus-

oocyte complexes (COC) (Harper and Brackett, 1993; Lorenzo et al., 1994; Lonergan 

et al., 1996; Rieger et al., 1998). EGF has also been shown to increase the proportions 

of bovine oocytes reaching metaphase II of meiosis, the rate of cleavage after 

fertilization and the proportion of embryos reaching the blastocyst stage (Coskun et 

al., 1991; Park and Lin, 1993; Kobayashi et al., 1994; Lorenzo et al., 1994; Im and 

Park, 1995; Lonergan et al., 1996).  

 Serum supplementation is commonly used to improve both oocyte maturation 

and embryo development. Serum is a complex mixture of many biomolecules with 

balanced growth-promoting and growth-inhibiting activities (Maurer, 1986). The 

addition of serum resulted in improved rates of maturation and embryo development 

(Schellander et al., 1990; Lonergan et al., 1996) when added during in vitro 
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maturation (IVM) and increased the proportion of oocytes developing to the morula 

to blastocyst stages during in vitro culture (IVC) (Gordon, 1994; Lonergan et al., 

1994; Van Langendonckt et al., 1997). While serum is commonly heat inactivated to 

destroy heat-labile complement components and pathogens (Bradbury et al., 1984; 

Alco and Padh, 1985), this is more important for serum collected from adult animals 

than for serum collected from fetal animals (Triglia and Linscott, 1980). Although 

there are few published papers concerning heat inactivation of serum and its effect on 

cell culture systems, published findings suggest that heat inactivation may not be 

necessary for all types of serum (Pinyopummintr and Bavister, 1994).  

 The developmental competence of immature bovine oocytes is inconsistent, 

with only 40% or less of total oocytes reaching the blastocyst stage (van de Leemput 

et al., 1999; Rizos et al., 2002; Ward et al., 2002). This is likely a direct consequence 

of recovery from follicles at different stages of growth and atresia. Due to these 

inconsistencies, several methods of oocyte selection prior to in vitro maturation 

(IVM) have been developed. The primary method for oocyte selection currently being 

used for bovine culture is visual assessment of morphology of the cumulus and the 

ooplasm (Blondin and Sirard, 1995; Bilodeau-Goeseels and Panich, 2002).  

 An alternative method for evaluation of oocyte quality is assessment of 

glucose-6-phosphate dehydrogenase (G6PDH) activity prior to culture. G6PDH is a 

mitochondrial enzyme that provides an alternative method for glucose oxidation by 

regulating the pentose phosphate pathway (Wood, 1986; Clarenburg, 1992). 
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Specifically, G6PDH converts glucose-6-phosphate and NADP to 6-

phosphogluconolactatone and NADPH (Cetica et al., 2002). G6PDH activity is high 

in growing oocytes (Mangia and Epstein, 1975; Wassarman, 1988; Rodriguez-

Gonzalez et al., 2003). In contrast, it is low in oocytes that have completed their 

growth phase (Wassarman, 1988; Rodriguez-Gonzalez et al., 2003).  

 Staining of oocytes with brilliant cresyl blue (BCB) is a simple, noninvasive 

method for measuring G6PDH activity. BCB is converted from a colored compound 

to a colorless compound as a result of G6PDH activity (Ericsson et al., 1993). While 

is had been shown that double exposure of oocytes to BCB has toxic effects on 

fertilization and embryonic development (Wongsrikeao et al., 2006), a single 

exposure prior to in vitro maturation has been used to select developmentally 

competent oocytes for embryo production (Rodriguez-Gonzalez et al., 2002; Pujol et 

al., 2004; Alm et al., 2005; Wongsrikeao et al., 2006).  

 The purpose of this study was to evaluate the influence of FSH, EGF, and 

serum supplementation during in vitro maturation on subsequent rates of maturation 

and blastocyst development after selection of oocytes by brilliant cresyl blue staining. 

Recovered oocytes were subjected to BCB staining prior to IVM as an indicator of 

maturity.  Hormone and serum exposure during IVM improves maturation 

competence and results in a higher proportion of blastocysts (Gordon, 1994; 

Lonergan et al., 1994; Lonergan et al., 1996; Park et al., 1997; Van Langendonckt et 
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al., 1997; Izadyar et al., 1998); therefore, we sought to determine if the status of 

maturity (BCB+, BCB-) prior to culture altered oocyte response to these supplements.  

 

MATERIALS AND METHODS 

Reagents and Media 

 All hormonal preparations including equine pituitary FSH and murine EGF 

were purchased from Sigma Chemical Co. (St. Louis, MO). Unless otherwise noted, 

all chemicals for media preparation were from Sigma Chemical Co. and were of 

tissue culture grade. Bovine oocytes were matured and cultured in modified synthetic 

oviduct fluid (Tervit et al., 1972) supplemented with 0.5 mM citrate, 0.33 mM 

pyruvate, 1.5 mM glucose, minimal essential non-essential amino acids (1x), 50 

µg/ml gentamycin, 3 mg/ml polyvinyl alcohol and 2.77 mM myoinositol 

(mSOF+PVA).  

 

Oocyte Recovery 

 Ovaries were obtained from a local abattoir and transported to the laboratory 

in 0.9% saline at room temperature. The contents of follicles 2 to 10 mm in diameter 

were aspirated with an 18 gauge needle attached to a 1 ml or 3 ml syringe. COC with 

a complete, compacted cumulus with ≥4 layers were washed 6 times in modified 

Tyrodes medium (TL-Hepes (Parrish et al., 1986)) prior to being placed into 

maturation medium.  
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Brilliant Cresyl Blue Staining and In Vitro Maturation 

 Prior to placement in maturation medium, all COC were washed six times in 

warmed TL-Hepes and then incubated in 26µM BCB in TL-Hepes for 90 minutes at 

38.5˚C in 5% CO2 in air. After staining, oocytes were transferred to TL-Hepes and 

washed three times. After washing, COC were examined under a stereomicroscope 

and divided into two groups according to the presence or absence of blue staining in 

the ooplasm. Oocytes with blue cytoplasm were designated as BCB+ and oocytes 

without blue cytoplasm were designated as BCB–. These oocytes were then washed 

once in maturation medium and further divided by random assignment into the 

following in vitro maturation treatments: control, FSH (0.02 U/ml) + EGF (50 ng/ml), 

10% estrus cow serum (ECS), and FSH+EGF+ECS. Oocytes were matured in 400 μl 

mSOF+PVA supplemented with their specific hormone or serum treatment for 20 hr 

at 38.5˚C in 5% CO2 in air. Staining controls were omitted from incubation with BCB 

in TL-Hepes and placed directly into maturation in mSOF+PVA supplemented with 

FSH+EGF+ECS. These staining controls were included in five experimental 

replicates to monitor any detrimental effects of BCB staining on embryo 

development. 

 

EXPERIMENT 1: Nuclear Maturation 

 To assess nuclear maturation, oocytes were matured for 20 h in their 

respective treatment groups and then vortexed in 200 µl TL Hepes for 4.5 minutes to 
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remove surrounding cumulus cells. Denuded oocytes were washed in phosphate 

buffer saline (PBS) and fixed on acid-washed slides using 3:1 ethanol:acetic acid. 

After fixation, oocytes were stained using aceto-orcein (25% orcein in 45% glacial 

acetic acid) to visualize meiotic configurations. Treatment groups contained a total of 

3 to 22 (10.5 ± 0.6) COC per treatment per replicate. Five experimental replicates 

were performed between the months of October and November.  

 

EXPERIMENT 2: Embryo Development 

In Vitro Fertilization 

 Frozen sperm from two bulls were used in this experiment. Sperm preparation 

was performed as described by Parrish et al (1986). Briefly, straws were thawed in 

39˚C water for 30 seconds, contents were layered in volumes of 250 μl beneath 1 ml 

pre-warmed Sperm TL and then placed in a 39˚C water bath for a swim-up period of 

60 minutes. Sperm and buffer were recovered by use of a sterile pipette, brought to a 

volume of 10 ml in a 15 ml conical and centrifuged for 10 minutes at 2500 rpm 

(1250g, 39˚C). The supernatant was removed leaving a minimal pellet. Concentration 

of sperm was determined by hemocytometry and a volume of 5.75 to 12.5 μl (9.8 ± 

0.9) was used for fertilization. Matured oocytes were washed 4 times in fertilization 

medium and inseminated at a concentration of 1x106 sperm cells/ml in a volume of 

750 ml. COC from each treatment group were fertilized at 38.5˚C and were 

maintained in an atmosphere of 5% CO2 in air for 20 h. Treatment groups contained 7 
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to 25 (11.6 ± 0.5) COC per treatment per replicate. Seven replicates of this 

experiment were performed between the months of October and December.  

 

Embryo Development 

At 20 h post-insemination, all presumptive zygotes were denuded by 

vortexing for 4.5 minutes in 200 µl TL-Hepes. Presumptive zygotes were washed 6 

times in TL-Hepes and then 4 times in mSOF+PVA prior to being placed in a volume 

of 400 μl SOF for culture. At 72 h post-fertilization, embryos were washed and then 

moved to wells of 400 μl of mSOF supplemented with 10% ECS. All embryo culture 

was performed at 38.5˚C in 90% N: 5% CO2: 5% O2. 

 

Evaluation of Oocytes and Embryos 

 Cumulus expansion was graded by a single individual. Embryo grading were 

evaluated by a single independent grader who was blind to treatment. Cumulus 

expansion was graded on the following scale: 1 (no expansion), 2 (slight expansion), 

3 (expanded), 4 (expanded; puffy or sticky) (Wolf and Farin, 1996). Embryo grade 

was established on the following scale: 1 (excellent or good), 2 (fair), 3 (poor), 4 

(dead or degenerating) (Stringfellow and Seidel, 1998).  

 

 

 

 70



Statistical Analysis 

 All observations for nuclear maturation, cleavage rates, and blastocyst 

development were converted to percentages. Embryo grade was analyzed using chi-

square and Fisher’s exact tests. All percentage data were arcsine transformed and 

analyzed by analysis of variance using General Linear Models procedures (SAS, 

2003). Statistical models used for analysis of cumulus expansion, cleavage and 

blastocyst development included the main effects of serum, hormone, BCB status and 

heat inactivation status and all appropriate interactions (Appendix, Table 1). The 

statistical model used for analysis of germinal vesicle breakdown and metaphase II 

included the main effects of serum, hormone and BCB status and all appropriate 

interactions (Appendix, Table 1).  When a significant F-statistic was identified, means 

were separated using Duncan’s Multiple Range Test (SAS, 2003). All data, except for 

the proportion of blastocysts by grade, are reported as least squares means ± standard 

error. 

 

RESULTS 

Cumulus Expansion 

 There was an interaction (P < 0.0001; Figure 1) between pooled serum (heat 

inactivated and non-treated) and hormone on cumulus expansion score. While both 

serum and hormone promoted cumulus expansion, their individual effects did not 

differ. However, when both were present during maturation there was an additive 
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effect on expansion (Figure 1). Thus, it appears that the addition of both hormone and 

serum to maturation medium promoted maximum cumulus expansion. There was also 

an interaction (P = 0.007; Figure 2) between the presence of serum and the heat 

inactivation status of serum on cumulus expansion score. Supplementation of 

maturation medium with heat inactivated serum increased cumulus expansion 

compared to non-treated serum (Figure 2). There was no effect (P>0.05) of BCB 

status on cumulus expansion score nor was there an interaction of serum by hormone 

by heat inactivation status of serum on cumulus expansion score (Appendix, Table 2).  
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Figure 1. Interaction of serum and hormone on cumulus expansion score; a,b,c P<0.05. 
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Figure 2. Interaction of serum and heat inactivation status of serum on cumulus 
expansion score; a,b,c P<0.05. HI = Heat Inactivation.  
 
 
 
Nuclear Maturation 

 Meiotic resumption in the absence of serum was affected by BCB status (P = 

0.003; Figure 3). There was no difference in rate of GVBD between BCB+ and BCB– 

oocytes matured in the presence of pooled serum. However, the proportion of COC 

undergoing GVBD was lower (P < 0.05) in BCB– oocytes compared to BCB+ 

oocytes when serum was absent (Figure 3). Based on these observations, the presence 

of serum, regardless of heat inactivation status, during maturation improved the 

ability of BCB– oocytes to resume meiosis. In contrast, BCB+ oocytes exhibited 

similar rates of GVDB, irrespective of the presence of serum. The proportion of COC 
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undergoing GVBD was not affected by the addition of hormones nor was there an 

interaction of serum by hormone, hormone by BCB or serum by hormone by BCB 

(Appendix, Table 2). 

 There was a significant effect of pooled serum supplementation on the 

proportion of oocytes reaching MII (P = 0.001; Figure 4). Maturation of COC in the 

presence of serum resulted in approximately 10% more oocytes reaching MII 

compared to COC matured in the absence of serum (Figure 4). There was no 

significant influence of hormones or BCB status on the completion of nuclear 

maturation nor were there interactions of serum by hormone, serum by BCB, 

hormone by BCB or serum by hormone by BCB (Appendix , Table 2). 
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Figure 3. Interaction of serum and BCB status on the proportion of COC undergoing 
GVBD; a,b P<0.05. 
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Figure 4. Effect of serum on the proportion of COC reaching MII; a,b P<0.05. 
 
 

Cleavage Rates 

 Cleavage rates differed (P = 0.03) with respect to heat inactivation status of 

serum. Heat inactivation of serum resulted in 9% fewer (P < 0.05; Figure 5) COC 

cleaving by 48 h post-insemination compared to culture with non-treated serum. This 

difference was even greater for cleavage to at least the 4-cell stage (49% for non-

treated serum versus 29% for heat inactivated serum; P < 0.0001; Figure 6). These 

results suggest that the use of heat inactivated serum during in vitro maturation 

impairs the ability of COC to cleave within the first 48 h after insemination. There 

were no differences in cleavage rate with respect to serum, hormones or BCB status 
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nor was there an interaction of hormone by BCB by heat inactivation status of serum 

(Appendix, Table 2). 

 There was an interaction between pooled serum and BCB status with respect 

to the proportion of COC cleaving at least twice by 48 h post-insemination (P = 0.04; 

Figure 7). There was no difference between BCB+ and BCB– oocytes in the absence 

of serum. However, more BCB+ oocytes cleaved to at least the 4-cell stage compared 

to BCB– oocytes when serum was present during maturation. Based on these 

observations, the presence of serum during maturation improved the rate of early 

cleavage for BCB+ oocytes. There were no differences in cleavage rate with respect 

to the addition of serum, hormone or BCB status (Appendix, Table 2).  
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Figure 5. Effect of heat inactivation status of serum on the proportion of COC 
cleaving at least once within 48 h of insemination; a,b P<0.05. HI = Heat Inactivation. 
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Figure 6. Effect of heat inactivation status of serum on the proportion of COC 
cleaving at least twice within 48 h of insemination; a,b P<0.05. HI = Heat Inactivation. 
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Figure 7. Interaction of serum and BCB status on the proportion of COC cleaving at 
least twice within 48 h of insemination; a,b P<0.05.  
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Blastocyst Development 

 There was an interaction (P = 0.04; Figure 8) between heat inactivation of 

serum, hormone and BCB status on total blastocyst production. Treatment of BCB– 

oocytes with heat inactivated serum in the absence of hormone yielded approximately 

9% greater blastocyst development compared to non-treated serum under the same 

conditions (Figure 8). Conversely, treatment of BCB+ oocytes with heat inactivated 

serum in the absence of hormone yielded approximately 10% lower blastocyst 

development compare to non-treated serum under the same conditions (Figure 8). 

BCB– oocytes treated with heat inactivated serum in the absence of hormone yielded 

approximately 14% greater blastocyst development compared to BCB+ oocytes under 

the same conditions (Figure 8). However, the addition of hormone during maturation 

eliminated the differential effect of heat inactivated serum on blastocyst production 

with respect to BCB status. There was no effect of serum, hormone, BCB status or 

heat inactivation status on total blastocyst development. There was also no interaction 

of serum by heat inactivation of serum on total blastocyst development (Appendix, 

Table 2). 

  There was also an interaction (P = 0.04; Figure 9) between heat inactivation 

status of serum and BCB status on the proportion of blastocysts that developed from 

cleaved oocytes. When heat inactivation was omitted, there was no difference in 

blastocyst development for BCB+ and BCB– oocytes. In contrast, significantly more 

blastocysts developed from BCB– oocytes compared to BCB+ oocytes when serum 
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was heat inactivated (Figure 9). Thus, it appears that heat inactivation of serum can 

alter the developmental rates of embryos. More importantly, it appears that when 

serum is heat inactivated, BCB– oocytes can yield higher blastocyst development 

compared to BCB+ oocytes. There was no influence of serum, hormone, BCB status 

or heat inactivation status on the proportions of blastocysts developing from cleaved 

oocytes, nor were there interactions of serum by heat inactivation status or hormone 

by BCB by heat inactivation status (Appendix , Table 2). 
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Figure 8. Interaction of heat inactivation status of serum, hormone and BCB status on 
the proportion of total blastocyst development; a,b,c P<0.05. HI = Heat Inactivation. 
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Figure 9. Interaction of heat inactivation status of serum and BCB status on the 
proportion of blastocysts developed from cleaved embryos; a,b P<0.05. HI = Heat 
Inactivation. 
 
 
 
Embryo Grade 

 There was a significant influence of heat inactivation of serum on embryo 

grade. There was a greater proportion of higher quality blastocysts (grades 1 and 2 

combined) produced in the presence of heat inactivated serum compared to those 

produced in non-treated serum (77% versus 47%, respectively; χ2 = 4.35; Figure 10). 

A similar trend was seen in the proportion of grade 1 blastocysts produced in the 

presence of heat inactivated serum compared to those produced in non-treated serum, 

but it was not significant (42% versus 20%, respectively; Figure 10). Thus, it appears 

that culture with heat inactivated serum results in the production of blastocysts of 
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higher morphological quality compared to culture in non-treated serum. There was no 

effect of serum, hormone, or BCB status on embryo quality (Appendix, Table 3 and 

Table 4).  
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Figure 10. Effect of heat inactivation of serum on blastocyst grade; a,b P<0.05. HI = 
Heat Inactivation.  
  

 

DISCUSSION 

 In studies investigating blastocyst development from oocytes sorted by BCB 

status, the more mature BCB+ oocytes consistently yielded higher rates of blastocyst 

development compared to less mature BCB– oocytes (Rodriguez-Gonzalez et al., 

2003; Pujol et al., 2004; Alm et al., 2005; Bhojwani et al., 2007). The results of the 

present study are not in agreement with these published results. When heat 
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inactivated serum was used in the absence of hormones, a higher proportion of BCB– 

oocytes developed to the blastocyst stage compared to BCB+ oocytes. Similarly, heat 

inactivation of serum resulted in a higher proportion of blastocysts developing from 

cleaved BCB– oocytes compared to cleaved BCB+ oocytes. Together, these data 

suggest that performing in vitro production with heat inactivated serum is beneficial 

for oocytes that are typically considered less competent. Perhaps these BCB– oocytes 

were less perturbed by sub-optimal conditions, such as the absence of hormone, and 

therefore are better able to fertilize and develop to the blastocyst stage. It is also 

possible that heat inactivation of serum destroys factors that are beneficial to BCB+ 

oocytes.  

 The low rate of blastocyst development observed in this study is most likely 

due to several factors. One of these potential factors was the culture system. In this 

study, maturation and culture procedures were performed in SOF rather than 

TCM199. The purpose of using SOF was to utilize a defined system that would not 

mask the effects of the individual maturation supplements. While using SOF as a 

culture system is very popular (Takahashi and First, 1992; Gardner et al., 1994; 

Keskintepe et al., 1995; Gandhi et al., 2000; Gardner et al., 2000), it is less often used 

for in vitro maturation (Gandhi et al., 2000). Also, culturing in SOF is typically 

performed using microdrops under oil whereas culture in this study took place in 400 

µl wells. This increased volume made it easier to manipulate oocytes and embryos 

but it also may also have increased the rate of gas loss from the medium.  
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 The low rates of blastocyst development were not a consequence of the BCB 

staining protocol. Control oocytes (not exposed to incubation with BCB) matured in 

the presence of serum and hormone yielded percentages of blastocyst development 

similar to those matured in the same conditions after being stained with BCB (14.4 ± 

7.8 and 10.7 ± 2.4, respectively). These findings support the conclusion that the 

culture system itself limited embryo development.  

 Another potential factor affecting blastocyst development was the condition of 

the animals from which the ovaries were collected. The runs for Experiment 1 were 

performed between the months of October and November and the runs for 

Experiment 2 were performed between the months of October and December. While 

the timing of these experiments was intended to optimize development, there was a 

prolonged period of high temperatures that extended into late October. Heat stress has 

potentially adverse effects on the quality of oocytes (Badinga et al., 1993; Roth et al., 

2001a; Roth et al., 2001b) and it was noted in the course of these experiments that 

there was both a decreased number and decreased size of follicles on the ovaries. It 

was also noted that the COC collected were generally of a lower morphological grade 

with fewer cumulus layers. There was also a drought in evidence during the span of 

this study and this may have added to the poor quality of oocytes.   

 While many studies focus on blastocyst development rates as an indicator of 

the importance of system supplementation, the morphological grade of the embryos 

produced is of equal, if not greater, importance. Grade 2 in vitro-produced embryos 
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resulted in significantly fewer pregnancies after transfer to recipient females 

compared to grade 1 in vitro-produced embryos (Hasler, 1993; Farin and Farin, 1995; 

Farin et al., 1999). Thus, while grade 2 embryos are still considered to be of good 

quality they do not appear to possess the same developmental competence of high 

quality grade 1 embryos. For this reason, the production of grade 1 embryos may 

serve as a better indicator of importance of supplementation.   

 While heat inactivation of serum improved embryo morphological grade 

(grade 1 and grade 2 combined) in this study, it did not improve the proportion of 

grade 1 blastocysts. There was a notable difference in the percentage of grade 1 

blastocysts produced using heat inactivated serum compared to that produced using 

serum without heat inactivation (42% versus 20%, respectively). However, the 

number of observations was low and this difference did not reach significance. It is 

possible that with an increased number of observations, statistical significance may 

result.    

 Both serum and hormone have been shown to improve nuclear maturation in 

vitro (Harper and Brackett, 1993; Park and Lin, 1993; Lorenzo et al., 1994; Lonergan 

et al., 1996). In studies comparing the proportion of oocytes completing nuclear 

maturation after staining with brilliant cresyl blue, the more mature BCB+ oocytes 

were consistently superior to the less mature BCB– oocytes (Ericsson et al., 1993; 

Rodriguez-Gonzalez et al., 2002; Pujol et al., 2004; Alm et al., 2005). Interestingly, 

the results of this study are not in complete agreement. BCB+ and BCB– oocytes 
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yielded similar rates of GVBD in the presence of both serum and hormone; however, 

in the absence of serum, a greater proportion of BCB+ oocytes underwent GVBD 

compared to BCB– oocytes. This suggests that the serum used in this experiment 

improved the ability of BCB– oocytes to resume meiosis to proportions comparable 

to BCB+ oocytes. This implies that while less mature at the time of recovery, BCB– 

oocytes are equally capable of undergoing maturation but may require more specific 

conditions. There was also a main effect of serum, regardless of heat inactivation 

status, on the proportion of oocytes to complete nuclear maturation. This further 

suggests that the addition of serum promoted the initiation and completion of 

maturation.    

 Cleavage rate is a simple method to predict the chance of an embryo reaching 

advanced developmental stages (Van Soom et al., 1992; McKiernan and Bavister, 

1994; van Soom et al., 1997). Heat inactivation of serum resulted in fewer COC 

cleaving to at least the 2-cell stage by 48 h post-insemination compared to culture 

with non-treated serum. This difference was even greater when comparing the 

proportion of COC to attain at least the 4-cell stage within 48 hpi. These findings 

suggest that the use of heat inactivated serum during in vitro maturation may impair 

the ability of COC to fertilize and cleave. It is possible that the heat inactivation of 

serum destroys beneficial factors such as growth factors and so heat inactivated serum 

may not have the same stimulating effect as non-treated serum.  
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 Previous studies of bovine COC found no differences in cleavage rate based 

on BCB status (Alm et al., 2005). When cleavage in this study was only analyzed as 

the proportion of oocytes to cleave at least once within the first 48 h after 

insemination, findings were in agreement with Alm et al. (2000).  However, the 

presence of serum had an effect on the ability of BCB+ and BCB– oocytes to undergo 

at least two cell divisions within the first 48 h post-insemination in this study. While 

there was no difference in cleavage between BCB+ and BCB– oocytes matured in the 

absence of serum, a higher proportion of BCB+ oocytes matured with serum cleaved 

to at least the 4-cell stage compared to BCB– oocytes matured under the same 

conditions. In the study by Alm et al. (2000), maturation was performed in the 

presence of serum and cleavage was only assessed as completing at least one cell 

division within the given time period. This may be the reason why they did not 

observe an impact of BCB status on the rate of multiple cell divisions.  Together, the 

data suggest that pooled serum supplementation during maturation can improve the 

ability of BCB+ oocytes to undergo multiple cell divisions within 48 h post-

insemination.  

 It is well documented that the inclusion of both serum and hormones into 

culture medium improve cumulus expansion during in vitro maturation (Parrish et al., 

1986; Sanbuissho and Threlfall, 1989; Buccione et al., 1990b; Harper and Brackett, 

1993; Lorenzo et al., 1994; Lonergan et al., 1996; Rieger et al., 1998; Choi et al., 

2001). When COC were matured in the absence of serum, the addition of hormones 
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resulted in a reduced extent of cumulus expansion (Gandhi et al., 2000). In contrast, 

when serum was included with hormone, cumulus expansion was maximized (Gandhi 

et al., 2000). The results of the present study are in agreement with these 

observations. While the addition of either pooled serum or hormone individually 

improved cumulus expansion, their combined effects were additive. That is, in the 

presence of both serum and hormone, cumulus expansion that was greater than the 

degree of expansion that occurred with either serum or hormone alone.  

 In this study, heat inactivation of serum significantly improved cumulus 

expansion. Because ECS is obtained from adult animals, it contains higher levels of 

heat-labile complement protein than FCS (Triglia and Linscott, 1980) and therefore 

requires heat inactivation to avoid inducing complement-mediated cell lysis. Due to 

the lower amounts of complement in FCS, heat inactivation is regarded as 

unnecessary (Pinyopummintr and Bavister, 1994). The findings of this study suggest 

that heat inactivation of ECS is necessary for in vitro embryo production. It is likely 

that heat inactivation of ECS removed detrimental factors that would otherwise 

counteract the properties of beneficial factors, such as growth factors and hormones, 

and therefore allowed for greater cumulus expansion.  

 Previous studies utilizing BCB staining focused primarily on nuclear 

maturation and embryo development and made no reference to cumulus expansion 

(Ericsson et al., 1993; Rodriguez-Gonzalez et al., 2002; Pujol et al., 2004; Alm et al., 

2005). There was no difference in cumulus expansion with regard to BCB status in 
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this study. Cumulus expansion is an oocyte-dependent process. The oocyte secretes 

an enabling factor that enables cumulus cells to secrete hylauronic acid and to expand 

(Buccione et al., 1990a). Given the lack of difference in cumulus expansion based on 

BCB status, it can be concluded that both classifications of oocytes are equally 

capable of producing the enabling factor required for hylauronic acid secretion.   

 In summary, this study demonstrated the differential effects of 

supplementation of maturation medium and of heat inactivation of serum on BCB 

stained oocytes. Serum improved GVBD of BCB– oocytes and early cleavage of 

BCB+ oocytes. Treatment with heat inactivated serum in the absence of hormone 

yielded greater blastocyst production from BCB– oocytes but yielded lower 

blastocyst production from BCB+ oocytes. This suggests that heat inactivated serum 

is detrimental to the developmental competence of oocytes that are more mature upon 

recovery, but is beneficial to the developmental competence of oocytes that are less 

mature upon recovery. Similarly, BCB– oocytes treated with heat inactivated serum 

in the absence of hormone yielded greater blastocyst development compared to BCB+ 

oocytes under the same conditions. However, the addition of hormone during 

maturation eliminated the differential effect of heat inactivated serum on blastocyst 

production with respect to BCB status. In addition, heat inactivation of serum 

improved the production of blastocysts from cleaved zygotes from BCB– oocytes 

compared to BCB+ oocytes. These findings suggest that although BCB– oocytes are 

less mature at time of recovery compared to BCB+ oocytes, their developmental 
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competence can be improved by culture conditions. It also appears that it is possible, 

under specific culture conditions, for BCB– oocytes to attain a greater developmental 

competence than BCB+ oocytes. 
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Table 1. Final statistical models for oocyte and embryo development endpoints 
 
Endpoint Factors 
Cumulus Expansion Serum 
 Hormone 
 BCB Status 
 Heat Inactivation Status 
 Serum by Hormone 
 Serum by Heat Inactivation 
  
GVBD and MII Serum 
 Hormone 
 BCB Status 
 Serum by Hormone 
 Serum by BCB 
 Hormone by BCB 
 Serum by Hormone by BCB 
  
Cleavage (2-cell) Serum 
 Hormone 
 BCB Status 
 Heat Inactivation Status 
 Hormone by BCB by Heat Inactivation 
  
Cleavage (4-cell) Serum 
 Hormone 
 BCB Status 
 Heat Inactivation Status 
 Serum by BCB 
  
Blastocysts and Blastocysts of Cleaved Serum 
 Hormone 
 BCB Status 
 Heat Inactivation Status 
 Serum by Heat Inactivation 
 BCB by Heat Inactivation 
 Hormone by BCB by Heat Inactivation 
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Table 2. Non-significant main effect least squares means ± SEM for oocyte and 
embryo development endpoints 
 

 
Cumulus 

Expansion 
Score 

GVBD 
(%) 

MII 
(%) 

Cleavage 
2-cell* 

(%) 

Cleavage 
4-cell** 

(%) 

Blastocyst 
(%) 

Blastocyst 
of Cleaved 

(%) 

Serum     –    70 ± 3 36 ± 3 10 ± 2 13 ± 2 

Serum     +    77 ± 3 42 ± 3 7 ± 2 10 ± 2 

Hormone –  97 ± 1 91 ± 2 74 ± 3 36 ± 3 9 ± 2 12 ± 2 

Hormone +  97 ± 1 90 ± 2 72 ± 3 41 ± 3 8 ± 2 11 ± 2 

BCB        – 2 ± 0  88 ± 2 71 ± 3 37 ± 3 10 ± 2 15 ± 2 

BCB        + 2 ± 0  93 ± 2 75 ± 3 41 ± 3 6 ± 2 9 ± 2 

HI            –      8 ± 2 11 ± 3 

HI            +      8 ± 1 13 ± 2 

 
HI = Heat Inactivation 
* Data represent the percentage of oocytes to cleave at least once within 48 hpi 
** Data represent the percentage of oocytes to cleave at least twice within 48 hpi 
 
 
 

Table 3. Non-significant chi square test values of main effect differences on the 
proportion of grade 1 blastocysts 
 

Main Effect χ2 value 

Serum 0.04 

Hormone 0.06 

BCB Status 0.11 

Heat Inactivation Status 2.14 
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Table 4. Non-significant chi square test values of main effect differences on the 
proportion of combined grades 1 and 2 blastocysts 
 

Main Effect χ2 value 

Serum 0.29 

Hormone 1.33 

BCB Status 0.75 
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