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1. Introduction 

Bovine multi-ovulation and embryo transfer (MOET) and in vitro embryo production 

(IVP) are reproductive biotechnologies that have been improved in the last decades, 

but are still associated with problems that reduce their efficiency and limit their field 

application. The potential use of bovine IVP embryos can be affected by several 

kinds of problems, including low developmental rates to the blastocyst stage, poor 

quality embryos, and low implantation rates. A predominant feature is apoptosis or 

programmed cell death at all preimplantation stages (GJØRRET et al., 2003). The 

high proportion of embryonic cells showing DNA fragmentation might be related to 

embryonic losses after transfer to recipients. In different species it has been 

demonstrated that IVP embryos exhibit increased apoptosis (mouse: KAMJOO et al., 

2002; porcine: HAO et al., 2003; bovine: GJØRRET et al., 2003). Apoptosis is a 

natural programmed mechanism by which cells with abnormalities or defects are 

eliminated.  

 

The efficiency of in vitro embryo production is even lower when pre-pubertal donors 

are used. The use of oocytes from pre-pubertal donors for in vitro embryo production 

has considerable potential for accelerated genetic progress in livestock breeding by 

reducing the generation interval (LOHUIS, 1995). Ultrasound-guided ovum pick-up 

(OPU) is a reliable technique for harvesting immature bovine oocytes repeatedly from 

living pre-pubertal donors. However, the developmental competence of these ova, 

reflected by the rate of viable blastocysts derived from pre-pubertal animals, is lower 

in comparison with their adult counterparts. In a comparison of oocytes from pre-

pubertal donors with those from adult cows, differences were found with regard to 

ultrastructure, metabolism and cytoplasmatic maturation. In pre-pubertal IVP 

embryos, glucose metabolism, pyruvate input and protein profiles are altered 

(LEVESQUE and SIRARD, 1994; STEEVES and GARDNER, 1999; STEEVES et al., 

1999). The expression profile in pre-pubertal embryos shows differences in genes 

related to glucose transport and protein translation (OROPEZA et al., 2004). 
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In vitro generated embryos show marked differences compared to their in vivo 

counterparts in a great number of important characteristics including morphology, 

metabolism (KHURANA and NIEMANN, 2000a) and gene expression (NIEMANN 

and WRENZYCKI, 2000). In vitro production systems can affect the developmental 

competence of blastocysts, the number of embryonic cells, the ratio between inner 

cell mass (ICM) and trophectodermal cells, and the incidence of apoptosis (KNIJN et 

al., 2003). The lower quality of in vitro produced embryos is observed in the inner cell 

mass (ICM) which possess fewer viable cells and higher incidence of apoptosis prior 

to completion of the 4th cell cycle (KNJIN et al., 2003). Apoptosis has been observed 

in normally developing bovine embryos after the 8-cell stage when the bovine 

embryonic genome is activated (BYRNE et al., 1999). Some strategies have been 

used to reduce the frequency of apoptosis in cultured preimplantation embryos. 

Supplementation of in vitro culture media with insulin improved the developmental 

competence of mammalian embryos. Impaired expression of genes involved in 

glucose transport (GLUT) leads to increased apoptosis at the blastocyst stage mainly 

via BAX gene expression (AUGUSTIN et al., 2003) and insulin mediated regulation of 

glucose transport exerts an anti-apoptotic effect. 

 

Growth factors and other exogenous factors in the female genital tract can act via 

autocrine and paracrine pathways to regulate cellular proliferation and apoptosis. 

Insulin and Insulin like Growth Factor-I (IGF-I) are peptides with low molecular 

weights showing autocrine and paracrine effects whose function is mainly the 

regulation of cellular growth and differentiation, two main features of early embryonic 

cells. Supplementation of culture media with IGF-I has positive effects on 

preimplantation embryo development by reducing apoptosis and enhancing 

proliferation in blastocysts from mice, rabbit and humans (SPANOS et al., 2000). 

Insulin, IGF-I and IGF-II decrease the apoptotic index in bovine blastocysts (BYRNE 

et al., 2002). The effects of growth factors (IGF-I, IGF-II) can be enhanced when 

apoptosis decreases. These growth factors act synergistically with other hormones 

(gonadotropins) and exert their function throughout preimplantation development. 
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One protein related to the effects of IGF-I on the cell is protein kinase B (also known 

as AKT). When IGF-I binds its receptor, the PI3-K pathway is activated and 

phosphorylates AKT. AKT then phosphorylates a group of proteins which control cell 

proliferation and apoptosis. AKT gene expression during bovine embryonic 

development and its presence at each stage is important for the regulation of 

apoptosis via pro-apoptotic protein BAD (DEL PESO et al., 1997). 

 

Apoptosis is orchestrated by different groups of regulatory and executor proteins. 

During embryo development, various groups of genes are expressed which are 

closely related to the regulation of apoptosis in embryonic cells. The BCL-2 family 

includes a sub-group of pro-apoptotic proteins. Other members of the BCL-2 family, 

such as BCL-2 or BCL-XL, act as inhibitors of apoptosis. Mitochondrial membrane 

permeabilization is regulated by the balance between pro- and anti-apoptotic BCL-2 

family members. The release of other pro-apoptotic factors (e.g. cytochrome c) 

through the permeabilized mitochondrial membrane induces downstream caspases, 

and loss of mitochondrial function (MARTINOU and GREEN, 2001). Specifically, 

BAD, BAX and BAK (ADAMS and CORY, 1998) stimulate the release of 

cytochrome c from mitochondria. If genes encoding two BCL-2 family members, BAX 

and BAK, are both expressed, cells are remarkably sensitive to most apoptosis 

inducing stimuli, indicating an important role of these proteins in apoptosis induction. 

Another important group of intracellular apoptosis regulators is the IAP (inhibitor 

apoptosis) family. Extracellular signals can either activate or inhibit apoptosis. These 

signaling molecules mainly act by regulating the levels or activity of BCL-2 and IAP 

family members (ALBERTS et al., 2002).  

 

The TUNEL Assay is a quantitative fluorescence technique which detects apoptosis 

induced DNA fragmentation. The enzyme, terminal deoxynucleotide transferase 

(TdT), catalyzes the incorporation of bromodeoxy uridine (BrDU) residues into the 

fragmented nuclear DNA (nicks) at the 3’-hydroxyl by nick end labeling (GAVRIELI et 

al., 1992). The TUNEL Assay ratio is a comparison between non-apoptotic and 

apoptotic cells.  
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The main objective of this study was to determine the cellular and molecular 

characteristics of preimplantation in vitro produced bovine embryos derived from pre- 

and post-pubertal heifers. Intraovarian rhIGF-I injection was used because it had 

previously been reported that this could improve both the oocyte recovery rate and 

the developmental competence of oocytes recovered from pre-pubertal donors and 

from post-pubertal donors due to its anti-apoptotic effect. Gene expression patterns 

were determined by Real Time RT-PCR for genes related to early embryonic 

metabolism (GLUT3, GLUT8, Protein Kinase B/AKT1) and for genes related to the 

regulation of apoptosis (BCL-XL, BAX and BAD). The relationship between apoptotic 

and normal cells in the blastocyst was assessed using the TUNEL Assay on 

blastocysts at the eighth day of development.  
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2. REVIEW OF LITERATURE 

2.1. DEVELOPMENT AND REGULATION OF OOCYTE COMPETENCE 

2.1.1. Oogenesis and folliculogenesis 

The process of oocyte formation (oogenesis) involves several key steps including 

primordial germ cell formation, migration to the gonads and differentiation into 

oogonia, followed by the initiation of meiosis and subsequent arrest at the diplotene 

stage during prophase I (VAN DER HURK and ZHAO, 2005). Primordial germ cells 

arise approximately 3 weeks after fertilization and migrate by amoeboid movement 

from the epithelium of the yolk sac via the dorsal mesentery of the hindgut to the 

germinal ridges located at the ventral sides of the mesonephroi (SMITZ and 

CORTVRINT, 2002). Once the primordial cells enter the genital ridges, they show 

high mitotic and transcriptional activity and begin to differentiate into oogonia or 

spermatogonia depending on their chromosomal sex (X or Y) (PICTON et al., 1998). 

In the ovaries, the mitotic divisions of primordial germ cells result in the formation of 

oogonia. These oogonia become surrounded by the mesonephroi derived from 

somatic cells forming cell clusters or cortical cords. Within these cords, oogonia 

undergo further DNA replication, enter meiosis and become oocytes. The oocytes 

pass through leptotene, zygotene, and pachytene stages of meiotic prophase I 

before being arrested at the diplotene stage. During prophase I of meiosis, 

transcription levels fall to almost undetectable levels by early pachytene, but are high 

at the diplotene stage (PICTON et al., 1998). The whole process of oogenesis 

ceases shortly after birth. 

 

It is generally accepted that folliculogenesis occurs in cattle during fetal development. 

However, the prevailing dogma that the store of primordial follicles in mammals is 

determined during fetal development and is not renewable has been challenged by 

evidence generated in mice, in which oocytes and primordial follicle production were 

found in postnatal animals (JOHNSON et al., 2004; TILLY et al., 2009). In bovine, 

folliculogenesis begins at day 90 of pregnancy with the formation of primordial 

follicles (WANDJI et al., 1992). Concomitant with the initiation of meiosis, individual 

primordial follicles emerge from the distal cord ends and oocytes are surrounded by 
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layers of somatic cells which are called pre-granulosa cells (PICTON et al., 1998). 

The pool of primordial follicles is characterized by relative transcriptional and 

translational quiescence until shortly before puberty when the ovaries become 

responsive to gonadotropins. 

 

2.1.1.1. Primary follicles 

Primordial follicles remain quiescent or dormant in ovaries until recruitment. 

Primordial follicles are transformed into primary follicles when granulosa cells 

surrounding the oocytes become cuboidal and the diameter of the oocyte increases 

(SALHA et al., 1998). 

 

2.1.1.2. Preantral follicles 

In preantral follicles, the oocyte is surrounded by two or more layers of granulosa 

cells. They are known as early secondary follicles when the second layer of 

granulosa cells is incomplete and secondary follicles when they have two complete 

layers of granulosa cells (SALHA et al., 1998). At this stage, oocytes enter an 

extensive growth phase, the surrounding granulosa cells become increasingly 

proliferative, and the theca cell layer develops around the granulosa cells from 

interstitial stroma cells. During this period, the bovine follicle reaches a diameter of 

approximately 150 µm, with a maximum oocyte diameter of 60 µm. At this time of 

development, oocytes show a complex cytoplasmatic organization depending on 

specific gene products and organelles (PICTON et al., 1998) and there is a huge 

increase in RNA and protein synthesis, the number of ribosomes, mitochondria and 

other cell organelles. One of the characteristics of this oocyte growth phase is the 

secretion of the glycoprotein membrane zona pellucida (ZP), which forms a 

protective coat around the oocyte consisting of three glycoproteins ZP1, ZP2 and 

ZP3 (WASSARMAN et al., 1988). Preantral follicles are poorly vascularized 

suggesting that endocrine factors are of minor importance for regulating 

development. Preantral follicles can develop to the next (antral) stage with minimal 

circulating FSH and defective FSH receptors (VAN DER HURK et al., 2000). 
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2.1.1.3. Antral follicles 

Antral follicles are also known as Graaf’s follicles. The formation of antral follicles is 

characterized by a fluid filled cavity, the antrum, which is surrounded by multiple 

layers of granulosa cells. The antrum fluid delivers important regulatory substances 

to the oocyte including factors circulating in the blood and secretions from the 

follicular cells including gonadotropins, steroids, growth factors, enzymes, 

proteoglycans and lipoproteins. During follicle development, antral fluid production is 

enhanced by increased follicular vascularization and permeability of the blood 

vessels which is coupled with a huge increase in the size of antral follicles. Bovine 

oocytes reach a diameter of approximately 120 µm during early antral follicle 

development (VAN DER HURK and ZHAO, 2005).  

 

2.1.2. Follicular dynamics 

The study of ovarian follicular dynamics underwent a breakthrough with the 

introduction of transrectal ultrasonography (PIERSON and GINTHER, 1984; SINGH 

et al., 2003). This technology provided means for repeated, direct, non-invasive 

monitoring and measuring of antral follicles regardless of their localization within the 

ovary. Bovine follicular development is characterized by the key developmental 

features of recruitment, selection and dominance, with the concomitant sequential 

need for gonadotropins (i.e. Follicle-Stimulating Hormone [FSH] for recruitment and 

Luteinizing Hormone [LH] for dominance). Recruitment can be defined as the 

initiation of gonadotropin dependent folliculogenesis by a cohort of healthy follicles. 

All recruited follicles possess a similar growth rate during approximately 2 days. 

During the mid-follicular phase, a selection process occurs, in which a dominant 

follicle is selected from the rest of the cohort. This is followed by a final phase of 

dominance where the dominant follicles grow to ovulation and suppress growth of the 

rest of the follicles, which undergo atresia (Figure 1; DRIANCOURT, 2001). 
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Figure 1: Main events that occur during one follicular wave (adapted from DRIANCOURT, 

2001) 

 

 

During the oestrus cycle, the recurrent succession of these events is called “follicular 

wave”. Based on gross morphological and histological studies of the ovaries, this 

pattern was first described in 1960 by RAJAKOSKI, who showed that two waves of 

follicular activity can occur during the bovine estrous cycle (GINTHER et al., 1996). It 

is now known that a cyclic cow can have 2 or 3 waves of follicular growth in one 

estrous cycle (GINTHER et al., 1989; EVANS, 2003). Genetic and environmental 

factors can determine the proportion of 2- or 3-wave patterns. The time interval from 

follicle emergence to ovulation, the diameter of the dominant follicle, the 

interovulatory period, and luteal regression all depend on whether the animal has a 

one, two or three-wave pattern (GINTHER et al., 1989; see Table 1). The dominant 

follicle present at the onset of luteolysis becomes the ovulatory follicle (ADAMS et al., 

2008).  
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Table 1: Comparison of follicular and luteal characteristics (mean ± SEM) between 2-wave 

and 3-wave interovulatory intervals (GINTHER et al., 1989) 

 No. of follicular waves during an interovulatory interval 

 Two Three 

Length (days) 20.4 ± 0.3 22.8 ± 0.6 

Interval from detection to ovulation (days) 10.9 ± 0.4   6.8 ± 0.6 

Maximum diameter (mm) 16.5 ± 0.4 13.9 ± 0.4 

Corpus luteum regression (days) 16.5 ± 0.4 19.2 ± 0.5 

 

 

At the onset of the first wave of follicle growth, the size of recruited follicles in cattle 

ranges from 3 to 5 mm (GINTHER et al., 1997; MIHM and AUSTIN, 2002). 

Approximately 24 follicles can be present in an emerging wave (GINTHER et al., 

1997). All follicles of the cohort are capable to achieving dominance and ovulation. 

This is supported by the fact that initiation of FSH treatments early in the wave 

stimulates many follicles to attain the diameter of dominant follicles (ADAMS et al., 

1993). In addition, after deviation of growth rates between the two largest follicles, 

ablation of the original dominant follicle can induce dominance of the subordinate 

follicle (KO et al., 1991; ADAMS et al., 1993; BERGFELT et al., 1994). The second 

and third waves emerge 10 and 16 days postovulation, respectively. 

The future dominant follicle is 3 mm in size 6 to 10 hours earlier than the second 

largest, future subordinate follicle. The time point when the growth rate starts to differ 

between the two largest follicles is known as “deviation” (GINTHER et al., 1996). 

Deviation begins when the dominant follicle reaches ~8.5 mm in diameter. The other 

subordinate follicles begin to regress at approximately the same time as the largest 

subordinate follicle (GINTHER et al., 1997, 2003b). 

 

During follicular dominance, preovulatory follicular growth and maturation occur. The 

other follicles of the cohort regress to atresia, and no new recruitment occurs. There 

is a direct relationship between the presence of a dominant follicle and the absence 
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of recruitment. Ablation of the dominant follicle immediately induces recruitment of a 

new cohort of follicles (KO et al., 1991). During estrous, the bovine dominant follicle 

reaches a size of 8-20 mm (GINTHER et al., 1989; KO et al., 1991).  

 

2.1.3. Hormonal control of follicular development 

The endocrine regulation of folliculogenesis involves gonadotropins but also locally 

produced hormones and growth factors. FSH plays a crucial role during follicular 

recruitment (ADAMS et al., 1992). The peak of the FSH surge occurs when the future 

dominant follicle of the resulting follicular wave has a mean diameter of 4 mm. At this 

time, an important maturational step is the appearance of aromatase activity within 

the granulosa cell layer, which is associated with estradiol production from androgen 

precursors produced by the theca cells. Follicular products, especially from the 

dominant follicle, are responsible for the suppression of FSH release by the pituitary 

gland (negative feedback). High concentrations of FSH can stimulate the production 

of estradiol, inhibin and follistatin by the different follicle compartments (MIHM and 

AUSTIN, 2002).  

 

Selection of the dominant follicle is associated with decreasing circulating blood 

concentrations of FSH during the first 3-4 days in a follicular wave (MIHM et al., 

1997). The initial decline in FSH concentration, after its peak surge, occurs when the 

future dominant follicle and its largest companion follicle are approximately 6 mm in 

diameter. Levels of FSH are critical during the deviation phase (GINTHER et al., 

2003a). The dominant follicle has the ability to produce estradiol in the absence of 

FSH which suppresses the growth of the smaller subordinate follicles (GINTHER et 

al., 1996; 1997). The different concentrations of intrafollicular factors in these two 

largest follicles at the time of gonadotropin changes are related to follicular diameter 

deviation (BEG and GINTHER, 2006).  

 

Selection and emergence of a dominant follicle are characterized by the appearance 

of LH receptors in the granulosa cell membranes (IRELAND et al., 1983), which is a 

requisite for establishing follicular dominance and ovulation by the LH surge in cattle. 
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Bovine follicles develop LH receptors when they are ~6 mm in diameter, between 

days 2 and 4 after wave emergence or ovulation (XU et al., 1995; BODENSTEINER 

et al., 1996). The dominant follicle produces more LH receptors than subordinate 

follicles (ADAMS et al., 2008). The development of LH dependency by the selected 

follicle occurs during the period when the concentration of LH is at a basal level. The 

importance of LH for follicular dominance is supported by an increase in diameter in 

dominant follicles and the longer duration of dominance induced with an exogenous 

injection of LH (DUFFY et al., 2000). In addition, chronic treatment of cattle with a 

GnRH agonist suppresses the pulsatile secretion of LH with concomitant impaired 

follicular development (i.e. the largest follicles do not grow beyond 2-4mm). This data 

indicates the necessity of LH for post deviation follicular ovarian development 

(D’OCCHIO et al., 2000). 

 

The release of FSH and LH is induced by pulses of Gonadotropin Releasing 

Hormone (GnRH) from the hypothalamus. The LH release is influenced by follicular 

products. Pulse frequency and amplitude of LH are affected by circulating 

concentrations of both progesterone and estradiol. Estradiol produced by the 

dominant follicle plays a significant role in the suppression of FSH and in the 

intrafollicular facilitation of LH dependency during ovarian follicular development. 

High levels of progesterone produced by a functional Corpus luteum (CL) during 

diestrous or pregnancy suppress LH pulse frequency. Reduction of progesterone 

plasma concentrations is associated with increased LH release. The dominant follicle 

continues to grow and remains dominant when the LH frequency is elevated. The 

increase of estradiol and decreasing progesterone levels after luteolysis increase the 

LH pulse frequency and amplitude culminating in a high preovulatory surge. An 

adequate LH pulse frequency during follicular phase at the end of the estrous cycle 

induces dominant follicle differentiation and ovulation in response to gonadotropin 

surge (SPICER and ECHTERNKAMP, 1986). In case of an inadequate LH pulse 

release, the dominant follicle undergoes atresia (RAHE et al., 1980). 
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Intrafollicular factors that are involved in the deviation of follicular growth include 

members of the insulin-like growth factor (IGF) system, steroids, inhibin-A, activin-A, 

gonadotropin receptors, angiogenic factors and others (ARMSTRONG and WEBB, 

1997). The IGF-I system includes IGF-I and IGF-II, IGF binding proteins (BPs) and 

IGFBP proteases (SPICER, 2004). IGF-I stimulates granulosa cell proliferation and 

synergizes with gonadotropins to promote differentiation of follicle cells (SPICER and 

ECHTERNKAMP, 1995) and increases sensitivity of granulosa cells to FSH 

(MONGET and MONNIAUX, 1995; SPICER and ECHTERNKAMP, 1995). In cattle, 

concentrations of free IGF-I did not increase in the dominant follicle in association 

with deviation, but began to decrease in the second larger follicle before of deviation 

(BEG et al., 2002). The different concentrations of IGF-I between the dominant 

follicle and the second larger follicle before deviation support the concept that IGF-I is 

critical for follicle deviation and the selection mechanism during bovine follicular 

development (BEG and GINTHER, 2006). In cattle, an IGF-I infusion into the stroma 

of both ovaries one day after ovulation increased the oestradiol concentrations in 

small follicles but not in large follicles. This exogenous injection of recombinant 

human (rh)IGF-I into the second large follicle, increased concentration of oestradiol 

within 6 hours after treatment (SPICER et al., 2000).  

 

IGFBPs have a role in regulating the IGF bioavailability by selectively binding the 

IGFs and making them unavailable to their receptors. They inhibit gonadotropin-

induced follicular growth and differentiation and inhibit the action of IGFs on the 

target cells (SPICER and ECHTERNKAMP, 1995). In cattle, IGFBP-2, -4 and -5 have 

been studied in association with deviation (BEG et al., 2001; RIVERA and 

FORTUNE, 2003). Follicular fluid concentrations of IGFBP-2 are similar between the 

dominant follicle and the second largest follicle before beginning of deviation. The 

concentration of this binding protein increased in the second largest follicle after 

deviation (BEG et al., 2001). Decreased levels of IGFBP-2 and -5 mRNA levels in 

granulosa cells may contribute to the decrease in follicular fluid IGFBP-2 and -5 

protein levels of preovulatory dominant follicles (SANTIAGO et al., 2005). 
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Another important component of the IGF system involved in the regulation of bovine 

follicular dynamics are IGFBP-proteases, such as pregnancy-associated plasma 

protein A (PAPP-A), which has been found in follicular fluid (SPICER et al., 2004). 

These proteases degrade the binding proteins and thus increase the bio availability 

of IGF-I in follicles. Greater proteolytic activity of IGFBP-4 and -5 was observed in the 

dominant follicle compared with the subordinate follicles before follicle deviation and 

has been associated with greater concentrations of free IGF-I in the largest follicle 

and greater IGFBP-4 and -5 concentrations in the second largest follicle (RIVERA 

and FORTUNE, 2003). Bovine, PAPP-A mRNA levels are similar between dominant 

and subordinate follicle during final preovulatory development (SANTIAGO et al., 

2005). It appears that induction of proteolytic activity in the IGF system is an early 

step in the selection the dominant follicle (BEG and GINTHER, 2006).  

 

One feature of the selected follicle is its greater capacity for estradiol production 

(GINTHER et al., 2003a,b). Follicular fluid concentrations of estradiol begin to 

increase differentially in the largest follicle compared to the second largest follicle 

shortly before the expected onset of deviation (GINTHER et al., 1997; BEG et al., 

2001). Ablation of the largest follicle or injection of rhIGF-I into the second largest 

follicle the concomitant with deviation can increase estradiol in the second largest 

follicle before the expected onset of deviation (GINTHER et al., 2002; BEG and 

GINTHER, 2006).  

 

Inhibin and activin (dimeric glycoproteins) together with follistatin (monomeric 

glycoprotein) are present in bovine ovarian follicular fluid (GLISTER et al., 2001). The 

ratio of these glycoproteins is critical for the regulation of folliculogenesis, oocyte 

maturation and Corpus luteum function (KNIGHT and GLISTER, 2001). Inhibin 

enhances the LH-induced androgen production in theca cells, via a negative 

feedback in the regulation of the synthesis and secretion of pituitary FSH 

(WRATHALL and KNIGHT, 1995; KNIGHT and GLISTER, 2001). Activin induces 

granulosa cell proliferation, increases FSH receptor expression, granulosa cell 

steroidogenesis and both basal and gonadotropin stimulated aromatase activity. In 
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addition, it can enhance oestradiol production, expression of granulosa cell LH 

receptors and oocyte maturation. Furthermore, it may also delay the onset of 

luteinization and atresia. The inhibitory effects of activin on both LH and oestradiol 

induced androgen secretion from theca cells are reversed by follistatin (WRATHALL 

and KNIGHT, 1995). Changes in activin concentrations have not been found in 

follicular fluid of the three largest follicles during the selection process indicating that 

it does not play a significant role in the deviation process in cattle (BEG and 

GINTHER, 2006). FSH and IGF-I increased activin concentration in bovine granulosa 

cell culture media isolated from 3-6 mm follicles (GINTHER et al., 2001). 

 

Another protein related to bovine folliculogenesis is the vascular endothelial growth 

factor (VEGF). This angiogenic factor has been shown to stimulate mitosis in 

endothelial cells and to increase vascular permeability and angiogenesis (REDMER 

and REYNOLDS, 1996). A study from ACOSTA et al. (2005), using Doppler 

ultrasonography, did not reveal differences with regard to vascularity between the 

two largest follicles before the onset of deviation. After the largest follicle reached a 

diameter of 10 mm, the vascularity of the dominant follicle increased over that of the 

subordinate follicle (ACOSTA, 2007). An increase in vascularity would give the follicle 

a selective advantage in the supply of growth factors and gonadotropins to ensure its 

continued development and to reach maturation and ovulatory capacity (BEG and 

GINTHER, 2006; ACOSTA, 2007). 

 

2.1.4. Developmental competence of ovulatory oocytes 

Oocytes acquire developmental competence sequentially during follicular growth 

reaching meiotic competence at early antral stages of follicle growth. Cytoplasmatic 

factors including mRNA and protein molecules synthesized during oocyte growth are 

gradually accumulated during the later stages of oocyte growth, and are necessary 

for early embryo development prior to embryonic genomic activation (TELFORD et 

al., 1990; DIELEMAN et al., 2002). In the ovarian cycle of post-pubertal females, full 

oocyte competence is acquired during the final stages of preovulatory follicle growth 

(≥ 6mm) under the influence of gonadotropic pituitary hormones (FSH and LH), 
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triggered by positive feedback signals from the mature follicle acting on the 

hypothalamic pituitary axis. The release of LH is pivotal for completion of meiosis and 

the final stages of cytoplasmatic maturation which lead to the ovulatory oocyte. In 

vitro production systems expose oocytes to an environment that lack the dynamic 

changes of the preovulatory follicular development, which in turn may compromise 

their capacity to initiate pregnancy and deliver born calves (DIELEMAN et al., 2002). 

Oocytes that are recovered by aspiration from unstimulated follicles are considerably 

smaller than preovulatory follicles, have fewer cytoplasmatic factors required for 

normal fertilization and completion of embryo development (ARMSTRONG et al., 

2000).  

 

 
Figure 2: Phases of development of the preovulatory follicle and early embryonic 

development in the cyclic cow. Maternal transcripts are essential to sustain the 

few cell cycles of the early embryo until major activation of the embryonic 

genome (DIELEMAN et al., 2002) 

 

 

During oocyte maturation, meiosis is resumed to metaphase II. Meiotic competence 

is acquired during follicular growth and is associated with nuclear and cytoplasmic 

changes (LONERGAN et al., 1994). The main nuclear events include germinal 

vesicle breakdown (GVBD), chromosome condensation, progression to metaphase I 

(M-I), extraction of the first polar body and subsequent arrest at metaphase II (M-II). 

The final maturation of ovulatory follicles is initiated by the preovulatory LH surge. 

During the next 24 hours after the LH peak, oocytes undergo progression to 

metaphase II. Modifications within the cytoplasm include organelle distribution; 
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changes in the activity of protein kinase (MAPK) and maturation promoting factor 

(MPF), development of the Ca2+ release mechanism and the capacity for 

decondensing the chromatin of the fertilizing sperm. The cytoplasmatic changes also 

include continued development of lipid stores, reduction of the Golgi compartment 

and migration of cortical granules to the periphery of the cytoplasm accompanied 

with alterations of protein synthesis involved in cell cycle regulation (HYTTEL et al., 

1997). Meiotic competence is acquired when oocytes have accumulated cell cycle 

regulating molecules in sufficient amounts to enable resumption of meiosis. This is 

correlated with oocyte size which in turn is correlated with follicle size (PAVLOK et 

al., 1992). The average follicle size at which the oocytes acquire the ability to 

undergo nuclear maturation and become developmentally competent is ~3 mm 

(HENDRIKSEN et al., 2000). Transcriptional activity occurs in oocytes during follicle 

and oocyte growth resulting in accumulation of transcripts required for developmental 

competence. These transcripts and proteins are gradually degraded and replaced by 

products from the embryonic genome (DE SOUSA et al., 1998). In the bovine, 

transcripts and proteins from oocytes regulate embryonic development after 

fertilization until the 4th cycle when embryonic control of development is established. 

Many of the maternally derived products are needed to prepare the biological 

machinery, such as re- assembly of the nucleolus as the factory for ribosomes 

necessary for protein synthesis (HYTTEL et al., 2001). In the cycling cow, oocyte 

growth is nearly complete when the enveloping follicle reaches a diameter of 3 mm 

(FAIR et al., 1995). Additionally, development occurs in vivo during subsequent 

follicular growth until the preovulatory peak of LH triggers the final maturation of the 

oocytes (DIELEMAN et al., 2002).  

 

2.1.5. Developmental characteristics of oocytes derived from pre-pubertal 

calves 

Pre-pubertal calf oocytes can be used for in vitro embryo production. However, their 

in vitro developmental capacity is reduced compared to those obtained from their 

adult counterparts (REVEL et al., 1995; PALMA, 2001). Differences have been found 

with regard to size (DUBY et al., 1996), ultrastructure (DE PAZ et al., 2001), 
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metabolism (STEEVES AND GARDNER, 1999), cytoplasmic maturation 

(SALAMONE et al., 2001) and membrane electric properties including calcium 

currents, conductance calcium stores and IP3 sensitivity (BONI et al., 2008).  

 

The reduced developmental competence of oocytes derived from pre-pubertal calves 

can be related in part to oocyte size. On average, calf oocytes are smaller (118 ± 

1 µm) than those derived from cows (123± 1 µm) (DUBY et al., 1996; ARMSTRONG, 

2000). The capacity of bovine oocytes to complete meiosis and reach M-II is directly 

related to oocyte size (PAVLOK et al., 1992; LONERGAN et al., 1994; FAIR et al., 

1996). Oocyte diameter is correlated with follicle size. Hence, developmental 

competence improves with the increase of oocyte diameter. 

 

The lower developmental capacity of calf oocytes may be attributed to incomplete or 

delayed cytoplasmic maturation (DUBY et al., 1996). Those oocytes possess lower 

activity of maturation-promoting factor (MPF), mitogen-activated protein kinase 

(MAPK) and Inositol 1, 4, 5-Triphosphat receptor (IP3R) than adult oocytes. Lower 

levels or inactivation of these kinases may negatively affect the developmental 

capacity of calf oocytes (SALAMONE et al., 2001). Oocytes from pre-pubertal heifers 

show a delay in germinal vesicle breakdown (GVBD) compared to adult oocytes 

(STEEVES and GARDNER, 1998). These cytoplasmatic and nuclear deficiencies 

can compromise fertilization and developmental competence.  

 

Another characteristic related to the poor developmental competence in pre-pubertal 

donors in the preovulatory follicular development is aromatase activity, which is lower 

in pre-pubertal donors compared to adult cows; and reduced production of oestradiol 

is a consequence of this (DRIANCOURT et al., 2001). Developmental competence is 

similar between oocytes obtained from pre-pubertal calves and adult cows when only 

follicles larger than 8 mm are used (KAUFFOLD et al., 2005). That explains why a 

prematuration process in oocytes is required to improve developmental competence.  
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Ultrastructural analyses using transmission electron microscopy revealed that calf 

oocytes exhibit delayed intracytoplasmatic organelle migration and redistribution 

throughout the ooplasm during in vitro maturation (IVM) compared to cow oocytes 

(DAMIANI et al., 1998). Abnormal chromatin and microtubule configuration may 

postpone formation of the sperm aster and asynchronous pronucleus formation. 

These features are frequently found after pre-pubertal oocyte fertilization. Calf 

oocytes have a thinner zona pellucida, smaller intracytoplasmatic vesicles and a 

reduced number of smaller cortical granule clusters compared to adult oocytes 

(MASSICOTE et al., 1999). 

 

Differences have been found in the protein contents of the follicles in pre-pubertal 

donors. Calf oocytes have reduced protein expression compared to their adult 

counterparts (LEVESQUE and SIRARD, 1994; DAMIANI et al., 1998) and protein 

profiles in calves can resemble those of oocytes from atretic follicles of adult cows 

(LEVESQUE and SIRARD, 1994). The relative activity of Histone 1 (H-1) and of 

mitogen activated protein kinase (MAPK) activity is 50% lower in calf oocytes 

compared to cow oocytes (DAMIANI et al., 1998).  

 

Differences in metabolism can be attributed to differences in oocyte volume. 

Oxidative metabolism is important for energy production of the maturing bovine 

oocyte. There is a significant delay in the increase of glucose metabolism during 

maturation of oocytes from pre-pubertal animals reflecting the delay in oocyte 

maturation. The glucose metabolism during the first 12 hrs of IVM is significantly 

lower in oocytes from pre-pubertal heifers than in their counterparts from adult cows 

(STEEVES and GARDNER, 1999). Cow oocytes have greater abundance of 

mitochondria than calf oocytes. This suggests that the capacity for energy production 

of cow oocytes is greater than in calf oocytes (RIEGER et al., 1998). A delay in the 

generation of NADPH and ribose moieties through the pentose phosphate pathway 

(PPP) may contribute to the poor developmental competence of oocytes from pre-

pubertal animals. The release of Ca2+ is also abnormal in calf oocytes (SALAMONE 

et al., 2001). 



Review of Literature 

 19

2.2. Insulin-like growth factor-I (IGF-I) 

Insulin-like growth factor-I (IGF-I) and insulin-like growth factor-II (IGF-II) belong to 

the IGF-I superfamily that was first identified by SALMON and DAUGHADAY (1957) 

who described it as ‘sulphation factor’ due their ability to incorporate sulphate into 

cartilage in vitro. Later they were called NSILA (non-suppressive insulin like activity) I 

and II. This term was changed by DAUGHADAY et al (1972) to ‘somatomedin’ due to 

the potent insulin-like activity, which promotes the action of growth hormone in 

skeletal tissue. Subsequently, they were renamed ‘insulin-like growth factors I and II’ 

due to their structural similarity with insulin and their growth promoting activities. IGF-

I is a small peptide consisting of 70 amino acids with a molecular weight of 7649 kDa 

(LARON, 2001). The peptide hormones IGF-I and IGF-II show high amino acid 

homology with insulin and have overlapping activities (BLUNDELL and HUMBELL, 

1980). IGF-I is produced primarily in the liver under control of growth hormone (HULL 

and HARLEY, 2001), but local production via paracrine and autocrine effects in 

different kinds of tissue has also been observed. IGF-I mRNA has been detected in 

the uterus, placenta, ovary, lung, kidney, heart, skeletal muscle, testes, brain and 

mammary glands of adult rats (MURPHY et al., 1987). The messenger RNAs for IGF-

I and IGF receptors have been detected in bovine immature oocytes and 

preimplantation embryos (WATSON et al., 1992; YOSHIDA et al., 1998; LONERGAN 

et al., 2000). 

 

2.2.1. Effects of IGF-I in bovine ovarian follicular growth and oocyte quality 

Most IGF-I detected in bovine antral follicles is derived from the peripheral circulation 

(SUDO et al., 2007). The increase of IGF-I follicular fluid concentration is related to 

the increasing follicular diameter and correlates with plasma IGF-I concentrations 

(SPICER and ECHTERNKAMP, 1995). IGF-I can be produced by granulosa cells 

during bovine follicular development. Variation in intrafollicular IGF-I concentrations 

may be due to hormonally regulated changes of IGF-I production by granulosa cells 

(SPICER et al., 1993; SPICER and CHAMBERLAIN, 2000). Theca cells may also 

produce IGF-I, but this is not hormonally regulated (SPICER and CHAMBERLAIN, 

2000). IGF-I receptors have been localized in bovine oocytes, cumulus cells, and 
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both granulosa and theca cells (YOSHIDA et al., 1998; PERKS et al., 1999; 

ARMSTRONG et al., 2002; NUTTINCK et al., 2004; SUDO et al., 2007). In addition, 

mRNA for IGF-I receptor (IGF-IR) has been detected in immature and matured 

bovine oocytes (YASEEN et al., 2001) and in theca cells and oocytes from preantral 

and antral follicles (ARMSTRONG et al., 2000; 2002).  

 

IGF-I is a well documented stimulator of bovine oocyte maturation and embryo 

development (HERRLER et al., 1992; KAYE et al., 1992; PALMA et al., 1997). It has 

been proposed that IGF-I acts in gonadotropin mediated folliculogenesis. IGF-I 

interacts with FSH and LH to regulate proliferation and differentiation of granulosa 

and theca cells and has a significant impact on oocyte development (KHAMSI et al., 

2001b). IGF-I can increase the ovulation rate induced by gonadotropins by mainly 

promoting more small cumulus oocyte complexes to reach ovulation (KHAMSI et al., 

2001a). FSH and LH enhance the mitogenic effects on IGF-I in granulosa cells from 

small (<5mm), but not large (<10mm) follicles (GONG et al., 1993). In addition, 

intraovarian infusion of IGF-I increased the concentration of IGF-I in follicular fluid of 

small, but not large follicles on day 7 of treatment (SPICER et al., 2000). IGF-I 

accelerates meiotic progression of bovine oocytes in small (<3mm) follicles 

(SAKAGUCHI et al., 2000; 2002). The addition of IGF-I to cultures of bovine COCs 

enhances the frequency of germinal vesicle activation and metaphase II indicating 

that this factor stimulates meiotic progression (LORENZO et al., 1995a). A positive 

effect of IGF-I on follicle diameter, antrum formation and oocyte growth was found in 

in vitro cultures of preantral bovine follicles (GUTIERREZ et al., 2000; 

MCCAFFERRY et al., 2001). IGF-I, in combination with epidermal growth factor 

(EGF), stimulated cumulus expansion, oxidative metabolism, nuclear maturation and 

cleavage after in vitro fertilization of bovine oocytes in vitro (RIEGER et al., 1998). 

IGF-I stimulates bovine preantral follicle growth in vitro (GUTIERREZ et al., 2000). 

The intraovarian injection of IGF-I increases the largest follicle’s diameter (SPICER et 

al., 2000).  
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In vitro studies revealed that IGF-I synergizes with follicle stimulating hormone (FSH) 

and can induce estradiol production by granulosa cells, probably by regulation of 

P450 aromatase activity and stimulating its mRNA expression (GUTIERREZ et al., 

1997; SILVA and PRICE, 2001; SPICER et al., 2002). However, the magnitude of 

these effects varies with the size of the follicle and presence of other hormones 

(SPICER et al, 1993). Other in vitro effects of IGF-I include enhanced secretion of 

follistatin, inhibin-A, and activin-A in granulosa cells (GLISTER et al., 2001, 2003, 

2006), and protection against apoptosis in oocytes and granulosa cells (QUIRK et al., 

2000; YANG and RAJAMAHENDRAN, 2000; WASIELAK and BOGACKI, 2007). IGF-

I is a potent stimulator of basal and FSH-induced progesterone production by 

granulosa cells (SPICER et al., 1993). In addition to the effects on granulosa cells, 

IGF-I stimulates LH-induced progesterone and androstenedione production by theca 

cells (STEWART et al., 1995). Cumulus-oocyte complexes treated with IGF-I alone, 

or in combination with either epidermal growth factor or angiotensin II, showed 

increased cumulus expansion, improved nuclear maturation rates, and enhanced 

pyruvate metabolism (LORENZO et al., 1994, 1995b; IGA et al., 1998; RIEGER et 

al., 1998; SAKAGUCHI et al., 2000, 2002; STEFANELLO et al., 2006). 

 

IGF-I has important effects on embryo development. The presence of mRNA for IGF-

I receptors in oocytes, suggests that IGF-I plays an important role in the growth of the 

oocytes and accumulation of mRNA required for early embryonic development. 

Development to the blastocyst stage increased when bovine embryos were 

stimulated with IGF-I (MOREIRA et al., 2002; BYRNE et al., 2002; SIRISATHIEN et 

al., 2003). The presence of IGF-I in the ovarian milieu can enhance the 

developmental capacity of collected oocytes (BLOCK, 2007). In pre-pubertal cattle, 

intraovarian injections of IGF-I (6 µg) improved oocyte developmental competence in 

vitro, to a level that similar blastocyst yields as in adult cows were obtained 

(OROPEZA et al., 2004). IGF-I levels in plasma correlate with the total number of 

recovered viable embryos in cows (VELAZQUEZ et al., 2005). The concentration of 

IGF-I in peripheral blood can be dramatically reduced by feed restriction in cattle and 

this decrease in systemic IGF-I levels may reduce follicular growth and function 
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(GRANGER et al., 1989; YELICH et al., 1996; BOSSIS et al., 1999). Endocrine IGF-I 

acts as a monitoring signal that permits reproductive events to occur when nutritional 

conditions for successful reproduction are reached (VELAZQUEZ et al., 2008). 

 

2.2.2. Anti-apoptotic effects of IGF-I in preimplantation embryos 

The effects of IGF-I on preimplantation embryo development are mediated by IGF-I 

receptors (MATSUI et al., 1997). The anti-apoptotic effects of IGF-I are generally 

mediated through signalling pathways distinct from the proliferative action 

(FOULSTONE et al., 2005). Once the IGF-I receptor is activated, it acts as docking 

site for the phosphorylation of insulin receptor substrate 1 (IRS-1) in the inner cell 

membrane which binds with phosphatidylinositol 3-kinase (PI-3K). Activated PI-3K 

leads to the phosphorylation of AKT/protein kinase B which plays a major role in the 

prevention of apoptosis. AKT phosphorylates proteins involved in apoptosis including 

BAD, caspase-9, and forkhead transcription factor thereby preventing them from 

blocking the activity of anti-apoptotic proteins such as BCL-2 and BCL-X and the 

transcription factor nuclear factor kappa B. Supplementation of the culture medium 

with IGF-I reduced the apoptotic index and elevated the total cell number in bovine 

blastocysts (BYRNE et al., 2002; MAKAREVICH and MARKKULA, 2002). IGF-I 

reduced the proportion of apoptotic cells in preimplantation embryos induced by heat 

shock and increased total cell number (JOUSAN and HANSEN, 2004; BLOCK, 

2007). IGF-I acts as survival factor for bovine preimplantation embryos by inducing a 

multitude of cellular changes including those that maintain competence for embryo 

development. Anti-apoptotic actions of IGF-I are mediated through AKT via the PI3K 

pathway, while the proliferative action involves the MAPKK pathway that allows 

embryos to develop to the blastocyst stage independent of their action to block 

apoptosis (JOUSAN and HANSEN, 2007). However, contrary effects have been 

observed when high concentrations of IGF-I and insulin were used to down regulate 

IGF-I receptors and induce apoptosis in murine blastocysts (CHI et al., 2000a). 

 

Other effects of IGF-I on embryo development mediated by stimulation of protein 

synthesis through the IGF-I receptor (HARVEY and KAYE, 1991) include an increase 
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of glucose uptake (PANTALEON and KAYE, 1996) and the expression and 

translocation of GLUT-1 (PANTALEON and KAYE, 1998).  

 

2.3. PUBERTY 

Puberty is defined as the attainment of fertility, a process encompassing features of 

morphological, physiological and behavioral development. In neuroendocrine terms, 

puberty is the reactivation of gonadotropin releasing hormone (GnRH) secretion. The 

increased hypothalamic secretion of this decapeptide is essential for the activation of 

the pituitary gonadal axis at the onset of puberty. The variability between individuals 

with regard to in the onset of puberty indicates that the timing of puberty is not a 

function of chronological age (MORAN et al., 1989; EBLING, 2005). Instead, the 

neurotransmitters and neuromodulatory systems that affect the GnRH secretory 

network transmit information on metabolic fuels, energy stores and somatic 

development, and for many species information about season and environment 

(EBLING, 2005). Body composition and body fat are better predictors of puberty than 

body weight. The positive correlation between weight gain, body fat, and the onset of 

puberty raises the probability of links between energy metabolism and the GnRH 

secretory systems. The general assumption is that metabolic fuel (caloric) availability 

is the key element determining this reproductive function (EBLING, 2005). 

 

Puberty can also be defined as the time of the first ovulation (ADAMS, 1998). 

Different authors have described the onset of puberty in cattle in relation to the 

breed. Holstein heifers show signs of first estrus at 279 days of age (MORROW et 

al., 1976). Puberty can be reached at 12 to 13 months by Herford-cross heifers 

(ADAMS, 1998), at 18-28 months in Bos indicus heifers and in Bos Taurus / Bos 

indicus crosses (RODRIGUES et al., 2002). Calf ovaries contain 75,000 to 300,000 

oocytes enclosed in primordial and vesicular follicles. Pre-pubertal heifers can be 

hormonally stimulated to produce viable oocytes (ONUMA et al., 1970; REVEL et al., 

1995). Attempts to retrieve embryos from juvenile donors have demonstrated that 

heifers younger than 10 months of age produce more degenerate embryos than 

heifers 14 months of age or older (AX et al., 2005). As heifers reach 10 months of 
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age, they produce significantly more total ova/embryos per donor, of which 

approximately 61% are transferable. Shortening the generation interval can be 

accomplished using juvenile animals as a source of oocytes for embryo production, 

thereby the rate of genetic gain can be accelerated (LOHUIS, 1995).  

 

In pre-pubertal heifers, follicular development occurs in a wave-like pattern, similar to 

that in adults. Follicular development starts between 2 and 36 weeks of age in a 

wave-like pattern with each wave lasting 7 to 9 days (EVANS et al., 1994). Periodic 

surges in serum concentration of FSH have been associated with follicular 

emergence (ADAMS, 1998). The interplay between ovaries and the hypothalamo-

pituitary-axis begins at 14 weeks of age. At puberty (10-12 months of age) follicles 

undergo successive waves of growth and atresia and higher estrogen synthetic 

activity is found in dominant follicles (EVANS et al., 1994). Rising estrogen levels 

lead to a switch from negative to positive feedback in the hypothalamus-pituitary-axis 

resulting in pulsatile LH secretion with increased pulse frequency. This treatment 

triggers the LH surge with the resultant resumption of meiosis and ovulation of the 

dominant follicle (EVANS et al., 1994).  

 

2.3.1. Endocrine IGF-I during puberty 

IGF-I is an important metabolic mediator involved in the onset of puberty in heifers. 

Several reports have described increasing IGF-I concentrations in heifers just prior to 

the beginning of puberty (JONES et al., 1991; YELICH et al., 1996; GARCIA et al., 

2002). These changes in IGF-I concentrations before puberty are influenced by the 

nutritional regime (GRANGER et al., 1989). At the onset of puberty there are 

changes in the peripheral concentration of growth hormone (GH) and circulating and 

follicular IGF-I (SIMPSON et al., 1991; ARMSTRONG et al., 1992). Well fed pre-

pubertal heifers attained puberty at an earlier age than feed-restricted animals 

(SCHILLO et al., 1992; MCDONALD et al., 2005). This is associated with lower IGF-I 

blood concentrations (YELICH et al., 1989). Immunization against growth hormone 

releasing factor (GHRF) in pre-puberal heifers caused a reduction in serum IGF-I 

concentrations and delayed puberty, which was linked to reduced follicular growth 
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(SIMPSON et al., 1991). It has been hypothesized that decreased IGF-I 

concentrations in blood reduce the ovary’s ability to produce preovulatory plasmatic 

oestradiol concentrations, thereby delaying stimulation of the attainment of LH surge 

(SIMPSON et al., 1991; SCHOPPE et al., 1996).  

 

2.3.2. Achievement of developmental competence by oocytes derived from 

pre-pubertal heifers  

As described above (2.1.5), the developmental competence of oocytes derived from 

non-stimulated pre-pubertal donors for embryo production in vitro is lower than that of 

oocytes derived from adult cows (KHATIR et al., 1996; PRESICCE et al., 1997; 

MAJERUS et al., 1999; 2000; PALMA et al., 2001). After superovulatory stimulation 

of pre-pubertal Holstein heifers, their oocytes were developmentally competent at 11 

to 12 months of age and the blastocyst rate from those oocytes was similar to that of 

oocytes derived from adult cows (PRESICCE et al., 1997; MAJERUS et al., 1999). 

Oocytes from Bos indicus achieve similar levels of embryonic competence as 

oocytes from cows when the donors reach 9-14 months of age, which is considerably 

earlier than the onset of puberty (18-28 months of age; CAMARGO et al., 2005). 

Puberty is more closely associated with body weight than with age and occurs when 

a critical body weight or amount of fat is achieved (FRISCH, 1984; FOSTER and 

NAGATANI, 1999). In contrast, oocyte competence in pre-pubertal cattle has been 

associated with donor age (REVEL et al., 1995; ARMSTRONG, 2001). 

 

2.3.3. Ovum pick-up in pre-pubertal heifers 

Ultrasound guided follicular aspiration "ovum pick-up" for the recovery of oocytes was 

first applied in human medicine for infertility treatment (FEICHTINGER and 

KEMETER, 1986). This technique has been adapted for the collection of oocytes in 

cattle (PIETERSE et al., 1988). The procedure can be applied in cycling donors, 

cows in their first trimester of pregnancy, non-genetically infertile cows, senescent 

and pre-pubertal donors. This technique can be used for obtaining oocytes from 

valuable donors without negative effects on the subsequent fertility of the donor 

(CHASTANT-MAILLARD et al., 2003). The use of pre-pubertal animals as donors 
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makes it possible to reduce the generation interval and increase the rate of genetic 

gain through embryo transfer (GEORGES and MASSEY, 1991; LOHUIS, 1995; 

ARMSTRONG et al., 1997). A big advantage of this method is that high numbers of 

viable oocytes can be collected in a short period of time regardless of the donor's 

reproductive status (OROPEZA et al., 2006). 

 

The developmental capacity of OPU collected oocytes derived from pre-pubertal 

donors is reduced compared with the adult counterparts. Different hormonal 

strategies have been employed to improve follicular growth and developmental 

capacity of oocytes derived from pre-pubertal donors (FRY et al. 1998). One applied 

strategy is the stimulation with gonadotropins (ARMSTRONG et al., 1994; 

PRESICCE et al., 1997). The success of oocyte recovery in pre-pubertal donors at 

different ages is summarized in table 2.  
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Table 2: Oocyte developmental capacity expressed as cleavage and blastocyst rates in 

calves and cows 

Donor age Cleavage rate Blastocyst rate Author 

2-3 months 41-42% 10-11% TANEJA et al. (2000) 

3 months 85% 73% REVEL et al. (1995) 

5 months  24% 0% PRESICCE et al., 1997 

6 months  58% 12.2% KUWER (1998) 

7 months 49% 5% PRESICCE et al.(1997) 

≥ 7 months 33.8% 0 LOONEY et al. (1995) 

≤ 7 months 63.4% 18.9% LOONEY et al. (1995) 

9 months 88 11% PRESICCE et al.(1997) 

11 months 88 48% PRESICCE et al.(1997) 

14-15 months 77% 33% OROPEZA et al.(2004) 

Cows 73.3% 31.6% LOONEY et al. (1995) 

Cows 87% 79% REVEL et al. (1995) 

Cows 78% 25% OROPEZA et al. (2004) 

Cows 74.3% 22.3% PONEBSEK (2004) 

 

 

2.4. APOPTOSIS 

Apoptosis can be defined as normal or programmed cell death (KERR et al., 1972). It 

is a highly regulated physiological process in which unwanted or useless cells are 

eliminated from development. It occurs spontaneously in the majority of cell 

populations. Apoptosis involves a series of morphological changes including 

separation of the dying cell from its neighboring cells, shrinkage and condensation of 

cytoplasm, increased cell density, compaction of cytoplasmic organelles, compaction 

of chromatin and its aggregation into large compact granular masses on the inner 

nuclear membrane, nuclear condensation, and indentation of nuclear and 
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cytoplasmtic membranes. The nucleus undergoes fragmentation and fragments of 

the nuclear membrane form apoptotic bodies which may contain nuclear fragments. 

The cells divide and the daughter cells also contain apoptotic bodies containing a 

variety of organelles. The apoptotic cells are either dispersed in the intercellular 

space, extruded from the tissue, or are phagocytosed by neighbouring cells (WILLIE, 

1997; HARDY, 1999).  

 

The biochemical events observed in apoptotic cells are changes in cell adhesion, 

redistribution of membrane phospholipids within the lipid bilayer, loss of asymmetry 

and exposure of phosphatidylserine on the outer leaflet that can act as a signal 

promoting their phagocytosis by neighbouring healthy cells. In the nucleus, DNA is 

degraded (cleaved) in the nucleosomes by endonucleases into oligonucleosomal 

fragments. Structural changes in the nucleus are caused by activation of caspases 

(proteases) that cleave a range of proteins involved in DNA repair, in nuclear 

envelope integrity and in cell cycle control as well as cleaving proteins in the 

cytoskeleton (WILLIE, 1997).  

 

2.4.1. Pathway of apoptosis 

Apoptosis is a physiological process controlled by numerous proteins including 

members of the cysteine aspartic acid family, called caspases. Caspases regulate 

apoptosis by cleaving target proteins at specific amino acid residues in several steps 

leading to a proteolytic cascade. They are classified based on their structure, 

molecular function or substrate preference. Caspases with a longer prodomain 

(caspases 2, 8, 9, 10 and 12) are initiation caspases. These proteins are closely 

linked to upstream proapoptotic signals. Once activated, initiator caspases will cleave 

and activate executing caspases, including caspase-3 and -7 which modify proteins 

like poly (ADP) ribose polymerase 1 (PARP), α-Fodrin and DFFA/DFFB that promote 

cell degradation and the ultimate death of the cell (DANIAL and KORSMEYER, 

2004). Downstream of caspase activation, DNA degradation occurs at 

Adenin3/Thymine rich regions under the regulation of caspase activated DNAse. 

Caspase independent apoptotic DNA degradation has been attributed to two 
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mitochondrial proteins, endonuclease G and apoptosis inducing factors (AIF) which 

are translocated to the nucleus upon release and induce nuclear fragmentation 

(SUSIN et al., 1999). PARP-1 links poly ADP-ribose to nuclear proteins such 

histones and its activation leads to apoptosis, including DNA damage. The action of 

caspases can be regulated by inhibition of apoptosis proteins (IAP). Interaction 

between IAP and IAP inhibitors (Smac/Diablo, XAF1, and HTRA2/OMI) releases the 

IAP mediated inhibition of caspases and allows apoptosis to progress through 

caspase cleavage activation. The release of cytochrome c from mitochondria during 

apoptosis leads to the formation of the apoptosome binding cytochrome c to APAF 

and procaspase-9. Once assembled, the apoptosome activates caspase 9, which 

cleaves and activates cytosolic caspase-3, and then leads to the destruction of 

numerous intracellular targets (reviewed by DEGTEREV et al., 2003; DANIAL and 

KORSMEYER, 2004). A schematic representation of apoptosis is resumed in 

Figure 3. 

 

Members of the tumor necrosis factor receptor (TNFR) family play an important role 

in apoptosis regulation. They are activated by a family of cytokines such as TNF, 

FasL and TRAIL. This receptor family possesses a cysteine-rich extracellular region 

and an intracellular death domain (DD). The DD recruits other DD-containing adaptor 

proteins (FADD, TRADD) leading to activation of the caspases. TNFα may activate 

both pro-apoptotic and anti-apoptotic pathways: TNFα can induce apoptosis by 

activating caspases-8 and -10, but can also inhibit apoptosis signalling via NF-κB, 

which induces expression of anti-apoptotic genes such as Bcl-2 (Figure 3).  
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Figure 3: Schematic representation of apoptosis pathways 

 

 

2.4.2. Apoptosis in the embryonic development 

Embryonic cells, like any other cells, can undergo apoptosis. Pre- and 

postimplantation embryo development is affected by programmed cell death. Several 

hallmarks of apoptosis have been detected in human and murine embryos 

(JURISICOVA et al., 1996; 1998b). One function of apoptosis during this 

developmental period is the elimination of abnormal or damaged cells and the control 

of cell number (FABIAN et al., 2005). Possible causes of apoptosis in preimplantation 

embryos include chromosomal and nuclear abnormalities such as multiploidy and 

mosaicism (HARDY, 1999), impaired developmental potential (PIERCE et al., 1989) 

and imbalance of growth or “survival” factors such as IGF-I, IGF-II, TGF-α and PAF 

(FABIAN et al., 2004; BYRNE et al., 2002; MAKAREVICH and MARKKULA, 2002). 

Apoptosis can also be caused by exposure to damaging factors such as reactive 

oxygen species, UV irradiation and heat shock (PAULA-LOPEZ and HANSEN, 2002; 

JOUSAN and HANSEN, 2004). Apoptosis may also result from suboptimal culture 

conditions (HARDY, 1999). It has been reported that hyperglycemia can be 
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associated with apoptosis (CHI et al., 2000). Excess of glucose-concentrations can 

actually down regulate glucose transporters (GLUT) leading to low intracellular 

glucose concentration. This decrease in glucose utilization by the blastocyst is 

associated with increased apoptosis in the embryo (CHI et al., 2000b).  

 

Maternal age can be a cause of increased apoptosis in preimplantation embryos. A 

higher apoptotic index has been found in murine embryos derived from extremely 

young and from very old donors (JURISICOVA et al., 1998b). Differences in DNA 

fragmentation and apoptosis features have been found between in vivo and in vitro 

produced blastocysts (GJØRRET et al., 2003; RUBIO POMAR et al., 2005).  

 

In bovine embryos, caspase-9 and group II caspase activity are inhibited at the 2 cell 

embryo. When the mitochondrial membrane resistance to depolarization is very high 

and the caspase activation pathway is inhibited, there is no release of cytochrome c 

which could activate caspase-9 which in turn would activate caspase-3. With no 

caspase-3 activated DNAse activity there is no apoptosis (BRAD et al., 2007). 

 

Apoptosis can result in poor embryonic development or may even cause arrest of 

embryonic development prior to compaction and induction of apoptosis at early 

stages of embryo development ultimately is associated with poor pregnancy outcome 

(CHI et al., 2000a; PINTO et al., 2002; HEILIG et al., 2003). Most reports have 

suggested that cell death in blastocysts occurs preferentially in ICM cells (BRISON 

and SCHULTZ, 1997). Postimplantation developmental potential is dependent on 

embryo quality and is likely to be affected by the incidence of apoptosis in 

preimplantation stages. A higher incidence of apoptosis has been found in the inner 

cell mass (ICM) of in vitro produced embryos compared to their in vivo produced 

counterparts. These are the pluripotent cells which form the fetus. Damage to these 

cells must impact developmental competence (MADDOX-HYTTEL et al., 2003). 
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2.4.3. Terminal deoxynucleotidyl transferase (TdT) Nick-End Labeling 

(TUNEL) 

The TUNEL procedure was initially developed by GAVRIELI et al. (1992) as a 

method to identify programmed cell death. The method is based in the DNA cleavage 

during apoptosis which leads to double-stranded, low molecular weight DNA 

fragments (mono and oligonucleosomes), as well as single strand breaks (“nicks”) in 

high molecular weight DNA. The TUNEL reaction detects and visualizes in situ 

apoptosis in a single cell, even when there is no obvious loss of the cell architecture. 

DNA strand breaks can be identified by labeling the free 3’-OH termini with modified 

nucleotides in an enzymatic reaction. Labeling the strand breaks with 

deoxynucleotidil transferase (TdT) catalyzes the polymerization of labeled 

nucleotides to the free 3’-OH DNA ends in a template-independent manner (TUNEL-

reaction). Fluorescein labels, incorporated with the nucleotide polymers, can be 

quantified by fluorescence microscopy or flow cytometry. This reaction allows the 

discrimination of apoptosis from necrosis and primary DNA strand breaks induced by 

cytostatic drugs or irradiation (GORCZYCA et al., 1993; GOLD et al., 1994).  

 

The TUNEL procedure provides information regarding quality of in vitro produced 

bovine blastocysts. The incidence of DNA fragmented nuclei is a good indicator of 

blastocyst viability. TUNEL has been employed by several laboratories to assess 

apoptosis in mammalian blastocysts of various species (JURISICOVA et al., 1996; 

BYRE et al., 1999; SPANOS et al., 2000; PAULA-LOPES and HANSEN, 2002; 

SIRISATHIEN and BRACKETT, 2003; GJØRRET et al., 2003). Murine in vitro 

produced blastocysts have been found to have more fragmented DNA than in vivo 

produced blastocysts (JURISICOVA et al., 1998a).  

 

It is important to confirm apoptosis by other morphological markers such as nuclear 

morphology. Extensive endogenous DNA degradation is a relatively late event in the 

apoptotic cascade (COLLINS et al., 1997) and some nuclei with apoptotic 

morphology show no TUNEL reaction. Cellular fragmentation has been reported in 

the earliest stages of mouse and human embryo development (HARDY, 1997; 1999). 
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Bovine in vitro produced embryos show morphological changes, nuclear 

condensation at the 6-cell stage in vitro and in the 8-cell stage in vivo. The first 

TUNEL labeling has been detected at the 8-cell stage in vitro and in the 21-cell stage 

in vivo (GJØRRET et al., 2003; KNIJN et al, 2003). High levels of apoptosis have 

been observed in in vitro-produced bovine embryos compared with their in vivo 

counterparts (KNIJN et al, 2003). Significant differences have been detected in the 

percentage of apoptotic cells of in vitro (10.3 ± 3.1) and in vivo produced embryos 

(4.5 ± 10.9) (RUBIO POMAR et al., 2005). This feature is related to the different 

developmental potential that exists between in vitro- and in vivo-produced embryos.  

 

2.5. GENE EXPRESSION 

2.5.1. Gene expression in eukaryotic cells 

The DNA of a cell is organized into functional units called genes (AVERY et al., 

1944). Gene expression is the reading of the genetic code or a specific DNA 

sequence. The transfer of the information stored in a DNA sequence into functional 

protein products (DNA-mRNA-protein) is the "central dogma" of inheritance (CRICK, 

1958). This process is controlled at the level of transcription in response to 

physiological signals generated outside the cell which are transduced to the nucleus 

by signaling molecules. These transduced signals can either amplify or attenuate 

gene expression. The product of gene expression can be used by the cell for various 

functions. A gene possesses regulatory DNA sequences (promoters) and an area of 

transcription units which may be copied into messenger RNA (mRNA) to form the 

primary product. The site of initiation of mRNA synthesis is the binding site for RNA 

polymerase. The regulatory portion of the promoter sequence is itself not transcribed 

and cannot be found in the mRNA (IPPEN et al., 1968). The gene is divided into 

exons (sequences which will be transcribed and translated into protein) separated by 

long stretches of sequence called introns (non-coding sequences). The transcribed 

mRNA typically includes a 5’- leader, a 3’-tail and a polyadenylation signal. It is 

known that alternative splicing of the exons can produce several different proteins 

from a single gene (BERGET et al., 1977; GELINAS and ROBERTS, 1977). Only a 
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small part of the initial mRNA transcript corresponds to the sequence of the resultant 

protein or secondary gene product.  

 

2.5.1.1. DNA transcription 

Expression of a gene begins with the production of a single stranded RNA copy from 

one strand of the DNA template. This process is called transcription and is carried 

out by the enzyme RNA polymerase. In eukaryotic cells there are three RNA 

polymerases (RNA polymerase I, II and III) (ROEDER and RUTTER, 1969). RNA 

polymerase I and III transcribe the gene encoding transfer RNA (tRNA), ribosomal 

RNA (rRNA) and various small RNAs, whereas, RNA polymerase II transcribes the 

vast majority of genes (ZAWEL and REINBERG, 1995). Prior to transcription, the 

DNA helix is unwinded. Transcription starts at the promoter, a particular DNA location 

where transcription factors are binding and recruit the RNA polymerase. Additional 

general transcription factors (GTFs), are necessary parts of the transcriptional 

machinery formed at the promoter (HERNANDEZ, 1993; ZAWEL and REINBERG, 

1995). GTFs not only help the RNA polymerase to bind to the promoter, they also 

have helicase activity and can unwind and separate the strands of DNA. The process 

starts in a sequence within the promoter region which is rich in the bases T and A, 

called the TATA box (ALBERTS et al., 2002). The factor which binds to the TATA 

box is known as TATA binding protein (TBP) (HERNANDEZ, 1993) and is a subunit 

of Transcription factor II (TFIID) which is the first subunit to bind to the promoter. The 

process is completed with the binding of additional factors such as TFIIE, TFIIF and 

TFIIH which act together to bring RNA polymerase II (Pol II) into a position where it 

can initiate transcription. TFIIH is a protein kinase that phosphorylates RNA 

Polymerase II, thereby changing its conformation so that the polymerase is released 

from the general factors and can start transcription. 

 

DNA transcription continues until the entire gene has been copied into RNA. The new 

RNA strand separates from the DNA template and begins a life of its own. RNA is 

generally modified before leaving the cell nucleus. Modifications may include: 

1. A methyl guanosine cap on the 5’ end. 
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2. The transcription does not end at a 3’ end. Rather, a tail of up 200 adenosine 

ribonucleotides (PolyA) is added (PROUDFOOT, 1991). This poly (A) tail is 

involved in stabilizing the mature transcript in the cytoplasm (JACKSON and 

STANDART, 1990). 

3. Removal of intron regions from the newly synthesized mRNA regions and the 

ligation of ends of exons to produce a new edited strand is known as splicing 

and is accomplished by the formation of the spliceosome complex containing 

the 5’ and 3’ splice sites. This complex contains evolutionarily conserved small 

nuclear RNAs (snRNAs; SHARP, 1988). 

The editing process continues until no more introns remain and the mRNA is 

released from the spliceosome. The processed DNA is called messenger mRNA 

(mRNA) and is carried through the nuclear pores into cytoplasm. At this step, the 

mRNA is ready to provide the exact code for protein synthesis by the ribosomes. 

 

2.5.1.2. RNA translation 

The conversion of the mRNA into protein is called translation. Transfer RNA (tRNA) 

and ribosomal RNA (rRNA) are part of the cell’s mechanism for protein synthesis. 

The nucleotide sequence of the mRNA is translated into the amino acid sequence of 

a protein based on a triplet genetic code. The genetic information is represented in 

the linear sequence of DNA by four bases (adenine, cytosine, guanine, and thymine). 

The information contained in a transcribed gene (mRNA) is also represented by four 

bases (the ribonucleotides A, C, G and U), triplets of nucleotides, called codons, 

specify particular amino acids and/or the commands to start or stop the translation 

process. There are 64 possible triplet combinations of the four letters A, C, G and U 

of RNA. Since these must encode only 21 amino acids, there is substantial 

redundancy of the genetic code. The initiator codon is usually AUG and occasionally 

GUG, this codon specifies the amino acid methionine. Three codons (UAA, UAG and 

UGA), often referred to as “nonsense codons," can also be viewed as “termination 

codons” because they signal the end of translation (RODGERS and RICH, 1991). 
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The decoding device or translation mechanism consists of a set of specialized 

transfer RNA (tRNA) adaptor molecules produced by a set of specialized tRNA 

synthetase enzymes. These small RNA molecules are about 80 nucleotides long and 

have four short segments of folded RNA with a double helical shape which form a 

structure that looks like a cloverleaf. A region of unpaired nucleotides situated at one 

end form an anticodon, a set of three nucleotides that pairs with the complementary 

codon in the mRNA molecule. A similar single-stranded region at the 3’ end of the 

tRNA molecule binds the amino acid matching that specific the codon. Recruitment 

and binding of the correct amino acid depends on enzymes called aminoacyl-tRNA 

synthetases which covalently couple each amino acid to its appropriate set of tRNA 

molecules, forming aminoacyl tRNA (RODGERS and RICH, 1991).  

 

The process of protein translation occurs in cytoplasmic organelles called ribosomes. 

Ribosomes are assembled within the nucleolus as two RNA protein subunits just 

small enough to pass through the nuclear pores. Each ribosome has three binding 

sites for RNA: the A site which binds aminoacyl-RNA, the P site which binds peptidyl-

tRNA and E site which binds a free tRNA which has delivered its amino acid and is in 

the process of being released. Once the E site is vacated, the peptide moves ahead 

by one place and the P site becomes available for the next aminoacyl-tRNA. 

Translation is initiated when the messenger RNA is recruited by its capped 5’ end by 

the ribosome. Two proteins, eIF1 and eIF1a, are required to localize the initiation 

codon in the mRNA. These proteins act synergistically to mediate the assembly of 

the ribosomal initiation complex at the initiation codon (PESTOVA et al., 1998). The 

eIF1A is required to mediate the transfer of Met-tRNA to the 40S ribosomal subunit to 

form the 40S preinitiation complex (CHAUDHURI et al., 1997). Then, the ribosomal 

60S subunit joins the complex and protein synthesis begins. An aminoacyl-tRNA 

molecule binds to the vacant A site of the ribosome. Translation starts with the first 

AUG triplet behind the 5’ cap so that each protein system begins with the amino acid, 

methionine, which in all eukaryotic cells is related to the start-codon AUG (KOZAK, 

1999). The AUG codon is recognized by base pairing with its anticodon Met-tRNA 

(CIGAN et al., 1988). The initiating codon thus defines the “reading frame” of the 
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mRNA, and the initiating methionine becomes the N-terminus of the nascent peptide. 

During peptide elongation the next amino acid is linked to the growing peptide chain, 

a second new peptide bond is formed, and the mRNA moves on by three nucleotides 

to site P. The mRNA is moved forward exactly three positions to bring the next codon 

into the reading frame head. As the codon enters the reading head, the new 

ribosome searches through the available tRNA pool until the correct anticodon is 

found. The enzyme peptidyl-transferase activity cleaves the covalently bound amino 

nitrogen of the tRNA and forms a new peptide linkage with the carboxyl terminus of 

the new peptide. Ejection of the empty tRNA molecule resets the system so that the 

next aminoacyl-tRNA molecule can bind and the process continues until a 

termination codon is found. This will be either UAA, UAG or UGA. These triplets do 

now carry any amino acids (IVANOV et al., 2001). 

 

2.5.2. Gene expression in oocytes and preimplantation embryos 

The preimplantation bovine embryo is initially under the control of the maternal 

genomic information that is accumulated during oogenesis. The program of 

development soon becomes dependent on new transcripts derived from activation of 

the embryonic development (WRENZYCKI et al., 2005). In murine embryos this 

activation occurs at the end of the first cell cycle and in human embryos at the 4-cell 

stage (BRAUDE et al., 1988; TELFORD et al., 1990; WRENZYCKI et al., 2004; 

2005). In mice, approximately 15,700 genes are expressed during preimplantation 

development (STANTON et al., 2003). The major activation of the bovine embryonic 

genome occurs at the 8- to 16-cell stage (TELFORD et al., 1990). However, minor 

activation is already seen at the 2-4 cell stage (HYTTEL et al., 1996; VIUFF et al., 

1996; BILODEAU-GOESSEELS and SCHULTZ, 1997). In bovine embryos generated 

in vivo, RNA transcription has already been detected at the 1-2 cell stage and 

appears to be down regulated at transition from the 2-to the 4-cell stage or the 4-cell 

stage (HAY-SCHMIDT et al., 1997). Most genes are transcribed in a stage- and time-

dependent manner following the common maternal and/or embryonic expression 

pattern (NIEMANN and WRENZYCKI, 2000).  
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Approximately 350 expressed genes have specific functions during early cleavage 

stages and are expressed before the major onset of embryonic genome activation 

(EGA; KUES et al., 2008). IVP and other in vitro production methods, such as NT can 

affect the mRNA expression in bovine embryos (NIEMANN et al., 2002; 

WRENZYCKI et al., 2005). The mRNA expression pattern in in vitro produced bovine 

embryos differs from that of their counterparts developing in vivo (NIEMANN and 

WRENZYCKI, 2000). Critical steps during early embryo development such as the 

timing of first cell division, activation of the embryonic genome, compaction, 

blastocyst formation, expansion, and hatching are regulated by well-orchestrated 

gene expression. During the transition from maternal to embryonic genome control 

maternal transcripts are depleted and embryo-specific transcripts are generated 

which are involved in orchestrating early embryogenesis. The transition from 

maternal to embryonic control of transcription in mammals is accomplished by the 

regulated expression of developmentally conserved genes. This process is 

influenced and regulated by epigenetic changes in the oocyte and the blastocyst, 

leading to altered chromatin architecture and the induction or repression of gene 

transcription (ADJAYE et al., 2007). To date, the expression pattern of 200-250 of the 

estimated 23,000 genes of the mammalian genome have been studied by reverse 

transcriptase-polymerase chain reaction (RT-PCR) in bovine embryos (WRENZYCKI 

et al., 2004; 2005). A recent study from KUES et al. (2008) detected a total of 12,000 

to 14,500 transcripts in each bovine embryonic stage in vivo. This finding supports 

the notion that embryonic cells express a greater portion of their genome than 

differentiated somatic cells and may be a reflection of their pluripotency. Bovine 

oocytes and blastocysts contain ~2.4ng and ~5ng of total RNA, respectively 

(BILODEAU-GOESEELS and SCHULTZ, 1997). Real-time RT-PCR has been used 

to study gene expression in oocytes (GAL et al., 2006) which is 100-fold more 

sensitive than end point RT-PCR systems. This method can be used preferentially to 

perform quantitative gene expression on small-scale sample, such as single oocytes 

or preimplantation embryos, especially for genes predicted to have low transcription 

level (GAL et al., 2006). 
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Assisted reproduction technologies (ARTs), including in vitro embryo production, 

somatic cloning, have been used in farm animals and in humans, but occasionally 

result in aberrant embryonic gene expression, one example of which is known as the 

“large offspring syndrome” (LOS; YOUNG et al., 1998; LAZZARI et al., 2002). A likely 

causative mechanism is deviant epigenetic control of mRNA expression initiated 

during preimplantation development that persists throughout fetal development 

(NIEMANN and WRENZYCKI, 2000). It is well established that in vitro production 

and somatic cloning alter the expression of genes involved in histone methylation 

and heterochromatin formation, prior to and after embryonic genome activation 

(NOWAK-IMIALEK et al., 2008). In vitro produced embryos from pre-pubertal donors 

also show differences in the transcription of genes related to metabolism (GLUT1) 

and protein synthesis (UBF, elF1A) (OROPEZA et al., 2004). 

 

2.6. IMPORTANT GENES DURING EMBRYO DEVELOPMENT 

The following chapter will describe the function and relationship a group of genes 

related to embryo metabolism and apoptosis in oocytes and mammalian embryos. 

Expression of these genes was monitored in the present study. 

 

2.6.1. AKT/Protein Kinase B (PKB) 

AKT is a serine-threonine kinase which is also referred to as protein kinase B (PKB) 

because of its sequence homology to protein kinases A and C. AKT was originally 

described by STAAL et al. (1977). It is the cellular homolog of the v-akt oncogene 

transduced by the rodent retrovirus AKT8, which is an acute transforming retrovirus 

isolated from rodent T cell lymphoma. Sequence analysis of the v-akt oncogene and 

biochemical analysis of its product revealed that it codes for a protein kinase c-

related serine threonine kinase whose cellular homolog is expressed in most tissues 

(BELLACOSA et al., 1991). The AKT group of proteins share a common structure 

consisting of an N-terminal regulatory domain resembling the pleckstrin homology 

(PH) domain, a hinge region connecting the PH domain to a kinase domain with a 

serine threonine, and a C-terminal region required for the induction and maintenance 

of kinase activity (see Figure 4) (AHMED et al., 1993; CHAN et al., 1999; FRANKE et 



Review of Literature 

 40

al., 2003). AKT isoforms are found in a great variety of cell types 

(VANHAESEBROECK and ALESI, 2000). AKT kinase plays a pivotal role in cell 

growth; it is critical for cell survival in several cellular systems and for such diverse 

activities as glucose metabolism, cell proliferation, suppression of apoptosis and cell 

cycle progression (BRAZIL and HEMMING, 2001). It is also involved in the 

pathogenesis of degenerative diseases and cancer. Two specific sites, one in the 

kinase domain (Thr 308) and the other in the C terminal regulatory region (Ser 473) 

must be phosphorylated for full activation. 
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Figure 4: Schematic overview of the protein architecture of AKT (VANHAESEBROECK and 

ALESI, 2000) 

 

 

2.6.1.1. Model of activation of AKT 

Growth factors, cytokines, and insulin bind to the plasma membrane and stimulate 

recruitment of a family of lipid kinases known as phosphoinositide class I 3-kinases 

(PI3Ks). PI3Ks are phosphorylated at the 3’-OH position of the inositol ring in their 

inositol phospholipids, generating 3’-PI. Inside the cell, they produce three lipid 

products in the plasma membrane known as PtdIns (3)P, PtdIns(3,4)P2 and PtdIns 

(3,4,5) P3 which serve as docking site for proteins that possess the PH domain 

(O’NEILL, 2008). PtdIns(3,4)P2 and PtdIns (3,4,5) P3 are crucial for the activation of 

AKT (CANTRELL, 2001) and can be localized in the cytosol of unstimulated cells in a 
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low-activity conformation. AKT is activated via this signaling pathway by various 

stimuli including insulin, insulin like growth factors, platelet derived growth factor 

(PDGF), epidermal growth factor (EGF) and basic fibroblast growth factor (bFGF) 

(BURGERING and COFFER, 1997). Activation involves translocation of AKT from 

the cytosol to the inner leaflet of the plasma membrane and a conformational change 

which converts AKT into a substrate for PDK1, perhaps by exposing the Thr308 and 

Ser473 phosphorylation sites. AKT isoforms are phosphorylated at the T-loop 

(Thr308 in PKBα) by phosphoinositide dependent protein Kinase 1 (PDK1) which 

appears to be the major input required for activation of AKT (ALESI, 2001). PDK1 is 

membrane-localized by its PH domain, binds to basal levels of PtdIns(3, 

4)P2/PtdIns(3, 4, 5)P3 (or PtdIns(4, 5)P2), then becomes phosphorylated and 

activates PKB on Thr308. Basal concentrations of PtdIns (3, 4, 5)P3/PtdIns(3, 4)P2 

are required to induce opening of membrane-targeted PKB allowing phosphorylation 

and activation. This reaction is mediated by the interaction lipids 

(PtdIns(3,4,5)P3/PtdIns(3,4)P2) with the PH domain of PKB, which alter its 

conformation so that the Thr308 becomes accessible to PDK1 (VANHAESEBROECK 

and ALESI, 2000) (Figure 5).  

 

2.6.1.2. The role AKT1 in promoting cell survival 

Several lines of evidence have shown a critical role of AKT1 as anti-apoptotic and 

cell proliferation factor. Accordingly, the inducible inhibition of PI3K, which leads to 

reduced AKT1 activity, can block cellular proliferation (CRADOCK et al., 1999). 

Furthermore, over-expression of AKT1 can induce anti-apoptotic effects and 

promotes stabilization of cyclin D1 protein in many cell types (FRANKE et al., 1997; 

DIEHL et al., 1998; DOWNWARD, 1998; 1999; SABATINI and MCCORMICK, 1999; 

LI et al., 2002). After activation, AKT1 can phosphorylate proteins in the cytoplasm 

and the nucleus (LAWLOR and ALESSI, 2001), controlling cellular and mitochondrial 

metabolism and function of several growth/survival factors. For instance, AKT1 has 

been shown to activate the regulation factor E2F, and to increase cyclin D1 levels 

(DIEHL et al., 1998; MUISE-HELMERICK et al., 1998) which is associated with the 

inhibition of Glycogen Synthase Kinase-3 (GSK3) activity by direct phosphorylation of 
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an N-terminal regulatory serine residue downstream of insulin-activated PI3K 

(CROSS et al., 1995). The anti-apoptotic action of AKT1 may operate via 

transcription of nuclear factor-κB (NF-κB) (KHWANA, 1999; ROMASHKOWA and 

MAKAROV, 1999; KANE et al., 1999). When bound to its cytosolic inhibitor, IκB, NF-

κB is sequestered into the cytoplasm. Upon phosphorylation by IκB kinases (IKKs), 

IκB is degraded. This allows the transcription factor NF-κB to move to the nucleus to 

activate transcription of anti-apoptotic proteins such as A1 and inhibitor-of-apoptosis 

(IAP) proteins (c-IAP1 and c-IAP2; WANG et al., 1999). AKT1 can also promote cell 

survival by inhibiting genes that mediate apoptosis such as BAD (DOWNWARD, 

1999), caspase-9 (CARDONE et al., 1998; KENNEDY et al., 1999) and Fas ligand 

(via phosphorylation of Forkhead transcription factors) (BRUNET et al., 1999) 

(Figure 5).  

 



Review of Literature 

 43

PDK1

PDK1

AKT

AKT

AKT

PIP-3
KINASE

BAD

BAD

14-3-3

Apoptosis

Forkhead

Forkhead
FasL

transcription

Caspase 9

Caspase 9

p21

p21

PI(3,4,5)P3

GSK3

GSK3

Growth factor

survival
survival apoptosis survival

apoptosis

survival

survival

apoptosis

PIP3

 

 

Figure 5: Schematic overview of AKT and PI3-Kinase pathway. AKT is activated by 

phosphorylation in response of survival factors (e.g. growth factors). Once 

activated, AKT phosphorylates several proteins downstream, which can 

determine the survival or the death of the cell. Phosphorylation is represented in 

this schema with yellow circles beside the target proteins 

 

 

2.6.1.3. The PI3K/AKT pathway in embryo development 

During the preimplantation period, the embryo expresses a number of receptors 

known to activate the phosphatidylinositol 3-kinase (PI3K)/AKT pathway including 

those for IGF-I and insulin, which are expressed from the 1-cell stage onwards in 

bovine embryos (LIGHTEN et al., 1997; SMOTRICH et al., 1996; YASEEN et al., 

2001). The PI3K/AKT pathway is involved in FSH-induced meiotic maturation in mice 

(HOSHINO et al., 2004) and is present in all stages of murine preimplantation 

embryo development promoting embryo survival through the regulation of glucose 

transporters at the cell surface (RILEY et al., 2005). Inhibition of this pathway in 



Review of Literature 

 44

murine blastocysts with LY 294002 leads to a decreased cell surface expression of 

GLUT1 resulting in a reduced glucose utilization and an increased level of apoptosis. 

Another function of the P13K/AKT pathway in early embryo metabolism is the 

enhanced activity of the enzyme hexokinase (GOTTLOB et al., 2001), which converts 

intracellular glucose into glucose-6-phosphate in the glycolytic pathway.  

 

2.6.2. BCL-XL 

BCL-XL belongs to a group of anti-apoptotic proteins of the BCL-2 family. BCL-2 and 

related cytoplasmic proteins are key regulators of apoptosis (ADAMS and CORY., 

1998). These protein groups respond to various forms of intracellular stress, such as 

DNA damage or cytokine deprivation, and interact with various opposing family 

members to determine whether or not the caspase proteolytic cascade is activated 

(CORY et al., 2003). BCL-2 and its closest relatives, protect the cell from a wide 

range of cytotoxic insults, including cytokine deprivation, UV- and γ-radiation and 

chemotherapeutic drugs (HUANG et al., 1997). BCL-2 has been found on the outer 

surface of the mitochondria (GONZALEZ-GARCIA et al., 1994). All members of the 

BCL-2 family possess at least one of four conserved motifs (i.e. structural domain 

that can be recognized in a variety of proteins; ALBERTS et al., 2002) known as 

BCL-2 homology domains (BH1 to BH4; Figure 6). Most of the pro-survival members, 

which can inhibit apoptosis, contain at least BH1, BH2 and the mostsimilar to BCL-2 

have all four BH domains (BCL-XL). BCL-2 proteins maintain organelle membrane 

integrity and prevent direct and indirect release of cytochrom c from mitochondria, 

which along with ATP may facilitate a change in APAF-1 with procaspase-9 and 

thereby prevent caspase-9 activation. 
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Figure 6: Structure representation of BCL-2 family proteins. BH1 to BH4 are conserved 

motifs. The BAX subfamily resembles the BCL-2 subfamily but lacks a functional 

BH4 domain. α1 to α7 indicate helices identified in BCL-XL. Arrows indicate Ser 

and Thr residues phosphorylated in BCL-2 (ADAMS and CORY, 1998) 

 

 

BCL-XL is structurally similar to the BCL-2 protein (BOISE et al., 1993). It is the 

mammalian homolog of CED-9 from C. elegans. It processes the same sequence 

motif (BH1, BH2, BH3 and BH4) as BCL-2 protein. It acts as pro-survival protein by 

directly inhibiting the ability of CED-4-like molecules (APAF-1) that activate 

caspases. This protein resides in the outer mitochondrial wall and can inhibit 

cytochrom c release. CED-9 or its mammalian homolog, BCL-XL, can bind to APAF 

(CED-4), which also binds to caspase-9 (CED-3) (CHINNAIYAN et al., 1997). The 

BH4 region of BCL-XL is required for pro-survival activity and interaction with CED-4 

and might serve as a direct binding site for CED-4 or modulate the overall BCL-XL 

structure. BCL-XL may inhibit the association of APAF-1 with procaspase-9 and 

thereby prevents caspase-9 activation. 

 

The structure of BCL-XL (particularly its α 5 and α 6 helices) resembles the 

membrane insertion domains of bacterial toxins prompting the hypothesis that 

members of the BH1 and BH2 domain function by forming pores in mitochondria 

membrane (SATTLER et al., 1997). 
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2.6.3. BAX 

BAX is a proapoptotic member of the BCL-2 family resembling the same structure of 

BCL-2 but lacking the BH4 domain. BAX possesses a 21kd BCL-2 protein partner, 

which has extensive amino acid homology with BCL-2 and a highly conserved 

domain I and II (OLTVAI et al., 1993). When this protein is present in excess, BAX 

counteracts the ability of BCL-2 to repress cell death. This multidomain pro-apoptotic 

member possesses only the domain BH1, BH2 and BH3 compared to BCL-2. The 

ratio of anti- to pro-apoptotic molecules such as BCL-2/BAX constitutes a switch that 

sets the threshold of susceptibility to apoptosis for the intrinsic pathways, which 

utilize mitochondria to amplify death signals (OLTVAI et al., 1993). Activation of BAX 

is associated with changes in conformation that are postulated to induce 

permeabilization of the outer mitochondrial membrane (MARTINOU and GREEN, 

2001). During apoptosis, the mitochondrion is fragmented into smaller units. 

Simultaneously, BAX and BAK change their intracellular location to form foci on the 

mitochondrial membrane, where they colocalize with Mitofusin 2 (Mfn2) and 

Dynamin-related protein 1 (Drp19), two proteins that mediate mitochondria fission 

(KARBOWSKI et al., 2002).  

 

2.6.4. BAD 

Identified by YANG et al. (1995) is a protein of 204 amino acids with a molecular 

weight of 22.1kDa. It is a pro-apoptotic protein that belongs to the “BH3-only” BCL-2 

subfamily (KELEKAR and THOMPSON, 1998). Members of this group of proteins 

possess the BH3 domain (see Figure 5). The BH3 domain is a stretch of 16 amino 

acids that is required for the protein to heterodimerize with anti-apoptotic members of 

the BCL-2 family and to promote cell death (SATTLER et al., 1997). BAD lacks also a 

C-Terminal transmembrane domain suggesting that it is not an integral membrane 

protein and is generally found in the cytosol, but can be membrane associated when 

it is bound to BCL-2 or BCL-XL. This protein cannot exert its proapoptotic effects in 

the absence of heterodimerization and is unable to form homodimers. BAD 

selectively dimerizes with BCL-XL as well as BCL-2 but not with BAX. However, BAD 

binds stronger to BCL-XL than BCL-2 and reverses the death repressor activity of 
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BCL-XL (YANG et al., 1995). Thus, BAD is a regulator of apoptosis that appears to 

function by sequestering BCL-XL and by preventing BCL-XL from heterodimerizing 

with BAX. Furthermore, the susceptibility to cell death is regulated by the relative 

levels and interaction of BCL-XL, BCL-2, BAX, and BAD proteins. BAD is switched 

on and off by phosphorylation in response to growth/survival factors. The pro-

apoptotic function of BAD is regulated by the PI 3-kinase pathway (DEL PESO et al., 

1997) and phosphorylation is carried out by AKT. Thus, phosphorylation of BAD by 

AKT precludes binding to membrane-anchored BCL-XL, leading to increased cell 

survival. Phosphorylated BAD is sequestered into the cytosol bound to 14-3-3 

proteins (ZHA et al., 1996). Additionally, this pro-apoptotic protein translocates to 

mitochondria following death signals, where it promotes release of cytochrome c. 

Transcript of this gene is elevated in murine embryos undergoing cell fragmentation 

(JURISICOVA et al., 1998a). 

 

2.6.5. GLUT3 

The glucose transporter 3 (GLUT3) belongs to the class I of glucose transporters 

which represent four proteins (GLUT 1-4) that are distributed in different kinds of 

tissues (i.e. GLUT 1: erythrocytes, brain microvessels; GLUT2: liver, pancreatic 

islets. GLUT3: neuronal cells; GLUT4: muscle and adipose tissue (JOOST et al., 

2002). GLUT3 plays a role in blastocyst formation and has been detected in morula 

to blastocyst stages. PANTALEON et al. (1997) have shown that GLUT3 ablation 

inhibits blastocyst formation. Expression of GLUT3 together with the switch to 

glucose utilization at compaction suggests a functional relationship. This glucose 

transporter is predominantly expressed in glucose dependent cells such as the ones 

present in the trophectoderm (TE). GLUT3 expression is apically distributed on the 

surface of the polarized TE cells and its main function is to facilitate maternal glucose 

uptake. In contrast, the glucose transport of the basolateral surface cells of the TE, is 

mediated by GLUT1. Increasing expression of GLUT3 and its localization to apical 

membranes of polar outer cells may reflect the metabolic dependence of the 

developing blastocyst to glucose (PANTALEON and KAYE, 1998). GLUT3 permits 
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the blastocyst to obtain large quantities of glucose efficiently and rapidly from the 

uterine milieu, thereby facilitating blastocyst formation (PANTALEON et al., 1997). 

 

2.6.6. GLUT8 

Glucose transporter 8 (GLUT8) belongs to the class III glucose transporters (JOOST 

et al., 2002). It is a novel glucose transporter-like protein with consists of 478 amino 

acids. It exhibits significant sequence similarity with the other members of the sugar 

transporters. It has 22% identity with GLUT1, 25% with GLUT3 and 23% identity with 

GLUT4. This protein comprises 12 putative membrane spanning helices and several 

conserved motifs (DOEGE et al., 2000) and a large cytoplasmic loop between the 

transmembrane regions 6 and 7. GLUT8 has a considerable shorter terminus domain 

with less than 20 amino acids, making it the shortest of the GLUT family. This 

glucose transporter has been identified in testis and brain tissue and acts as an 

insulin-dependent glucose transporter in murine blastocysts. Insulin and IGF-I can 

stimulate glucose uptake via the IGF-I receptor and GLUT8 (GARDNER and LEESE, 

1988; PANTALEON and KAYE, 1996; CARAYANNOPOULUS et al., 2000). In non-

insulin stimulated states, GLUT 8 is predominantly located in the cytoplasm of the 

inner cell mass (ICM) and TE of murine blastocysts (CARAYANNOPOULUS et al., 

2000). Upon insulin stimulation, the protein translocates to the plasma membrane of 

the TE cells. Inhibition of GLUT8 expression results in abrogation of insulin 

stimulated glucose uptake in murine blastocysts (CARAYANNOPOULUS et al., 

2000). 
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3. MATERIALS AND METHODS 

3.1. EXPERIMENTAL ANIMALS 

This investigation was carried out in the experimental herd of Institute of Farm Animal 

Genetics (Institut für Nutztiergenetik) of the Friedrich-Loeffler-Institute (FLI) in 

Mariensee, in the Federal Republic of Germany. Female bovine donors of the 

Holstein Friesian and Deutsche Schwarzbunte breed were used for this research. A 

total of 31 pre-pubertal calves of 7-10 months of age, 20 post-pubertal heifers 

between 11-18 months of age and 17 dry adult cows were employed for these 

experiments. The experimental animals received a diet based on silage, hay and 

concentrate mixture and had water ad libitum.  

 

3.2. OVARIAN STIMULATION AND INTRAOVARIAN IGF-I INJECTION 

Two days prior to oocyte recovery, pre and postpubertal donors were treated with an 

intramuscular (i.m) injection of 2.5 ml porcine FSH and LH (Pluset®, Calier, 

Barcelona, Spain) to induce waves of ovarian follicular growth (Coasting period). 

Furthermore, the dominant follicle was ablated with the aid of a 20G x 2¾ needle 

connected to a vacuum pump (IVF Ultra Quiet, COOK Veterinary products, 

Mönchengladbach, Germany), via a plastic tube and installed in the intravaginal PVC 

device as described below.  

 

Insulin like Growth Factor I (IGF-I) aliquots were prepared by diluting 250 µg 

recombinant human IGF-I (R&D Systems, Minneapolis, USA) in 2.5 ml of PBS-BSA 

(0.1% w/v) redistributed in 125 µl (100µg/ml) aliquots and frozen at -30°C for 2-

3 weeks. On the day of treatment, aliquots were thawed, and diluted in 1.25 ml PBS-

BSA and kept on ice until use. 

 

Prior to ovarian stimulation, experimental pre-pubertal calves and post-pubertal 

heifers were restrained and sedated with 0.2 ml of Xylazinhydrochlorid i.m. (Riemser 

Arzneimittel AG, Greifswald, Germany). An epidural anesthesia was induced to 

reduce pain in the perineal area and to prevent rectal contractions during the 

operation. Three ml Procainhydrochlorid (Procasel®, Selectavet, Weyarn-Holzolling, 
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Germany) was injected in the joint between the last sacral and first coccygeal 

vertebra using a 20G x 1½ needle (Terumo, Leuven, Belgium). In adult cows, a total 

of 6 ml Procainhydrochlorid was injected using a 20G x 2¾ needle (Terumo, Leuven, 

Belgium). The left hand was introduced into the rectum, after lubrication with Gel 

(BOVI-VET, Kruuse) and the intestinum had been emptied. The perineal area was 

cleaned with a paper towel. Ovaries were found by rectal palpation and manually 

fixed through the rectal wall. A transvaginal device with a 6.5 MHz, ultrasound 

scanner (Picker Model EUP-F-331, München, Germany) connected to the ultrasound 

equipment (Picker Model CS 9000 (Picker, München, Germany) and placed in a PVC 

transvaginal vaginal device was used to drive an adapted syringe. The transvaginal 

device was covered with latex hygiene protection cover (Servoprax® GmbH, Wesel, 

Germany) and washed prior to each operation with a disinfecting solution of 1% 

Hexaquard Plus (Braun, Melsungen AG, Melsungen, Germany). Each ovary was 

placed in front of the intravaginal scanner and was visualized on the ultrasound 

screen. A solution that consisted of 0.6 ml of IGF-I/ PBS-BSA was injected into each 

ovary using a 20G x 2¾ needle connected to a 1 ml syringe adapted to the plastic 

device which was driven through the intravaginal device. Control animals received an 

intraovarian injection of 0.6 ml PBS-BSA.  

 

3.3. OOCYTE RECOVERY GUIDED BY ULTRASOUND (OVUM PICK-UP) 

3.3.1. Recovery media 

3.3.1.1. Phosphate buffered saline - PBS 

The amount of 9.25 g/l Dulbecco’s Phosphate Buffered Saline (Sigma) was used to 

prepare to basic flushing medium. It was supplemented with 50 IU/ml penicillin G, 

50 µg/ml streptomycin sulfate, 36 µg/ml pyruvate, 1 mg /ml D-glucose and 133 µg/ml 

CaCl2 prior to each OPU session, PBS was supplemented with New Born Calf Serum 

(NBCS, PAA Laboratories GmbH, Pasching, Austria, batch number B00106-0729), 

previously heat inactivated for 30 minutes, and 2.2 IU/ml Heparin-Na. 
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3.3.2. Ovum Pick-up 

Two days after ovarian stimulation, Ovum Pick-Up (OPU) sessions were carried out 

in the cattle facility of the Institute of Farm Animal Genetics in Mariensee. Pre-

pubertal calves and post-pubertal heifers were brought into the operation theatre, 

were restrained in a metal barn, and sedated by an i.m injection of 0.2 ml 

Xylazinhydrochlorid (Riemser Arzneimittel AG, Greifswald, Germany). An epidural 

anesthesia was used to reduce the pain in the perineal area and to prevent rectal 

contractions during the operation. The animals received 3 ml Procainhydrochlorid 

(Procasel®, Selectavet, Weyarn-Holzolling, Germany) between the last sacral and 

first coccygeal vertebra using a 20G x 1½ needle (Terumo, Leuven, Belgium) in an 

angle of 45°. Adult cows received 6 ml Procainhydrochlorid with a 20G x 2¾ needle 

(Terumo, Leuven, Belgium). The perineal area was cleaned and the left hand was 

introduced in the rectum after lubrication with Gel (BOVI-VET, Kruuse). The ovaries 

were found through rectal palpation and were fixed through the rectal wall (Figure 7). 

A transvaginal device which contained a 6.5 MHz ultrasound scanner (Picker Model 

EUP-F-331, München, Germany) connected to the ultrasound equipment (Picker 

Model CS 9000 (Picker, München, Germany), and placed into a pipe canal to drive a 

20G x 2¾ needle (0,90x70mm, Neolus®, Terumo, Leuven, Belgium) was used to 

aspirate the follicular contents. The needle was connected to a vacuum pump (IVF 

Ultra Quiet, COOK Veterinary Products, Mönchengladbach, Germany) by a collection 

system which includes a 2 meter long tube with a diameter of 2.5mm and a 50 ml 

plastic tube (GreinerBio-One, Cellstar®, Austria) and a 1 meter long vacuum tube. 

The transvaginal device was covered with a latex Hygiene protection cover 

(Servoprax® GmbH, Wesel, Germany) and washed prior each operation with a 1% 

disinfecting solution (Hexaquard®, Braun Melsungen AG, Germany). The ovaries 

were held in front of the intravaginal scanner and were visualized on the ultrasound 

screen. All follicles greater than 3 mm and up to 10 mm in size were aspirated. After 

two or three punctures, the needle and the collecting system were flushed with fresh 

PBS supplemented with New born calf Serum (NBCS, PAA Laboratories GmbH, 

Pasching, Austria, batch number B00106-0729) and Heparin solution. The flushing 

medium was collected in the 50 ml plastic tubes and held in a water bath at 37.5°C. 
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Within a lapse of 10 minutes the collecting tubes were transported to the lab. The 

flushing fluid was passed thought a 50 µm filter, which was washed two or three 

times with PBS-NBCS-Heparin and the recovered fluid was collected in a Petri dish. 

Cumulus-oocytes complexes were found under on stereomicroscope with 50 fold 

magnification and collected with a capillary pipette with the help of a pipette controller 

(Brand GmbH, Wertheim, Germany) and placed in a Petri dish with TCM-air 

equilibrated in a temperature of 37°C. 

 

 
 

Figure 7: Schematic representation of ultrasound guided follicle aspiration in prepubertal 

heifers (PONEBSEK, 2005) 
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3.4. EVALUATION OF CUMULUS-OOCYTE COMPLEXES 

Cumulus-oocyte complexes (COC) were placed in 100 µl drop of TCM-air covered 

with silicone oil (Serva) warmed at 37°C and evaluated under a stereomicroscope 

(Nikon, model CD-S, Japan) at 50x magnification. One drop was used for every COC 

group from one donor animal to evaluate individual quality. COCs were classified as 

described by LOONEY et al. (1994) and GOODHAND et al. (1999) as described 

below: 

 

Category I: Oocytes with more than 4 layers of compact cumulus cells with a 

homogeneous cytoplasm. 

Category II: Oocytes with 3-4 layers of compact cumulus cells, cytoplasm 

homogeneous or lightly granulated. 

Category III: Oocytes with 1-2 layers of cumulus of corona radiata, cytoplasm with 

irregular appearance, such as dark areas. 

Category IV: Denuded oocytes. 

Category V: Oocytes with expanded cumulus.  

 

 

3.5. IN VITRO PRODUCTION OF BOVINE EMBRYOS 

3.5.1. Media preparation 

The reagents were purchased from Sigma-Aldrich, Inc. (St Louis, MO, USA), except 

Ampuwa that was purchased from Fresenius SE (Bad Homburg, Germany). 

 

3.5.1.1. TCM-air 

The tissue culture medium 199 (TCM199) was used as the basic medium for different 

in vitro embryo production steps, such as the evaluation of the quality of COCs and 

removal of cumulus cells from oocytes and zygotes. This was supplemented with 

1.51 g TCM, 0.005 g Gentamycin-Sulfat, 0.0022 g sodium-pyruvate, 0.035 g NaHCO3 

and 0.1 g of BSA (Fatty acid free) and was diluted in H2O (Ampuwa) to complete 100 

ml. The solution was set at pH 7.2 with 1 M NaOH, sterile filtered at 266 mOsm and 

kept at 4°C until use.  
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3.5.1.2. TCM culture 

For in vitro oocyte maturation and washing steps, TCM199 was used as the basic 

medium. This was supplemented with 1.51 g of TCM, 0.005 g Gentamycin-Sulfat, 

0.0022 g sodium-pyruvate, 0.035 g NaHCO3 and 0.1 g BSA (Fatty acid free) and was 

diluted in H2O (Ampuwa) to complete 100 ml. The solution was thoroughly stirred, 

mixed in an open glass and set at pH 7.4 using 1M NaOH. The medium was sterile 

filtered at 266 mOsm and kept at 4°C until use. Finally, 100 mg BSA (0.1%) was 

added to the solution. 

 

3.5.1.3. Fert-TALP 

Tyrode´s albumin lactate pyruvate (TALP) was used as standard medium for washing 

matured oocytes prior in vitro fertilization, washing and separation of sperm cells 

from the diluents, and for in vitro fertilization. TALP was prepared with 3.329 g NaCl, 

0.1195 g KCl, 1.05 NaHCO3, 0.02 NaH2PO4 + H2O, 0.14 CaCl2 + 2H2O, MgCl2, 

0.0015 g Penicillamin, 0,005 g Phenolred and 0.93g of Na-lactate (60%), mixed and 

diluted in 500ml Ampuwa. The medium was sterile filtered without pH control. 

 

3.5.1.4. Synthetic oviductal fluid (SOF) medium 

Synthetic oviductal fluid (SOF) medium supplemented with bovine serum albumin 

was used as standard medium to culture presumptive zygotes in vitro for 7-8 days. 

SOF culture medium was prepared by using previously prepared stocks (stock A, B, 

C and D). Stock A consisted of 3.14 g NaCl 1.08 M, 0.267 g 0.072 M, 0.081 g 

KH2PO4 0.012 M, 0.091 g MgSO4 and 49.2 ml H2O (Sigma) to complete 50 ml 

solution. Additionally, 0.3 ml of Na-lactate 0.042 M was added to the mixture. Stock B 

was prepared by mixing 1.05 g NaHCO3 0.25 M, 0,005 g phenol red and 50 ml of 

H2O (Sigma). Stock C was prepared with 0.04 g of Na-pyruvate 0.073 in 5 ml H2O. 

Stock solution D was made by adding 0.131 g CaCl2 x 2H2O 0.178 M to 5 ml H2O. All 

stock solutions were sterile filtered and kept for not more than 4 weeks a 4°C.  

 

For the preparation of SOF culture medium, it was necessary mix 5 ml stock A, 5 ml 

stock B, 0.5 ml stock C and 0.5 ml from stock D, and 0.025 of myo-inositol, 0.005 of 
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gentamycin and 50 µl glutamine and 37 ml H2O to complete 50 ml. Finally, 1.5 of 

BME 50x and 0.5 ml of MEM 100x were added. The solution was supplemented with 

4 mg/ml of BSA and equilibrated to an osmolarity of 275-285 mOsm, sterile filtered 

and kept at 4°C in a 15 ml Eppendorf tube for no more than two weeks. 

 

3.5.2. In vitro maturation (IVM) 

After classification, COCs were washed three times in 100 µl TCM199 + BSA 

(Sigma) drops covered with silicone oil, equilibrated for one hour in an incubator 

(Heracell) in 5 % CO2 at 39°C. Each group of COC’s from individual donors was 

placed in 100 µl TCM199-BSA + eCG (Suigonan, Intervet) maturation drops under 

silicone oil for 24 hours in 5% CO2 at 38°C in a humidified atmosphere. 

 

3.5.3. In vitro fertilization (IVF) 

Prior to in vitro fertilization, sperm cells were separated from semen diluents and 

treatment (capacitation) of the sperm cells. A 0.25 ml semen straw, from a bull with 

proven fertility in IVF (Erwin 3045), was thawed in 37.5°C water bath for 30 seconds. 

The semen was placed on the upper surface of a 750 µl Percoll solution already 

equilibrated at 37.5°C in a 1.5 ml Eppendorf reaction tube (Eppendorf) and 

centrifuged at 400 x G for 16 minutes. Immediately thereafter, 750 ml supernatant 

were aspirated and the pellet was filled again with equilibrated Fert-TALP solution 

and centrifuged at 400 x G for 3 minutes. The supernatant was removed, followed by 

a third centrifugation for 3 minutes with Fert-TALP plus Hypotaurin, Heparin and 

Epinephrine (HHE) to induce the capacitation. Then the supernatant was removed 

and less than 100 µl ml Fert-TALP + HHE sperm cell suspension remained in the 

tube. To determine the sperm concentration, 10µl cell suspension was diluted in 

490µl distillated water and 10 µl from this suspension was pipetted into the Thoma 

chamber to count the number of sperm cells.  

 

Prior to in vitro fertilization, in vitro matured COCs were washed 3 times in 100 µl 

Fert-TALP drops and placed in a final 100 µl Fert-TALP + HHE fertilization drop. The 

sperm concentration was adjusted to 1 x 106 sperm/ml and in vitro fertilization was 
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carried out by adding a previously calculated sperm suspension to COCs. The co-

culture of the female and male gametes was carried out in an incubator at 37°C with 

5% CO2 in air for 18-20 hours.  

 

3.5.4. In vitro culture (IVC) 

Presumptive zygotes were removed from fertilization drops and placed in TCM199 

(air) in a Petri dish 18-20 hours after onset of IVF. Cumulus cells and sperm cells 

were removed from the zygotes through gently pipetting with a mouth pipette 

followed by three washes in TCM-air and three times in 80 µl SOF drops. After 

washing, presumptive zygotes were placed in 30 µl SOF culture drops covered with 

silicone oil in a Petri dish. Petri dishes with culture drops were placed in a Modular 

incubator Chamber (Billups-Rothenberg, Inc, CA, USA) with a gas mixture of 5% O2, 

5% CO2 and 90% N2 at 38°C for 8 days.  

 

In vitro produced embryos were removed from the culture medium at different time 

points to obtain embryos at different developmental stages. 2-4 cells and 8-16 cells 

embryos were obtained after 12 hours and 72 hours post fertilization, respectively, 

and were used for RT-PCR analysis. After the 8 days post fertilization, in vitro 

cultured embryos that had reached the blastocyst and expanded blastocyst stage, 

were used for RT-PCR analysis and TUNEL reaction.  

 

3.6. TUNEL ASSAY 

The TUNEL Assay method was used to determine the grade of apoptosis in in vitro 

produced embryos at 8th day of development (blastocysts and expanded 

blastocysts). 

 

3.6.1. Materials 

The TUNEL Reaction mixture was purchased from Roche (In Situ Cell Death 

Detection Kit, Fluorecein, Roche, Penzberg, Germany). On the day of use, the 

contents of the two bottles, 90 µl of bottle 2 (label solution) was mixed with 10 µl 

enzyme solution to obtain 100 µl TUNEL reaction mixture. Additionally, 25 µl from the 
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label solution was used as negative control. The RNAse was purchased from Sigma 

(Saint Louis MO, USA, Catalog R5500-10MG). The powder was diluted with 8.13 ml 

to arrive at a concentration of 1.23 mg/ml and distributed in aliquots of 50µl and 

stored at -80°C. RNase free DNAse 5000U was purchased by Epicentre® 

Biotechnologies Madison, WI (USA).  

 

3.6.2. TUNEL Assay procedure 

The TUNEL Assay was used to detect DNA fragmentation associated with late 

stages of apoptosis. The embryos were removed from the culture medium (SOF-

BSA) and washed three times in 50 µl drops of PBS supplemented with 

Polyvinylpyrrolidone (PBS/PVP; 1 mg/ml) for 2 minutes in each wash step. Then the 

embryos were fixed in 4% (w/v) paraformaldehyd solution in PBS for 1 hour in a 50 µl 

drop at room temperature. The embryos were rewashed in PBS-PVP and stored in a 

1% paraformaldehyd solution for 2-3 weeks in a 4-well dish at 4°C or used directly for 

TUNEL procedure. For TUNEL, embryos were washed as described above and 

incubated for 1 hour in a permeabilization solution consisting of 0.5% Triton X-100/ 

0.1% sodium citrate in a humidified milieu. Positive and negative controls were 

incubated with RNA free DNase (50 U/ml) at 37°C for 1 hour in the dark. Embryos 

were incubated in 25 µl drops of TUNEL reaction mixture containing fluorescein 

isothianate-conjugated dUTP and the enzyme terminal deoxynuclotidyl transferase 

for 1 hour at 37°C in the dark. Embryos were washed for 10 minutes in Triton x-100 

solution and three times in PBS/PVP. After DNase incubation, positive controls were 

placed in the TUNEL reaction mixture and negative controls were incubated in 

labeling solution in the absence of the enzyme terminal transferase. Embryos were 

washed 3 times in PBS/PVP and incubated in RNase A (50 µl/ml, Sigma) solution for 

1 hour at 37°C in the dark. Intact nuclei were stained with propidium iodide (50 µg/ml) 

in 25 µl drops for 15 minutes in the dark. This was followed by washing the embryos 

in PBS-PVP drops 7-8 times. Embryos were transferred to a Vecta-Shield gradient 

(Vector Laboratories, Burlinghame, CA) at 50%, 75% and 100% v/v in PBS 

30 minutes for each step in the dark. Finally, embryos were mounted on a slide with 

ring enforcement in 4-5 µl of 100% Vecta Shield solution and covered with a 
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coverslip. Slides were stored at 4°C in the dark for up to 7 days before confocal 

laser-scanning was performed. 

 

3.6.3. Microscopy and image processing 

The embryos were subjected to a laser-confocal scanning microscope on a Zeiss 

Axioplan2 (Carl Zeiss Micro Imaging GmbH, Göttingen, Germany) microscope with a 

Plan-Apochromat 20 x /0.75 objective. An Argon/Krypton laser was used with an 

excitation wavelength of 488nm and a Helion/Neon laser for excitation at 543 nm. 

Two channels scanning was performed with a MBS HTP 488/573 Beam Splitter and 

a long pass Filter LP585 for TUNEL reaction and a Band Pass Filter BP 505-530 to 

Propidium Iodide (PI) (Figure 8). A Z series of 20-30 optical sections of 1.98 µm thick 

and 4 µm interval was made for each embryo using Zeiss LSM 510 software. The 

image embryo’s stacks was analysed with Image-Pro Plus software (Media 

Cybernetics, Silver Spring, Maryland USA). 
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Figure 8: Confocal laser-scanning image of an OPU-IVP 8th day bovine blastocyst. a) 

Fragmented DNA is stained in green by TUNEL reaction, b) chromatin contents 

are stained in red with PI, c) composed image illustrating the ratio apoptosis and 

normal nuclei 

a) b) 

c) 
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3.7. RT-PCR ANALYSES 

3.7.1. RNA Preparation 

Poly(A)+ RNA was isolated using the Dynabeads® mRNA Direct Kit (Invitrogen) 

according to the manufacturer´s instruction with some modifications. Oocytes, 2-

4 cell embryos, 8-16 cell embryos and blastocysts were thawed in 40 µl of lysis-

binding buffer (100 mM Tris-HCL, pH 8.0, 500 mM LiCl, 10 mM EDTA, 1% LiDS, 

5 mM DTT). Then 1 pg rabbit globin mRNA was added to the solution to serve as an 

internal standard and the mixture was incubated at room temperature for 10 minutes. 

Prewashed Dynabeads® Oligo d(T)25 (5 µl) were pipetted to the lysate and incubated 

for 5 minutes at room temperature on a shaker for binding the poly(A)+ RNA to the 

beads. The beads were separated using a Dynal MPC-E-1 magnetic separator, 

washed once with washing buffer A (10 mM Tris-HCL. pH 8.0, 0.15 mM LiCl, 1 mM 

EDTA, 0.1% LiDS) and 2 times with washing buffer B (10 mM Tris-HCL, pH 8.0, 

0.15 mM LiCl, 1 mM EDTA). Poly(A)+ RNA was eluted from the beads by incubation 

in 11 µl sterile water at 65°C for 3 min and the mRNA was used immediately as input 

for the reverse transcription reaction. 

 

3.7.2. Reverse transcription (RT) 

Reverse transcription (RT) was performed in a 20 µl volume consisting of 2 µl of 10 x 

RT buffer (Invitrogen), 2 µl of 50 mM MgCl2 (Invitrogen), 2 µl of 10 mM dNTP solution 

(Amersham Biosciences), 1 µl (20Units) of RNAsin® (Applied Biosystems), 1 µl 

(50 Units) of MULV reverse transcriptase (Applied Biosystems) and 1 µl hexamers 

(50 µM) (Applied Biosystems). The samples were incubated at 25°C for ten minutes 

for primer annealing and then incubated at 42°C for 1 hour. Finally, the samples were 

heated to 95°C for 5 minutes. Two µl of the RT reaction were used for Real-Time 

PCR amplification.  

 

3.7.3. Real-time PCR 

Real-time PCR was performed in 96-Well Optical Reaction Plates (Applied 

Biosystems, Foster City, CA, United States). The PCR mix in each well included 

10 µl of 2 x Power SYBR_Green PCR Master Mix (Applied Biosystems), 6.4 µl dH2O, 
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0.8 µl each of the forward and reverse primers (5 µM; see Table 3), 2 µl cDNA in a 

final reaction volume of 20 µl. Rabbit globin (50fg) was amplified in parallel with the 

target genes for normalization.  

The PCR reaction was carried out in an ABI 7500 Fast Real-Time System (Applied 

Biosystems) using the following program: denaturation and activation of the Taq 

Polymerase for 10 min at 95°C, followed by 43 cycles of 95°C for 15 s and 60°C for 

1 minute and finally heating for displaying a dissociation curve of the product. Data 

generated by the Sequence Detection Software 1.3.1 were transferred to Microsoft 

Excel for analysis. Differential mRNA expression of each gene was calculated by the 

Relative Standard Curve Method. 

 

Standard curves consisting of dilutions of a pool of globin cDNA originating from 1 pg 

rabbit globin mRNA and of dilutions of a pool of blastocyst cDNA were included in 

each run. The standard curves consisted of three 1:5 dilutions of the original cDNA 

pools. These standard curves were used for determination of the differences in target 

quantity between the different groups of embryos. 

Normalisation of the results obtained for each gene for each embryo was performed 

by calculating each as a ratio to the level of globin mRNA. Data are presented as 

mean +/- SEM.  

 

3.8. STATISTICAL ANALYSIS 

Data were analyzed using the SigmaStat 2.03 (Jandel Scientific, San Rafael, CA) 

software package. One way ANOVA was utilized for the analyses of normally 

distributed data from aspirated follicles, recovered oocytes, and cleavage and 

blastocyt rates and mRNA expression in different stages of development. Tukey’s 

test was used for multiple pairwise comparisons to determine differences between 

treatments. Kruskal-Wallis One Way Analysis of Variance on Ranks was used for 

non-normally distributed data (Kolgorov-Smirnov test). A Mann Whitney Rank sum 

test was used to compare differences between each treatment. Differences were 

considered to be significant at P≤0.05. 
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Table 3: Primers used for PCR 

Genes Primer sequences 5´-3´ 
Number 

of cycles 

Annealing 

temperature 

(°C) 

Fragment 

size 

(bp) 

Accession 

number 

Glut8 

SLC2A8 

5´primer: (1441-1461) =  

GCATCTTCGGTGTCCTTTTCA 

3´primer: (1501-1521) =  

CAAAATGGGCTGTGATTTGCT 

43 60 80 Ay208940 

Glut3 

SLC2A3 

5´primer: (127-149) =  

GTTGCTACCATAGGCTCTTTCCA 

3´primer: (173-192) =  

GATCGCCTCAGGAGCATTGA 

43 60 65 Ay033938 

BAD 

5´primer: (648-667) =  

GCAGGCCTTATGCAAAACGA 

3´primer: (689-711) =  

CTTTGGGTCAGACCTCAGTCTTC 

43 60 64 
BC 

103323.1 

BAX 

5´primer: (227-249) =  

TGCAGAGGATGATCGCAGCTGTG 

3´primer: (402-424) = 

CCAATGTCCAGCCCATGATGGTC 

43 60 197 
NM_ 

173894.1 

BCL-XL 

5´primer: (486-505) =  

GGTGAGTCGGATCGCAACTT 

3´primer: (533-555) =  

GTTCTCCTGGATCCAAGGCTCTA 

43 60 70 
AB 

238936.1 

AKT1 

5´primer: (368-385) =  

GCTCACCCGGCGAGAACT 

3´primer: (457-475) =  

CTTTGCCCAGCAGCTTCAG 

43 60 108 
AY 

781100.1 
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4. RESULTS 

4.1. OPU IN PRE- AND POST-PUBERTAL HEIFERS AND ADULT COWS 

OPU was carried out in five treatment groups: pre-pubertal calves (7-10 months of 

age) with or without intraovarian IGF-I treatment, post-pubertal heifers (11-18 months 

of age) with or without intraovarian IGF-I treatment and non-lactating adult cows. 

These animals were used to recover immature oocytes for the subsequent 

production of in vitro matured oocytes, in vitro produced 2-4, 8-16 cell embryos and 

blastocysts at the 8th day of development. All developmental stages were subjected 

to Real Time RT-PCR; TUNEL was only applied in blastocysts. A total 31 pre-

pubertal calves (15 treated with IGF-I and 16 without; control) were used in 180 OPU 

sessions. A total of 20 post-pubertal heifers in 193 OPU sessions and 17 non 

lactating adult cows were subjected to 104 OPU sessions.  

 

The experiment was divided in two parts or seasons. The first part was carried out 

between October 12, 2006 and March 05, 2007 to obtain immature oocytes, and to 

produce in vitro matured oocytes, 2-4, 8-16 cell embryos for RT-PCR analysis to 

determine the mRNA relative abundance of selected genes. In this period, 11 pre-

pubertal calves were used in 60 OPU sessions, 10 post-pubertal heifers in 60 OPU 

sessions and 7 adult cows in 45 OPU sessions. No differences were found in the 

number of aspirated follicles and the number of recovered oocytes per OPU session 

between the treatment groups. Differences were found with regard to the cleavage 

rate between treatment groups. The cleavage rate was higher in embryos derived 

from control (without IGF-I) post-pubertal heifers and adult cows than in embryos 

derived from IGF-I post-pubertal heifers and, at the same time, cleavage rate from 

this group was higher than cleavage rate from pre-pubertal calves. The results of this 

first experiment are shown in Table 4.  

 

In the second part of the experiment, which was carried out between May 21, 2007 

and April 28, 2008, blastocysts were produced in vitro for RT-PCR analysis to 

determine the mRNA abundance of selected genes and the index of apoptotic cells 

via TUNEL. For this experiment, 20 pre-pubertal heifers were used in 60 OPU 
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sessions, 10 post-pubertal heifers in 140 sessions, and finally 10 non-lactating cows 

were used in 59 OPU sessions. The results of this experiment are shown in Table 5.  

 

In general, no significant differences were found in the number of aspirated follicles 

and in the number of recovered oocytes per donor in each OPU session between 

treatments groups. In addition, no differences were found in the cleavage rates 

between treatment groups. With regard to the blastocyst rate, no differences were 

found between embryos derived from IGF-I treated pre-pubertal calves and embryos 

derived from pre-pubertal calves without IGF-I (controls). Post-pubertal heifers 

without IGF-I (control) had a higher blastocyst rate than heifers treated with IGF-I. No 

differences were observed between control (without IGF-I) post-pubertal heifers and 

adult cows. The results of both experimental parts are described in Table 6. 

 

The quality of the recovered cumulus-oocyte complexes COCs was evaluated in 

regard to morphological categories (I-V). The number of COCs from each category 

was determined per donor/OPU session and their proportion with respect to the total 

number of recovered COC per donor/OPU session was calculated. No differences 

were found between treatment groups with respect to the percentage of COC from 

categories I, II, III and IV. Differences were found between the yields of category V 

(matured oocytes) COCs from pre-pubertal calves (7-10 months of age) in both 

treatment groups (IGF-I and control) and the yields of category V COCs from post-

pubertal heifers and adult cows. The yield of COCs of category V was significantly 

higher (p≤0.001) in prepubertal calves (Table 7).  

 

 



 

 

 
Table 4: Number of aspirated follicles, recovered oocytes and cleavage rate from oocytes retrieved by Ovum Pick Up from pre-pubertal 

calves 7-10 months of age, post-pubertal heifers 11-18 months of age and adult cows treated between October 12, 2007 to May 05, 

2007 (1st experimental phase) 

Treatment 
groups 

No. 
animals 

No. of 
OPU 

sessions 

Total no. 
of 

follicles 

Mean ± SEM 
follicles/animal 

/session 

No. of 
total 

oocytes 

Mean ± SEM 
oocytes/animal 

/session 

Recovery 
rate (%) 

No. of 
suitable 
oocytes 

No. of 2-4 
cell 

embryos 

Cleavage 
rate ± SEM 

(%) 

IGF-I, calves  5 30 317 10.6 ± 1.0a 198 6.6 ± 0.7a 62.4 82 49   52.4 ± 4.5abc 

Control, calves 6 30 250   8.3 ± 0.6a 229 7.6 ± 0.9a 91.6 84 25 30.7 ± 2.8b 

IGF-I, heifers 5 30 361 12.0 ± 1.3a 205 6.8 ± 1.0a 56.7 99 71 65.3 ± 6.4a 

Control, heifers 5 30 316 10.5 ± 0.6a 192 6.3 ± 0.5a 60.7 85 59 65.1 ± 8.5c 

Cows 7 45 461 10.2 ± 0.5a 302 6.7 ± 0.6a 65.5 84 62 71.3 ± 7.9c 

Kruskal Wallis One way analysis of variance on Ranks (P≤0,01) 

 

IGF-I = pre-pubertal calves (7-10 months) treated with IGF-I 

Control= pre-pubertal calves (7-10 months) without IGF-I 

IGF-I = post-pubertal heifers (11-18 months) treated with IGF-I 

Control=post-pubertal calves (11-18 months) without IGF-I 

Cows= adult cows 

R
esults 

6
5 



 

 

 

Table 5: Number of aspirated follicles, recovered oocytes and in vitro development of oocytes retrieved by Ovum Pick-Up from pre-pubertal 

calves 7-10 months of age, post-pubertal heifers 11-18 months of age and adult cows treated between May 21, 2007 to April 28, 

2008 (2nd experimental phase) 

Treatment 
group 

No. of 

animals 

No. of 
OPU 

sessions 

Total 

no. of 
follicles 

Mean±SEM 
follicles/ 
animal/ 
session 

Total no. 
of 

oocytes 

Mean ±SEM 
oocytes/ani-
mal/session 

Recovery 
rate (%) 

No. of 
suitable 
oocytes 

2-4 cell 
embryos 

Cleavage 
rate (%)  
± SEM 

No. of 
suitable 
oocytes 

No. of 
blastocysts 

Blastocyst 
rate %± 

SEM 

IGF-I, calves 10 60 718 12.0 ± 0.8 486 8.1 ± 0.9 67.6 331 230 69.8 ± 3.5a 260 24 11.2 ± 2.4a 

Control, 

calves 
10 60 705 11.8 ± 0.6 435 7.3 ± 0.5 61.7 271 179 69.3 ± 3.7a 232 28 10.4 ± 3a 

IGF-I, heifers 5 66 577   8.7 ± 0.4 321 4.8 ± 0.4 55.6 213 158 68.7 ± 4.1a 213 35 10.9 ± 2.3a 

Control, 

heifers  
5 67 658   9.8 ± 0.4 443 5.9 ± 0.3 67.3 226 138 63.3 ± 3.6 a 220 46 21.2 ± 3.8b 

Cows 10 59 481   9.8 ± 0.6 309 5.2 ± 0.4 64.2 216 162 72.4 ± 4.2a 216 54 23.0 ± 3.7b 

Data with different superscripts (a, b) indicate values with significant differences (P≤ 0.001).Kruskal Wallis One way ANOVA on Ranks 

 

IGF-I = pre-pubertal calves (7-10mo) treated with IGF-I 

Control= pre-pubertal calves (7-10 mo) without IGF-I 

IGF-I = post-pubertal heifers (11-18mo) treated with IGF-I 

Control=post-pubertal heifers (11-18mo) without IGF-I 

Cows= adult cows 

R
esults 

6
6 



 

 

 
Table 6: Summary table showing the total number of aspirated follicles, recovered oocytes and in vitro development of oocytes retrieved by 

Ovum Pick-Up from pre-pubertal calves 7-10 months of age, post-pubertal heifers 11-18 months of age and adult cows over the 

entire period of the experiment, between October 12, 2007 to April 28, 2008  

Treatment 
group 

No. of 
animals 

No. of 
OPU 

sessions 

Total no. 
of 

follicles 

Mean±SEM 
follicles/ 
animal/ 
session 

Total  
no. of 

oocytes 

Mean ±SEM 
oocytes/ani-
mal /session 

Recovery 
rate (%) 

No. of 
suitable 
oocytes 

2-4 cell 
embryos 

Cleavage 
rate (%)  
± SEM 

No. of 
suitable 
oocytes 

No. of 
blastocysts 

Blastocyst 
rate % ± SEM 

IGF-I, calves 15 90 1035 11.5 ± 0.6 684 7.6 ± 0.6 66.1 413 279 68.4 ± 3.2 260 24 11.2 ± 2.4a 

Control, calves 16 90 955 10.6 ± 0.5 664 7.4 ± 0.5 69.3 355 204 64.9 ± 3.6 232 28 10.4 ± 3.0a 

IGF-I, heifers 10 96 938 9,8 ± 0.5 526 5.5 ± 0.5 56.1 312 229 68.8 ± 3.3 213 35 10.9 ± 2.3a 

Control, 

heifers 
10 97 974 10.0 ± 0.3 553 5.7 ± 0.3 56.8 311 197 63.45 ± 3.3 220 46 21.2 ± 3.8b 

Cows 17 104 942 10.0 ± 0.4 611 5.8 ± 0.4 64.86 300 224 72.3 ± 4.0 216 54 23.0 ± 3.7b 

Data with different superscripts (a, b) indicate values with significant differences (P≤0.001). Kruskal Wallis One way ANOVA on Ranks 

 

IGF-I = pre-pubertal calves (7-10mo) treated with IGF-I 

Control= pre-pubertal calves (7-10 mo) without IGF-I 

IGF-I = post-pubertal heifers (11-18mo) treated with IGF-I 

Control=post-pubertal heifers (11-18mo) without IGF-I 

Cows= adult cows 

 

R
esults 

6
7 



 

 

 
Table 7: Comparative table showing the effects of the intraovarian rhIGF-I injection in pre-pubertal calves and post-pubertal heifers on the 

yield of ultrasound guided follicle aspiration, number of retrieved oocytes, cleavage rate, blastocyst rate and apoptotic index in 8 day 

blastocyst in comparison with adult cows 

 Mean ± SEM 
Follicles/animal/ 

session 

Mean ± SEM 
Oocytes/animal/ 

session 

Cleavage rate 
(% ± SEM) 

Blastocyst rate 
(% ± SEM) 

Apoptotic index 
(% ± SEM) 

Age/treatment 

groups 
IGF-I Control IGF-I Control IGF-I Control IGF-I Control IGF-I Control 

Calves 11.5 ± 0.6 10.6 ± 0.5 7.6 ± 0.6 7.4 ± 0.5 68.4 ± 3.2 64.9 ± 3.6 11.2 ± 2.4a 10.4 ± 3.0a N.A 18.2 ± 4.0a 

Heifers 9.8 ± 0.5 10.0 ± 3.4 5.5 ± 4.4 5.7 ± 3.0 68.8 ± 3.3 63.4 ± 3.3 10.9 ± 3.0a 21.2 ± 3.8b 13.6 ± 1.1a 10.5 ± 2ab 

Cows 10 ± 4.3 5.8 ± 3.4 72.3 ± 4.0 23 ± 3.7b 7.0 ± 1.3 b 

a, b superscripts represent differences between compared groups. Kruscal Wallis analysis of variance on ranks (P≤0.001) 

N.A.= non-available data 

 

R
esults 

6
8 



 

 

 
Table 8: Total number (n) and percentage (%) of the total and mean + S.E.M of recovered cumulus-oocyte complexes in each category 

retrieved from different treatment groups and mean values in each category per OPU session 

 Cumulus oocyte complexes categories 

Treatment groups I II III IV V 

 n (%) n (%) n (%) n (%) n (%) 

IGF-I, calves 133 (19.5)  1.4±0.1 171 (21.1)  1.9 ± 0,3 245 (37.7)  2.7 ± 0.3 71 (10.2)  0.79 ± 0.2 74 (11.4)  0.82 ± 0.12a 

Control, calves 118 (17.5)  1.3± 0.2 171 (24.5)  1.92 ± 0.2 258 (37.2)  2.8± 0.3 49 (7.5)   0.55 ± 0.1 70 (9.8)  0.78 ± 0.12 a 

IGF-I, heifers   82 (15.8)  0.8± 0.1 147 (5.7)  1.53 ± 0.2 222 (39.3)  2.3± 0.4 54 (9.9)   0.56 ± 0.1 25 (6.3)  0.26 ± 0.05b 

Control, heifers 104 (18.0)  1.0 ± 0.1 141 (23.6)  1.45 ± 0.2 227 (43.1)  2.34 ± 0.2 53 (9.1)  0.54 ± 0.1 38 (7.8)  0.39 ± 0.07b 

Cows   92 (16.3)  0.8 ± 0.1 155 (27.5)  1.49 ± 0.2 270 (44.1)  2.6 ± 0.2 46 (8.9)  0.44 ± 0.7 24 (4.3)  0.23 ± 0.04b 

Data with different superscripts (a, b) indicate values with significant differences (P≤ 0.001). Results are shown as mean ± S.E.M, Kruskal Wallis, one way 

ANOVA on Ranks. 

 

 

R
esults 

6
9 
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4.2. mRNA EXPRESSION PATTERNS IN IMMATURE AND IN VITRO 

MATURED OOCYTES, 2-4, 8-16 CELL EMBRYOS, BLASTOCYSTS 

AND EXPANDED BLASTOCYSTS 

The mRNA relative abundance of different embryo developmental stages (immature 

oocytes, in vitro matured oocytes, 2-4 cell embryos, 8-16 cell embryos, blastocysts 

and expanded blastocysts) in all treatment groups are depicted in figures 9 to 20. 

The relative abundance of AKT1 was determined in immature oocytes. There was no 

effect of donor on the relative abundance of AKT1 in immature oocytes. AKT1 mRNA 

relative abundance was reduced in pre-pubertal calves by the intraovarian injection 

of IGF-I. No differences were found in the mRNA amounts of AKT1 in immature 

oocytes derived from control (without IGF-I) pre-pubertal calves compared to oocytes 

from post-pubertal calves and adult cows (p≤0,001; Figure 9a). No effects of the age 

of the donor or of IGF-I intraovarian injection were observed on the relative 

abundance of AKT1 in other developmental stages (Figure 9b-f). 

 

During preimplantation development, the relative abundance of AKT1 mRNA in 

immature oocytes was similar to that of in vitro matured oocytes and 2-4 cell embryos 

and significantly decreased up to the 8-16 cell embryo stage. A significant increase 

(p≤0.05) in the AKT1 mRNA relative abundance was observed at the blastocyst 

stage in all analysed embryos derived from all treatment groups (Figure 10a,b). 

There was no difference in mRNA expression between the blastocysts and expanded 

blastocysts derived from post-pubertal heifers in either the IGF-I injected group or in 

the control group.  
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   c) 2-4 cell embryos                                        d) 8-16 cell embryos 
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   e) Blastocysts                                              f) Expanded blastocysts 
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Figure 9: mRNA expression pattern of AKT1 in a) immature oocytes, b) in in vitro matured 
oocytes, c) 2-4 cell embryos, d) 8-16 cell embryos, e) blastocysts, and f) 
expanded blastocysts, derived from IGF-I calves (white bars), control calves 
(grey bars), IGF-I heifers (dotted bars), control heifers (diagonal bars) and cows 
(black bars) (a, b p≤0.05). mRNA relative abundance were not determined in 
blastocyst from pre-pubertal calves in both groups and in expanded blastocyst 
derived from IGF-I treated post-pubertal heifers. Results are based on 6 
replicates and shown as mean ± S.E.M, ANOVA one way, Tukey test. 
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AKT1 
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   b) 11-18 months old post-pubertal heifers vs. cows  
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Figure 10: Relative abundance of AKT1 gene transcripts during preimplantation embryo 

development in vitro (mean ± SEM). a) Calves between 7-10 months of age 
treated with IGF-I (white bars) and control calves (grey bars) in comparison with 
cows (black bars) and b) 11-18 month old heifers treated with IGF-I (dotted bars) 
and control heifers (diagonal bars) vs. cows (black bars). Significant differences 
throughout preimplantation development in each group are indicated by different 
letters (IGF-I: ABCD= P≤0.05; Control: a,b,c,d = P≤0.05; Cows: e,f = P≤0.05). 
The symbol (*) indicates differences between embryos at the same development 
stage in three different treatments in the same age group. 
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4.2.1. The expression of genes related to apoptosis 

BAD transcripts were detected in all analysed developmental stages of early bovine 

embryo development in all analysed developmental stages. No differences were 

found between the relative abundance of mRNA of the pro-apoptotic gene BAD in 

immature oocytes and the relative abundance in in vitro matured oocytes irrespective 

of the treatment group (Figure 11a,b). Differences were found in the mRNA relative 

abundance of the pro-apoptotic gene BAD at the 2-4 cell stage. BAD mRNAs 

amounts were higher in 2-4 cell embryos from IGF-I post-pubertal heifers than in the 

embryos from IGF-I pre-pubertal calves. Control pre-pubertal calves, control post-

pubertal heifers and cows gave similar BAD mRNA relative abundances (Figure 11c). 

At the 8-16 cell embryo stage, the relative abundance of BAD was higher in embryos 

derived from control post-pubertal heifers compared to other groups (Figure 11d). 

The amounts of BAD transcripts were similar in blastocysts and expanded 

blastocysts of all treatment groups (p≤0.05). Immature oocytes showed the highest 

BAD mRNA relative abundance compared to other developmental stages (in vitro 

matured oocytes, 2-4 cell embryos, 8-16 cell embryos, blastocysts and expanded 

blastocysts (p≤0.05; Figures 12). Pattern of BAD mRNA relative abundance during 

preimplantation bovine embryo development is shown in Figure 21b. 

 

With regard to BAX mRNA relative abundance, no differences were found (p≤0.05) 

between treatment groups for immature oocytes, in vitro matured oocytes, 2-4 cell 

embryos and 8-16 cell embryos (Figure 13 a-d). The mRNA expression of BAX was 

significantly higher in blastocysts derived from post-pubertal heifers (IGF-I and 

control) than in those derived from cows (p≤0.05; Figure 13e). During embryonic 

development, no differences in relative mRNA abundance were found between 

immature oocytes, in vitro matured oocytes and 2-4 cell embryos. The 8-16 cell 

embryos showed the lowest levels of BAX gene expression (p≤0.05). BAD gene 

expression in blastocysts and expanded blastocysts was higher than that in earlier 

stages (p≤0.05) (Figure 14 and 21c). 
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No differences were found between treatment groups with respect to the relative 

mRNA abundance of the anti-apoptotic gene BCL-XL in all developmental stages 

from the immature oocyte to the 8-16 cell stage (Figures 15a-d and f). Differences in 

the BCL-XL mRNA levels were found between the blastocysts derived from post-

pubertal heifers (IGF-I and control) and the blastocysts derived from adult cows 

(p≤0.05; Figure 15e). The relative abundance of BCL-XL mRNA was significantly 

higher in immature oocytes than in in vitro matured oocytes and 2-4 cell embryos 

derived from pre-pubertal calves, post-pubertal heifers or adult cows (p≤0.05). The 

lowest level of mRNA relative abundance was detected in embryos at the 8-16 cell 

stage (Figure 22). At the blastocyst stage, mRNA abundance started to be higher 

than at earlier developmental stages (Figure 16). Blastocysts and expanded 

blastocysts showed a similar mRNA relative abundance for BCL-XL (Figure 16).  
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   c)    2-4 cell embryos                                 d) 8-16 cell embryos 
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   e) Blastocysts                                           f) Expanded blastocysts 
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Figure 11: mRNA expression of BAD in a) immature oocytes, b) in vitro matured oocytes, c) 
2-4 cell embryos, d) 8-16 cell embryos, e) blastocysts, and f) expanded 
blastocysts derived from IGF-I calves (white bars), control calves (grey bars), 
IGF-I heifers (dotted bars), control heifers (diagonal bars) and cows (black bars). 
(a, b p≤0.05). mRNA relative abundance were not determined in blastocyst from 
pre-pubertal calves in both groups and in expanded blastocyst derived from IGF-I 
treated post-pubertal heifers. Results are based on 6 replicates and shown as 
mean ± S.E.M, Kruskal-Wallis one Way ANOVA on Ranks. 
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  b) 11-18 months old post-pubertal heifers vs. cows 
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Figure 12: Relative abundance of BAD gene transcripts during preimplantation embryo 

development in vitro (mean ± SEM) in a) 7-10 months old calves treated with 
IGF-I (white bars) and control calves (grey bars) in comparison with cows (black 
bars) and b) 11-18 months old heifers treated with IGF-I (dotted bars) and control 
heifers (diagonal bars) vs. cows (black bars). Significant differences throughout 
preimplantation development in each group are indicated by different letters (IGF-
I: ABCD= P≤0.05; Control: a,b,c,d = P≤0.05; Cows: e,f,g = P≤0.05). The symbol 
(*) indicates differences between embryos at the same development stage in 
three different treatments in the same age group. 
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  e) Blastocysts                                                 f) Expanded blastocysts 
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Figure 13: The mRNA expression pattern of BAX in a) immature oocytes, b) in vitro matured 
oocytes, c) 2-4 cell embryos, d) 8-16 cell embryos, e) blastocysts, and f) 
expanded blastocysts derived from IGF-I calves (white bars), control calves (grey 
bars), IGF-I heifers (dotted bars), control heifers (diagonal bars) and cows (black 
bars). (a, b p≤0.001). mRNA relative abundance were not determined in 
blastocyst from pre-pubertal calves in both groups and in expanded blastocyst 
derived from IGF-I treated post-pubertal heifers. Results are based on 6 
replicates and shown as mean ± S.E.M, one way ANOVA, Tukey test. 
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  b) 11-18 months old post-pubertal heifers vs. cows 
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Figure 14: Relative abundance pattern of BAX gene transcripts during preimplantation 
embryo development in vitro (mean ± SEM) in a) 7-10 months old calves treated 
with IGF-I (white bars) and control calves (grey bars) in comparison with cows 
(black bars) and b) 11-18 months old heifers treated with IGF-I (dotted bars) and 
control heifers (diagonal bars) vs. cows (black bars). Significant differences 
throughout preimplantation development are indicated by different letters (IGF-I: 
ABCD= P≤0.05; Control: a,b,c,d = P≤0.05; Cows: e,f,g,h = P≤0.05). The symbol 
(*) indicates differences between embryos at the same development stage in 
three different treatments in the same age group. 
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BCL-XL 
  a) Immature oocytes                                    b) Mature oocytes 
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  c) 2-4 cell embryos                                      d) 8-16 cell embryos  
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  e) Blastocysts                                               f) Expanded blastocysts 
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Figure 15: The mRNA expression pattern of BCL-XL in a) immature oocytes, b) in vitro 
matured oocytes, c) 2-4 cell embryos, d) 8-16 cell embryos, e) blastocysts, and f) 
expanded blastocysts produced from IGF-I calves, control calves, IGF-I heifers, 
control heifers and cows.(a,b ≤0.01). mRNA relative abundance were not 
determined in blastocyst from pre-pubertal calves in both groups and in 
expanded blastocyst derived from IGF-I treated post-pubertal heifers. Results are 
based on 6 replicates and shown as mean ± S.E.M. Kruskal Wallis ANOVA on 
Ranks. 
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BCL-XL 
  a) 7-10 months old pre-pubertal calves vs. cows    
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  b) 11-18 months old post-pubertal heifers vs. cows 
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Figure 16: Relative abundance pattern of BCL-XL gene transcripts during preimplantation 

embryo development in vitro (mean ± SEM) in a) 7-10 months old calves treated 
with IGF-I (white bars) and control calves (grey bars) in comparison with cows 
(black bars) and b) 11-18 months old heifers treated with IGF-I (dotted bars) and 
control heifers (diagonal bars) vs. cows (black bars). Significant differences 
throughout preimplantation development are indicated by different letters (IGF-I: 
ABC= P≤0.05; Control: a,b,c,d = P≤0.05; Cows: e,f,g,h = P≤0.05). The symbol (*) 
indicates differences between embryos at the same development stage in three 
different treatments in the same age group. 
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4.2.2. Glucose metabolism 

The pattern of the relative abundance of GLUT 3 mRNA during embryo development 

is shown in figure 18. GLUT3 mRNA relative abundance was detected in embryos at 

the 8-16 cell stage (Figure 18a,b). However, the lowest relative abundance of GLUT3 

mRNA was found at the immature oocyte stage. It was significantly higher in 

immature oocytes derived from cows compared to immature oocytes derived from 

calves and heifers (p≤0.05) (Figure 17a). In vitro matured oocytes and 2-4 cell 

embryos had similar mRNA levels. No differences were found between groups in the 

other developmental stages with regard to the mRNA relative abundance of this gene 

(Figure 17). The GLUT3 mRNA expression was lowest in immature oocytes, in vitro 

matured oocytes and in 2-4 cell embryos and started to increase to give significant 

differences in 8-16 cell embryos. It was even higher in blastocysts and expanded 

blastocysts (Figure 22).  

 

Differences in the relative abundance of GLUT8 mRNA were found in immature 

oocytes, where levels were higher in oocytes obtained from adult cows than in 

oocytes derived from IGF-I treated pre-pubertal calves (p≤0.05). No differences were 

found between the groups of embryos derived from control pre-pubertal calves, 

postpubertal heifers treated with IGF-I, control post-pubertal heifers and adult cows 

(Figure 19a) and no differences were found between treatment groups in other 

developmental stages (Figure 19b-f). The pattern of relative abundance for GLUT8 

mRNA during embryo development is shown in figures 20 and 22c. GLUT8 gene 

expression was detected during early developmental stages but was significantly 

higher in immature oocytes in comparison with in vitro matured oocytes, 2-4 cell and 

8-16 cell embryos. At the blastocyst stage, GLUT8 mRNA levels had increased and 

were higher than in other developmental stages. Similar levels of GLUT8 gene 

expression were found in immature oocytes, blastocysts and expanded blastocysts. 
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GLUT3 
  a) Immature oocytes                                    b) Mature oocytes 
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  c) 2-4 cell embryos                                           d) 8-16 cell embryos    
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  e) Blastocysts                                                 f) Expanded blastocysts 
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Figure 17: The mRNA expression pattern of GLUT3 in a) immature oocytes, b) in vitro 
matured oocytes, c) 2-4 cell embryos, d) 8-16 cell embryos, e) blastocysts, and f) 
expanded blastocysts derived from IGF-I calves, control calves, IGF-I heifers, 
control heifers and cows (a, b P≤0.05). mRNA relative abundance were not 
determined in blastocyst from pre-pubertal calves in both groups and in 
expanded blastocyst derived from IGF-I treated post-pubertal heifers. Results are 
based on 6 replicates and shown as mean ± S.E.M, one way ANOVA, Tukey test. 
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GLUT3 
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  b) 11-18 months old post-pubertal heifers vs. cows 
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Figure 18: Relative abundance of GLUT3 gene transcripts during preimplantation in vitro 

embryo development in vitro (mean ± SEM) in a) 7-10 months old calves treated 
with IGF-I (white bars) and control calves (grey bars) in comparison with cows 
(black bars) and b) 11-18 months old heifers treated with IGF-I (dotted bars) and 
control heifers (diagonal bars) vs. cows (black bars). Significant differences 
throughout preimplantation development are indicated by different letters (IGF-I: 
ABCD= P≤0.05; Control: a,b,c,d = P≤0.05; Cows: e,f,g,h = P≤0.05). The symbol 
(*) indicates differences between embryos at the same development stage in 
three different treatments in the same age group. 
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GLUT8 
  a) Immature oocytes                                   b) Mature oocytes 
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  c) 2-4 cell embryos                                       d) 8-16 cell embryos 
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  e) Blastocysts                                               f) Expanded blastocysts  
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Figure 19: The mRNA expression pattern of GLUT8 in a) immature oocytes, b) in vitro 
matured oocytes, c) 2-4 cell embryos, d) 8-16 cell embryos, e) blastocysts, and f) 
expanded blastocysts derived from IGF-I calves, control calves, IGF-I heifers, 
control heifers and cows (a,b P≤0.05) mRNA relative abundance were not 
determined in blastocyst from pre-pubertal calves in both groups and in 
expanded blastocyst derived from IGF-I treated post-pubertal heifers. Results are 
based on 6 replicates and one way, shown as mean ± S.E.M, one way ANOVA, 
Tukey test. 
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Figure 20: Relative abundance of GLUT8 gene transcripts during preimplantation in vitro 

embryo development (mean ± SEM) in a) 7-10 months old calves treated with 
IGF-I (white bars) and control calves (grey bars) in comparison with cows (black 
bars) and b) 11-18 months old heifers treated with IGF-I (dotted bars) and control 
heifers (diagonal bars) vs. cows (black bars). Significant differences throughout 
preimplantation development are indicated by different letters (IGF-I: ABCD= 
P≤0.05; Control: a,b,c,d = P≤0.05; Cows: e,f,g, = P≤0.05). The symbol (*) 
indicates differences between embryos at the same developmental at stage in 
three different treatments in the same age groups. 
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4.2.3. Relative abundance profiles of AKT1, BAD, BAX, BCL-XL, GLUT3 and 

GLUT8 during embryo development in vitro 

During in vitro embryo development, AKT1, BAX, BCL-XL and GLUT8 showed a 

maternal/embryonic expression profile. Expression profiles of AKT1, BAX and BCL-

XL genes were characterized by a decrease in maternal transcripts levels up at the 

8-16 cell stage followed by an increase in transcription from the embryonic genome 

after EGA (Figures 21a, 21c and 22a). A similar pattern was observed for GLUT8, 

however, an early drop in transcription was observed in oocytes after in vitro 

maturation, remaining low until the 8-16 cell stage, when embryonic transcription 

levels started to increase (Figures 22c). In contrast, GLUT3 and BAD showed an 

embryonic maternal profile, respectively. Maternal GLUT3 transcripts showed low 

levels in immature oocytes up to 2-4 cell stage, followed by an increase in 

transcription up to the blastocyst stage (Figure 22b). BAD transcripts levels 

decreased significantly after in vitro maturation, but no subsequent increase in 

transcription was observed in all other embryonic stages analysed in this study 

(Figures 21 and 22). 
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a) 
 
 
 
 
 
 
 
 
 
 
 
 
b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
c) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 21: Relative abundance profiles of AKT1 (a), BAD (b) and BAX (c) gene transcripts 

during embryo development in vitro in embryos collected from pre-pubertal 
calves, post-pubertal heifers and adult cows 

AKT1

0

1

2

3

4

5

6

7

8

Immature
oocytes

Mature oocytes 2-4 cell
embryos

8-16 cell
embryos

Blastocysts Expanded
Blastocysts

 IGF-I 7-10M C 7-10M  IGF-I 11-18M C11-18M Cows

m
R
N
A
  r

el
at
iv
e 
ab

un
da

nc
e

BAD

0

1

2

3

4

5

6

7

8

Immature
oocytes

Mature oocytes 2-4 cell
embryos

8-16 cell
embryos

Blastocysts Expanded
Blastocysts

 IGF-I 7-10M C 7-10M  IGF-I 11-18M C11-18M Cows

m
R

N
A

 re
la

tiv
e 

ab
un

da
nc

e

BAX

0,00

0,50

1,00

1,50

2,00

2,50

3,00

3,50

4,00

4,50

5,00

Immature
oocytes

Mature oocytes 2-4 cell
embryos

8-16 cell
embryos

Blastocysts Expanded
Blastocysts

 IGF-I 7-10M C 7-10M  IGF-I 11-18M C11-18M Cows

m
R

N
A

 r
el

at
iv

e 
ab

un
da

nc
e



Results 
 

88 

a) 
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Figure 22: Relative abundance profiles of BCL-XL (a), GLUT3 (b) and GLUT8 (c) gene 

transcripts during embryo development in vitro embryos collected from in pre-
pubertal calves, post-pubertal heifers and adult cows 
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4.3. APOPTOSIS IN IN VITRO PRODUCED BLASTOCYSTS 

The total number of nuclei, total number of apoptotic nuclei and the apoptosis index 

of in vitro produced blastocysts at day 8 were determined. Data from IGF-I treated 

calves was not included because of the low number of available blastocysts. No 

differences were found in the total number of nuclei per blastocyst between treatment 

groups. Blastocysts from adult cows showed the lowest number of apoptotic nuclei 

per blastocyst compared to blastocysts from pre- and post-pubertal donors (p≤0.05). 

The blastocysts from cows had apoptosis levels that were significantly lower than in 

blastocysts from the IGF-I treated younger donor animals. No differences were found 

between cows and control heifers (p≤0.05). Results are shown in table 5.  

 
 
Table 9: Apoptosis detected in nuclei by TUNEL assay, and by morphological 

characteristics, for bovine in vitro produced day 8 blastocysts derived from 

oocytes from pre-pubertal calves, post-pubertal heifers and cows 

Treatment Blastocysts (n) 
Total nuclei 
(n ± S.E.M) 

Apoptotic nuclei 
(n ± S.E.M) 

Apoptosis index 
(% ± S.E.M) 

IGF-I, calves N.A. N.A. N.A. N.A. 

Control, calves 8 129.4 ± 17.4 22.7± 6.3a 18.2 ± 4.0a 

IGF-I, heifers 8 96.5 ± 9.2 13.1± 1.6a 13.6 ± 1.1a 

Control, heifers 5 135.5 ± 12.0 15.0 ± 2.1a 10.5 ± 2.0ab 

Cows 6 110.3 ± 15.7   7.8 ±1.4b   7.0 ± 1.3b 

a , b  Superscripts represent differences between compared groups.  Kruskal Wallis One Way ANOVA 

on Ranks (P≤0.05); N.A.= non-available data. 
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5. DISCUSSION 

Ultrasound guided oocyte recovery (Ovum Pick-up) has been used in pre-pubertal 

bovine donors as a means to reduce the generation interval in modern breeding 

programs and thus accelerate the rate of genetic progress (LOHUIS, 1995). 

Developmental competence and the relative abundance of developmentally 

important genes (AKT1, BAD, BAX, BCL-XL, GLUT3 and GLUT8) were determined 

in oocytes and in in vitro produced embryos at different developmental stages 

derived from pre-pubertal donors. The number of apoptotic cells was compared 

between embryos derived from the oocytes of pre-pubertal, post-pubertal and adult 

donors. Apoptosis was elevated in blastocysts derived from pre-pubertal donors and 

correlated with their poor developmental competence compared with blastocysts 

from heifers and adult donors. 

 

In the present study, intraovarian treatment with human recombinant IGF-I (rhIGF-I; 

0.6 µg) had no effect on the number of aspirated follicles in animals treated with 

gonadotropins (pFSH) for the stimulation of follicular wave growth in pre-pubertal 

calves. Additionally, the age of the donor had no effect on the number of aspirated 

follicles in 7-10 months old calves (pre-pubertal calves), 11-18 months old heifers 

(post-pubertal heifers) or adult cows. Intraovarian hrIGF-I injection has been 

previously used to improve the yields of viable oocytes and the in vitro developmental 

capacity of oocytes recovered by Ovum Pick-up from pre-pubertal donors which were 

treated with gonadotropins (pFSH) to stimulate the recruitment of follicles 

(OROPEZA et al., 2004). Similarly, an intraovarian injection of IGF-I has been 

previously used to study bovine follicular development (SPICER et al., 2000). It has 

been proposed that intraovarian injection one day after ovulation increases oestradiol 

concentrations in small follicles and stimulates follicular growth. This is supported by 

the fact that insulin and IGF-I have direct local effects on bovine ovarian function 

which is influenced by the both, the level of IGF-I and the size of the follicle (SPICER 

et al., 1993). Positive effects of IGF-I have been found in 2.5 year old heifers after 

treatment with recombinant bovine somatotrophin (rBST) which enhanced the 

development of antral follicles by increasing the level of circulating IGF-I (HERRLER 
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et al., 1994; GONG et al., 1997). In the current study, direct injection of IGF-I into the 

ovary did not increase follicular recruitment in pre-pubertal calves or in post-pubertal 

heifers. 

 

Additionally, intraovarian rhIGF-I treatment did not improve the oocyte recovery rate 

per session in pre-pubertal calves or post-pubertal heifers. This parameter was not 

affected by the age of the donor. These results are in agreement with those reported 

by BOLS et al. (1998) who used post-pubertal heifers between 15 to 22 months of 

age; with or without rBST treatment and found no effect on oocyte recovery. The 

recovery rates in the present study were also consistent with those previously 

reported from our laboratory (5.1 oocytes/OPU session/pre-pubertal calf and 5.8 

oocytes/OPU session/adult cow; OROPEZA et al., 2004). KUWER et al. (1999) also 

reported that oocyte recovery rates in pre-pubertal donors were not affected by 

treatment with gonadotropins. 

 

The IGF-I treatment and age of the donor had no effect on the distribution of 

morphological categories among the recovered cumulus-oocytes complexes (COCs). 

Morphological criteria have been used as an indicator of oocyte developmental 

capacity in vitro (KHURANA and NIEMANN, 2000). Categories I, II and III (immature 

oocytes with cumulus cell layer more or less intact) are considered to be suitable 

quality for in vitro embryo production. The only exception was that pre-pubertal 

calves (both IGF-I treated and control) produced more COCs of category V (matured 

oocytes) than the adult cows. Our results differ from those in an earlier study by 

KUWER et al. (1999) which found that treatment with gonadotropins improved the 

quality of COC from prepubertal cattle.  

 

The results of the current study indicate that cleavage rates are not affected by the 

age of the donor. Neither IGF-I injection nor the age of the donor influenced the 

cleavage rate in embryos produced from the different treatment groups. Other 

studies of pre-pubertal donors also found no differences between cleavage rates of 

embryos derived from pre-pubertal calves and cows (REVEL et al., 1995; STEEVES 
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et al., 1999; CAMARGO et al., 2005). One exception is the study of PRESICCE et al. 

(1997) who reported lower cleavage rates in embryos derived from the oocytes of 

pre-pubertal calves than those of their adult counterparts. 

 

The present study showed that the embryos derived from pre-pubertal calves (7-10 

months of age) had poorer blastocyst rates than those from adult cows and that IGF-I 

injection had no positive effect on pre-pubertal blastocyst rates. The embryos from 

post-pubertal heifers (11-18 months of age) exhibited blastocyst development rates 

similar to those from adult cows, in accordance with the concept that, after puberty, 

their oocytes have full developmental competence (PRESICCE et al., 1997). Similar 

results have been found in oocytes derived from 9-14 months old bos indicus 

crossbred post-pubertal heifers which have the same developmental competence as 

oocytes derived from cows (CAMARGO et al., 2005). While IGF-I injection had no 

positive effect on the pre-pubertal blastocyst rate, there was a negative effect in post-

pubertal heifers. Post-pubertal heifers treated with IGF-I gave lower blastocyst rates 

than the post-pubertal "control" heifers which had not received an IGF-I intraovarian 

injection. Oocytes from untreated control post-pubertal donors had similar 

developmental competence as the oocytes from adult cows. It can be concluded that 

there is an age dependent sensitivity to injected IGF-I. The overall developmental 

capacity, oocyte cleavage and blastocyst rates found in the present study are similar 

to those of previous studies in this Institute (KUWER et al., 1999; OROPEZA et al., 

2004) and in other laboratories (REVEL et al., 1995; STEEVES et al., 1999). 

Interestingly, OROPEZA et al. (2004) found that IGF-I injection had a positive affect 

on the developmental competence of oocytes obtained from 11 months old heifers. 

Lower cleavage rates (49.0%) and blastocyst rates (5%) were reported for pre-

pubertal calves by PRESICCE et al. (1997). 

 

The present study demonstrates that the relative abundance of mRNA transcripts 

from developmentally important genes (those related to embryo metabolism and 

apoptosis regulation) varies during preimplantion embryonic development confirming 

the microarray analysis of KUES et al. (2008). For example, transcription of the gene 
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for the serine-threonine protein kinase, AKT1, was found in all developmental stages 

and was not affected by the age of the donor. This suggests the PI3K/AKT pathway 

is active throughout preimplantation bovine embryo development. Interestingly, the 

relative abundance of mRNA for AKT1 was lower in matured oocytes from pre-

pubertal calves treated with IGF-I than in the matured oocytes from adult cows. The 

correlation between the lower developmental competence of the oocytes from pre-

pubertal calves treated with IGF-I and the lower levels of AKT-I transcription 

suggests that the control of apoptosis plays a role in the observed differences in 

oocyte developmental competence. In any case, transcription of this gene seems to 

be a good indication of embryo quality.  

 

Studies in other mammalian species also indicate that the PI3-K/AKT pathway is 

present during preimplantation embryo development. Expression of the AKT gene in 

murine development has been reported (RILEY et al., 2005; LI et al., 2007). 

NAVARRETE SANTOS et al. (2004) demonstrated the presence of AKT protein in 

rabbit blastocysts. The PI3K/AKT pathway was also detected by cDNA micro-array 

analysis of human blastocysts (ADJAYE et al., 2005). The PI3-K/AKT pathway 

seems to be important for mammalian preimplantation development. Non-

phosphorylated AKT is located in the cytoplasm while the phosphorylated active form 

is transported to the cell surface (VANHAESEBROECK and ALESSI, 2000). Insulin 

and the IGFs are important trophins for preimplantation embryos. In the blastocyst, 

insulin acts via the IGF-I receptor (HARVEY and KAYE, 1992) and is responsible for 

activation of the PI3 kinase (KOTANI et al., 1994; O’ NEILL, 2008). A well known 

function of AKT is controlling cell cycle progression. Phosphorylation of p21 by 

activated AKT releases cells from cell cycle arrest (LAWLOR and ALESI, 2001). 

FENG et al. (2007) found that injection of AKT mRNA into mouse zygotes induced 

MPF activity by phosphorylation of cell division cycle 25 homolog B protein 

(CDC25B) triggering cell cycle progression. AKT also inhibits expression of the p27 

CDK inhibitor (KIP1) which is similarly involved in cell cycle progression. Activation of 

AKT or over-expression of constitutively active forms of AKT decreases cellular 

levels of (KIP1) and promotes cell proliferation (GESBERT et al., 2000). AKT 
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phosphorylates a forkhead transcription factor (AFX) causing transcription of p27 

(MEDEMA et al., 2000; NAKAMURA et al., 2000). Another important regulator of cell 

cycle progression is cyclin D. Over-expression of PI3K and AKT in cells stimulates 

translation of cyclin D1 (MUISE-HELMERICKS et al., 1998). AKT also regulates cell 

cycle progression by GSK3 inactivation which operates by decreasing the 

phosphorylation of cyclin D1 and thereby maintains high levels of cyclin D1 in the 

nucleus. It is clear that AKT is critical for preimplantation development and those 

levels of mRNA for this kinase are a good criterion for embryo quality. 

 

In addition to its affects on the cell cycle, AKT activity is also important for the 

regulation of apoptosis. Activated AKT phosphorylates a wide range of downstream 

targets which are required for cell survival (DATTA et al., 1999; LAWLOR and 

ALESSI, 2001). One such target of phosphorylated AKT is the pro-apoptotic mediator 

protein, BAD. AKT phosphorylates and inhibits BAD (KULIK and WEBER, 1998). As 

demonstrated in the current study, BAD transcripts are present in all stages of bovine 

embryo development. BAD seems to play a role in oocyte maturation. High levels of 

maternal BAD mRNA were found in immature oocytes and lower levels were found in 

in vitro matured oocytes. IGF-I intraovarian injection did not affect the level of BAD 

maternal mRNA in oocytes which is consistent with the lack of a positive effect of 

IGF-I on maturation.  

 

Interestingly, there was an IGF-I effect on the levels of BAD mRNA in embryos. The 

2-4 cell embryos derived from the IGF-I injected post-pubertal donors had 

significantly higher levels of BAD mRNA than the embryos from IGF-I injected pre-

pubertal donors. At this stage of development, there was no difference in BAD mRNA 

levels between the embryos derived from non-injected pre-pubertal and post-pubertal 

donors. This shows that the age of the donor is critical with respect to the IGF-I 

stimulation. 

 

By the time that embryos had reached the 8-16 cell stage, there was no longer any 

difference in BAD mRNA levels which could be attributed to the IGF-I treatment; 
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however, there was a significant difference in BAD mRNA levels in embryos from 

non-injected donors. In this case, the embryos from pre-pubertal calves had less 

BAD mRNA than the embryos from post-pubertal heifers. The levels of BAD 

expression in embryos from the non-treated donors at the 8-16 cell stage were 

similar to the ones at the 2-4 cell stage after IGF-I treatment. There were higher 

levels of BAD expression in blastocysts and expanded blastocysts than in earlier 

stages but there was no correlation with IGF-I treatment or the age of the donor.  

 

BAD transcripts are detected throughout early murine embryo development; they are 

at their highest level as maternal transcripts in oocytes prior to germinal vesicle 

breakdown and at lower levels in matured oocytes. This relationship was also seen in 

the current study of bovine oocytes. In the mouse, embryonic transcription of BAD 

begins at the 8-cell stage and reaches a maximum at the blastocyst stage 

(JURISICOVA et al., 1998a), while BAD expression peaks after compaction in human 

embryos (SPANOS et al., 2002). In mice, the transcription level of this gene, which is 

involved in apoptosis, is elevated in embryos undergoing fragmentation 

(JURISICOVA et al., 1998). Apoptosis is dependent on the balance of suppressors 

and activator molecules including BCL-XL, BCL-2, BAX, and BAD (ZHA et al., 1996). 

As a regulator of apoptosis, BAD appears to function by sequestering BCL-XL and by 

preventing BCL-XL from heterodimerizing with BAX. BCL-XL and BAX form 

homodimers and heterodimers (SEDLAK et al., 1995). The proportion of mRNA or 

proteins of BCL-XL/BAX determines survival and degree of apoptosis in various cell 

systems (YANG and KORSMEYER, 1995). 

 

In the current study, BAX was found to be expressed during bovine embryo 

development in vitro, but the maternal BAX mRNA levels were not affected by in vitro 

maturation. In immature oocytes, there was no effect on BAX levels related to the 

intraovarian IGF-I injection or to the age of the donor. BAX mRNA levels decreased 

from the oocyte stage to the 8-16 cell stage but increased after this point of 

maternal/embryonic transition and were higher at the blastocyst stage in all embryos. 

The observation that new transcription of BAX began after the 8-16 cell stage 
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contrasts with the reports from other authors (LONERGAN et al., 2003; AUGUSTIN 

et al., 2003; KNIJN et al., 2005) who reported that embryonic expression began at 

the 8-cell stage. BAX gene expression at the blastocyst stage was correlated with the 

age of the donor animal, in that the levels in embryos from both IGF-I treated and 

control post-pubertal heifers were higher than the levels in embryos derived from 

adult cows. No expression data was available from the blastocysts of pre-pubertal 

calves due the low number of embryos which reached that stage of development. 

Higher mRNA levels of BAX were found in murine immature oocytes compared to 

mature oocytes and the transcription started at the 2-cell stage with maximum 

expression at blastocyst stages (JURISICOVA et al., 1998a). GJØRRET et al. (2001) 

found that BAX expression was higher in in vitro cultured bovine embryos than in 

their in vivo counterparts at the 8-16 cell stage of development. The amount of 

apoptosis was also higher in bovine embryos developing in vitro than in embryos 

which had developed in vivo.  

 

As described above, BAD drives apoptosis by preventing BCL-XL from inactivating 

BAX by heterodimerization. Unbound BAX triggers apoptosis. The action of BAD is 

thus opposite to that of BCL-2 which increases cellular survival (OLTVAI et al., 1993). 

Over-expression of BAX in cells accelerates apoptosis and is associated with a loss 

of embryo viability (LIU et al., 2000; CHANDRAKANTHAN et al., 2006). When the 

level of BAX is higher than the level of BCL-2, as seen in poor quality bovine oocytes 

and fragmented embryos, the level of apoptosis is higher (YANG and 

RAJAMAHENDRAN, 2002). LONERGAN et al. (2003) suggested that the ratio of 

BCL-2 to BAX is high in good quality oocytes and embryos and that BAX could be an 

indicator of blastocyst quality. This relationship between the BAX and embryo quality 

was not seen in the present work.  

 

BAX expression can be induced in oocytes by external apoptotic stimuli (LIU et al., 

2000). LIU et al. (2000) also suggested that embryos with inadequate maternal 

mRNA stores or those which fail to express critical embryonic genes at the correct 

developmental stage will show elevated levels of BAX and die. The results of the 



Discussion 

 97  

present study of IVP embryos from pre-pubertal and post-pubertal donors revealed 

an increased expression of BAX in blastocyst stages, but the relationship between 

BAX levels and the apoptotic index was not seen.  

 

Transcripts of the anti-apoptotic gene, BCL-XL, were detected at all stages of bovine 

embryo development. Immature oocytes showed high maternal mRNA levels of BCL-

XL and reduced levels in in vitro matured oocytes and in 2-4 cell embryos. Virtually 

no mRNA for BCL-XL was detected in 8-16 cell embryos indicating a maternal 

transcription pattern. Further transcription of BCL-XL only begins at the blastocyst 

stage. BCL-XL gene expression was not affected by IGF-I treatment and was not 

correlated with donor age in earlier embryo developmental stages. The expression of 

this anti-apoptotic gene has already been described in bovine blastocysts 

(AUGUSTIN et al., 2003; KNIJN et al., 2005).  

 

This study also investigated embryonic metabolism by measuring the relative 

abundance of GLUT3 and GLUT8 mRNA during in vitro embryo development. The 

general trend of glucose transporter 3 (GLUT3) in all groups was low levels of 

maternally-produced mRNA in immature oocytes, in vitro matured oocytes and 2-4 

cell embryos. In general, the first increase in GLUT3 mRNA took place at the 8-16 

cell stage, i.e. at the point of embryonic genome activation (EGA), with further 

increases at the blastocyst and expanded blastocyst stages. This pattern is similar to 

that reported for murine development by PANTALEON et al. (1997), in which the first 

embryonic GLUT3 mRNA transcripts were detected at the 2-4-cell stage which is the 

point of EGA for mice.  

 

The general pattern of GLUT3 expression was low maternal levels in early 

preimplantation development followed by increases at EGA and higher levels at the 

blastocyst stage. Nevertheless, small but significant differences could be detected. 

For example, the GLUT3 mRNA levels in immature oocytes derived from adult cows, 

while low, were significantly higher than the levels measured in all other groups. A 

relationship between decreased expression of glucose transporters (GLUTs) during 
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later embryo development and increased apoptosis at the blastocyst stage has 

already been reported (AUGUSTIN et al., 2003). This is not surprising as glucose 

transport is necessary for blastocyst survival after the switch from pyruvate to 

glucose metabolism following compaction. Glucose transporters (1, 2, 3, 4, 5 and 8) 

are detectable in bovine embryos throughout preimplantation development 

(AUGUSTIN et al., 2001). 

 

GLUT8 is an insulin/IGF-I dependent protein that regulates glucose uptake. GLUT8 

expression has been documented in rabbit embryos (NAVARRETE SANTOS et al., 

2004), but was restricted to the blastocyst stage, whereas it has been expressed 

though all stages in bovine preimplantation development (AUGUSTIN et al., 2001). 

Insulin and IGF-I improve mouse survival in vitro, and act via the IGF-I receptor; 

insulin promotes glucose transporter expression in mouse blastocysts (PINTO et al., 

2002). The general pattern GLUT8 expression observed in the present study was 

different from that of GLUT3 in that there was a high level of GLUT8 mRNA in the 

immature oocytes of all groups. In later stages, the levels were much lower, but rose 

again following EGA. Interestingly, an effect of IGF-I treatment on GLUT8 gene 

expression was apparent but only in the immature oocytes derived from IGF-I treated 

pre-pubertal calves where GLUT8 levels were slightly lower than those found in the 

immature oocytes from the other four donor groups. The only significant difference 

seen was with the immature oocytes from adult cows. This suggests that the ovaries 

of pre-pubertal calves are more sensitive to intraovarian IGF-I injection than the 

ovaries of older donor animals. 

 

The amount of GLUT8 mRNA was relatively high in immature oocytes but decreased 

after in vitro maturation and continued to decrease up to the 8-16 cell stage. 

Following EGA, levels of GLUT8 mRNA similar to those seen in the immature 

oocytes, were found in blastocysts and expanded blastocysts. GLUT8 transcription 

was reduced by the IGF-I treatment in the 8-16 cell embryos derived from post-

pubertal donors which is interesting because this protein is involved in the glucose 

uptake in response to insulin stimulation and is necessary to meet the high energy 



Discussion 

 99  

requirement for trophoblast elongation. It is known that GLUT8 expression is 

dependent on IGF-I in vivo and that it augments the activity of GLUT1 and GLUT3 in 

the trophoblast cells when the embryo switches from pyruvate to glucose as the main 

energy substrate (GARDNER and LEESE, 1990). The GLUT8 is necessary to deliver 

additional glucose to the trophectoderm cells which must power the Na+/K+ ATPase 

pump to expand the blastocoel. Anoxic glycolysis is the only reliable source of ATP at 

this stage of development due to the need to survive in the hypoxic environment of 

the uterus prior to implantation (CARAYANNOPOULOS et al., 2000). Since IGF-I has 

a positive effect on the expression of GLUT8, it is interesting that supplementation 

with insulin does not change the levels of mRNA for GLUT8, GLUT3, BAX or BCL-XL 

(AUGUSTIN et al., 2003).  

 

Postimplantation developmental potential is critically affected by the amount of 

apoptosis in preimplantation stages. In the present study, apoptosis was measured 

with the TUNEL assay and by the observation of nuclear fragmentation and 

chromatin condensation as described by HARDY (1999). The total number of normal 

nuclei and apoptotic nuclei was determined for each blastocyst and their ratio, the 

"apoptotic nucleus index," was calculated. This was performed for all in vitro 

produced blastocysts at day 8. The apoptotic nucleus index of blastocysts from IGF-I 

treated pre-pubertal calves could not be calculated due the low number of in vitro 

produced blastocysts. Blastocysts derived from pre-pubertal donors showed the 

highest number of apoptotic cells and a higher apoptotic index. Blastocysts from the 

adult cows showed the lowest number of apoptotic nuclei and the lowest apoptotic 

index. There was no difference in apoptosis between embryos from control post-

pubertal heifers and cows. The initial hypothesis was that IGF-I injection would 

reduce the frequency of apoptosis in blastocysts but this was found to be false. IGF-I 

actually decreased the number of apoptotic cells in the embryos from post-pubertal 

heifers which was the only group where this was measured and had no significant 

effect on cell number. In embryos from the non-treated donors, the major factor 

increasing apoptosis was the age of the donor.  
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Intraovarian injection of rhIGF-I has been used to improve the developmental 

competence of oocytes derived from pre-pubertal embryos (OROPEZA et al., 2004). 

WASIELAK and BOGACKI (2007) found that IGF-I had anti-apoptotic effects in 

oocytes when applied during oocyte maturation in vitro. These authors suggested 

that IGF-I inhibits apoptosis in oocytes by blocking the activation of caspase. The 

current study was conducted, in part, to determine if the anti-apoptotic effect of IGF-I 

was important during preimplantation embryonic development. Interestingly, the 

developmental competence of the embryos from the pre-pubertal donors was not 

improved by intraovarian IGF-I injection in this study. IGF-I actually reduced the 

levels of mRNA for the anti-apoptotic factor AKT which normally accumulates in the 

oocyte during follicular growth and is the major factor determining the amount of 

apoptosis in blastocyst seems to be the age of the oocyte donor.  

 

The dose of injected IGF-I was 6µg and was the same dose which gave an 

improvement in preimplantation development in the work of OROPEZA et al. (2004). 

This is a very high dose in comparison with physiological levels of IGF-I which is 

produced in the liver and carried to the ovaries in blood in which the concentration is 

only 100 ng per ml (SPICER et al. 1992). One explanation for the differences in the 

results of the two studies may be differences in the medium in which the IGF-I was 

delivered. In the earlier study, IGF-I was diluted in a 25 ml of 10 mM acetic acid to 

give a stock solution of 10 µg/ml as recommended by the manufacturer (R&D 

Systems) in 3/2/2000, but without additional carrier protein. Aliquots of 1.25 ml in 1.5 

ml Eppendorf tubes were stored at -80°C until use. Each ovary was injected with 0.6 

ml using a 1 ml syringe and a 20 gauge 2.74 inch needle. In the present study, IGF-I 

was diluted in 2.5 ml PBS solution containing 0.1% BSA (100 µg/ml) as 

recommended by the same manufacturer (R&D Systems) in 11/6/07. The best 

explanation for the different results in these two studies relates to the actual 

concentration of IGF-I delivered to the ovary. It is proposed that the addition of PBS 

as a carrier protein in the present study was effective and resulted in levels of IGF-I 

much higher than those achieved in the original protocol. It is known that high 
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concentrations of IGF-I can down-regulate IGF-I receptor expression which leads to 

increased apoptosis during murine development (CHI et al., 2000).  

 

For practical reasons, it was necessary to perform the IGF-I experiments in 

conjunction with superstimulation with pFSH which stimulates enhanced follicle 

growth and thus increases the number of oocytes. However, FSH stimulation causes 

the follicles to release estradiol (KUEHNER et al., 1993, GOSSELIN et al., 2000) 

which signals the liver (RICHARDS et al., 1991) to produce additional IGF-I and 

release it into the blood. This IGF-I is returned to the ovary where it would augment 

the experimentally injected IGF-I in these experiments. It is known that high levels of 

follicular IGF-I are found in the ovaries of superovulated ruminants and that this can 

result in abnormal oocyte morphology (O'CALLAGHAN et al., 2000). For this reason, 

it has been proposed that the levels of FSH typically used for superovulation can 

affect the level of IGF-I in the ovary (VELAZQUEZ et al., 2009). The FSH used in the 

publication by OROPEZA et al. (2004) was Folltropin V (from Bioniche Animal 

Health Inc., Canada) in which the proportion of FSH to LH in the preparation was not 

standardized. The FSH-I used in the current experiments was Pluset (Laboratoriis 

Calier, S.A.) and the supplier reports that the proportion of FSH to LH is 1:1. 

Therefore, one can not exclude the possibility that differences in FSH concentration 

affected the effects of IGF-I.  

 

Apoptosis can be caused by glucose deprivation. Decreased glucose transport 

during early embryo development has been linked to early steps of programmed cell 

death and triggers the initiation of the apoptosis cascade (RILEY and MOLEY, 2006). 

Results from the present study suggest that reduction of inherited GLUT8 transcripts 

in oocytes derived from pre-pubertal embryos could explain the apoptosis observed 

at the blastocyst stage. Similarly, the delayed GLUT8 transcription observed in 8-16 

cell embryos from postpubertal heifers would be expected to play a role in apoptosis 

observed at the blastocyst stage. In mouse preimplantation embryos, it is known that 

down regulation of glucose transporters GLUT1 and GLUT8 increased the amount of 

apoptosis observed in the resultant blastocysts (CHI et al., 2000b; PINTO et al., 
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2002). GLUT8 down regulation is known to increase fetal resorption (RILEY and 

MOLEY, 2006). It is clear that down regulation of glucose transporter expression 

diminishes intra-embryonic glucose concentrations and that this must have dramatic 

consequences for the embryo.  

 

Survival of the embryo critically depends on the stores of mRNA produced and 

sequestered during growth and maturation of the oocyte. These mRNA stores 

sustain embryonic development up to embryonic genome activation (EGA), and a 

small proportion of them persist throughout development until the blastocyst stage 

(MEMILI and FIRST, 1999; KUES et al., 2008). In similar experiments, LEQUARRE 

et al. (1997) also found that the mRNA content of the oocyte is related to the 

developmental competence of the zygote after fertilization. Since apoptosis is 

triggered when embryos fail to execute essential developmental steps during the first 

cell cycle (JURISICOVA et al., 1998a), an insufficient store of essential mRNA, 

ribosomes or mitochondria would be expected to cause apoptosis shortly after they 

are required because of fertilization. The superovulation response is the result of 

rescuing pre-atretic follicles during the otherwise normal wave of follicular growth. 

The oocytes in atretic follicles are programmed to undergo apoptosis and although 

they may be rescued by superovulatory stimulation, these oocytes are known to have 

reduced developmental potential and produce a lower percentage of transferable 

blastocysts (DIELEMAN et al., 2002; HASLER et al., 2003). It is proposed that IGF-I 

treatment of rescued pre-atretic follicles results in stimulation of oocytes which do not 

have sufficient stores of mRNA, mitochondria and ribosomes to develop normally.  

 

The developmental competence of oocytes derived from pre-pubertal donors which 

were superovulated or not superovulated, but not IGF-I treated, was lower than that 

of oocytes from adult cows (KHATIR et al., 1996; PRESICCE et al., 1997; MAJERUS 

et al., 1999; 2000; PALMA et al., 2001). Superovulation affects both the follicle and 

the oocyte during: pre-maturation, cytoplasmatic maturation, and nuclear maturation. 

In addition, endocrine parameters control follicular development and developmental 

capacity of the oocytes (BOLAND et al., 2001). PRESICCE et al. (1997) determined 
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that beginning at 11 months of age, Holstein heifers are able to produce oocytes with 

a developmental capacity similar to that of adult cows. Another report stated that 

oocyte competence in Holstein heifers occurs immediately prior to the onset of 

puberty at 12 months (MAJEROUS et al., 1999). However, FRY et al. (1997) showed 

that 70% of pre-pubertal calves responded to a superovulation treatment with 

gonadotropins. However, they also observed that there was a significant degree of 

variation between individuals. Interestingly, CAMARGO et al. (2005) found that 

oocytes from Bos indicus achieve embryo competence at donor ages between 9-14 

months, which is long before the beginning of puberty (at 20-24 months). In all cattle 

species, puberty appears to be more closely associated with body weight and fat 

reserve status than with age (FRISCH, 1984; FOSTER and NAGATANI, 1999) while 

oocyte competence in pre-pubertal cattle is associated with donor age (REVEL et al., 

1995; ARMSTRONG, 2001). 

 

The results of the current study suggest that the oocytes obtained from Holstein 

Friesian and Deutsche Schwarzbunte heifers by OPU can not generally achieve 

developmental competence before the donor has reached 11 months of age. 

Oocytes from animals prior to 11 months of age can be pushed to produce a small 

number of blastocysts but the level of apoptotic cells in these blastocysts is very high 

and viability following embryo transfer is low. Using a different system, based on 

flushing in vivo developing embryos from the uterus of Holstein Friesian heifers, AX 

et al. (2005) reported that the minimum age for obtaining developmentally competent 

embryos was 10 months.  

 

In conclusion, in the present study, intraovarian injection of rhIGF-I did not improve 

the follicular response, oocyte recovery rate, quality of the oocytes, or cleavage rate 

in pre-pubertal calves compared to postpubertal heifers and adult cows. This lack of 

improvement was not dependent on the age of the donor animals. The age of the 

donor did not affect follicular response to gonadotropin stimulation, oocyte recovery 

or cleavage rate. However, the age of the donor animal had a negative effect on 
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developmental competence of the oocytes which was improved in oocytes from older 

donors (post-pubertal and adult cows).  

 

The rhIGF-I treatment did not improve the blastocyst rate of embryos from pre-

pubertal heifers and actually impaired the developmental competence of embryos 

from post-pubertal heifers. IGF-I affected the expression of genes critically involved 

in metabolism (AKT/PKB, and GLUT8) and apoptosis (BAD) in blastocysts at the 

eighth day of development. The mRNA levels of AKT/PKB and GLUT8 were reduced 

in oocytes retrieved from pre-pubertal calves treated with IGF-I. The anti-apoptotic 

effects of AKT1/PKB appear to improve the developmental capacity of oocytes 

derived from adult cows. The age of the donor did not influence the expression of 

other genes tested (AKT, BAD, BAX, BCL-XL, GLUT3 and GLUT8) in early stages of 

development, but expression of the regulators of apoptosis (BAX and BCL-XL) was 

higher in blastocyst stage embryos from post-pubertal donors. This was correlated 

with the increased quality of in vitro produced embryos from the older donors - 

defined as increased cells in the ICM and less apoptotic cells. Blastocysts produced 

from pre-pubertal donors had a higher apoptotic index than those produced from 

post-pubertal heifers and adult cows. Intraovarian injections of rhIGF-I at higher (0.6 

µg) doses actually increased the apoptotic index in blastocysts derived from post-

pubertal heifers.  

 

This study identified for the first time the presence of increased apoptosis in in vitro 

produced blastocysts derived from pre-pubertal donors and represents an 

improvement in the methodology for characterization of the developmental 

competence of oocytes derived from pre-pubertal donors. After completion of the 

experimental program, the heifers were inseminated artificially and showed no 

negative affects from the OPU treatment. Thus it can be concluded that reduction in 

the generation interval can effectively be achieved using OPU on Holstein Friesian 

and Deutsche Schwarzbunte heifers after they have reached 11 months of age.  
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6. SUMMARY 

 

Javier de Jesús Zaraza González 
 

Cellular and molecular characteristics of preimplantation in vitro 
produced embryos from pre- and post-pubertal heifers and their 

relationship with apoptosis 
 

Bovine pre-pubertal oocytes and in vitro produced embryos differ from their adult 

counterparts with regard to their morphological, molecular characteristics and 

developmental capacity. The present study investigated molecular and morphological 

characteristics of pre-pubertal oocytes and IVP embryos in relation to developmental 

capacity and incidence of apoptosis. Ovum Pick-Up was carried out in 31 Holstein-

Friesian and Schwarzbunte pre-pubertal calves (preP; between 7-10 months of age), 

of which 15 received an intraovarian rhIGF-I (6µg) injection and 16 were used as 

controls without rhIGF-I injection, 20 post-pubertal heifers (postP; 11-18 months of 

age), divided in 10 which received (IGF-I, postP) and 10 which not received 

intraovarian rhIGF-I injection (control, postP). 17 non-lactating adult cows were used 

as adult control. Retrieved immature oocytes, in vitro matured, in vitro fertilized, in 

vitro produced 2-4, 8-16 cell embryos and blastocysts at 8 days of development were 

produced. All embryonic developmental stages were subjected to Reverse 

Transcription (RT) -Real Time PCR to determine the relative mRNA abundance of 

the genes coding for AKT1, BAD, BAX, BCL-XL, GLUT3 and GLUT8. The TUNEL 

assay was applied to determine the degree of apoptosis in 8 day old in vitro 

produced blastocysts. 

No significant differences were found regarding the number of aspirated follicles per 

donor/session between groups (IGF-I, preP: 11.5 ± 6.5, control, preP: 10.6 ± 4.7; 

IGF-I, postP: 9.8 ± 5.2; control postP: 10 ± 3.4 and cows: 10 ± 4.3). The mean of 

recovered oocytes/donor/ session was in IGF-I preP: 7.6 ± 6.5; control, preP: 7.4 ± 

4.8; IGF-I, postP: 5.5 ± 4.4; control, postP: 5.7 ± 3; cows: 5.8 ± 3.4. 

The cleavage rate was similar in embryos from all treated groups IGF-I, preP (68.4 ± 

25.5%); control, preP (64.9 ± 27.9%); IGF-I, postP (68.8 ± 25.8%); control, postP 

(63.45 ± 25.6%) and cows (72.3 ± 29.7%). 
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Significant differences were found for the blastocyst rates in IGF-I, preP: 11.2 ± 17 %; 

control, preP: 10.4 ± 20.3%; IGF-I, postP: 10.9 ± 17.1% in comparison to control 

postP: 21.2 ± 27.2 % and cows 23 ± 27.1% (P≤0.001).  

Immature oocytes derived from cows had a higher mRNA relative abundance of 

AKT1 than oocytes IGF, prep. Control, prep; postP, with or without IGF-I intraovarian 

injection and cows had the same levels of mRNA for AKT1. No differences were 

found for the other developmental stages between groups.  

BAD transcripts were detected in all analysed developmental stages. Immature 

oocytes showed similar (p≤0.05) mRNA amounts compared to other developmental 

stages. At the 2-4 cell and 8-16 cell embryo stage, the amounts of BAD transcripts 

were higher in embryos derived from control postP heifers compared with other 

groups (p≤0.05). No other differences were found in other developmental groups. 

BAX gene expression was similar between treatment groups in immature oocytes, in 

vitro matured oocytes, 2-4 cells and 8-16 cells embryos. No differences were found in 

the relative mRNA abundance between immature oocytes, in vitro matured oocytes 

and 2-4 cell embryos. The 8-16 cell embryos showed very low BAX gene expression 

(p≤0.05). BAX gene expression was significantly higher in blastocysts derived from 

post-pubertal heifers (IGF-I and control) than to those derived from cows (p≤0.05).  

BCL-XL transcripts were identified in each developmental stage. No differences were 

found in the relative mRNA abundance of BCL-XL from immature oocytes to 8-16 cell 

embryos. Blastocysts derived from 11-18 months old heifers (IGF-I and control) 

showed higher BCL-XL expression compared with cows (p≤0.05). Inherited maternal 

mRNA amounts of BCL-XL were significantly higher in immature oocytes in all 

groups compared to in vitro matured oocytes and in 2-4 cell embryos (p≤0.05). 

Lowest transcripts levels were detected at the 8-16 cell stage (p≤0.05). In 

blastocysts, BCL-XL mRNA abundance was higher (p≤0.05) compared to earlier 

developmental stages. 

GLUT3 mRNA relative abundance was increased in 8-16 cell stages and blastocysts. 

The lowest GLUT3 mRNA relative abundance was detected in immature oocytes, in 

vitro matured oocytes and 2-4 cell embryos. No other differences were found 
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between groups in the other developmental stages with regard to the mRNA 

expression of this gene.  

GLUT8 gene expression was detected during early embryo development up to the 

blastocyst stage. The mRNA relative abundance of GLUT8 was higher in immature 

oocytes derived from cows compared to those derived from IGF-I treated calves 

(p≤0.05). No other differences were found for other developmental stages between 

groups. GLUT8 transcripts were significantly higher in immature oocytes in 

comparison with in vitro matured oocytes, 2-4 cell and 8-16 cell embryos.  

No differences were found in regard to the total number of cells per blastocyst 

between the treatment groups. Blastocysts derived from cows showed the lowest 

number of apoptotic nuclei compared to blastocysts from pre- and post-pubertal 

donors (p≤0.05). The apoptosis index in blastocysts derived from cows was the 

lowest compared with other groups; however, no differences were found between 

control post-pubertal heifers and cows (p≤0.05).  

This study demonstrates the presence of transcripts of the gene AKT1 in bovine 

preimplantation embryos. The intraovarian application of IGF-I affected negatively the 

transcription of AKT1 in pre-pubertal calves. The transcription of the gene AKT1 is a 

useful criterion to determine quality and developmental capacity of in vitro produced 

embryos.  

BCL-XL and BAX transcripts were higher in post-pubertal (postP) heifers derived 

blastocysts than in those derived from cows. The ratio of both proteins in the 

embryonic cell could determine the protection against apoptosis. However, this could 

not be determined in this study. 

GLUT3 starts to be transcribed at the 8-16 cell embryo stage concomitant with 

maternal/embryonic transition in the bovine embryos. The age of the donor can play 

a role in GLUT8 transcription which can be detected at immature oocytes derived 

from cows. Thus, this protein might be used also as predictor of embryo quality. 

The presence of apoptosis in late preimplantation developmental stages can be 

affected by the age of the donor and can be used as a quality feature for the lower 

developmental capacity of embryos derived from pre-pubertal donors.  
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In conclusion, IGF-I applied in higher doses (6µg) in the ovarian stroma reduce the 

developmental capacity of in vitro produced embryos and increase the presence of 

apoptosis in embryonic cells. 

Results of this study show that the age of the donor affected mRNA expression of 

genes linked with apoptosis (AKT, BAX, BCL-XL) and embryo metabolism (GLUT8). 

Lower or higher expression of these genes can be predictive for the future 

developmental capacity of the embryo. With the results of this study, a step forward 

was done in the characterization of the developmental competence of oocytes 

derived from pre-pubertal donors, specifically as it relates to apoptosis. 
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7. Zusammenfassung 

 

Javier de Jesús Zaraza González 
 

Zellulare und molekulare Eigenschaften von präimplatatorischen, in 
vitro produzierten Embryonen aus prä- und postpuberalen Rindern 

und ihre Beziehung zur Apoptose 
 

Präpuberale Oozyten und in vitro produzierte Embryonen unterscheiden sich von 

denen erwachsener Spendertiere in ihren morphologischen und molekularen 

Eigenschaften sowie in ihrer Entwicklungskapazität. In der vorliegenden Arbeit 

wurden molekulare und morphologische Eigenschaften präpuberaler Oozyten und 

IVP Embryonen an Hand ihrer Entwicklungsfähigkeit und ihres Apoptosegrades 

bestimmt. An 31 präpuberalen Kälbern im Alter von 7-10 Monaten der Rassen 

Holstein Friesian und Deutsches Schwarzbuntes Rind wurden Ultraschall geleitete 

Follikelpunktionen (Ovum Pick-up) durchgeführt. Zuvor wurde 15 Tieren rhIGF-I 

(6 µg) und 16 Tieren PBS-BSA (Kontrolle) intraovariell appliziert. In die 

Untersuchungen wurden auch 20 postpuberale Färsen im Alter von 11-18 Monaten 

einbezogen. Davon wurde 10 Tieren IGF-I intraovariell appliziert und 10 Tiere 

dienten als Kontrolle (PBS-BSA). 17 trockenstehende Kühe dienten als 

Kontrollgruppe. Die gewonnenen gereiften Oozyten wurden in vitro gereift, in vitro 

fertiliziert und es wurden 2-4 und 8-16 Zellembryonen und Blastozysten (8. 

Entwicklungstag) produziert. Alle embryonalen Entwicklungsstadien wurden einer 

Reverse Transkription (RT) Real Time PCR unterzogen, um den relativen 

Transkriptgehalt der Gene AKT1, BAD, BAX, BLC-XL, GLUT3 und GLUT8 zu 

bestimmen. Zur Bestimmung des Apoptosegrades in Blastozysten wurde die TUNEL 

Methode angewendet.  

Es wurden keine signifikanten Unterschiede in der Anzahl der aspirierten Follikel pro 

Spendertier und Sitzung zwischen den Gruppen festgestellt (Kälber-IGF-I: 11,5 ± 6,5; 

Kälber-Kontrolle: 10,6 ± 4,7; Färsen IGF-I: 9,8 ± 5,2; Färsen Kontolle:10,0 ± 3,4; 

Kühe:10,0 ± 4,3). Der Mittelwert gewonnener Oozyten pro Spendertier und Sitzung 

lag bei Kälbern IGF-I: 7,6 ± 6,5; Kälber, Kontrolle: 7,4 ± 4,8; Färsen IGF-I: 5,5 ± 4,4; 

Färsen Kontrolle 5,7 ± 3,0; Kühe: 5,8 ± 3,4.  
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In der Teilungsrate wurden keine signifikanten Unterschiede (p≤0,001) zwischen 

Kälbern IGF-I: 68,4 ± 25,5%; Kälbern Kontrolle: 64,9 ± 27,9%; Färsen IGF-I: 68,8 ± 

25,8%; Färsen Kontrolle: 63,45 ± 25,6% und Kühen: 72,3 ± 29,7% ermittelt. 

Signifikante Unterschiede wurden bei den Blastozystenraten in Kälber IGF-I: 11,2 ± 

17%; Kälber Kontrolle: 10,4 ± 20,3%; Färsen IGF-I: 10,9 ± 17%,1 im Vergleich zur 

Färsen Kontrollgruppe: 21,2 ± 27,2% und Kühen: 23,0 ± 27,1% festgestellt (p≤0,001). 

Unreife Oozyten von Kühen wiesen einen höheren Transkriptgehalt von AKT1 mRNA 

auf als Oozyten von 7-10 Monaten alten Kälbern und 11-18 Monate alten Färsen, mit 

oder ohne intraovarieller Applikation von IGF-I. In den anderen Entwicklungsstadien 

gab es zwischen den Gruppen keine Unterschiede. 

Im Vergleich zu den anderen Entwicklungsstadien wiesen unreife Oozyten eine 

höhere, maternal vererbte BAD mRNA Menge auf. Im 8-16 Zellstadium war die 

relative Menge der BAD Transkripte aus der Kontrollgruppe Färsen im Vergleich zu 

den anderen Gruppen höher. In anderen Embryonalstadien wurde kein weiterer 

Unterschied in der relativen BAD mRNA gefunden. 

Die Expression von BAX in unreifen, in vitro gereiften Oozyten, 2-4 und 8-16 

Zellstadien war zwischen den Versuchsgruppen ähnlich. Die 8-16 Zellembryonen 

zeigten eine niedrige Genexpression. Die mRNA Expression begann im 

Blastozystenstadium und war in den Blastozysten von 11-18 Monate alten Färsen 

(IGF-I und Kontrolle) höher als in der von Kühen (p≤0,05).  

Von unreifen Oozyten bis zum 8-16 Zellstadium wurden keine Unterschiede im 

relativen Transkriptgehalt von BCL-XL mRNA festgestellt. In Blastozysten von 11-18 

Monate alten Färsen (IGF-I und Kontrolle) war BCL-XL höher exprimiert als in 

Blastozysten von Kühen (p≤0,05). Die maternale Menge von BCL-XL mRNA war in 

unreifen Oozyten aller Gruppen signifikant höher als in in vitro gereiften Oozyten und 

2-4 Zellembryonen (p≤0,05). Die niedrigste Expression wurde in 8-16 Zellembryonen 

festgestellt (p≤0,05). In Blastozysten war der relative Transkriptgehalt von mRNA im 

Vergleich zu frühen Entwicklungsstadien höher.  

Embryonal GLUT3 mRNA wurde in 8-16 Zellembryonen festgestellt. Der höchste 

maternale relative Transkriptgehalt von GLUT3 war in ungereiften Oozyten von 

Kühen zu finden. Die Expression der GLUT3 mRNA war in ungereiften, in vitro 
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gereiften Oozyten und im 2-4 Zellstadium am niedrigsten und wurde vom 8-16 

Zellstadium bis zu den expandierten Blastozysten stärker (p≤0,05). In der mRNA 

Expression dieses Gens wurden keine weiteren Unterschiede zwischen den Gruppen 

bzw. Entwicklungsstadien gefunden. 

Ein höherer relativer Transkriptgehalt von GLUT8 wurde in ungereiften Oozyten von 

Kühen im Vergleich zu denen von IGF-I behandelten Kälbern festgestellt (p≤0,05). 

Die Menge von GLUT8 Transkripten war in ungereiften Oozyten signifikant höher als 

in in vitro gereiften Oozyten, 2-4 Zellstadien und 8-16 Zellstadien. Im 

Blastozystenstadium war die mRNA Menge höher als in den anderen 

Entwicklungsstadien. Es wurden keine weiteren Unterschiede zwischen den Gruppen 

festgestellt. 

Zwischen den Versuchsgruppen wurde kein Unterschied in der Gesamtzellzahl der 

Blastozysten gefunden. Blastozysten von Kühen wiesen im Vergleich zu 

Blastozysten von prä- und postpuberalen Spendertieren die niedrigste Anzahl an 

apoptotischen Zellkernen auf (p≤0,05). Der Apoptose Index war, im Vergleich zu den 

anderen Versuchsgruppen, in Blastozysten von Kühen am niedrigsten; zwischen den 

Kontrollfärsen und Kühen wurde kein Unterschied festgestellt (p≤0,05). 

Diese Untersuchung zeigt erstmalig das Vorkommen von Transkripten von AKT/PKB 

in präimplantatorischen Entwicklungsstadien boviner Embryonen. Folglich ist der 

PI3K/AKT Signalweg bereits während der präimplantatorischen bovinen 

Embryonalentwicklung aktiv. Durch die IGF-I Applikation wird die Transkription des 

AKT1 Gens bei präpuberalen Kälbern beeinflusst. Ungereifte Oozyten von Kühen 

beinhalten mehr AKT1 Transkripte. AKT1 könnte als Parameter für Qualität und 

Entwicklungskapazität in vitro produzierter Oozyten dienen.  

Die Behandlung mit IGF-I und das Alter der Spendertiere beeinflussten die 

Transkription des BAD Gens in präimplantatorischen Embryonen. 

IGF-I Applikation und Alter der Spendertiere spielten keine signifikante Rolle für die 

der Höhe der Expression von GLUT3. Die Transkription von GLUT3 beginnt in 

Rinderembryonen im 8-16 Zellstadium, d.h. parallel mit der Aktivierung des 

embryonalen Genoms.  
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Im Bezug auf die Teilungsrate konnte kein Einfluss des Alters der Spendertiere und 

der IGF-I Behandlung festgestellt werden. Eine höhere Dosierung von IGF-I kann die 

Entwicklungsfähigkeit in vitro produzierter Embryonen allerdings reduzieren. 

Das Vorkommen von Apoptose in späten präimplantatorischen Entwicklungsstadien 

kann durch das Alter der Spendertiere beeinflusst werden und als Indikator für 

niedrige Entwicklungskapazität von Embryonen präpuberaler Kälber genutzt werden. 

Abschließend kann man feststellen, dass das Alter der Spendertiere die 

Genexpression der mit Apoptose verbundenen Gene AKT, BAX, BCL-XL und das 

Stoffwechselgen GLUT8 beeinflusst. Eine höhere oder niedrigere Expression dieser 

Gene kann die Entwicklungskapazität von Embryonen beeinflussen. Der 

Apoptoseindex kann als Qualitätsmerkmal für IVP Embryonen genutzt werden. 

Mit den Ergebnissen der vorliegenden Arbeit ist ein weiterer Schritt in der 

Charakterisierung des Entwicklungspotenzials von Oozyten präpuberaler Tiere 

gelungen, insbesondere was die Beziehung zur Apoptosis betrifft. 

 



References 

 113  

8. REFERENCES 

 

ACOSTA, T.J., K.G. HAYASHI, M. MATSUI and A. MIYAMOTO (2005): 
Changes in the follicular vascularity during first follicular wave in lactating cows. 
J. Reprod. Dev. 51, 273-280 
 
ACOSTA, T.J. (2007): 
Studies of follicular vascularity associated with follicle selection and ovulation in 
cattle. 
J. Reprod. Dev. 53, 39-44 
 
ADAMS, J. M. and S. CORY (1998): 
The Bcl-2 protein Family: arbiters of Cell Survival. 
Science 281, 1322-1326 
 
ADAMS, G.P., R.L. MATTERI, J.P. KASTELIC, J.C. KO and O.J. GINTHER (1992): 
Association between surges of FSH and the emergence of follicular waves in heifers. 
J. Reprod. Fertil. 94,177-188 
 
ADAMS, G.P., K. KOT, C.A. SMITH and O.J. GINTHER (1993):  
Selection of a dominant follicle and suppression of growth in heifers. 
Anim Reprod Sci 30, 259-271 
 
ADAMS, G.P. (1998): 
Comparative patterns of follicle development and selection in ruminants. 
J. Reprod. Fertil, Suppl. 54: Reproduction in domestic animals ruminants IV, 17-32. 
  
ADAMS, G.P., R. JAISWAL, J. SINGH and P. MALHI (2008): 
Progress in understanding ovarian follicular dynamics in cattle. 
Theriogenology 69, 72-80 
 
ADJAYE, J.J., J. HUNTRISS, J. HERWIG, A. BENKALA, T. BRINK, C. WIERLING, 
C. HUTSCHING, D. GROTH, M.L. YASPO, H. PICTON, R. GOSDEN and H. 
LEHRACH (2005): 
Primary differentiation in the human blastocyst: comparative molecular portraits of 
ICM and TE cells. 
Stem Cell 23, 1514-1525 
 
ADJAYE, J., R. HERWIG, T.C. BRINK, D. HERRMANN, B. GREBER, S. SUDHEER, 
D. GROTH, J.W. CARNWATH, H. LEHRACH and H. NIEMANN (2007): 
Conserved molecular portraits of bovine and human blastocysts as a consequence of 
the transition from maternal to embryonic control of gene expression. 
Physiol. Genomics 31, 315-227 
 



References 

 114  

AHMED, N.N., T.F. FRANKE, A. BELLACOSA, K. DATTA, M.E. GONZALEZ-
PORTAL, T. TAGUCHI, J.R. TESTA, and P.N. TSICHLIS (1993): 
The proteins encoded by c-akt and v-akt differ in post translational modifications, 
subcellular localization and oncogenic potential. 
Oncogene 8, 1957-1963 
 
ALBERTS, B., A. JOHNSON, J. LEWIS, M. RAFF, K. ROBERT and P. WALTER 
(2002): 
Molecular Biology of the cell.  
Fourth Edition. Garland Science. New York 
 
ALESSI, D. R., ANDJELKOVIC, M., CAUDWELL, B., CRON, P., MORRICE, N., 
COHEN, P. and B.A. HEMMINGS (1996): 
Mechanism of activation of protein kinase B by insulin and IGF-1.  
EMBO J. 15, 6541-6551 
 

ALESSI, D.R. (2001): 
Discovery of PDK1, one of the missing links in insulin signal transduction.  
Biochem. Soc. Trans. 29, 1-14 
 
ARMSTRONG, D.G. and R. WEBB (1997): 
Ovarian follicular dominance: the role of intraovarian growth factors and novel 
proteins. 
Reviews of Reproduction 2, 139-146 
 
ARMSTRONG, D.G., C.G. GUTIERREZ, G. BAXTER, A.L. GLAZYRIN, G.E. MANN, 
K.J. WOAD, C.O HOGG and R. WEBB (2000): 
Expression of mRNA encoding IGF-I, IGF-II and type 1 IGF receptor in bovine 
ovarian follicle.  
J. Endocrinol. 165, 101-113  
 
ARMSTRONG, D.G., T.G. McEVOY, G. BAXTER, J.J. ROBINSON, C.O. HOGG, 
K.J. WOAD and R. WEBB (2001): 
Effects of energy and protein on bovine follicular dynamics and embryo production in 
vitro: associations with the ovarian insulin-like growth factor systems.  
Biol. Reprod. 64, 1624-1632 
 
ARMSTRONG, D.G., G. BAXTER, C.O. HOGG and K.J. WOAD (2002): 
Insulin-like growth factor (IGF-I) systems in the oocytes and somatic cells of bovine 
preantral follicles. 
Reproduction 123, 789-797 
 
ARMSTRONG, D.T., B.J. IRVINE, C.R. EARL, D. MCLEAN and R.F. SEAMARK 
(1994): 
Gonadotropin stimulation regimens for follicular aspiration and in vitro embryo 
production from calf oocytes. 
Theriogenology 42, 1227-1236 



References 

 115  

ARMSTRONG, D.T., P.J. KOTARAS and C.R. EARL (1997): 
Advances in production of embryos in vitro from juvenile and prepubertal oocytes 
from the calf and lamb. 
Reprod. Fertil. Dev. 9, 333-339   
 
ARMSTRONG, D.T. (2000): 
Effect of maternal age on oocyte developmental competence. 
Theriogenology 55, 1303-1322 
 
ARMSTRONG, J.D., R.L. STANKO, W.S. COHICK, R.B. SIMPSOM, R.W. HARLEY, 
B.G. HUFF, D.R. CLEMMONS, M.D. WHITACRE, R.M. CAMPBELL and E.P. 
HEIMER (1992): 
Endocrine events prior to puberty in heifers: role of somatotropin, insulin-like growth 
factor and insulin-like growth factor binding proteins.  
J. Physiol. Pharmacol. 43, 179-193.  
 
AUGUSTIN, R., P. POCAR, A. NAVARRETE SANTOS, C. WRENZYCKI, F. 
GANDOLFI, H. NIEMANN and B. FISCHER (2001): 
Glucose transporter expression is developmentally regulated in in vitro derived 
bovine preimplantation embryos. 
Mol. Reprod. Dev. 60, 370-376 
 
AUGUSTIN, R., P. POCAR C. WRENZYCKI, H. NIEMANN, and B. FISCHER (2003):  
Mitogenic and anti-apoptotic activity of insulin on bovine embryos produced in vitro.  
Reproduction 126, 91-99 
 
AVERY, O.T., C.M. MCLEOD and D.M. MCCARTY (1944): 
Studies on the chemical nature of the substance inducing transformation of 
pneumococcal types. 
J. Exp. Med 79, 137-158 
 
AX, R.L, S. ARMBRUST, R. TAPPAN, G. GILBERT, J.N. OYARZO, M.E BALLIN, D. 
SELNER and T.C. McCAULEY (2005): 
Superovulation and embryo recovery from peripubertal Holstein Heifers.  
Anim. Reprod. Sci. 85, 71-80 
 
BEG, M.A., D.R. BERGFELT, K. KOT, M.C. WILTBANK and O.J. GINTHER (2001): 
Follicular fluids factors and granulosa-cell gene expression associated with follicle 
deviation in cattle. 
Biol. Reprod. 64, 432-441 
 
BEG, M.A., D.R. BERGFELT, K. KOT and O.J. GINTHER (2002): 
Follicle selection in cattle: dynamics of follicular fluid factors during development of 
follicle dominance. 
Biol. Reprod. 66, 120-126 
 



References 

 116  

BEG, M.A. and O.J. GINTHER (2006): 
Follicle selection in cattle and horses: role of intrafollicular factors. 
Reproduction 132, 365-377. 
 
BELLACOSA, A., J.R. TESTA, S.P. STAAL and P.N. TSICHLIS (1991): 
A retroviral oncogene, akt, encoding a serine-threonine kinase containing an SH2-
like region. 
Science 254, 274-277 
 
BERGET, S.M., C. MOORE and P.A. SHARP (1977): 
Spiced segments at the 5’ terminus of adenovirus 2 late mRNA. 
PNAS 74, 3171-3175 
 
BERGFELT, D.R., K.C. LIGHTFOOT and G.P. ADAMS (1994): 
Ovarian dynamics following ultrasound-guided transvaginal follicle ablation in cyclic 
heifers. 
Theriogenology 41, 161 Abst. 
 
BILODEAU-GOESEELS, S. and G.A. SCHULTZ (1997): 
Changes in the relative abundance of various housekeeping gene transcripts in in 
vitro-produced early bovine embryos. 
Mol. Reprod. Dev. 47, 413-420  
 
BLOCK, J. (2007): 
Use of insulin-like growth factor-1 to improve post-transfer survival of bovine embryos 
produced in vitro. 
Theriogenology 68, Suppl 1: S49-55 
 
BLUNDELL, T.L. and R.E. HUMBELL (1980): 
Hormone families: pancreatic hormones and homologous growth factors. 
Nature 287, 781-787 
 
BODENSTEINER, K.J., M.C. WILTBANK, D.R. BERGFELT and O.J. GINTHER 
(1996): 
Alterations in follicular estradiol and gonadotropin receptors during development of 
bovine antral follicles. 
Theriogenology 45, 499-512 
 
BOISE, L.H., M. GONZALEZ-GARCIA, C.E. POSTEMA, L. DING, T. TURKA, X. 
MAO, G. NUNEZ and C.B. THOMPSON (1993): 
Bcl-x, a bcl-2 related gene that functions as a dominant regulator of apoptotic cells 
death. 
Cell 74, 597-608 
 



References 

 117  

BOLAND, P., P. LONERGAN and D. O’CALLAGAN (2001): 
Effects of nutrition on endocrine parameters, ovarian physiology, and oocytes and 
embryo development. 
Theriogenology 55, 1323-1340 
 
BOLS, P.E., M.T. YSEBAERT, A. LEIN, M. CORY, A. VAN SOOM and A. DE KRUIF 
(1998): 
Effects of long-term treatment with bovine somatotropin on follicular dynamics and 
subsequent oocytes and blastocyst yield in an OPU-IVF program. 
Theriogenology 49, 983-995 
 
BONI, R., N. COCCHIA, F. SILVESTRE, G. TORTORA, R. LORIZIO and E. TOSTI 
(2008): 
Juvenile and adult immature and in vitro matured ovine oocytes evacuate in relation 
to membrane electrical properties, calcium stores, IP3 sensitivity and apoptosis 
occurrence in cumulus cells. 
Mol. Reprod. Dev. 75, 1752-1760  
 
BOSSIS, I., R.P. WETTERMANN, S.D. WELTY, J.A. VIZCARRA, L.J. SPICER and 
M.G. DISKIN (1999): 
Nutritionally induced anovulation in beef heifers: ovarian and endocrine function 
preceding cessation of ovulation. 
J. Anim. Sci. 77, 1536-1546. 
 
BRAD, A.M., E.M. HENDRICKS, and P. HANSEN (2007): 
The block to apoptosis in bovine two-cell embryos involves inhibition of caspase-9 
activation and caspase-mediated DNA damage. 
Reproduction 134, 789-797 
 
BRAUDE, P., V. BOLTON and S. MOORE (1988): 
Human gene expression first occur between the four-and eight-cell stages of 
preimplantation development. 
Nature 332, 459-461 
 
BRAZIL, D.P. and B.A. HEMMING (2001): 
Ten years of protein kinase B signalling: a hard AKT to follow. 
Trends. Biochem. Sci. 26, 657-664 
 
BRISON, D. and R.M. SCHULTZ (1997): 
Apoptosis during mouse blastocyst formation: evidence for a role for survival factors 
including transforming growth factor A. 
Biol. Reprod. 56, 1088-1096 
 



References 

 118  

BRUNET, A., BONNI, A., ZIGMOND, M. J., LIN, M. Z., JUO, P., HU, L.S., 
ANDERSON, M. J., ARDEN, K.C., BLENIS, J. and M.E. GREENBERG (1999): 
Akt promotes cell survival by phosphorylating and inhibiting a Forkhead transcription 
factor.  
Cell 96, 857-868 
 
BURGERING, B.M and P.J. COFFER (1995): 
Protein Kinase B (c-AKT) in phosphatidylinositol 3-OH Kinase signal transduction. 
Nature 376, 599-602 
 
BUSTIN, S.A. (2000): 
Absolute quantification of mRNA using real-time reverse transcription polymerase 
chain reaction assays. 
J. Mol. Endocrin. 25, 169-193 
 
BYRNE, A.T, SOULGATE, J., BRISON, D.R. and H.J. LEESE (1999):  
Analysis of apoptosis in the preimplantation bovine embryo using TUNEL. 
J. Reprod. Fertil. 117, 97-105 
 
BYRNE, A.T, SOULGATE, J., BRISON, D.R. and H.J. LEESE (2002): 
Regulation of apoptosis in the bovine blastocyst by insulin and insulin-like growth 
factor (IGF) superfamily. 
Mol. Reprod. Dev 62, 489-495 
 
CAMARGO, L.S.A., J.H.M. VIANA, W.F. SA, A.M. FERREIRA and V.R. VALE FILHO 
(2005): 
Developmental competence of oocytes from prepubertal Bos indicus crossbred 
cattle. 
Anim. Reprod. Sci. 85, 53-59 
 
CANTRELL, D.A. (2001):  
Phosphoinositide 3-kinase signalling pathways. 
J. Cell Sci. 114, 1439-1445 
 
CARAYANNOPOULOS, M.O., M.Y. CHI, Y. CUI, J.M. PINGSTERHAUS, R.A. 
MCKNIGHT, M. MUECKLER, S.U. DEVASKAR and K.H. MOLEY (2000): 
GLUT8 is a glucose transporter responsible for insulin-stimulated glucose uptake in 
the blastocyst. 
PNAS 97, 7313-7318 
 
CARDONE, M.H., N. ROY, STENNICKE, H.R., SALVESEN, G.S., FRANKE, T.F., 
STANBRIDGE, E., FRISCH, S. and J.C. REED (1998):  
Regulation of cell death protease caspase-9 by phosphorylation.  
Science 282, 1318-1321 
 



References 

 119  

CHAN, T.O., S.E. RITTENHOUSE and P.N. TSICHLIS (1999): 
AKT/PKB and other D3 phosphoinositide-regulated kinases: kinase activation by 
phosphoinositide-dependent phosphorilation. 
Annu. Rev. Biochem. 68, 965-1014 
 
CHANDRAKANTHAN, V., A. LI, O. CHAMI and C O’NEILL (2006): 
Effect of in vitro fertilization and embryo culture on TRP53 and BAX expression in B6 
mouse embryo. 
Reprod. Biol. Endocrin. 4, 61-67 
 
CHASTRANT-MAILLARD, S., H. QUINTON, J. LAUFFENBURGER, N. 
CORDONIERT-LEFORT, C. RICHARD, J. MARCHAL, P. MORMEDE and J.P. 
RENARD (2003). 
Consequences of transvaginal follicular puncture on well-being in cows. 
Reproduction 125, 555-563 
 
CHAUDHURI, J., K. SI and U. MAITRA (1997): 
Function of eukaryotic translation initiation factor 1A (eIF1A) (formerly called eIF-4C) 
in initiation of protein synthesis. 
J. Biol. Chem. 12, 7883-7891 
 
CHI M.M., A.L. SCHLEIN and K.H. MOLEY (2000a): 
High insulin-like growth factor 1 (IGF-1) and insulin concentrations trigger apoptosis 
in the mouse blastocyst via down-regulation of the IGF-1 receptor. 
Endocrinology 141, 4784-4792 
 
CHI, M.M., J. PINGSTERHAUS, M. CARAYANNOPOULOS and K.H. MOLEY 
(2000b): 
Decreased glucose transporter expression triggers BAX-dependent apoptosis in the 
murine blastocyst. 
J. Biol. Chem. 22, 40252-40257 
 
CHINNAIYAN, A.M., K. O'ROURKE, B.R. LANE and V.M. DIXIT (1997): 
Interaction of CED-4 with CED-3 and CED-9: a molecular framework for cell death. 
Science 275 :1081-1082 
 
CIGAN, A.M., L. FENG, and T.F. DONAHUE (1998): 
tRNAmet function in directing the scanning ribosome to the start site of translation. 
Science 242, 93-97 
 
COLLINS, J.A., C.A. SCHANDI, K.K. YOUNG, J. VESELY and M.C. WILLINGHAM 
(1997): 
Major DNA fragmentation is a late event in apoptosis. 
J. Histochem. Cytochem. 45, 923-934 
 



References 

 120  

CORY, S., D.C. HUANG and J.M. ADAMS (2003): 
Then BC-2 family: role in cell survival and oncogenesis 
Oncogene 22, 8590-8607 
 
CRADDOCK, B.L., E.A. ORCHISTON, HINTON, H.J. and M.J WELHAM (1999): 
Dissociation of apoptosis from proliferation, protein kinase B activation, and BAD 
phosphorylation in interleukin-3-mediated phosphoinositide 3-kinase signaling.  
J. Biol.Chem. 274, 10633-10640 
 
CRICK, F.H. (1958): 
On protein synthesis 
Symp. Soc. Exp. Biol. 12, 138-163 
 
CROSS, D.A., D.R. ALESSI, P. COHEN, M. JELKOVICH, and B.A. HEMMINGS 
(1995): 
Inhibition of glycogen synthase kinase-3 by insulin mediated by protein kinase B. 
Nature 378, 785-789 
 
D’OCCHIO, M.J., G. FORDYCE, T.R. WHYTE, W.J. ASPDEN and T.E.TRIGG 
(2000): 
Reproductive responses of cattle to GnRH agonist. 
Anim. Reprod. Sci. 60-61, 433-442 
 
DAMIANI, P., R.A. FISSORE, J.B. CIBELLI, C.R. LONG, J.J. BALISE, J.M. ROBL 
and R.T. DUBY (1996): 
Evaluation of developmental competence, nuclear and ooplasmic maturation of calf 
oocytes. 
Mol. Reprod. Dev 45, 521-534 
 
DAMIANI, P., R.A. FISSORE and R.T. DUBY (1998): 
Biochemical and physiological maturation of cow and calf oocytes.  
Theriogenology 49, 310 abst. 
 
DANIAL, N.N. and S.J. KORSMEYER (2004): 
Cell death: Critical control points. 
Cell 116, 205-219 
 
DATTA, S.R., A. BRUNET, M.E. GREENBERG (1999): 
Cellular survival: a play in three AKT. 
Gene and Development 13, 2905-2927 
 
DAUGHADAY, W.H., K. HALL, M.S. RAVEN, W.D. SALMON, J.L. VAN DER 
BRANDE and J.J. VAN WYK (1972): 
Somatomedin: proposed designation for sulphation factor. 
Nature 235,107 
 



References 

 121  

DE LA SOTA, R.L., F.A. SIMMEN, T. DIAZ, and W.W. THATCHER (1996): 
Insulin-like growth factor system in bovine first wave dominant and subordinate 
follicles. 
Biol. Reprod. 55, 803-812 
 
DE PAZ P., A.J. SANCHEZ, J. DE LA FUENTE, C.A. CHAMORRO, M. ALVAREZ, E. 
ANEL and L. ANEL (2001): 
Ultra-structural and cytochemical comparison between calf and cow oocytes. 
Theriogenology 55, 1107-1116 
 
DE SOUSA, P.A., A.J. WATSON, G.A. SCHULTZ and S. BILODEAU-GOESEELS 
(1998): 
Oogenetic and zygotic gene expression directing early bovine embryogenesis: a 
review. 
Mol. Reprod. Dev. 51, 112-121 
 
DEGTEREV, A., M. BOYCE and J. YUAN (2003): 
A decade of caspases. 
Oncogene 22, 8543-8567 
 
DEL PESO, L., M. GONZÁLEZ-GARCIA, C. PAGE, R. HERRERA and G. NUÑEZ 
(1997): 
Interleukin-3-induced phosphorylation of BAD through the protein kinase Akt. 
Science 278, 687-689 
 
DIEHL, J. A., CHENG, M., M.F. ROUSSEL, and SHERR, C. J. (1998):  
Glycogen synthase kinase-3b regulates cyclin D1 proteolysis and subcellular 
localization.  
Genes Dev. 12, 3499-3511 
 
DIELEMAN, S.J., P.J. HENDRIKSEN, D. VIUFF, P.D. THOMSEN, P. HYTTEL, H.M. 
KNIJN, C. WRENZYCKI, T.A. KRUIP, H. NIEMANN, B.M. GADELLA, M.M BEVERS 
and P.L.A.M. VOS (2002): 
Effects of in vivo prematuration and in vivo final maturation on developmental 
capacity and quality of pre-implantation embryos.  
Therigenology 57, 5-20 
 
DOEGE, H., A. SCHÜRMANN, G. BAHRENBERG, A. BRAUERS and H.G. JOOST 
(2000): 
GLUT8, a novel member of the sugar transport facilitator family with glucose 
transport activity. 
J. Biol. Chem. 275, 16275-16280 
 
DOWNWARD, J. (1998):  
Mechanisms and consequences of activation of protein kinase B/Akt.  
Curr. Opin. Cell Biol. 10, 262-267 
 



References 

 122  

DOWNWARD, J. (1999):  
How Bad phosphorylation is good for survival.  
Nat. Cell Biol. 1, E33-E35 
 
DRIANCOURT, M.A. (2001): 
Regulation of ovarian follicular dynamics in farm animals. Implications for 
manipulation of reproduction. 
Theriogenology 55, 1211-1239  
 
DRIANCOURT, M.A., K. REYNAUD and J SMITZ (2001): 
Differences in follicular functions of 3-month-old calves and mature cows. 
Reproduction 121, 463-474 
 
DUBY, R.T., P. DAMIANI, C.R. LOONEY, R.A. FISSORE and J.M. ROLB (1996): 
Prepubertal calves as oocytes donors: Promises and problems.  
Theriogenology 45, 121-130 
 
DUFFY, P., M.A. CROWE, M.P. BOLAND and J.F. ROCHE (2000): 
Effect of exogenous LH pulses on the fate of the first dominant follicle in post partum 
beef cows nursing calves. 
J. Reprod. Fertil. 118, 9-17 
 
EBLING, J.P. (2005): 
The neuroendocrine timing of puberty. 
Reproduction 129, 675-683 
 
EVANS, A.C.O., G.P. ADAMS, and N.C. RAWLING (1994): 
Follicular and hormonal development in prepubertal heifers from 2 to 36 weeks of 
age. 
J. Reprod. Fertil. 102, 463-470 
 
EVANS, A.C.O. (2003): 
Characteristics of ovarian follicle development in domestics animals. 
Reprod. Dom. Anim. 38, 240-246 
 
FABIAN, D., G. IL’KOVA, P. REHÀK, S. CZIKKOVÀ, V. BARAN and J. KOPPEL 
(2004):  
Inhibitory effect of IGF-I on induced apoptosis in mouse preimplantation embryos 
cultured in vitro. 
Theriogenology 61,745-755 
 
FABIAN, D., J. KOPPEL and P. MADDOX-HYTTEL (2005): 
Apoptotic processes during mammalian preimplantation development. 
Theriogenology 64, 221-231 
 



References 

 123  

FAIR, T., P. HYTTEL and T. GREVE (1995): 
Bovine oocytes diameter in relation to maturational competence and transcriptional 
activity. 
Mol. Reprod. Dev. 42, 437-442 
 
 
FAIR, T., P. HYTTEL, T. GREVE and M. BOLAND (1996): 
Nucleus structure and transcriptional activity in relation to oocytes diameter in cattle. 
Mol. Reprod. Dev. 43, 503-512 
 
FEICHTINGER, W and P. KEMETER (1986): 
Transvaginal sector scan sonography for needle transvaginal follicle aspiration and 
other applications in gynecologic routine and research. 
Fertil. Steril. 45, 722-725 
 
FENG, C., A. YU, Y. LIU, J. ZHANG, Z. ZONG, W. SU, Z. ZHANG, D. YU, Q.Y. SUN 
and B. YU (2007): 
Involvement of protein kinase B/AKT in early development of mouse fertilized eggs. 
Biol. Reprod. 77, 560-568 
 
FOSTER, D.L. and S. NAGATY (1999): 
Physiological perspectives on leptin as a regulator of reproduction: role in timing 
puberty.  
Biol. Reprod. 60, 205-215 
 
FOULSTONE, E., S. PRINCE, O. ZACCHEO, J.L. BURNS J. HARPER, C. JACOBS, 
D. CHURCH and A.B. HASSAN (2005): 
Insulin like growth factor ligands, receptors, and binding proteins in cancer. 
J. Pathol. 205, 145-153 
 
FRANKE, T.F., KAPLAN, D.R. and L.C. CANTLEY (1997):  
PI3K: downstream Action blocks apoptosis.  
Cell 88, 435-437 
 
FRANKE, T.F., C.P. HORNIK, L. SEGEV, A. SHOSTAK and C. SUGIMOTO (2003): 
PI3K/Akt and apoptosis: size matters. 
Oncogene 22, 8983-8998 
 
FRISCH, R.E. (1984): 
Body fat, puberty and fertility. 
Biol. Rev. 59,161-188 
 
FRY, R.C., T.L. SIMPSON and T.J. SQUIRES (1998): 
Ultrasound guided transvaginal oocytes recovery from calves treated with or without 
GnRH. 
Theriogenology 49, 1077-1082 
 



References 

 124  

GAL, A.B., J.C. CARNWATH, A. DINNYES, D. HERRMANN, H. NIEMANN and C. 
WRENZYCKI (2006): 
Comparison of real-time polymerase chain reaction and end-point polymerase chain 
reaction for the analysis of gene expression in preimplantation embryos. 
Reprod. Fertil. Dev. 18, 365-371 
 
GARCIA, M.R., M. AMSTALDEN, S.W. WILLIANS and R.L. STARKO (2002): 
Serum leptin and its adipose gene expression during pubertal development, the 
estrus cycle, and different seasons in cattle. 
J. Anim. Sci. 80, 2158-2167 
 
GARDNER, D.K. and H.J. LEESE (1990): 
Concentration of nutrients in mouse oviduct fluid and their effects on embryo 
development and metabolism in vitro. 
J. Reprod. Fertil. 88, 361-368 
 
GAVRIELI, Y., Y. SHERMAN and S.A. BEN-SASSON (1992): 
Identification of programmed cell death in situ via specific labelling of nuclear DNA 
fragmentation. 
J. Cell Biol. 119, 493-501 
 
GELINAS, R.E. and R.J. ROBERTS (1977): 
5’-undecanucleotide in adenovirus 2 late messenger RNAs. 
Cell 11, 533-544 
 
GEORGES, M. and J.M. MASSEY (1991): 
Velogenetics or the synergistic use of marker-assisted selection and germ line 
manipulation. 
Theriogenology 35, 151-159 
 
GESBERT, F., W.R. SIGNORETTI, M. LODA and J.D. GRIFFIN (2000): 
BCR/ABL regulates expression of the cyclin-dependent kinase inhibitor p27/Kip1 
through the phosphatidylinositol 3-kinase/AKT pathway. 
J. Biol. Chem. 275, 39223-29230 
 
GINTHER, O.J., L. KNOPF, and J.P. KASTELIC (1989): 
Temporal association among ovarian events in cattle during oestrous cycles with two 
or three waves. 
J. Reprod. Fertil. 87, 223-230 
 
GINTHER, O.J., M.C. WILTBANK, P.M. FRICKE, J.R. GIBBONS and K. KOT (1996): 
Selection of the dominant follicle in cattle. 
Biol. Reprod. 55, 1187-1194 
 



References 

 125  

GINTHER, O.J., L.J. KULICK, K. KOT and M.C. WILTBANK (1997): 
Emergence and deviation of follicles during the development of follicular waves in 
cattle 
Theriogenology 48, 75-87 
 
GINTHER, O.J., M.A. BEG, D.R. BERGFELT, F.X. DONADEU and K. KOT (2001): 
Follicle selection in monovular species. 
Biol. Reprod. 65, 638-647 
 
GINTHER, O.J., M.A. BEG, D.R. BERGFELT and K. KOT (2002): 
Activin A, estradiol and free insulin-like growth factor-I in follicular fluid preceeding 
the experimental assumption of the follicular dominance in cattle. 
Biol. Reprod. 67, 14-19 
 
GINTHER, O.J., M.A BEG, F.X. DONADEU and D.R. BERGFELT (2003a): 
Mechanism of follicle deviation in monovular farm species.  
Anim. Reprod. Sci. 78, 239-257 
 
GINTHER, O.J., M.A BEG, K. KOT, C. MEIRA and D.R. BERGFELT (2003b): 
Associated and independent comparison between the two largest follicles preceding 
follicle deviation in cattle. 
Biol. Reprod. 68, 524-529 
 
GLISTER, C., D.S. TANNETA, N.P. GROOME, and P.G. KNIGHT (2001): 
Interaction between follicle stimulating hormone and growth factors in modulating 
secretion of steroids and inhibins-related peptides by non luteinized bovine granulosa 
cells.  
Biol. Reprod. 65, 1020-1028  
 
GJORRET, J., H. KNIJN, S. DIELEMAN, B. AVERY, L.I. LARSON and P. MADDOX-
HYTTEL (2003): 
Chronology of apoptosis in bovine embryos produced in vivo and in vitro. 
Biol. Reprod. 69, 1193-1200 
 
GOLD, R., M. SCHMIED, G. GIEGERICH, H. BREITSCHOPF, H.P. HARTUNG, K.V. 
TOYKA and H. LASSMANN (1994): 
Differentiation between cellular apoptosis and necrosis by the combined use of in situ 
tailing and nick translation techniques. 
Lab. Invest. 71, 219-225 
 
GONG, J.G., D. MCBRIDE, T.A. BRAMLEY and R. WEBB (1993): 
Effect of recombinant bovine somatotropin, insulin-like growth factor and insulin on 
the proliferation of bovine granulosa cells in vitro. 
J. Endocrinology 139, 67-75 
 



References 

 126  

GONG, J.G., G. BAXTER, T.A. BRAMLEY and R. WEBB (1997): 
Enhancement of ovarian follicle development in heifers by treatment with 
recombinant bovine somatotrophin: a dose-response study. 
J. Reprod. Fertil. 110, 91-97 
 
GONZALEZ-GARCIA M, R. PÉREZ-BALLESTERO, L. DING, L. DUAN , L.H. BOISE, 
C.B. THOMPSON and G. NÚÑEZ (1994): 
Bcl-XL is the major bcl-x mRNA form expressed during murine development and its 
product localizes to mitochondria. 
Development 120, 3033-3042 
 
GOODHAND, K.L., R.G. WATT, M.E. STAINES, J.S.M. HUTCHINSON, and P.J. 
BROADBENT (1999): 
In vivo oocyte recovery and in vitro embryo production from bovine donors aspirated 
at different frequencies or following FSH treatment. 
Theriogenology 51, 951-961 
 
GORCZYCA, W., K BIGMAN, A MITTELMAN, T. AHMED, J. GONG, M.R. 
MELAMED and Z. DARZYNKIEWICZ (1993): 
Induction of DNA strand breaks associated with apoptosis during treatment of 
leukemias. 
Leukemia 7, 659-670 
 
GOSSELIN, N., C.A. PRICE, R. ROY and P.D. CARRIERE (2000): 
Decreased LH pulsality during initiation of gonadotropin superovulation treatment in 
the cow: evidence for negative feedback other than estradiol and progesterone. 
Theriogenology 54, 507-521 
 
GOTTLOB, K., N. MAJEWSKI, S. KENNEDY, E. KANDEL, R.B. ROBEY and N. HAY 
(2001): 
Inhibition of early apoptotic events by Akt/PKB is dependent of the first committed 
step of gycolysis and mitochondrial hexokinase.  
Genes Dev. 15, 1406-1418 
 
GRANGER, A.L., W.E. WYATT, W.M. CRAIG, D.L. THOMPSON jr. and F.G. 
HEMBRY (1989): 
Effect of breed and wintering diet on growth, puberty and plasma concentrations of 
growth hormone and insulin-like growth factor I in heifers. 
Dom. Anim. Endocrinol. 6, 253-262 
 
GUTIERREZ, C.G., B.K. CAMPBELL and R. WEBB (1997): 
Development of a long-term bovine granulosa cell culture system: induction and 
maintenance of estradiol production, response to follicle stimulating hormone and 
morphological characteristics  
Biol. Reprod. 56, 608-616 
 
 



References 

 127  

GUTIERREZ, C.G., J.H. RALPH, E.E. TELFER, I. WILMUT and R. WEBB (2000): 
Growth and antrum formation of bovine preantral follicles in long term culture in vitro.  
Biol. Reprod. 62, 1322-1328 
 
HAO, Y., L. LAI, J. MAO, G.S. IM, A. BONK and R.S. PRATHER (2003): 
Apoptosis and in vitro development of preimplantation porcine embryos derived in 
vitro or by nuclear transfer. 
Biol. Reprod. 69, 501-507 
 
HARDY, K. (1997): 
Cell death in the mammalian blastocyst. 
Mol. Hum. Reprod. 3, 919-925 
 
HARDY, K. (1999): 
Apoptosis in the human embryo. 
Rev. Reprod. 4, 125-134 
 
HARVEY, M.B. and P.L. KAYE (1992): 
Insulin-like growth factor-1 stimulates growth of mouse preimplantation embryos in 
vitro. 
Mol. Reprod. Dev. 31 195-199 
 
HARVEY, M.B., K.J. LECO, M.Y. ARCELLANA-PANLILIO, X. ZHANG, D.R. 
EDWARDS and G.A. SCHULTZ (1995): 
Roles of growth factors during peri-implantation development. 
Mol. Hum. Reprod. 1, 14 -20 
 
HASLER, J.F. (2003): 
The current status and future of commercial embryo transfer in cattle.  
Anim. Reprod. Sci. 79, 245-264 
 
HAY-SCHMIDT, A., D. VIUFF and P. HYTTEL (1997): 
Transcription in in vivo produced bovine zygotes and embryos. 
Theriogenology 47, 215 (Abstract) 
 
HEILIG, C.W., T. SAUNDERS, F.C. BROSIUS III, K MOLEY, K. HEILIG, R. BAGGS, 
L. GUO and D. CONNER (2003): 
Glucose transporter-1- deficient mice exhibit impaired development and deformities 
that are similar to diabetic embropathy. 
P.N.A.S 100, 15613-15618 
 
HENDRICKSEN, P.J.M., P.L.A.M. VOS, W.N.M. STEENWEG, M.M. BEVERS and 
S.J. DIELEMAN (2000): 
Bovine follicular development and its effect on the in vitro competence of oocytes. 
Theriogenology 53, 11-20 
 
 



References 

 128  

HERNANDEZ, N. (1993): 
TBP, a universal eukaryotic transcription factor? 
Genes. Dev. 7, 1291-1322 
 
HERRLER, A., A. LUCAS-HAHN and H. NIEMANN (1992): 
Effect of insulin-like growth factor-I on in vitro production of bovine embryos. 
Theriogenology 37, 1213-1224 
 
HERRLER, A., R. EINSPANIER, D. SCHAMS and H. NIEMANN (1994): 
Effect of recombinant bovine somatotropin (rBST) on follicular IGF-I contents and the 
ovarian response following superovulatory treatment in dairy cows: a preliminary 
study. 
Theriogenology 41, 601-611 
 
HOSHINO, Y., M, YOKOO, N. YOSHIDA, H. SASADA, H. MATSUMOTO and E. 
SATO (2004): 
Phosphatidylinositol 3-Kinase and Akt Participate in the FSH-Induced Meiotic 
maturation of mouse oocytes. 
Mol. Rep and Dev 69: 77-86  
 
HUANG, D.C.S, S. CORY, and A. STRASSER (1997): 
Bcl-2, Bcl-XL and adenovirus protein E1B19kD are functionally equivalent in their 
ability to inhibit cell death. 
Oncogene 14, 405-414 
 
HULL, K.L. and S. HARLEY (2001): 
Growth hormone: role in female reproduction. 
J. Endocrinol. 168, 1-23 
 
HYTTEL, P., D. VIUFF, B. AVERY, J. LAURINCIK and T. GREVE (1996): 
Transcription and cell cycle-dependent development of intranuclear bodies and 
granules in two-cell bovine embryos. 
J. Reprod. Fertil. 108, 263-270 
 
HYTTEL, P., T. FAIR, H. CALLESEN and T. GREVE (1997): 
Oocyte growth, capacitation and final maturation in cattle. 
Theriogenology 47, 23-32 
 
HYTTEL, P., D. VIUFF, T. FAIR, J. LAURINCIK, P.D. THOMPSEN, H. CALLESEN, 
P.L.A.M. VOS, P.J.M. HENDRIKSEN, S.J. DIELEMAN, K. SCHELLANDER, U. 
BESENFELDER and T. GREVE (2001): 
Ribosomal RNA gene expression and chromosome aberration in bovine oocytes and 
preimplantation embryos. 
Reproduction 122, 21-30 
 
 
 



References 

 129  

IGA, K., K. NIWA and A. BARTKE (1998): 
Possible involvement of insulin-like growth factor 1 in mediating the stimulatory effect 
of recombinant bovine growth hormone on maturation of bovine oocytes in vitro.  
J. Reprod. Dev 44, 243-251 
 
IPPEN, K., J.H. MILLER and J. SCAIFE (1968): 
New controlling element in the Lac Operon of E. coli. 
Nature 217, 825-827 
 
IRELAND, J.J. and J.F. ROCHE (1983): 
Development of non ovulatory antral follicles in heifers: changes in steroids in 
follicular fluid and receptors for gonadotropins. 
Endocrinology 112, 150-156 
 
IVANOV, V., A. BENNIAMINOV, A. MIKHEYEV and E. MINYAT (2001): 
A mechanism for stop codon recognition by the ribosome: a bioinformatic approach. 
RNA 7, 1683-1692 
 
JACKSON, R.J. and N. STANDART (1990): 
Do the poly (A) tail and 3’ unstranslated region control mRNA translation? 
Cell 62, 15-24 
 
JIN, X., C.S. HAN, F.Q. YU, P. WEI, Z.Y. HU,. and X.Y. LIU., (2005): 
Antiapoptotic action of stem cell factor on oocytes in primordial follicles and its signal 
transduction.  
Mol. Reprod. Dev. 70, 82– 90 
 
JOHNSON, J., J. CANNING, T. KANEKO, J.K. PRU and J.L. TILLY (2004): 
Germline stem cells and follicular renewal in the postnatal mammalian ovary. 
Nature 428, 145-150 
 
JONES, E.J., J.D. ARMSTRONG and R.W. HARLEY (1991): 
Changes in metabolites, metabolic hormones, and luteinizing hormone before 
puberty in Angus, Braford, Charolais and Simmental heifers.  
J. Anim. Sci 69, 1607-1615 
 
JOOST, H.G., G. BELL, J. BEST, M. BIRNBAUM, M. CHARRON, T. CHEN, H. 
DOEGE, D. JAMES, H. LODISH, K. MOLEY, M. MUECKLER, S. ROGERS, A. 
SCHÜRMAN, S. SEINO and B. THORENS (2002): 
Nomenclature of the GLUT/SLC2A family of sugar/polyol facilitators.  
Am. J. Physiol. Endocrinol. Metab. 282, E974-E976 
 
JOUSAN, F.D. and P.J. HANSEN (2004): 
Insulin like growth factor-I as a survival factor for the bovine preimplantation embryo 
exposed to heat shock. 
Biol. Reprod. 71, 1665-1670 
 



References 

 130  

JOUSAN, F.D. and P.J. HANSEN (2007): 
Insulin-like growth factor-I promotes resistance of bovine preimplantation embryo to 
heat shock through actions independent of its anti-apoptotic action requiring PI3K 
signaling. 
Mol. Reprod. Dev. 74, 189-196 
 
JURISICOVA, A., S.L. VARMUZA and R.F. CASPER (1996): 
Programmed cell death and human embryo fragmentation. 
Mol. Hum. Reprod. 2, 93-98 
 
JURISICOVA, A., K.E. LATHAM, R.F. CASPER and S.L. VARMUZA (1998a): 
Expression and regulation of genes associated with cell death during murine 
preimplantation embryo development. 
Mol. Reprod. Dev. 51, 243-253 
 
JURISICOVA, A, I. ROGERS, R.F. CASPER and S.L. VARMUZA (1998b): 
Effect of maternal age and condition of fertilization on programmed cell death during 
murine preimplantation embryo development. 
Mol. Hum. Reprod 4, 139-145 
 
KAMJOO, M., D.R. BRISON and S.J. KIMBER (2002): 
Apoptosis in the preimplantation mouse embryo: effect of strain difference and in 
vitro culture. 
Mol. Reprod. Dev. 61, 67-77 
 
KANE, L.P., V.S. SHAPIRO, D. STOKOE and A. WEISS(1999):  
Induction of NF-jB by the Akt/PKB kinase.  
Curr. Biol. 9, 601-604 
 
KARBOWSKI, M., Y.L. LEE, B. GAUME, S.Y. JEONG, S. FRANK, A. 
NECHUSHTAN, A. SANTEL, M. FULLER, C.L. SMITH and R.J. YOULE (2002): 
Spatial and temporal association of Bax with mitochondrial fission sites, drp1, and 
Mfn2 during apoptosis. 
J. Cell Biol. 159, 931-938 
 
KAUFFOLD, J., H.A. AMER, U. BERGFELD, W. WEBER and A. SOBIRAJ (2005): 
The in vitro developmental competence of oocytes from juvenile calves is related to 
follicular diameter. 
J. Reprod. Dev 51, 325-332 
 
KAYE, P.L., K.L. BELL, F.S. BEEBE, G.F. DUNGLISTON, H.G. GARDNER and M.B. 
HARLEY (1992): 
Insulin and insulin-like growth factor (IGF-I) in preimplantation development. 
Reprod. Fertil. Dev. 4, 119-123  
 
 
 



References 

 131  

KELEKAR, A. and C. THOMPSON (1998): 
BCL-2 family proteins: the role of the BH3 domain in apoptosis. 
Trends Cell Biol. 8, 324-330 
 
KENNEDY, S.G., E.S. KANDEL, T.K. CROSS and N. HAY (1999):  
Akt/Protein kinase B inhibits cell death by preventing the release of cytochrome c 
from mitochondria.  
Mol. Cell. Biol. 19, 5800-5810 
 
KERR, J.F., A.H. WYLLIE and A.R. CURRIE (1972): 
Apoptosis: a basic biological phenomenon with wide-ranging implication in tissue 
kinetics.  
Br. J. Cancer 26, 239-257 
 
KHAMSI, F., S. ROBERGE and J. WONG (2001a): 
Novel demonstration of physiologic /pharmacologic role of insulin-like growth factor-1 
in ovulation in rats and action on cumulus oophorus. 
Endocrine 14, 175-180 
 
KHAMSI, F., S. ROBERGE, Y. YAVAS, I.C LACANNA, X. ZHU and J. WONG 
(2001b): 
Recent discoveries in physiology of insulin-like growth factor-1 and its interaction with 
gonadotropins in follliculogenesis. 
Endocrine 16, 151-165 
 

KHATIR, H., P. LONERGAN, C. CAROLAN and P. MERMILLOD (1996): 

Prepubertal bovine oocyte: a negative model for study oocyte developmental 
competence. 

Mol. Reprod. Dev. 45,231-239 

 
KHURANA, N.K. and H. NIEMANN (2000a): 
Energy metabolism in preimplantation bovine embryo derived in vitro or in vivo. 
Biol. Reprod. 62, 847-856 
 
KHURANA, N.H. and H. NIEMANN (2000b): 
Effects of oocyte quality, oxigen tension, embryo density, cumulus cells and energy 
substrates on cleavage and morula blastocyst. 
Theriogenology 54, 741-756 
 
KHWAJA, A. (1999):  
Akt is more than just a Bad kinase.  
Nature 401, 33-34 
 
KNIGHT, P. and C. GLISTER (2001): 
Potential local regulation functions of inhibins, activins and follistatin in the ovary. 
Reproduction 121, 503-512. 



References 

 132  

KNIJN, H., J.O. GJØRRET, P.L.A.M. VOS, J.M. HENDRIKSEN, B.C. VAN DER 
WEIJDEN, P. MADDDOX-HYTTEL and S.J. DIELEMAN (2003): 
Consequences of in vivo development and subsequent culture on apoptosis, cell 
number, and blastocyst formation in bovine embryos. 
Biol. Reprod. 69, 1371-1378 
 
KNIJN, H.M., C. WRENZYCKI, P.J.M. HENDRIKSEN, P.L.A.M. VOS, E.C. 
ZEINSTRA, G.C. VAN DER WEIJDEN, P. MADDDOX-HYTTEL, H. NIEMANN and S. 
J. DIELEMAN (2005): 
In vitro and in vivo culture effects on mRNA expression of genes involved in 
metabolism and apoptosis in bovine embryos. 
Reprod. Fertil. Dev. 17, 775-784 
 
KO, J.C.H., J.P. KASTELIC, M.R. DEL CAMPO and O.J. GINTHER (1991): 
Effect of a dominant on ovarian follicular dynamics during the oestrous cycle in 
heifers. 
J. Reprod. Fertil. 91, 511-519 
KOTANI, K., K. YONEZAWA, K. HARA, H. UEDA, Y. KITAMURA, H. SAKAUE, A. 
ANDO, A. CHAVANIEU, B. CALAS and F. GRIGORESCU (1994): 
Involvement of phosphoinositide 3 kinase in insulin or IGF-I- induced membrane 
ruffling. 
EMBO J. 13, 2313-2321 
 
KOZAK, M. (1999): 
Initiation of translation in prokaryotes and eukaryotes. 
Gene 234, 187-208 
 
KUES, W.A., S. SUDHEER, D. HERMANN, J.W. CARNWATH, V. HAVLICEK, U. 
BESENFELDER, H. LEHRACH, J. ADJAYE and H. NIEMANN (2008) 
Genome-wide expression profiling reveals distinct clusters of transcriptional 
regulation during bovine preimplantation development in vivo. 
PNAS 105, 19768-19773 
 
KUEHNER, L.F., D. RIEGER, J.S. WALTON, X. ZHAO and W.H. JOHNSON (1993): 
The effect of a depot injection of recombinant bovine somatotropin on follicular 
development and embryo yield in superovulated Holstein heifers.  
Theriogenology 40, 1003-1013. 
 
KULIK, G. and M.J. WEBER (1998): 
Akt-dependent and –independent survival signaling pathways utilized by insulin-like 
growth factor. 
Mol. Cell. Biol. 18, 6711-6718 
 
 
 
 
 



References 

 133  

KUWER, A., E. LEMME and H. NIEMANN (1999): 
Developmental capacity of oocyte complexes collected from prepubertal cattle with 
and without gonadotropin stimulation employing ultrasound-guided follicular 
aspiration. 
Theriogenology 51,323 abst 
 
LARON, Z. (2001): 
Insulin-like growth factor 1 (IGF-1): a growth hormone.  
Mol. Pathol. 54, 311-316 
 
LAWLOR, M.A. and D.R. ALESSI (2001): 
PKB/AKT: a key mediator of cell proliferation, survival and insulin responses? 
J. Cell. Sci. 114, 2903-2910 
 
LAZZARI, G., C. WRENZYCKI, D. HERRMANN, R. DUCHI, T. KRUIP, H. NIEMANN 
and G. GALLI (2002): 
Cellular and molecular deviations in bovine in vitro-produced embryos are related to 
the large offspring syndrome. 
Biol. Reprod. 67, 767-775 
 
LEQUARRE, A.S., B. GRISANT, B. MOREAU, N. SCHUURBIERS, A. MASSIP and 
F. DESSY (1997): 
Glucose metabolism during bovine preimplantation development: analysis of gene 
expression in single oocytes and embryos. 
Mol. Reprod. Dev. 58, 216-226 
 
LEVESQUE, J.T. and M.A. SIRARD (1994): 
Proteins in oocytes from calves and adult cows before maturation: relationship with 
their developmental capacity. 
Reprod. Nutr. Dev. 34, 133-139 
 
LI, Y., D. DOWBENKO and L.A. LASKY (2002): 
AKT/PKB phosphorilation of P21cip/waf1 enhances protein stability of P21cip/waf1 and 
promotes cell survival. 
J. Bio. Chem. 29, 11352-11361 
 
LI. Y., V. CHANDRAKANTHAN, M.L. DAY, C. O’NEILL (2007): 
Direct evidence for the action of phosphatidylinositol (3,4,5)-triphosphate-mediated 
signal transduction in the 2-cell mouse embryo. 
Biol. Reprod. 77, 813-821 
 
LIGHTEN, A.D., K. HARDY, R.M. WINSTON and G.E. MOORE (1997):  
Expression of mRNA for the insulin-like growth factors and their receptors in human 
preimplantation embryos.  
Mol. Reprod. Dev. 47, 134-139 
 



References 

 134  

LIU, H-C., Z-Y. HE, C.A. MELE, L.L. VEECK, O. DAVIS and Z. ROSENWAKS 
(2000): 
Expression of apoptosis-related gene in human oocytes and embryos. 
J. Assist Reprod. Genet. 17, 521-533 
 
LOHUIS, M.M. (1995): 
Potential benefits of bovine embryo manipulation technologies in genetic 
improvement programmes. 
Theriogenology 43, 51-60 
 
LONERGAN, P., P. MONAGHAN, D. RIZOS, M.P. BOLAND and I. GORDON (1994): 
Effect of follicle size on bovine oocytes quality and developmental competence 
following maturation, fertilization, and culture in vitro. 
Mol. Reprod. Dev. 37, 48-53 
 
LONERGAN, P., A. GUTIERREZ-ADAN, B. PINTADO, T. FAIR, F. WARD, J.D. 
FUENTE and M. BOLAND (2000): 
Relationship between time of first cleavage and the expression of IGF-I growth factor, 
its receptor, and two housekeeping genes in bovine two-cell embryos and blastocysts 
produced in vitro. 
Mol. Reprod. Dev. 57, 146-152 
 
LONERGAN, P., D. RIZOS, A. GUTIERREZ-ADAN, P.M. MOREIRA, B. PINTADO, J 
DE LA FUENTE and M.P. BOLAND (2003): 
Temporal divergence in the pattern of messenger RNA expression in bovine embryos 
cultured from the zygote to blatocyst stage in vitro or in vivo.  
Biol. Reprod. 69, 1424-1431 
 
LOONEY, C.R., B.R. LINDSEY, C.L. GONSETH and D.L. JOHNSON (1994): 
Commercial aspects of oocyte retrieval and in vitro fertilization (IVF) for embryo 
production in problem cows.   
Theriogenology 41, 167-172 
 
LOONEY, C.R., P. DAMIANI, B.R. LINDSEY, C.R. LONG, C.L. GONSETH and D.L. 
JOHNSON (1995): 
Use of prepubertal heifers as oocyte donors for IVF: effect of age and gonadotropin 
treatment. 
Theriogenology 43, 268 abst 
 
LORENZO, P.L., M.J. ILLERA, J.C. ILLERA and M. ILLERA (1994): 
 Enhancement of cumulus expansion and nuclear maturation during bovine oocyte 
maturation in vitro by the addition of epidermal growth factor and insulin-like growth 
factor I.  
J. Reprod. Fertil. 101, 697-701. 
 
 
 



References 

 135  

LORENZO, P.L., M.J. ILLERA, J.C. ILLERA and M. ILLERA (1995a): 
Role of EGF, IGF-I, sera and cumulus cells on maturation in vitro of bovine oocytes. 
Theriogenology 44, 109-118 
 
LORENZO, P.L., M.J. ILLERA, J.C. ILLERA and M. ILLERA (1995b): 
Influence of growth factors on the time-dependent meiotic progression of the bovine 
oocytes during their in vitro maturation. 
Rev. Esp. Fisiol. 51, 77-83 
 
MADDOX-HYTTEL, P., J.O. GJØRRET, G. VATJA, N.I. ALEXOPOPULOS, I. 
LEWIS, A.O. TROUNSON, D. VIUFF, J. LAURINCIK, M. MULLER, P. TVEDEN-
NYBORG and P.D. THOMPSEN (2003): 
Morphological assessment of pre-implantation embryo quality in cattle. 
Reproduction Suppl. 103-119 
 
MAJERUS, V., R. DE ROVER, D. ETIENNE, S. KAIDI, A. MASSIP, F. DESSY and I. 
DONNAY (1999): 
Embryo production by ovum pick up in unstimulated calves before and after puberty. 
Theriogenology 52, 1169-1179. 
 
MAJERUS, V., A.S. LEQUARE, D. ETIENNE, S. KAIDI, A. MASSIP, F. DESSY and I. 
DONNAY (2000): 
Characterization of embryos derived from calf oocytes: kinetic and cleavage, cell 
allocation to inner cell mass, and throphectoderm and lipid metabolism. 
Mol. Reprod. Dev.. 57, 346-354 
 
MAKAREVICH, A.V. and M. MARKKULA (2002): 
Apoptosis and cell proliferation potential of bovine embryos stimulated with insulin 
like growth factor I during in vitro maturation and culture. 
Biol. Reprod. 66, 386-392 
 
MARTINOU J.C. and D.R. GREEN (2001): 
Breaking the mitochondrial barrier.  
Nat. Rev. Mol. Cell. Biol. 2, 63-67 
 
MASSICOTE, L., P. HYTTEL and M.A. SIRARD (1999): 
Ultra structure of oocytes from three months old calves treated with gonadotrophin 
releasing hormone (GnRH) and follicle stimulating hormone (FSH). 
Theriogenology 51, 305 abst 
 
MATSUI, M., Y. TAKAHASHI, M. HISHIMURA and H. KANAGAWA (1997): 
Stimulation of the development of bovine embryos by insulin and insulin-like growth 
factor-I (IGF-I) is mediated through the IGF-I receptor. 
Theriogenology 48, 605-616 
 
 
 



References 

 136  

MEDEMA, R.H., G.J. KOPS, J.L. BOS, and B.M. BURGERING (2000): 
AFX–like forkhead transcription factor mediate cell-cycle regulation by Ras and PKB 
through p27kip1.  
Nature 404, 782-787 
 
MEMILI. E. and N.L. FIRST (1999): 
Control of gene expression at the onset of bovine embryonic development. 
Biol. Reprod. 61, 1198-1207 
 
MCCAFFERY, F.H., B.K. CAMPBELL and E.E. TELFER (2001): 
The effect of IGF-1 on the development of bovine preantral follicles in vitro, 
Biol. Reprod. 64, Suppl. 1, Abst 9  
 
MCDONALD, K.A., J.W. PENNO, A.M. BRYANT and J.R. ROCHE (2005): 
Effect of feeding level pre-and post-puberty and body weight at first calving on 
growth, milk production, and fertility in grazing dairy cows. 
J. Dairy. Sci. 88, 3363-3375 
 
MIHM, M., T.E.M. GOOD, J.L.H. IRELAND, J.J. IRELAND, P.G. KNIGHT and J.F. 
ROCHE (1997): 
Decline in serum follicle-stimulating hormone concentration alter key intrafollicular 
growth factors involved in selection of dominant follicle in heifers. 
Biol. Reprod. 57, 1328-1337 
 
MIHM, M. and E.J. AUSTIN (2002): 
The final stages of dominant follicle selection in cattle. 
Dom. Anim. Endocrinol. 23, 155-166 
 
MONGET, P. and D. MONNIAUX (1995): 
Growth factors and control of folliculogenesis. 
J. Reprod. Fertil. 49, 321-333. 
 
MORAN, C., J.F. QUIRKE and J.F. ROCHE (1989): 
Puberty in heifers: a review. 
Anim. Reprod. Sci. 18, 167-182 
 
MOREIRA, F., F.F. PAULA-LOPES, P.J. HANSEN, L. BADINGA and W.W. 
THATCHER (2002): 
Effects of growth hormone and insulin-like growth factor-1 on development of in vitro 
derived bovine embryos.  
Theriogenology 57, 895-907 
 
MORROW, D.A., L.V. SWANSON and H.D. HAFS (1976): 
Estrous behaviour and ovarian activity in peripubertal heifers. 
Theriogenology 6, 427-435 
 



References 

 137  

MUISE-HELMERICKS, R.C., H.L. GRIMES, A. BELLACOSA, S.E. MALSTROM, P. 
N. TSICHLIS and N. ROSEN (1998):  
Cyclin D expression is controlled post-transcriptionally via a phosphatidylinositol 3-
kinase/Akt-dependent pathway.  
J. Biol. Chem. 273, 29864-29872 
 
MURPHY, L.J., G.I. BELL and H.G. FRIESEN (1987): 
Tissue distribution of insulin-like growth factor I and II messenger ribonucleic acid the 
adult rat. 
Endocrinology 120, 1279-1282 
 
NAKAMURA, N., S. RAMASWAMY, F. VASQUEZ, S. SIGNORETTI, M. LODA and 
W.R. SELLERS (2000): 
Forkhead transcription factor are critical effectors of cell death and cell cycle arrest 
downstream of PTEM. 
Mol. Cell. Biol. 20, 8969-8982 
 
NAVARRETE SANTOS, A., S. TONACK, M. KIRSTEIN, M. PANTALEON, P. KAYE 
and B. FISHER (2004): 
Insulin acts via mitogen-activated protein kinase phosphorylation in rabbit blastocyst. 
Reproduction 128, 517-526 
 
NIEMANN, H. and C. WRENZYCKI (2000): 
Alteration of expression of developmentally important genes in preimplantation 
bovine embryos by in vitro culture conditions. Implications for subsequent 
development.  
Theriogenology 53, 21-34 
 
NIEMANN, H., C. WRENZYCKI, A. LUCAS-HAHN, T. BRAMBRINK, W.A. KUES and 
J.W. CARNWATH (2002): 
Gene expression patterns in bovine in vitro-produced and nuclear transfer-derived 
embryos and their implications for early development. 
Cloning Stem Cells 4, 29-38 
 
NOWAK-IMIALEK, M., C. WRENZYCKI, D. HERRMANN, A. LUCAS-HAHN, I. 
LAGUTINA, E. LEMME, G. LAZZARI, C. GALLI and H. NIEMANN (2008): 
Messenger RNA expression patterns of histone-associated gene in bovine 
preimplantation embryos derived from different origins. 
Mol. Reprod. Dev. 75, 731-743 
 
NUTTINK, F., G. CHARPIGNY, P. MERMILLOD, H. LOOSFELT, G. MEDURI, S. 
FRERET, B. GRIMARD and Y. HEYMAN (2004): 
Expression of components of the insulin-like growth factor systems and gonadotropin 
receptors in bovine cumulus-oocyte complexes during oocyte maturation. 
Dom. Anim. Endocrinol. 27, 179-195 
 



References 

 138  

O’CALLAGHAN, D., H. YAAKUB, P. HYTTEL, L.J. SPICER and M.P. BOLAND 
(2000):  
Effect of nutrition and superovulation on oocyte morphology, follicular fluid 
composition and systemic hormone concentrations in ewes.  
J. Reprod. Fertil. 118, 303-313 
 
O’NEILL, C. (2008): 
Phosphatidylinositol 3-kinase signalling in mammalian preimplantation embryo 
development. 
Reproduction 136, 147-156 
 
OLTVAI, Z.N., C.L. MILLIMAN and S.J. KORSMEYER (1993): 
Bcl-2 heterodimerizes in vivo with a conserved homolog, Bax, that accelerates 
programmed cell death.  
Cell 74, 609-619 
 
ONUMA, H., J. HAHN and R.H. FOOTE (1970): 
Factors affecting superovulation, fertilization and recovery of superovulated ova in 
prepubertal cattle. 
J. Reprod. Fertil. 21, 119-126 
 
OROPEZA, A., C. WRENZYCKI, D. HERRMANN, K.G. HADELER and H. NIEMANN 
(2004):  
Improvement of the developmental capacity of oocytes from prepubertal cattle by 
intraovarian insulin-like growth factor-I application.  
Biol. Reprod. 70, 1634-1643 
 
OROPEZA. A., K.G. HADELER and H. NIEMANN (2006): 
Application of ultrasound-Guided follicular aspiration (OPU) in prepubertal and adult 
cattle. 
J. Reprod. Dev. 52, S31-S38 
 
OZES, O.N., L.D. MAYO, J.A. GUSTIN, S.R. PFEFFER, L.M. PFEFFER and D.B. 
DONNER (1999): 
NF-jB activation by tumour necrosis factor requires the Akt serine-threonine kinase. 
Nature 401, 82-85 
 
PALMA, G.A., M. MULLER and G. BREM (1997): 
Effect of insulin-like growth factor I (IGF-I) at high concentration on blastocyst 
development of bovine embryos produced in vitro.  
J. Reprod. Fertil. 110, 347-354 
 
PALMA, G.A., D.J. TORTONESE and F. SINOWATZ (2001): 
Developmental capacity in vitro of prepubertal oocytes. 
Anat. Hist. Embryol. 30, 295-300 
 



References 

 139  

PANTALEON, M., M.B. HARVEY, W.S. PASCOE, D.E. JAMES, and P.L. KAYE 
(1997): 
Glucose transporter GLUT3: Ontogeny, targeting, and role in the mouse blastocyst. 
PNAS 94, 3795-380 
 
PANTALEON, M and P.L. KAYE (1996): 
IGF-I and insulin regulate glucose transport in mouse blastocyst via IGF-I receptor. 
Mol. Reprod. Dev. 44, 71-76 
 
PANTALEON, M and P.L. KAYE (1998): 
Glucose transporters in preimplantation development. 
Rev. Reprod. 3, 77-81 
 
PAULA-LOPEZ, F.F. and P.J. HANSEN (2002): 
Heat-shock induced apoptosis in preimplantation bovine embryos is a 
developmentally regulated phenomenon. 
Biol. Reprod. 66, 169-177 
 
PAVLOK, A., A. LUCAS-HAHN and H. NIEMANN (1992): 
Fertilization and developmental competence of bovine oocytes derived from different 
categories of antral follicles.  
Mol. Reprod. Dev. 31, 63-67 
 
PERKS, C.M., A.R. PETERS and D.C. WATHES (1999): 
Follicular and luteal expression of insulin-like growth factors I and II and the type 1 
IGF receptor in the bovine ovary. 
J. Reprod. Fertil. 116, 157-165 
 
PESTOVA, T.V., S.I. BORUKHOV and C.U.T. HELLEN (1998): 
Eukaryotic ribosomes require initiation factor 1 and 1A to locate initiation codons.  
Nature 394, 854-859 
 
PICTON, H., D. BRIGGS and R. GOSDEN (1998): 
The molecular basis of oocytes growth and development. 
Mol. Cell Endocrinol. 145, 27-37 
 
PIERCE, G.B, A.L LEWELLYN and R.E. PARCHMENT (1989): 
Mechanism of programmed cell death in the blastocyst. 
PNAS 86, 3654-3658 
 
PIERSON, R.A. and O.J. GINTHER (1984): 
Ultrasonography of the bovine ovary. 
Theriogenology 21, 495-504 
 
PIETERSE, M.C., K.A. KAPPEN, T.A. KRUIP and M.A. TAVERNE (1988): 
Aspiration of bovine oocytes during transvaginal ultrasound scanning of the ovaries. 
Theriogenology 30, 751-762  



References 

 140  

PINTO, A.B., M.O. CARAYANNOPOULOS, A. HOEHN, L. DOWD and K.H. MOLEY 
(2002): 
Glucose transporter 8 expression and translocation are critical for murine blastocyst 
survival. 
Biol. Reprod. 66, 1729-1733 
 
PONEBSEK, S. (2005): 
Experimentelle Untersuchungen zur Verbesserung der Entwicklungsfähigkeit boviner 
Oozyten präpuberaler Spender durch In-vitro-Reifung auf Granulosazellmonolayern 
adulter Tiere. 
Hannover Tierärzl. Hochsch., Diss 
 
PRESICCE, G.A., S. JIANG, M. SIMKIN, L. ZHANG, C.R. LOONEY, R.A. GODKE 
and X. YANG (1997): 
Age and hormonal dependence of acquisition of oocytes competence for 
embryogenesis in prepubertal calves. 
Biol. Reprod. 56, 386-392 
 
PROUDFOOT, N. (1991): 
Poly(A) signals. 
Cell 64, 671-674 
 
QUIRK, S.M., R.M. HARMAN and R.G. COWAN (2000): 
Regulation of Fas antigen (Fas, CD95)-mediated apoptosis of bovine granulosa cells 
by serum and growth factors. 
Biol. Reprod. 63 1278-128 
 
RAHE, C.H., R.E. OWENS, J.L. FLEEGER, H.J. NEWTON and P.G. HARMS (1980): 
Pattern of plasma luteinizing hormone in the cyclic cow: dependence upon the period 
of the cycle. 
Endocrinology 107, 498-503 
 
RAJAKIOSKI, E (1960): 
The ovarian follicular system in sexually mature heifers with special reference to 
seasonal, cyclical, end left-right variation 
Acta Endocrinol. (Suppl) 34, 1-68 
 
REDMER, D.A. and L.P. REYNOLDS (1996): 
Angiogenesis in the ovary. 
Rev. Reprod. 1, 182-192 
 
REVEL, F., P. MERMILLOD, N. PEYNOT, J.P. RENARD and Y. HEYMAN (1995): 
Low developmental capacity of in vitro matured and fertilized oocytes from calves 
compared with that of cows. 
J. Reprod. Fertil. 103, 115-120 
 
 



References 

 141  

RICHARDS, M.W., R.P. WETTEMANN, L.J. SPICER and G.L. MORGAN (1991):  
Nutritional anestrus in beef cows: effects of body condition and ovariectomy on 
serum luteinizing hormone and insulin-like growth factor-I.  
Biol. Reprod.  44, 961-966. 
 
 
RIEGER, D., A.M. LUCIANO, S. MODINA, P. POCAR, A. LAURIA and F. GANDOLFI 
(1998): 
The effects of epidermal growth factor and insulin-like growth factor I on the 
metabolic activity, nuclear maturation and subsequent development of cattle oocytes 
in vitro.  
J. Reprod. Fertil. 112, 123-130 
 
RILEY, J.K., M.O. CARAYANNOPOULOS, A.H. WYMAN, M CHI, CK RATAJCZAK 
and K.H. MOLEY (2005): 
The PI3K/AKT pathway is present and fuctional in the preimplantation mouse 
embyro. 
Dev. Biol. 284, 377-386 
 
RILEY, J.K. and K.H. MOLEY (2006): 
Glucose utilization and the PI3-K pathway: mechanism for cell survival in 
preimplantation embryos. 
Reproduction 131, 823-825 
 
RIVERA, G.M. and J.E. FORTUNE (2003): 
Proteolysis of insulin-like growth factor binding protein-4 and -5 in bovine follicular 
fluid: implication for ovarian follicle selection and dominance. 
Endocrinology 144, 2977-2987 
 
RODGERS, J.R. and R.R. RICH (1991): 
Molecular biology and immunology: an introduction. 
J. Allergy Clin. Immunol. 88, 535-551 
 
RODRIGUES, H.D., J.E. KINDER and L.A. FITSPATRICK (2002): 
Estradiol regulation of luteinizing hormone secretion in heifers of two breeds types 
that reach puberty at different ages. 
Biol. Reprod. 66, 603-609 
 
ROEDER, R.G. and W.J. RUTTER (1969): 
Multiple forms of DNA-dependent RNA polymerase in eukaryotic organisms. 
Nature 224, 234-237 
 
ROMASHKOVA, J. A. and S.S. MAKAROV (1999):  
NF-jB is a target of AKT in antiapoptotic PDGF signalling.  
Nature 401, 86-90 
 



References 

 142  

RUBIO POMAR, F.J, K.J. TEERDS, A. KIDSON, B. COLENBRANDER, T. 
THARASANIT, B. AGUILAR and B.A.J. ROELEN (2005): 
Differences in the incidence of apoptosis between in vivo and in vitro produced 
blastocyst of farm animal species: a comparative study. 
Theriogenology 63, 2254-2268 
 
SABBATINI, P. and F. MCCORMICK (1999):  
Phosphoinositide 3-OH kinase (PI3K) and PKB/Akt delay the onset of p53-mediated, 
transcriptionally dependent apoptosis. 
J. Biol. Chem. 274, 24263-24269 
 
SAKAGUCHI, M., T. DOMINKO, M.L. LEIBFRIED-RUTLEDGE, T. NAGAI and N.L. 
FIRST (2000): 
A combination of EGF and IGF-1 accelerates the progression of meiosis in bovine 
follicular oocytes and fetal calf serum neutralizes the acceleration effect. 
Theriogenology 54, 1327-1342 
 
SAKAGUCHI, M., T. DOMINKO, N. YAMAUCHI, M.L. LEIBFRIED-RUTLEDGE, T. 
NAGAI and N.L. FIRST (2002):  
Possible mechanism for acceleration of meiotic progression of bovine follicular 
oocytes by growth factors in vitro.  
Reproduction 123, 135-142 
 
SALAMONE, D.F., P. DAMIANI, A. FISSORE, J.M. ROBL and R.T. DUBY (2001): 
Biochemical and developmental evidence that ooplasmic maturation of prepubertal 
bovine oocytes is compromised. 
Biol. Reprod. 63, 1761-1768 
 
SALHA, O., N. ABUSHEIKA and V. SHARMA (1998): 
Dynamics of human follicular growth and in vitro oocytes maturation. 
Hum. Reprod. Update 4, 816-832 
 
SALMON, W.D. Jr and W.H. DAUGHADAY (1957): 
A hormonally controlled serum factor which stimulate sulphate incorporation by 
cartilage in vitro. 
J. Lab. Clinical Med. 149, 825-836 
 
SANTIAGO, C.A., J.L. VOGE, P.Y. AAD, D.T. ALLEN, D.R. STEIN, J.R. MALAYER 
and L.J. SPICER (2005): 
Pregnancy-associated plasma protein A and insulin-like growth factor binding 
proteins mRNAs in granulosa cells of dominant and subordinate follicle of 
preovulatory cattle. 
Dom. Anim. Endocrinol. 28, 46-63 
 
 
 



References 

 143  

SATTLER, M., H. LIANG, D. NETTESHEIM, R.P. MEADOWS, J.E. HARLAN, M. 
EBERSTADT, H.S. YOON, S.B. SHUKER, B.S. CHANG, A.J. MINN, C.B. 
THOMPSON and S.W. FESIK (1997): 
Structure of Bcl-xL–Bak peptide complex: recognition between regulators of 
apoptosis. 
Science 275, 983-986 
 
SCHAMS, D., B. BERISHA, M. KOSMANN and W.M. AMSELGRUBER (2002): 
Expression and localization of IGF family members in bovine antral follicles during 
final growth and luteal tissue during different stages of estrous cycle and pregnancy. 
Dom. Anim. Endocrinol. 22, 51-72 
 
SCHILLO, K.K., J.B. HALL and S.M. HILEMAN (1992): 
Effect of nutrition and season on the onset of puberty in the beef heifer. 
J. Anim. Sci. 70, 3994-4005 
 
SCHOPPE, P.D., J.D. ARMSTRONG, R.W. HARLEY, M.D. WHITACLE, A. FELIX 
and R.M. CAMPBELL (1996): 
Immunization against growth hormone releasing factor or chronic feed restriction at 
3.5 months of age and delays onset of puberty in heifers.  
Biol. Reprod. 55, 87-98 
 
SEDLAK, T.W., Z.N. OLTVAI, E. YANG, K. WANG, L.H. BOISE, C.B. THOMPSON, 
and S.J. KORSMEYER (1995): 
Multiple BCL-2 family members demonstrate selective dimerizations with BAX. 
PNAS 92, 7834-7838 
 
SHARP, P.A. (1988): 
RNA splicing and genes. 
J.A.M.A 260, 3035-3041 
 
SHIMADA, M., J. ITO, Y. YAMASHITA, T. OKAZAKI and N. ISOBE (2003): 
Phosphatidylinositol 3-kinase in cumulus cells is responsible for both suppression of 
spontaneous maturation and induction of gonadotropin- stimulated maturation of 
porcine oocytes.  
J. Endocrinol. 179, 25-34 
 
SILVA, K.M. and C.A. PRICE (2001): 
Effect of follicle-stimulating hormone on steroid secretion and messenger ribonucleic 
acids encoding cytochromes P450 aromatase and cholesterol side-chain cleavage as 
bovine granulosa cells in vitro. 
Biol. Reprod. 62, 186-191 
 
 
 
 



References 

 144  

SIMPSON, R.B., J.D. ARMSTRONG, R.W. HARLEY, D.C. MILLER, E.P. HEIMER 
and R.M. CAMPBELL (1991): 
Effect of active immunization against growth hormone-releasing factor on growth and 
onset of puberty in beef heifers.  
J. Anim. Sci. 69, 4914-4924 
 
SINGH, J., G.P. ADAMS and R.A. PIERSON (2003): 
Promise of new imaging technologies for assessing ovarian function. 
Anim. Reprod. Sci. 78, 371-399 
 
 
SIRISATHIEN, S., H.J. HERNANDEZ-FONSECA and B.G. BRACKETT (2003): 
Influences of epidermal growth factor and insulin-like growth factor-1 on bovine 
blastocyst development in vitro. 
Anim. Reprod. Sci. 77, 21-32 
 
SIRISATHIEN, S. and B.G. BRACKETT (2003): 
TUNEL analyses of bovine blastocyst after culture with EGF and IGF-I. 
Mol. Reprod. Dev. 65, 51-56 
 
SMITZ, J.E.J. and R.G. CORTVRINDT (2002): 
The earliest stages of folliculogenesis in vitro. 
Reproduction 123, 185-202 
 
SMOTRICH, D.B., R.J. STILLMAN, E.A. WIDRA, P. R. GINDOFF, P.R., KAPLAN, M. 
GRAUBERT, and K.E. JOHNSON (1996):  
Immunocytochemical localization of growth factors and their receptors in human pre-
embryos and Fallopian tubes. 
Hum. Reprod. 11, 184-190 
 
SOTO, P., R.P. NATZKE and P.J. HANSEN (2003): 
Actions of tumor necrosis factors-α on oocyte maturation and embryonic 
development in cattle. 
Am. J. Reprod Immunol. 50, 380-388 
 
SPANOS, S., D.L. BECKER, R.M. WINSTON and K. HARDY (2000):  
Anti-apoptotic action of insulin like growth factor during human preimplantation 
embryo development. 
Biol. Reprod. 63, 1413-1420 
 
SPANOS, S., S. RICE, P. KARAGIANNIS, D. TAYLOR, D.L. BECKER, R.M.L. 
WINSTON and K. HARDY (2002):  
Caspase activity and expression of cell death genes during development of human 
preimplantation embryos. 
Reproduction 124, 353-363 
 
 



References 

 145  

SPICER, L.J. and S.E. ECHTERNKAMP (1986): 
Ovarian Follicular growth, function and turnover in cattle: a review. 
J. Anim. Sci. 62, 428-451 
 
SPICER, L.J., M.A. CROWE, D.J. PRENDIVILLE, D. GOULDING and W.J. 
ENRIGHT (1992): 
Systemic but not intraovarian concentration of insulin-like growth-I are affected by 
short-term fasting. 
Biol. Reprod. 46, 920-925 
 
SPICER, L.J., E. ALPIZAR and S.E. ECHTERNKAMP (1993): 
Effect of insulin, insulin-like growth factor, and gonadotropins on bovine granulosa 
cell proliferation, progesterone production, estradiol production, and (or) insulin-like 
growth factor I production in vitro. 
J. Anim. Sci. 71, 1232-1241 
 
SPICER, L.J and S.E. ECHTERNKAMP (1995): 
The ovarian insulin and insulin growth factors systems with emphasis on domestic 
animals. 
Dom. Anim. Endocrinol. 12, 223-245 
 
SPICER, L.J., P. ALVAREZ, T.M. PRADO, G.L. MORGAN and T.D. HAMILTON 
(2000): 
Effects of intraovarian infusion of insulin-like growth factor on ovarian follicular 
function in cattle. 
Dom. Anim. Endocrinol. 18, 265-278 
 
SPICER, L.J. and C.S. CHAMBERLAIN (2000): 
Production of insulin-like growth factor I by granulosa cell but not thecal cells is 
hormonally response in cattle. 
J. Anim. Sci. 78, 2919-2926 
 
SPICER, L.J., C.S. CHAMBERLAIN and S.M. MACIEL (2002): 
Influence of gonadotropins on insulin and insulin-like growth factor I (IGF-I)-induced 
steroid production by bovine granulosa cells 
Dom. Anim. Endocrinol. 22, 237-254 
 
SPICER, L.J. (2004): 
Proteolytic degradation of insulin-like growth factor binding protein by ovarian follicle: 
a control mechanism for selection of dominant follicles. 
Biol. Reprod. 70, 1223-1230 
 
STAAL, S.P., J. HARTLEY and W. ROWIE (1977):  
Isolation of transforming murine leukaemia viruses from mice with a high incidence of 
spontaneous lymphoma. 
PNAS 74, 3065-3067 
 



References 

 146  

STANTON, J.A., A.B. MACGREGOR and D.P. GREEN (2003): 
Gene expression in the mouse preimplantation embryo. 
Reproduction 125, 457-468 
 
STEEVES, T.E. and D.K. GARDNER (1999): 
Metabolism of glucose, pyruvate and glutamine during the maturation of oocytes 
derived prepubertal and adult cows. 
Mol. Reprod. Dev. 54, 92-101 
 
STEEVES, T.E., D.K. GARDNER, K.A. ZUELKE, T.S. SQUIRES and R.C. FRY 
(1999): 
In vitro development and nutrient uptake by embryos derived from oocytes of pre-
pubertal and adult cows. 
Mol. Reprod. Dev. 54, 49-56 
 
STEFANELLO, J.R., M.H. BARRETA, P.M. PORCIUNCULA, J.N. ARRUDA, J.F. 
OLIVEIRA, M.A. OLIVEIRA and P.B. GONÇALVES (2006): 
Effect of angiotensin II with follicle cells and insulin-like growth factor-I or insulin on 
bovine oocyte maturation and embryo development. 
Theriogenology 66, 2068-2076 
 
STEWART, R.E., L.J. SPICER, D.T. HAMILTON and B.E. KEEFER (1995): 
Effects of insulin-like growth factor I and insulin on proliferation and basal luteinizing 
hormone-induced steroidogenesis of bovine theca cells: involvements of glucose and 
receptors for insulin-like growth factor I and luteinizing hormone. 
J. Anim. Sci. 73, 3719-3731 
 
SUDO, N., T. SHIMIZU, C, KAWASHIMA, E, KANEKO, M, TETSUKA and A. 
MIYAMOTO (2007): 
Insulin-like growth factor-I (IGF-I) systems during follicle development in the bovine 
ovary: relationship among IGF-I, type 1 IGF receptor (IGFR-1) and pregnancy 
associated plasma protein-A (PAPP-A). 
Mol. Cell Endocrinol. 264, 197-203 
 
SUSIN, S.A., H.K. LORENZO, N. ZANZAMI, I. MARZO, B.E. SNOW, G.M. 
BROTHER, J. MANGION, J. JACOTOT, P. CONSTANTINI and M. LOEFLER (1999): 
Molecular characterization of mitochondrial apoptosis inducing factor. 
Nature 397, 441-446 
 
TANEJA, M., P.E.J. BOLS, A. VAN DE VELDE; J.C. JU, D. SCHREIBER; M.W. 
TRIPP, H. LEVINE, Y. ECHELARD, J. RIESEN and X. YANG (2000): 
Developmental competence of juvenile calf oocytes in vitro and in vivo: influence of 
donor animal variation and repeated gonadotropin stimulation. 
Biol. Reprod. 62, 206-213 
 
 
 



References 

 147  

TELFORD, N.A., A.J. WATSON and G.A. SCHULZ (1990): 
Transition from maternal to embryonic control in early mammalian development: a 
comparison of several species. 
Mol. Reprod. Dev. 26, 90-100 
 
TILLY, J.L., Y. NIIKURA and B.R. RUEDA (2009): 
The current status of evidence for and against postnatal oogenesis in mammals: a 
case of ovarian optimism versus pessimism? 
Biol. Reprod. 80, 2-12 
 
VAN DER HURK, R., R. ABIR, E.E. TELFER and M.M. BEVERS (2000): 
Primate and bovine immature oocytes and follicles as sources of fertilizable oocytes. 
Hum. Reprod. Update 6, 457-474 
 
VAN DER HURK, R. and J. ZHAO (2005): 
Formation of mammalian oocytes and their growth, differentiation and maturation 
within ovarian follicles. 
Theriogenology 63, 1717-1751 
 
VANHAESEBROECK, B. and D.R. ALESSI (2000): 
The PI3K–PDK1 connection: more than just a road to PKB. 
Biochem. J. 346, 561-576 
 
VELAZQUEZ, M.A., M. NEWMAN, M.F. CHRISTIE, P.J. CRIPPS, M.A. CROWE, 
R.F. SMITH and H. DOBSON (2005):  
The usefulness of a single measurement of insulin-like growth factor-1 as a predictor 
of embryo yield and pregnancy rates in a bovine MOET program. 
Theriogenology 64, 1977-1994 
 
VELAZQUEZ, M.A., L.J. SPICER and D.C. WATHES (2008): 
The role of endocrine insulin-like growth factor-I (IGF-I) in female bovine 
reproduction. 
Dom. Anim. Endocrinol. 35, 325-342 
 
VELAZQUEZ, M.A., J. ZARAZA, A. OROPEZA, R. WEBB and H. NIEMANN (2009): 
The role of IGF-I in the in vivo production of bovine embryos from superovulated 
donors. 
Reproduction 137, 161-180 
 
VIUFF, D., B AVERY, T. GREVE, W.A. KING and P. HYTTEL (1996): 
Transcriptional activity in in vitro produced bovine 2-and 4 cell embryos. 
Mol. Reprod. Dev. 43, 171-179 
 
WANDJI, S.A., M.A FORTIER and M.A. SIRARD (1992): 
Differential response to gonadotropin and prostaglandin E2 in ovarian tissue during 
prenatal and postnatal development in cattle. 
Biol. Reprod. 46, 1034-1041 



References 

 148  

WALKER, K.S., M. DEAK, A. PATERSON, K. HUDSON, P. COHEN and D.R. 
ALESSI (1998): 
Activation of protein kinase B b and c isoforms by insulin in vivo and by 3-
phosphoinositide-dependent protein kinase-1 in vitro: comparison with protein kinase 
B a. 
Biochem. J. 331, 299-308 
 
WANG, C.Y., C. GUTTRIDGE, M.W. MAYO and A.S. BALDWIN (1999): 
NF-κB induces expression of the Bcl-2 homologue A1/Bfl-1 to preferentially suppress 
chemotherapy-induced apoptosis. 
Mol. Cell. Biol. 19, 5923-5929 
 
WASIELAK, M. and M. BOGACKI (2007):  
Apoptosis inhibition by insulin-like growth factor (IGF)-I during in vitro maturation of 
bovine oocytes.  
J. Reprod. Dev. 53, 419-426 
 
WASSARMAN, P.M. (1988): 
Zona pellucida gycoproteins. 
Ann. Rev. Biochem. 57, 415-442 
 
WATSON, A.J., A. HOGAN, A. HAHNEL, K.E. WIEMER and G.A. SCHULTZ (1992): 
Expression of growth factor ligand and receptor genes in the preimplantation bovine 
embryo. 
Mol. Reprod. Dev. 31, 87-95 
 
WILLIE, A.H. (1997): 
Apoptosis: an overview. 
British Medical Bulletin 53, 451-465 
 
WRATHALL, J.H. and P.G. KNIGHT (1995): 
Effect of inhibin related peptides and estradiol on androstenedione and progesterone 
secretion by bovine theca cells in vitro. 
J. Endocrinol. 145, 491-500 
 
WRENZYCKI, C., D. HERRMANN, A. LUCAS-HAHN, E. LEMME, K. KORSAWE and 
H. NIEMANN (2004): 
Gene expression patterns in in vitro-produced and somatic nuclear transfer-derived 
preimplantation bovine embryos: relationship to the large offspring syndrome? 
Anim. Reprod. Sci. 82-83, 593-603 
 
WRENZYCKI, C., D. HERRMANN, A. LUCAS-HAHN, K. KORSAWE, E. LEMME and 
H. NIEMANN (2005): 
Messenger RNA expression pattern in bovine embryos derived from in vitro 
procedures and their implications for development. 
Reprod. Fertil. Dev. 17, 23-35 
 



References 

 149  

XU, Z., H.A. GARVERICK, G.W. SMITH, M.F. SMITH, S.A. HAMILTON and R.S. 
YOUNQUIST (1995): 
Expression of follicle-stimulating hormone and luteinizing hormone receptor 
messenger ribonucleic acids in bovine follicle during the first follicular wave. 
Biol. Reprod. 53, 951-957 
 
YANG, E., J. ZHA, J. JOCKEL, L. H. BOISE, C.B. THOMPSON and S. J. 
KORSMEYER (1995): 
Bad, a heterodimeric partner for BCL-XL and BCL-2, displaces BAX and promotes 
cell death. 
Cell 80, 285-291 
 
YANG, M.Y. and R. RAJAMAHENDRAN (2000): 
Morphological and biochemical identification of apoptosis in small, medium, and large 
bovine follicles and the effects of follicle-stimulating hormone and insulin-like growth 
factor-1 on spontaneous apoptosis in cultured bovine granulosa cells.  
Biol. Reprod. 62, 1209-1217 
 
YANG, M.Y. and R. RAJAMAHENDRAN (2002): 
Expression of Bcl-2 and BAX proteins in relation to quality of bovine oocytes and 
embryos produced in vitro. 
Anim. Reprod. Sci. 70, 159-169 
 
YASEEN, M.A., C. WRENZYCKI, D. HERMANN, J.W. CARNWATH and H. 
NIEMANN (2001): 
Changes in the relative abundance of mRNA transcripts for insulin-like growth factor 
bovine embryos derived from different in vitro systems.  
Reproduction 122, 601-610 
 
YELICH, J.V., R.P. WETTERMAN, T.T. MARSTON and L.J. SPICER (1996): 
Luteinizing hormone, growth hormone, insulin-like growth factor-I insulin and 
metabolites before puberty in heifers fed to gain at two rates. 
Dom. Anim. Endocrinol. 13, 325-338 
 
YOSHIDA, Y., M. MIYAMURA, S. HAMANO and M. YOSHIDA (1998): 
Expression of growth factor ligand and their receptor mRNA in bovine ova during in 
vitro maturation and after fertilization in vitro. 
J. Vet. Med. Sci. 60, 549-554 
 
YOUNG, L.E., K.D. SINCLAIR and I. WILMUT (1998): 
Large offspring syndrome in cattle and sheep. 
Rev. Reprod. 3, 155-163 
 
ZAWEL, L. and D. REINBERG (1995): 
Common themes in assembly and function of eukaryotic transcription complexes. 
Annu. Rev. Biochem. 64, 533-561 
 



References 

 150  

ZHA, J., H. HARADA, E. YANG, J. JOCKEL and S.L. KORSMEYER (1996): 
Serine phosphorilation of death agonist BAD in response to survival factor results in 
binding to 14-3-3 not BCL-X(L). 
Cell 87, 619-628  
 



List of tables 

 151  

9. LIST OF TABLES 

Table 1: Comparison of follicular and luteal characteristics (mean ± SEM) 

between 2-wave and 3-wave interovulatory interval .................................9 

Table 2: Oocyte developmental capacity expressed as cleavage and 

blastocyst rate in calves and cows..........................................................27 

Table 3: Primers used for PCR.............................................................................62 

Table 4: Number of aspirated follicles, recovered oocytes and cleavage rate 

from oocytes retrieved by Ovum Pick Up from pre-pubertal calves 

7-10 months of age, post-pubertal heifers 11-18 months of age and 

adult cows treated between October 12th 2007 to May 05th 2007 (1st 

experimental phase) ...............................................................................65 

Table 5: Number of aspirated follicles, recovered oocytes and in vitro 

development of oocytes retrieved by Ovum Pick Up from pre-

pubertal calves 7-10 months of age, post-pubertal heifers 11-18 

months of age and adult cows treated between May 21st 2007 to 

April 28th 2008 (2nd experimental phase) ................................................66 

Table 6: Summary table of the total number of aspirated follicles, recovered 

oocytes and in vitro development of oocytes retrieved by Ovum 

Pick-Up from pre-pubertal calves 7-10 months of age, post-pubertal 

heifers 11-18 months of age and adult cows during all the 

experimentation time between October 12th  2007 to April 28th 2008......67 

Table 7: Comparative table showing the effects of intaovarian rhIGF-I in pre-

pubertal calves, post-pubertal heifers on the ultrasound guided 

follicle aspiration, retrieved oocytes, cleavage rate, blastocyst rate 

and Apoptotic index in 8th day blastocyst in comparing with adult 

cows........................................................................................................68 

Table 8: Total number (n), percentage (%) of the total and mean + S.E.M of 

recovered cumulus-oocytes complexes in each category retrieved 

from different treatment groups and mean values in each category 

per OPU session.....................................................................................69
 



List of tables 

 152  

Table 9: Apoptosis detected nuclei via TUNEL assay and morphological 

characteristic from bovine in vitro produced 8th days blastocysts 

derived oocytes from pre-pubertal calves, post-pubertal heifers and 

cows........................................................................................................89
 

Table 10: PBS Stock solution composition ...........................................................155 

Table 11: PBS working solution............................................................................155 

Table 12. TCM-air.................................................................................................155 

Table 13. TCM-culture ..........................................................................................156 

Table 14. Isopercoll stock solution A ....................................................................156 

Table 15. Isopercoll stock solution B ....................................................................156 

Table 16. Epinephrine stock solution ....................................................................156 

Table 17. Hypotaurine stock solution....................................................................157 

Table 18. Heparin stock solution...........................................................................157 

Table 19. HHE working solution............................................................................157 

Table 20. Fert-TALP Medium ...............................................................................157 

Table 21. SOF-Stock A (10x)................................................................................158 

Table 22. SOF-Stock B (10x)................................................................................158 

Table 23. SOF-Stock C (100x)..............................................................................158 

Table 24. SOF-Stock D (100x)..............................................................................158 

Table 25. Glutamine-Stock ...................................................................................159 

Table 26. SOFaa (m) Culture medium..................................................................158 

 

 



List of figures 
 

 153  

10. LIST OF FIGURES 

Figure 1: Main events that occur during one follicular wave ................................8 

Figure 2: Phases of development of preovulatory follicle and early 

embryonic development in the cyclic cow ...........................................15 

Figure 3: Schematic representation of apoptosis pathways ...............................30 

Figure 4: Schematic overview of the protein architecture of PKB.......................40 

Figure 5: Schematic overview of AKT and PI3-Kinase pathway.........................43 

Figure 6: Structure representation of BCL-2 family proteins...............................45  

Figure 7: Schematic representation of ultrasound guided follicle aspiration 

in prepubertal heifers ..........................................................................52 

Figure 8: Confocal laser-scanning image of an OPU-IVP 8th day bovine 

blastocyst ............................................................................................59  

Figure 9: mRNA expression pattern of AKT1 in immature oocytes, in vitro 

matured oocytes, 2-4 cell embryos, 8-16 cell embryos, blastocysts 

and expanded blastocysts derived from IGF-I calves, control 

calves, IGF-I heifers, control heifers and cows....................................71 

Figure 10: Relative abundance of AKT1 gene transcripts during 

preimplantation embryo development in vitro, calves in 7-10 

months of age treated with IGF-I, control calves in comparison 

with cows, 11-18 months old heifers treated with IGF-I and control 

heifers vs. cows ..................................................................................72 

Figure 11: mRNA expression of BAD in immature oocytes, in vitro matured 

oocytes, 2-4 cell embryos, 8-16 cell embryos, blastocysts and 

expanded blastocysts derived from IGF-I calves, control calves, 

IGF-I heifers, control heifers and cows................................................75 

Figure 12: Relative abundance of BAD gene transcripts during 

preimplantation embryo development in vitro in 7-10 months old 

calves treated with IGF-I, control calves in comparison with cows 

and 11-18 months old heifers treated with IGF-I and control 

heifers vs. cows...................................................................................76  



List of figures 
 

 154  

Figure 13: mRNA expression pattern of BAX in immature oocytes, in vitro 

matured oocytes 2-4 cell embryos, 8-16 cell embryos, blastocysts 

and expanded blastocysts derived from IGF-I calves, control 

calves, IGF-I heifers, control heifers and cows....................................77  

Figure 14: Relative abundance pattern of BAX gene transcripts during 

preimplantation embryo development in vitro......................................78 

Figure 15: mRNA expression pattern of BCL-XL in immature oocytes, in vitro 

matured oocytes, 2-4 cell embryos, 8-16 cell embryos, blastocysts 

and expanded blastocysts produced from IGF-I calves, control 

calves, IGF-I heifers, control heifers and cows....................................79 

Figure 16: Relative abundance pattern of BCL-XL gene transcripts during 

preimplantation embryo development in vitro......................................80 

Figure 17: mRNA expression pattern of GLUT3 in immature oocytes in vitro 

matured oocytes, 2-4 cell embryos, 8-16 cell embryos, blastocysts 

and expanded blastocysts derived from IGF-I calves, control 

calves, IGF-I heifers, control heifers and cows....................................82 

Figure 18: Relative abundance of GLUT3 gene transcripts during 

preimplantation embryo development in vitro......................................83 

Figure 19: mRNA expression pattern of GLUT8 in immature oocytes, in vitro 

matured oocytes, 2-4 cell embryos, 8-16 cell embryos, blastocysts 

and expanded blastocysts derived from IGF-I calves, control 

calves, IGF-I heifers, control heifers and cows....................................84 

Figure 20: Relative abundance of GLUT8 gene transcripts during 

preimplantation embryo development in vitro .....................................85 

Figure 21: Relative abundance of AKT1, BAD and BAX gene transcripts 

during embryo development in vitro in pre-pubertal calves, post-

pubertal heifers and adult cows...........................................................87 

Figure 22: Relative abundance of BCL-XL (a), GLUT3 (b) and GLUT8 (c) 

gene transcripts during embryo development in vitro in pre-

pubertal calves, post-pubertal heifers and adult cows.........................88 

 



List of figures 
 

 155  

11. APPENDIX 

PBS (Dulbeccos phosphate buffered saline) 

Table 10: PBS Stock solution composition 

 Concentration  500ml Product. Number 

Pyruvic Acid (Na-
Salt/ or Piruvate 

 1.80g SERVA 15220 

D-Glucose 
monohydrat 

 54.99 g ROTH 6887.1 

CaCl2 * 2 H2O  6.65 g MERCK 
1.02382.0500 

MgCl2  2.34 g EGA-Chemie 

Streptomycin sulfate 759 U/mg 2.37 g SERVA, 35500 

Penicillin G, Sodium  100 000 000 U 3.00 g Sigma, PEN-NA 

H2O (ml)  500ml Sigma W 1503 

Divide in 10ml plastic tubes and frozen at -20°C 

 

Table 11: PBS working solution 

 1 lt Product. Number 

Dulbeccos phosphate 
buffered saline 

9.55 g Sigma D 5652 

Stock solutions 10ml portion (1 tube)  

Distillated H2O (ml) 1 lt  

 

 

Working and maturation medium (TCM199) 

Table 12: TCM-air 

 50ml Product. Number 

TCM199 0.7557 g Sigma M 2520 

Gentamycin-Sulfat 0.0025 g Sigma G 3632 

Na-pyruvat 0.0011 g Sigma P 3662 

*NaHCO3 0.0175 g Riedel-deHaen 31437 

H2O 50ml Ampuwa®Fresenius 

BSA  0.05 g Sigma A 7030 

* Dissolved separately 
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Table 13: TCM-culture 

 50ml Product. Number 

TCM199 0.755 g Sigma M 2520 

Gentamycin-Sulfat 0.0025 g Sigma G 3632 

Na-pyruvat 0.0011 g Sigma P 3662 

*NaHCO3 0.11 g Riedel-deHaen 31437 

H2O 50 ml g Ampuwa®Fresenius 

BSA  0.05 g Sigma A 7030 

* Dissolved separately 

 

 

Semen capacitation and fertilization medium 

Isopercoll 

Table 14: Isopercoll stock solution A 

 10ml Product. Number 

NaHCO3 0.21 g Riedel-deHaen 31437 

EBBS 10ml Sigma E 7510 

 

Table 15: Isopercoll stock solution B 

 10ml Product. Number 

Percoll  10 ml Sigma P 1644 

Solution A 938 µl - 

pH 7.4 (equilibrate with HCL) 
300 mOsm 
 

HHE stock solution 

Table 16: Epinephrine stock solution 

 50ml Product. Number 

Na-lactate 60%  165mg  

Na-metabisulfite Na2S2O3 50mg  

H2O Ampuwa 50ml Ampuwa®Fresenius 

40ml of solution + 1.38 mg Epinephrine Sigma E 4250 
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Table 17: Hypotaurine stock solution 

 10 ml Product. Number 

Hypotaurine 1 mg Sigma H 1384 

H2O Ampuwa 10ml Ampuwa®Fresenius 

 

Table 18: Heparin stock solution 

 10 ml Product. Number 

Heparin 50IE≈2.82 mg SERVA 177.000IE/g 

H2O Ampuwa 10ml Ampuwa®Fresenius 

 

Table 19: HHE working solution 

Hypotaurine stock 10 ml 

Epinephrine stock 4 ml 

Ampuwa 26 ml 

40 ml working solution + 4 µl Heparin 

 

 

Fertilization medium 

Table 20: Fert-TALP medium 

 100ml Product. Number 

NaCl 0.6658 g Sigma S 5886 

KCl 0.0239 g Sigma P 5405 

*NaHCO3 0.21 g Riedel-deHaen 31437 

NaH2PO4 0.0041 g Sigma S 4019 

CaCl2 * 2 H2O 0.0294 g MERCK 1.02382.0500 

MgCl2 0.0048 g EGA-Chemie 

Penicillamine 0.0003 g Sigma P 4875 

Phenol red 0.001 g Sigma P 5530 

Na-lactate (60%) 0.186 g Sigma L 4263 

H2O 100ml Ampuwa®Fresenius 

* Dissolved separately 
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Culture medium 

Stock solutions for SOFaa (m) 

Table 21: SOF-Stock A (10x) 

 g/mol 50ml Final conc. 
mM 

Product. 
Number 

1.08 M NaCl (g) 58.44 3.145 108 Sigma S 5886 

0.072 M KCl (g) 74.55 0.267 7.2 Sigma P 5405 

0.012 M KH2P04 (g) 136.1 0.081 1.2 Sigma P 5655 

MgSO4 (g) 120.4 0.091 1.5 Sigma M 2643 

H2O (ml)  49.2  Sigma W 1503 

0.042 M Na-lactate 
(ml) 

112.1 0.3 4.2 Sigma L 4263 

 

Table 22: SOF-Stock B (10x) 

 g/mol 50ml Final conc. 
mM 

Product 
Number 

0.25 M NaHCO3 (g) 84.01 1.050 25 Sigma S 4019  

Phenol red (g) 376.4 0.005 1 mg/100ml Sigma P 5530 

H2O (ml)  50 100 Sigma W 1503 

 

Table 23: SOF-Stock C (100x) 

 g/mol 50ml Final conc. 
mM 

Product 
Number 

0.073 M Na-
pyruvate (g) 

110 0.04 0.73 Sigma P 3662 

H2O (ml)  5  Sigma W 1503 

 

Table 24: SOF-Stock D (100x) 

 g/mol 50ml Final conc. 
mM 

Product 
Number 

0.178 M CaCL2 x  
2H2O (g) 

147 0.131 1.78 Sigma C 7902 

H2O (ml)  5  Sigma W 1503 
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Table 25: Glutamine-Stock 

 g/mol 10ml Final conc. 
mM 

Product 
Number 

Glutamine  0.292 200 Sigma G 6392 

H2O (ml)  10  Sigma W 1503 

Divide in 100 µl Aliquots and freeze at -20°C to 6 months 

 

 

SOF working solution 

Table 26: SOFaa (m) Culture medium 

 g/mol 50ml Final conc. 
mM 

Product. 
Number 

Myo-Inositol 180.2 0.025 g 2,77 Sigma I 7508 

Tri-Na-Citrate 294.1 0.005 g 0.34 Sigma S 4641 

Gentamycin  - 0.0025 g 50 µg/ml Sigma G3632 

H20 - 37 ml - Sigma W 1503 

Glutamine - 50 ml 0.2 Sigma G 6392 

Stock A - 5 ml - - 

Stock B - 5 ml - - 

Stock C - 0.5 ml - - 

Stock D - 0.5 ml - - 

* BME 50x - 1.5 ml 30 µg/ml Sigma B 6766 

* MEM 100x - 0.5 ml 30 µg/ml Sigma M 7145 

4 mg/ml BSA added at end of the preparation 
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12. LIST OF ABBREVATIONS 

ACIN1 - apoptotic chromatin condensation inducer 1 

AIF - allograft inflammatory factory 

AFX - old denomination of FOXO 4 

AKT - v-akt murine thymoma viral oncogene homolog 

APAF - apoptotic peptidase activating factor 

ART - assisted reproductive technologies 

ATP - adenosine triphosphate 

BAD - bcl-2 associated agonist of cell death 

BAK - bcl-2 antagonist/killer 

BAX - bcl-2 associated X protein 

BCL-2 - B-cell CLL/Lymphoma 2 

BCL-XL - bcl-2 like 1 

BH1 - bcl-2 homology domain 1 

BH2 - bcl-2 homology domain 2 

BH3 - bcl-3 homology domain 3 

BH4 - bcl-2 homology domain 4 

BPs - binding proteins 

BSA - bovine serum albumin 

bST - bovine somatotropin 

CAD - carbamoyl-phosphate synthetase 2, aspartate transcarbamylase, 

and dihydroorotase 

CED 3 - caenorhabditis elegans cell death gene 3 

CED 4 - caenorhabditis elegans cell death gene 4 

CED 9 - caenorhabditis elegans cell death gene 9 

CL - corpus luteum 

COC - cumulus-oocyte complex 

DD - death domain 

DFF40 - DNA fragmentation factor 40 kDa beta polypeptide (caspase-

activated DNase) 

DFFA - DNA fragmentation factor 45 kDa alpha polypeptide 
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DFFB - DNA fragmentation factor 40 kDa polypeptide 

dFGF - basic fibroblast growth factor  

DNA - deoxyribonucleic acid 

Drp19 - dynamin-related protein 1 

EBBS - earle’s balanced salt solution 

EGF - epidermal growth factor 

e.g. - exempli gratia (for example) 

eIF1 - eukaryotic translation initiation factor 1  

eIF1a - eukaryotic translation initiation factor 1a  

FADD - Fas (TNFRSF6)-associated via death domain 

FAS - Fas (TNF receptor superfamily, member 6) 

FASL - Fas ligand (TNF receptor superfamily, member 6) 

FH - forkhead transcription factors 

FKHR - old denomination of FOXO 1 

FKHR1B - old denomination of FOXO3  

FOXO 1 - forkhead box O1 

FOXO 3 - forkhead box O3 

FOXO 4 - forkhead box O4 

FSH - follicular stimulating hormone 

GH - growth hormone 

GRF - growth hormone releasing factor  

GLUT - glucose transporter 

GLUT3 - glucose transporter 3 

GLUT8 - glucose transporter 8 

GnRH - gonadotrophin releasing factor 

GSK3 - glycogen synthase kinase 3 

GTFs - general transcription factors  

GVBD - germinal vesicle breakdown 

H-1 - Histone 1 

HHE - hypotaurin, heparin and epinephrine 

HTRA2 - HtrA serine peptidase 2 
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i.m.  - intramuscular 

IAP - inhibitor apoptosis family proteins 

ICM - inner cell mass 

i.e.  - id est (this is, that is) 

IGFBP - insulin like growth factor binding proteins 

IGF-I - insulin like growth factor I 

IGF-Ir - insulin like growth factor I receptor 

IGF-II - insulin like growth factor II 

IGF-IIr - insulin like growth factor II receptor 

IKK  - IκB kinases  

IP3R - inositol1, 4, 5-Triphosphat receptor 

IVM - in vitro maturation 

IVP - in Vitro Embryo Production 

LOS - large offspring syndrome 

LH - luteinizing hormone 

kDa - kilo Daltons 

MAPK - mitotic activated protein kinase 

MET - maternal embryo transition 

Met-tRNA - metionin-transfer RNA  

MOET - Multiovulation and Embryo Transfer  

MPF - maturation promoting factor 

mRNA - messenger RNA 

NADPH - nicotinamide adenine dinucleotide phosphate 

NBCS - New Born Calf Serum  

OPU - ovum Pick-up 

PAF - Paf1, RNA polymerase II associated factor, homolog 

PAPP-A - pregnancy-associated plasma protein A  

PARP - poly (ADP-ribose) polymerase 

PBS - phosphate buffered saline 

PDGF - platelet derived growth factor 

PDK - phosphoinositide dependent kinase 
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pFSH - porcine FSH 

PH - pleckstrin homology 

PI 3 - kinase, phosphoinositide 3-kinase 

PKB - protein kinase B 

PPP - pentose phosphate pathway  

PtdIns (3)P - phosphatidylinositol monophosphate 

PtdIns(3,4)P2 - phosphatidylinositol biphosphate  

PtdIns (3,4,5) P3 - phosphatidylinositol triphosphate 

(rh)IGF-I - recombinant human insulin likes growth factor 

RNA - ribonucleic acid 

RT-PCR - reverse transcription-polymerase chain reaction 

S.D.  - standard deviation 

S.E.M.  - standard error of the mean 

SOF - synthetic oviductal fluid 

snRNAs - small nuclear RNAs 

sNT - somatic nuclear transfer 

TALP - tyrode´s albumin lactate pyruvate  

TBP - TATA binding protein  

TCM-air - tissue culture medium-air 

TdT - deoxynucleotidil transferase  

TGF-α - transforming growth factor, alpha 

TFIID - transcription factor II D 

TFIIE - transcription factor II E 

TFIIF - transcription factor II F 

TFIIH - transcription factor II H 

TRAIL - tumor necrosis factor receptor superfamily member 10 

TNF - tumor necrosis factor 

TNFR - tumor necrosis factor receptor 

TRADD - TNFRSF1A-associated via death domain 

tRNA - transfer RNA 

TUNEL - terminal deoxynucleotidyl transferase (TdT) nick-end labeling 
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UV - ultra violet 

VEGF - vascular endothelial growth factor 

XAF1 - XIAP associated factor 1 

ZP - zona pellucida 
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