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Summary  

Sandra Milena Bernal Ulloa 

Experimental studies into the role of cAMP in bovine oocyte maturation and 

embryo developmental competence 

To determine the effects of cAMP increasing agents on prepubertal and adult oocyte 

competence, we performed two different experimental approaches using the 

bovine model. In the first approach, 66 prepubertal and 66 adult donors were 

submitted to transvaginal ultrasound guided oocyte recovery (OPU) twice per week 

for a total of 5 weeks. Three different treatments were implemented for oocyte 

retrieval and in vitro maturation (IVM) in both types of donors: TCM24 (24h 

IVM/control), cAMP30 (2h pre-IVM (forskolin-IBMX) plus 30h IVM with cilostamide 

supplementation), and DMSO30 (Dimethyl Sulfoxide/vehicle control). After IVM, 

oocytes were fertilized in vitro and zygotes were cultured in vitro to the blastocyst 

stage. Meiotic progression, cAMP levels, mRNA abundance of selected genes and 

DNA methylation were evaluated in oocytes. Blastocysts were used for analyses of 

gene expression and DNA methylation. Blastocysts from the cAMP30 groups were 

transferred to recipients. Increased cAMP levels after pre-IVM in the cAMP30 

treatment delayed meiotic progression. However, developmental rates were not 

increased. Accelerated meiotic resumption and decreased embryo development 

were observed in the DMSO30 treatment. The relative mRNA abundance for 

PRKACA was higher in immature oocytes using the cAMP30 protocol. No differences 

were found for PDE3A, SMAD2, ZAR1, PRDX1 and SLC2A8. Similar gene expression 

patterns were observed for the same genes after IVM. Early growth response 1 

(EGR1) transcript was higher in prepubertal cAMP30 immature oocytes and down-

regulated in blastocysts derived from all in vitro treatments compared to the in vivo 
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counterparts. No differences were found for DNMT3b, BCL2L1, PRDX1 and SLC2A8 in 

expanded blastocysts, irrespective of the type of the donor. Satellite DNA 

methylation patterns in immature oocytes did not differ among treatments 

irrespective of type of donor, but levels were higher for adult oocytes from the 

cAMP30 treatment in both satellite sequences. Satellite DNA methylation levels in 

blastocysts obtained from adult and prepubertal donors were similar compared to 

their in vivo produced counterparts when cAMP regulators had been supplemented 

prior to IVM. However, aberrant methylation profiles were observed in blastocysts 

after TCM24 and DMSO30 treatment. After embryo transfer, similar pregnancy rates 

were obtained with embryos derived from both types of donors and healthy 

offspring were born. The second experimental approach included a 2h pre-IVM with 

or without caffeine (0, 1, 5, 10, 20, 30 mM) and a standard control treatment. 

Oocytes were retrieved from ovaries via slicing. Meiotic progression and cAMP 

levels were evaluated in oocytes. Cleavage and blastocyst rates were evaluated in all 

treatments. Blastocysts were submitted to differential staining. Expanded 

blastocysts from the 10 mM caffeine and standard treatments were vitrified. 

Although resumption of meiosis was delayed in a concentration-dependent manner, 

cAMP levels were not increased. Developmental rates were dramatically decreased 

when 30 mM caffeine had been supplemented prior to IVM, whereas rates were 

similar among other treatments. Forty eight hours after warming, hatching rates and 

the proportion of live/total cells were significantly higher in the 10 mM caffeine 

treatment group compared with the standard control. In summary, these results 

indicate that cAMP increasing agents, used to alleviate oocyte spontaneous 

maturation, modulate different pathways in oocytes during in vitro maturation, 

which in turn may improve oocyte and embryo developmental competence.        
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Zusammenfassung 

Sandra Milena Bernal Ulloa 

Experimentelle Untersuchung zur Bedeutung von cAMP in der Oozytenreifung und 

Embryonenentwicklung beim Rind 

In dieser Studie wurde die Wirkung von cAMP modifizierenden Substanzen auf die 

Entwicklungskompetenz boviner präpuberaler  und  adulter Eizellen in zwei 

experimentellen Ansätzen untersucht. Im ersten Ansatz wurden zweimal 

wöchentlich über fünf Wochen von 66 präpuberalen und 66 adulten Spendern mit 

Hilfe von Ultraschall-geleitetem Ovum-pick-up (OPU) Oozyten gewonnen. Die 

gewonnenen Oozyten wurden zufällig auf  drei  Behandlungsgruppen verteilt: 

TCM24 (24h IVM/Kontrolle), cAMP30 (2h pre-IVM (Forskolin-IBMX) und 30h IVM mit 

Cilostamid) und DMSO30 (Dimethylsulfoxid/Vehikel Kontrolle). Nach IVM wurden 

die Oozyten in vitro befruchtet und die Zygoten in vitro bis zum Blastozystenstadium 

kultiviert. Die meiotische Progression, der cAMP-Spiegel, die mRNA Expression 

ausgewählter Gene und die DNA-Methylierung der Satellite I und α Sequenzen 

wurden in Oozyten analysiert. Blastozysten wurden für Genexpressions- und DNA-

Methylierungsanalysen verwendet. Blastozysten aus den cAMP30 Gruppen wurden 

auf Empfängertiere übertragen. Erhöhte cAMP-Spiegel nach einer pre-IVM in der 

cAMP30 Behandlungsgruppe verzögerten die meiotische Progression. Allerdings 

waren die embryonalen Entwicklungsraten nach IVF nicht erhöht. In der DMSO30 

Behandlung wurde eine beschleunigte meiotische Wiederaufnahme und verringerte 

Embryonenentwicklung beobachtet. Die mRNA-Expression für PRKACA war bei 

unreifen Oozyten in der cAMP30 Gruppe höher; jedoch keine Unterschiede wurden 

für PDE3A, SMAD2, ZAR1, PRDX1 und SLC2A8 gefunden. Die relativen 

Expressionslevel der genannten Gene unterschieden sich nicht nach der IVM. Das 
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EGR1 Transkript-Profil war bei unreifen präpuberalen  Eizellen aus der cAMP30 

Gruppe erhöht und in expandierten Blastozysten aus allen in vitro-Behandlungen 

herunterreguliert im Vergleich zu der jeweiligen Kontrolle. Es wurden keine 

Unterschiede in der mRNA Expression für DNMT3b, BCL2L1, PRDX1 und SLC2A8 in 

expandierten Blastozysten gefunden. Die Satelliten-DNA-Methylierungsmuster 

unterschieden sich nicht in unreifen Eizellen. In der cAMP30 Behandlungsgruppe 

konnte eine Hypermethylierung bei beiden Satellitensequenzen in gereiften Eizellen 

beobachtet werden. Das Satellite DNA Methylierungsmuster der Blastozysten von 

präpuberalen und adulten Eizellspendern aus der cAMP30  Gruppe glich dem der in 

vivo generierten Blastozysten. In der TCM24- und DMSO30-Behandlungsgruppe 

wurden abormale DNA-Methylierungsprofile detektiert. Nach Transfer von 

Embryonen aus präpuberalen und adulten Spendertieren (cAMP30) wurden 

ähnliche Trächtigkeitsraten erreicht und gesunde Nachkommen geboren. Im zweiten 

Versuchsansatz wurden eine zweistündige pre-IVM mit oder ohne Koffein Zusatz (0, 

1, 5, 10, 20, 30 mm) und eine Standard-Kontrollbehandlung durchgeführt. Die 

Eizellen dafür wurden aus Schlachthofovarien durch Slicen gewonnen. Die 

meiotische Progression und die cAMP-Spiegel wurden in den Oozyten analysiert. 

Teilungs- und Blastozystenraten wurden bei allen Behandlungsgruppen 

ausgewertet. Die Blastozysten wurden ferner einer Differentialfärbung unterzogen. 

Expandierte Blastozysten aus der 10 mM Koffein Behandlungsgruppe und der 

Standardbehandlung wurden vitrifiziert. Es konnte eine  konzentrationsabhängige 

Wiederaufnahme der Meiose in den Koffeingruppen beobachtet werden. Dabei 

waren aber die cAMP-Spiegel nicht erhöht. Nach Zugabe von 30 mM Koffein waren  

die Entwicklungsraten drastisch verringert. Die Raten in den anderen 

Behandlungsgruppen waren ähnlich.  Nach Vitrifikation, Auftauen und 

anschließender 48-stündiger Kultur wurden in der 10 mM Koffein 

Behandlungsgruppe sowohl signifikant höhere Schlupfraten als auch ein erhöhter 
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Anteil lebender Zellen an der Gesamtzellzahl im Vergleich zur Standard-

Kontrollgruppe ermittelt.  

Zusammenfassend ist zu sagen, dass cAMP erhöhende Mittel, die eingesetzt werden 

um die spontane Eizellenreifung zu minimieren, verschiedene Pathways modulieren, 

die in der Oozytenreifung eine wichtige Rolle spielen, was wiederum das 

Entwicklungspotential von Oozyten und Embryonen positiv beeinflusst. 
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CHAPTER I 

 

1 General introduction  

1.1 The cyclic adenosine 3´,5´-monophosphate (cAMP) pathway 

Cyclic adenosine 3´,5´-monophosphate is a second messenger and plays important 

roles in cellular responses to several hormones and neurotransmitters (Sutherland & 

Rall 1958). Within the cell, cAMP levels are regulated by two enzymes: adenylyl 

cyclase (AC) and cyclic nucleotide phosphodiesterase (PDE). The G-protein-coupled-

receptors (GPCRs) activate most of the ACs via interaction with the α subunit of the 

Gs protein (αs). After ligand binding to GPCRs, αs is released and binds to and 

activates AC, thus inducing the production of cAMP. Several effectors can be 

activated by cAMP, one of the most studied is cAMP-dependent protein kinase 

(PKA). PKA uses many cytosolic and nuclear proteins as substrates, including 

glycogen synthase, phosphorylase kinase, acetyl CoA carboxylase, phospholipase C, 

and MAP kinases among others and can also regulate transcription via 

phosphorylation of cAMP-response element-binding protein (CREB), cAMP-

responsive modulator (CREM), and activating transcription factor 1 (ATF1), which 

bind to promoters of several target genes (Sassone-Corsi 1995; Mayr & Montminy 

2001; Sassone-Corsi 2012) (Figure 1).        
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Figure 1. The cAMP/PKA pathway in eukaryotic cells (Sassone-Corsi 2012).   

 

 

1.2 In vivo oocyte maturation 

In most mammals, oocytes are maintained in meiotic arrest at the diplotene stage of 

the first meiotic prophase. After puberty, the LH peak triggers a series of events that 

culminate in ovulation of a mature, fully competent oocyte. The oocyte is 

surrounded by the cumulus cells (the inner layers of granulosa cells), which are 

critical for acquisition of developmental competence and transport of molecules 

from the outer layers of the granulosa cells. Luteinizing hormone (LH) receptors are 

present on the outer layers of granulosa cells (mural), where the LH signal activates 

LH receptors (Eppig et al. 2002). Shortly after the LH signal, cyclic guanosine 

monophosphate (cGMP), which is produced via transmembrane guanylyl cyclase 
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natriuretic peptide receptor 2 (NPR2), is decreased due to degradation, modulated 

by cGMP phosphodiesterases (PDE), including PDE5 and the dephosphorization of 

the NPR2. Therefore, cGMP in the oocyte decreases by diffusion into the granulosa 

cells via gap junctions. Approximately twenty minutes after the LH signal, the cGMP 

concentration in the follicle is lower, resulting in activation of PDE3A, which in turn 

hydrolyzes cAMP into AMP exclusively inside the oocyte, and thus cyclic adenosine 

monophosphate (cAMP) decreases (Shuhaibar et al. 2015). The LH signal also 

induces the production of epidermal growth factors (EGF) such as amphiregulin and 

epiregulin (Sayasith et al. 2013), which in turn induce mitogen-activated protein 

kinase (MAPK) activity, interrupting cell-cell communication via connexin-43 

phosphorylation, and ultimately resulting in disruption of gap junctions, which 

contributes to the maintenance of low cGMP levels (Li et al. 2008; Norris et al. 

2008). The drop in cAMP levels in the oocyte inactivates PKA, which induces 

dephosphorylation of CDC25 (activation) and the kinases WEEIB and MYTI 

(inactivation). Activation of CDC25 dephosphorylates (activation) the catalytic 

subunit (CDKI) of maturation promoting factor (MPF), which also contains cyclin B 

(regulatory subunit)(Jones 2004), and thus induces meiotic resumption (Figure 2).    

 

1.3  In vitro oocyte maturation and its modulation 

Assisted reproductive technologies (ARTs) have emerged as essential tools for 

infertility treatments and fertility preservation in adult and prepubescent human 

patients (Estes 2015; Oktay et al. 2015), to increase productivity in animal 

production (Faber et al. 2003; Hasler 2014), to preserve endangered species 

(Andrabi & Maxwell 2007) and for basic or applied research on gametes and 

embryos (Lonergan & Fair 2014). However, efficiency of ARTs remains low. A 

retrospective analysis of several hundred human cycles revealed that on average 
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Figure 2. Model for induction of in vivo maturation after LH stimulation. cGMP levels 

decrease in mural granulosa cells and cGMP in the oocyte diffuses inducing 

additional events and finally germinal vesicle breakdown (GVBD).      

 

only ~5 % of fresh oocytes led to birth of a baby (Patrizio & Sakkas 2009). In adult 

cattle, on average 90 % of oocytes mature in vitro, 80 % of these undergo 

fertilization and 30-40 % develop to the blastocyst stage (Lonergan & Fair 2014). 

Oocyte quality and in vitro maturation conditions, play an important role for 

acquisition and maintenance of oocyte competence, since blastocyst formation is 

increased up to ~60 % in cattle when in vivo matured oocytes are fertilized in vitro 

(Rizos et al. 2002). To perform in vitro maturation, the oocytes are mechanically 

released from the follicles, which induces a non-physiological in vitro maturation 

process, called spontaneous maturation (Pincus & Enzmann 1935), attributed to the 

elimination of inhibitory factors from the follicle. Different features are linked to this 
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spontaneous maturation. First, oocytes lack complete developmental capacity, 

which is acquired during in vivo follicle development and concomitantly during in 

vivo maturation. Second, the gap junctions between COCs and granulosa cells are 

prematurely interrupted, inducing loss of cell connections, and thereby loss of cell 

compounds that are beneficial for the oocyte (Gilchrist & Thompson 2007). Third, 

oocytes come from follicles with different size ranges. These events have been 

related to the drop in cAMP levels in the oocyte that triggers resumption of meiosis 

in vitro. It has been proposed that all these events decrease oocyte competence in 

vitro and therefore blastocyst rates are lower compared to in vivo matured 

counterparts (Rizos et al. 2002).     

Different approaches have been developed to improve in vitro maturation via 

avoiding spontaneous maturation. These methods include co-culture with granulosa 

cells (Sirard & Bilodeau 1990) and supplementation of pharmacological agents that 

can inhibit protein synthesis (cycloheximide) or phosphorylation, such as roscovitine 

and butyrolactone-I (Lonergan et al. 1997). However, these approaches did not 

improve developmental competence. Cyclic adenosine monophosphate (cAMP) 

modulators have been used more successfully. Cyclic AMP (cAMP) is a second 

messenger, known to modulate many cell functions such as gene transcription 

(Yamamoto et al. 1988), mitochondrial homeostasis (Valsecchi et al. 2013), cell 

migration (Zimmerman et al. 2015) and cell death (Andersen & Kornbluth 2013). As 

mentioned before, cAMP plays a crucial role for meiotic maintenance and 

resumption. Therefore, modulation of intra-oocyte cAMP levels could affect oocyte 

developmental competence. Several approaches have been reported to increase or 

maintain cAMP levels in oocytes including: (1) supplementation with cAMP analogs 

such as dibutyryl cAMP (dbcAMP) and 8-bromo-cAMP; (2) adenylate cyclase 

activators such as FSH, forskolin, and invasive adenylate cyclase (iAC) and (3) 

phosphodiesterase inhibitors such as IBMX, rolipram, cilostamide, dipyridamole, 
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milrinone, Org9935, hypoxanthine and caffeine. The respective mechanisms of 

action of the cAMP increasing agents used in the present study are shown in Figure 

3. Delayed meiosis and improved blastocyst yields have been reported when cAMP 

regulators had been added to pre-IVM or maturation media (Table 1). Additionally, 

increased oocyte resistance to cryopreservation after vitrification and warming has 

been reported when cAMP modulators had been added during in vitro maturation 

(Fu et al. 2011) .   

  

 

 

Figure 3. Mechanisms of action of some cyclic AMP increasing agents in oocyte and 

cumulus cells. Arrows demonstrate stimulation and stripes blocking effects.  
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Table 1.  Effects of different cAMP increasing agents on embryo developmental 

rates.  

cAMP regulator agent Species Blastocyst rates Reference 

Invasive adenylate cyclase (iAC) Bovine Improved (Luciano et al. 1999) 

Invasive adenylate cyclase (iAC), IBMX Bovine Improved (Luciano et al. 1999) 

Milrinone Bovine Improved (Thomas et al. 2004) 

Rolipram Bovine Improved (Thomas et al. 2004) 

Forskolin,IBMX,cilostamide Murine, bovine Improved (Albuz et al. 2010) 

Cilostamide Ovine Unchanged or Declined (Gharibi et al. 2013) 

Forskolin,IBMX,cilostamide Ovine Unchanged (Rose et al. 2013) 

Forskolin,IBMX,cilostamide Bovine Unchanged (Bernal et al. 2014) 

Caffeine Camelid Improved (Fathi et al. 2014) 

Forskolin,IBMX Murine Improved (Richani et al. 2014) 

IBMX Porcine Unchanged (Appeltant et al. 2015) 

dbcAMP Porcine Unchanged (Appeltant et al. 2015) 

Forskolin,IBMX,cilostamide Bovine  Declined (Guimaraes et al. 2015) 

Modified from Gilchrist and Thompson (2007). 

 

1.4 Bovine prepubertal females as gamete donors  

Similar to adult females, prepubertal bovine cattle show follicle growth in waves 

(Evans et al. 1994). This pattern has facilitated the use of prepubertal bovine 

females as gamete donors for assisted reproductive technologies such as in in vitro 

embryo production. In the last years, important advances have been made in 

genomic selection and domestic cattle breeding. The inclusion of young animals for 

genomic selection in association with in vitro embryo production in prepubertal 

donors can increase the genetic gain, due to reduction of the generation interval, 

enhanced selection intensity and selection of traits with low heritability (Ponsart et 
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al. 2013). However, it has been reported that prepubertal oocytes have a lower 

developmental competence compared to their adult counterparts, not only during 

preimplantation embryo development, but also after embryo transfer (Revel et al. 

1995; Fry et al. 1998). This lower efficiency has been related to differences between 

oocytes from adult and prepubertal donors, including biochemical pathways 

(Salamone et al. 2001), oocyte diameter (Gandolfi et al. 1998), oocyte energy 

metabolism and protein synthesis (Gandolfi et al. 1998), incomplete nuclear 

maturation (Ptak et al. 2006), oocyte ultrastructural characteristics (de Paz et al. 

2001; Reader et al. 2015), oocyte abnormal DNA methylation configuration 

(Diederich et al. 2012), aberrant gene expression profiles in oocytes (Zaraza et al. 

2010; Dorji et al. 2012a) and embryos (Dorji et al. 2012b), different embryo 

developmental kinetics (Majerus et al. 2000) and higher apoptosis in blastocysts 

(Zaraza et al. 2010). However, a similar efficiency as for adult donors has been also 

reported in prepubertal hormone stimulated donors (Armstrong et al. 1994), using 

oocytes retrieved from follicles ≥ 4 mm in size (Kauffold et al. 2005) and similar 

blastocyst rates were obtained before and after puberty (Majerus et al. 1999), 

indicating that blastocyst production in prepubertal donors is highly variable and 

critically depends on optimized in vitro conditions. Developmental oocyte 

competence in prepubertal donors from different reports is shown in table 2.  
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Table 2. Developmental competence of bovine prepubertal oocytes with and without hormonal stimulation and collected by different 

retrieval systems. 

Donor age 

(months) 

Stimulation Oocyte source Cleavage rates  

(%) 

Blastocysts rates 

(%) 

Transferred embryos 

(n) 

Pregnancy rates 

(%,detection) 

Calving rates 

(%) 

Reference 

3-8 weeks Yes Laparoscopy 36 9 3(1 recipient) 100(90d) 0 (Armstrong et al. 1992) 

3 weeks Yes Laparoscopy 69 30 ---- ---- ---- (Armstrong et al. 1994) 

3-4 No Slaughterhouse 81 9 14 36(21d) 0 (Revel et al. 1995) 

3 Yes Slaughterhouse 73 11 18 66(21d) 11 (Revel et al. 1995) 

5 Yes/No OPU 24/28 0/0 ---- ---- ---- (Presicce et al. 1997) 

7 Yes/No OPU 49/30 17/1 ---- ---- ---- (Presicce et al. 1997) 

9 Yes/No OPU 88/82 15/7 ---- ---- ---- (Presicce et al. 1997) 

11 Yes/No OPU 80/88 23/24 ---- ----- ---- (Presicce et al. 1997) 

5.3 Yes OPU ---- ---- 19 15.7(60d) 5.2 (Fry et al. 1998) 

3-4 No Slaughterhouse ---- ---- 22 54 (35d) 39 (Khatir et al. 1998) 

6.7-9.7 No OPU 29 17 ---- ---- __ (Majerus et al. 1999) 

8.1-8.5 No OPU 36 23 20(vitrified) 60(35d) ---- (Majerus et al. 1999) 

2-3/4-5 Yes Laparoscopy 41/43 11/10 84 13(50-60d) 11 (Taneja et al. 2000) 

6-7 Yes  OPU 42 1 ---- ---- ---- (Oropeza et al. 2004) 

9-10 Yes OPU 60 9 ---- ---- ---- (Oropeza et al. 2004) 

11-12 Yes OPU 60 10 ---- ---- ---- (Oropeza et al. 2004) 

4-7 No  Slaughterhouse 69 20 ---- ---- ---- (Camargo et al. 2005) 

2-4 No Slaughterhouse 79.4 11.4 ---- ---- ---- (Kauffold et al. 2005) 

7-10 Yes OPU 64.9 10.4 ---- ---- ---- (Zaraza et al. 2010) 
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1.5 Zygote-embryo genome activation 

Oocyte transcription ceases prior to maturation and transcripts are stored until 

fertilization occurs. Then embryo development starts and active embryo 

transcription is resumed at the 2- cells stage in mice (Hamatani et al. 2004), 4-cells 

stage in humans (Braude et al. 1988) and 8-16- cells stage in bovine (Sirard 2012). 

However, the maternal-embryo transition of gene expression requires a significant 

reduction of the maternal transcripts which begins at the onset of oocyte 

maturation and continues after fertilization, reaching the lowest levels when 

transcription is resumed (Paynton et al. 1988). This degradation occurs in a timely 

and selective manner; during oocyte maturation transcripts related to oocyte 

growth and prophase arrest are rapidly degraded and transcripts involved in 

metaphase II remain intact (Su et al. 2007; Kues et al. 2008). Whereas transcripts 

linked to meiotic progression are rapidly degraded after fertilization, transcripts 

related to embryonic development remain stable (Alizadeh et al. 2005) (Figure 4). A 

recent study employed next generation sequencing (RNA-Seq) of bovine embryos 

and revealed that in the 4-cell stage 414 genes were activated, which were mainly 

related to RNA processing, translation and transport. Additionally, 4489 genes were 

found to be activated at the 8-cell stage, and were related to DNA dependent 

transcription, purine nucleotide metabolic processes, protein ubiquitination, 

translational initiation and RNA metabolic processes. Furthermore, 2214 genes were 

found to be activated at 16-cells stage up to the blastocyst, mainly linked to 

intracellular transport, regulation of multicellular organismal processes, nucleobase-

containing compound metabolic process and negative regulation of response to 

stimulus (Graf et al. 2014b). The observed patterns in gene activation correspond to 

the needs of the embryos at different developmental stages. Various factors are 

known to affect oocyte and embryo transcriptomes, such as follicle-oocyte 

interaction (follicle size, follicle and oocyte growth, and follicular differentiation), 
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oocyte and embryo developmental conditions (in vitro vs. in vivo), hormonal ovarian 

stimulation, chromatin configuration and maternal age (Labrecque & Sirard 2014). 

All these factors can modify genomic transcription and therefore oocyte and embryo 

competence, as have been reported in several studies (Rizos et al. 2002; Rizos et al. 

2003; Grondahl et al. 2010; Zaraza et al. 2010; Urrego et al. 2014; Heinzmann et al. 

2015).  

 

 

 

Figure 4. Gene expression during the zygote-embryo transition determined by RNA-

Seq. A) Maternal transcripts decrease at the beginning of oocyte maturation and 

embryonic transcripts increase considerately after the 8 cell stage. B) Number of 

differentially abundant transcripts between subsequent stages (Graf et al. 2014a). 
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1.6 DNA methylation patterns during preimplantation development  

DNA methylation is an important epigenetic modification mainly modulated by DNA 

methyltransferases in vertebrates, incl. enzymes for de novo methylation (DNMT3a 

and DNMT3b) (Okano et al. 1999) and maintenance of DNA methylation (DNMT1 

and its obligate partner ubiquitin-like plant homeodomain and RING finger domain 1 

(UHRF1) (Hermann et al. 2004). The addition of methyl groups to the DNA in 

mammalian somatic cells is restricted to the fifth position of cytosine (5-

methylcytosine, 5mC) of palindromic CpG dinucleotides (Law & Jacobsen 2010). 

During preimplantation development, this machinery is required for epigenetic 

regulation, which in turn affects gene function, genome stability and genomic 

imprinting (Bird 2002). Genome-wide DNA demethylation occurs after fertilization. 

Global methylation level in sperms is ~90% and in oocytes ~40% (Kobayashi et al. 

2012). After fertilization, the maternal genome is gradually demethylated during 

mitosis and the paternal genome undergoes a rapid loss of 5mC prior to onset of the 

first DNA replication (Smith & Meissner 2013). This rapid loss is actively modulated 

by the ten-eleven translocation proteins (TET) via oxidation (Wossidlo et al. 2011), 

and coincides with a rapid increment in 5hmC (5-hydroxymethylcytosine), 5fC (5-

formylcytosine) and 5caC (5-carboxycytosine) molecules respectively (Inoue et al. 

2011; Inoue & Zhang 2011). Around transition from blastocyst to epiblast stage in 

the mouse model de novo methylation takes place increasing methylation profiles in 

the embryo close to 70% (Wu & Zhang 2014). In bovine, de novo methylation starts 

at the 8- to 16- cells stage (Dean et al. 2001) (Figure 5). De novo methylation re-

establishes epigenetic marks in the inner cell mas and trophectoderm, which are 

needed for specific cell function (Yang et al. 2007). The maintenance 

methyltransferases work by resetting clonal transmission of lineage-specific 

methylation patterns during further replication (Horii et al. 2011). 
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Figure 5. DNA methylation patterns during murine (a) and bovine (b) early embryo 

development. Maternal (red), paternal (blue) and cloned embryos (purple) profiles 

are shown. The level of methylation in the embryonic cells, ICM, and TE differ after 

de novo methylation (Yang et al. 2007).         

  

1.7 Epigenetics and ARTs 

Environmental adaptation is regulated by modifications of the genome that do not 

affect the primary genomic sequence. These changes are translated into the 

phenotype and are called “epigenetics” (Devaskar & Raychaudhuri 2007). DNA 

modifications include chromatin modifications such as histone modifications, 

nucleosomes remodelling, methylation and chromatin higher-order reorganization 

(Sasaki & Matsui 2008; Woodcock & Ghosh 2010). Epigenetic processes are essential 

for embryonic development, genome stability, X-chromosome inactivation and cell 
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differentiation (Jaenisch & Bird 2003; van Montfoort et al. 2012). Epigenetic DNA 

changes regulate gene expression and are highly influenced by age, nutrients and 

environmental stimuli (Feil 2009). Aberrant DNA methylation at specific gene loci 

has been related to imprinting disorders (van Montfoort et al. 2012) and failure of 

blastocyst formation and pregnancy (Shi & Haaf 2002). Aberrant gene expression 

patterns in humans have been related to the use of assisted reproductive 

technologies (Katari et al. 2009), which could be a risk for a higher proportion of 

children to develop diseases such diabetes and obesity later in adulthood. 

Epigenetic modifications have been found in children conceived with ARTs. The 

frequency of Beckwith-Wiedemann syndrome (BWS), Angelman Syndrome, Prader-

Willi syndrome, Russell–Silver syndrome, paternal uniparental disomy 14, maternal 

uniparental disomy 14, pseudohypoparathyroidism 1b, and transient neonatal 

diabetes is higher in offspring associated to ARTs, albeit remain at an overall low 

frequency (Wilkins-Haug 2009). In bovine, IGF2R (Insulin-like growth factor 2 

receptor) has been identified to be imprinted and was associated with the Large 

Offspring Syndrome (LOS)(Moore et al. 2007). These anomalies are linked to a 

phenomenon called gene imprinting, in which one of the two copies of a gene 

(alleles) is turned off by methylation in a parental-linked manner (Reik et al. 2001). If 

imprinting occurs, the two parental chromosomes at the imprinted locus are 

differentially marked by DNA methylation. These regions are the differentially 

methylated regions (DMRs). Another anomaly in the methylation patterns is 

demethylation, which is linked to genomic disorders such as the facial anomalies 

syndrome (ICF) in humans (Brun et al. 2011). The exact mechanisms are not yet 

completely understood and the different steps during ARTs may trigger 

environmental stress on gametes and embryos (Urrego et al. 2014).  
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1.8 Satellite DNA 

Gall and Pardue (1969) using high-speed density gradient centrifugation of DNA 

described a satellite band of abundant repetitive DNA sequences formed of bulk 

DNA with a different AT/GC content. This observation gave rise to the term “satellite 

DNA”. In eukaryotes, repetitive DNA is divided in tandem and dispersed repetitive 

DNA. Centromeric and pericentromeric constitutive heterochromatin in mammals is 

primarily composed of tandem repetitive satellite DNA. In human, centromeric 

heterochromatin is formed as chromosome-specific alphoid (α-satellite) DNA. 

Additionally, γ-satellites and Sn5-tandem repeats are also found. In pericentric 

regions, α-satellite is also present (Plohl et al. 2012). For many years, it was believed 

that satellite DNA was “junk DNA”(Ohno 1972). However, more recently is has been 

established that satellite DNA plays important roles in genomic function, such as 

chromosome organization and pairing, centromere identity, elongation, capping and 

replication of telomeres and therefore is probably essential for formation and 

maintenance of the heterochromatin structure (Plohl et al. 2012; Biscotti et al. 

2015). Moreover, transcription of several genes located in centromeric and 

pericentromeric satellite regions has been linked to stress, senescence, 

carcinogenesis, cell-cycle regulation and embryogenesis (Enukashvily & 

Ponomartsev 2013). DNA methylation has been reported to take place at satellite 

DNA (Plohl et al. 2012). Here, we studied the CpG methylation profiles of Bovine 

testis satellite I (BTS) and Bos taurus alpha satellite I (BTαS) that had been described 

previously to provide an overview of the methylation status of the bovine genome 

through different developmental stages (Kang et al. 2005). Using bovine in vitro 

produced embryos, Kang et al. (2005) reported maintenance of methylation levels 

of the BTS during embryo development; 28%, 23.6%, 30.1%, and 24.1% of the 

analyzed sequences were methylated in 1 cell, 4-8 cells, morulae and blastocysts, 

respectively. Additionally, they also described a decrease in BTαS methylation levels, 
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35.4%, 31.5%, 18.9%, 13.7%, respectively, in the same embryonic stages. These 

observations show that some genomic regions are not demethylated along with the 

global demethylation processes and that aberrant profiles can alter oocyte and 

embryo development.    

  

1.9 Genes of interest in this study 

The panel of genes of which expression was determined in the present study had 

been selected to gain insight into the role of cAMP for acquisition and maintenance 

of developmental capacity of bovine oocytes collected from prepubertal and adult 

donors. 

 Protein kinase, cAMP-dependent, alpha catalytic subunit (PRKACA): Protein 

kinase A (PKA) exists as a tetramer composed of a regulatory (R) subunit dimer 

and two catalytic (C) subunits (Turnham & Scott 2016). PKA is a holoenzyme that 

requires the cofactor cAMP for activation; and it propagates the cAMP cell 

signaling response. When cAMP joins the R-subunits, the C-subunits are 

released, which activates the kinase (Turnham & Scott 2016). PRKACA encodes 

one of the catalytic subunits of protein kinase. PKA has been directly related to 

regulation of oocyte meiotic resumption, since high concentrations of cAMP 

activate this enzyme, which is critical for inactivation of maturation promoting 

factor (Tripathi et al. 2010).  

 Phosphodiesterase 3A (PDE3A): Cyclic nucleotide phosphodiesterases are a 

superfamily subdivided in 11 families (PDEs 1-11) and their molecular subtracts 

are cAMP and cGMP (Francis et al. 2011). Phosphodiesterase 3A (PDE3A) 
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hydrolyzes cAMP into AMP exclusively inside the oocyte. It plays an important 

role in the final step of oocyte maturation during ovulation (Vaccari et al. 2008). 

 SMAD family member 2 (SMAD2): The transforming growth factor (TGF-β) 

superfamily has been involved in folliculogenesis and ovulation and its effects 

are modulated by the SMAD intracellular transduction proteins (Kuo et al. 2011). 

Down-regulation of the SMAD family member 2 (SMAD2) was observed in MII 

oocytes from women >37 year, indicating that SMAD2 expression decreases with 

age. The gene has been used as oocyte aging marker (Grondahl et al. 2010; 

Zhang et al. 2013).  

 Zygote arrest 1 (ZAR1): is one of the classical maternal effector genes, essential 

for oocyte-embryo transition in mammals (Wu et al. 2003). ZAR1 proteins 

remain stable during maturation, but the relative abundance decreases during in 

vivo and in vitro maturation (Thelie et al. 2007) in prepubertal and adult oocytes 

(Diederich et al. 2012).  

 Peroxiredoxin 1 (PRDX1): PRD1 belongs to the peroxiredoxins antioxidant 

enzyme family composed of six members (PRD1-6). All of them have H2O2 and 

alkyl hydroperoxide reductase activities and are involved in cell proliferation, 

differentiation, immune response and apoptosis (Leyens et al. 2004). PRDX1 is 

critically involved in oocyte maturation and embryo development (Gu et al. 

2015). In vitro maturation has been related to a reduction of PRDX1 levels in 

bovine oocytes (Diederich et al. 2012).  

 Solute carrier family 2 member 8 (SLC2A8 or GLUT8): Glucose is the primary 

source of energy in cells including oocytes and embryos. The uptake is 

modulated by glucose transporters such as the facilitative glucose transporters 
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(GLUTs) (Augustin et al. 2001; Das 2012). SLC2A8 is an essential glucose 

transporter in oocytes and early embryos (Adastra et al. 2012) and is considered 

to be an oocyte maturation marker (Zaraza et al. 2010). 

 Early growth response 1 (EGR1): is a Cys2-His2-type zinc-finger transcription 

factor that can be activated by numerous extracellular stimuli,  incl. growth 

factors, shear stress, and oxygen deprivation (Pagel & Deindl 2011). This gene 

has been related to oocyte competence and successful follicle maturation 

(Robert et al. 2001), mainly by mediating the LH/hCG response by cumulus cells 

(Wissing et al. 2014).  

 BCL2like 1 (BCL2L1 or BCL-XL): Cell elimination during embryo development via 

apoptosis is an evolutionary mechanism to avoid genetic damage in the new 

organism. Blastocysts undergo apoptosis mainly in the inner cell mass (ICM). 

Different pathways are involved in apoptosis regulation, and the integration and 

regulation of these mechanisms depend on expression of the BCL-2 family of 

intracellular proteins (Metcalfe et al. 2004). BCL2like 1 is an anti-apoptotic 

regulator expressed in all stages of embryo development, with the highest levels 

in the blastocyst stage (Metcalfe et al. 2004; Zaraza et al. 2010).  

 DNA cytosine-5 methyltransferase3b (DNMT3b): New methylation patterns are 

established by a group of enzymes denominated de novo DNA 

methyltransferases (DNMT), including DNMT3a and DNMT3b, which are 

regulated by DNMT3l. Aberrant gene expression and methylation profiles of 

DNMT3b have been linked to in vitro embryo production procedures (Niemann 

et al. 2010; Heinzmann et al. 2011). Additionally, the immunodeficiency, 

centromeric region instability, facial anomalies syndrome (ICF) characterized by 
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limited hypomethylation of DNA, often arises from mutations in this gene 

(Ehrlich et al. 2006). 

  

 

1.10 Vitrification of blastocysts 

Although the efficiency of in vitro embryo production is relatively low, the number 

of embryos produced can exceed the number of available recipients and therefore 

supernumerary embryos need to be cryopreserved. However, several types of 

injuries can occur during this process, including intracellular ice formation, which is 

the most common damaging factor. One of the most frequently used methods of 

cryopreservation is slow-freezing. In this method the embryo is immersed in a 

solution containing 1- 1.5 M cryoprotectants, usually ethylene glycol, loaded in a 

straw and after ice-seeding is performed, followed by slow cooling (0.3-0.5 °C/min) 

(Kasai & Mukaida 2004). However, using this technique is not possible to avoid 

completely the harm induced by ice crystals (Mukaida & Oka 2012)(Figure 6).  

Vitrification has emerged as an alternative to alleviate these effects. During slow-

freezing, cells will lose water and become increasingly dehydrated and intracellular 

solutes concentrate as response to the extracellular ice forming and unfrozen 

fractions (Figure 6). Vitrification uses the solidification of the solution at low 

temperatures, thus ice crystals are not formed, since the viscosity of the medium is 

increased by the high cooling rates (Rall & Fahy 1985). Several different vitrification 

protocols and devices have been used, but the basic principle of vitrification is 

simple and general. Cells are immersed in the vitrification solution containing 

cryoprotectants in high concentrations between 30-50% (5-10% in slow-freezing). 

These high concentrations would be toxic, therefore; the toxicity can be reduced by 
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combination of two agents such as dimethyl sulfoxide (DMSO) and/or ethylene 

glycol (EG) (Liu et al. 2012) and high molecular compounds such as sucrose and 

trehalose (Ali & Shelton 1993) or ficoll (Kasai et al. 1990). A modification for the 

initial vitrification protocol is the ultrarapid vitrification, which minimizes the volume 

of the solution used and the vitrification container (Kasai & Mukaida 2004). Most of 

the protocols involve a minimum of two steps using two different solutions for a 

determined period of time before the samples are plunged in liquid nitrogen (Figure 

6).  

 

Figure 6. Representation of an embryo (circle) before cooling, during cooling and in 

liquid nitrogen using slow freezing, conventional straw vitrification and ultrarapid 

vitrification. White hexagons represent ice crystals. Modified from Kasai and 

Mukaida (2004). 
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1.11 Dimethyl sulfoxide (DMSO) 

Dimethyl sulfoxide is a common solvent with amphiphilic properties, including both 

hydrophilic and hydrophobic (or lipophilic) groups, which are critical for its 

cryoprotective function. It has been frequently used for cryopreservation (Rall & 

Fahy 1985), to enhance molecule penetration and to induce cell fusion and cell 

differentiation (Gurtovenko & Anwar 2007). DMSO reduces cell rigidity and disrupts 

cell membranes, rendering them into a state of floppiness (Notman et al. 2006). 

High concentrations induce pore formation in lipid bilayer membranes and if the 

concentration is further increased, the bilayer structure is destroyed (Notman et al. 

2006; Gurtovenko & Anwar 2007; Hughes et al. 2012). Although DMSO is a widely 

used solvent in biology, it is associated with gene expression modifications and thus 

can disturb protein content and functionality (Pal et al. 2012). Decreased oocyte 

developmental competence and lower blastocyst rates have been reported when 

DMSO was supplemented during IVM or IVC (Avery & Greve 2000; Stinshoff et al. 

2014).  

 

1.12 Motivation and purpose 

Various assisted reproductive technologies have been developed in both humans 

and farm animals in the last 50 years. Significant advances in in vitro embryo 

production techniques permit commercial application in animal breeding programs 

and to help patients with fertility problems. However, the efficiency of the 

procedures is still low, and more basic research is needed to gain a better 

understanding of reproductive physiology and to improve laboratory conditions. The 

Institute of Farm Animal Genetics, Department of Biotechnology in Mariensee, has a 

https://en.wiktionary.org/wiki/lipophilic
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long established experience and expertise in a broad range of modern animal 

biotechnologies such as oocyte and embryo in vivo retrieval (Oropeza et al. 2004; 

Velazquez et al. 2009), in vitro embryo production and molecular analyses that are 

routinely available and have been applied to provide new knowledge in different 

scientific areas (Wrenzycki et al. 2001; Heinzmann et al. 2011; Diederich et al. 2012). 

The cooperation with the DNA Sequencing Facility of the Max Planck Institute of 

Molecular Cell Biology and Genetics in Dresden, made possible the epigenetic 

analysis performed in the present work. This thesis was conducted to expand the 

knowledge on basic mechanisms and effects of cAMP levels on oocyte and embryo 

developmental capacity derived from prepubertal and adult bovine females.    
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Abstract 

High cAMP levels during in vitro maturation (IVM) have been related to improved 

blastocyst yields. Here, we employed the cAMP/cGMP modulators, forskolin, IBMX, 

and cilostamide, during IVM to unravel the role of high cAMP in early embryonic 

development produced from prepubertal and adult bovine oocytes. Oocytes were 

collected via transvaginal aspiration and randomly assigned to three experimental 

groups: TCM24 (24h IVM/control), cAMP30 (2h pre-IVM (forskolin-IBMX), 30h IVM-

cilostamide), and DMSO30 (Dimethyl Sulfoxide/ vehicle control). After IVM, oocytes 

were fertilized in vitro and zygotes were cultured in vitro to blastocysts. Meiotic 

progression, cAMP levels, mRNA abundance of selected genes and DNA methylation 

were evaluated in oocytes. Blastocysts were used for gene expression or DNA 

methylation analyses. Blastocysts from the cAMP30 groups were transferred to 

recipients. The cAMP elevation delayed meiotic progression, but developmental 

rates were not increased. In immature oocytes, mRNA abundance of PRKACA was 

higher for cAMP30 protocol and no differences were found for PDE3A, SMAD2, 

ZAR1, PRDX1 and SLC2A8. EGR1 gene was up-regulated in prepubertal cAMP30 

immature oocytes and down-regulated in blastocysts from all in vitro treatments. A 

similar gene expression profile was observed for DNMT3b, BCL2L1, PRDX1 and 

SLC2A8 in blastocysts. Satellite DNA methylation profiles were different between 

prepubertal and adult oocytes and blastocysts derived from the TCM24 and 

DMSO30 groups. Blastocysts obtained from prepubertal and adult oocytes in the 

cAMP30 treatment displayed normal methylation profiles and produced offspring. 

These data indicate that cAMP regulates IVM in prepubertal and adult oocytes in a 

similar manner, with impact on the establishment of epigenetic marks and 

acquisition of full developmental competency. 
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ABSTRACT 

Cryopreservation of in vitro produced bovine embryos is associated with 

significantly reduced survival rates, mainly due to insufficient quality of the 

embryos. Caffeine supplementation during in vitro maturation (IVM) has been used 

to delay meiotic resumption and concomitantly also increased embryo quality. Here, 

we investigated the influence of pre-in vitro maturation (pre-IVM) with caffeine on 

oocyte maturation, intra-oocyte cAMP concentration, developmental competence 

after in vitro fertilization and blastocyst cryotolerance. Oocytes were obtained by 

slicing of ovaries and were submitted to either 2h culture prior to IVM with or 

without caffeine (0, 1, 5, 10, 20, 30 mM), or standard IVM (no pre-IVM). Oocytes 

were in vitro matured and fertilized and zygotes were cultured under standard in 

vitro conditions until day 8. Expanded blastocysts derived from either standard 

control or the 10 mM caffeine treatment were submitted to vitrification. Caffeine 

delayed meiotic resumption after 9h IVM in a concentration-dependent manner. 

The cAMP levels were similar prior to and after IVM. Matured oocytes, cleavage and 

blastocyst rates were reduced in the 30 mM caffeine concentration and were similar 

among the other treatment groups. Number and proportion of inner cell mass and 

trophectoderm cells in blastocysts did not differ among treatments. Forty-eight 

hours after thawing, hatching rates were higher in the 10 mM caffeine group 

(73.8%) compared with the standard control (59.7%). Re-expansion rates and total 

number of cells after 48h were similar in both treatments. The ratio of live/total 

cells was higher in the caffeine treatment. These results suggest that caffeine 

supplementation prior to IVM delayed meiotic resumption and improved blastocyst 

quality shown in higher cryotolerance.  

Keywords: caffeine; in vitro maturation; vitrification; bovine; pre-IVM 
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1. Introduction 

Bovine in vitro embryo production is now globally applied and the most recent 

figures for 2013 show a total of 546.628 in vitro produced embryos, from which 

369.194 were transferred fresh to recipients and 42.004 after freezing and thawing 

[1]. The low proportion of transfers with frozen/thawed embryos can be explained 

by the decreased viability and low survival rates after cryopreservation compared 

with their in vivo derived counterparts. Despite intensive research efforts around 

the globe, this situation did not change significantly during the past decades [2-4]. 

The observed molecular, structural and morphological deviations found in in vitro 

produced embryos compared with their in vivo produced counterparts are thought 

to be involved in the increased susceptibility to freezing and thawing [5-7]. Several 

approaches have been made to minimize freezing related damage and to improve 

embryo survival after cryopreservation, but met with limited success [8]. Currently, 

the most commonly used cryopreservation method for in vitro produced embryos is 

vitrification, since it avoids ice crystal formation by high cooling rates in the 

presence of extraordinary high concentrations of cryoprotectants [9]. Numerous 

studies have focused on the vitrification protocols to improve embryo 

cryotolerance, but embryo survival and pregnancy rates remained usually under 

that of in vivo produced embryos and were highly variable, indicating that the 

procedure is still far from being optimized [8].  

During in vivo maturation LH triggers the reduction of cGMP levels in the oocyte 

as a result of diffusion into the granulosa cells via gap junctions. This in turn inhibits 

phosphodiesterase 3A (PDE3A), which hydrolyzes cAMP into AMP inside the oocyte, 

and decreases cyclic adenosine monophosphate (cAMP) levels [10]. Additionally, the 

reduction in intra-oocyte cAMP levels leads to inactivation of the protein kinase A 

(PKA), which in turn activates maturation promoting factor (MPF) and thus induces 
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germinal vesicle break down (GVBD) [11]. However, when the oocyte is 

mechanically released from the follicle to be used for assisted reproductive 

technologies, a pseudo-maturation process starts, also called spontaneous 

maturation, which is attributed to the elimination of inhibitory factors from the 

follicle [12]. This spontaneous maturation has been related to lower oocyte 

competence, since higher blastocyst yields have been reported using in vivo 

matured oocytes [13]. Different strategies have been developed to avoid or delay 

the non-physiological resumption of meiosis, including follicular fluid 

supplementation and co-culture with follicular cells [14-16], inhibition of protein 

synthesis and MPF [17], and supplementation with cyclic adenosine monophosphate 

(cAMP) increasing agents, including cAMP analogs such as dibutyryl cAMP (dbcAMP) 

[18], adenylate cyclase activators such as forskolin and invasive adenylate cyclase 

(iAC) [19, 20] and specific and non-specific phosphodiesterase inhibitors such as 

cilostamide, rolipram, milrinone and caffeine [19, 21, 22]. These cAMP regulators 

are used in a biphasic in vitro maturation system, in which initially oocytes are 

cultured in the presence of the agents that are subsequently removed and meiosis 

can resume.     

Caffeine (1,3,7 trimethylxanthine) is a plant-derived alkaloid and the first 

identified non-specific phosphodiesterase (PDE) inhibitor [23]. Other known caffeine 

mechanisms of action include a competitive antagonism of adenosine effects via 

adenosine receptors (A1,A2A and A2B) [24], inositol triphosphate receptor 1 

antagonism [25]  and ryanodine receptor activation [26]. In oocytes, caffeine raises 

intracellular cAMP levels, and thereby increases cAMP-dependent protein kinase 

activity, which in turn inhibits meiotic resumption [21, 27]. Improved maturation 

rates have been reported when caffeine was supplemented during pre-in vitro 

maturation (pre-IVM) [28]. Oocyte culture with caffeine has been used to increase 

blastocyst rates and cell numbers due to the retained meiotic activity in cytoplasts 
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after nuclear transfer or in vitro fertilization (IVF) [29-31]. Furthermore, caffeine has 

been employed to inhibit or delay post-ovulatory oocyte aging in different species, 

including sheep [32], pig [33] and mice [34, 35]. Caffeine and other cAMP regulators 

have also been associated with higher oocyte survival after vitrification mainly 

attributed to lipid accumulation changes [36] and protein kinase stabilization [37]. 

However, to the best of our knowledge no studies have been reported to evaluate 

the effects of pre-in vitro maturation culture with caffeine on oocyte competence 

and embryo survival capacity in the bovine model. The present study investigated 

the effects of caffeine supplementation prior to oocyte IVM on meiotic progress, 

cAMP levels, developmental capacity, embryo quality and embryo cryotolerance.  

2. Materials and Methods 

All media used in the different procedures were prepared in-house in 

accordance with the manufacturer’s recommendations. All chemicals and reagents 

were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA) unless otherwise 

stated.  

2.1. Oocyte retrieval, pre-IVM and IVM culture 

Seven different treatments were performed using bovine ovaries collected 

from a local slaughterhouse that were kept at 30°C in transport medium containing 

saline solution supplemented with 6 µg/mL penicillin G (AppliChem, Darmstadt, 

Germany) and 50 µg/mL streptomycin sulphate (AppliChem). Five different 

concentrations of caffeine (Merck KGaA, Darmstadt, Germany) were evaluated: 1, 5, 

10, 20 and 30 mM.  One standard control using standard IVM culture conditions (no 

pre-IVM) and a control without caffeine to evaluate putative effects from the 2 hrs 

incubation period prior to IVM (0 mM) were included in the experiment. For the 

standard control and 0 mM groups, oocytes were obtained via slicing, using 



Publication 2 

30 

 

Dulbecco’s PBS solution (AppliChem), supplemented with 2.2 IU/mL heparin 

(AppliChem), 1mg/mL bovine albumin (BSA), 6 µg/mL penicillin G (AppliChem) and 

50 µg/mL streptomycin sulphate (AppliChem) (referred to as PBS-slicing medium) 

[38]. Oocyte collection and maintenance were performed in Tissue Culture Medium 

199 (TCM199), supplemented with 50 μg/mL gentamicin sulphate, 0.2 mM Na- 

pyruvate, 4.2 mM NaHCO3 (Honeywell Riedel-de Haën, Seelze, Germany) and 1 

mg/mL BSA-FAF [39], named in the present study TCM-air medium. Only oocytes 

from categories I (light or transparent cumulus oophorous with more than four 

layers of compact and a clear and even cytoplasm) and II (compact cumulus 

oophorous with less than four layers and/or cytoplasm usually homogenous but 

with a coarser appearance) were used for in vitro maturation (IVM) [40, 41]. In the 

caffeine treatments, the five different concentrations were added to the slicing 

medium (PBS-slicing medium), maintenance media and pre-IVM media (TCM-air 

medium). After searching, groups of 40-50 oocytes from the pre-IVM treatments 

were cultured in 500 µL in 4-well dishes (Nunc™, Thermo Fisher Scientific Inc., 

Roskilde, Denmark) for 2h at 39°C in TCM-air medium containing the same caffeine 

concentrations (0, 1, 5, 10, 20, and 30 mM).  

Selected oocytes after either searching (standard control) or 2h pre-IVM (0, 1, 

5, 10, 20, and 30 mM) were washed in 3 mL TCM-air medium followed by three 

times washing in 100 µL drops of Tissue Culture Medium 199 (TCM199), containing 

0.2 mM Na-pyruvate, 25 mM NaHCO3 (Honeywell Riedel-de Haën), 50 µg/mL 

gentamycin and 1 mg/mL FAF-BSA, referred to here as TCM-culture. Groups of 15–

20 oocytes were incubated in 100 µL TCM-culture drops under silicone oil, 

containing 10 UI/mL of equine chorion gonadotropin (eCG) and 5 IU/mL of human 

chorionic gonadotropin (hCG) (Suigonan®, Intervet, Unterschleissheim, Germany) 

[38]. Oocytes were incubated for 24h in a humidified atmosphere at 39 °C and 5 % 

CO2 in air. 
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2.2. Evaluation of oocyte meiotic progression  

Subsets of oocytes from all treatments were denuded  9, 20 and 24h after 

onset of IVM by incubation in Dulbecco’s PBS solution (AppliChem), supplemented 

with 0.1 % hyaluronidase and 1mg/mL BSA (Fraction V) for 5 min at 38° followed by 

vortexing for 5 min at 1400 rpm. Any remaining cumulus cells were removed by 

gentle pipetting. Denuded oocytes were fixed in PBS containing 0.1% polyvinyl 

alcohol (PVA) (PBS-PVA medium) and 2 % glutaraldehyde (Serva, Heidelberg, 

Germany) and maintained at 4°C until evaluation. Prior to analysis, oocytes were 

washed twice in PBS-PVA and stained with Hoechst 33258 (0.01 mg/mL) for ten 

minutes. For evaluation, oocytes were mounted on glass slides and covered with a 

slip on the surface. Oocytes were immediately evaluated under a fluorescence 

microscope (Olympus BX60F, Tokyo, Japan) equipped with an ultraviolet filter and 

an attached digital camera (Olympus DP71) at 400× magnification. The number of 

oocytes in germinal vesicle (GV), germinal vesicle breakdown (GVBD), metaphase I 

(MI), metaphase II (MII) stages and non-evaluable (NE) stages were determined. 

2.3. Intra-oocyte cAMP levels measurement 

Intracellular cyclic AMP levels were measured in denuded immature and in 

vitro matured oocytes from all treatments using a cAMP ELISA test kit (96 Well 

Enzyme-linked Immunosorbent Assay Kit, Enzo Life Science, NY, USA) [42], according 

to the manufacturer’s instructions and kit´s protocol. After searching (standard 

protocol) or after 2h pre-IVM culture with the different concentrations of caffeine 

(0, 1, 5, 10, 20, 30 mM) immature and IVM oocytes from the same treatments were 

denuded. Completely denuded oocytes were washed three times in TCM-air and 

immediately transferred to 1.5 mL conical reaction tubes (Greiner Bio-One, 

Frickenhausen, Germany) in small volumes of medium. The excess of medium was 

removed and oocytes were incubated in 0.1M HCl for 10 min at room temperature. 
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Lysis was confirmed under a stereomicroscope. The lysate was centrifuged at 14.000 

rpm for 15 min at 4 °C. Supernatants were stored and frozen in new 1.5 mL tubes at 

-20 °C until ELISA analysis was completed. The ELISA test was performed using the 

acetylated format. On the day of the assay, acetylation was achieved by adding 

acetylation reagent to samples from all experimental groups according to the 

manufacturer instructions. Five standard concentrations (20, 5, 1.25, 0.312 and 

0.078 pmol/mL) were used to create the standard curve. Standards were run in 

duplicate and wells for blank (pNpp substrate), total activity (TA), non-specific 

binding (NSB), and zero standard (Bo) were also run in parallel according to the kit´s 

manual. Samples were loaded in 100 μl per well (50 oocytes lysate/well) and 

incubated for 2h at room temperature on a plate shaker (500 rpm). After incubation, 

the contents were emptied and every well washed three times with washing buffer. 

Substrate solution was added and wells were incubated one hour at room 

temperature without shaking.  A total of 50 μl stop solution was added and the 

optical density at 405 nm was recorded in a Tecan Sunrise ™ 96-well microplate 

absorbance ELISA- reader (Tecan Group Ltd., Männedorf, Switzerland) after blanking 

the plate against the substrate blank.  

 

2.4. In vitro fertilization (IVF) and in vitro culture (IVC) of  bovine embryos 

After in vitro maturation, oocytes were washed three times in 100 μl droplets 

of fertilization medium (Fert-TALP), supplemented with 6 mg/mL BSA (fraction V), 

0.05 mg/mL gentamicin and 0.028 mg/mL Na-pyruvate. Immediately thereafter, 

oocytes were transferred into 100 μl of Fert-TALP enriched with 10 μM hypotaurine, 

0.1 IU/mL heparin (AppliChem), and 1 μM epinephrine [43]. Two gradients of 

Bovipure™ (Labotect, Göttingen, Germany), 40% and 80%, respectively, were used 

to separate motile from non-motile spermatozoa from frozen/thawed sperm straws. 

Semen was used from one bull with proven history of fertility in our in vitro 
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fertilization protocol. Gradients were prepared according to the manufacturer’s 

instructions and sperm were centrifuged at 400 g for 10 min. After centrifugation, 

spermatozoa were washed twice using Fert-TALP and centrifuged again at 400 g for 

3 min. Motile spermatozoa were added to IVF drops to reach a final concentration 

of 1 × 106 cells/ mL and were co-incubated with oocytes for 19 h, in a humidified 

atmosphere of 5% CO2 in air at 39°C. After fertilization, sperm and cumulus cells 

were removed by vortexing for 5 min in TCM-air medium. Presumptive zygotes were 

washed in TCM-air medium three times and were then placed in synthetic oviductal 

fluid (SOF) medium enriched with 4 mg/mL of BSA-FAF [38]. Zygotes were cultured 

in groups of 5 in 30 μl droplets of SOF under silicone oil, at 39°C in 5% CO2, 5% O2 

and balance N2. Cleavage rates were determined 48 h after IVF and blastocyst 

formation at day 8 of development.  

 

2.5. Differential staining in expanded blastocyst 

Day 8 expanded blastocysts from all experimental treatments were 

differentially stained to identify the proportion of nuclei from the inner cell mass 

cells (ICM) and trophectoderm cells (TE) [44]. Expanded blastocysts were washed 

three times in PBS-PVA medium and incubated in PBS-PVA containing 0.2% Triton X-

100 (Packard Instruments Company, Illinois, USA) and 0.2 mg/mL propidium iodide 

(Life technologies, Carlsbad, USA) at 38°C for 30 seconds. Embryos were 

immediately transferred to a PBS-PVA solution for 4 min containing bisbenzimide 

0.058 mg/mL (Hoechst 33258) and 3.76 % formaldehyde (Honeywell Riedel de Haën, 

Seelze, Germany) at room temperature. After staining, blastocysts were mounted on 

a 10 µL drop of glycerol (Carl Roth GmbH., Karlsruhe, Germany) on microscope 

slides, covered with a slip on top and kept in darkness for evaluation. To determine 

the number and type of cells, embryos were immediately evaluated using 

fluorescence microscopy (470-490 nm excitation filter) (Olympus BX60F, Tokyo, 
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Japan) at 400 × magnifications. Pictures were taken using the attached digital 

camera (Olympus DP71, Tokyo, Japan). Trophectodermal and inner cell mass nuclei 

were identified by their pink and blue colors, respectively. 

 

2.6. Vitrification and warming of expanded blastocysts 

Expanded blastocysts produced from the standard control and 10 mM caffeine 

treatment were cryopreserved using the CMV ™ vitrification kit (CryoLogic Pty Ltd, 

Victoria, Australia). All vitrification procedures were performed at room 

temperature. TCM-air medium enriched with 20% fetal bovine serum (FBS, lot 

number 067K3395) was used as holding medium (HM). Groups of 1-5 blastocysts 

were incubated 5 min in HM medium and transferred to the equilibration solution 

(ES) consisting of HM medium +10% ethylene glycol (EG) and 10% dimethyl sulfoxide 

(DMSO). After 2 minutes, blastocysts were transferred to the vitrification solution 

(VS) composed of HM + 20% EG, 20% DMSO for 30 seconds. Blastocysts were loaded 

in 3 µL of VS on the hook of the fiber plug. Vitrification was performed by placing the 

hook against the surface of the previously liquid nitrogen super-cooled CVM Block. 

After covering with the sleeve, the fiber plug containing the vitrified blastocysts was 

submerged and stored in liquid nitrogen until warming.      

All warming procedures were performed at 39°C. For warming, the sleeve was 

removed and the fiber plug hook was immediately immersed into 500 µL warming 

solution (WS) consisting of HM medium + 0.18 M sucrose (Merck KGaA). After 5 min, 

blastocysts were washed three times, followed by incubation in HM medium during 

1h at 37°C. Thereafter, blastocysts were washed three times in pre-equilibrated 100 

µL droplets of SOF medium and cultured in 30 µL SOF drops during 48 h. Re-

expansion and hatching were assessed 1h, 4h, 24 and 48h post-warming. As control, 

freshly expanded blastocysts were washed and cultured 1h in HM at 37°C and after 
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washed, cultured and evaluated as mentioned for the vitrified and warmed 

expanded blastocysts.       

2.7. Live-dead cells evaluation 

Forty eight hours after warming (vitrified embryos) or culture (fresh embryos), 

hatched blastocysts were stained to assess cell viability [45]. Blastocysts were 

incubated for 30 min at 39°C in 500 µL of Dulbecco’s PBS solution (AppliChem), 

containing 1% FBS, 2.5µg/mL bisbenzimide (Hoechst 33342) and 5 µg/mL propidium 

iodide (Life technologies). After incubation, blastocysts were loaded onto a 10 µL 

drop of glycerol (Carl Roth GmbH) on microscope slides and covered with a slip on 

top. Samples were kept in darkness during staining. Number and type of cells were 

determined immediately under the fluorescence microscope (Olympus BX60F, 

Tokyo, Japan) at 400 × magnifications. Pictures were taken using an attached digital 

camera (Olympus DP71, Tokyo, Japan). Live cells appeared in blue and were 

evaluated using a UV excitation filter (470-490 nm). Dead cells appeared in red, 

since they are permeable to PI and were identified with a UV 590-650 nm excitation 

filter. 

 

2.8. Experimental design 

Experiment 1 was performed to determine the most suitable concentration of 

caffeine for oocyte pre-IVM culture, taking into account the effects on progression 

through meiosis, intra-oocyte cAMP levels, developmental rates after fertilization 

and blastocyst cell numbers (inner cell mass and trophectoderm). Results from the 

different concentrations of caffeine (1, 5, 10, 20, 30 mM) were compared to 

standard culture procedures. A control treatment without caffeine and 2h culture 

before IVM was implemented (Caffeine 0 mM) to unravel putative effects of the pre-

IVM period per se.  
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In the second experiment we evaluated the effects of caffeine prior to in vitro 

maturation on blastocyst survival after vitrification. Based on the results from 

experiment 1, we selected the 10 mM caffeine treatment as the most suitable for 

embryo production and generated blastocysts that were vitrified and warmed. 

Additional blastocysts were produced in parallel using the standard protocol for 

vitrification studies for comparison.  Blastocysts from both protocols were evaluated 

for re-expansion and hatching 1, 4, 24 and 48 h after warming. Forty-eight hours 

post-warming blastocysts were stained to determine the number of live and dead 

cells. Fresh expanded blastocysts were used as controls for each treatment group.   

2.9. Statistical analysis 

Data from meiotic progression were compared by Fisher´s Exact Test 

complemented by Bonferroni correction (P < 0.0024) from R [46]. Two-way ANOVA 

from JMP® Genomics Version 7.1 was used to analyze cAMP levels in immature and 

matured oocytes [47]. Inner cell mass, trophectoderm, live, dead and total cell 

numbers were compared using the GLM procedure from SAS/STAT® software 

version 9.4 [48]. Inner cell mass/total ratio, live-dead cells ratio as binary traits and 

cleavage and blastocyst rates were compared using the Glimmix procedure from 

SAS/STAT® software version 9.4 [48]. Re-expansion and hatching rates were 

evaluated using chi-square test or Fisher´s Exact test from R. Except for progression 

of meiosis, statistical significance was set at P < 0.05. 

3. Results 

3.1. Effects of pre-maturation with caffeine on meiotic progression  

A total of 2267 oocytes from three replicates were fixed in subsets 9, 20 and 24 

h after onset of IVM. Supplementation of caffeine prior to IVM delayed resumption 

of meiosis after 9h of IVM in a concentration dependent manner. The proportion of 
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oocytes in germinal vesicle stage augmented with increasing caffeine concentrations 

9 h after onset of IVM, in comparison with the standard and 0 mM control groups, 

respectively (Fig. 1, P < 0.0024). No significant differences were found among 

treatments 20h after onset of IVM (P > 0.0024). After 24h IVM, the percentage of 

oocytes reaching the metaphase II stage was lower for the 30 mM caffeine 

treatment compared to the standard control and other caffeine groups, respectively 

(P < 0.0024, Fig. 1). 

3.2. Intra-oocyte cyclic AMP levels prior to and after IVM 

Three pools of 50 immature denuded oocytes each and 3 pools of 50 denuded 

matured oocytes each from every treatment (standard, 0, 1, 5, 10, 20, 30 mM) were 

used to determine cAMP levels (2100 oocytes in total). No differences in cAMP 

concentration were observed among treatment groups prior to and after in vitro 

maturation (Fig. 2, P > 0.05).   

3.3. Effects of caffeine supplementation prior to IVM on in vitro embryo 

development  

A total of 4381 oocytes were matured and fertilized in vitro in experiment 1 to 

determine the most suitable caffeine concentration for pre-IVM. Cleavage and 

blastocyst rates were significantly decreased when the 30 mM caffeine 

concentration was used (P < 0.05, Table 1), but were similar among the other 

treatments. Additionally, the two hours oocyte culture without caffeine after 

retrieval and before IVM did not influence oocyte developmental capacity (Table 1).  

In the second experiment, 2272 oocytes were recovered for the standard control 

and 2355 oocytes in the 10 mM caffeine treatment to produce blastocysts for 
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vitrification. As shown in Table 1, cleavage and blastocysts rates were lower in the 

caffeine treatment than the standard treatment (P < 0.05).   

3.4. Effects of pre-IVM and IVM culture on blastocyst cell numbers  

Twenty five day 8 expanded blastocysts from each group (standard, 0, 1, 5, 10, 

20 and 30 mM) were differentially stained. Inner cell mass, trophectoderm, total cell 

numbers and ICM/Total cell ratio were similar among treatments (P > 0.05, Table 2).  

3.5. Effects of caffeine pre-IVM culture on blastocyst survival after vitrification 

A total of 630 blastocysts were evaluated to determine survival capacity. For 

cryotolerance studies, 404 blastocysts were vitrified and warmed and 226 

blastocysts were evaluated fresh. Re-expansion rates did not differ 1, 4, 24 or 48 

hours, respectively, after warming (vitrified blastocysts) or culture (fresh 

blastocysts)(P > 0.05, Table 3). Vitrified embryos were developed slower than fresh 

embryos until 24h of culture. However, after 48 h of warming, similar hatching rates 

were observed for blastocysts from the caffeine treatment group compared to fresh 

embryos.  Additionally, higher hatching rates after vitrification and warming were 

obtained in the caffeine group compared to the standard treatment (P < 0.05, Table 

3).  

3.6.  Effects of pre-IVM and IVM culture on live-dead blastocyst cell numbers after 

vitrification 

A total of 134 hatched blastocysts were analyzed 48h after warming and 133 

were used as fresh controls. The total number of cells was similar in both treatment 

groups for the vitrified blastocysts (P > 0.05), but lower than for fresh embryos in 

both groups (P < 0.05). The number of live cells was similar among treatments (P > 

0.05). The ratio of live/total cells and the number of live cells were higher and 
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number of dead cells was lower in the caffeine vitrified treatment group (P < 0.05, 

Table 4). 

4. Discussion 

Results of the present study demonstrate that the 2 hrs pre-in vitro maturation 

of bovine oocytes in the presence of 10 mM caffeine has beneficial effects on 

survival of in vitro produced blastocysts after vitrification. We characterized the 

effects of the short term caffeine exposure on oocyte maturation, intra-oocyte 

cAMP levels, developmental rates, embryo quality and survival after vitrification. We 

attribute this improvement to an enhanced inherent quality of the matured oocytes 

that led to increased cryotolerance of the produced blastocysts. 

 Biphasic in vitro maturation systems are commonly employed with cAMP 

increasing agents during the first part of in vitro maturation. Caffeine has been used 

for 12h in dog oocytes [28] and for 24h in porcine oocytes [21] prior to IVM, to delay 

resumption of meiosis; however, porcine oocytes failed to developed to the 

blastocyst stage. Short incubation periods (2h) delayed meiotic resumption using 

other cAMP increasing agents [49]. Here, we decided to employ caffeine during 

oocyte retrieval, searching and the 2h pre-IVM phase at different concentrations to 

determine the most suitable concentration that would improve embryo 

development over non-treated controls. Caffeine delayed meiotic resumption in a 

concentration-dependent manner, whereas the exposure time was probably too 

short to increase cAMP levels during pre-IVM. This indicates that even with a high 

caffeine concentration, a longer exposure is needed to induce a significant increase 

of cAMP levels as reported for pig oocytes after 24h of culture [21]. It is known that 

methylxanthines incompletely inhibit meiotic resumption in large animals, but at 

appropriate concentrations maintain cumulus-oocyte gap junctions and alleviate 
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spontaneous maturation [28, 50]. Caffeine acts on cAMP and cGMP through non-

specific inhibition of phosphodiesterases, which hydrolyze cAMP into AMP and 

cGMP into 5´GMP [23]. It is possible that intracellular cAMP and cGMP levels were 

not increased after pre-IVM, instead were maintained in physiological levels during 

the first hours of IVM as result of a prolonged cGMP and cAMP half-life via inhibition 

of degradation. This could explain the observed delay in meiotic resumption. It has 

also been proposed that low levels of intra-oocyte cAMP are beneficial for oocyte 

maturation and embryo development rather than high levels [20, 51]. Therefore, it 

is possible that the caffeine exposure over a relatively short period of time is 

sufficient to modulate oocyte maturation without reaching non-physiological cAMP 

levels.  

Caffeine supplemented during 12 h pre-IVM in dog immature oocytes increased 

levels of mitogen-activated protein kinase 1 and 3 (MAPK1, 3) and maturation 

promoting factor (MPF) during subsequent maturation [28]. Furthermore, 

supplementation of caffeine during the last 3-6 h before nuclear transfer or 

vitrification increased and maintained MAPK and MPF levels in ovine MII oocytes 

[37, 52]. MPF is activated to resume meiosis and Mos/MAPK pathway activation is 

critical to stabilizing MPF after meiotic resumption, for microtubule reorganization 

and positioning of the metaphase spindle in the oocyte cortex and for regular 

formation of the first polar body [53]. Based on these observations caffeine may 

induce a more physiological progression of meiosis which in turn results in an 

increased number of embryonic cells and improved embryo development [28, 29, 

52]. In the present study, cleavage and blastocyst rates and the number of cells in 

day 8 blastocysts were not improved by the caffeine mediated meiotic modulation, 

which is in contrast to previous studies using this xanthine and other cAMP 

modulators, such as forskolin and IBMX [29, 54]. However, developmental rates 

using the 10 mM caffeine treatment were similar to the standard control, and this 
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concentration was selected to perform the vitrification studies. Lower 

developmental rates were obtained with the 30 mM concentration, which indicates 

that concentrations >20 mM are detrimental for bovine oocytes even for a short 

incubation period.  

The novel finding of this study is that pre-IVM treatment with caffeine prior to 

IVM enhanced blastocyst quality as demonstrated in superior hatching rates and 

fewer dead cells per blastocyst compared to the standard treatment after 

vitrification and warming. Cryotolerance reflected in survival rates after 

cryopreservation is one of the most important embryo quality parameters [55], and 

differences in oocyte and embryo culture conditions have been related to 

cryotolerance ability [4, 56]. However, the quality improvement induced by caffeine 

supplementation could also be related to other effects of caffeine, such as reduction 

of lipid accumulation by increasing fatty acid β-oxidation and lipophagy, which 

selectively degrades intracellular lipid droplets [57]. Although the underlying 

mechanisms are poorly understood, it has been proposed that the mammalian 

target of rapamycin complex 1 (mTORC1) is inhibited by caffeine mediated 

lipophagy, which in turn generates free fatty acids. Caffeine activates transcriptional 

factor EB (TFEB), a helix-loop-helix leucine zipper transcription factor, to induce 

lipophagy/lipolysis, mitochondrial bioenergetics and β-oxidation [57]. A 

physiological ATP metabolism in oocytes and cumulus cells is critical for regular 

embryo development. Fatty acids are metabolized by β-oxidation in the 

mitochondria to produce ATP [58]. Speculatively, caffeine activated these pathways 

and thus reduced lipid contents and increased ATP production in the oocyte, which 

in turn could have improved oocyte competence associated with higher 

cryopreservation success [4]. Lipolytic compounds such as forskolin, which is an 

adenyl cyclase activator and cAMP modulator, have been successfully used to 

improve survival of oocytes and embryos after vitrification [59]. The mechanism 
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involved is the reduction in cytoplasmic lipids due to a possible cAMP increment and 

PKA activation, which in turn induces endogenous lipases, triggering fragmentation 

of large lipid droplets into smaller particles [60]. This could be another pathway 

activated by caffeine to improve embryo cryotolerance.        

In conclusion, caffeine treatment prior to in vitro maturation delayed progression 

of meiosis and enhanced bovine blastocyst survival after vitrification. However, it 

did not increase intra-oocyte cAMP levels and blastocyst yields. Further research is 

needed to elucidate the molecular pathways modulated by caffeine during pre-IVM 

that lead to cryotolerance improvement.   
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Table 1  

 

Developmental competence of oocytes treated prior to IVM with different caffeine 

concentrations. 

Experiment/ 

Treatment 

Replicate

s (n) 

Total      

oocytes 

Cleavage 

rates/ IVM 

oocytes* 

Blastocyst 

rates/ IVM 

oocytes* 

Experiment 1     

Standard 17 1575 60.1±1.8a,b 26.4±1.7a,b 

Caffeine 0mM 5 524 60.9±2.5a 30.8±2.1a 

Caffeine 1mM 5 464 56.2±3.4a,b,c 16.1±1.1c,d 

Caffeine 5mM 5 470 62.2±4.9a 18.9±4.5b,c 

Caffeine 10mM 5 426 51.9±4.0b,c 23.6±1.6a,b,c 

Caffeine 20mM 5 451 56.3±5.0a,b 19.8±3.5b,c 

Caffeine 30mM 5 471 47.3±1.8c 10.5±2.5d 

Experiment 2     

Standard 25 2272 65.2±1.8a 28.4±1.7a 

Caffeine 10mM 25 2355 58.1±1.9b 23.6±1.6b 

* Data are the mean ± SEM. Different superscripts in the same column and 

experiment indicate statistical significance among treatment groups (a, b, c); P < 

0.05. 
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Table 2  

 

Effects of different caffeine concentrations prior to in vitro maturation on blastocyst 

cell numbers. 

Treatment Total 

evaluated 

blastocysts 

* 

Total cells ICM TE ICM/ Total 

cells (%) 

Standard 25 154.6±2.9 43.6±1.8 111.0±2.8 28.3±1.1 

Caffeine 0mM 25 158.9±3.7 44.2±2.5 114.7±3.2 27.7±1.4 

Caffeine 1mM 25 150.6±6.8 40.7±2.4 109.9±4.4 27.1±1.4 

Caffeine 5mM 25 151.3±4.6 45.0±2.7 106.2±3.5 29.7±1.3 

Caffeine 10mM 25 162.5±6.5 48.1±3.7 114.4±4.4 29.2±1.4 

Caffeine 20mM 25 148.0±5.2 43.7±2.1 104.3±5.2 30.2±1.7 

Caffeine 30mM 25 147.8±5.3 37.8±2.2 110.0±4.6 25.8±1.5 

Data are the mean ± SEM. Inner cell mass (ICM), trophectoderm (TE). Embryos were 

stained at day 8 of development.   

* Embryos from five different replicates were evaluated; P > 0.05. 
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Table 3  

Influence of pre-IVM with 10mM caffeine on embryo survival after vitrification and warming.  

    Time after warming or culture 

  
1h 

 
4h     

 
24h     

 
48h     

Treatment n Re-expansion (%)   Re-expansion (%)   Hatching (%)   Re-expansion (%)   Hatching (%)   Re-expansion (%)   Hatching (%) 

Caffeine 10mM V 168 168(100) 

 

167(99.4) 

 

5(3.0)a 

 

165(98.2) 

 

88(52.4)a,b 

 

149(88.7) 

 

124(73.8)a 

Caffeine 10mM F 110 110(100) 

 

110(100) 

 

36(32.7)b 

 

108(98.2) 

 

79(71.8)c 

 

99(90.0) 

 

90(81.8)a 

Standard V 236 232(98.3) 

 

230(97.5) 

 

12(5.1)a 

 

227(96.2) 

 

103(43.6)a 

 

188(79.7) 

 

141(59.7)b 

Standard F 116 116(100)   115(99.1)   27(23.3)b   114(98.3)   74(63.8)b,c   102(87.9)   89(76.7)a 

Different superscripts in the same column indicate statistical significance among treatment groups (a,b,c); P < 0.05.  

V: vitrified, F: fresh. Results are based on 8 replicates. 
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Table 4  

Influence of pre-IVM with 10mM caffeine on total cell numbers and live-dead cells 

ratio of blastocysts after vitrification and warming. 

Treatment n Live Dead Total Live/total (%) 

Caffeine 10mM Vitrified 63 127.1±3.3 5.4±0.5a 132.5±3.4a 96.0a 

Caffeine 10mM Fresh 62 137.5±3.2 8.6±0.9b 146.2±6.0b 94.1b 

Standard Vitrified 71 129.7±3.1 8.3±0.7b 138.0±3.0a,b 94.0b 

Standard Fresh 71 138.2±4.1 8.8±0.6b 147.0±4.1b 94.0b 

Data are the mean ± SEM.  

Different superscripts in the same column indicate statistical significance among 

treatment groups (a, b); P < 0.05.  
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Fig. 1. Effects of different caffeine concentrations prior to IVM on progression 

through meiosis of bovine oocytes. Oocytes were fixed after: A) 9h, B) 20h, and C) 

24h of in vitro maturation. Bars represent the percentages calculated using the total 

number of oocytes per treatment per fixation time from three repetitions. Columns 

with different superscripts differ significantly for the respective meiotic status 

among treatment (a, b, c, d, e, f). Data were compared by the Fisher´s Exact Test 

complemented by Bonferroni correction; P < 0.0024. GV, germinal vesicle stage; 

GVBD, germinal vesicle breakdown; MI, metaphase I; MII, metaphase II. 
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Fig. 2.  Influence of different caffeine concentrations supplemented before IVM on 

intra-oocyte cAMP levels. Data are the mean ± SEM (n = 3). Reads obtained by 

optical density from the ELISA test were analyzed using two-way ANOVA. P > 0.05.   
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CHAPTER IV 

4 General discussion 

Oocyte developmental competence has been related to the oocyte`s ability to 

resume meiosis, undergo fertilization, support embryo development, establish and 

maintain a healthy pregnancy and ultimately produce healthy offspring (Gilchrist 

2011). Oocyte quality is crucial for development and several endogenous and 

exogenous factors affect acquisition of oocyte developmental competence. In vivo, 

oocyte maturation is triggered by the LH surge which in turn induces several follicle-

oocyte responses that end with oocyte meiotic resumption (Coticchio et al. 2015). 

However, for assisted reproductive technologies (ARTs) such as oocyte in vitro 

maturation (IVM), oocytes are mechanically released from the follicles which starts a 

process called “spontaneous or precocious maturation”, which is non-physiological 

(Pincus 1939). This process has been related to the lower oocyte quality and 

developmental capacity (Rizos et al. 2002), but the underlying mechanisms that 

induce the detrimental effects are poorly understood. One of the most frequently 

studied hypotheses is the reduction of cyclic adenosine 3´,5´-monophosphate levels 

(cAMP) within the cumulus cells and the oocyte. It has been proposed that addition 

of cAMP increasing agents during IVM can delay or avoid meiotic resumption, which 

in turn can improve oocyte competence for ARTs, due to alleviation of the 

spontaneous maturation process (Bilodeau-Goeseels 2012; Richani et al. 2014). 

Since meiosis must be resumed to continue oocyte development, cAMP increasing 

agents are usually applied in biphasic maturation systems in which the compounds 

are added to the first part of IVM and subsequently removed to permit meiotic 

resumption (Smitz et al. 2011). This strategy has been used in different species, 

however with controversial results (Table 1 in general introduction).  
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In the present study, two different experimental approaches were employed to 

evaluate the effects of cAMP modulation on bovine oocyte developmental capacity 

and embryo quality. The first approach included in vivo oocyte retrieval in 

prepubertal and adult donors using the two-step in vitro maturation system, 

denominated SPOM (simulated physiological oocyte maturation), which includes 

three cAMP increasing agents: forskolin, IBMX (pre-IVM) and cilostamide (IVM). 

Molecular and morphological characteristics of oocytes and embryos were analyzed 

in detail to unravel the different mechanisms. Oocyte developmental competence 

after cAMP oocyte modulation was evaluated in vitro and in vivo. The second 

experimental approach unraveled the effects of caffeine supplementation prior to in 

vitro maturation on oocyte in vitro developmental competence and embryo 

cryotolerance as a parameter for viability using oocytes isolated from bovine 

ovaries.   

4.1 Effects of high cAMP levels on oocyte developmental capacity of prepubertal 

and adult donors 

During OPU, the flushing medium was supplemented with IBMX, and forskolin and 

IBMX were added during searching, maintenance and pre-IVM (cAMP30). Standard 

control (TCM24) and vehicle controls (DMSO, DMSO30) were included in both age 

experimental groups. The total number of follicles, oocytes and IVM-suitable 

oocytes per donor per OPU session did not differ among treatment groups and age 

categories of donors (Table 1 in publication 1) which is similar to previous reports 

(Oropeza et al. 2004). Intra-oocyte cAMP levels were significantly increased in the 

cAMP30 protocol in prepubertal and adult donors after pre-IVM, but were similar 

after maturation compared to other treatments (Figure 1 in Publication 1). Meiotic 

progression was delayed in the cAMP30 protocol as expected in both types of 

donors; however, the effect was more pronounced in prepubertal oocytes, since 



General discussion 

59 

 

fewer oocytes reached the metaphase II after 30 h of culture (Figure 2 in Publication 

1). Developmental rates were not improved in the SPOM system which is in contrast 

to previous reports using slaughterhouse material (Albuz et al. 2010). To date, the 

high blastocysts rates reported with this protocol could not be repeated by other 

laboratories, probably due to differences in culture conditions and laboratory details 

(Gilchrist et al. 2015). However, in vitro developmental rates were similar in 

prepubertal and adult donors indicating that prepubertal oocytes can be fertilized 

and develop to blastocysts with similar efficiency as adult oocytes, contrary to the 

lower developmental capacity reported previously for prepubertal animals (Oropeza 

et al. 2004; Zaraza et al. 2010). We cannot exclude the possibility that some animals 

were already close to puberty and oocytes may have behaved as those from adult 

donors. Similar developmental rates in adult and prepubertal donors have been 

previously reported (Kauffold et al. 2005) and similar blastocyst rates were obtained 

before and after puberty (Majerus et al. 1999), which could be related to the recent 

observation that follicles activated in the fetus in the ovarian medulla (first wave of 

primordial follicles) are actively growing after birth and remain dominant ovulatory 

follicles until early adulthood (Mork et al. 2012; Zheng et al. 2014). Blastocyst quality 

was similar among treatments in contrast to the higher number of cells in 

blastocysts previously reported (Albuz et al. 2010). Furthermore, pregnancies could 

be established and calving rates were similar when both prepubertal and adult 

blastocysts from the cAMP30 protocol had been transferred to recipients, which 

demonstrate that the SPOM system is compatible with the delivery of progeny 

(Table 2 in Publication 1). This is the first report of live offspring using embryos 

produced with the SPOM system.  

When gene expression profiles in oocytes and blastocysts were analyzed, we 

observed only few differences among treatments, suggesting similar roles of the 

studied genes before and after puberty (Figure 3 and 4 in Publication 1). The mRNA 
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expression profiles of ZAR1, PRDX1 and SLC2A8 decreased after IVM or in vivo 

maturation in all in vitro treatments, indicating that they are useful maturation 

markers and that maternal transcripts are selectively degraded during maturation, 

which plays an important role during further development (Diederich et al. 2012; 

Graf et al. 2014a)(Fig 3 in Publication 1). Interestingly, early growth response protein 

1 (EGR1) transcripts were significantly reduced in all in vitro expanded blastocysts, 

irrespective of treatment and age of the donors compared to the in vivo controls. 

The same pattern was previously observed in blastocysts derived from 

slaughterhouse oocytes, indicating that expression of this gene is related to higher 

embryo quality (Bernal et al. 2014)(Fig 4 in Publication 1).  

In vitro oocyte aging models have been established by prolonging the in vitro 

maturation phase. Thus the use of extended oocyte IVM with or without cAMP 

meiotic repressive compounds can trigger detrimental effects. The 30 h IVM period 

used here did not decrease expression of SMAD2 (marker for oocyte ageing) in the 

different treatment groups, indicating that oocyte aging was not induced by the pre-

IVM and IVM periods. Indeed, more than 30h are necessary to induce the 

detrimental effects of post-ovulatory aging (Zhang et al. 2013; Heinzmann et al. 

2015).  

With regard to the epigenetic parts of this study, CpG DNA methylation profiles of 

the Bovine testis satellite I (BTS) and Bos taurus alpha satellite I (BTαS) sequences 

were similar among treatments in immature oocytes whereas adult oocytes were 

hypermethylated for both studied satellites compared to the in vivo matured 

counterparts. A remarkable observation is that blastocysts produced with this 

cAMP30 treatment and in vivo produced counterparts exhibited similar CpG 

methylation patterns for the two satellite sequences (Figure 5 in Publication 1). 

However, the same DNA sequences in blastocysts displayed aberrant methylation 
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patterns compared to their in vivo produced counterparts, when DMSO (DMSO30) 

and standard (TCM24) protocols were used. These observations demonstrate that 

cAMP increasing agents during in vitro maturation modulated embryo epigenetic 

marks. It is possible that the observed patterns are associated with the activation of 

EGR1-cAMP/PRKACA/CREB pathway, which could induce gene activation or 

repression during maternal transcript selective reduction, thus modulating DNA 

methylation during embryo development, concomitantly with de- and re- 

methylation of the DNA. 

An additional finding of this study was that DMSO had detrimental effects on 

meiosis and embryo development. It accelerated resumption of meiosis in both 

donor groups and decreased blastocyst rates in prepubertal donors markedly. These 

observations could be related to the disruption of phospholipid membranes of 

DMSO which could induce detrimental effects in a concentration-dependent 

manner (Gurtovenko & Anwar 2007). Thus, caution is needed when applying DMSO 

as solvent for various molecules used to study basic biological questions.     

 

4.2 Effects of caffeine on bovine oocyte developmental capacity and embryo 

cryotolerance 

In our first approach, we observed detrimental effects of DMSO supplementation in 

culture used as solvent for cAMP modulators. Therefore, we decided to use another 

cAMP-cGMP modulator as model that does not include the use of DMSO. Caffeine is 

soluble in water and is able to increase cAMP levels due to PDE inhibition 

(Sutherland & Rall 1958). Thus, we supplemented this xanthine prior to bovine 
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oocyte IVM and evaluated the effects on meiotic progress, cAMP levels, oocyte 

developmental capacity, embryo viability and embryo cryotolerance.  

Caffeine delayed resumption of meiosis in a concentration-dependent manner; 

however cAMP levels were not increased, indicating that a longer exposure period is 

needed to affect cAMP levels. This observation is in contrast to the huge cAMP 

increment observed in the SPOM system with its specific collection of cAMP 

modulators. These differences are probably related to the activity and interaction of 

the compounds (Luciano et al. 1999; Albuz et al. 2010) and xanthines are weaker 

PDE inhibitors in bovine oocytes (Sirard & First 1988). Detrimental effects on oocyte 

and embryo development were observed when more than 20 mM caffeine 

concentration had been used. However, the 2h waiting period did not affect the 

developmental capacity of the oocytes, suggesting that oocytes can be transported, 

if necessary, after searching for a similar period of time without detrimental effects. 

We found that blastocysts produced with the caffeine treatment displayed a 

superior quality as reflected in higher cryotolerance and a higher proportion of 

live/total cells. It is well known that one of the most important characteristics for 

embryo viability is the ability to survive cryopreservation (Dinnyes et al. 1999). 

Similar blastocyst survival rates using standard culture conditions have been 

previously reported (Stinshoff et al. 2011; Caamano et al. 2015). Thus, we conclude 

that oocyte pre-IVM with caffeine improves embryo survival, although it did not 

improve blastocyst rates. We speculate that caffeine could have induced either 

reduced lipid accumulation by increasing fatty acid β-oxidation and lipophagy 

increasing ATP levels important for oocyte maturation or by fragmentation of large 

lipid droplets into smaller particles via cAMP-PKA activation (Holm 2003; Ding 2014), 

both lead to better survival after embryo cryopreservation.  
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4.3 Conclusions and perspectives  

Here, we evaluated the effects of cAMP increasing molecules on oocyte meiotic 

resumption and embryo developmental capacity in vitro and in vivo. The present 

results are the first to evaluate the effects of the SPOM system on oocytes obtained 

in vivo from prepubertal and adult donors. We determined several important 

molecular and morphological features, which show that embryos produced with the 

SPOM system are to a large extent similar to their in vivo counterparts. It was found 

that bovine prepubertal oocytes respond to the cAMP stimulus similar as adult 

oocytes. It was demonstrated that cAMP modulators increased cAMP levels after 2h 

pre-IVM and delayed progression of meiosis in both types of oocytes. However, 

developmental rates were not significantly improved. Exposure to DMSO used as 

vehicle during pre-IVM and extended maturation decreased embryo development. 

Few differences were found in gene expression in oocytes and blastocysts and the 

different in vitro maturation protocols did not affect the gene expression profiles of 

the selected genes in MII oocytes and expanded blastocysts. We highlighted the 

positive impact of cAMP increasing agents on epigenetic marks with possible effects 

on further development. For the first time, bovine progeny were produced with the 

SPOM system.  

Using the biphasic in vitro maturation with caffeine, a delay in progression of 

meiosis in a concentration-dependent manner was found, but cAMP levels and 

blastocyst rates were not increased. Additionally, for the first time we report that 

blastocyst survival after vitrification and warming was improved using the cAMP 

modulator caffeine prior to IVM. These results indicate that maintenance or an 

increment of cAMP levels prior to IVM is critical for acquisition of oocyte and 

embryo developmental capacity.  
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Collectively, these findings contribute towards a better understanding of the 

underlying mechanisms of cAMP increasing agents on oocyte and embryo 

developmental competence. Furthermore, the results reported here provide 

important clues for further research in prepubertal oocyte competence, which is of 

interest in the cattle industry for commercial purposes and in human medicine for 

the development of fertility treatment in pediatric patients with a malignant disease 

and/or Turner syndrome. Considering the broad range of cellular effectors 

modulated by cAMP and the complexity of the oocyte maturation process, it is 

necessary to contemplate additional effects apart from meiotic inhibition that this 

second messenger induces in oocytes after supplementation with cAMP increasing 

agents. These additional effects have not been taken into account yet, but they 

could influence further oocyte competence. Future works should consider the study 

of the underlying molecular mechanisms involved in cAMP modulation and its 

beneficial effects on cryotolerance, establishment of epigenetic marks, and 

ultimately embryo viability.    
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