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Abstract 

Declining fertility in reproductive ageing is recognizable in both natural 

conception and assisted reproduction. Although diminished ovarian reserve 

and reduced receptivity of uterus may play a role, oocyte quality seems to be a 

major cause of deterioration of reproductive function since donor oocytes 

improving the success rate of IVF program. This thesis aims to evaluate the 

impact of age on the oocyte by using a monovular species sheep as a 

representative of the human model. The study has been conducted in germinal 

vesicle (GV) oocytes derived from abattoir tissues in order to understand the 

biological dysfunction of aged oocytes in terms of chromatin rearrangement, 

noninvasive functional analyses (i.e., amino acid and carbohydrate 

metabolism), mitochondrial DNA copy number, and genetic and epigenetic 

regulation.  

 

Initially, due to germinal vesicle oocytes used in a series of experiments, the 

method needs to simulate the natural condition in order to minimize 

confounding results. Thus, the in vitro culture employed a PDE inhibitor, 

cilostamide, to prevent the spontaneous meiotic resumption. The studies 

depicted the different potential of chromatin rearrangement of prepubertal 

oocytes compared to adult oocytes as well as the functional analyses such as 

amino acid turnover, glucose and pyruvate consumption. In addition, the later 

experiments discovered that age altered a surrogate of mitochondrial number, 

mitochondrial DNA copy number, and found inversed relation to the 

mitochondrial unit function. Finally, genetic studies demonstrate changes in 

genes governing metabolisms and genes involved in epigenetic marks.  

 

Collectively these results indicate that age profoundly influences oocyte 

cellular marker, metabolic function, and genetic and epigenetic regulations, is 

responsible to the impairment of oocyte development in monovular species. 

Also the findings may be used to determine oocyte quality in vitro, which is an 

initial step to study in depth in human and other species.  



 iv

Table of Contents 
Acknowledgements  ii 
Abstract  iii 
Table of Contents  iv 
List of Tables  ix 
List of Figures  xi 
List of Abbreviations  xiv 
List of Presentations and Publications xx 

 

CHAPTER 1. GENERAL INFORMATION 1 
1.1 INTRODUCTION 1 
1.2 OVARIAN RESERVE 2 

1.3 FOLLICULOGENESIS 4 

1.4 OOCYTE MATURATION 7 
 1.4.1 Nuclear Maturation, Meiotic Arrest And Resumption 7 
 1.4.2 Cytoplasmic Maturation 12 
 1.4.3 Molecular Maturation 15 
 1.4.4 Cumulus-Oocyte Interactions 16 
1.5 OOCYTE AND ENERGY METABOLISM 18 
1.6 METABOLIC PATHWAYS FOR ENERGY GENERATION 19 
 1.6.1 Glycolysis 19 
 1.6.2 The Tricarboxylic Cycle 21 
 1.6.3 Oxidative Phosphorylation 23 
 1.6.4 Pentose Phosphate Pathway 24 
 1.6.5 Beta-Oxidation Of Fatty Acid 26 
1.7 ENERGY SUBSTRATES IN OOCYTES AND EMBRYO METABOLISM 28 
 1.7.1 Carbohydrates 28 
 1.7.2 Amino Acids 32 
 1.7.3 Fatty Acids 33 
1.8 MITOCHONDRIA 36 
 1.8.1 Mitochondrial Genetic System 37 
 1.8.2 Mitochondria During Oocyte Development 38 
 1.8.3 ATP Requirement During Oocyte Maturation 39 
1.9 PREIMPLANTATION EMBRYO DEVELOPMENT AND EMBRYONIC 

GENOME ACTIVATION 
40 

1.10 AGEING AND OOCYTE QUALITY 41 
 1.10.1 Oocyte Ageing And Developmental Potential 43 
 1.10.2 Prepubertal Oocytes And Developmental Potentials 46 
 1.10.3 Molecular Mechanisms Of Age Oocyte Competence 48 
 1.10.4 Study Model Of Ageing 48 
1.11 HYPOTHESIS  49 
 
CHAPTER 2. GENERAL MATERIALS AND METHODS 52 
2.1 PREPERATION OF GLASSWARE 52 
2.2 PREPARATION, CALIBRATION AND MAINTENANCE OF SILICONISED 

NANOLITRE PIPETTES 
52 

 2.2.1 Preparation Siliconised Glass Nanolitre Pipettes 52 
 2.2.2  Nanolitre Pipette Calibration 54 
 2.2.3 Nanolitre Pipette Maintenance 54 



 v

2.3 PREPARATION OF SILICONISED OIL WELLS  54 
2.4 PREPARATION OF MINERAL OIL FOR CULTURE 55 
2.5 MEDIA PREPARATION 55 

 2.5.1 Ovary Washing Medium 55 
 2.5.2 Ovary Holding Medium (Follicle Isolation Medium) 55 
 2.5.3 Oocyte Holding Medium (H199+) 56 
 2.5.4 Oocyte Maturation Medium 57 
 2.5.5 Modified Oocyte Maturation Medium For Amino Acid Profiling 57 

2.6 OVINE REPRODUCTIVE TISSUE COLLECTION 59 
2.7 HARVESTING OF SHEEP CUMULUS OOCYTE COMPLEX 60 
2.8 OOCYTE DENUDATION AND IN VITRO MATURATION 61 
2.9 IN VITRO MATURATION OF OVINE CUMULUS OOCYTE COMPLEX 65 
2.10 OOCYTE CULTURE FOR MEASUREMENT OF AMINO ACID TURNOVER 

PROFILING 
65 

2.11 OOCYTE CULTURE FOR MEASUREMENT OF GPL METABOLISM 67 
2.12 STORAGE OF SAMPLES 68 
2.13 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 69 

 2.13.1 HPLC Buffers, Solutions And Amino Acid Standards 69 
 2.13.2 HPLC Sample Preparation And Analysis 72 
 2.13.3 Amino Acid Calculation 75 
2.14 DATA MANAGEMENT AND STATISTICAL ANALYSIS 78 
 
CHAPTER 3: EVALUATION OF CHROMATIN CONFIGURATION IN 
GERMINAL VESICLE OOCYTES IN RELATION TO AGE AND QUALITY 81 
3.1 INTRODUCTION 81 
3.2 MATERIAL AND METHODS 84 
 3.2.1 Harvesting And Denudation of Cumulus Oocyte Complexes 84 
 3.2.2 Chromatin Staining 85 
 3.2.3 System Used to Classify Ovine Germinal Vesicle Oocyte 86 
 3.2.4 Composition, Preparation And Culture Of Modified Amino Acid 

Profiling Medium 
88 

 3.2.5 Experimental Design 91 
  Experiment 1: Characterization Of The Pattern Of Chromatin 

Configuration In Ovine GV-Staged Oocytes Using DAPI Staining 
91 

  Experiment 2: Assessment Of Ovine GV Chromatin 
Configuration After A 6 Hours Incubation In AAP Medium 

91 

  Experiment 3: Evaluation Of The Effect Of Denudation On The 
Dynamics Of Oocyte Chromatin Configuration Over 6 Hours 

92 

  Experiment 4: Effect Of The PDE Inhibitor Cilostamide On 
Chromatin Configuration 

93 

  Experiment 5: Effect of Cilostamide on Amino Acid 
Metabolism 

94 

  Experiment 6: Age And Chromatin Configuration 94 
 3.2.6 Statistical Analysis 95 
3.3 RESULTS  95 
 3.3.1 Experiment 1: Characterization Of The Pattern Of Chromatin 

Configuration In Ovine GV-Staged Oocytes Using DAPI Staining 
95 

 3.3.2 Experiment 2: Ovine Follicular Size And GV Oocyte Chromatin 
Configuration  

96 

 3.3.3 Experiment 3: Effect Of Denudation On The Dynamics Of 
Oocyte Chromatin Configuration Over 6 Hours 

98 



 vi

 3.3.4 Experiment 4: Effect Of Cilostamide On Oocyte Chromatin 
Configuration 

99 

 3.3.5 Experiment 5: Effect Of The Phosphodiesterase Inhibitor On 
Amino Acid Metabolism 

101 

 3.3.6 Experiment 6: Impact Of Age On Chromatin Configuration 106 
3.4 DISCUSSION 108 
 3.4.1 Classification Of Ovine Chromatin Configuration 108 
 3.4.2 Effect Of Ovine Follicular Size On Chromatin Configuration 109 
 3.4.3 Effect Of Denudation On The Dynamics Of Oocyte Chromatin 

Configuration 
112 

 3.4.4 Delayed Spontaneous Premature Oocyte Maturation By 
Cilostamide, A Phosphodiesterase-Inhibitor 

114 

 3.4.5 Effect Of Cilostamide On GV-Staged Oocyte Amino Acid 
Metabolism 

116 

 3.4.6 Pilot Study On Impact Of Age On Chromatin Configuration 118 
 3.4.7 Conclusion 121 
 
CHAPTER 4. IMPACT OF MATERNAL AGE ON METABOLIC INDICES OF 
OOCYTE COMPETENCE  

 
 
125 

4.1 INTRODUCTION 125 
4.2 MATERIALS AND METHODS  128 

 4.2.1 Experimental Design 128 
  Experiment 1: Effect Of Reproductive Age On Oocyte Amino 

Acid Turnover 
128 

  Experiment 2: Effect Of Reproductive Age On Oocyte Energy 
Metabolism 

128 

 4.2.2 Harvesting Cumulus Oocyte Complexes And Denudation 129 
 4.2.3 Carbohydrate Quantification 129 
 4.2.4 Quantification Of Oocyte Carbohydrate Metabolism Using An 

Ultramicrofluorometric Assay 
133 

 4.2.5 Statistical Analysis 140 
4.3 RESULTS 140 

 4.3.1 Effect Of Ageing On Oocyte Amino Acid Profiling 140 
 4.3.2 Effect Of Ageing On Oocyte Energy Metabolism 143 
 4.3.3 Relationship Between GPL Utilization And Oocyte Chromatin 

Configuration 
145 

 4.3.4 Relationship Between Amino Acid Metabolism And Oocyte 
Chromatin Configuration 

150 

4.4 DISCUSSION 156 
 4.4.1 Effect Of Reproductive Age On GV-Staged Oocyte Amino Acid 

Metabolism 
156 

 4.4.2 Effect Of Reproductive Ageing On Oocyte Energy Metabolism 161 
 4.4.3 Relationship Between Metabolism, Age And Chromatin 

Configuration 
163 

 4.4.4 Conclusion 165 
 
CHAPTER 5. EFFECT OF AGE ON THE EXPRESSION OF OOCYTE GENETIC 
MARKERS 

 
 
167 

5.1 INTRODUCTION 167 
5.2 MATERIALS AND METHODS 170 

 5.2.1 Oocyte Sample Preparation And RNA Extraction 170 



 vii

 5.2.2 DNA Decontamination 171 
 5.2.3 cDNA Library Construction 171 
 5.2.4 Verification Of cDNA Library Product (cDNA Smear) 176 
 5.2.5 Bovine Primer Testing 181 
 5.2.6 Customized Array Using Bovine Primers 186 
 5.2.7 Gene Expression Analysis by Real-Time PCR 187 
 5.2.8 Statistical Analysis Of qPCR Data  191 

5.3 RESULTS  191 
 5.3.1 Customized Candidate Genes Into The Study 191 
 5.3.2 Differential Gene Expression Analysis Across Ovine GV- And 

MII-Staged Oocytes From Prepubertal And Adult Animals 
194 

5.4 DISCUSSION  201 
 5.4.1 Validation of cDNA Libraries Construction 201 
 5.4.2 Selection Of The Internal Reference Genes 202 
 5.4.3 Differential Gene Expression In Oocytes Between Prepubertal 

And Adult Sheep 
204 

 5.4.4 Conclusion 226 
 
CHAPTER 6: AGEING AND CELLULAR MARKERS: EVALUATION OF 
OOCYTE MITOCHONDRIAL DNA COPY NUMBER AND ENERGY  

 
 
229 

6.1 INTRODUCTION 229 
6.2 MATERIALS AND METHODS 232 

 6.2.1 Experimental Design 232 
  Experiment 1: Quantitation Of Mitochondrial DNA Copy 

Number Of Immature And Mature Ovine Oocytes Harvested 
From Prepubertal And Adult Sheep 

233 

  Experiment 2: Measurement Of Energy Metabolism And 
Mitochondrial DNA Copy Number In Prepubertal And Adult 
Ovine Oocytes 

234 

  Experiment 3: The Impact Of Oocyte Culture Media 
Composition On Mitochondrial DNA Copy Number 

235 

 6.2.2 Oocyte DNA Extraction And Analysis 235 
 6.2.3 Quantification Of Mitochondrial DNA Copy Number Using 

Real-Time PCR 
238 

 6.2.4 Statistical Analysis 240 
6.3 RESULTS 241 

 6.3.1 Experiment 1: Quantitation Of mtDNA Copy Number Of 
Immature And Mature Oocytes Harvested From Prepubertal 
And Adult Sheep 

241 

 6.3.2 Experiment 2: Measurement Of Energy Metabolism And 
Mitochondrial DNA Copy Number In Prepubertal And Adult 
Sheep Oocytes 

242 

 6.3.3 Experiment 3: The Impact Of Oocyte Culture Media 
Composition On Mitochondrial DNA Copy Number 

245 

6.4 DISCUSSION 248 
 6.4.1 High Variation Of Mitochondrial DNA Copy Number Within 

Oocytes 
248 

 6.4.2 Mitochondrial DNA Copy Number During Oocyte Maturation 250 
  6.4.3 Impact of Age On Mitochondrial DNA Copy In Immature And 

Mature Oocytes 
251 



 viii

 6.4.4 The Impact Of Age On Carbohydrate Metabolism Especially 
Pyruvate Consumption 

254 

 6.4.5 Mitochondrial DNA Copy Number And Energy Metabolism 255 
 6.4.6 The Relationship Between Mitochondrial DNA Copy Number 

And Mitochondrial Function 
256 

 6.4.7 Effect Of Culture Media On Mitochondrial DNA Copy Number 257 
 6.4.8 Conclusion 259 

 
CHAPTER 7. GENERAL DISCUSSION  

 
263 

7.1 INTRODUCTION 263 
7.2 THE STUDY MODEL 264 
7.3 AGE ASSOCIATED CHANGES IN CHROMATIN REMODELING 265 
7.4 AGE ASSOCIATED WITH ALTERATION OF ENERGY METABOLISM 

LINKED TO COMPENSATORY MITOCHONDRIAL DNA REPLICATION 
267 

7.5 THE EFFECT OF OOCYTE AGE ON GENETIC AND EPIGENETIC 
MARKERS 

269 

7.6 FUTURE DIRECTIONS AND PERSPECTIVES 270 
7.7 CONCLUSION 272 

 
REFERENCES  273 
  

Appendix I Suppliers Addresses 327 

Appendix II Preparation Stocks For Culture 329 

Appendix III Preparation Stocks For GPL Assays 332 

Appendix IV Preparation Stocks For Molecular Analysis 336 
  



 ix

List of Tables 
Table 1.1 Maximal oocyte formation and  remaining at birth among 

species 
3 

Table 1.2 Genes and signaling pathways involved in the formation of 
germ cells, follicle assembly and follicle activation 

5 

Table 1.3 Characteristics and dynamics of cytoplasmic organelles 
during oocyte maturation 

14 

Table 2.1 Composition of follicle isolation medium (FIM) 56 
Table 2.2 Composition of oocyte holding medium 199+ (H199+) 56 
Table 2.3 Composition of ovine, serum-free oocyte maturation medium 

composition 
58 

Table 2.4 Composition of ovine amino acid profiling-AAP medium 59 
Table 2.5 Preparation of buffers A and B for HPLC 70 
Table 2.6 Amino acid additives for 2.5mM stock 71 
Table 2.7 Preparation of 10μM amino acids standard solution 71 
Table 3.1 Classification of chromatin configuration of ovine GV-staged 

oocytes 
86 

Table 3.2 Composition of ovine modified serum-free AAP medium 89 
Table 3.3 Distribution of chromatin configuration patterns of ovine 

GV-staged oocytes 
96 

Table 3.4 Distribution of chromatin configuration patterns of oocytes 
derived from medium (MAF) and large antral follicles (LAF) 
of prepubertal and adult sheep. 

97 

Table 3.5 Distribution of chromatin configuration of denuded oocytes 
derived from prepubertal and adult sheep at 0, 3 and 6 hrs  

98 

Table 3.6 Comparison of HEPES effect on oocyte chromatin 
configuration at 0, 3 and 6 hours incubation. 

99 

Table 3.7 Amino acid profiles from GV-staged ovine oocytes from 4 
types of AAP media with /without cilostamide 

104 

Table 4.1 Composition of modified KSOM for oocyte metabolism 
incubations 

130 

Table 4.2 Glucose, pyruvate and lactate reaction mixtures 132 
Table 4.3 Preparation of standards and quality controls for ovine 

oocyte glucose, pyruvate and lactate assays 
133 

Table 4.4 Amino acid profiles by GV-staged oocytes between 
prepubertal lambs and adult ewes 

142 

Table 4.5 Carbohydrate metabolism by GV-staged oocytes between 
prepubertal lamb and adult ewe oocytes 

144 

Table 4.6 Carbohydrate metabolism by sheep GV-staged oocytes 
between prepubertal lambs and adult ewes: subgroup 
analysis 

146 

Table 4.7 Amino acid profiles in subgroup analysis by sheep GV-staged 
oocytes between prepubertal lamb and adult ewes 

153 

Table 5.1 Composition of RNAGEM Extraction Reagent Mastermix 170 
Table 5.2 Composition of the first strand cDNA construction reaction 174 
Table 5.3 Preparation for Master Mix Reaction of Long Distance PCR 

for cDNA Amplification 
175 

Table 5.4 Primer sequences of housekeeping genes and oocyte specific 
genes 

179 



 x

Table 5.5 A customized real-time PCR array primer sequences 
originally designed to work with bovine oocytes and 
embryos 

182-
185 

Table 5.6 Function of candidate housekeeping genes for normalisation 187 
Table 5.7 Customized array for ovine cDNA libraries testing (validated 

primers) 
188 

Table 5.8 Composition of real-time PCR reaction 190 
Table 5.9 Thermal cycler program for real-time PCR 190 
Table 5.10 Differentially-expressed genes in prepubertal from adult GV-

staged oocytes 
195 

Table 5.11 Age-related differences in gene expression of MII-staged 
oocytes between prepubertal and adult animals 

195 

Table 5.12 Summarized potentially stage-specific genes  200 
Table 6.1 Composition of lytic cocktail 237 
Table 6.2 Quantification of mtDNA copy number in denuded GV and 

MII oocytes derived from prepubertal and adult sheep 
242 

Table 6.3 Glucose and pyruvate and lactate consumption/production 
(pmol/oocyte/H) by prepubertal and adult sheep oocytes 

243 

   

 

 

 

 

  



 xi

List of Figures 
Figure 1.1 Model demonstrates how an oocyte maintains the meiotic 

arrest in the follicle prior to nuclear maturation 
8 

Figure 1.2 Model demostrates the bi-directional communication in 
regulating meiosis arrest and activating meiotic resumption 
after LH-triggered oocyte maturation. 

9 

Figure 1.3 Changes in oocyte cAMP levels, MPF and MAPK activity 
during oocyte maturation. 

11 

Figure 1.4 Glucose metabolism via glycolysis 20 
Figure 1.5 The tricarboxylic acid cycle 22 
Figure 1.6 Oxidative phosphorylation (OXPHOS) 24 
Figure 1.7 The pentose phosphate pathway 25 
Figure 1.8 The carnitine shuttle 27 
Figure 2.1 Diagram of a siliconized nanolitre pipette set (top) and 

schematics of a siliconised glass oil well (bottom) 
53 

Figure 2.2 Representative reproductive tracts and corpus luteum from 
sheep tissues 

61 

Figure 2.3 Cumulus Oocyte Complexes before (A-B) and after (C-D) 24 
hours of IVM under brightfield microscope 

63 

Figure 2.4 Representative denuded MII oocytes from adult sheep 
animals after 24 hours IVM 

63 

Figure 2.5 Illustration of the layout equilibration (EQ) and AAP dishes 66 

Figure 2.6 Illustration of the layout equilibration (EQ) and GPL dishes 68 
Figure 2.7 Amino acid incubation dish and dilution of samples for 

HPLC analysis into an HPLC vial 
72 
 

Figure 2.8 Representative example of HPLC analysis of spent AAP 
medium by oocytes and control samples 

74 

Figure 3.1 Schematics of the prepared chromatin staining slide 86 
Figure 3.2 Demonstration of classification of sheep GV chromatin 

configuration 
87 

Figure 3.3 Examples of dish-layouts used for the AAP media validation 
experiment 

90 

Figure 3.4 Preliminary result of age effect on chromatin morphology 
distribution by using pooled follicle size 2-5mm   

97 

Figure 3.5 Distribution of chromatin configuration in modified AAP 
media; negative control (DMN), DMSO vehicle control 
(DMO), 10µM (DM10) and 50µM (DM50) cilostamide 
supplementation 

100 

Figure 3.6 Average amino acid profiles of sheep GV oocytes following 6 
hours incubation in 4AAP media 

103 

Figure 3.7 Average total net balance, depletion, appearance and 
turnover of 18 amino acids by sheep GV oocytes following 6 
hours incubation in 4 different AAP media. 

105 

Figure 3.8 Average total net balance, depletion, appearance and 
turnover of 18 amino acids by sheep GV oocytes following 6 
hours incubation in pooled control and pooled cilostamide 
supplemented AAP media 

106 

Figure 3.9 Comparison of the chromatin distribution between 
prepubertal lamb and adult sheep oocytes in relation to 
types of media 

107 



 xii

Figure 3.10 Comparison of the chromatin distribution between AAP and 
GPL media supplementation with 50µM cilostamide, in 
prepubertal lamb (A) and adult sheep (B) oocytes 

107 

Figure 4.1 Quantification of oocyte carbohydrate metabolism using an 
ultramicrofluorometric assay 

131 

Figure 4.2 Demonstration of standard curves used for the calculation 
of glucose, lactate and pyruvate concentration in spent-
KSOM media 

134 

Figure 4.3 Demonstrate a siliconised glass oil well containing nanolitre 
volume drops for the quantification of NAD(P)H 
fluorescence 

135 

Figure 4.4 Amino acid profiles of sheep GV-staged oocytes obtained 
from 2-5mm sized follicles from prepubertal and adult ewe 
oocytes incubated for 6 hours in 50µM cilostamide 
supplemented AAP media 

141 

Figure 4.5 Amino acid turnover of sheep GV-staged oocytes obtained 
from 2-5 mm sized follicles between prepubertal lamb and 
adult ewe oocytes incubated for 6 hours in 50µM 
cilostamide supplemented AAP media 

143 

Figure 4.6 Carbohydrate metabolism of sheep GV-staged oocytes 
obtained from 2-5mm sized follicles between prepubertal 
lamb and adult ewe oocytes incubated 6 hours in 50µM 
cilostamide supplemented modified KSOM medium 

144 

Figure 4.7 Distribution of chromatin configuration between 
prepubertal lamb and adult ewe GV-staged oocytes 
incubated for 6 hours in modified KSOM medium containing 
50µM cilostamide supplementation 

146 

Figure 4.8 Subgroup analysis of GV-staged oocytes incubated in 50µM 
cilostamide supplemented KSOM medium for 6 hours 
between prepubertal and adult animals corresponding to 
carbohydrate metabolism and chromatin configuration. 

147 

Figure 4.9 Glucose/Pyruvate/Lactate metabolism of GV oocytes from 
two age groups compared with regard to net-like or clump 
chromatin patterns  

148 

Figure 4.10 Glucose/Pyruvate/Lactate metabolism between 2 
chromatin patterns (net-like and clump), in GV-staged 
oocytes incubated for 6 hours in modified KSOM medium 
with 50µM cilostamide supplementation 

149 

Figure 4.11 Chromatin configuration of sheep GV-staged oocytes 
incubated for 6 hours in 50µM cilostamide supplemented 
AAP medium between prepubertal lambs and adult ewes 

151 

Figure 4.12 Comparison of amino acid profiles in subgroup analysis for 
the relationship of amino acid metabolism and chromatin 
configuration between the 2 animal ages in sheep GV-staged 
oocytes incubated for 6 hours in AAP medium with 50µM 
cilostamide supplementation. 

152 

Figure 4.13 Amino acid turnover of sheep GV-staged oocytes in 
subgroup analysis between prepubertal lamb and adult 
ewes incubated for 6 hours in modified AAP media with 
50µM cilostamide supplementation 

154 



 xiii

Figure 4.14 Amino acid turnover between three chromatin patterns 
(net-like, condensed and clump), in GV-staged sheep 
oocytes incubated for 6 hours in modified AAP medium 
with 50µM cilostamide supplementation 

155 

Figure 5.1 A schematic of RNA extraction and DNAse treatment 
workflow 

171 

Figure 5.2 Diagrammatic representation of Real Time reaction. 172 
Figure 5.3 Representative examples of cDNA libraries quality check for 

individual oocyte cDNAs using 2% (w/v) agarose gel 
electrophoresis. 

177 

Figure 5.4 Agarose gel image of product size verification following 
real-time qPCR analysis. 

178 

Figure 5.5 Demonstrate the consistent of levels expression of the 3 
housekeeping genes (A) and the 2 oocyte specific genes (B) 
used to confirm cDNA quality across 24 selected cDNA 
samples 

180 

Figure 5.6 Schematic a newly customized array plate using for 2 
samples testing simultaneously. 

186 

Figure 5.7 Representative dissociation curves following real-time PCR 192 
Figure 5.8 Representative of real-time PCR products of bovine array 

primers testing with ovine cDNA libraries (1:50 total RNA) 
on 2% (w/v) agarose gel. 

193 

Figure 5.9 Comparative gene expression between prepubertal and 
adult GV-staged sheep oocytes 

196 

Figure 5.10 Comparative gene expression between prepubertal and 
adult MII-staged sheep oocytes 

197 

Figure 5.11 Comparative gene expression between  prepubertal  GV-  
and MII-staged sheep oocytes 

198 

Figure 5.12 Comparative gene expression between  adult  GV-  and MII-
staged sheep oocytes 

199 

Figure 5.13 Effect of age on relative expression of key genes related to 
metabolic and growth 

200 

Figure 6.1 Correlation between mtDNA copy number and each 
parameter of energy metabolism per oocyte  

244 

Figure 6.2 Comparison mtDNA copy number postincubation in 
different culture media in lamb and adult sheep oocytes 

246 

Figure 6.3 Comparison ranks of mtDNA copy number postincubation 
in different culture media in lamb and adult sheep oocytes 

247 

   
   

 

  



 xiv

LIST OF ABBREVIATIONS 
α-MEM Minimum Essential Medium Eagle Alpha Modification  

AA Amino acid 

AAP Amino acids profiling  

ACAT1 Acetyl-Coenzyme A acetyltransferase 1 

ACE Adenylation control element  

ACTB Beta actin 

ADP Adenosine diphosphate 

AHCY Adenosylhomocysteinase 

AKT Protein Kinase B 

AMH Anti-Mullerian hormone 

AMPK 5’AMP activated protein kinase  

APC anaphase-promoting complex  

AREG Amphiregulin 

ART Assisted Reproduction Therapy 

ASCL2 Achaete-scute family bHLH transcription factor 2 

ATF2 Activating transcription factor 2 

ATP Adenosine triphosphate 

Bax Bcl-2-like protein 4 

Bcl2 B-cell lymphoma 2 

BHMT Betaine-homocysteine S-methyltransferase  

BMP  Bone morphogenetic protein  

BSA Bovine Serum Albumin  

Bub Budding Uninhibited By Benzimidazoles  

CaMKII  Calmodulin-dependent kinase II 

cAMP Cyclic adenosine monophosphate 

CAT Choline acetyl transferase 

CC  Cumulus cell 

Ccnb1  Cyclin B1 

CCNG1 Cyclin G1 

CD9 Oolemma tetraspanin protein  

CDC cell division cycle  

CDH1 CDC20 homologue 1  

CDK1 Cyclin Dependent Kinase 1 

cDNA Complementary deoxyribonucleic acid 

CDX2 Caudal type homeobox 2 

CEEFs  Cumulus-expansion enabling factors  

CFL1 Cofilin 1 

CG Cortical granules 

cGMP Cyclic guanosine monophosphate 

c-kit Cognitive Kit ligand receptor 

CNP C-type natriuretic peptide 

CO2 Carbon dioxide  

COCs Cumulus oocyte complexes 

COI Cytochrome C oxidase I  

COX2 Cyclo-oxygenase 2  

CPEB Cytoplasmic polyadenylation element binding protein 



 xv

CPT Carnitine palmitoyltransferase  

Cx Connexin 

DABA 2,4-diaminobutyric acid 

DAPI 4',6-diamidino-2-phenylindole 

DAZL Deleted in azoospermia-like 

DHFR Dihydrofolate reductase 

DMN  Medium without DMSO  

DMO  Medium with DMSO  

DMSO Dimethyl sulfoxide 

DM10 Dimethyl sulfoxide plus cilostamide 10uM 

DM50 Dimethyl sulfoxide plus cilostamide 50uM 

DNA Deoxyribonucleic acid 

DNMT DNA (cytosine-5-)-methyltransferase  

DPBS Dulbecco’s phosphate buffered saline 

DTT Threo-1,4-Dimercapto-2,3-butanediol 

dsDNA double stand Deoxyribonucleic acid  

EBSS Earle’s Balance Salt Solution 

ECM Extracellular matrix  

EGF Epidermal growth factor 

EGFR Epidermal growth factor receptor 

EHMT2 Euchromatic histone-lysine N-methyltransferase 2 

ELP3 Elongator acetyltransferase complex subunit 3 

EMI1 Early mitotic inhibitor 1 

EPPS N-2-hyroxyethyl piperazine-N'-3-propanesulfonic acid 

EQ Equilibration dish 

ER Estrogen receptor 

EREG Epiregulin 

ERK Extracellular signal–regulated kinase 

ETC Electron transport chain 

FAD flavin adenine dinucleotide 

FADH2 flavin adenine dinucleotide 

FASN fatty acid synthase  

FF Follicular fluid 

FGF8B Fibroblast growth factor 8B 

FGFR1 Fibroblast Growth Factor Receptor 1 

FIGLA Factor in germline alpha 

FILIA Maternal effect gene 

FIM Follicle isolation medium  

FOLR Folate Receptor  

FOXO3 Forkhead box O3 

FSH Follicle Stimulation Hormone 

FSHR Follicle-stimulating hormone receptor 

FSK Forskolin  

GAPDH Glyceraldehyde phosphate dehydrogenase 

GC  Granulosa cell 

GDF9 Growth-differentiation factor 9 

GDHB NAD-specific glutamate dehydrogenase 

GI Glycolytic Index  



 xvi

GLUT Glucose transporter 

GLYT Glycine transporter  

GMP Guanosine monophosphate  

Gn Gonadotropin 

GPI Glycosylphosphatidyl-inositol anchored proteins  

GPL Glucose-pyruvate-lactate  

GPR G-protein receptor 

GPT2 Glutamic pyruvate transaminase 

GREM Gremlin  

GSH Glutathione peroxidase  

GSK Glycogen synthase kinase  

GTP Guanosine triphosphate  

GTSF Gametocyte Specific Factor  

GV Germinal vesicle  

GVBD Germinal vesicle breakdown 

G6PD Glucose 6 phosphate dehydrogenase 

H19 Maternally expressed transcript 

H2A  Histone A2 

HAS2 Hyaluronan synthase 2  

HAT1 Histone acetyltransferase 1  

HCL Hydrochloric acid  

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 

HEPES-MEM    Minimum Essential Medium Eagle HEPES Modification 

HK Hexokinase 

HKs Housekeeping genes 

HPLC High-performance liquid chromatography 

IBMX 3-isobutyl-1-methylxanthine 

ICSI Intracytoplasmic sperm injection  

IGF Insulin-like growth factor 

IGF1 Insulin-like growth factor 1  

IGF1R Insulin-like growth factor 1 receptor 

IGF2 Insulin-like growth factor 2 

IGF2BP1 Insulin-like growth factor 2 mRNA binding protein 1  

IGF2BP2 Insulin-like growth factor 2 mRNA binding protein 2 

IGF2BP3 Insulin-like growth factor 2 mRNA binding protein 3 

IGF2 Insulin-like growth factor 2 

IGF2R Insulin-like growth factor 2 receptor 

IGFBP Insulin-like growth factor binding protein 

IGFR Insulin Like Growth Factor Receptor 

IL Interleukin 

IMM Inner mitochondrial membrane 

INSR Insulin receptor 

IVF In vitro fertilization 

IVM In vitro maturation 

IVP In vitro production 

JAK Janus Kinase  

KAT5 Lysine acetyltransferase 5 

KDM1B Lysine demethylase 1B 



 xvii

KHDC3L KH Domain Containing 3 Like, Subcortical Maternal  
Complex Member 

KL Kit ligand 

KSOM Potassium simplex optimised medium  

LAF Large antral follicle 

LD PCR Long distance PCR  

LDH Lactate dehydrogenase 

LH Luteinizing hormone 

LHR Luteinizing hormone receptor 

L-LDH L-lactate dehydrogenase 

MAD2 Mitotic Arrest Deficient 2  

Mad2 Mitotic Arrest Deficient 2  

MAF Medium antral follicle 

MAPK Mitogen-activated protein kinase 

MAT Methionine adenosyltransferase  

MCT Monocarboxylate carrier family  

MEA Mouse Embryo Assay  

MEG Maternally expressed  

MEM Minimum Essential Media  

MEST Mesoderm specific transcript 

MGC Mural granulosa cell 

MI Metaphase stage of meiosis I 

MII Metaphase stage of meiosis II 

Mili-Q Deionised water 

MIMT1 MER1 repeat containing imprinted transcript 1 

MOS Proto-oncogene serine/threonine-protein kinase mos 

MPF Matuation promoting factor 

mRNA Messenger ribonucleic acid 

MSK2[RPS6KA4] Ribosomal protein S6 kinase, 90kDa, polypeptide 4  

mtDNA Mitochondrial DNA  

mtRNAPol mitochondrial DNA polymerase γ  

mtSSBP mitochondrial single-stranded DNA-binding protein  

MTHFR Methylenetetrahydrofolate reductase 

mTOR Mechanistic target of rapamycin 

MYT1 Myelin transcription factor 1 

MTR 5-methyltetrahydrofolate-homocysteine methyltransferase 

NAD Nicotinamide adenine dinucleotide  

NADH Nicotinamide adenine dinucleotide  

NADP Nicotinamide adenine dinucleotide phosphate  

NADPH Nicotinamide adenine dinucleotide phosphate  

nl Nanolitre 

NLRP NLR Family Pyrin Domain Containing 

NO Nitric oxide  

NPPC Natriuretic peptide protein C  

Npr2 Natriuretic peptide receptor 2  

Nrf Nuclear respiratory factor 

NSN Non-surrounded nucleolus  

ODS Octadecylsilyl  



 xviii

OMM outer mitochondrial membrane 

OOEP Oocyte Expressed Protein 

OPA O-phthaldialdehyde  

OXPHOS  Oxidative phosphorylation system 

P450 Cytochrome p450 

P450SCC Cytochrome p45O side chain-cleavage enzyme  

p53 Tumor protein p53 

PADI6 Peptidyl arginine deiminase, type VI 

PB Polar body 

PBS Phosphate-buffered saline  

PCOS Polycystic ovary syndrome 

PDE  Phosphodiesterase  

PDK Pyruvate dehydrogenase kinase 

PEG10 Paternally expressed 10 

PEG3 Paternally expressed 3 

PFA Paraformaldehyde 

PGCs Primordial germ cells 

PGE2 Prostaglandin E2 

PGK1 Phosphoglycerate kinase 1 

PGS-2 Prostaglandin endoperoxide synthase-2  

pH Expression of the acidity or alkalinity of a solution 

PHLDA2 Pleckstrin homology-like domain, family A, member 2 

PI3K Phosphatidylinositol-4,5-bisphosphate 3-kinase 

PIP2 phosphatidylinositol 4,5-bisphosphate  

PIP3 phosphatidylinositol 3,4,5-trisphosphate  

PKA Protein kinase A 

PLAGL1 Pleiomorphic adenoma gene-like 1 

PLCz Phospholipase C zeta 

PN  Pronuclear 

poly-A polyadenylation 

POLG mitochondrial polymerase gamma 

POU5F1 POU Class 5 Homeobox 1 

PPP Pentose phosphate pathway 

PRDM PR Domain Zinc Finger Protein  

PRDX Peroxiredoxin  

PRMT5 Protein arginine methyltransferase 5  

PRPP phosphoribosyl pyrophosphate  

PTEN phosphatase and tensin homolog  

Ptgs2 Cyclooxygenase 2  

PTX Pentraxin  

PVS Peri-vitteline space 

R3 IGF1 Recombinant analogue of human IGF1 

RBBP8 RB Binding Protein 8 

RNA Ribonucleic acid 

ROS Reactive oxygen species 

RPLP0 Ribosomal protein large P0 

RT reverse transcription 

SAC spindle assembly checkpoint 



 xix 

SAM S-adenosyl-methionine  

SCMC Subcortical maternal complex  

sERC Smooth endoplasmic reticulum cluster 

SETD7 SET domain containing lysine methyltransferase 7 

SETDB1 SET domain bifurcated 1  

SGLT sodium-glucose linked transporters 

SHMT Serine hydroxymethyltransferase  

SLC Solute carrier family  

SMCb1 Structural maintenance of chromosomes protein b1 

SN Surrounded nucleolus  

SNRPN Small nuclear ribonucleoprotein polypeptide N 

Sogl2 Shugoshin-like 2 

SPOM Simulated physiological oocyte maturation 

SR-BI / SCARB1 Scavenger receptor class B member 1  

STK Serine/Threonine Kinase  

SYBR Green  DNA binding stain 

TAp73 Transcriptionally active p73 

TBE Tris-borate ethylenediaminetetraacetic acid  

TCA Tricarboxylic acid 

TCM199 Tissue culture medium 199 

TET Tet methylcytosine dioxygenase  

Tex19.1 Testis-expressed protein 19.1 

TFAM Mitochondrial Transcription Factor  

TGFB Transforming growth factor beta 

TLE6 Transducin Like Enhancer Of Split 6 

TNFAIP Tumor necrosis factor alpha-induced protein 

Tpx2 Targeting protein for Xklp2 

TRDMT1 tRNA aspartic acid methyltransferase 1 

TRIM28 Tripartite motif containing 28 

Trp Tripthophan 

TSC1 Tumor suppressor tuberous sclerosis complex 1  

TSSC4 Tumor suppressing subtransferable candidate 4 

TUBB Tubulin beta class  

TZP Transzonal cytoplasmic projections  

UHRF1 Ubiquitin like with PHD and ring finger domains 1  

USP29 Ubiquitin specific peptidase 29 

WEE1 Wee1-like protein kinase 

XIST X (inactive)-specific transcript  

YWHAZ Tyrosine 3-monooxygenase/ tryptophan 5-monooxygenase 

ZNF Zinc finger–containing  

ZP zona Pellucida 



 xx 

List of Presentations  
• Lu, J., Topipat, C., Iles, D., McKeegan, P., Warburton, P., Huntriss, J.D., and 

Picton, H.M. (2018) Characterization of ovine GV and MII oocyte RNA 

polyadenylation length modifications using single cell RNA-sequencing. 

Oral presentation (Short Paper Session B3.2) at the Fertility Meeting, 

Liverpool, UK. 

• Topipat, C., McKeegan, P., Lu, J., Collado Fernandez, E., Huntriss, J.D., and 

Picton, H.M. (2017) Energy metabolism, chromatin configuration, and gene 

expression between prepubertal and adult germinal-stage oocytes as 

indices to determine oocyte quality. Poster presentation (P1-33) at the 

Fourth World Congress of Reproductive Biology, Okinawa, Japan. 

• Topipat, C., Lu, J., McKeegan, P., Collado Fernandez, E., Huntriss, J.D., and 

Picton, H.M. (2017) The impact of reproductive age on metabolism and gene 

expression indices of oocyte quality in germinal staged oocytes. E-poster 

presentation (P-404) at the 33rd Annual Meeting of European Society of 

Human Reproduction and Embryology, Geneva, Switzerland. 

• Gnanaprabha, K., Topipat, C., Lu, J., McKeegan, P., and Picton, H.M. (2017) 

Mitochondrial indices of ovine oocyte maturation in vitro. Oral presentation 

(Short Paper Session B1.4) at the Fertility Meeting, Edinburgh, UK. 

• Topipat, C., Lu, J., Collado Fernandez, E., McKeegan, P., Huntriss, J.D., and 

Picton, H.M. (2017) Mitochondrial markers associated with maternal age 

during ovine oocyte maturation in vitro. Oral presentation (Short Paper 

Session B1.5) at the Fertility Meeting, Edinburgh, UK. 

• Topipat, C., Lu, J., Collado Fernandez, E., Huntriss, J.D., and Picton, H.M. 

(2015) The effect of reproductive ageing on chromatin configuration and 

amino acid metabolism in germinal vesicle staged sheep oocytes in vitro. 

Poster presentation (P-052) at the Society of Reproduction and Fertility 

Annual Conference, Oxford, UK. 

• Topipat, C., Lu, J., Collado Fernandez, E., Huntriss, J.D., and Picton, H.M. 

(2015) The dynamics of chromatin configuration during ovine oocyte 

maturation in vitro. Oral Presentation (Short Paper Session A1.1) at the 

Fertility Meeting, Birmingham, UK. 



 xxi

 

  



 xxii 

  



1 

 

 

CHAPTER 1: GENERAL INFORMATION 

1.1. INTRODUCTION 
Reproduction is one of the most important biological processes that enable the 

existence of species. In the female, the fundamental unit of mammalian reproduction 

is the oocyte. It cooperates with sperm from the male to form an embryo that will 

ultimately develop into the next generation. Numbers of studies have established 

the link between oocyte competence and embryo development prior to embryonic 

genome activation (Heikinheimo and Gibbons, 1998, Smith, 2001, Swain and Pool, 

2008). Impaired oocyte growth leads to incomplete meiotic maturation, failed 

fertilisation, and arrested embryo development (Swain and Pool, 2008). Even 

though this relationship is well accepted, many aspects of the interrelation between 

oocyte quality and embryo development remain to be established.  

 

The human ovary is generally believed to contain a limited number of primordial 

follicles in the ovarian pool. It is established during fetal life around mid-gestation 

before the number of resting follicles decline in later stages of life from late gestation 

and after birth through puberty until menopause, see review (Hartshorne et al., 

2009). The decrease in fertility potential in advanced age women is evident by 

diminished ovarian reserve, which reflects a decrease in both follicle number and 

oocyte quality (Faddy et al., 1992). 

 

The exhaustion of the ovarian reserve concerning primordial follicle depletion 

results in the subsequent decrease in the number of growing follicles as well as a 

decline in their oocyte quality. This depletion may occur as a result of ageing, 

chemotherapy or radiation treatment, or other factors including genetic causes such 

as pre-mutation of fragile X (Tejada et al., 2008), Turner syndrome (Lunding et al., 

2015), and premature ovarian insufficiency all of which lead to fertility problems. 

The effects of age on fertility are significantly more pronounced in women after the 

age of 35 (Karamahmutoglu et al., 2014). These phenomena are evident not only in 

natural conception but also in assisted reproduction cycles (Heffner, 2004).  

 

A striking trend in developed societies is that women are likely to postpone 

parenthood and expect to have their children towards the latter stages of their 
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fertile lifespan; in other words, conception will be delayed until the late 

reproductive years.  Unsurprisingly, these individuals are confronted with an age-

related decline in their fecundity which is accompanied by an increased risk of 

adverse pregnancy outcome (Dunson et al., 2004, Steuerwald et al., 2007, Tatone et 

al., 2008, Wilding et al., 2005). In the face of this societal change further research is 

needed to define and explore how oocyte biology and fertility changes with age. 

Besides this, research helps us to gain knowledge and to improve the culture 

condition in vitro as well as to select potential oocytes for further development. This 

review will provide an overview of the present knowledge concerning 

folliculogenesis and oogenesis and the impact of ageing on ovarian function and 

oocyte competency. It will also provide an understanding of the genetic and 

metabolic markers used to determine the developmental potential of oocytes. Data 

have been reviewed from mammalian models and human studies. 

 

1.2. OVARIAN RESERVE 
During ovarian follicle development and selection, the fate of the vast majority of 

follicles is for them to become atretic and degenerate. In contrast, few follicles will 

complete development and progress to the final stages of follicular maturation with 

the ovulation of a mature oocyte into the oviduct. The mammalian ovary contains a 

limited supply of oocytes. In humans, primordial germ cells (PGCs) are in the active 

stage of germline expansion during PGCs migration to the ovary, and they endure 

extensive proliferation by mitosis to form diploid oogonia from the 7th week of 

gestation (Kurilo, 1981). Oogonia entering meiosis are now termed ‘oocytes’ and 

they progress to meiosis-I, through the leptotene, zygotene and pachytene stages 

before meiotic arrest at the diplotene stage of prophase I. When the maximum 

quantity of approximately 6-7 million germ cells is reached during mid-gestation, 

oocytes become encapsulated into pre-granulosa cells (GCs) to make up the 

primordial follicles (Hartshorne et al., 2009). Oogonial mitosis synchronously 

deteriorates and stops by the end of the second trimester, in parallel, the rate of 

atresia gradually rises. By the term, only 1-2 million primordial follicles remain in 

human ovary, and the figure significantly reduces to 200,000-300,000 germ cells at 

puberty (Oktem and Oktay, 2008, Oktem and Urman, 2010, Pepling and Spradling, 

2001) (Table 1.1).  

 



3 

 

 

 

 

In other species including bovine and ovine, PGCs differentiate into oogonia 

between 3-6 weeks after conception with the key cellular events taking place as 

mentioned in human germ cells before the PGCs mitotically proliferate to reach a 

peak number in mid-gestation (Gondos et al., 1971, Gosden, 2002, McNatty et al., 

2000, van den Hurk and Zhao, 2005). The maximum number of non-follicular germ 

cells is estimated from approximately 1 million in sheep and sows to 3-7 million in 

the ovary of cows and women (van den Hurk and Zhao, 2005). After that, when 

follicle formation begins, apoptosis accounts for approximately 90% of the oocyte 

loss in late fetal life within ovarian follicles (Juengel et al., 2002, Reynaud and 

Driancourt, 2000, Smith et al., 1993). Nonetheless, hundreds of thousands of oocytes 

are left over within the calf, gilt, sheep and human ovaries at birth (Palma et al., 

2012, van den Hurk and Zhao, 2005). In mice, ovarian programming occurs over a 

different time frame. It has been estimated that several thousand PGCs reach the 

gonads and carry on mitosis until the maximum number is present at the transition 

from mitosis to meiosis (Gondos et al., 1971). The population of oocytes then 

dramatically decline such that approximately two-thirds are lost in the first week of 

postnatal life (Kerr et al., 2006, Pepling and Spradling, 1998, Pepling and Spradling, 

2001). Apoptosis seems to be the primary mechanism controlling the continuous 

loss of oocytes both in the pre- and post-natal periods in all vertebrate species 

(Oktem and Urman, 2010, Vaskivuo et al., 2002). 

 

  

Table 1.1. Maximal oocyte formation and  remaining at birth among species 
(van den Hurk and Zhao, 2005) 

Species 
Max number of 

oocytes 
Number of oocytes at 

birth 
Atretic rate (%) 

Human 7,000,000 700,000 90 

Cow 2,700,000 135,000 95 

Sheep 900,000 82,000 91 

Pig 1,200,000 500,000 58 

Mouse 50,000-75,000 10,000-15,000 80 
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1.3. FOLLICULOGENESIS 
Both male and female germline formation begin with the traverse of PGCs along with 

the germ cell proliferation into gonadal ridges to form a cluster called the ‘germ cell 

nest’, which is encapsulated PGCs by the pre-GCs cells  (de Cuevas et al., 1997, 

Gondos et al., 1971, Pepling et al., 1999, Pepling and Spradling, 1998, Pepling and 

Spradling, 2001). The incomplete cytokinesis allows intercellular communication 

via cytoplasmic bridges within the individuals' nest. It is believed to promote some 

genotypes over others (see reviewed in (Pepling et al., 1999) and to reduce defective 

germ cells (Braun et al., 1989). When the developing fetus grows to the later stage 

of gestation, the germ cell nests breakdown, the cytoplasmic bridges disappear, and 

pre-GCs invade the nests and encompass oocytes to form individual primordial 

follicles (Pepling and Spradling, 2001). This is accompanied by a substantial loss of 

oocytes as a quality control mechanism to promote the preferential destruction of 

deficient oocytes via apoptosis (Albamonte et al., 2008, De Felici et al., 2008, Ghafari 

et al., 2007, Jefferson et al., 2006, Lobascio et al., 2007, Pepling and Spradling, 2001). 

Several molecular mechanisms control the intricate processes from PGC formation, 

germ cell nest breakdown, and follicle assembly until primordial follicle formation, 

which require the coordination of transcription factors, multiple signalling 

pathways, and transposon repression as summarized in Table1.2 (see reviews in 

(Grive and Freiman, 2015, Oktem and Urman, 2010, Sanchez and Smitz, 2012). 

 

The process of folliculogenesis begins with primordial follicle formation and 

establishes the stockpile of the finite numbers of germ cells available for the entire 

female reproductive lifespan. The morphological hallmark of a primordial follicle is 

characterised by the presence of a single layer of flattened pre-GCs enclosing the 

meiotic arrested oocyte (primary oocyte). When animals reach puberty, the 

recruited follicles will grow through the primary, secondary, and preantral stage 

before the antral cavity acquires. At this stage, most of the antral follicles undergo 

atresia; however, under the influence of gonadotrophin, only few antral follicles can 

reach the preovulatory phase. In response to a gonadotropin surge, a dominant 

preovulatory-stage follicle will ovulate and release the mature, fertilizable oocyte 

into the oviduct awaiting sperm penetration for fertilisation (Gosden et al., 1989, 

Gougeon, 1996, McGee and Hsueh, 2000, Picton et al., 2003). 
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Table 1.2. Genes and signaling pathways involved in the formation of germ cells, follicle 
assembly and follicle activation. (Adapted from Collado-Fernandez, 2013, Grive and Freiman, 

2015, Sanchez and Smitz, 2012) 
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Local autocrine and paracrine mediators initially drive dynamics of follicle 

development until growing follicles reach the preantral stage, they become 

responsive to gonadotropin exposure as evidence of follicle stimulating hormone 

(FSH) and luteinizing hormone (LH) receptors on the follicular granulosa and theca 

cells. However, developing follicles at this stage are dependent on the influence of a 

multitude of autocrine and paracrine signals and local intra-ovarian factors, rather 

than endocrine signals (McNatty et al., 2007, Picton and Gosden, 2000). Progression 

to the preantral/early antral stage involves oocyte enlargement, zona pellucida 

formation, extensive proliferation to form a multilayered GCs, formation of a basal 

lamina, and recruitment of stromal cells to form theca layers enclosing the follicle 

basement membrane, followed by developing fluid-filled spaces between granulosa 

layers to gradually form a single antral cavity (Orisaka et al., 2009, van den Hurk and 

Zhao, 2005, Young and McNeilly, 2010). Since follicles at this stage start to have a 

vascular supply, they can also respond to other endocrine factors transported 

through blood circulation apart from local intraovarian mediators signalling follicle 

development. Evidence shows the androgen receptor expression predominates in 

preantral follicles suggesting a physiological role of ovarian androgens in 

supporting follicle growth beyond that of a substrate precursor for estrogen 

production. Studies confirmed the androgen role in promoting the development of 

preantral to small antral stage follicles in several species such as rat (Tetsuka et al., 

1995), sheep (Juengel et al., 2006), rhesus (Vendola et al., 1998) and human (Otala 

et al., 2004, Rice et al., 2008). 

 

At the final stage of follicular development, growing antral follicles to the 

preovulatory stage become critically dependent on FSH support. However, roles of 

autocrine and paracrine still influence the antral development in promoting 

granulosa cell proliferation and subsequently modulating FSH-dependent follicles. 

Growth-differentiation factor 9 (GDF9), Bone morphogenetic protein 15 (BMP15), 

and Bone morphogenetic protein 6 (BMP6), for example, are secreted factors 

derived from the oocytes while activin, inhibin, and BMP6 originate from the 

granulosa cells as reviewed (Knight and Glister, 2006). Incorporate with the 

regulatory control, changes of the follicular structures characterise by the 

enlargement of oocyte size and volume accompanied by a rapid increase in the 

volume of the fluid-filled antral cavity, combined with the continued proliferation of 
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granulosa and theca cells and increased thecal vascularisation. The histotypic 

complexity of the follicle structure imposes a limitation on the efficacy of secreted 

signalling molecules derived from theca, mural granulosa (MGC), cumulus granulosa 

cells (CC) and oocytes to transfer via diffusion dependent processes. Therefore, 

concentration gradients of secretory signalling molecules within follicles are 

generated in the different compartments to facilitate further growth and cellular 

differentiation (Knight and Glister, 2006). 

 

1.4. OOCYTE MATURATION 

1.4.1. Nuclear Maturation, Meiotic Arrest And Resumption  
Meiotic progression initiates in the early stages of oocyte and follicle development, 

but following the first meiotic checkpoint the germinal vesicle (GV) oocyte is 

maintained at the diplotene stage of prophase of meiosis I until the oocyte becomes 

fully grown and meiosis is resumed following the preovulatory LH surge. It is well 

established that an elevation of intraoocyte cyclic adenosine monophosphate 

(cAMP) plays a crucial role in the maintenance of meiotic arrest within the oocyte in 

rodents (Mehlmann, 2005b) and humans (Mehlmann, 2005b, Nogueira et al., 

2003a). It is believed that cAMP is predominantly derived from exogenous influx 

from the adjacent CCs via gap junctions (Chaube and Misro, 2002, Dekel et al., 1981, 

Sela-Abramovich et al., 2006, Webb et al., 2002) whereas endogenous generation of 

cAMP within the oocyte occurs via G-protein coupled receptor and subsequently 

adenylate cyclase activation is limited (DiLuigi et al., 2008, Masciarelli et al., 2004, 

Mehlmann, 2005a, Vaccari et al., 2008). Like cAMP, later studies reported another 

factor (i.e., cyclic guanosine monophosphate (cGMP)) from the CCs may also act as 

an indirect regulator for the inhibition of meiotic resumption, as cGMP influx 

prevents the activation of the cAMP-PDE3A (cAMP-phosphodiesterase 3A) enzyme, 

which is responsible for the degradation of cAMP within the oocyte (Norris et al., 

2009) (Figure 1.1). Therefore the assumption could be drawn that high levels of 

intraoocyte cAMP are possibly the key determinant to maintain oocyte arrest before 

undergoing meiotic resumption. 

 

The well-orchestrated interaction between the oocytes and the surrounding GCs is 

essential to the regulation of oocyte meiotic arrest. Oocyte-secreted factors promote 

the natriuretic peptide receptor 2 (Npr2) expression on CCs. In turn, increased 
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activation of Npr2 by its ligand, C-type natriuretic peptide (CNP) produced by the 

mural GCs, induces the conversion of guanosine triphosphate (GTP) to produce c 

Guanosine monophosphate (GMP) and this inhibits the activity of 

phosphodiesterase-3A (PDE3A) (Norris et al., 2009, Vaccari et al., 2008, Zhang et al., 

2010)(Figure 1.1). A recent study has identified oocyte-secreted factors, GDF9, 

BMP15 and Fibroblast growth factor 8B (FGF8B), as well as, oestradiol play a direct 

role in the regulation of the Nrp2 expression in CCs, and consequently in controlling 

oocyte meiotic arrest before ovulation (Zhang et al., 2011a). 

 

 

 

Figure1.1. Model demonstrates how an oocyte maintains the meiotic arrest in the 
follicle prior to nuclear maturation. The natriuretic peptide protein C (NPPC) expressed 

in the mural granulosa cells (GC), produces C-type natriuretic peptide (CNP) ligands and 

probably secretes to extracellular space. Activated natriuretic peptide receptor 2 (NPR2) by 

CNP increases cGMP accumulation in both the mural and cumulus cells compartment. Then 

it diffuses via gap junctions (connexin-43 and -37) to inhibit phosphodiesterase-3A 

(PDE3A) enzyme hydrolyzing cAMP in the oocyte compartment. (Adapt from Conti et al., 

2012.) 

 

The preovulatory LH surge initiates a cascade of meiotic maturation events that 

transform the arrested GV oocytes in the stage of prophase I through metaphase I 

(MI) of the first meiotic division and ending up with extrusion of the first polar body 

(PB). At this stage, the oocyte enters the second meiotic checkpoint and arrests at 

the metaphase II (MII) stage of meiosis II. Following the LH surge, the meiotic arrest 

of the oocyte at the GV stage is again overridden by lowering the total follicular 

cGMP content, initiating a drastic decline in cAMP levels within the oocyte as a result 
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of PDE3A activation, which actively hydrolysis intraoocyte cAMP (Zhang et al., 

2011a, Zhang et al., 2010). Since the inhibitory factor(s) released from theca (e.g., 

hypoxanthine) and granulosa cells (e.g., cGMP, cAMP) pass to the oocyte via gap 

junctions, and the closure of these channels in response to the LH-surge induces the 

extracellular signal regulated kinase (ERK)/mitogen-activated protein kinase 

(MAPK) signalling pathway, this contributes to meiotic resumption as well (De Loos 

et al., 1994, Sirard and Bilodeau, 1990, Sirard and First, 1988) (Figure 1.2). This 

evidence is supported by a decline of Nppc mRNA levels (encoding CNP) in mural 

GCs, leading to the limited production of cGMP in CCs to transport into the oocyte. 

Moreover, closure of the gap junctions may also contribute to this process, as a 

result of Epidermal growth factor receptor (EGFR) activation (Norris et al., 2008, 

Sela-Abramovich et al., 2005) (Figure 1.2). 

 

 

 

Figure1.2. Model demostrates the bi-directional communication in regulating  
meiosis arrest and activating meiotic resumption after LH-triggered oocyte 
maturation. Oocyte secreted factors (i.e., GDF9, BMP15, and FGF8B) upregulate NPR2 

expressed in cumulus cells to induce GTP conversion to cGMP, which the high level then 

diffuses to the oocyte via gap juctions in order to maintain meiotic arrest (left panel). After 

LH-surge (right panel), the PKA signaling pathway is activated and induces the production 

of the EGF-like factors (i.e., AREG, EREG, etc.). These factors via EGFR activate a ERK1/2 

cascade resulting in; 1) upregulating transcripts involved in cumulus expansion, 2) 
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enhancing the LH stimuli response through the production of PGE2 and subsequent EGF-

like cascade, and 3) closing gap junction to inhibit cGMP transport into the oocyte and 

subsequently release an immature oocyte to progress to the meiotic resumption. GDF9: 

Growth-differentitation factor-9; BMP15: Bone morphogenetic protein-15; FGF8B: 

Fibroblast growth factor-8B; NPR2: Natriuretic peptide receptor 2; LH: Luteinising 

hormone; PKA: Protein kinase A; EGF: Endothelial growth factor; EGFR: Endothelial growth 

factor receptor; ERK: Extracellular signal-regulated kinase; AREG: Amphiregulin; EREG: 

Epiregulin; PGE2: Prostaglandin E2; PDE3A: Phosphodiesterase enzyme 3A; and cGMP: 

Cyclic guanosine monophosphate (Adapt from Sanchez, 2012). 

 

Together with meiotic resumption, the nuclear maturation is driven by the 

activation of the M-phase promoting factor or maturation-promoting factor (CDK). 

This is a heterodimer that consists of the catalytic subunit (cyclin dependent kinase 

1, CDK1) and the regulatory subunit (cyclin B). The MPF complex phosphorylates 

special gene targets participating in GVBD, chromosome condensation, cytoskeletal 

rearrangements and arrest in transcriptional activity (Dunphy et al., 1988, Moreno 

and Nurse, 1990, Oh et al., 2010, Vogt et al., 2008). The MPF inactivation has been 

observed in the GV arrest and during the transition from meiosis I to meiosis II with 

a peak at metaphase I. It then maintains at a high level during the MII arrest until 

fertilization (Fulka et al., 1992, Josefsberg et al., 2003, Mehlmann, 2005b, Wu et al., 

1997) (Figure 1.3.A). 

 

The protein kinases WEE1/MYT1 regulate the CDK1 activity by inhibitory action 

while the cell division cycle (CDC) phosphatase 25 (CDC25) paradoxically plays an 

activating role. Besides, MPF activity is dependent on the cyclin B ubiquitination and 

degradation which is mediated by the anaphase-promoting complex (APC) and APC 

co-activator proteins CDC20 (APCCDC20) and CDC20 homologue 1 (CDH1). The GV 

arrest is also characterised by high levels of cAMP, as well as low levels of CDK1 and 

cyclin B1. High cAMP levels sustain meiotic arrest of the immature oocyte at the GV 

stage by activating PKA leading to WEE1/MYT1 activation and CDC25 inhibition, 

and ultimately resulting in CDK1 inactivation (Bornslaeger et al., 1986, Han and 

Conti, 2006, Kovo et al., 2006, Pirino et al., 2009). On the other hand, APC activity 

marks cyclin B1 for degradation observed in murine GV oocytes (Reis et al., 2006) 

(Figure 1.3.B).  
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A reduction in the intraoocyte cAMP and GC-derived cGMP concentration after LH 

triggering causes the PKA inactivation and, in turn, the MPF activation to drive 

nuclear progression through meiosis I (Norris et al., 2009, Schultz et al., 1983, 

Vaccari et al., 2008)). In addition, immediately after GVBD, inhibition of APCCDH1 

activity by the early mitotic inhibitor 1 (EMI1) facilitates cyclin B1 accumulation and 

spindle formation (Marangos et al., 2007) (Figure 1.3.C). Consequently, during 

prometaphase I, degradation of APCCDC20 allows chromosome congregation at 

metaphase I (Reis et al., 2007). Later, releasing degradation marks of cyclin B1 and 

securin result in anaphase progression, meiosis I completion and extrusion of the 

first PB (Herbert et al., 2003, Reis et al., 2007) (Figure 1.3.C). 

 

After that, the oocyte driven by MPF with participation of the MOS/MEK/MAPK 

pathway immediately progresses to meiosis II without chromatin decondensation 

while the sister chromatids become rapidly realigned and form the MII plate and 

maintain MII arrest (Fan and Sun, 2004, Madgwick and Jones, 2007, Tripathi et al., 

2010). As soon as fertilization resulting in APC activation and cyclin B1 and securin 

degradation, the MII arrest is released (Hansen et al., 2007, Madgwick and Jones, 

2007, Nixon et al., 2002). 
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Figure 1.3. Changes in oocyte cAMP levels, MPF and MAPK activity during oocyte 
maturation. (A) Dynamics of cAMP, active MAPK and active MPF levels during nuclear 
maturation. (B) Signaling pathway regulating meiosis arrest in the GV oocyte. (C) 
Meiosis progression during transition from GVBD to MII oocyte, the downstream 
pathway after Gn triggering lost gap junction. Stimulation of GPR and CC-derived 

cAMP/cGMP maintain high cAMP levels, PKA activity and inactivation of MPF 

(CDK1+CyclinB1). Gn stimulation and/or gap junction loss triggers a drop in cAMP followed 

by MPF activation, GVBD and progression of MI. The spindle assembly checkpoint (SAC) 

ensuring the correct segregation of chromosomes can delay progression to anaphase 

through inhibition of APCCDC20 if aberrations in the spindle or the alignment of 

chromosomes detected. (Brunet et al., 2003; Homer et al., 2009; McGuinness et al., 2009). 

MPF inactivation is required during MI to MII transition. Two APC coactivators (CDC20 and 

CDH1) and an inhibitor (early mitotic inhibitor, EMI) are necessary in mouse oocyte meiotic 

progression (Reproduced and modified from Collado-Fernandez 2013 with permission). 

 

1.4.2. Cytoplasmic Maturation 

Regulation of oocyte maturation commences during oocyte development and entails 

coordination of both nuclear and numerous cytoplasmic processes. Acquisition of 

ooplasmic signalling cascades is a fundamental regulatory control mechanism that 

is needed to ensure oocytes accumulate sufficient carbohydrate and protein 

synthesis and storage, successful organelle replication, and redistribution and 

regulation of metabolic/molecular mechanisms required for a mature MII oocyte to 

finalise subsequent fertilisation occurrences. These events include sperm/oocyte 

binding and fusion, oocyte activation, sperm processing and pronuclear (PN) 

formation, as well as preimplantation embryo development. 

 

Since the zona pellucida (ZP), a conglomerate of glycoproteins synthesized and 

secreted by the developing oocyte (Calafell et al., 1992, Nogues et al., 1988), is the 

outermost part of the oocyte, abnormal ZP protein production causes abnormal 

sperm recognition/binding and leads to subsequent fertilization failure (Oehninger 

et al., 1996, Rankin et al., 1999, Rankin et al., 2001). Also insufficiency or 

disorientation of proteins in oolemma including oocyte protein products (i.e., the 

oolemma tetraspanin protein (CD9) (Chen et al., 1999, Kaji et al., 2000, Miller et al., 

2000, Miyado et al., 2000), glycosylphosphatidyl-inositol anchored proteins (GPI) 

and oolemma microvilli (Runge et al., 2007) may impede this fusion process 

(Komorowski et al., 2006). 
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There are two critical events taking place during oocyte activation; (i) a cortical 

granule (CG) reaction that modifies the ZP to prevent polyspermy, and (ii) the 

release from MII arrest to complete meiosis. During fertilization, PLCζ, a sperm 

specific protein, is released into ooplasm to induce the endoplasmic reticulum to 

release Ca2+ and initiate the prolonged Ca2+ oscillation (Carroll, 2001, Kashir et al., 

2010, Nomikos et al., 2013). This process begins soon after sperm/oocyte fusion and 

stops when PN formation arises (Larman et al., 2004, Marangos et al., 2003). 

Alteration of a Ca2+ rise and oscillations (i.e., frequency, amplitude and duration) 

have drastic impacts on the following events in both fertilisation and the early 

embryonic developmental stage (Ducibella et al., 2002, Gordo et al., 2000, Ozil, 1998, 

Rogers et al., 2006). The prerequisite for correct Ca2+ signalling in oocytes is that the 

presumptive gametes must not only reach full size, but they also contain absolute 

oscillation capacity following cytoplasmic maturation (Carroll et al., 1994). 

 

Failure to complete meiosis II theoretically can occur as a result of perturbation of 

any of the steps in the meiotic maturation process and can involve failure of MII 

oocyte meiotic resumption, impaired segregation of sister chromatids, and/or 

failure of extrusion of the second polar body (PB) extrusion. Clinical manifestations 

of these problems can result in retention of the extra copy of maternal genetic 

material leading to a 3PN zygote (Flaherty et al., 1995), incorrect maternal 

chromosome segregation leading to multiple small female PN, karyomeres, or 

complete absence of the female pronucleus (Asch et al., 1995). Completion of the 

second meiotic division in oocytes is also dependent on Ca2+ oscillations as Ca2+ 

transients signal various downstream pathways involving several phosphatases/ 

kinases including- calmodulin-dependent kinase II (CaMKII) and MAPK (Gordo et 

al., 2001, Lorca et al., 1993). In summary, incomplete cytoplasmic maturation may 

compromise fertilisation due to inadequate protein synthesis or aberration in 

associated signalling cascades involved in oocyte activation that subsequently result 

in cortical reaction failure, as well as polyspermic penetration. Alternatively, 

oocytes may demonstrate premature CG exocytosis and zona hardening, resulting 

in an impedance of sperm penetration into the oocyte.   

 

Such events as described above occur during the transition from the GV stage to MII 

stage of oocyte development, in which gamete quality is defined by the processes of 
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cytoplasmic maturation, and is divided into three different elements: (1) 

cytoplasmic organelles redistribution, (2) cytoskeletal dynamics, and (3) molecular 

mechanism controlled maturation. The latter will be discussed in more detail in the 

next section.  

 

During oocyte growth, the spatial rearrangement of organelles is accompanied by 

the reorganisation of the cytoplasmic microtubular network in which they are 

encased in order to occupy defined locations within the cell (Albertini, 1992). 

Dramatic changes in actin microfilaments and microtubules are required to  

Table 1.3. Characteristics and dynamics of cytoplasmic organelles during oocyte 
maturation 

Organelle Characteristics and dynamics References 

Perivitelline space PVS enlargement  and retraction of TZP of 
corona cells 

Hyttel et al., 1997;            
Mihm et al.,1999 

Nucleus migrates to the periphery and nuclear envelop 
breaks down  

Kruip et al., 1983;            
Hyttel et al., 1997 

Mitochondria location preference varies in species, and 
during stage of oocyte development; close to 
nucleus during GVBD; close to spindle at MI and 
MII 

Hyttel et al., 1997;              
Van Blerkom, 1984; 
1991; Calarco, 1995;                  
Nishi, 2003 

 hood shape predominate, aggregate around 
lipid droplets, vesicles and smooth endoplasmic 
reticulum 

Kruip et al., 1983;           
Hyttel et al., 1997;              
Sturmey et al, 2006;      
Motta et al., 2000 

Endoplasmic 
Reticulum 

reduced, more cortical and fragmented during 
final maturation 

Kruip et al., 1983;               
Fair 2003 

Golgi complexes decrese size from GVBD until almost disappear 
at MII 

Hyttel et al., 1997;              
Van Blerkom, 1984; 
1991; Calarco, 1995;                 
Nishi, 2003;                          
Fair 2003 

Cortical granules localize to the periphery underneath the plasma 
membrane 

Hyttel et al., 1998;              
Fair 2003 

Lipid droplets increase and more central localization following 
maturation 

Hyttel et al., 1999 

 more peripheral localization Sturmey et al., 2006 
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facilitate GV positioning and oocyte polarity, for meiotic spindle formation and 

migration, for asymmetrical meiotic divisions and PB extrusion of the oocyte and for 

trafficking of cellular organelles (Schuh, 2011, Schuh and Ellenberg, 2008, Sun and 

Schatten, 2006, Yu et al., 2010). Impaired cytoskeleton dynamics are linked to a 

failure of the second PB extrusion in mouse oocytes (FitzHarris et al., 2007a), and to 

incomplete meiosis I division in the cow (Roth and Hansen, 2005), and are related 

to oocyte developmental competence in the pig (Brevini et al., 2007). Details of 

morphological and ultrastructural dynamics are describes in Table 1.3. 

 

1.4.3. Molecular Maturation 

Apart from meiotic and cytoplasmic maturation, oocyte competence requires 

sophisticated molecular machinery to drive the processes needed to finalise 

saturation and support subsequent cellular events such as fertilisation, pronuclear 

formation, and preimplantation embryogenesis. Since numbers of transcripts and 

proteins will be consumed during early embryo development before embryonic 

genome activation, accumulation of these factors are necessary and required for 

resumption of meiosis, control of the mitotic cell cycle and activation of the 

embryonic genome (Sirard, 2001).  

 

The first detectable mRNA synthesis takes place in the bovine oocyte of the 

preantral stage follicle (Fair et al., 1997) and carries on until the oocyte is fully 

grown, approximately 110μm diameter, which corresponds to a 3mm follicle when 

transcription becomes less active (Fair et al., 1995, Fair et al., 1996). Low levels of 

transcriptional activity continue up to GVBD before a drastic decline at the MII stage 

oocyte (Memili et al., 1998). Therefore mRNA transcripts that regulate development 

through fertilisation and up to the time of embryonic genome activation must be 

synthesised prior to ovulation. During maturation, oocytes contain huge amounts of 

RNA stored in the cytoplasm. The total RNA oocyte content estimates 0.6ng in mouse 

(Sternlicht and Schultz, 1981) and 2.0ng in human (Neilson et al., 2000).  Large 

amounts of the mRNA are degraded during the maturation process of oocyte 

development. Less mRNA is detected in an MII oocyte compared to a GV oocyte, 

approximately 19% in mouse (Bachvarova et al., 1985) and 40% in human (Dobson 

et al., 2004).  The rate of RNA accumulation varies throughout the oocyte maturation 

and a sophisticated system involves in control of synthesis and expression of the 
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mRNA. One important mechanism of control is the polyadenylation (poly-A) of 

which the process is adding poly-A tails to transcripts to render them activated 

(Shim et al., 1997) that leads to protein synthesis (Couttet et al., 1997, Tomek et al., 

2002). Messenger RNAs with a long poly-A tail around 150 A-residues are rapidly 

transcribed while mRNAs with a shorter poly-A tail around 90 A-residues are 

masked and stored for later use (Curtis et al., 1995). The masked mRNAs control the 

stored mRNA expression via an adenylation control element (ACE) as provoking 

elongation of the poly-A tail directs to the subsequent translation (Bachvarova, 

1992, Fox et al., 1989, Verrotti et al., 1996). Incompetent oocytes tend to have 

shorter poly-A tails on the stored mRNA in comparison to their developmentally 

competent counterparts (Brevini-Gandolfi et al., 1999). Therefore, impedance 

during transcription, or integrity of mRNA stability affects the oocytes 

developmental potential for fertilisation and embryogenesis (Brevini et al., 2002). 

 

1.4.4. Cumulus-Oocyte Interactions 

When the follicle commences the growing pool, the oocyte within it starts growing 

and communicating with its surrounding somatic cells, CC and MGC, through gap 

junctions that mainly composed of connexins (Cx) (Anderson and Albertini, 1976, 

Eppig, 1982). Cx43 and Cx37 predominantly expressed in the ovary. Disruption of 

the Cx43 gene causes the arrest of follicular growth at early stages and due to the 

GC developmental defect, the oocyte fails to undergo meiotic maturation (Ackert et 

al., 2001, Juneja et al., 1999). While absence of Cx37 compromises female fertility as 

blocking formation of a mature preovulatory follicle and occurrence of premature 

luteinisation, oocyte growth is thus detrimental and meiotic competence is not 

achieved (Simon et al., 1997). 

 

A bi-directional communication via flow of metabolites, nutrients and paracrine 

factors, between the oocyte and the GC, drives the maturation process towards a 

fertilizable oocyte. Recruiting the follicle into the growing pool involves kit-ligand 

(KL) production from the GC to bind its receptor, Cognitive Kit ligand receptor (c-

kit), on the oocyte (Packer et al., 1994). Another is the retinoblastoma protein that 

is involved in initial cell differentiation. The peak expression demonstrates in 

preantral human oocytes (Bukovsky et al., 1995). In the following, a developing 

follicle is moderately controlled by oocyte secreted factors from the transforming 



17 

 

 

growth factor β (TGFβ) family such as GDF-9, GDF-9B also known as BMP15, anti 

mullerian hormone (AMH), activin and inhibin. Other important growth factors 

support follicular development and oocyte maturation include growth hormone 

(GH), insulin growth factor-I (IGF-I) and members of the epidermal growth factor 

(EGF) family. The gonadotrophins and hormones are, of course, also major players 

in this intrinsic cross-talk between follicular cells.  

 

Together with meiotic resumption, cumulus expansion is also induced by oocyte 

derived cumulus-expansion enabling factors (CEEFs) (i.e., GDF9, BMP15, and 

others) (Dragovic et al., 2005, Dragovic et al., 2007)(Figure 1.2). In response to LH 

surge, the PKA signalling pathway is activated in the MGC and the CC enhancing 

signals to produce the EGF-like factors (i.e. AREG/EREG /betacellulin). 

Subsequently, they promote the downstream ERK1/2 pathway mediated by the 

EGFR mediated signaling stimulates the expression of cumulus expansion-related 

genes such as COX2, gremlin1 (GREM1), HAS2, and PTX3, Ptgs2 and Tnfaip6 as down-

stream GDF-9 target genes (Ashkenazi et al., 2005, Fulop et al., 2003, Ochsner et al., 

2003, Varani et al., 2002).  

 

The regulation of oocyte transcripts that actively participate in meiotic maturation 

is central to the acquisition of oocyte developmental competence. A proportion of 

oocyte transcripts, however, end up degraded during the process of maturation (Su 

et al., 2007). Essential factors that retain their function include transcripts involved 

in the signalling pathways for the regulation of oocyte meiosis and the maintenance 

of meiotic arrest at MII, such as ERK/MAPK and PI3/AKT (Cui et al., 2007, Su et al., 

2007). The aberrant degradation or maintenance of these key transcripts during 

oocyte maturation and fertilisation may compromise oocyte quality and 

developmental competence (Alizadeh et al., 2005). 

 

Recent genome-wide profiling studies of murine maternal mRNAs have revealed 

approximately 7600 transcripts are actively translated during oocyte maturation, 

whereas other transcripts are repressed (Chen et al., 2011). Two different 

mechanisms have been reported regarding translational repression during oocyte 

maturation; by degradation process as previously report (Cui et al., 2007, Su et al., 

2007), and by the translocation of stable transcripts from the polysome to the 
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subpolysome/RNP fraction (Chen et al., 2011). For instance, cell cycle regulators 

(e.g., Ccnb1 and Mos) are shown to have active translation during the GV–MII 

transition. Similarly, components of the anaphase-promoting complex and 

components of the spindle assembly checkpoint (e.g., Mad2, Bub1b, and Sogl2), as 

well as transcripts encoding transcriptional regulators and chromatin remodelers 

also maintain dynamic translation. Recently, cytoplasmic polyadenylation element 

binding protein (CPEB) and azoospermia-like (DAZL) have been identified as two 

essential modulators during oocyte maturation. CPEB protein promotes translation 

of Dazl mRNA, which is important during the transition to the MI stage. DAZL 

protein, on the other hand, subsequently enhances its mRNA translation during 

oocyte maturation (Cauffman et al., 2005, Chen et al., 2011, Collier et al., 2005). 

Down-regulation of DAZL protein by injection of specific antisense morpholino 

oligonucleotides has resulted in delayed meiotic resumption and inhibition of the 

extrusion of the first PB in mice. Also, DAZL was found to be necessary for the 

translation of spindle assembly transcripts (i.e., Tex19.1, Tpx2 and Dazl itself) (Chen 

et al., 2011). This observation explains the link between insufficient DAZL and an 

increase in spindle defects in oocytes. 

 

1.5. OOCYTE AND ENERGY METABOLISM 
 Oocyte during development required energy support to maintain oocyte viability 

as well as to support growth and maturation to acquire the developmental 

competence. Improper energy support leads to incomplete progression of nuclear 

maturation and insufficient oocyte cytoplasmic machineries such as mitochondrial 

activity and distribution, and oxidative and ionic stresses. These may result in 

unsuccessfully driven fertilisation and early embryo development to blastocyst 

formation as before embryonic genome activation they require maternal originating 

metabolic supply.  

 

Mammalian cells including oocytes produce energy in the form of adenosine 

triphosphate (ATP) and intermediate molecules by utilizing potential substrates 

from exogenous supply as well as metabolizing endogenous storage, including 

pyruvate, glucose, oxygen, amino acids, fatty acids, purines and pyrimidines for 

energy production, nuclear maturation, production of extracellular matrices, 

signalling molecules and maintenance of cellular homeostasis/REDOX potential as 
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reviewed (Collado-Fernandez et al., 2012). Varying ATP expenses at the different 

stage of development have been observed. Fluctuation of ATP stored within oocytes 

has been demonstrated during nuclear maturation (Yu et al., 2010). Developing 

embryos into blastocyst stage require higher ATP supply and this linked to higher 

protein production (Thompson, 1997) and increased Na+/K+ ATPase activity to 

drive the blastocoel formation (Watson, 1992). Accumulation of intra-oocyte ATP 

seems to be crucial for fertilisation events and embryo cleavage (see review in 

(Krisher et al., 2007).  

 

Like other eukaryotic cells, mammalian oocytes synthesise ATP production by two 

major mechanisms; aerobic respiration via oxidative phosphorylation and the 

anaerobic pathway by utilising substrates via glycolysis (Thompson, 1997). Under 

the oxygen availability circumstance, the breakdown product pyruvate from the 

glycolytic pathway is entering the tricarboxylic acid (TCA) cycle to produce 

intermediate energy substrates such as NADH and FADH2, through the electron 

transport chain (ETC) to generate more ATP supply. Apart from glycolysis, although 

the pentose phosphate pathway (PPP) cannot directly metabolise glucose to ATP, it 

can produce other intermediates that are vital for cellular function; NADPH and 

phosphoribosyl pyrophosphate (PRPP).  Moreover, the beta-oxidation pathway is 

involved in breaking down the long chain fatty acid molecules to produce small fatty 

acid molecules, acetyl co A, for the TCA cycle along with intermediate energy 

substrates NADH and FADH2 for ETC as well. 

 

1.6. METABOLIC PATHWAYS FOR ENERGY GENERATION 

1.6.1. Glycolysis 

Glycolysis is a universal catabolic pathway of a living organism. It is the first step of 

glucose metabolism to extract energy by splitting the six-carbon molecule glucose 

into two three-carbon pyruvate molecules. The process begins when glucose is 

transported into the cytoplasm either by facilitated diffusion via glucose transporter 

proteins (i.e., GLUT1-4 family) or active transport via Sodium-Dependent Glucose 

Transporter (i.e., SGLT1-2) and involves two major phases; the energy-requiring 

phase and the energy-releasing phase. In the first half of glycolysis, two ATP 

molecules are invested, and the phosphorylated glucose (six-carbon) is cleaved to 

form two glyceraldehyde-3-phosphate (three-carbon).  During the second half, or  
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Figure 1.4. Glucose metabolism via glycolysis. Key regulator enzymes of the glycolytic 

pathway are highlighted in red. The first half of glycolysis (Investment phase) uses two ATP 

molecules in the phosphorylation of glucose, which is then split into two three-carbon 

molecules. The second half of glycolysis (pay off phase in green box) involves 

phosphorylation without ATP investment, produces two NADH and four ATP molecules per 

glucose (Modified from (Lowe, 2014). 

energy-releasing phase, each three-carbon sugar, glyceraldehyde-3-phosphate, is 

converted into pyruvate (three-carbon) through a series of reactions that produce 

two ATPs and one NADH molecules. As one glucose breakdown forms two three-

carbon molecules, the process takes place twice so overall four ATPs and two NADHs 

are finally released from this stage. The net products are finally provided by 
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glycolysis including two ATPs, two NADHs and two pyruvate molecules which are 

precursors maintaining the TCA cycle or the PPP. As glycolysis is a multi-step 

pathway, it is thus regulated by inhibition or activation of enzymes in certain levels. 

Among several enzymes involved the three key regulatory enzymes; hexokinase, 

phosphofructokinase (PFK), and pyruvate kinase are rate-limiting due to their 

involvement in irreversible reactions, which serve as points of control for glycolytic 

flux. While an ADP:ATP ratio will serve as the sensing switch for the adjustment of 

glycolytic activity (Figure 1.4).  

 

1.6.2. The Tricarboxylic Cycle 

The tricarboxylic acid (TCA) cycle is also known as the citric acid cycle or the Krebs 

cycle, an aerobic pathway taking place in the mitochondrial matrix to metabolise 

pyruvate and produce acetyl-CoA, NADH and FADH2. As ATP is the final target, 

intermediate metabolites, NADH and FADH2, transfer their electrons to the next step 

of oxidative phosphorylation, the electron transport chain, which is consuming 

oxygen for energy synthesis.  Furthermore, many intermediaries from the pathway 

are also used for the biosynthetic process of amino acids and purine nucleotides, the 

crucial elements for growth and DNA replication.  

 

The TCA cycle is a series of eight steps, a closed-loop pathway, which consists of 

redox, dehydration, hydration and decarboxylation reactions. It begins with the 

entry of acetyl coenzyme A (Acetyl CoA), a two-carbon metabolite from energy 

substrate breakdown, condensed with oxaloacetate by the aid of citrate synthase 

enzyme to form citrate along with releasing CoA. The following enzymatic reactions 

include the conversion citrate to isocitrate, oxidised to α-ketoglutarate and 

subsequent succinyl coenzyme A before it is phosphorylated to produce GTP/ATP 

and then transforming to succinate, fumarate and malate, respectively. At the final 

step of the TCA cycle, oxaloacetate is regenerated by oxidising malate (Figure 1.5). 

In summary, each round of the TCA cycle yields two carbon dioxide molecules, three 

NADHs, three protons (H+), one FADH2 and one GTP/ATP molecule.  

 

The TCA cycle is regulated through the availability of substrate precursors (i.e., 

pyruvate, acetyl CoA, propionyl CoA and glucogenic amino acids) that are 

metabolites from several different metabolic pathways including glycolysis, β-
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oxidation cycle, and protein catabolism. Apart from that, abundant products, as well 

as feedback inhibition, also play essential roles in the TCA cycle control. 

 

 

 

Figure 1.5. The tricarboxylic acid cycle. In each cycle, the acetyl group from acetyl 

CoA is attached to an oxaloacetate molecule (four-carbon) to form a citrate molecule (six-

carbon). Through a series of steps, citrate is oxidized to release two carbon dioxide 

molecules for each acetyl group. Final products consist of three NADH, one FADH2, and one 

ATP or GTP (depending on the cell type) in each cycle. The cycle runs continuously in the 

presence of sufficient reactants (i.e., Acetyl CoA) (Modified from (Lowe, 2014).   
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  1.6.3. Oxidative Phosphorylation 

In almost all aerobic organisms, oxidative phosphorylation as the final step of the 

metabolic pathway in which nutrients are catabolized to generate ATP takes place 

within mitochondria. This process consists of two connected elements; ETC and 

chemiosmosis. During this process, the reduced oxygen as the electron acceptor 

picks up two protons (H+) to form water molecules (Figure 1.6).  

 

Most of the ATP synthesised from the glucose catabolism when oxygen is available, 

is derived from the ETC process. The process takes place when NADH, a strong, 

reduced electron carrier, donates its electron entering the ETC and passes them 

through a series of electron transporter protein complexes; I, III and IV, and mobile 

carriers such as ubiquinone Q and cytochrome C, that are embedded in the inner 

mitochondrial membrane. Ultimately, oxygen as a terminal electron acceptor is 

reduced and takes up two protons to form a molecule of water. The process of 

proton removal from the matrix creates the proton gradient across the inner 

mitochondrial membrane, and this will be utilised during the process of 

chemiosmosis. Another electron donor, FADH2, bypasses enzyme protein complex I 

and passes its electron through the electron transporter protein II, which cannot 

contribute the proton pump like the electron transporter protein complex I, before 

electrons are passed through the enzyme protein complex III and IV.  Therefore, 

FADH2 becomes a weak, reduced electron donor compared to NADH (Berg et al., 

2002). 

 

The uneven distribution of hydrogen ions across the membrane leads to different 

concentrations and establishes the electrical gradient (proton gradient) in which 

chemiosmosis is functioning to pump hydrogen ions (protons) that highly aggregate 

the inside to the outside of the inner mitochondrial membrane. Like other 

membrane, hydrogen ions cannot diffuse through the nonpolar regions of 

phospholipid membranes, therefore, can only pass through an integral membrane 

protein called ATP synthase. This molecular machinery facilitates the addition of a 

phosphate to ADP forming potential energy in the form of ATP. 
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1.6.4. Pentose Phosphate Pathway 

The pentose phosphate pathway is an alternative pathway of glycolysis, which is 

fundamental in an anabolic role rather than energy production. At the end of 

reactions, it generates NADPH that transfers an electron to generate ATP via the 

ETC, pentoses (five-carbon sugar) and ribose-5-phosphate, which are essential for 

DNA and RNA synthesis. NADPH produced from this pathway is used in reductive 

biosynthetic reactions within cells, for example, fatty acid synthesis, as well as 

serving to reduced glutathione production. On the other hand, the ribose-5-

phosphate compounds from the PPP pathway are required for the biosynthesis of 

nucleotides and nucleic acids and synthesis of aromatic amino acids, respectively;  

Figure 1.6. Oxidative phosphorylation (OXPHOS). The first four enzyme complexes (I, 

II, III and IV) in the electron transfer chain (ETC) pumping proton (H+) from the 

mitochondrial matrix generate the pH gradient between mitochondrial matrix and 

intermembrane space. By the electrochemical gradient, the fifth enzyme complex facilitate 

proton pump to generate ATP via ATP synthase. Q: Coenzyme Q; Cyt C: Cytochrome C; 

ADP: Adenosine diphosphate; ATP: Adenosine Triphosphate; Pi: Inorganic Phosphate; e-: 

Electron; NAD+: the oxidized form of nicotinamide adenine dinucleotide; NADH: the 

reduced form of nicotinamide adenine dinucleotide; FAD: flavin adenine dinucleotide; 

FADH2: the reduced form of flavin adenine dinucleotide, and TCA: the tricarboxylic acid. 

Image modified from "Oxidative phosphorylation: Figure 3," by Openstax College, Biology 

(CC BY 4.0).  
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Figure 1.7. The pentose phosphate pathway. An alternative pathway to glycolysis and 

TCA cycle for oxidation of glucose. This process occurs in cytoplasm and is divided into two 

phases; the first part is oxidative phase, which is irreversible, and the second half is non-

oxidative phase, which is a series reversible sugar phosphate inter-conversion reaction (in 

blue box) (Modified from (Lowe, 2014). 

 

these are all precursors for cell growth and DNA synthesis (Kruger and von 

Schaewen, 2003). 

 

Similar to glycolysis, the PPP takes place in the cytoplasm. The pathway separates 

two distinct phases; oxidative and non-oxidative [figure 1.7]. The kick-off phase 

begins by glucose being metabolised to glucose-6-phosphate, the precursor for the 

PPP pathway, and during the subsequent oxidative reaction, it is converted into 
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ribose-5-phosphate. At the end of the oxidative phase, it contributes one ribulose-5-

phosphate sugar, two NADPHs, two proton and one carbon dioxide molecules. The 

oxidative reaction is an irreversible process regulated by the rate-limiting step 

enzyme, glucose-6-phosphate dehydrogenase (G6PD) whose activity is dependent 

on the availability of NADP+/NADPH. The pathway is stimulated by increasing 

concentrations of NADP+ by the utilisation of NADPH in reductive biosynthetic 

pathways and strongly inhibited by NADPH (Voet and Voet, 2011 ). Several 

reversible reactions in the non-oxidative phase start when the precursor molecule 

ribulose-5-phosphate is converted to ribose-5-phosphate for DNA and RNA 

synthesis. While the subsequent reactions depend on the different cell demands; 

three-carbon and six-carbon molecules for glycolysis and four-carbon molecules for 

amino acid synthesis, for example (Keller et al., 2014). 

 

1.6.5. Beta-Oxidation Of Fatty Acid 

Fatty acid metabolism plays important roles in both catabolic and anabolic 

processes. In animal metabolism, catabolism of fatty acids yields the highest ATP 

production per gram compared to carbohydrates and protein, when they complete 

oxidation via beta-oxidation and the TCA cycle. In the anabolic process, its 

metabolism contributes essential biomolecules such as triglycerides, phospholipids, 

local hormones and ketone bodies. In a sufficient nutritional supply milieu, the 

excess acetyl-CoA is synthesised to store in the form of energy substrates (i.e., fatty 

acids) instead of fatty acid oxidation for ATP production (Stryer, 1995). 

 

Fatty acids primarily enter a cell via fatty acid protein transporters on the cell 

surface. Then long-chain free fatty acid molecules are activated by acyl-CoA 

synthase to form fatty acyl CoA on the outer mitochondrial membrane before being 

transported into mitochondria by the carnitine shuttle for energy production via 

beta-oxidation (Lopaschuk and Jaswal, 2010).  Inside the mitochondrial matrix, the 

fatty acyl-CoA enters the beta-oxidation pathway, which is a recurring, four-step 

degradation process to break down saturated fatty acyl-CoA molecules through fatty 

acyl-CoA oxidation with a FAD, transalkene hydration, L-β-hydroxyacyl CoA 

oxidation with NAD+ and acetyl-CoA cleavage by thiolysis. Finally, each beta-

oxidation cycle yields one FADH2, one NADH, one acetyl CoA and a fatty acid 
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molecule with two-carbon units removed from the carboxyl end to produce acetyl-

CoA (Figure 1.8).   

 

In order to produce final ATP, an acetyl CoA is further oxidised in the mitochondrial 

TCA cycle and then the NADH and FADH2 produced by both fatty acid β-oxidation 

and the TCA cycle pass their electron in the ETC for the energy production. An 

overview of fatty acid oxidation is provided in Figure 1.8. Also, the other acyl fatty 

acid with two carbons less will return into the beta-oxidation until no more fatty 

acid molecule can break down to gain an acetyl CoA molecule. 

 

 

 

Figure 1.8. The carnitine shuttle. Mitochondrial carnitine palmitoyl transferase system 

uptake and transport of plasma fatty acids to the mitochondrial matrix. The shuttle is 

necessary for long and very long chain fatty acids transport through non-polarized 

mitochondrial membranes. Esterification of these fatty acids to form acyl-CoA is performed 

at the plasma membrane or mitochondrial outer membrane by a family of acyl-CoA 

synthases. Transport of long-chain fatty acids across the inner mitochondrial membrane 

acquires (i) CPT1 to generate acylcarnitines, (ii) the CAT to move the acylcarnitine across 

the inner membrane, and (iii) CPT2, on the matrix side of the inner membrane to recreate 

the long-chain acyl-CoA ester, the precursor for beta-oxidation. Medium- and short-chain 

fatty acids possibly traverse from plasma into the mitochondrial matrix by passive diffusion. 

CPT1, carnitine palmitoyltransferase 1; CPT2, carnitine palmitoyltransferase 2; CAT, 

carnitine:acylcarnitine translocase; OMM and IMM, outer and inner mitochondrial 

membrane (Modified from (Lowe, 2014). 
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1.7. ENERGY SUBSTRATES IN OOCYTES AND EMBRYO 

METABOLISM 

1.7.1. Carbohydrates 

The ability of oocytes to directly take up glucose for metabolism is still debated 

(Clark et al., 2011, Downs et al., 1998) as numbers of evidence showed that 

exogenous glucose is utilized by cumulus cells via glycolysis to provide pyruvate 

metabolite through the gap junctions (Biggers et al., 1967, Clark et al., 2011, Gilchrist 

et al., 2008, Sugiura and Eppig, 2005, Sutton-McDowall et al., 2010, Wang et al., 2012, 

Xie et al., 2016). Using live fluorescent staining demonstrated that murine COCs take 

up glucose by cumulus cells via facilitative glucose transporters (GLUTs) before it is 

transferred to the oocyte via gap junctions (Wang et al., 2012). The oocyte per se 

seems to have a limited capacity for glucose utilisation (Biggers et al., 1967, Xie et 

al., 2016). Denuded oocytes also showed reduced glucose uptake compared to COCs 

in mice (Downs, 1999, Saito et al., 1994, Wang et al., 2012) and cattle (Zuelke and 

Brackett, 1993). Indirect evidence from bovine observed lower levels of 

phosphofructokinase activity in oocytes in comparison to the levels detected in the 

cumulus cells supports that oocytes have a poor capacity to utilise glucose (Cetica et 

al., 2002). A recent report demonstrated mouse denuded oocytes matured in vitro 

in maturation media containing only glucose as an energy substrate were unable to 

complete nuclear maturation (Xie et al., 2016). Inhibition of GLUTs reduced glucose 

uptake in CCs and oocytes of COCs, but the same effect cannot be demonstrated in 

denuded oocytes (Wang et al., 2012). It suggests that in mouse CCs and oocytes 

might use different glucose transport system. In contrast, 2.78mM glucose 

supplement in maturation medium resulted in greater nuclear maturation rates of 

denuded porcine oocytes when compared to the counterpart cultured in maturation 

medium without glucose (Tsuzuki et al., 2008), but this may be species-specific. 

 

Both glycolysis and the PPP seem to have crucial roles in the meiotic resumption 

(Cetica et al., 2002, Downs, 1999, Wang et al., 2012, Xie et al., 2016). This is 

supported by an increase in enzymatic activities in both the glycolytic (i.e., 

phosphofructokinase) and the PPP (i.e., G6PDH) pathways during bovine oocytes 

maturation, indicating that oocytes predominantly utilise glucose through the PPP 

pathway (Cetica et al., 2002). However, it is hard to define as this can be either a 
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cause or a consequence of oocyte maturation. Similar to bovine, ATP content in 

porcine oocytes was not different when maturation in vitro occurred either in the 

presence or absence of glucose (Tsuzuki et al., 2008). Inhibition of the PPP reduced 

porcine oocyte development to the MII stage and indicated insufficient energy 

production by glycolysis alone to maintain nuclear maturation (Funahashi et al., 

2008, Herrick et al., 2006a, Sato et al., 2007). However, very high glucose levels, in 

turn, may have a detrimental effect to oocyte maturation in murine (Downs and 

Mastropolo, 1994), porcine (Tsuzuki et al., 2008)and bovine (Kumar et al., 2012). 

High concentrations of glucose during bovine oocyte maturation in vitro increases 

intracellular ROS formation and decreases intracellular glutathione levels resulting 

in increased oxidative stress and impaired nuclear maturation (Hashimoto et al., 

2000) 

 

Recently an effect of glucose metabolism on cytoplasmic maturation has been 

proposed. A mouse experiment found that glucose in culture media can promote 

cytoplasmic maturation of oocyte culture in vitro through the glycolytic pathway 

whereas, to a greater extent through the PPP, it facilitates ooplasmic maturation by 

reducing oxidative stress and providing energy substrate, fructose-6-phosphate for 

glycolysis (Xie et al., 2016). Apart from glycolysis and the PPP pathway, glucose is 

also utilised via hexosamine biosynthesis pathway during oocyte maturation, where 

CCs use glucose and glucosamine to synthesise hyaluronic acid, a primary substrate 

of extracellular matrix to support cumulus expansion (Gutnisky et al., 2007, Sutton-

McDowall et al., 2004).  

 

Pyruvate is considered the main energy substrate utilised by oocytes for the meiotic 

resumption and further embryonic development (Gonzales-Figueroa and Gonzales-

Molfino, 2005). Without pyruvate, most oocytes are unable to undergo GV 

breakdown (Funahashi et al., 2008, Xie et al., 2016). Complete nuclear maturation 

was observed in mouse (Biggers et al., 1967, Xie et al., 2016) and cattle (Geshi et al., 

2000) oocytes when cultured in maturation media containing only pyruvate as the 

energy substrate. Studies in porcine showed pyruvate supplementation in a glucose-

free medium improved maturation rates in a dose-dependent manner, but 

maturation rate is still significantly lower when compared to media containing both 

glucose and pyruvate (Funahashi et al., 2008, Sato et al., 2007). The result suggested 
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that pyruvate supplies energy production via the TCA cycle whereas glucose 

primarily is metabolised via the PPP at this stage. 

 

Energy production dramatically changes throughout the mammalian 

preimplantation stages regarding both the amount of ATP required and the energy 

substrate that is preferred. Although glucose, pyruvate, lactate and glutamine are 

the predominate energy substrates utilised during the embryo culture period, the 

preference of each varies according to the stage of embryo development and animal 

species (Dumollard et al., 2009). At cleavage stages, developing embryos rely 

predominantly on pyruvate, lactate and glutamine utilisation for ATP production 

(Gardner, 1998, Leese, 1995). As both conversion of lactate to pyruvate and 

exogenous pyruvate supply can enter the TCA cycle and be metabolised to produce 

ATP. In addition, early embryos are capable of oxidising glutamine to generate ATP 

in the mitochondria until the morula stage is reached (Dumollard et al., 2009). 

Embryos prior to compaction have limited capacity to metabolise glucose despite 

the presence of glycolytic and PPP enzymes (Biggers et al., 1967, Cetica et al., 2002, 

Flood and Wiebold, 1988). High glucose utilisation detected at the early embryo 

stage demonstrated abnormal glucose metabolism during in vitro embryo 

production (Gardner and Davies, 2000, Krisher and Bavister, 1998) resulting in poor 

embryo development outcomes (Gardner and Lane, 1998, Lane and Gardner, 1996). 

This abnormal glucose metabolism might be explained in part as a consequence of 

increasing glycolytic pathway sensitivity (Bavister, 1995, Khurana and Niemann, 

2000). The proposed mechanism was supported by improved blastocyst 

development and quality in bovine and porcine when temporary, inhibiting 

oxidative phosphorylation in compact embryos (Machaty et al., 2000, Thompson et 

al., 2000) with coincidently decreasing oxygen tension found in utero (Fischer and 

Bavister, 1993). 

 

Like it was shown in oocytes, high glucose concentrations in culture media 

compromised embryonic development at early cleavage stages in pigs (Flood and 

Wiebold, 1988, Leese, 2003). Using sequential media that contains glucose support 

only from day three onwards, higher numbers of embryos reached blastocyst stage, 

as well as, more cell numbers in blastocyst than embryos cultured in media 

containing glucose for the entire period (Karja et al., 2006, Kikuchi et al., 2002). The 
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finding was correlated with higher H2O2 levels observed in embryos cultured with 

glucose for the entirely 7 days culture period (Karja et al., 2006). This may suggest 

that an increase in metabolic rate leading to a subsequent rise in ROS production 

may cause compromised developmental embryos.  

 

Developing embryo to the blastocyst stage require high ATP demands to drive fluid-

filled cavity through the higher activity of Na+/K+ pump (Donnay et al., 1999, Leese 

et al., 1991) and to produce proteins (Thompson et al., 1998). A decline in ATP: ADP 

ratio is sensing phosphofructokinase enzyme activity driving the glycolytic pathway 

and subsequently increase of ATP production (Dumollard et al., 2009, Flood and 

Wiebold, 1988). 

 

Due to the PPP metabolism contributing to the lowest ratio of total glucose 

utilisation at the blastocyst stage (Flood and Wiebold, 1988), the majority of glucose 

is being shunted through the glycolytic pathway for energy production. Coincide 

with an increase in oxygen consumption (Leese, 1995, Sturmey and Leese, 2003), 

and it is indicative of an increase in overall metabolic rate and energy production. 

Following blastocyst expansion, oxygen consumption decreases as it needs only to 

maintain homeostasis (Sturmey and Leese, 2003). 

 

The difference in quality between in vitro and in vivo cultured embryos is well 

documented. In vitro produced embryos typically show delayed development, 

decreased cell number, altered morphology and metabolism, and produce poorer 

outcomes following transfer (reviewed in (Thompson, 1997). In vitro culture caused 

an increase in the glycolytic rate in freshly flushed in vivo derived cattle (Khurana 

and Niemann, 2000) and mouse (Gardner and Leese, 1990) embryos with lactate 

production (indicative of glycolytic activity) significantly lower in in vivo bovine 

embryos than those cultured in vitro (Khurana and Niemann, 2000). Conflicting data 

found in a porcine report, instead of using lactate production for measuring 

glycolytic activity, embryos were assessed by glucose uptake, which may not have 

accounted for any glucose utilised via the PPP, found higher in glucose utilisation 

(Swain et al., 2002). Alternatively, this may be due to species differences in 

embryonic metabolism. One possible explanation for increased glycolysis in in vitro 

produced embryos is stress-induced inactivation of ATP-consuming pathways. As 
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the culture in vitro activates stress 5’AMP activated protein kinase (AMPK), 

inactivates ATP-consuming pathways, and then activates ATP-regenerating 

pathways, including glucose transport and glycolysis (Leese, 2002). 

 

1.7.2. Amino acids 

Several roles of amino acids within biological systems have been observed including 

energy substrates, precursors for proteins and nucleotides synthesis, chelating 

agents preventing heavy metal toxicity, antioxidants against oxidative stress, 

osmolytes regulatory control intracellular osmotic pressure, pH buffering acidic 

environment, and signalling molecules. A wide range of amino acids is present in 

both oviductal and uterine fluids at a range of concentrations (Iritani et al., 1974). 

The role of amino acids as an energy source is emphasised as the supplementation 

of non-essential and essential amino acids into chemically defined media 

demonstrated an increase of cell numbers in the blastocyst, as well as, oocyte 

maternal mRNA levels (Watson et al., 2000).  

 

Intact COCs are capable of utilising amino acids as an energy source during 

maturation in vitro. Supplementation of non-essential and essential amino acids 

when cattle oocytes matured in vitro increased subsequent cleavage, blastocyst 

development rates and cell number, and subsequently resulted in higher oocyte 

maternal mRNA levels compared with media without amino acid or serum 

supplementation (Watson et al., 2000). In porcine, oocytes matured in vitro by using 

amino acid mix as the sole energy substrate increased meiosis and glycolytic rates 

compared to those equivalents cultured in media containing only pyruvate and 

lactate as the energy substrates; however, it could not support development to 

blastocyst stage to the extent of complete media (Tubman et al., 2005). A mouse 

study showed a prominent role of glutamine in oocyte maturation. When it was used 

as an energy substrate, the initiation of meiotic resumption was demonstrated by 

the presence of GVBD, but oocytes were unable to complete meiotic maturation 

(Downs, 2000). In contrast to oocyte maturation in vivo, LH surge stimulates 

cumulus cells to convert glutamine to α-ketoglutarate, which is subsequently 

oxidised via the TCA cycle for ATP production (Rose-Hellekant et al., 1998). This 

indicated that glutamine alone could not supply sufficient ATP to overcome the 

meiotic block due to inadequate glycolysis and the PPP activity. 
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Apart from the role as energy substrates, cysteine, glycine and glutamic acid are 

precursors of the antioxidant glutathione (GSH), reducing agent and scavenger 

against ROS. Cysteine is highly desirable for GSH synthesis during oocyte maturation 

since GSH pools during this period are critical for sperm decondensation and male 

pronuclear formation (Ali et al., 2001, Sutovsky and Schatten, 1997). The addition 

of the low molecular-weight thiol compounds (i.e., cysteamine and b-

mercaptoethanol) contributing cysteine or cystine during IVM enhances the 

developmental potential of oocytes (de Matos et al., 1995, de Matos et al., 1996). 

Supplementation with cysteine has demonstrated an increase in glutathione 

production, thus protecting the embryo from oxidative damage and ROS (Guerin et 

al., 2001, Harvey et al., 2002). Furthermore, supplementation of cysteamine to IVC 

media increased development of cleavage stage bovine embryos to blastocysts, 

compared with the equivalents cultured in TCM199 alone (Takahashi et al., 2013). 

Therefore, an essential component of a comprehensive IVM system is the provision 

of adequate levels of GSH precursors such as glutamine and cysteamine. 

 

1.7.3. Fatty acids 

Even though triglycerides are the most abundant lipids constituting over 50% of all 

lipids within mammalian oocytes, few studies have been conducted to assess 

functions of both intracellular and extracellular lipids during oocyte maturation. 

Although they may have a potential role as reserve fuels, it seems to be unclear how 

fatty acids participate in maturational processes (Leese, 2002). Indirect evidence 

such as the availability of lipid reserves and levels of lipase activity suggested that 

oocytes perhaps are capable of oxidising lipids as substrates after disconnection 

from the CCs during maturation (Cetica et al., 2002). However, wide varying reports 

both against and in support of this idea result in an inconclusive answer. 

 

Endogenous lipids play an as yet undetermined role during oocyte maturation. 

Decreased triglyceride levels within the pig ooplasm throughout the maturation 

(Romek et al., 2011, Sturmey and Leese, 2003) has been reported with a 

concomitant increase in oxygen consumption being correlated to levels of 

triglyceride depletion (Sturmey and Leese, 2003). This finding supports an earlier 

report in cattle oocytes (Ferguson and Leese, 1999, Kim et al., 2001). However, the 
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upregulation of β-oxidation in porcine during oocytes maturation demonstrated 

varied results. Few studies reported improved rates of nuclear maturation and 

blastocyst development when β-oxidation was manipulated (Somfai et al., 2011, Wu 

et al., 2011), whereas others found no effect (You et al., 2012). An explanation for 

these different results may lie in the different media compositions used.  

 

During porcine oocyte maturation in vitro, inhibition of β-oxidation impairs meiotic 

maturation and hampers cleavage embryo developed to the blastocyst (Sturmey et 

al., 2006). The intermediary changes in the fatty acid oxidation pathway may imply 

an important role of lipids during oocyte maturation in a range of species, including 

mice (Dunning et al., 2010) and cattle (Ferguson and Leese, 2006, Yamada et al., 

2007). Changes in lipid droplet size, density and arrangement during IVM are 

evidence of the metabolic role of endogenous fatty acids. Using an inhibitor of 

nuclear maturation, olocmoucine, oocytes showed no reduction in lipid droplet size, 

whereas, without the inhibitor, oocytes displayed a reduced droplet size, which was 

correlated with meiotic progression (Niimura et al., 2004).  

 

Similar to triglyceride, as observed by fluorescent staining, phospholipid and 

cholesterol content of lipid droplets decrease throughout in vitro maturation 

(Romek et al., 2011). In the absence of exogenous energy substrates, bovine oocytes 

consumed oxygen not different from the equivalents in media containing energy 

substrates (Ferguson and Leese, 2006). Furthermore, bovine oocytes showed higher 

lipase enzyme activities than either glucose-6-phosphate dehydrogenase or 

phosphofructokinase activity (Cetica et al., 2002), determined by a greater rate of 

lipolysis than either PPP or glycolysis. Whereas murine oocytes contain very low 

triglyceride component compared to cattle oocytes (Loewenstein and Cohen, 1964, 

McEvoy et al., 2000), they significantly decreased maturation rates when cultured 

in media in the absence of exogenous substrates (Downs and Hudson, 2000). As 

observed in cattle, porcine oocytes contain a large number of triglyceride reserves 

(McEvoy et al., 2000), suggesting that the capability abundance of endogenous 

reserves is used for energy production. Without glucose or pyruvate, porcine 

oocytes in maturation media supplemented with β-oxidation stimulant significantly 

increased nuclear maturation (Wu et al., 2011). Finally, it has been suggested that 

exogenous fatty acids do not play a role in energy production.  
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Alterations of metabolic processes during in vitro maturation has been observed. 

Porcine COCs matured in vitro demonstrated dysregulation of gene transcripts 

associated with lipid metabolism (Yuan et al., 2011) and mouse COCs decreased 

fatty acid oxidation compared to the equivalents matured in vivo (Dunning et al., 

2014). In porcine, inhibition of lipid metabolism during oocyte maturation 

decreased the abundance of gene transcripts involved in fatty acid oxidation, 

glycolysis and oxidative stress (Paczkowski et al., 2013). This is consistent with 

findings seen in cattle oocytes matured in vitro, genes related to lipid metabolisms 

such as Chol acyl-transferase (ACAT1) and fatty acid synthase (FASN); were 

downregulated compared to oocytes matured in vivo (Gonzalez-Serrano et al., 

2013). Surprisingly, these genes become overexpressed in in vitro produced cattle 

blastocysts compared with the in vivo counterpart. A large body of evidence 

supports that endogenous lipids play a role in energy production throughout 

preimplantation embryo development in vitro. Developing embryos are capable of 

growth in the absence of exogenous energy substrates, suggesting that endogenous 

fatty acids are reserved for ATP production. 

Inhibition of β-oxidation during embryo culture resulted in developmental arrest in 

various species (Dunning et al., 2010, Ferguson and Leese, 2006, Sturmey et al., 

2008). Porcine zygotes cultured with a β-oxidation inhibitor increased glucose 

consumption, and lactate production (Sturmey et al., 2008) indicating an increase in 

glycolytic rate to compensate for the absence of lipids as an energy substrate.  

 

Almost half of IVP cattle zygotes cultured in the absence of exogenous energy 

substrates, can pass at least one cleavage division (Ferguson and Leese, 1999) while 

oxygen consumption by 5-to 8-cell cattle embryos remains stable whether cultured 

in the presence or absence of exogenous nutrients (Ferguson and Leese, 2006) 

implying oxidation and metabolism of energy substrates likely from endogenous 

sources. Moreover, adding a β-oxidation inhibitor during maturation in bovine 

oocytes reduced embryo capacity to form the blastocyst, the similar pattern though 

to a lesser extent was also observed when zygotes were exposed to the inhibitor 

during embryo development (Ferguson and Leese, 2006). In contrast, mouse 

zygotes cultured in deprivation of exogenous energy substrates were found to arrest 

and degenerate early (Manser and Leese unpublished, cited in (Ferguson and Leese, 
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2006)). The difference may be due to cattle embryos containing a far more 

significant amount of endogenous lipid than mouse embryos. A study in porcine 

support the findings in cattle that endogenous lipids alone may be insufficient to 

support viable embryo development (Park et al., 2005b). Zygotes cultured in 

defined medium excluding exogenous energy substrates showed reduced cleavage 

and blastocyst rates. Incomplete oxidation of metabolites from β-oxidation is 

believed a defect in preventing the final ATP production as embryos cultured in a 

defined media without carbohydrates supplemented with oxaloacetate showed no 

difference of blastocyst rates compared to the equivalents cultured in media 

containing glucose (Park et al., 2005a, Sturmey et al., 2008).  

 

Analysis of lipid content via the fluorescent probe Nile Red showed that while fatty 

acid content remained constant from the zygote to morula stage, it decreased at the 

blastocyst stage and again at hatching (Romek et al., 2011, Romek et al., 2009). 

Formation of the blastocoel and blastocyst hatching are two stages of development 

which are energetically expensive; thus decreased fatty acid content at these stages 

is consistent with a metabolic role. 

 

1.8. MITOCHONDRIA 
Mitochondria are maternally inherited organelles within the cytoplasm that have a 

major role in energy production. These organelles separate the mitochondrial 

matrix from other cytoplasmic structures by a double-membrane system, consisting 

of the outer and inner mitochondrial membranes. Unlike the outer membrane 

functioning as the membrane permeabilisation, the inner mitochondrial membrane 

where the ETC takes place folds to make up cristae to increase the area surface for 

more ATP production (Sherratt, 1991). Within the mitochondrial matrix, this site 

contains the enzymes responsible for metabolic functions including the TCA cycle 

and oxidative phosphorylation, as well as the mitochondrial genetic system (Cooper, 

2000). 

 

For their role of generating ATP the mitochondrial membranes comprise numerous 

transport systems that import metabolites and high energy intermediates, export 

ATP molecules to the cytosol, as well as, return inorganic phosphate through a 

phosphate-proton pump. The mitochondrial machineries are driven by the 
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chemiosmotic gradient which is not only essential for ATP production, but it is also 

used for other purposes.   

 

Not only do mitochondria play a key role in ATP synthesis, but they are also 

important for several cellular processes, including fatty acid synthesis, Ca2+ 

homeostasis and the biogenesis of haem and iron-sulphur proteins. Their own 

independent machinery contributes to protein synthesis involved by DNA, 

messenger and transfer RNAs and ribosomes. Mitochondria, on the other hand, are 

also an essential calcium storage. Calcium signalling is an important second 

messenger in intracellular compartments to maintain accurate cell functions. 

Therefore, they may enact buffering calcium overload against calcium mediating 

toxins. 

 

1.8.1. Mitochondrial Genetic System 

Mitochondrial genomes are packaged as circular DNA molecules, like their bacterial 

origin (Andersson et al., 2003).  The genomes of mammalian mitochondria are 

approximately 16 kb in size but substantially vary in different species (Leblanc et 

al., 1997). In addition, the well-conserved mitochondrial genomes encode only 37 

genes; 13 proteins coding sequence involved in the electron transport chain and 

oxidative phosphorylation (Schon et al., 2012) 22 transfer RNAs and two ribosomal 

RNAs (Bibb et al., 1981, Jansen, 2000). Since more than eighty proteins are required 

for oxidative phosphorylation, most of the proteins encoded by the nuclear genome 

are imported into the mitochondria to control the cellular function in a tissue-

specific fashion (Benkhalifa et al., 2014, Cummins, 2001, Johnson et al., 2007, Van 

Blerkom, 2011). Considering the genome structure, the mitochondrial DNA is 

vulnerable to mutation due to the lack of a  protective mechanism to maintain DNA 

integrity (i.e., histones and non-coding regions, introns)  as well as close proximity 

to the electron transport, which is recognizable the source of reactive oxygen 

species (ROS) production (Bentov and Casper, 2013, Parsons, 1997).  

 

Mitochondria are not self-supporting entities in the cell. The mitochondrial DNA is 

replicated independently of the cell cycle DNA replication for review see (Holt, 

2009).  However, it is subjected to the cellular requirement for mtDNA synthesis 

(Bogenhagen and Clayton, 1976) such as replenishment of damaged molecules or 
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an increase of ATP requirement within a particular cell or in the specific condition 

(Moyes et al., 1998). Replication and transcription depends upon trans-acting 

nuclear-encoded regulatory proteins; mitochondrial DNA polymerase γ (POLG) 

(Hubscher et al. 1979), mitochondrial single-stranded DNA-binding protein 

(mtSSBP) (Farr et al., 1999), mitochondrial RNA polymerase (mtRNAPol) (Tiranti et 

al., 1997), the mitochondrial transcription factor TFAM (Fisher & Clayton, 1985; 

1988), and the nuclear respiratory factors NRF-1 and NRF-2 (Gleyzer et al. 2005; 

Virbasius & Scarpulla 1994), for example.  

 

1.8.2. Mitochondria During Oocyte Development 

In order to acquire adequate ATP supply within the cell, mitochondria necessitate 

apposite transcription and translation of the proteins that comprise the ETC 

(Moghaddas et al., 2003). As the mitochondrial genome encodes protein subunits of 

the respiratory chain complexes, therefore an adequate mtDNA copy number is 

necessary for maintaining an electron transport chain function. Like other somatic 

cells, embryonic development requires ATP to support the chromosomal 

segregation and cell division, in which the ATP levels observed in blastomeres is 

correlated with mtDNA abundance (Van Blerkom et al., 2000). On the other hand, 

the fully-grown oocytes at fertilisation acquire threshold levels of the 

mtDNA/mitochondrial pool in order to successfully reach implantation and carry on 

future preimplantation embryonic development (Wai et al., 2010). Though the rapid 

growth of the embryo at the cleavage stage is characterised by the speed of dividing 

cells, their replication still pauses until blastocyst implantation (Larsson et al., 1998, 

Piko and Taylor, 1987, Thundathil et al., 2005). Processes of cellular division and 

chromosomal segregation are energy expenses, so if the mature oocyte lacks the 

proper mtDNA copy numbers it will lead to insufficient energy and will create 

functional deficiencies and likely compromise the embryo capability to progress 

through the preimplantation stages, and perhaps postimplantation embryogenesis 

as well (Wai et al., 2010). Greater amounts of mtDNA are observed in competent 

oocytes than those found in incompetent oocytes, and impairment of mtDNA 

replication during oocyte maturation arrests mouse embryo development beyond 

the 6-cell stage (Spikings et al., 2007). Besides, the poor fertility outcomes of 

incompetent oocytes can be rescued by augmenting with mitochondria from 

competent oocytes (El Shourbagy et al., 2006).  
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Morphological changes of mitochondria within mammalian oocytes and embryos 

have been observed (Au et al., 2005, Motta et al., 2000). This is accompanied by 

stage-specific dynamic distribution with other related organelles during maturation 

and early development (Dumollard et al., 2004, Motta et al., 2000). Growing oocytes 

as well as fully-grown GV- and MII-staged oocytes attain a roundish or oval shape 

mitochondrial structure containing fewer cristae (peripheral arch, vacuole) and 

high-density matrix (Motta et al., 2000). Nevertheless, the undifferentiated 

morphology of mitochondria in mature oocytes does not link to their ability in ATP 

synthesis (Campbell and Swann, 2006, Dumollard et al., 2004). In contrast to 

mitochondria in other differentiated cells, fission and fusion infrequently occur in 

growing oocytes (Sathananthan and Trounson, 2000). After fertilisation, already at 

the 4-cell stage in the human, more elongated forms (with a length up to 2.5 μm) 

with numerous transverse cristae appear and become more and more abundant. 

Concomitantly, the density of the matrix decreases (Motta et al., 2000).  

 

1.8.3. ATP Requirement During Oocyte Maturation 

The distribution and reorganisation of mitochondria during oocyte maturation are 

dynamic. The movement purposes to provide energy supply to areas of high energy 

consumption (Ferreira et al., 2009, Krisher and Bavister, 1998, Mao et al., 2014, 

Stojkovic et al., 2001). Mitochondria are accumulated surrounding the GV 

membrane at the GV-stage oocyte and then moved apart from the perinuclear region 

when GVs breakdown. Ultimately, they are distributed in ooplasm in a mature MII-

stage oocyte (Dumollard et al., 2006). Concomitant with redistribution, the size of 

mitochondrial clusters also changes from the high proportion of more massive 

mitochondrial clusters upon GVBD to the large population of smaller mitochondrial 

clusters throughout the ooplasm (Yu et al., 2010). 

 

Due to the crucial role in energy supply during oocyte maturation, the 

reorganisation of mitochondria is possibly linked to the ATP concentration. This 

idea is supported by a bovine study (Stojkovic et al., 2001) and was later confirmed 

by a study in mouse (Yu et al., 2010). The latter study observed three phases of 

higher ATP production taking place around the time of GVBD, the phase of spindle 

migration, and during MI to MII stage transition. Numerous events occur during 
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nuclear and cytoplasmic maturation driven by ATP; spindle formation and 

chromosome movements require the motor proteins activities, for example. 

Previous studies in bovine and human demonstrated that an increase in ATP 

concentration is necessary for oocyte maturation, fertilisation and blastocyst 

formation (Duran et al., 2011, Nagano et al., 2006a, Stojkovic et al., 2001). 

Insufficient ATP supply during oocyte maturation leads to a decrease of positive 

spindle formation rates (Eichenlaub-Ritter et al., 2004, Zeng et al., 2007) whereas 

inhibition of oxidative phosphorylation reducing ATP content results in a reduction 

of nuclear maturation, normal spindle formation, chromosome alignment, evenly 

mitochondrial redistribution, and blastocyst formation rates (Ge et al., 2012b). 

 

ATP content reflects oocyte developmental capacity in various species. A high rate 

of successful pregnancies are observed in human oocytes undergoing IVF that 

reported average ATP above 2 pmol/oocyte (Van Blerkom et al., 1995).  In bovine, 

increased ATP levels were observed in oocytes matured in vitro from 1.8 pmol in 

GV-stage compared to 2.5 pmol in MII-stage oocytes (Stojkovic et al., 2001) and 

another study found the levels changed from 1.2 pmol in GV-stage to 2.0 pmol in 

MII-stage oocytes (Iwata et al., 2011). Unlike the maturation in vitro, ATP content in 

bovine oocytes matured in vivo showed either no or little change during the oocyte 

maturation (Tamassia et al., 2004). 

 

1.9. PREIMPLANTATION EMBRYO DEVELOPMENT AND 

EMBRYONIC GENOME ACTIVATION  
Precise oocyte maturation is critical for fertilization and early embryo development. 

Maternal factors stored in the egg control the first cell divisions. The transition from 

maternal to embryonic control, referred to as the embryonic or zygotic gene 

activation, is a gradual process and varies in different species. In the mouse the 

major embryonic genome activation happens at the 2-cell stage, whereas in pig and 

cow, it occurs at the 8-cell stage (Telford et al., 1990). In order to time the onset of 

embryonic transcription in human pre-implantation embryos, different approaches 

have been employed in various stages of embryos such as  transcription inhibitors 

(Braude et al., 1988) or newly synthesized RNAs, proteins labelling (Braude et al., 

1988, Tesarik et al., 1986), specific mRNA molecules quantification (Heikinheimo 
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and Gibbons, 1998) as well as parentally imprinted genes analysis (Lighten et al., 

1997b). These studies all indicate that the embryonic genome activation in the 

human occurs between the 4- and 8-cell stages. 

 

Several mechanisms may underline impaired or delayed genome activation in 

preimplantation embryos. High concentrations of histones binding the DNA 

molecules may interfere the accessibility for the transcription (Prioleau et al., 1994). 

Alteration of chromatin remodeling processes may impact the transcription 

activation or repression (Wolffe and Hayes, 1999).  Also, structural differences 

between maternal and paternal genomes in terms of protamine-histone exchange 

and histone modification can be factors influencing the transcriptional activity 

during embryonic genome activation (Aoki et al., 1997) (Adenot et al., 1997, Ura et 

al., 1997, Wade et al., 1997). Also, the length of the cell cycle may be an influencing 

factor that affect the embryonic genome activation (Memili and First, 1998). At the 

onset of EGA the maternally derived mRNAs gradually disappear, this process is 

initiated by shortening of the poly-A tail (Decker and Parker, 1994). This is a gradual 

process and in human embryos the maternally inherited c-mos mRNA decreased 

following fertilization and cannot be detected after the 6-cell stage (Heikinheimo et 

al., 1995). 

 

1.10. AGEING AND OOCYTE QUALITY 
Female ovarian function declines when women are approaching the later stage of 

their reproductive lifespan. In humans, age-decline fecundity shows not only in 

natural conception, but it is also reported in ART cycles (Broekmans, 2009, Heffner, 

2004). The similar phenomenon has been observed across mammalian species 

(Alviggi et al., 2009, Broekmans et al., 2009, Fissore et al., 2002). It is believed that 

decline in age-associated female reproduction is largely attributable to a diminished 

primordial follicle pool within the ovary, as well as a decline in quality of oocyte 

(Baird et al., 2005, Hansen et al., 2008, te Velde and Pearson, 2002). Mechanism 

underlying age-declined oocyte quality remains vaguely determined (Tatone et al., 

2008). Evidence suggested that increased rates of aneuploidy with advancing 

maternal age is possibly a key determinant of oocyte quality (Hassold et al., 2007, 

Hassold and Hunt, 2001, Pellestor et al., 2003). However, little is known about how 

aneuploidy is conducted by an increase of maternal age (Hussein, 2005, Matikainen 
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et al., 2001, Pru and Tilly, 2001, Tilly, 2001). Similarly, the mechanism of ovarian 

follicle loss is still investigated although it is widely accepted that age-dependent 

ovarian follicle atresia is possibly driven by the activation of the apoptotic pathway 

sincethis leads to ovarian follicle atresia (Hussein, 2005, Matikainen et al., 2001, Pru 

and Tilly, 2001, Tilly, 2001).  

 

Recent studies have reported the existence of mitotically active oogonial stem cells 

in the ovaries of mice and humans (Johnson et al., 2004, Woods and Tilly, 2013), 

though in general it is well accepted that women are born with a limited ovarian 

reserve. The fixed number of primordial follicles is established in the human ovaries 

since early fetal life and serves as the source of developing follicles and oocytes for 

reproduction for the whole reproductive lifespan (Johnson et al., 2004, White et al., 

2012). Oocytes enter meiosis I since the second trimester of fetal development 

before they have suspended in diplotene stage of prophase I until ovulation. The 

range of individual oocyte pause may last up to 50 years (Fragouli et al., 2011b). 

Oocyte numbers progressively decrease following human development as the 

evidence observed 1,000,000 million follicles at birth before the decline to 450,000 

follicles at the puberty and approximately 1000 oocytes at menopause (Broekmans 

et al., 2007, Eijkemans et al., 2014). The follicle cohort near the end of the 

reproductive lifespan has a reduced quality, as they originated from oogonial stem 

cells that had undergone more cell divisions, and thus may contain more cellular and 

DNA damage (Eichenlaub-Ritter, 1998).  

 

Previous studies observed an association of maternal age with a decline in oocyte 

quality (Gaulden, 1992, Hassold and Chiu, 1985, Rowsey et al., 2013, Schwarzer et 

al., 2014). This result in decline in female fertility, increased miscarriage rates and 

developmental abnormalities in fetuses in advanced age women (Fragouli et al., 

2011b, Hassold et al., 2007, Hassold and Hunt, 2001). Indeed, 10-30% of all oocytes 

and 50% of the blastocyst stage embryos over all maternal ages may carry a 

numerical chromosomal aberration (Fragouli et al., 2011a, Hassold and Hunt, 2001). 

Nevertheless, it is undetermined as to what exactly causes oocyte quality 

impairment (Hulten et al., 2010, Rowsey et al., 2013). Evidence suggests that 

maternal age is the leading cause of embryonic aneuploidy (Hassold and Hunt, 2001, 

Hassold et al., 2007, Pellestor et al., 2003). More than 90% of the chromosome 
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imbalance results from chromosomal missegregation, of which the majority, more 

than 70% of nondisjunction, occurs in meiosis I (Nagaoka et al., 2012).  

 

Although many cases of age-associated decline in female fertility are attributable to 

aneuploidy (Mai et al., 2013, Sandalinas et al., 2002, Treff et al., 2016), other 

contributing factors may underlie diminished oocyte and embryo developmental 

potential leading to poor pregnancy outcomes. Due to the crucial roles in ATP 

supply, apoptosis and calcium homeostasis, compromised mitochondrial function,   

a characteristic of aged oocytes, stems from ranged aberrations including but not 

limited to mtDNA damage and changes in mitochondrial gene expression and 

dynamics, as well as decreases in mitochondrial membrane potential reviewed by 

(Schatten et al., 2014).   

 

The differences in structural features of the oocyte mitochondria from advanced age 

women have been commonly described such as mitochondrial swelling, 

vacuolization, and cristae alteration (Muller-Hocker et al., 1996, Van Blerkom, 

2011). Apart from mitochondrial morphology, a progressive decline in 

mitochondrial function as evidenced by low mitochondrial membrane activity, 

reduced ATP production, and decreased mtDNA copy number or mitochondrial 

number in aged oocyte has also been observed (Chan et al., 2005, de Bruin et al., 

2004, Eichenlaub-Ritter, 2012). From these data it may be speculated that 

alterations in mitochondrial quality and quantity may be contributing factors in 

abnormal meiosis, as mitochondrial dysfunction disturbs meiotic spindle integrity 

leading to defects in meiotic spindle assembly, cell cycle regulation, chromosome 

segregation, embryo development, and finally (Eichenlaub-Ritter, 2012, Van 

Blerkom, 2011). 

 

1.10.1. Oocyte Ageing And Developmental Potential 

The terminology of oocyte ageing can be confusing. According to the stage of 

developing oocytes, it can easily be classified into two main categories: ovarian 

ageing and postovulatory oocyte ageing. The first category, ovarian ageing by means 

of the prolonged arrest of immature oocytes within ovaries until the late 

reproductive life (Broekmans et al., 2009, Takahashi et al., 2011, Tarin, 1996). The 

second category, postovulatory oocyte ageing is a time-dependent process 
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whenever fertilisation does not occur during an optimal period; postovulation or 

post oocyte collection during ART. This category counts on both the mature oocyte-

derived in vivo and the mature oocyte generated in vitro (Tarin, 1996). Ovarian 

ageing thus largely contributes to age-decline female fertility caused by a decrease 

in oocyte quality (Alviggi et al., 2009). These occurrences in later reproductive life 

are consistent in most long-lived mammalian species such as cow, sheep, pigs and 

human (Alviggi et al., 2009, Broekmans et al., 2009, Fissore et al., 2002). Albeit the 

concept of postovulatory oocyte ageing is distinct from maternal ovarian ageing, 

both categories of aged oocytes demonstrate similar phenotypic characteristics in 

terms of reproductive failure (Miao et al., 2009b). However, the mechanisms that 

underpin the decline in oocyte quality are not necessarily equivalent (Takahashi et 

al., 2011).  

 

In postovulatory oocyte ageing, numerous morphological and cellular changes have 

been identified such as irregularities in the oolemma, a ‘cobblestone’ appearance or 

hardening of zona pellucida, disruption of meiotic spindle assembly, swelling of 

mitochondrial matrix, displacement of cortical granules, increased number of 

lysosomes, as well as aggregation of tubular smooth endoplasmic reticulum and of 

small mitochondria-vesicle complexes (see review in (Miao et al., 2009a, Tarin et al., 

2000). However, morphological changes in oocytes derived from maternal ovarian 

ageing have been rarely described. Cellular fragmentation, milky or dark cytoplasm, 

and the presence of cellular remains enclosed by the zona pellucida have been 

characterised in oocytes of aged mice (Fujino et al., 1996, Tarin et al., 2001). On the 

contrary, using microscopic observation, Takahashi (2011) cannot distinguish 

between the oocytes harvested from aged and young mice despite the lower 

ovulation number found in aged animals (Takahashi et al., 2011). 

 

A large body of evidence supports aneuploidy observed in ovarian ageing caused by 

a defect of cell cycle control in meiosis I, especially metaphase I to anaphase I 

(Tatone et al., 2008). Several reports found a reduction of transcript levels for 

‘cohesion proteins’ (i.e., SMCb1) and for ‘spindle checkpoint proteins’ (i.e., MAD2), 

which are key molecules involved in cell cycle control in ovarian ageing (Cukurcam 

et al., 2007, Hodges et al., 2005, Steuerwald, 2005). Unlike aneuploidy observed in 

maternal ageing, both in vivo and in vitro experimental studies and reports from 
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domestic animals observed postovulatory oocyte ageing impairs female 

reproduction in other aspects; lower fertilisation, polyspermy, chromosomal 

anomalies, abnormal embryo development and increased fetal mortality (Huhtinen 

et al., 1996, Tarin et al., 2000, Wilcox et al., 1998). 

 

There are many reports that disruption and loss of the meiotic spindle assembly 

have been demonstrated in postovulatory ageing of oocytes in experimental animals 

and humans (Eichenlaub-Ritter et al., 1988, Mailhes et al., 1998, Szollosi, 1971, Van 

Wissen et al., 1991). In mouse, barrel-shaped and microtubules of the meiotic 

spindle are clearly detected in fresh oocytes; however, microtubules are gradually 

lost from the spindle in postovulatory aged oocytes (Miao et al., 2009b). As has been 

reported in experimental animals, in vitro-aged human oocytes aberration of c-

tubulin expression was observed, which indicates disruption of centrosome 

structure at the meiotic poles (Schatten, 2008, Sun et al., 2007). These changes in 

aged oocytes lead to premature chromosomal separation, which is strongly 

associated with aneuploidy (Mailhes et al., 1998, Steuerwald, 2005).  

 

Mitochondria are the most important organelles supplying ATP via oxidative 

phosphorylation to maintain oocyte quality. Ovarian ageing alters not only 

mitochondrial morphology but it also mitochondrial function in oocytes. In mouse, 

aged oocytes have aberrant mitochondrial arrangement as well (Tarin et al., 1999). 

A report found abnormal characteristics of mitochondrial ultra-structures in aged-

human oocytes including a high density of the matrix, vacuolization, and swelling 

(de Bruin et al., 2004). In comparison to young women, decreased mitochondrial 

membrane potential indicating the change in oocyte mitochondrial function from 

reproductive-aged women has been observed (Wilding et al., 2001). Moreover, the 

accumulation of the mitochondrial DNA point mutations and levels of mitochondrial 

DNA deletions in oocytes derived from reproductive-aged women were higher 

compared to oocytes from young women (Barritt et al., 2000, Keefe et al., 1995). 

Therefore, the data suggest age-dependent impairment of mitochondrial function 

may be one of the leading causes of a decline of oocyte quality.  

 

As it provides the primary energy source for the oocyte, it can be anticipated that 

impaired mitochondrial function causes detrimental oocyte quality (Bentov et al., 
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2011, Ford, 2013, Takeo et al., 2014, Van Blerkom et al., 1995). When insufficient 

ATP levels interfere with the cellular functions of the oocyte, problems arise in 

oogenesis and embryogenesis once fertilised (May-Panloup et al., 2007, Van 

Blerkom et al., 1995). This typically manifests as either pre- or postimplantation 

developmental arrest, implantation failure, miscarriage, or developmental defects 

in the offspring resulting from aneuploidy (Allen et al., 2000, Gaulden, 1992, Hassold 

and Chiu, 1985, Keefe et al., 1995, Kushnir et al., 2012). 

 

1.10.2. Prepubertal Oocytes And Developmental Potentials 

Although prepubertal oocytes exhibit comparable meiotic maturation rates with 

adult oocytes (Ledda et al., 2001, O'Brien et al., 1997b, O'Brien et al., 1996), a higher 

prevalence of abnormal fertilization (Kochhar et al., 2002, Ledda et al., 2001, O'Brien 

et al., 1997b, O'Brien et al., 1996) and lower blastocyst formation during in vitro 

culture (Kochhar et al., 2002, Leoni et al., 2007b, O'Brien et al., 1997b, O'Brien et al., 

1996, Ptak et al., 1999) have been observed. The features are likely attributed to the 

disturbance of cytoplasmic maturation, which commonly presents as failed 

fertilisation, polyspermy, cleavage arrest, failure to reach blastocyst stage, and 

postimplantation embryonic losses (Armstrong, 2001). Morphological studies 

found blastocysts produced in vitro and derived from prepubertal oocytes, were 

undistinguishable from those derived from adult oocytes (O'Brien et al., 1997b), in 

terms of cell number (Ledda et al., 1997, Leoni et al., 2007b, O'Brien et al., 1996) and 

inner cell mass to total cell number ratio (Kochhar et al., 2002, Leoni et al., 2007b). 

An altered speed of development has been observed in oocytes derived from 

prepubertal animals. Previous studies found a two-hour delay in developing lamb 

oocytes matured in vitro (Kochhar et al., 2002), as well as,  delays in the two-cell 

(Leoni et al., 2007b), four-cell (Ptak et al., 1999) and blastocyst development (Leoni 

et al., 2007b, O'Brien et al., 1997a, Ptak et al., 1999). Also other reports 

demonstrated such a difference (Ledda et al., 1997, O'Brien et al., 1996), though a 

later study (Morton et al., 2005) could not detect such speed differences in 

embryonic development. This may be due to interference of higher FSH 

administration during ovarian stimulation, or differences in culture media (KM 

Morton and SL Catt, unpublished data cited in (Morton, 2008) or oxygen tension 

(Leoni et al., 2007a). As the kinetics of both oocyte maturation (Dominko and First, 

1997) and embryo development (van Soom et al., 1997) may impair the 
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developmental potential of embryos, the reduction in developmental speed of 

prepubertal derived embryos may explain the diminish survival in vivo (Kelly et al., 

2005, O'Brien et al., 1997a, O'Brien et al., 1997b, Ptak et al., 1999, Ptak et al., 2006) 

and the high foetal loss rates (O'Brien et al., 1997a, Ptak et al., 1999).  

 

According to the morphology, the only difference observed between prepubertal 

and adult oocyte animals is the size of the oocyte. Prepubertal oocytes have a smaller 

size when compared to those derived from adult animals. In GV stage, the 

morphology of cytoplasmic organelles (i.e., endoplasmic reticula, Golgi complexes, 

mitochondria and lipid droplets) does not differ between oocytes derived from 

prepubertal and adult groups (Ledda et al., 1997). However, prepubertal oocytes 

demonstrated a lower number of transzonal projections (Ledda et al., 2001) and a 

delay in the migration of the cortical granules observed during in vitro maturation 

(O'Brien et al., 1996) when compared with adult oocytes.  

 

Also, metabolic differences between adult and prepubertal oocytes have been 

reported. Lower glutamine metabolism during IVM was observed in prepubertal 

than adult oocytes while they were similar in glucose and pyruvate metabolism 

(O'Brien et al., 1996). During oocyte maturation, protein synthesis is essential for 

normal meiotic progression and embryo development (Moor and Crosby, 1986). 

Lower amino acid uptake (Kochhar et al., 2002, Ledda et al., 1996, Ledda et al., 2001) 

and protein (Kochhar et al., 2002) were observed during prepubertal oocytes 

maturation in vitro, as well as, different time period of peak protein synthesis of 

prepubertal oocytes observed when compared with adult oocytes (Kochhar et al., 

2002). Although the level and pattern of MPF activity was not different in adult and 

prepubertal oocytes, the MPF activity after maturation was detectably lower in 

oocytes derived from prepubertal than those derived from adult animals (Ledda et 

al., 2001). These results point to the effect of oocyte competence concerning 

morphologic, metabolic and ultrastructural differences between oocytes from adult 

and prepubertal animals. However, data may be confounded by the different age 

ranging between studies as well as hormonal administration before oocyte 

harvesting. 
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1.10.3. Molecular mechanisms of Age and Oocyte Competence  

Transcriptome studies have confirmed different levels of transcript abundance in 

MII oocytes linked to maternal age (Grondahl et al., 2010). During the oocyte growth 

phase, growing oocytes produce and accumulate necessary transcripts and proteins 

stored for oocyte maturation and further embryonic development, which upon 

induction undergo coordinated translation and degradation (Su et al., 2007). 

Despite transcriptional quiescence, maturing fully grown GV oocytes and MII 

oocytes enable synthesis of proteins which are essential for biological processes by 

regulating transcript poly(A) tail length (Reyes et al., 2017).  

 

1.10.4. Study model of ageing 

Since ageing is a complexity of biological process in which both genetics and 

environment interact with each other, studies in living organisms especially in 

humans are not so easy to distinguish the environmental effects from the underlying 

genetic cause. It is impossible to control the environment for humans. Further, a 

group of people carrying the same genetic identity to stay in the same environment 

never happens for the experimental study. Moreover, mechanisms contributing to 

the ageing process are so complex and diverse, it is nearly impossible to test 

separate hypotheses in humans.  

 

Several age-related biological pathways have been evolutionarily conserved among 

species, data concluded from model organisms to some extent, are also applicable 

to humans. No universal model system proposes to be suitable for testing all the 

different hypotheses in either basic research or applied medicine. Different models 

varied in cell lines, unicellular organisms or multicellular organisms are distinct in 

biological characteristics; therefore, the model system used is necessary depending 

on the scientific questions and the hypothesis.  

 

The decline in female fertility in the late reproductive age is largely attributable to 

the poor oocyte quality driven by ovarian ageing. (Heffner, 2004, Practice 

Committee of the American Society for Reproductive, 2006). Although the precise 

mechanism of oocyte ageing remains unknown, evidence suggests this might be 

chronic damage to the oocytes and/or the surrounding, follicular cells. To conduct 

an experimental study of oocyte quality in animal models concerning ovarian ageing 
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seems to have some challenges. Limitations of oocyte availability in aged-animal 

models could be a major problem. Apart from that, the study time-interval requires 

more than one year to attain the animals getting old enough to compare the 

biological ageing differences (Takahashi et al., 2011). Moreover, there is no 

appropriate animal model analogous to the one that is used in ovarian ageing 

studies. Therefore, the postovulatory ageing oocytes, which is easily accessible and 

given the same phenotype of reproductive failure, have been employed to study the 

mechanism underpinning oocyte ageing instead of reproductive-aged oocytes 

(Takahashi et al., 2011).  

 

Another common model used to overcome the limitations of the ovarian ageing is 

the prepubertal oocyte as it can be an excellent negative model for fertility (Khatir 

et al., 1996). Therefore, knowledge about the reproductive system at the 

prepubertal age could further expand our scientific understanding of human 

infertility. Sheep resembles human as it is monovular species and similar 

preimplantation embryonic development period. Also, the availability of tissues is 

easily accessible from abattoirs, which is a major UK industry. In this thesis, a series 

of experiment used the prepubertal sheep oocyte to a representative of the poor 

quality oocyte model in comparison to the adult sheep oocyte to represent the better 

oocyte quality model to study the impact of age on molecular and metabolic 

characteristics. Moreover, a better understanding of the reproductive capacity of 

prepubertal animals may lay down the groundwork for discoveries in future 

research in many fields such as advanced agricultural production, conservation of 

endangered species, and improved fertility treatment.  

 

1.11. HYPOTHESIS  
The evidence presented here indicates that the developmental potential and hence 

quality of GV and MII oocytes is gradually acquired during oogenesis and 

folliculogenesis. The capacity of the GV oocyte to complete meiotic maturation and 

to support fertilisation and the early development of the embryo before embryonic 

genome activation. It is dependent on multiple and interrelated parameters of 

oocyte biology including cumulus-oocyte communication, oocyte metabolic 

capacity, DNA and RNA packaging, and regulation of transcription during 

maturation as well as maternal age, chromosomal health and the impact of the 
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follicular environment in vivo or culture environment in vitro. On this basis, we 

hypothesise that the interaction between key molecular and metabolic markers will 

ultimately define oocyte quality and that these markers will be altered in oocytes of 

different reproductive ages. 

 

Aims And Objectives 

This thesis used the sheep as a physiologically relevant model for human 

reproduction to study the interaction between different in vivo and in vitro 

parameters and their relationship to markers of oocyte quality.  The aims and 

objectives of the experimental studies conducted during the course of this project 

were as follows: 

(i) To evaluate the impact of age on sheep GV oocyte competence 

(ii) To validate the system for measuring the oocyte metabolism and chromatin  

remodelling  

(iii) To study chromatin configuration pattern in sheep GV oocytes 

(iv) To compare metabolic process between pre- and adult derived GV oocytes  

(v) To quantify the mtDNA surrogate of mitochondrial number between pre- and 

adult derived GV oocytes  

 (vii) To study genetic and epigenetic differences between pre- and adult derived 

GV oocytes  
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CHAPTER 2: GENERAL MATERIAL AND METHODS 
All reagents used in this series of the experiment were purchased from Sigma-

Aldrich Co. Ltd. (Gillingham, Dorset, UK) unless otherwise specified. Laboratory 

consumables such as sterile pipette tips, Eppendorf tubes and universals were 

purchased from Starlab Ltd. (Milton Keynes, Blakelands, UK) while other plastic 

wares including all MEA Nunc® culture dishes were from Thermo Fisher Scientific 

UK Ltd. (Loughborough, UK). All supplier details are provided in Appendix I. 

 

2.1.  PREPERATION OF GLASSWARE  
All new glass wares were treated as detailed in the following steps before first use. 

The glassware was soaked in a 2% (v/v) Hydrochloric acid (HCl) in deionized water 

solution overnight to eliminate impurities, rinsed thoroughly three times in tap 

water, and, finally cleansed 3 more times with Milli-Q® water (Millipore UK Ltd.). 

The new glass ware was left in an oven at 30°C (Philip Harris Ltd, Hyde, UK) for the 

drying process prior to sterilisation by heating in an autoclave at 180°C before use 

in sterile culture work. Instead of using 2% (v/v) HCl in the first step, other used 

glass wares were soaking in weak Trigene® solution (Medichem International, Kent, 

UK) and then cleaned as in steps described above.  

 

2.2.  PREPARATION, CALIBRATION AND MAINTENANCE 

OF SILICONISED NANOLITRE PIPETTES 

2.2.1. Preparation Siliconised Glass Nanolitre Pipettes  

Nanolitre (nl) pipettes were used in two aspects of the metabolism measurement in 

the experiments. First, they were used to set-up drops in the culture dish for 

carbohydrate metabolism assays of glucose (G), pyruvate (P) and lactate (L). And 

the other purpose was for analytical assays to quantify amounts of carbohydrates 

(GPL) in spent potassium simplex optimised medium (KSOM) based medium. The 

pipettes were made of borosilicate glass capillary tubes (Drummond Scientific Co., 

preantral, US) size 0.80mm (outer) x 0.60mm (inner) x 70mm (length). A pipette 

puller (Research Instruments Limited, Cornwall, UK) was used to assist capillary 

tube pulling. The pipette puller was adjusted to facilitate narrowing of the pipettes 

to the diameter desired and then the pulled capillary tubes were snapped at the 

narrowest point. To further refine the pipette orifice was clamped and held the 
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micropipette in a horizontal position in a microforge holder (Research Instruments 

Limited). The pipette tip was moved towards the heated platinum-iridium filament. 

To create a constriction inside the micropipette (Figure 2.1.), the microforge holder 

was rotated to a vertical position and the filament moved towards the desired 

position. The micropipette was heated up until it started bending, the holder was 

then set to apply heat to the opposite side of the micropipette. After a 45° rotation 

of the micropipette tip clamp holder was performed, heating steps were applied 

again to both sides of the pipette circumference. This created an internal 

constriction on all 4 sides within the pipette tip lumen from the melted glass. 

 

To siliconise the nanolitre micropipette, tips were used for repeat aspiration of 5% 

(v/v) dimethyl-dichlorosilane in heptane solution (silanization solution I) (Sigma, 

85126) several times in a fume extraction hood. They were then left at room 

temperature to dry overnight. Each finished pipette was attached to a stainless steel 

rod of 10cm length and <1mm inner diameter (New England Small Tube 

Corporation, Litchfield, US) with sealing wax (Figure 2.1.). In order to operate the 

nanolitre pipette, the set-up had to be connected to a 50 cm rubber tube which 

attached to a 10 mL syringe (Becton Dickinson, Oxford, UK) at the other end. Finally, 

the nanolitre pipettes were cleansed with acetone by repeating aspiration before 

and after use.  

 

 

 

 

   

 
 

Triplicates 
Reaction 

mix  

Samples 

Figure 2.1. Diagram of a siliconized nanolitre pipette set (top) 
and a siliconised glass oil well (bottom). 

Constriction 
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2.2.2. Nanolitre Pipette Calibration 

To calibrate nanolitre pipettes, a microdrop of H2O of known volume (between 1-

10μL) was set on a siliconised oil well (Figure 2.1.) and overlaid with mineral oil. 

Using the nanolitre pipette as many drops of water as possible were set up, until the 

known volume water was finished. This procedure was performed in triplicate, with 

at least 2 different initial volumes. The pipette volume was calculated by division of 

the initial known H2O volume by the actual number of nanodrops produced and 

averaged across the set of triplicate measures. Only pipettes for which each 

triplicate value differed from at least one of the others by less than 10% were used 

for nanolitre metabolism assays.  

 

2.2.3. Nanolitre Pipette Maintenance  

Cleansing nanolitre pipettes was performed before and after each use by several 

repeated aspiration episodes of acetone to avoid culture medium build up inside the 

pipette lumen. As a result of the extremely fine diameter of the pipettes, blockage in 

pipette lumen was not an uncommon occurrence, therefore the resiliconization 

process was needed for maintenance. Reversal of micropipette blockage was 

achieved by repeated passing of 37% (v/v) HCl solution in and out until the block 

disappeared.  

 

2.3.  PREPARATION OF SILICONISED OIL WELLS 
Homemade glass wells, size 5cm (length) x 2cm (width) x 1cm (height), were 

prepared for the quantification of 3 replicate measures of carbohydrate 

concentrations within the spent culture media used for GPL assays. Glass bars were 

cut into four pieces of the desired length and each piece was mounted onto a 

microscope slide with Araldite® resin (Bostik Ltd, Leicester, UK) to produce 4 rims 

of a glass well. Wells were left overnight to dry. The constructed wells were then 

cleansed with 70% (v/v) ethanol followed by soaking and rinsing several times in 

Milli-Q® water. Wells were siliconised by pipetting 3 ml of silanization solution I into 

each well before the wells were laid in a fume extraction hood for 3-5 minutes before 

being left to dry overnight. The spent reusable oil wells were cleansed with Trigene® 

solution (Medichem International, Kent, UK) using a soft sponge to remove the oil 

followed by rinsing with 50 mL Milli-Q® water and hanging to dry overnight. Like 

the siliconised nanolitre pipettes, the maintenance of oil wells required regular 
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resiliconising with silanization solution I to avoid culture medium being mounted 

on the surface of the well. 

 

2.4.  PREPARATION OF MINERAL OIL FOR CULTURE 

All mineral oils used in the experimental series were embryo tested (Sigma, M5310) 

and purchased from Sigma-Aldrich Co. Ltd. Before the oil was used to overlay 

culture media, 1 ml of the corresponding culture medium was added and mixed into 

50 ml of sterile mineral oil to wash the oil. The washed oil was then equilibrated in 

a humidified CO2 incubator (Galaxy 170S; New Brunswick-Eppendorf UK Ltd, 

Cambridge, UK) at 38.5°C and 5% CO2 in air at least 2 days prior to use. 

  

2.5.  MEDIA PREPARATION  

2.5.1. Ovary Washing Medium 

The ovary medium for washing abattoir-derived ovaries was made up by adding one 

tablet of 5 grams Phosphate-buffered saline (PBS) (Gibco®, 18912014; Life 

Technologies Ltd., Paisley, UK) into 500 ml Milli-Q® water (resistance 18.2 MΩ·cm 

at 25°C, 0.22 µm membrane filter). No adjustment was required in the dissolved PBS 

solution as the pH will be 7.45. A 5 ml aliquot of 100X Antibiotic-Antimycotic 

Solution (ABAM) (Sigma, A5955) containing 10,000 units penicillin, 10mg 

streptomycin and 25μg amphotericin B per ml was added to the PBS solution. This 

medium was freshly prepared prior to each culture and incubated overnight at 

38.5°C in a non-gassed incubator (SI30H hybridization oven/shaker, Scientific 

Laboratory Supplies Ltd) before use.  

 

2.5.2. Ovary Holding Medium (Follicle Isolation Medium) 

The follicle isolation medium (FIM) was used for holding pre-washed ovaries in the 

following experiments in the whole thesis. The FIM was made up according to the 

protocol developed by our group (Collado Fernandez, 2013, Hemmings, 2007). The 

composition of FIM was demonstrated in Table 2.1. All culture media and additives 

were made up in a 500ml volumetric flask. Precise volumes of HEPES (4-(2-

hydroxyethyl)-1-piperazineethanesulfonic acid) buffered, Minimal Essential 

Medium (HEPES-MEM) and other stock solutions were aliquoted by sterile tips or 

pipettes. The final solution was then filter sterilised using a 500ml of TPP® vacuum 
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Filtermax rapid bottle filter unit containing a 0.22μm premium PES filter membrane 

(Techno Plastic Products, TPP, Trasadingen, Switzerland). All spare sterile medium 

was kept at 4°C in refrigerator up to 2 weeks. Prior to use, the medium was warmed 

up overnight at 38.5°C in a non-gassed incubator. 

 

Table 2.1. Composition of follicle isolation medium (FIM). The use was for 500ml 

preparation. HEPES-MEM; BSA: bovine serum albumin, IU: international unit. *See 

Appendix II for stock preparation.  

Component Stock 
Volume 

(ml) 
Final working 
concentration 

MEM Eagle HEPES (Sigma,M7278) - 470 - 

Penicillin-streptomycin (100X) 

(Sigma,P4333)  

10,000 IU/ml,  

10,000 μg/ml 
5 

1,000 IU/ml,  

1,000 μg/ml 

Sodium pyruvate stock* 47 mM 0.5 47 µM 

>96% lyophilized powder, cell 

culture, BSA stock* (20X) 
20 mg/ml 25 1 mg/ml 

 

 

 

 

Table 2.2. Composition of oocyte holding medium 199+ (H199+). The use was for 

250ml preparation. *See Appendix II for stock preparation. 

Components Stock 
Volume 

(ml) 
Final working 
concentration 

M199 10X (Gibco,21180) 10X 25 1X 

Sodium bicarbonate stock* 250 mM 4 4 mM 

HEPES stock* 250 mM 21 21mM 

Penicillin-streptomycin (100X) 

(Sigma,P4333) 

10,000 IU/ml  

10,000 μg/ml 
5 

1,000 IU/ml  

1,000 μg/ml 

Heparin (Mucous) injection BP 

(Leo. Labs,009876-04) 
5,000 IU/ml 

0.180        

(900 IU) 
3.6 IU/ml 

>96% lyophilized powder, cell 

culture, BSA (Sigma, A9418) 
- 1 g 4 mg/ml 

Tissue culture water               

(Sigma, W3500) 
- Up to 250 - 

 

2.5.3. Oocyte Holding Medium (H199+) 

Instead of FIM, H199+ medium was prepared for holding COCs while they were 

harvested during oocyte recovery before they were passed into defined amino acid 

profiling (AAP) or GPL media. This solution was prepared using the protocol 

detailed in Table 2.2 (Cotterill, 2008). After filter sterilisation using a 250 ml TPP® 
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vacuum Filtermax rapid bottle filter system (Techno Plastic Products, TPP, 

Trasadingen, Switzerland), the spare medium was kept at 4°C in refrigerator up to 

2 weeks. Before use, the medium was equilibrated overnight at 38.5°C in a non-

gassed incubator. 

 

2.5.4. Oocyte Maturation Medium 

Because of the undefined nature of culture medium with serum supplement, 

heterogeneity between serum batches may lead to inconsistent results. Therefore, 

physiological serum-free culture medium has been employed throughout the series 

of experiment in this thesis to more accurately define and control culture conditions 

and promote consistency between experiments (Bavister, 1995, Freshney, 2010). 

Previous studies have confirmed that serum-free oocyte maturation medium can 

support oocyte development in vitro in most species including humans (Cobo et al., 

1999, Wynn et al., 1998) and other mammalian species (Hemmings et al., 2012, 

Serta et al., 1995). The IVM medium formulation used here was based on the 

medium previously described and validated by (Cotterill et al., 2012, Wynn et al., 

1998, Danfour, 2001). The composition of serum-free IVM medium is shown in 

Table 2.3. The final solution was sterilised with a 0.2μm cellulose acetate syringe 

filter (Acrodisc, Pall Corporation, Portsmouth, UK) and was then stored at 4°C in 

refrigerator up to 1 week. Before culture, IVM media dishes were prepared and 

allowed to equilibrate overnight at 38.5°C in a humidified 5%CO2 incubator. 

 

2.5.5. Modified Oocyte Maturation Medium For Amino Acid 

Profiling  

AAP medium is a derivative of the defined, serum-free, oocyte maturation medium 

that is needed to facilitate measurement of very tiny amounts of amino acids 

production and utilization by oocytes in vitro. According to the published protocol 

(Danfour, 2001, Hemmings, 2007), the defined serum-free IVM medium has been 

modified in 6-fold reduction of 18 amino acids while other components were 

retained at the same concentration by replacement with the appropriate amount of 

Earle’s balanced salt solution (Sigma, E2888) instead of MEM Eagle, α-modification 

(Sigma, M4526). This media adjustment maintained oocyte development but 

enabled the detection of amino acids turnover (Danfour, 2001, Hemmings, 2007). In 
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addition to those reagents required in maturation medium, DL-2,4-diaminobutyric 

acid dihydrochloride (DABA) was also added to the AAP medium as an internal 

control to enhance the accuracy of the AAP assay technique. DABA is non-toxic and 

inert and so not able to be metabolized by an oocyte or embryo. The pH of the 

medium was adjusted to approximately 7.9 by the addition of 5M HCl or 1M NaOH 

as appropriate. The correct medium pH was visualized by display in pale orange 

rather than pink. The composition of AAP medium is shown in Table 2.4. Like the 

serum-free IVM medium, the sterilised AAP medium was stored at 4°C in a 

refrigerator for up to 1 week. To set up the AAP assays the dishes were prepared on 

the day before use as they required overnight incubation in a humidified 5% CO2 

incubator at 38.5°C. 

 

Table 2.3. Composition of ovine, serum-free oocyte maturation medium 
composition. The use is for 10 ml preparation. MEM; BSA; R3 IGF-1: Recombinant analog 

of human insulin like growth factor-1. *See Appendix II for stock preparation. 
Component Stock Volume 

(μl) 

Final working 

concentration 

MEM Eagle, α-modification   

(Sigma, M4526) 

- 9,577 - 

>96% lyophilized powder, 

essentially fatty acid free BSA 

(Sigma, A6003) 

- 0.01 g 1 mg/ml 

Penicillin-streptomycin (100X) 

(Sigma,P4333) 

10,000 IU/ml, 

10,000 μg/ml 

96 960 IU/ml,        

960 μg/ml 

Sodium pyruvate stock* 47 mM 100 0.47 mM 

L-Glutamine stock* 100 mM 200 2 mM 

Bovine holo-transferrin stock* 5 mg/ml 10 5 μg/ml 

Sodium selenite stock* 50 μg/ml 1 5 ng/ml 

Bovine insulin stock* (10mg/ml) 

(Diluted 1:1000) 

10 μg/ml 10 10 ng/ml 

R3 IGF-1 stock* 100 μg/ml 1 10 ng/ml 

Ovine FSH stock* 2 IU/ml 3 0.6 mIU/ml 

Ovine LH stock* 2 IU/ml 1.5 0.3 mIU/ml 
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Table 2.4. Composition of ovine amino acid profiling-AAP medium. The use is for 

10ml preparation. EBSS: Earle’s balanced salt solution; and, DABA: DL-2,4-

Diaminobutyric acid dihydrochloride. *See Appendix II for stock preparation. 

Component Stock 
Volume 

(μl) 
Final working 
concentration 

MEM Eagle, α-modification (Sigma, 

M4526) 
- 1,210 - 

>96% lyophilized powder, 

essentially fatty acid free BSA 

(Sigma, A6003) 

- 0.01 g 1 mg/ml 

Penicillin-streptomycin (100X) 

(Sigma,P4333) 

10,000 IU/ml, 

10,000 μg/ml 
50 

500 IU/ml,   

500 μg/ml 

Sodium pyruvate stock* 47 mM 100 0.47 mM 

L-Glutamine stock* 100 mM 6.25 62.5 μM 

Bovine holo-transferrin stock* 5 mg/ml 10 5 μg/ml 

Sodium selenite stock* 50 μg/ml 1 5 ng/ml 

Bovine insulin stock* (10mg/ml) 

(Diluted 1:1000) 
10 μg/ml 10 10 ng/ml 

R3 IGF-1 stock* 100 μg/ml 1 10 ng/ml 

Ovine FSH stock* 2 IU/ml 3 0.6 mIU/ml 

Ovine LH stock* 2 IU/ml 1.5 0.3 mIU/ml 

EBSS (Sigma, E2888) - 8,450 - 

DABA stock* 50 mM 12.5 62.5 μl 

 

2.6.  OVINE REPRODUCTIVE TISSUE COLLECTION 
Sheep reproductive tissues were obtained from the local abattoir (J Penny and sons, 

Rawdon, Leeds, UK) and transported in an insulated carrier at ambient temperature. 

On arrival, tissues were assessed prior to ovarian isolation according to two criteria. 

Adult tissues were identified by size of ovaries and uterine horns and by the 

morphological features of uneven ovarian surface incorporate with the presence of 

one fresh ovulation point and the old corpora lutea or corpus albicans presenting by 

yellowish points, and/or hemorrhagic or clear cystic appearance containing blood 

vessels on the membrane surface of each pair of ovaries (Figure 2.2). Prepubertal 

tracts were characterized morphologically by small uterine horns without rugae 

appearance on the tracts, smooth ovarian surface and complete lack of corpora lutea 
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or previous ovulation scars. The lamb tissues were collected during the summer 

nonbreeding season (April-August) while the ewe tracts were characterized as 

yielding good quality oocytes were prepared during autumn-winter breeding 

season (October-February). Ovaries were collected in a pre-warmed beaker filled 

up with pre-warmed ovary wash medium (see section 2.5.1) while processing and 

then these were rinsed at least 3 times before undergoing for follicle aspiration.  
 

2.7. HARVESTING OF SHEEP CUMULUS OOCYTE COMPLEX 
Ovaries were prepared and placed in FIM at 38.5°C in a non-gassed incubator until 

processing. Antral follicle diameter between 2-5 mm was chosen and aspirated by 

using a 19-gauge short bevelled needle (Terumo UK Ltd, Surrey, UK) connected to a 

10ml syringe (BD Plastipak®, Drogheda, Ireland) prefilled with 1ml pre-warmed 

oocyte holding medium (H199+) (See section 2.5.3). According to validation trials 

that size of follicle was taken into account, medium (2-3mm) vs large (4-5mm) 

antral follicles were discriminated by using the largest bevel diameter of a 19-gauge 

short bevelled needle as a measurement reference (4mm). Follicles with diameter 

between ½ and almost full length of reference diameter were classified into medium 

size antral follicles group (2-3mm) whereas aspirates from antral follicle diameter 

that was equal to or just above the reference diameter were classified into large size 

antral follicles group (4-5mm). And the whole processes of harvesting were 

accommodated with the two equipment settings including two sets of harvesting 

plastic wares, syringes and needles for separation follicular aspirates of medium 

sized (2-3mm) from the aspirates derived from large sized (4-5mm) antral follicles. 

 

Each aspirate contained follicular fluid with cumulus oocyte complexes (COC) was 

dispensed into a 90mm sterile tissue culture dishes containing pre-warmed H199+ 

medium, which were placed on a 38.5°C heated stage (MTG Medical Technology 

Vertriebs GmbH, Bruckberg, DE) throughout the process. Then COC harvesting was 

performed and examined to separate COC from follicular fluid under a 

stereomicroscope (Olympus UK Ltd., Southall, UK) fitted with a heated stage (Tokai 

HitCo., Ltd, Shizuoka-ken, JP) at 38.5°C. COCs were pooled together in a 35mm 

nunc®petri dish filled up with pre-warmed H199+ and kept at 38.5°C in a non-

gassed incubator until the recovery process finished. Time spent from follicle 

aspiration to finished COCs harvesting was no longer than 1 hour.  
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Only oocytes enclosed by 3 or more intact layers of unexpanded cumulus cells that 

were medium-brown in colour and composed of a finely granulated homogenous 

ooplasm were selected and pooled in a 4-well dish containing fresh pre-warmed 

H199+ (800µl/well) at 38.5°C. The holding plate was kept in a non-gassed incubator 

until further analysis. In order to assess the chromatin organization, GV staged 

oocytes were freed of CCs by being soaked in 800µl of H199+ containing 80IU/ml of 

hyaluronidase enzyme in the first well of a 4-well dish for 30 seconds to 1 minute 

prior to being transferred and soaked in 800µl of new pre-warmed H199+, this was 

repeated twice more in the other 2 wells of the same 4-well dish with gently 

repeated pipetting in and out through narrow bore glass pipettes (see section 2.8). 

Denuded oocytes underwent a final examination under the stereomicroscope and 

those without the first polar body were recruited for the following chromatin 

studies. Each experiment was performed in 3-6 replicates depending on the 

quantity of tissue availability. All processes were conducted under sterile conditions 

in a laminar flow hood class II on the heated stage to maintain the temperature at 

38.5°C. 

   

 

2.8.  OOCYTE DENUDATION AND IN VITRO MATURATION 
In many of the experiments, conducted denudation of the CC surrounding each 

oocyte was a prerequisite for maturational assessment and for the measurement of 

single-oocyte metabolism in GV stage oocytes, as well as for the preparation of each 

single cell for molecular analyses. Due to the fact that determination of the actual 

Lamb Ewe 

Figure 2.2. Representative reproductive tracts and corpus luteum from sheep 
tissues. Size and characteristics of lamb and ewe reproductive tracts compared (left 

picture) while ewe ovaries (right picture) demonstrate follicles (red arrow head) and 
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number of GCs and CC that enclose an oocyte can be problematic, to study oocyte 

amino acid turnover and carbohydrate metabolism it is necessary to completely 

remove the surrounding cumulus and follicular cells from oocytes (Hemmings, 

2007, Harris, 2002). Moreover, cumulus and GCs are metabolically active so the 

presence of these cells may interfere with the oocyte and the AAP measurements. 

Oocytes enclosed within 3 or more intact layers of CCs were chosen under the stereo 

microscope (Olympus UK Ltd, Southall, Middlesex) for all oocyte experiments 

(Figure 2.3.A and B). Before denudation, the COCs were washed twice though 800µl 

of H199+ medium and groups of 10 to 20 COCs were then placed into 500µl of pre-

warmed 80 IU/ml hyaluronidase (Hyase) solution (see appendix II) in H199+ 

medium up to 60 seconds in 4-well nunc dish. Denudation was done by using 2-

step pipetting techniques. The first step involved narrowing the pipette size to 156-

190μm diameter (Swemed®) to eliminate large pieces of CCs followed by the second 

step where the pipette size was reduced to 130-133μm diameter (Swemed®). The 

COCs were repeatedly passed through the narrow pipettes until all CCs had been 

totally removed. Denuded GV oocytes were then passed through a few washes in 

new 800µl of H199+ medium in a 4-well nunc dish and were ready for inclusion 

into the experiments. Some of the denuded GV oocytes were used as the control 

group at the time of harvest, time 0 hour (Figure 2.4). Single-GV oocyte time 0 

control samples were rinsed twice in 800µl 1X Dulbecco’s phosphate buffered saline 

(DPBS; GibcoTM,14190).  Prior to being stored for future molecular analysis they 

were loaded into 0.5ml Eppendorf tubes containing either 10μl 1X PBS buffer 

(Sigma, P5493) for mitochondrial (mt)DNA analysis, 10μl Dynabead® buffer 

supplied for complementary deoxyribonucleic acid (cDNA) construction, or 2μl 

RNA-GEM buffer supplied for next generation sequencing according to the 

experimental design. The individually stored oocytes were stored at -80°C until 

analysis.  

 

To facilitate the resumption of meiotic maturation and oocyte IVM, groups of 30-35 

COCs were incubated in serum-free oocyte IVM medium, for 24 hours at 38.5°C 

(Figure 2.3.C and D) in a humidified atmosphere 5%CO2 before undergoing 

denudation as detailed previously. Assessment of nuclear maturation was checked 

under a stereomicroscope with a magnification range from 4X to 125X (Olympus UK 

Ltd, Southall, Middlesex) after denudation by gently pipetting and rolling oocytes to 
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determine the presence or absence of the 1st PB (Figure 2.4). Both denudation and 

assessment of nuclear maturation were carried out in H199+ dishes placed on 

heated stage at 38.5°C under a stereomicroscope. 

 

 

 

20 µm 20 µm

AAAA 

DDDD 

BBBB 

CCCC 

200 µm 50 µm 

50 µm 200 µm 

Figure 2.3. Cumulus Oocyte Complexes before (A-B) and after (C-D) 24 hours of 
IVM under brightfield microscope. Compaction of CCs demonstrates in A and B. 

Dispersed and organized cumulus layers demonstrate in C and D. 

Figure 2.4. Representative denuded MII oocytes from adult sheep animals after 24 
hours IVM. Each of them demonstrate the first PB underneath ZP (arrow head). 
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2.9.  IN VITRO MATURATION OF OVINE CUMULUS 

OOCYTE COMPLEX 
The methodology for the serum-free ovine in vitro maturation (IVM) has been 

extensively validated and reported by our group (Cotterill et al., 2012, Danfour, 

2001). The majority of experiments conducted here prepared oocytes for 

maturation in groups of 30-35 COCs. IVM media was prepared in 4-well nunc® 

dishes on the day before tissue collection. The top row two wells on each plate 

contained 800μL of IVM medium for washing whereas the bottom two wells 

contained 500μL of IVM medium overlaid with 300μL of pre-equilibrated and 

washed mineral oil. Dishes were then incubated overnight at 38.5°C and 5%CO2 in 

air in a humidified incubator. 

 

On the day of tissue collection, harvested COCs presenting a homogeneous compact 

cumulus of at least 3 layers were first rinsed in 1 well from the top prior to placing 

for culture in a well on the bottom of IVM dish at 38.5°C and 5% CO2 in air in a 

humidified incubator for 24 hours (Figure 2.3.C and D). Cumulus morphology was 

evaluated at the end of the IVM culture before the denudation process was initiated. 

After denudation, single-MII oocyte samples in the MII control group at time 24 

hours, were rinsed twice in 1X DPBS prior to being stored for molecular analysis by 

loading into 0.5ml Eppendorf tubes containing either 10μl 1XPBS buffer for mtDNA 

analysis, 10μl Dynabead® buffer or 2μl RNA-GEM buffer for cDNA construction 

according to the experimental design.  

 

2.10.  OOCYTE CUTLURE FOR MEASUREMENT OF AMINO 

ACID TURNOVER PROFILING  
Equilibration (EQ) and AAP dishes were prepared on the day prior to tissue 

handling from the abattoir. Dishes were prepared according to the number of 

oocytes to be tracked. A maximum 4 sets of EQ and AAP plates were prepared for 

each culture replicate. Each set of plates could be used for tracking up to 9 oocytes 

(Figure 2.5). In each EQ dish, 2 wash drops of 10µl AAP medium were dispensed at 

the top row of a 35mm MEA tested, CE marked nunc® dish for IVF supplies, and the 

other 9 drops of 5µl AAP medium were setup for individual oocytes equilibration 

and overlaid with pre-warmed mineral oil (Figure 2.5).  
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The AAP tracking dish contained 2 wash drops of 10µl AAP medium on the top row 

of a 60mm MEA tested, CE marked nunc® dish for IVF, and the other 18 drops of the 

1µl AAP medium were setup for a maximum of 9 oocytes trackings in corresponding 

9 drops of control AAP medium (without oocyte incubation) (Figure 2.5). All dishes 

were prepared in a sterile flow hood at room temperature. Due to the very tiny 

volume of a 1µl drop of AAP, it is not manageable to use classic Gilson pipettes 

(Gilson Scientific Ltd, Bedfordshire, UK). To achieve the 1µl volume precision the 

use of a Microgram M10 positive displacement pipette (Gilson Scientific Ltd, 

Bedfordshire, UK) was required. Same as in the EQ dish, pre-incubated mineral oil 

was placed on top. Both EQ and AAP dishes were allowed to equilibrate to 38.5°C 

and 5%CO2 in a humidified incubator overnight. 

 

On the day of the experiment, after the denudation process, individual ovine oocytes 

underwent washing twice in the 2-wash drops prepared in each EQ dish before 

passing on to 1 of the holding drops for an hour equilibration. After that, the oocytes 

were transferred to incubate for 6 hours in AAP assay dishes. As well as oocytes 

loading to EQ dish, the individual oocytes were washed twice in wash-drops before 

gently being placed into the corresponding drops at the equivalent position to the 

EQ dish with volume of medium carry over as less as possible. Both equilibration 

and AAP incubation were performed in a humidified CO2 incubator at 38.5°C in 5% 

Figure 2.5. Illustration of the layout equilibration (EQ) and AAP dishes. Both 

dishes were prepared by using modified AAP medium with 50µM cilostamide 

supplementation. 
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CO2 conditions. After 6 hours of culture incubated oocytes were removed 

individually from 1μl AAP drops taking extreme care not to change the volume of 

spent culture media. Finally, spent AAP dishes were sealed with tape before storage 

at -80°C until analysis. Each individual oocyte was rinsed twice in 1X DPBS prior to 

being stored for future molecular analysis by loading into 0.5ml Eppendorf tubes 

containing either 10μl PBS buffer for mtDNA analysis or 2μl RNA-GEM buffer for 

next generation sequencing according to experimental design. A small number of 

individual oocyte single samples were fixed in 4% paraformaldehyde (PFA) for 

chromatin staining with DAPI (4’,6-Diamidino-2-Phenylindole, Dihydrochloride) in 

the next step (see details in chapter 3).  

 

2.11.  OOCYTE CULTURE FOR MEASUREMENT OF GPL 

METABOLISM  
EQ and GPL assay dishes were prepared on the day prior to tissue handling from the 

abattoir. Dishes were set-up according to a number of oocytes to be tracked; 

however, a maximum of 4 sets of EQ and GPL dishes were prepared for each culture 

replicate. Each set of dishes could be used for tracking up to 9 oocytes (Figure 2.6). 

Carbohydrate metabolism analysis  was performed in modified KSOM medium. An 

EQ dish contained two 10µl wash drops at the top row and another 9 drops of 5µl 

modified KSOM medium for oocyte equilibration overlaid with pre-warmed mineral 

oil in a 35mm MEA tested, CE marked nunc® dish for IVF. A GPL tracking dish 

contained two 10µl wash drops on the top row and a further 12 drops of 130-160nl 

modified KSOM medium set-up for 9 individual oocytes incubation and the final 3 

drops were left blank as a control at the bottom row of a 60mm MEA tested, CE 

marked nunc® dish for IVF. Like an EQ dish, GPL tracking dishes were overlaid with 

pre-warmed mineral oil. Apart from the 2-wash drops, nanolitre-drop size required 

a set of nanolitre pipettes for manipulation. As stated elsewhere, they needed to be 

cleaned before and after use as well as between each drop set-up to wash out 

residuals of media mounted inside pipettes’ wall. Both EQ and GPL dishes were 

allowed to equilibrate to 38.5°C and 5% CO2 in a humidified incubator overnight. 

 

On the day of the experiment, after the process of denudation, individual oocytes 

were handled as described above (see in section 2.10). Briefly, oocytes were rinsed 

twice before being incubated individually for 1 hour in the EQ dish and again rinsed 
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twice before a 6 hour incubation in GPL tracking dish in a humidified CO2 incubator 

at 38.5°C in 5% CO2 conditions. Previously the optimal incubation was validated for 

metabolism assays of murine (Harris, 2002)] and human oocytes (Harris et al., 

2010). Quantification of carbohydrate metabolism for an oocyte in large antral 

follicle needs only a few hours incubation time; however, this thesis has designed 

the use of a 6 hours incubation period in parallel with amino acid metabolism. After 

6 hours incubated oocytes had to be removed from nanodrops with minimal change 

in volume of spent culture media. Finally, spent GPL dishes were sealed with tape 

before storage at -80°C until analysis. Single-oocyte samples were rinsed twice in 

1X DPBS prior to being stored for future molecular analysis by loading into 0.5ml 

Eppendorf tubes containing either 10μl PBS buffer for mtDNA analysis or 2μl RNA-

GEM buffer for next generation sequencing according to experimental design. A part 

of single samples were fixed in 4% PFA for chromatin staining with DAPI (see details 

in chapter 3).  

 

 

 

 

2.12.  STORAGE OF SAMPLES 
Spent culture media were left in the original culture dish, sealed and labelled with 

insulating tape and then kept frozen at -80°C until further analysis. In the validation 

trial, all oocytes were employed for chromatin configuration evaluation while in the 

experimental study the cultured oocytes were used for different purposes; 

including chromatin configuration, mitochondrial copy number, and for genetic 

Figure 2.6. Illustration of the layout equilibration (EQ) and GPL dishes. Both 

dishes were prepared by using modified GPL medium with 50µM cilostamide 

supplementation. 
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studies. Details of each method used in collecting samples was described in relation 

to the experiment. 

 

2.13.  HIGH PERFORMANCE LIQUID CHROMATOGRAPHY  
To isolate different molecules dissolved in aqueous samples, the technique of High 

Performance Liquid Chromatography (HPLC) was employed. The components in 

individual samples are separated from each other by the liquid phase forcing the 

aqueous solution with high pressure pump through the stationary phase within the 

HPLC column. The non-volatile components with different chemical and/or 

biological properties such as polarities and hydrophobicities, therefore, interact 

with the packing particles within the stationary phase with different affinities. This 

enables components within samples to be separated and identified in a reasonable 

timescale according to differing polarities of the solvents passing through the HPLC 

column. Analytes from a flow-through device are then displayed as peaks eluted in 

specific timescales on a chromatogram and the amount of these separated 

components may be quantified by measuring the relative area beneath each peak. 

Here reverse phase HPLC was employed to separate 18 amino acids in the spent 

culture media. This method of analysis has previously been validated for use in 

single embryo cultures of various species by the Leese group (Booth et al., 2005, 

Houghton et al., 2002, Houghton et al., 2003, Humpherson et al., 2005, Orsi and 

Leese, 2004b, Orsi and Leese, 2004a, Stokes et al., 2007), and for bovine IVM-

derived oocytes (Collado Fernandez, 2013, Hemmings, 2007, Hemmings et al., 

2012) and human oocytes (Hemmings et al., 2013).  

 

2.13.1. HPLC Buffers, Solutions And Amino Acid Standards 

a) Sodium Acetate Buffer 

Sodium acetate buffer was prepared by dissolving 56.5g sodium acetate trihydrate 

(Fisher Scientific UK Ltd, Loughborough, UK) in 5 litres of HPLC grade water (ELGA 

LabWater, High Wycombe, UK). The solution was stored in two 2.5 litre bottles. The 

pH was adjusted to 5.9 by slowly adding approximately 600μl glacial acetic acid 

(Fisher Scientific UK Ltd) while the buffer was mixing by use of a magnetic stirrer 

(Bibby Sterilin Ltd, Stone, UK). 
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b) Buffers A and B  

Buffers A and B were used as the mobile phase for amino acids separation in the 

HPLC system. The buffers’ composition as shown in Table 2.5 were prepared in an 

extraction hood by mixing sodium acetate buffer, methanol (Thermo Fisher 

Scientific UK Ltd.) with or without tetrahydrofuran (Thermo Fisher Scientific UK 

Ltd.) according to the protocol in a 1 litre volumetric flask before filtering through 

a 0.45μm Durapore® membrane (Millipore) mounted in a glass vacuum filtration 

set up (Millipore). The volumes of the reagents used are specified in Table 2.5).  

Table 2.5. Preparation of buffers A and B for HPLC. *see Appendix III for stock 

preparation  

 Sodium acetate 
buffer* (ml) 

Methanol 
(ml) 

Tetrahydrofuran 
(ml) 

Working 
Concentration (v/v) 

Buffer A 
(aqueous) 

800 200 5 
80% Sodium acetate 

20% Methanol 

Buffer B 
(organic) 

200 800 - 
20% Sodium acetate 

80% Methanol 

 

c) O-Phthaldialdehyde Solution (OPA) 

An OPA solution was used as the derivatizing agent for the HPLC system. This was 

prepared by adding 100μl of β-mercaptoethanol (Thermo Fisher Scientific UK Ltd.) 

into a 50ml bottle of OPA (Sigma, P0532). The solution was aliquoted into brown 

glass HPLC vials (Chromacol Ltd., Herts, UK) and stored at -20°C until required. 

 

d) HPLC Standards 

HPLC standards were prepared to standardize the peak areas of the unknown 

samples. 500μl of 18aa standard (Sigma, AAS18) was mixed with 50ml HPLC grade 

water (ELGA) in a volumetric flask to make a 25μM stock concentration of the 18 

amino acids, then it was aliquoted into sterile white microfuge tubes and stored in 

freezer at -20°C. 

  

e) D-Aminobutyric Acid, Tryptophan And Asparagine Standard 

The 18aa standard mixture lacks tryptophan, asparagine or D-aminobutyric acid. 

Therefore, a 2.5mM stock solution of these amino acids was prepared by dissolving 

the amino acids listed in Table 2.6 in 50ml HPLC grade water (ELGA). The use of a 

sonicator bath (Grant Instruments plc, Chelmsford, UK) is needed to completely 

dissolve this mixture in solution. A 500μl of solution was aliquoted from the 2.5mM 
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stock and diluted in a 50ml volumetric flash with HPLC grade water (ELGA) to 

produce a 25μM stock. This final 25μM stock was aliquoted into sterile blue 

microfuge tubes and stored at -20°C. 

 

 

 

 

 

 

 

 

 

f) 10μM Amino Acids Standard Solution 

Amino acid standards of known concentration (10μM) were used for quantification 

and a monitor of the working condition to ensure accuracy of the HPLC system. The 

10μM amino acids standard solution was prepared just prior to use by mixing the 

reagents listed in Table 2.7 in a 1ml sterile microfuge tube following the thawing of 

the 25μM amino acid stocks (see Appendix III for details). In order to ensure 

accurate measurements, 25μl of the 10μM amino acids standard solution was 

dispensed into glass HPLC vials and analysed after every 6 samples. 

Table 2.7. Preparation of 10μM amino acids standard solution 

Reagent 
Volume 

(µl) 

Working conc 

(µM) 

pmoles in 

25µM 

25µM stock of 18 AAs 100 10 250 

25µM stock of DABA, Gln, Trp, Asn 100 10 250 

HPLC grade H2O  

(ELGA process water, Marlow, UK) 
50 - - 

 
g) Wash Buffer D 

Buffer D was used for rinsing the column before and after a complete set of samples 

was run through. It was prepared in an extraction hood by mixing 500ml of 

methanol and 500ml of HPLC grade water into a 1 litre volumetric flask. The 

solution was filter-sterilised through a 0.45μm Durapore® membrane mounted in a 

glass vacuum filtration set up (Millipore UK Ltd.). 

 

 

Table 2.6. Amino acid additives for 2.5mM stock 

Reagent  Weight Stock Concentration 

L-Asparagine monohydrate  0.01876g 2.5 mM 

L-glutamine  0.01751g 2.5 mM 

L-Tryptophan  0.02553g 2.5 mM 

DABA  0.01289g 2.5 mM 

HPLC grade water  50ml  
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2.13.2. HPLC Sample Preparation And Analysis 

Dishes containing spent AAP culture medium droplets and controls were thawed at 

room temperature. Regardless of whether measuring oocyte or control drops, 9µl 

of HPLC grade water was added to each 1µl drop of spent culture media then a total 

10µl volume was passed into a glass HPLC vial. To make up 25µl in each vial, 15µl 

of HPLC grade water was added. This gave a final dilution of 1:25 for each medium 

drop (Figure 2.7).  

 

The samples were analysed by reverse-phase HPLC, using an Agilent 1100 HPLC 

system (Agilent Technologies UK Ltd., UK, Stockport, UK) to separate 18 amino acids 

in spent media and using OPA as the derivatizing agent. Each 25µl of sample reacted 

with 25µl of OPA prior to 25µl of the mixture being injected onto the column. 

Samples were separated by a 250 × 4.6 mm HyperClone 5 µm octadecylsilyl (ODS) 

(C18) column (Phenomenex, Macclesfield, UK) with 2 buffers: Buffer A and Buffer 

B, which contained a sodium acetate (pH 5.9) and methanol volume ratio of 80:20 

and 20:80, respectively. Tetrahydrofluran was added in buffer A to decrease the 

buffer’s polarity, making up a 0.5% concentration in final solution. The flow rate 

was set at 1.3ml/min throughout. During the separation process, mixtures of buffer 

A and buffer B as the mobile phase were passed through the column, and the 

compositions were changed gradually from 100:0 (A:B) at the beginning to 0:100 

(A:B) by the end of the analysis. Each separation cycle lasted 45 minutes of duration 

(Hemmings et al., 2012, Hemmings et al., 2013). 

 

 

 

AAP	dish 

Oocyte	drop	(1µµµµl)										

AAP	medium 
			 
Control	drop	(1µµµµl) 
AAP	medium 
	 
HPLC	vial: 
1µµµµl	spent	media	

(oocyte/control) 
plus	24µµµµl	H2

O 
	 

Wash	drop	(10µl)	

AAP	medium 

HPLC	vial 

Figure	2.7.	Amino	acid	incubation	dish	and	dilution	of	samples	for	HPLC	

analysis	into	an	HPLC	vial.	
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Amino acids were eluted sequentially based on their different binding affinities to 

the column. Fluorescence intensity was monitored at an excitation wavelength of 

340nm and an emission wavelength of 450nm. The baseline concentration of amino 

acids within the control droplets was calculated from the medium formulation 

available from the manufacturer. A chromatogram was produced for each sample 

and the area beneath each peak was given in arbitrary units which were converted 

to units of concentration (Figure 2.8). Any dilution errors were corrected by the 

inclusion of DABA at a known concentration in all oocyte incubation media as the 

internal standard. To monitor the consistency of the HPLC separation, amino acid 

standards were analysed every 6 samples. The area beneath each peak was given in 

arbitrary units which were converted to units of concentration (Booth et al., 2005, 

Houghton et al., 2002, Stokes et al., 2007). An internal standard to correct for 

dilution errors was provided by the inclusion of DABA at a concentration of 62.5μM 

in all incubation medium. The net appearance or depletion of each amino acid per 

sample was calculated with reference to the mean of the control droplets cultured 

alongside. 
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2.13.3. Amino Acid Calculation 

The concentration of the amino acids in each drop of medium was calculated from 

the area beneath each peak corresponding to each amino acid. Identification was 

performed based on the individual AA standards as the amino acids are always 

eluted in the same order and at the same elution time. Initially, to correct for non-

specific dilution errors each amino acid peak area value was divided by the peak 

area of the internal standard DABA, and multiplied by 100. This value was the 

corrected amino acid area. Corrected amino acid areas corresponding to each amino 

acid for both control and experimental drops were therefore obtained (see example 

below): 

� Volume of αMEM in modified AAP medium = 1.232ml (plus vol in stocks) 

� Total volume of modified AAP medium prepared = 9.909ml 

� Concentration of Asp in αMEM = 225.378 * 10-6M 

Thus, the equation used for each amino acid (AA) calculation in modified AAP 

medium demonstrated as the following; 

 

� And the initial amount of Asp in a 1μl (1 * 10-6 l) drop of modified AAP 

medium contained 28.02 pmoles. 

� Therefore, the initial amount of Asp in a control drop as well as in an oocyte 

drop was equal to 28.02 pmoles (Figure 2.8.C).  

Analytes from the HPLC system were detected in arbitrary units by calculating the 

area under the peak. Each spent culture medium sample analysed was expected to 

provide 18 amino acid peaks plus 1 internal control DABA peak, which was used to 

correct for any non-specific dilution, degradation or appearance, occurring in 

oocyte and control drops for correcting amino acid peak area calculation. Asp is 

taken as an example for demonstration:  

 

The initial amount of AA     = (concentration in αMEM) x (αMEM volume)                      
                                                          modified AAP volume  

      Initial amount of Asp   = (225.38 * 10-6M) x (1.232ml)                                               

9.91 ml 

        = 28.02 * 10-6M  

        = 28.02 * 10-6 * 1012pmoles in 106 µl 

                                                       = 28.02 pmoles in 1µl 
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� Asp Peak Area in control drop 1 = 76,887 arbitrary units 

� DABA Peak Area in control drop 1 = 160,019 arbitrary units 

Thus, the equation used for Corrected Peak Area demonstrated as the following; 

  

The Asp Mean Corrected Control area was specific for each AAP dish; therefore, all 

9 control drops from the same dish were calculated the same way and an average of 

9 Asp measurements was corrected for the control peak area used for the further 

calculation or correction in oocyte drops. 

 
Therefore, the Asp Mean Corrected Control area = 43.75 arbitrary units 

To calculate the amount of amino acid in pmoles contained in each oocyte drop after 

6 hours’ incubation is to use the Rate of Peak Area Variation (increase or decrease 

in peak area for a given amino acid before and after 6h oocyte culture) per oocyte. 

Values presented >1 indicate production while values <1 indicate depletion. The 

Rate of Peak Area Variation of aspartate in oocyte drop 1 is demonstrated by the 

following; 

� Asp Peak area in Oocyte drop 1           =   14.90 arbitrary units 

� DABA Peak area in Oocyte drop 1           =   31.49 arbitrary units  

� Asp Mean Corrected Control Area considered as the concentration  

before incubation                               =   43.75 arbitrary units 

Asp Corrected Peak Area in control drop 1         =     Asp peak area      x 100                    
                (arbitrary units)                              DABA peak area  
 

=        76,887      x 100  
         160,019 

=       48.05     arbitrary units 

Asp mean corrected control area (arbitrary units)  

   = Average of the Asp corrected peak area in all 9 control drops  

= (41.12+ 42.35+ 43.64+ 43.39+ 44.91+ 44.29+ 44.51+ 44.56+ 44.95)                                                                
9 

   = 43.75 arbitrary units 
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The amount of each amino acid in pmoles presented in the oocyte drops after the 6 

hours incubation was then calculated as the following; 

� Asp amount in a Control drop   =   28.02 pmoles 

 
Finally, the amount in pmoles of amino acid production or consumption by each 

oocyte during the 6 hours incubation period was calculated by the following 

equation; 

 
Therefore, 2.30 pmoles of Asp were produced by oocyte 1 during 6 hours 

incubation.  

AA amount in oocyte drop post-incubation   
= (Rate of Peak Area Variation) x (AA amount in a control drop)  

=   1.082  x  28.02 

=   30.32 pmoles of Asp 

AA amount produced during incubation (amount difference) 

      =    AA after 6h incubation – AA amount in control drop  

      =    30.32 pmoles – 28.02 pmoles  

      =    2.30 pmoles of Asp 

Rate of Peak Area Variation = Asp Corrected Peak area in Oocyte drop 1            
(Asp, Oocyte 1)           Asp Mean Corrected Control area 

   =    47.31 / 43.75 

=     1.08   arbitrary units 

Asp Corrected Peak area in Oocyte drop 1  =   Asp Peak Area      x 100                         
DABA Peak Area 

=    14.90      x 100                                          

31.49 

       =    47.31    arbitrary units           

             

The Production or Consumption Rate for AA  

        =  the amount different in pmoles during incubation      
                                                      incubation period  

 Asp Production Rate   =  2.30 pmoles                                                                                          

6 hours  

  = 0.85 pmoles/oocyte per hour  
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In the HPLC system, 25μl of OPA were added to 25μl of sample within each HPLC 

vial, and the fact that only 40μl of each HPLC vial was injected into the column; 

therefore, analytes from the column represented 80% of the original amount 

present in the sample. However, this factor is not taken into account in the 

calculation due to the fact that it is constant for all samples.  

According to previous studies, four parameters were used to determine the amino 

acid metabolism of oocytes/embryos; overall amino acid depletion, overall amino 

acid appearance, net amino acid balance, and amino acid turnover (Hemmings et al., 

2012, Houghton et al., 2002). Each parameter was calculated as the following;  

� The overall amino acid depletion was calculated by sum of all amino acids 

depletion.  

� The overall amino acid appearance was calculated by sum of all amino acids 

appearance.  

� The net nitrogen balance was calculated by subtracting the overall amino 

acid depletion from the overall amino acid appearance.  

� The amino acid turnover was calculated by sum of the amount of overall 

amino acid depletion and the amount of overall amino acid appearance.  

 

2.14.  DATA MANAGEMENT AND STATISTICAL ANALYSIS 
All experimental data were analysed using either the SPSS statistics program (SPSS 

V.21, SPSS Inc., Chicago, IL, USA) or GraphPad Prism 7 (GraphPad  Software, Inc., La 

Jolla, CA, USA). The Pearson’s chi-square analysis was used to determine the 

differences in nominal data; the proportion of oocytes in the various classifications. 

The normality of distribution was tested by Kolmogorov-Smirnov or Shapiro-Wilk 

in SPSS or D’Agostino & Pearson or Shapiro-Wilk in GraphPad, programs applied 

when appropriate. Normally distributed data are presented as mean values ± SEM, 

whilst not normally distributed data are presented as boxplots. In boxplots, the 

boxes represent the 50% of data points (25th to 75th percentile) and the whiskers 

represent the maximum and minimum data points within 1.5 times of the 

interquartile range. The horizontal line within each box represents the median. 

Levene’s test was used for testing variance of data. Normally distributed data were 

analysed by student’s t-test if two groups were compared while ANOVA was used in 

comparison of more than 2 groups, followed by Tukey’s post hoc test to specify the 

contrast between two means. For data not normally distributed non-parametric 
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tests were applied. Those included Mann Whitney U-tests for 2 group comparisons 

or Kruskal-Wallis tests if more than 2 groups were considered. For all analyses, 

significant differences were regarded if the P-value was < 0.05 unless stated 

otherwise.  
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CHAPTER 3: EVALUATION OF CHROMATIN 

CONFIGURATION IN GV OOCYTES IN RELATION TO 

AGE AND QUALITY 

3.1.  INTRODUCTION 
Acquisition of nuclear and cytoplasmic maturation of an oocyte is required to 

undergo successful fertilization and further embryonic development. The 

morphological characteristics of meiotic competence can be defined by the 

disappearance of the GV (GV) membrane, so called GV breakdown, and extrusion of 

the first polar body (PB); however, changes comprising cytoplasmic maturity are 

poorly described (Lasiene et al., 2009, Swain and Pool, 2008, Ferrell, 1999). Various 

mechanisms have been proposed as the means of maintaining meiotic cell cycle 

arrest in GV oocytes. These mechanisms are not necessarily mutually exclusive. 

First, transferring cAMP and the maintenance of high intracytoplasmic cAMP from 

CCs into the oocyte via gap junctions has long been established as a means of 

maintaining meiotic arrest (Chaube and Misro, 2002, Dekel et al., 1981, Webb et al., 

2002). Besides cAMP, CCs also pass cGMP via gap junction to the oocyte to inhibit 

hydrolysis of cAMP by the PDE3A enzyme (Norris et al., 2009, Sun et al., 2009a). In 

addition to external cAMP transport, the meiotic arrest is also maintained by 

intraoocyte cAMP production via GPR and adenylate cyclase in regulatory control 

maturation promoting factors synthesis (Han and Conti, 2006, Ledan et al., 2001). 

Although these mechanisms harmonize in maintaining meiotic resumption, the 

machinery driving spontaneous nuclear maturation resulting in the transformation 

of an immature oocyte to MII stage is less than clear (Mehlmann, 2005b, Mehlmann 

et al., 2002, Vaccari et al., 2008, Zhang et al., 2010).  

 

Previous studies have been widely addressing the lower success rate of clinical IVM 

when compared to IVF in terms of embryo yields and survival of offspring across 

mammalian species (Albuz et al., 2010, Child et al., 2002, Eppig et al., 2009, 

Thompson et al., 1995). Incomplete cytoplasmic maturation has been blamed as a 

well-accepted downside of in vitro maturation (IVM) leading to the low potential of 

IVM derived oocytes despite the high rate of nuclear maturation. Among numbers 

of strategies proposed to overcome the limitation of oocytes culture in vitro, the 
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promising ones included delayed spontaneous meiotic maturation as well as 

maintaining gap junction communication between oocyte and surrounding CCs to 

attain the acquisition of cytoplasmic maturation (Jamnongjit and Hammes, 2005). 

Due to manipulation of cAMP or cGMP, this method sustains high level of cAMP 

within CCs and the oocyte either to the regulatory synthesis of cAMP or inhibiting 

degradation of cAMP via cGMP blocking PDE3A associating with prolonged 

bidirectional communication of CC-oocyte via gap junction (Albuz et al., 2010, 

Franciosi et al., 2012, Luciano et al., 2004, Shu et al., 2008, Thomas et al., 2004a, 

Thomas et al., 2004b).  Numerous establishing mechanisms contribute to enhance 

the oocyte developmental competence by simulating physiological oocyte 

maturation (SPOM) in a delayed GV breakdown (GVBD) by increasing intra-oocyte 

(GSH),  lowering intra-oocyte hydrogen peroxide (H2O2) (Li et al., 2016), enhancing 

COC oxygen consumption and oocyte oxidative metabolism and accentuating 

epidermal growth factor signalling in CCs (Richani et al., 2014, Zeng et al., 2013, 

Zeng et al., 2014). Recent studies have also reported the improvement of IVM 

outcome by adding adenylate cyclase activators and/or PDE3A inhibitors (Conti et 

al., 2002), as well as applying a 2-step culture system with adding PDE3A (Albuz et 

al., 2010, Gharibi et al., 2013, Li et al., 2016, Rose et al., 2013), C-Type Natriuretic 

Peptide (CNP) (Sanchez et al., 2017), or BMP-15 (Santiquet et al., 2017) into the 

prematuration step.  

 

During the meiotic maturation, one of the less well characterized but nonetheless 

remarkable modifications associated with oocyte developmental competence is the 

dynamic change of GV chromatin configuration that occurs following the 

reinitiation of meiosis. This process is essential to support the structural 

remodelling of the oocyte in that it is necessary for the completion of meiotic 

maturation. This process involves several different oocyte functions (for review see 

(De La Fuente, 2006, Luciano and Lodde, 2013). At this stage of development, 

individual oocyte chromosomes loosen their structure to disperse the chromatin 

mass. And then, within the GV, the chromatin undergoes profound rearrangement 

prior to the meiotic resumption. This phenomenon may determine the 

oocyte/embryo potential, as previously reported in various species observed it 

links to subsequent embryonic development (Lodde et al., 2007, Luciano et al., 

2011, Zuccotti et al., 1998, Zuccotti et al., 2002), oocyte morphology (Assey et al., 
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1994, Hyttel et al., 1997, Lodde et al., 2008), transcriptional activity (Abe et al., 2010, 

Bouniol-Baly et al., 1999, Christians et al., 1999, De La Fuente and Eppig, 2001, Liu 

and Aoki, 2002, Lodde et al., 2008, Luciano et al., 2011, Miyara et al., 2003) and the 

epigenetic signature of the oocyte (Akiyama et al., 2004, Andreu-Vieyra et al., 2010, 

Ivanovska et al., 2005, Ivanovska and Orr-Weaver, 2006, Lodde et al., 2009). 

Acquisition of oocyte competence to facilitate further development requires nuclear 

chromatin transforming from a diffused/fibrillar pattern to a more condensed 

stage. Nonetheless, physiological factors such as gamete size and follicle 

development, may influence chromatin morphology observed by (Liu et al., 2006, 

Russo et al., 2007a, Schramm et al., 1993, Sui et al., 2005). According to the main 

objective of the thesis, it aims to investigate the impact of animal age (prepubertal 

vs. adult) on the key functional indices of oocyte developmental competence such 

as chromatin configuration, metabolism and molecular genetics. Sheep oocytes 

have been used as a physiologically relevant model for human oocyte development. 

In order to establish what is the impact of oocyte age and the culture environment 

of assisted reproduction techniques on the dynamics, to investigate the effect of 

animal age on oocyte quality, to establish whether a direct relationship exists 

between chromatin configuration and other oocyte functional markers, it was 

necessary to classify the chromatin configuration of sheep oocytes in vitro and to 

explore if/how this classification is confounded by follicular size, the denudation 

process, or other aspects of handling and culture such as the culture media 

environment. Oocyte denudation is essential for the precise analysis of oocyte 

metabolism as the presence of CCs enclosed oocytes impedes metabolic 

measurement of oocytes due to CCs having more metabolic activity (Biggers et al., 

1967, Preis et al., 2005, Sugiura et al., 2005). However, the process of denudation 

may facilitate spontaneous premature meiotic maturation. Therefore, it can be 

hypothesized that the oocyte chromatin configuration can be indicative of its 

fundamental developmental capacity after it is released from the ovulatory follicles 

which in itself is considered to be one of the markers of oocyte competence or 

quality. 

 

Aims And Objectives  

The aim of this chapter was to examine the impact of ageing on oocyte chromatin 

configuration and to evaluate how this chromatin pattern and non-invasive 
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metabolism assays may be used as a tool for oocyte quality assessment. The specific 

objectives were; 

(i) to develop a classification system for chromatin configuration in the sheep GV 

oocytes model based on information from other species  

(ii) to research and standardize the confounding factors that may influence changes 

in chromatin configuration such as the follicular size, time released from the follicle, 

HEPES buffered and the process of oocyte denudation.  

(iii) to examine the effect of age on the pattern of chromatin configuration in GV-

staged sheep oocyte. 

(iv) to validate the measurement of energy metabolism and AAP of individual GV 

oocytes as a non-invasive tool for quality assessment to differentiate high potential 

oocyte for further embryonic development. 

 

3.2.  MATERIALS AND METHODS 

3.2.1. Harvesting And Denudation of Cumulus Oocyte Complexes 

Prepubertal and adult sheep ovaries were obtained from a local abattoir during the 

non-breeding (July to September) and breeding (October to December) seasons, 

respectively, and then transported to the laboratory, within 2 hours of slaughter. 

Immediately on arrival, reproductive tissues were separated according to the 

characteristics described previously (see section 2.6). After that ovaries were 

dissected and washed 3 times with pre-warmed phosphate buffer saline containing 

100units/ml penicillin, 100µg/ml streptomycin and 0.25µg/ml amphoterin B (see 

section 2.6 and 2.5.1.) and maintained at 38.5°C in ovary holding medium (see 

section 2.5.2.) during the process of follicle aspiration. All subsequent procedures, 

unless differently specified, were performed at 38.5°C.  

 

COCs were harvested as described in section 2.7. Briefly, two sets of harvesting 

plastic wares, syringes and needles were prepared to separate follicular aspirates 

of medium sized (2-3mm) from large sized (4-5mm) antral follicles, using a 19-

gauge short bevelled needle connected to a 10ml syringe prefilled with 1ml pre-

warmed oocyte holding medium (H199+)(see section 2.7). Approximated follicle 

size was determined by the facet of bevel length as a cut point (4mm).  Follicles 

equal to or larger than this cut off were allocated into the large antral follicle group, 

while follicles between half and the full length of bevel were categorized as medium 
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sized follicles. From this step onwards to the end of the experiment, oocytes derived 

from different sized follicles were conducted separately. The aspirated contents 

from each group were pooled together in the new pre-warmed H199+ medium in 

35mm dishes until examination under a stereomicroscope to recover and remove 

COCs for the following experiment. Only oocytes enclosed by 3 or more intact layers 

of unexpanded CCs that were medium-brown in colour and composed of a finely 

granulated homogenous ooplasm were selected for the study. In order to assess the 

chromatin organization or metabolism, oocytes were freed of CCs, this denudation 

process was previously described (see section 2.8). Denuded oocytes from each 

group were separately pooled in a 4-well dish containing fresh pre-warmed H199+ 

at 38.5°C until a final examination under the stereomicroscope and those without a 

PB were recruited for the following chromatin studies. Each experiment was 

replicated 3-6 times depending on the quantity of tissue availability. 

 

3.2.2. Chromatin Staining  

Denuded GV oocytes were immediately fixed in freshly made 4% PFA (v/v) and kept 

overnight at 4°C for chromatin staining the next morning. The fixative solution was 

then removed by washing and the oocytes underwent permeabilisation for 5 

minutes, twice in 500μl phosphate buffer saline (PBS) with 0.1% Triton X-100. DAPI 

staining was performed by loading individual oocytes into a 5μl drop of 10μg/ml 

DAPI on a clean slide (Superfrost® plus; Thermo Scientific (fisher scientific), 

Loughborough, UK) containing five drops of 5μl DAPI solution that was prepared 

immediately before use. Each oocyte drop remained separated from the others by a 

round 10mm coverslip (Scientific Laboratory Supplies, Nottingham, UK) (Figure 

3.1). Oocyte containing slides were stored in darkening slide folders until chromatin 

analysis was performed within 3 hours. Chromatin configuration was evaluated 

under a 400X of fluorescent microscopy (Zeiss Axioplan2 imaging®; Zeiss, 

Cambridge, UK). Oocytes were classified and grouped according to the degree of 

chromatin condensation by our own classification that was modified from a 

previously reported classification in bovine (Liu et al., 2006, Lodde et al., 2007).  
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3.2.3. System Used to Classify Ovine GV Oocyte 

Ovine GV oocyte chromatin classification was conducted following fixation in 4% 

(w/v) PFA and 10μg/ml DAPI labelling. GV staged chromatin of ovine oocytes was 

characterized into 4 configurations, based on the degree of chromatin condensation 

as demonstrated in Table 3.1 and Figure 3.2.  

Table 3.1.Classification of chromatin configuration of ovine GV-staged oocytes 

 Classification Characteristics 

G
V

 c
o

n
fi

gu
ra

ti
o

n
 

I: Diffused Diffused, filamentous pattern with rarely defined empty 

space entire the nucleus (Figure 3.2.A) 

II: Net-like Net-like filamentous structure with empty spaces 

formation throughout the nucleoplasm (Figure 3.2.B) 

III:Condensed  

(like goat) 

Condensed thread-like structure without (Figure 3.2.C) 

or with enhancement foci (Figure 3.2.D) 

IV: Clumped Single clumping or clumped chromatin (Figure 3.2.E) 

R
es

u
m

ed
 

m
ei

o
si

s 

V: MI Metaphase plate identification (Figure 3.2.F) 

VI: MII Metaphase plate differentiate from minute single clump 

outside oolemma (Figure 3.2.G) 

Figure 3.1. Schematics of the prepared chromatin staining slide. Each slide 

contains maximum 5 drops of DAPI (blue circle). The numbers on top of the 

droplets are representative for the experimental oocyte number. Every slide has 

the same layout. 
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Figure 3.2. Demonstration of classi-
fication of sheep GV chromatin config 
-uration. The magnified images of 

chromatin morphology after staining 

with DAPI are shown in order from 

early to late stage of nuclear remodel-

ing (A-G), with arrows and arrowhead 

indicating metaphase plate and the first 

polar body. (A-E). (A) Diffused, (B) net-

like, (C-D) condensed, (E) clumped, (F) 

MI and (G) MII chromatin morphology 

as described in Table 3.1. Pseudocolor 

(green) were applied for enhancing 

visualization. Scale bars: 20µm. 
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3.2.4. Composition, Preparation And Culture Of Modified Amino 

Acid Profiling Medium  

To assess the amino acid metabolism of the GV-staged oocyte requires that the 

modified AAP medium is complemented with cilostamide, a PDE3A inhibitor, to 

block acceleration of premature oocyte maturation facilitated by denudation. As its 

action prevents the inactivation of the intracellular second messengers, cyclic 

adenosine monophosphate (cAMP) and cyclic guanosine monophosphate (cGMP), 

high levels of intraoocyte cAMP thus delays or prevents meiotic resumption. 

Cilostamide needs to be dissolved in DMSO; therefore, apart from cilostamide, 

DMSO per se may have some effect on cell metabolism. To test the impact of 

cilostamide requires two control media; AAP control medium-no DMSO as a 

negative control (DMN), and AAP medium containing DMSO vehicle at the 

equivalent volume used for the cilostamide treatment 8.56µl DMSO as a DMSO 

vehicle control (DMO). Following the previous work done by our group (Cotterill, 

2008), 10 and 50µM cilostamide (DM10 and DM50) supplementation was tested. 

The composition of the modified AAP medium was modified from a previously 

described protocol in bovine (Hemmings, 2007, Hemmings et al., 2012), by 

incorporating DMSO with or without cilostamide as shown in Table 3.2. Modified 

AAP medium was prepared fresh on the day before incubation, all reagents listed 

(Table 3.2) were mixed in a 15ml sterile universal and the pH reduced to 

approximately 7.9 by adding 5M HCl whenever needed. Sterilisation was done by 

filtering the solution through a 0.2µm Acrodisc syringe filter and the sterile media 

was stored at 4°C until use. For the measurement, the modified AAP medium was 

prepared in 2 steps; equilibration (EQ) and incubation (AAP).  Dish preparation was 

done under a sterile condition at room temperature and drops of medium were 

immediately overlaid with prewashed and equilibrated mineral oil and left 

overnight at 38.5°C in a 5% CO2 humidified incubator. The next day, pooled 

denuded-oocytes were randomly allocated in the 4 different types of AAP media 

(Figure 3.3). Individual oocytes were washed twice and equilibrated in an EQ dish 

for 1 hour before being transferred to incubate for 6 hours in the AAP dish. 

Transfers were conducted using 130-133µm stripping pipettes (Swemed) to 

ensure the volume was maintained during careful oocyte displacement into the AAP 

culture drops. Previous work from our own group (Hemmings, 2007, Hemmings et 

al., 2012), has shown that incubating 6 hours was optimal to detect significant 
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Table 3.2. Composition of ovine modified serum-free AAP medium. Stock preparations are shown in Appendix II. 

  Control-no cilostamide Cilostamide  

Reagent 
Stock 

concentration 

Working 

concentration 

DMN  

(no DMSO) 

DMO 

(with DMSO) 

DM10  

(10 µM in DMSO) 
DM50 

(50 µM in DMSO) 

α MEM eagle (Sigma,M4526) - - 1.210 ml 1.210 ml 1.210 ml 1.210 ml 

BSA Cell Culture Grade (Sigma, A6003) 

(≥96% essentially fatty acid free).  
- - 0.01 g 0.01 g 0.01 g 0.01 g 

Pen/Strep 
10,000 IU/ml, 

10,000 μg/ml 

50 IU/ml,  

50 μg/ml 
50 µl 50 µl 50 µl 50 µl 

Na pyruvate stock 47 mM 0.47 mM 100 µl 100 µl 100 µl 100 µl 

L-Glutamine stock 100 mM 62.5 µM 6.25 µl 6.25 µl 6.25 µl 6.25 µl 

Bovine holo-transferrin 5 mg/ml 5 µg/ml 10 µl 10 µl 10 µl 10 µl 

Na selenite stock 50 µg/ml 5 ng/ml 1 µl 1 µl 1 µl 1 µl 

Bovine insulin 10mg/ml (Diluted 

1:1000 immediately before use) 
10 µg/ml 10 ng/ml 10 µl 10 µl 10 µl 10 µl 

Long R3 IGF-1 100 µg/ml 10 ng/ml 1 µl 1 µl 1 µl 1 µl 

Ovine FSH 2 IU/ml 0.0006 IU/ml 0 0 0 0 

Ovine LH 2 IU/ml 0.0003 IU/ml 0 0 0 0 

EBSS - - 
8.5 ml      

(plus 8.56µl) 
8.5 ml 8.5 ml 8.5 ml 

cilostamide 20 mg/ml - 0 0 

8.56 µl of 5X dilution 

(8.56 µl stock: 

34.24µlDMSO) 

8.56 µl 

DMSO - - 0 8.56 µl 0 0 

DABA stock 50 mM 62.5 µM 12.5 µl 12.5 µl 12.5 µl 12.5 µl 

Total volume   9.909 ml 9.909 ml 9.909 ml 9.909 ml 

  8
9
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Equilibration (EQ) dishEquilibration (EQ) dishEquilibration (EQ) dishEquilibration (EQ) dish    AAP dishAAP dishAAP dishAAP dish    

DMN 

DMO 

DM10 

DM50 

Oocyte drop (1µl)          Control drop (1µl) 

AAP medium                   AAP medium 

 

  Wash drop (10µl)  

AAP medium 

  Oocyte drop (5µl)  

AAP medium 

Figure 3.3. Examples of dish-layouts used for the AAP media validation 
experiment. Each EQ dish contains 2 wash drops of 10µl AAP medium (blue) and 9 

drops of 5µl AAP medium (large pink) for individual oocyte incubation, while each AAP 

dish contains 2 wash drops of 10µl AAP medium (blue), 9 control drops of 1µl AAP 

medium (green), and 9 drops of 1µl AAP medium (small pink) for individual oocyte 

incubation. 
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changes in AA turnover by individual bovine oocytes without compromising the 

subsequent developmental potential of the gamete. Therefore, in the following 

experiments, denuded oocytes were prepared for a for 6 hour AAP assay after a 1-

hour equilibration period.   

 

3.2.5. Experimental Design 

a) Experiment 1: Characterization Of The Pattern Of Chromatin 

Configuration In Ovine GV-Staged Oocytes Using DAPI Staining  

According to several published reports in various species, classification of 

chromatin morphology is still inconclusive since a variety of classifications 

established. This may result from species specific chromatin patterns, as well as, the 

different methods used for evaluation; staining or types of microscopes, for example 

(Luciano and Lodde, 2013). Among several reports, only one study has been 

conducted in sheep using SYBR-Green staining of chromatin (Russo et al., 2007a). 

This approach was quite distinct from other studies in terms of the appearance of 

chromatin that integrated the patterns found in both mammals and ruminants. The 

current experiment, therefore, was conducted to examine the chromatin 

appearance and classification of sheep GV-staged oocyte. The simple nuclear 

staining DAPI was used for evaluation. In this experiment, all GV oocytes from 

prepubertal and adult arms were harvested in breeding season. Tissues were 

immediately processed followed by the COCs harvesting and denudation before 

immediate PFA fixation and chromatin staining. Hence, chromatin configuration in 

this first experiment is representative of GV oocyte chromatin patterns at time 0 

point.  

 

b) Experiment 2: Assessment Of Ovine GV Chromatin Configuration 

After A 6 Hours Incubation In AAP Medium  

During mammalian oocyte development, the transition of chromatin pattern from a 

less condensed to a more condensed state represents oocyte growth and 

differentiation. Oocytes enclosed in large antral follicles have a greater potential to 

mature in vitro and demonstrate a higher proportion of oocytes with advanced 

stages of chromatin condensation in comparison to those oocytes derived from 

small antral follicles where uncondensed chromatin patterns predominate (Fuhrer 

et al., 1989, Hinrichs and Schmidt, 2000, Hirao et al., 1995, Schramm et al., 1993, Sui 
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et al., 2005, Wang et al., 2009a, Wickramasinghe et al., 1991, Yousaf and Chohan, 

2003). To evaluate whether this marker chromatin configuration pattern can be 

used to discriminate between oocytes of different developmental potential on 

oocyte chromatin patterns from animals of different age, a validation trial is 

conducted to exclude the impact of follicular size. Moreover, this study also 

evaluated the maturation potential of oocytes recruited from follicles of 2-3mm and 

of 4-5mm diameter. This experiment was performed in triplicate. Ovarian tissues 

were classified according to prepubertal or adult ovarian morphology (see section 

2.6). The COCs derived from both prepubertal and adult animals were harvested 

following follicle aspiration and assigned into 2 groups according to the follicular 

size of 2-3mm or 4-5mm diameter. Thereafter, denudation was immediately 

performed as detailed above. 

 

c) Experiment 3: Evaluation Of The Effect Of Denudation On The 

Dynamics Of Oocyte Chromatin Configuration Over 6 Hours 

Following the release of fully grown oocytes from the follicle, premature meiotic 

maturation spontaneously occurs (Edwards, 1965a, Edwards, 1965b). It has been 

suggested that the follicular mechanisms play roles in controlling meiotic arrest by 

the regulation of cGMP, purine levels and natriuretic peptide protein C (NPPC) to 

inactivate PDE enzyme which is essential for cAMP degradation (Norris et al., 2009, 

Sun et al., 2009b). It thereby was necessary to test whether the dynamics of 

chromatin can be driven by denudation. Moreover, this experiment was able to 

confirm the changes in chromatin patterns in sequence from the early to the later 

stage as compared to the established classification of sheep GV oocyte chromatin 

configuration. Therefore, the experiment was designed to explore the dynamics of 

chromatin reorganization at 3 consecutive time points; 0 hrs (T0), 3 hrs (T3), and 6 

hrs (T6).  

 

Apart of denudation, this experiment also tested the effect of H199+ oocyte holding 

medium containing HEPES buffer on alteration of the dynamics of chromatin 

remodelling. According to the safety reports, using HEPES buffering system with 

sperm is widely supported (Will et al., 2011). Debates remain about the use with 

oocytes and embryos despite HEPES buffer being widely incorporated in media 

used in animal and human ART. Previous studies in varied species actually indicated 
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that HEPES efficiently supports oocyte maturation (Byrd et al., 1997, Downs and 

Mastropolo, 1997), fertilization (Bhattacharyya and Yanagimachi, 1988, Hagen et 

al., 1991) and embryo development (Ali et al., 1993, Hagen et al., 1991, Mahadevan 

et al., 1986, Ozawa et al., 2006) at room atmosphere. However, few reports observed 

the presence of HEPES compromising glucose uptake (Butler et al., 1988) and 

lowering fertilisation rates (Lee and Storey, 1986) in mice, as well as compromising 

blastocyst formation in sheep (Walker et al., 1989a). To explore the HEPES effect, 

the experiment setting using H199+ oocyte medium without HEPES was conducted 

in the same three consecutive time points (T0, T3 and T6). Regarding the oocyte 

handling process, this experiment will help us to clarify if denudation per se effects 

the chromatin configuration and whether HEPES in media may be needed to take 

into account in the following experiments. 

 

d) Experiment 4: Effect Of The PDE Inhibitor Cilostamide On 

Chromatin Configuration 

Several reports ensure that sustained functional communication between oocyte 

and CCs via gap junctions during culture in vitro is crucial for proper differentiation 

and meiotic maturation of oocytes in bovine, mouse and human (Luciano et al., 

2011, Shu et al., 2008, Vanhoutte et al., 2009). In addition, a recent bovine report 

demonstrated that a proper functional coupling between oocyte and CCs supports 

an order of large-scale chromatin remodelling (Luciano et al., 2011). To assess the 

accurate oocyte metabolism in the series of experiments, CCs removal is an 

inevitable process that facilitates premature chromatin remodelling and/or 

metabolic changes of oocytes. Therefore, cilostamide supplementation was applied 

to simulate the physiological milieu during the culture in vitro media since the 

transient blocking agent inhibits PDE enzymes hydrolysing cAMP to prolong meiotic 

arrest (Lodde et al., 2013, Mayes and Sirard, 2002, Nogueira et al., 2006, Vanhoutte 

et al., 2009, Vanhoutte et al., 2008). This may result in harmonizing the nuclear and 

cytoplasmic maturation and so enhance the oocyte competence (Gilchrist and 

Thompson, 2007, Luciano et al., 2004, Ponderato et al., 2002). This experiment was 

to evaluate the inhibitory effect of cilostamide on delaying the progression of 

chromatin dynamics. Therefore, it was designed to examine chromatin morphology 

at 6 hrs incubation in four different modified AAP media; AAP negative control 

(DMN) without DMSO, AAP control with DMSO (DMO), AAP supplemented with 
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10µM (DM10) and 50µM (DM50) cilostamide. Two selective concentrations of 

cilostamide used in this trial (10µM and 50µM) were tested in a previous study from 

our own group (Cotterill, 2008). 

 

e) Experiment 5: Effect of Cilostamide on Amino Acid Metabolism  

In an assay similar to one that determines chromatin configuration, cilostamide was 

used to evaluate its effect on oocyte amino acid metabolism since it has yet to be 

defined. The experiment was conducted during the non-breeding season, using only 

prepubertal tissues. Cilostamide is prepared by dissolving 5mg of cilostamide 

(Sigma, C7971) in 250 µl DMSO to make the 20mg/ml concentration as detailed in 

Appendix II. The pilot study was designed to compare the amino acid 

turnover/profiling among four different modified AAP media including two control 

media (DMN and DMO) and two media with different cilostamide concentrations 

(DM10 and DM50) as described in previous experiments. Details regarding media 

preparation, incubation process and culture condition are shown in section 3.2.4. 

After 6 hrs incubation, individual oocytes and dishes contained spent AAP culture 

media were stored frozen as detailed in section 2.10. Each arm of this experiment 

was performed in quadruplo. 

 

f) Experiment 6: Age And Chromatin Configuration  

The final experiment was designed to examine whether chromatin configuration 

can be used as a marker to determine oocyte development potential by using the 

ageing model between prepubertal and adult oocytes. Prepubertal oocytes were 

processed during outbreeding season from June to August 2014 while adult oocytes 

were collected in late October to December 2014. COCs were harvested from 

reproductive tissues which had no fibrotic scars on either the ovarian surface or 

both sides, small uterine horns with no rugae appearance, as well as absence of 

corpus luteum and/or albicans. After denudation, oocytes were individually 

incubated in modified AAP medium containing 50µM cilostamide in 5% CO2 

humidified incubator at 38.5°C for 6 hours prior to overnight fixation in 4%PFA 

(v/v). Chromatin staining was conducted with 10µg/ml DAPI which was performed 

the next morning as described in section 3.2.2. Apart from modified AAP medium, a 

parallel experiment was conducted by 6 hours incubation of denuded oocytes in 
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GPL medium supplement with 50µM cilostamide at the same settings as described 

in modified AAP medium.  

 

3.2.6. Statistical Analysis  

All experiments were conducted at least in triplicate. Statistical differences in 

pattern of chromatin distributions in comparison of animal ages, incubation time 

point and media composition were analysed by the Chi-square test. A significant 

difference was considered if P<0.05. When data were not normally distributed, 

individual amino acid measurements and variables of amino acid turnover, 

statistical analysis performed by Mann-Whitney U-test and Kruskall-Wallis if two 

groups and more than two groups compared, respectively. All data obtained were 

analysed using GraphPad (GraphPad Prism 7 for Mac OS X, GraphPad Software, Inc., 

La Jolla, CA, USA).  

 

3.3.  RESULTS 

3.3.1. Experiment 1: Characterization Of The Pattern Of Chromatin 

Configuration In Ovine GV-Staged Oocytes Using DAPI Staining 

GV oocytes were recovered, denuded, fixed and DAPI stained for immediate analysis 

according to the established classification in Figure 3.2 and Table 3.1. The 

observation of chromatin configuration from the earliest until the late stage showed 

5.3% in diffused (class I), 54.7% in netlike (class II), 15.1% in condensed (class III), 

and 21.5% in clumped (class IV) pattern. A few oocytes, less than 4% (9 of 265 

oocytes) had meiotic resumption as metaphase plate identified with or without a 

clump outside the nuclear envelope (class VI and V). Whilst 145 of 265 oocytes 

(54.7%) demonstrated the net-like chromatin pattern (class II), which was the 

highest chromatin pattern depicted in GV oocytes (Table 3.3) regardless of animal 

age.  

  



96 

 

 

Table 3.3. Distribution of chromatin configuration patterns of ovine GV-staged 
oocytes 

 Classification No. of oocytes Percent (%) 
G

V
 

co
nf

ig
ur

at
io

n I: Diffused 14 5.3 

II: Net-like 145 54.7 

III: Condensed 40 15.1 

IV: Clumped 57 21.5  

M
ei

ot
ic

 
re

su
m

pt
io

n V: MI 5 1.9 

VI: MII 4 1.5 

Total 265 100.0 

 

3.3.2. Experiment 2: Ovine Follicular Size And GV Oocyte 

Chromatin Configuration  

This validation trial was conducted between February and March 2014. Both 

oocytes from prepubertal and adult animals were analysed in triplicate. A total of 

30 oocytes (3 replicates) were harvested for study in each group. Therefore, 26 and 

23 prepubertal GV oocytes, as well as, 25 and 24 adult GV oocytes harvested from 

medium (2-3mm) and large (4-5mm) antral follicles, respectively, remained for 

chromatin analysis. Concerning follicle sizes, the distribution of chromatin pattern 

displayed in percentages of total oocytes was shown in Figure 3.4.A while the 

chromatin pattern displayed in regard to age group was shown in Figure 3.4.B and 

C. After 6 hours incubation in AAP medium, all oocytes transformed to more 

advanced stages of chromatin condensation; condensed, clumped and a small 

number even progressed to MI. More than 70% of oocytes in each groups reached 

at least the clumped stage while above 30% of each group progress to GVBD reached 

GV breakdown stage. However, none of the oocytes has completed meiotic 

maturation to MII within 6 hours of incubation. Regardless animal age, there was no 

significant difference (P>0.05) detected in distribution of chromatin pattern 

between oocytes derived from 2-3mm and 4-5mm diameter follicles (Table 3.4.). 

Therefore, oocytes derived from both medium and large antral follicles of each age 

group were pooled together and reanalysed using the Chi-test to see if there was a 

significant effect of animal age on the pattern of chromatin configuration. The 

preliminary results found a significant difference of chromatin distribution (P<0.05) 

as shown in Figure 3.4. 
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Table 3.4. Distribution of chromatin configuration patterns of oocytes derived from 
medium (MAF) and large antral follicles (LAF) of prepubertal and adult sheep. 

Classification Diffused Netlike Condensed Clumped MI MII Total P 

Adult  

(%) 

MAF 0 0 4 (16) 13 (52) 8(32) 0 25 
NS 

LAF 0 0 7 (29.2) 9 (37.5) 8(33.3) 0 24 

Lamb  

(%) 

MAF 0 0 0 11 (42.3) 15(57.7) 0 26 
NS 

LAF 0 0 1 (4.3) 15 (65.2) 7(30.4) 0 23 

Pooled  

(%) 

MAF 0 0 4 (7.8) 24 (47.1) 23(45.1) 0 51 
NS 

LAF 0 0 8 (17) 24 (51.1) 15(31.9) 0 47 

No significant (NS) differences found between sizes of antral follicles.  

A statistical significance were determined if Chi-tests, p<0.05.  

 

 

  

 

 

 

 

  

Figure 3.4. Preliminary result of age effect on chromatin morphology 
distribution by using pooled follicle size 2-5 mm. Data were recalculated 

from Table 3.4 and a statistically significant difference between prepubertal 

and adult oocytes was indicated by Chi-tests, P<0.05. 
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3.3.3. Experiment 3: Effect Of Denudation On The Dynamics Of 

Oocyte Chromatin Configuration Over 6 Hours 

The chromatin configuration at 0 hours incubation were higher distributed in lesser 

condensed chromatin morphology compared to the appearances observed at 3 and 

6 hours post-incubation. The proportion of net-like chromatin pattern declined 

from 70.4% at the time 0 control to 25.8% and 11.8% at 3 and 6 hours incubation, 

respectively, in the prepubertal group (Table 3.5). By contrast, it was reduced from 

58.8% at time 0 to 15.4% and 0% at 3 and 6 hours, respectively, in the adult group. 

Approximately, 50% of oocytes in both age groups reached MI stage after 6 hours 

incubation. Transformation to MI stage chromatin was detected as early as 3 hours 

post-incubation regardless of animal age (Table 3.5). Data demonstrated significant 

differences (p<0.001; one-way ANOVA) of means of the pattern of chromatin 

distribution among 3 different time points in both prepubertal and adult oocytes 

(Table 3.5). Evidence showed significant differences may be contributed by two 

patterns: netlike and MI, which seemed to demonstrate the negative correlation of 

the netlike pattern, as well as the positive correlation of clumped chromatin and 

duration of incubation time. Unfortunately, the study was unable to identify 

differences in each pattern of chromatin. 

 

Table 3.5. Distribution of chromatin configuration of denuded oocytes derived from 

prepubertal and adult sheep at 0, 3 and 6 hrs (T0, T3 and T6). 

Classification Diffused Netlike Condensed Clumped MI MII Sum P 

Prepubertal 

  T0  1 (3.7) 19 (70.4) 4 (14.8) 3 (11.1) 0 0 27 

   <0.001± T3* 0 8 (25.8) 15 (48.4) 3 (9.7) 5 (16.1) 0 31 

T6* 0 4 (11.8) 13 (38.2) 1 (2.9) 16 (47.1) 0 34 

Adult 

  T0  3 (17.6) 10 (58.8) 3 (17.6) 1 (5.9) 0 0 17 

 <0.001± T3*  1 (7.7) 2 (15.4) 6 (46.2) 1 (7.7) 3 (23.1) 0 13 

T6* 0 0 5 (20.8) 5 (20.8) 13 (54.2) 1 (4.2) 24 

Pooled 

  T0  4 (9.1) 29 (65.9) 7 (15.9) 4 (9.1) 0 0 44 

 <0.001± T3* 1 (2.3) 10 (22.7) 21 (47.7) 4 (9.1) 8 (18.2) 0 44 

T6* 0 4 (6.9) 18 (31.0) 6 (10.3) 29 (50) 1 (1.7) 58 

(±) indicated statistical significances of means of chromatin distribution among 3 different 

time points; one-way ANOVA, p<0.05, while (*) indicated significant differences if compared 

to T0 control; unpaired student t-test, p<0.05. No significant differences detected in each 

pattern of chromatin within the animal ages when T0 control compared to T3 or T6; Kruskal-

Wallis test, p>0.05. 
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This experiment has extended to evaluate a confounding effect of HEPES on the 

dynamics of chromatin patterns in comparison of using oocyte holding medium 

with and without HEPES supplementation. As shown in Table 3.6, it demonstrated 

that oocytes incubated in H199+ holding medium with and without HEPES buffer 

for 3 (T3) or 6 (T6) hours were significantly different (p<0.05) when compared to 

time 0 control (T0). However, no significant differences (p>0.05) of means in 

chromatin morphology was detected between oocytes incubated in H199+ holding 

medium with or without HEPES after both 3 and 6 hours incubation. 

 

  Table 3.6. Comparison of HEPES effect on oocyte chromatin configuration at 0, 3 and 
6 hours incubation. 

Classification Diffused Netlike Condensed Clumped MI MII Sum P 

T0  Control 2 (3.8) 33 (62.3) 5 (9.4) 13 (24.5) 0 0 53 - 

T3 HEPES*  0 3 (10.7) 1 (3.6) 24 (85.7) 0 0 28 

0.16 
 No HEPES* 0  1 (2.4) 1 (2.4) 40 (95.2) 0 0 42 

T6  HEPES* 0 9 (14.1) 5 (7.8) 45 (70.3) 3 (4.7) 2 (3.1) 64 
0.23 

 No HEPES* 0 7 (14.9) 6 (12.8) 34 (72.3) 0 0 47 

A significant difference of means of chromatin distribution; One-way ANOVA, p<0.0001, 

among 5 groups: T0 control, T3 with and without HEPES media, and T6 with and without 

HEPES media, while (*) indicated significant differences by Dunn’s multiple comparisons t-

test (p<0.05) if compared to T0 control. No significant differences detected regarding oocyte 

chromatin morphology when incubation in H199+ holding medium with and without HEPES 

were compared using Mann-Whitney test, p<0.05. 

 

3.3.4. Experiment 4: Effect Of Cilostamide On Oocyte Chromatin 

Configuration 

This experiment was conducted to estimate the effective dosage of cilostamide 

supplementation into AAP medium to prevent oocyte meiotic resumption. The two 

concentrations, 10µM and 50µM, were selected to be compared with the 

conventional AAP medium as a control. In addition, the experiment also tested the 

confounding effect of the solvent vehicle, dimethylsulfoxide (DMSO), on the 

dynamics of chromatin configuration. Therefore, GV-staged oocytes incubated in 

DMSO vehicle control (DMO) medium for 6 hours were also compared to those 

incubated in the negative control AAP medium.  
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As shown in Figure 3.5.A, no differences were detected (p>0.05) in term of 

distribution of chromatin configuration between DMN and DMO, as well as between 

the 2 dosages of cilostamide supplementation in AAP media. Therefore, data from 2 

control groups, as well as data from 2 AAP media supplemented with cilostamide 

were pooled to increase sample size in order to emphasize the effect of cilostamide 

in inhibiting meiotic resumption. The pooled data showed significant differences 

(p<0.05) in chromatin distribution of the cilostamide group when compared to the 

control group (Figure 3.5.B).  

 

  

 

   

 

 

Subgroup analysis was performed to identify which concentration of cilostamide 

affected this difference. It demonstrated that both 10µM (DM10) and 50µM (DM50) 

cilostamide supplemented AAP media showed significant differences with pooled 

Figure 3.5. Distribution of chromatin configuration in modified AAP media; negative 
control (DMN), DMSO vehicle control (DMO), 10µM (DM10) and 50µM (DM50) 
cilostamide supplementation. Significant differences of chromatin distribution between 

2 groups comparison indicated by (        ) if Chi-test, p<0.05. (Panel A) Comparison among 

4 AAP media. No significant differences of chromatin distribution were detected between 

the 2 controls and between the 2 concentrations of cilostamide. NS: not significant. (Panel 

B) Comparison between pooled control and pooled cilostamide media found a significant 

difference of chromatin distribution (p<0.001) and comparison between 2 groups 

regarding net-like (a) and clumped (b) chromatin showed significant differences; Mann-

Whitney test, p<0.05. (Panel C) Comparison of pooled control and either 10µM or 50µM 

cilostamide. Significant differences (p<0.0001) of chromatin distribution found in both 

10µM and 50µM cilostamide if pooled control compared. The same letter indicated 

significant differences of both net-like (a,b) and clumped (c,d) if the 2 groups compared; 

Mann-Whitney test, p<0.05.  
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control (Figure 3.5.C). Although the dosage of 10µM (DM10) cilostamide 

demonstrated no different distribution in chromatin pattern compared to the 50µM 

(DM50) cilostamide, the higher concentration of cilostamide supplemented AAP 

media was better able to inhibit progression to advanced stage of chromatin 

condensation than the lower concentration (Figure 3.5.C).  

 

3.3.5. Experiment 5: Effect Of The Phosphodiesterase Inhibitor On 

Amino Acid Metabolism 

Although the previous section validated the appropriate dosage of cilostamide to be 

used in the series of experiments, it was still necessary to examine whether the 

cilostamide may interfere with oocyte metabolic function. According to the 

chromatin configuration, 50µM cilostamide seemed to be the most effective dose to 

prevent the spontaneously premature oocyte meiotic maturation. This experiment 

demonstrated that AAP may be used as a marker to determine the oocyte amino 

acid metabolism in the GV-staged ovine oocytes (Figure 3.6) as it has been reported 

in the mature MII stages of oocyte development for bovine and human oocytes 

(Collado Fernandez, 2013, Hemmings, 2007) and across various stages of follicle 

development (Hemmings, 2007). 

 

Results from 36 individual oocytes in total incubated in 4 different AAP media 

regarding changes in peak area for each amino acid are summarised in Figure 3.6 

and Table 3.7 revealing the extent to which amino acids were depleted from, or 

appeared in, the medium. Besides this, the amino acid turnover in 4 different 

modified AAP media was demonstrated in Figure 3.7.  

 

From 18 amino acids measured overall, glycine, alanine and lysine were the 3 main 

amino acids appearing while threonine, arginine, leucine and glutamine were the 4 

highly depleted amino acids from the AAP medium (Figure 3.6). No significant 

differences (p>0.05) were detected in terms of individual amino acids when 

compared to the 2 control media (DMN vs DMO). Similarly, there were no significant 

differences (p>0.05) between 2 concentrations of cilostamide supplemented AAP 

media (DM10 (10µM) vs DM50 (50µM)) in term of individual amino acids measured.  
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Although the peak areas of the most individual AAs were not significantly different 

between the 4 different media, tryptophan (P<0.001) was found to be significantly 

different in appearance between the DMN and either DM10 or DM50 group. 

Moreover, tryptophan (P<0.005), histidine (P<0.005) and glutamate (P<0.001) 

were significantly appearing/depleted when DMO and DM10 were compared. On 

the other hand, appearance of methionine (P<0.001) was found to be significantly 

different only when DMN and DM10 were compared (Figure 3.6).  

 

Accumulative amino acid measurements found a significant difference in overall net 

balance (p<0.05) among 4 different AAP media while no significance was found in 

overall depletion/appearance and turnover. Subgroup analysis was then performed 

and it confirmed that the significant difference in overall net balance was caused by 

differences of net balance between DM50 and either DMO (P=0.05) or DM10 

(P<0.05) (Figure 3.7.).  

When cumulative two control compared to cumulative two concentration of 

cilostamide, no differences were detected from all 4 parameters of amino acid 

measurement (Figure 3.8.). 
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Figure 3.7. Average total net balance, depletion, appearance and turnover of 18 
amino acids by sheep GV oocytes following 6 hours incubation in 4 different AAP 
media. Negative control: DMN (open box); DMSO control: DMO (gray box); 10µM: 

DM10 (shading gray box) and 50µM: DM50 (black box) cilostamide supplemented 

AAP media. Boxes represent the 25th to 75th percentile, the median is represented 

by the line within the box, and the whiskers represent the maximum and minimum 

data point. No significant differences (p>0.05) were apparent by Kruskal–Wallis in the 

summed net appearance, net depletion or ‘‘turnover’’ among 4 different media except 

net balance. Asterisks (*) indicate significant differences between each group; post 

hoc Mann–Whitney U-test, p<0.05. 
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3.3.6. Experiment 6: Impact Of Age On Chromatin Configuration  

The preliminary data were analysed to investigate the impact of animal age on the 

dynamics of chromatin configuration by using oocytes derived from prepubertal 

and adult sheep. Significant differences (p<0.05) in oocyte chromatin patterns after 

6 hours incubation were found between the two age groups regardless of media 

used for incubation, AAP and GPL media supplemented with 50µM cilostamide. 

(Figure 3.9.A and B). In contrast, no differences were observed between the two age 

groups at the time 0, no incubation control (Figure 3.9.C).  

 

When the types of culture media was taken into account, results showed a 

significant difference in term of patterns of chromatin distribution between oocytes 

incubated in AAP medium supplemented with 50µM cilostamide compared to those 

cells incubated in GPL medium supplemented with 50µM cilostamide observed in 

prepubertal age animal (Figure 3.10.A). However, such a difference was not 

detected (p>0.05) in adult sheep oocytes incubated in AAP and GPL media 

supplemented with 50µM cilostamide (Figure 3.10.B).  

 

Figure 3.8. Average total net balance, depletion, appearance and turnover of 18 
amino acids by sheep GV oocytes following 6 hours incubation between pooled 
control and pooled cilostamide supplemented AAP media. Pooled control: DMN and 

DMSO (open box) and pooled cilostamide: DM10 and DM50 (shade box). No significant 

differences were apparent by Mann–Whitney U-test; p>0.05.  
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Figure 3.9. Comparison of the chromatin distribution between prepubertal lamb 
and adult sheep oocytes in relation to types of media. Bar charts represents data 

derived from oocytes incubated in (A) AAP and (B) GPL media containing 50µM 

cilostamide supplementation. No incubation time 0 (T0) as a control data are shown in 

(C). Chi-tests determined a significant difference between age groups if p<0.05.  
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Figure 3.10. Comparison of the chromatin distribution between AAP and GPL 
media supplementation with 50µM cilostamide, in prepubertal lamb (A) and adult 
sheep (B) oocytes. Chi-square test determined a significant difference between two 

culture media compared if p<0.05.  
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3.4.  DISCUSSION 

3.4.1. Classification Of Ovine Chromatin Configuration 

The chromatin configuration found in this study closely resembled the patterns 

displayed in large monovular domestic species such as buffalo (Yousaf and Chohan, 

2003), bovine (Liu et al., 2006, Lodde et al., 2007) and goat (Sui et al., 2005). This is 

in contrast to the previous report described in ovine oocytes using SYBR-Green 

staining (Russo et al., 2007a, Russo et al., 2007b), which divided the classification 

into 3 major categories: the NSN, condensed chromatin SN, and condensed 

chromatin near the nucleolus and the nuclear envelope. Their pattern of GV 

chromatin was intriguingly like described in human (Combelles et al., 2003), mouse 

(Debey et al., 1993, Zuccotti et al., 1995), rabbit (Wang et al., 2009a) and bovine after 

culture (Liu et al., 2006). Instead of forming condensed chromatin SN as 

demonstrated in mouse (Bouniol-Baly et al., 1999, Mattson and Albertini, 1990, 

Zuccotti et al., 1995), monkey (Schramm et al., 1993), pig (Sun and Machaca, 2004) 

and human (Combelles et al., 2003, Miyara et al., 2003), this experiment has 

revealed at least 4 patterns of chromatin configuration in oocytes from medium and 

large antral follicles, which corresponds to the previous reports in goats (Sui et al., 

2005), horse (Franciosi et al., 2012, Hinrichs et al., 1993) and cows (Chohan and 

Hunter, 2003, Liu et al., 2006).  

 

During the oocyte growth and differentiation, no matter what classification is used, 

the advanced level of chromatin condensation typically acquired the appearance  of 

either a single compact clump or a SN morphology before meiotic resumption 

(Chohan and Hunter, 2003, Comizzoli et al., 2011, Hinrichs et al., 2005, Hinrichs and 

Schmidt, 2000, Lodde et al., 2007, Schramm et al., 1993, Sui et al., 2005, Wang et al., 

2009c, Wickramasinghe et al., 1991, Yousaf and Chohan, 2003, Zuccotti et al., 1998). 

In addition, the higher level of oocyte chromatin condensation was associated with 

a greater embryo developmental potential compared to those with a less condensed 

chromatin pattern (Lodde et al., 2007, Luciano et al., 2011, Zuccotti et al., 1998, 

Zuccotti et al., 2002).  

 

The established classification of chromatin configuration in this study was different 

from a previous report in the same species (Russo et al., 2007a). The chromatin 
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labelling technique is possibly to explain the different pattern of chromatin 

morphology. As compared to SYBR Green, used in the Russo’s study, DAPI, chosen 

in this experiment, has different binding properties and sensitivity as it selectively 

binds to the minor groove of the double stand deoxyribonucleic acid (dsDNA) at A-

T rich regions (Banerjee and Pal, 2008a). Some studies found SYBR Green to be far 

more sensitive in dsDNA staining than other common fluorescent dye due to 

multiple modes of interaction not only as a DNA minor groove binder but also as a 

result of intercalation between base pairs and stabilisation of the electrostatic SYBR 

Green-DNA complex (Dragan et al., 2012, Zipper et al., 2004). Therefore, the SYBR 

Green could take up more details of chromatin structure, which might influence the 

appearance of chromatin morphology. As a common staining is used in most 

laboratories, for the chromatin classification system here we have chosen DAPI for 

chromatin labelling to study dynamic changes of chromatin configuration of sheep 

GV oocytes. This method will be used in all of the subsequent experiments in this 

thesis.  

 

3.4.2. Effect Of Ovine Follicular Size On Chromatin Configuration  

It is well established that oocytes derived from prepubertal and adult animals have 

different developmental potentials (Armstrong, 2001, Kochhar et al., 2002, Leoni et 

al., 2007a, O'Brien et al., 1997b). It has been suggested that incomplete oocyte 

growth of prepubertal oocytes may result from insufficiency in protein 

accumulation and RNA synthesis, which is indicated by the size of the oocytes 

(Lazzari et al., 1994). Moreover, some reports in the bovine found an influence of 

follicle size on oocyte performance during maturation and culture in vitro (Lonergan 

et al., 1994, Pavlok et al., 1992), as well as a link between follicle diameter and oocyte 

size (Arlotto et al., 1996, Hyttel et al., 1997, Lechniak et al., 2002). In several species 

the capability of oocytes to resume and complete meiosis in vitro has been attributed 

to oocyte diameter (Durinzi et al., 1995, Fair et al., 1995, Ledda et al., 1999, Motlik 

et al., 1986, Otoi et al., 2000, Raghu et al., 2002), with the smaller sized oocytes 

tending to undergo abnormal meiotic development (Lechniak et al., 2002).  

The current validation experiment was carried out to determine if there was an 

effect of follicle size on oocyte chromatin morphology in sheep GV oocytes 

recovered from medium- and large-sized antral follicles. The selective follicle size 

may link to the clinical application as a representative marker for developmental 
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potential of follicles and oocytes in in vitro production whereas the large antral 

follicles were hardly to exclude the effect of follicular atresia. Although a number of 

previous studies have reported the relationship between follicle diameter, oocyte 

size, and pattern of chromatin distribution (Liu et al., 2006, Russo et al., 2007a, 

Schramm et al., 1993, Sui et al., 2005, Sun and Machaca, 2004, Wang et al., 2009c), 

the result of the pilot experiment did not support such a finding. Data from this 

experiment demonstrated a similar distribution of chromatin patterns between 

follicles of 2-3mm diameter and those of 4-5mm diameter in both age groups after 

incubated in AAP medium for 6 hours. This observation is in agreement with the 

finding of a previous report (Shirazi and Sadeghi, 2007). These authors found that 

sheep oocytes obtained from antral follicles ranging from 2-6mm were fully grown 

and able to support nuclear maturation despite the heterogeneity observed in 

oocyte diameter. Russo et al. (2007) have classified sheep oocytes according to the 

degree of chromatin condensation and distribution; NSN, SN, and surrounded 

nucleolus and nuclear envelope. They found the link between the pattern of 

chromatin configuration displayed and the stage of folliculogenesis observed 

including preantral, early antral, and medium antral follicles (Russo et al., 2007a). 

There are two reasons that can help to explain the discrepancy between the current 

work and the published study. First, our experiment compared only two follicle 

sizes, medium (2-3mm) and large antral follicle (4-5mm), which is equivalent to the 

size of medium antral follicles in the published study. As mentioned before, ovine 

GV oocytes reached the full-grown state in medium-size antral follicles and several 

previous studies have demonstrated the ovulatory potential of these gametes 

(Barboni et al., 2011, Bartlewski et al., 1999, Ptak et al., 2006, Russo et al., 2007a). 

 

Apart from sheep, other species also demonstrated an increase in chromatin 

condensation in correlation with the follicle development (Chohan and Hunter, 

2003, Comizzoli et al., 2011, Hinrichs and Schmidt, 2000, Liu et al., 2006, Lodde et 

al., 2007, Schramm et al., 1993, Sui et al., 2005, Wang et al., 2009c, Yousaf and 

Chohan, 2003). Due to varying systems used for grouping the size of follicle, head to 

head comparison between studies become difficult because most previous reports 

assigned follicle size 2-5mm in the same category. The particular studies that have 

demonstrated a relationship between follicle size and chromatin configuration, 

were conducted to compare early stage (i.e., preantral follicle) with the later stage 
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of folliculogenesis (i.e., medium, large or preovulatory follicles). Only one report in 

bovine categorized equivalent follicle size to this current study and demonstrated 

some difference between the two follicle sizes (Liu et al., 2006). Liu’s study (2006), 

demonstrated significantly more heterochromatin SN pattern in oocytes recruited 

from large antral follicles (3-5.9mm) compared to medium follicles (1.5-2.9mm 

diameter). However, this may be subjected to species difference since sheep achieve 

the fully grown oocytes from smaller antral follicles (2mm) compared to 

bovine(4mm) (Picton et al., 2008, van den Hurk and Zhao, 2005, Ginther et al., 

1997). Another study conducted in goats supported the relationship between 

chromatin morphology and follicle size from preantral stage until late antral follicle 

(Sui et al., 2005). However, medium- and large-size follicles (>3mm diameter) were 

pooled (Sui et al., 2005) same as in a monkey study (Schramm et al., 1993). In 

contrast, Comizzoli et al. (2011) could not find any differences in chromatin pattern 

between early antral to late antral stages in a cat model (Comizzoli et al., 2011). 

Therefore, these are no consistent differences between two particular stages of 

follicle data, which is consistent to our finding. In other words, this suggests that 

growth of oocytes rather than follicle size should be taken into consideration as 

follicle growth during the late stages of preovulatory follicular development may not 

reflect oocyte competence. In the sheep, antral follicles ranging from 2-6mm 

diameter contain fully grown oocytes with good competence for IVM despite their 

variability in diameter (Shirazi and Moalemian, 2007). 

 

The current experiment has revealed at least 4 chromatin patterns are present in 

sheep GV oocytes. Therefore, it is difficult to compare the two studies. Instead of 

forming condensed chromatin SN as demonstrated in mouse (Bouniol-Baly et al., 

1999, Mattson and Albertini, 1990, Zuccotti et al., 1995), monkey (Schramm et al., 

1993), pig (Sun and Machaca, 2004) and human (Combelles et al., 2003, Miyara et 

al., 2003), our findings demonstrate the majority of GV oocytes are characterized by 

a single compact clump of chromatin, which closely corresponded to previous 

reports in goats (Sui et al., 2005), horse (Franciosi et al., 2012, Hinrichs et al., 1993) 

and bovine (Chohan and Hunter, 2003, Liu et al., 2006). However, the higher level of 

chromatin condensation whether single compact clump or SN is typically required 

during the oocyte growth and differentiation before meiotic resumption (Chohan 

and Hunter, 2003, Comizzoli et al., 2011, Hinrichs et al., 2005, Hinrichs and Schmidt, 
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2000, Lodde et al., 2007, Schramm et al., 1993, Sui et al., 2005, Wang et al., 2009c, 

Wickramasinghe et al., 1991, Yousaf and Chohan, 2003, Zuccotti et al., 1998). In 

addition, this chromatin configuration exhibited a greater potential during embryo 

development compared to oocytes with less condensed chromatin (Lodde et al., 

2007, Luciano et al., 2011, Zuccotti et al., 1998, Zuccotti et al., 2002). In conclusion, 

this experiment has shown no impact of follicle size on chromatin configuration 

between GV oocytes from medium- and large-sized sheep follicles. On this basis 

oocytes from both follicle sizes can be pooled in the future investigations of this 

thesis. 

 

3.4.3. Effect Of Denudation On The Dynamics Of Oocyte Chromatin 

Configuration  

The results of this pilot experiment indicate that denudation of COCs influences 

chromatin morphology and distribution in gametes from both adult and prepubertal 

sheep. Our data have shown that in simple holding medium, around half of the 

denuded oocytes could reach MI after only 6 hours of incubation post-denudation 

(47.1-54.2%). In other words, approximately 50% of oocytes resume in meiosis 6 

hours post-denudation. As Yadav et al. (1997) reported that 22.9% of sheep COCs 

resumed in meiosis after 6 hours as evidenced by MI oocytes (Yadav et al., 1997), a 

higher speed of meiotic resumption was found in the current work (50% vs 22.9%). 

This data indicates that denudation triggers the resumption of meiosis and has the 

potential to accelerate nuclear maturation.  

 

Recently, a study supported the effect of cilostamide in inhibiting meiotic 

resumption. They found cilostamide reduced meiotic resumption as progression of 

oocytes reached MI stage drop from approximately 50% after 6 hours incubation 

during maturation in vitro to almost 30% in the group of oocytes using pre-IVM 

media protocol (Gharibi et al., 2013). Acceleration of meiotic resumption in their 

study was comparable to our finding in denuded oocytes after 6 hours incubation 

most likely from different types of IVM media used for culture. High dosage of 

gonadotrophin (10µg/ml of FSH and LH) used in combination with oestradiol and 

other growth factors such as EGF and IGF1 might speed up the maturational process. 

In contrast to our finding, as these additives were absent from the H199+ oocyte 

holding medium; therefore, apart from the follicle released from ovary expediting 
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nuclear maturation in the current work, it is possibly influenced by the denudation 

process as well.  

 

The cAMP modulators, such as PDE inhibitors (i.e., cilostamide and milrinone), have 

been proposed to improve synchronization of nuclear and cytoplasmic function 

during oocyte IVM (Anderiesz et al., 2000, Nogueira et al., 2003b, Wu et al., 2006, 

Cotterill, 2008). The addition of cAMP modulators into oocyte maturation medium 

SPOM has been demonstrated to improve embryo quality in various species such as 

bovine, porcine and cattle (Aktas et al., 1995a, Aktas et al., 1995b, Grupen et al., 

2006, Luciano et al., 1999). As the current experiment aimed to validate chromatin 

morphology as a marker of oocyte quality, it was essential to eliminate cumulus cells 

removal as a confounding factor in the oocyte handling process and to establish the 

simulated physiological condition for all subsequent experiments in this thesis that 

utilized denuded oocytes incubations. As mentioned earlier, in order to measure the 

metabolism of GV staged oocyte, the denudation process is unavoidable. On the 

basis of the current observation, conventional AAP medium, combined with 

cumulus removal, accelerates spontaneous nuclear maturation in denuded oocytes. 

In contrast, the addition of the PDE inhibitor, cilostamide, prevented this effect and 

created a media environment that was suitable for metabolism testing in GV 

oocytes. 

 

The H199+ medium used in this experiment contained HEPES as the buffer system 

in order to prevent the periodic fluctuations of in vitro culture conditions. 

Intracellular perturbations following pH alteration may be pronounced in denuded 

oocytes because they loss cumulus cells which is the robust machinery to regulate 

pH (Fitzharris and Baltz, 2006, FitzHarris et al., 2007b). It is possible that the effect 

of HEPES per se may facilitates atresia induction and so leads to acceleration of 

chromatin reorganization in oocytes. The results shown here demonstrate no 

difference of chromatin distribution between holding medium supplemented with 

and without HEPES at 3 and 6 hours of culture. Although HEPES-containing media 

has been extensively used in ART and the efficacy of HEPES use is widely accepted 

with sperm preparation methods (Crabo et al., 1972, Molinia et al., 1994, Molinia et 

al., 1996), the safety of this buffer is still considered, when applied to oocytes and 

embryos (Will et al., 2011). Reports observed the use of ICSI medium containing 
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HEPES compromised human embryo quality (Morgia et al., 2006) as well as reduced 

blastocyst formation in sheep zygote culture using HEPES buffer (Walker et al., 

1989b). Importantly, a previous study found using 10% HEPES during mouse oocyte 

maturation triggered cell degeneration (Bagger et al., 1987). In contrast, numerous 

other studies have indicated the improved efficiency when HEPES was used during 

oocyte maturation (Byrd et al., 1997, Downs and Mastropolo, 1997), fertilisation 

(Behr et al., 1990, Bhattacharyya and Yanagimachi, 1988, Hagen et al., 1991), and 

embryo development (Ali et al., 1993, Hagen et al., 1991, Mahadevan et al., 1986, 

Ozawa et al., 2006) at room temperature. Various confounding factors such as pH, 

concentration and ionic composition, may contribute to the inconsistent results 

between studies. The H199+medium used in this experiment contained only 21mM 

HEPES which have previously been confirmed yield in maturation (Geshi et al., 

1999), fertilisation (Geshi et al., 1999, Lee and Storey, 1986), and embryo cleavage 

rates (Geshi et al., 1999, Iwasaki et al., 1999, Liu et al., 1996) that are similar to 

media without HEPES. Moreover, in this study, H199+ medium also incorporated 

bicarbonate as an additional buffering system. This combination was previously 

shown to support embryo development (Mahadevan et al., 1986). Collectively, these 

reasons, therefore, support our results that the presence of HEPES in oocyte holding 

medium has not contributed to accelerated changes in GV oocyte chromatin 

configuration dynamics. 

 

3.4.4. Delayed Spontaneous Premature Oocyte Maturation By 

Cilostamide, A Phosphodiesterase-Inhibitor 

The low developmental potential of oocytes matured in vitro is thought to be caused 

by premature nuclear maturation with inadequate cytoplasmic competence 

(Gilchrist and Thompson, 2007). The moderation of cAMP turnover by PDE 

inhibitors is one strategy proposed to synchronize the discrepancy between nuclear 

of cytoplasmic maturation by maintaining high intra-oocyte cAMP (Bornslaeger and 

Schultz, 1985, Gilchrist et al., 2011, Nogueira et al., 2003a, Nogueira et al., 2003b, 

Nogueira et al., 2006). This SPOM rationale has been shown to improve the 

developmental capacity of embryos and consequently increase live birth rate after 

IVM (Nogueira et al., 2006, Thomas et al., 2004a). The SPOM strategy was used here 

to overcome the effect of denudation by modification of AA profiling medium by 

supplementing it with cilostamide. It was therefore necessary to ensure that the 
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vehicle used to deliver the cilostamide (i.e., DMSO) had no impact on oocyte 

behaviour, such as chromatin changes and metabolism. No difference between DMN 

and vehicle DMO control groups were detected with regard to chromatin dynamics, 

indicating that DMSO vehicle has no confounding effect on chromatin morphology. 

Furthermore, this experiment confirmed that cilostamide supplementation 

significantly attenuated the spontaneous resumption of meiosis seen following 

denudation of sheep GV oocytes. The result agrees with previous ovine studies 

(Gharibi et al., 2013, Rose et al., 2013). Although data between two different 

cilostamide concentrations used, 10µM and 50µM, showed a trend toward a dose-

dependent effect, this did not reach statistical significance. Rose et al. (2013) 

demonstrated that the use of cAMP modulators in a SPOM system was dose 

dependent in term of delayed ovine nuclear maturation. Differences between this 

experiment and what Rose and colleagues reported may have at least 3 

explanations. First, our chromatin assessment was done within the first 6 hours 

after AAP incubation instead of after 21 to 30 hours of IVM culture. This time period 

used in our study may therefore be too short to see any difference. Second, the 

different observations are likely to be due in part to the different protocols, which 

includes the use of different culture conditions and media preparation, and also 

different type of cAMP modulators used. In Rose’s study 2 types of cAMP 

modulators, IBMX (3-isobutyl-1-methyxanthine) and forskolin (FSK) were used in 

pre-IVM culture, followed by supplementation with cilostamide in the IVM culture. 

Our study used only a 1-step protocol with cilostamide added throughout the short 

incubation. The third possible cause of the different findings is related to animal age-

differences, in our study only oocytes from prepubertal sheep were used whereas 

oocytes from peripubertal sheep were investigated in the published study. Gharibi 

et al. (2013) have also reported the use of a 2-step IVM protocol in ovine oocytes by 

incorporating a low dose cilostamide concentration (1 to 20µM) in only the 22 hour 

pre-IVM culture. Their results did not demonstrate a dose-dependent effect of 

cilostamide treatment (Gharibi et al., 2013). Higher dosages of 10 and 50µM 

cilostamide were compared in the current study but no significant differences were 

found after 6 hours of incubation.  

 

On the basis of these results, supplementation of oocyte incubation media with a 

dose of 50 µM cilostamide was selected as the most effective way of preventing 



 

 

 

116

accelerated chromatin configuration changes following the denudation of oocytes 

that was necessary to quantify GV oocyte metabolism. 

 

3.4.5. Effect Of Cilostamide On GV-Staged Oocyte Amino Acid 

Metabolism  

No differences were detected between individual AA nor overall AA 

depletion/appearance, net-balance, and turnover changed between control media; 

DMN and DMO. This data can be interpreted as showing that DMSO vehicle per se 

has no impact on oocyte AA metabolism during the 6 hours incubation period. This 

is in agreement with previous finding by our own group (Cotterill, 2008). Although 

the toxicity of the solvent in culture has been reported in several studies, all data 

(Ezz Eldin and Sarhan, 2014, Syed et al., 2013) agreed that at very low concentration 

(<1% v/v) no toxicity effect was detected.  

 

Likewise, in comparison of AAP medium supplemented with 10µM (DM10) and 

50µM cilostamide (DM50), no significant differences were detected (p>0.05) in 

terms of individual AA changes, overall AA depletion/ appearance and turnover 

except for the nitrogen balance (p<0.05) (see Figure 3.10). Therefore, data within 

control and cilostamide groups can be pooled together to empower the statistical 

rigour of testing the effect, if any, of cilostamide supplementation. When data were 

reanalysed between pooled control and pooled cilostamide, the difference of net 

balance disappeared, which might reflect the heterogeneity of the study population 

in immature GV-staged oocytes. Also, it is important that the appropriate 

concentration of solvents for use in toxicity testing is determined for the system 

employed and that the biological effects of bioactive compounds should be 

evaluated a priori in order to take into accounts the negative effects of the solvent 

itself (Forman et al., 1999), GV-staged oocytes per se may present in various stages 

of chromatin configuration. A previous study found differences between MII oocytes 

derived in vitro and in vivo by using amino acid metabolism assays (Collado 

Fernandez, 2013). However, no difference were detected when immature oocytes 

were included. This may evidence that immature oocytes vary in stages of 

development in vitro in terms of cytoplasmic maturation (Collado Fernandez, 2013). 
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Focusing on profiles of AA metabolism, five of them including serine, histidine, 

glycine, threonine and alanine showed diversity in range of individual AA detection. 

However, they were consistent among 4 AAP media tested. The finding is consistent 

with what has previously been observed in a human study of immature denuded 

oocytes (Hemmings et al., 2013). They also found profiles of some AAs (serine, 

glycine, threonine, alanine and leucine) having varying detection range. Despite 

species differences, the previous report and the current work, observed four amino 

acids in common. Specifically, AAP from GV-staged sheep oocytes were more 

variable when compared to a study of MII-staged human oocytes (Hemmings et al., 

2013).  

 

Some differences were detected for individual AAs between control media and 

culture medium supplemented with cilostamide. Two observations can be drawn 

here from individual amino acid profiling of the validation trial. First, a consistent 

difference between the DMO and DM10 groups was found in 3 out of 4 differing AAs, 

DM10 resulted in significantly less tryptophan and glutamate but more histidine 

appearance in spent culture media compared to the DMO group. The other striking 

observation among 4 different AAP media has shown that the appearance of 

tryptophan was significantly different between control (DMN) and both cilostamide 

supplemented media (DM10 and DM50), and also between DMO and 10µM 

cilostamide supplemented medium (DM10) groups. These results may suggest an 

effect of the addition of cilostamide to the AAP medium. However, since no 

significant differences were found within either of the 2-control or 2-cilostamide 

supplemented media as mentioned above, the data were reanalysed for all 

individual AAs to compare between pooled control and pooled cilostamide 

supplemented media. There were 2 (tryptophan and methionine) out of the 4 

(histidine, glutamate, tryptophan and methionine) differing AA profiles remained 

persistently different (p<0.05). Interpretation of these findings suggest there is 

considerable variability in the data and also heterogeneity in the GV-staged oocytes 

used in the present study. There may also have been a breeding seasonal effect as 

the tissues used in the validation trial were recruited from prepubertal animals 

during nonbreeding season. Another limitation is that in approximately one third of 

the validation samples it was not possible to detect tryptophan. This may influence 

the representation of tryptophan metabolism for each oocyte population analysed 
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although it remains possible that tryptophan and methionine metabolism maybe 

affected by the cilostamide supplement. Looking in more detail at the function of 

these individual AAs, both tryptophan and methionine are categorized as essential 

AAs, which cannot be produce from other precursors therefore intake is required. 

They both have a principle role in protein synthesis and can be catabolized to yield 

glucogenic precursors (Richard et al., 2009). In addition, tryptophan is also involved 

in the NAD(P) biosynthetic pathway (Salway, 2004) while methionine participates 

in the nucleotide synthesis, also it is involved in both DNA and histone methylation 

processes (Ikeda et al., 2010).  

 

Although it cannot be ruled out at this stage whether there is /or is not a direct effect 

of DMSO and cilostamide on tryptophan and methionine metabolism by GV oocytes, 

further studies are clearly required to examine the reagents impacted on the 

function of tryptophan and methionine on oocyte maturation potential and in 

embryo development. However, it is less likely that these two amino acids have any 

effect on overall AA depletion/appearance and AA turnover since they contributed 

minimal quantities to the overall picture of amino acid profiling.  

 

3.4.6. Pilot Study On Impact Of Age On Chromatin Configuration  

Investigations of the effect of oocyte age on chromatin configuration has mostly 

concentrated on the mature MII stages rather than the immature or GV staged 

oocytes (Ottolenghi et al., 2004, Tarin et al., 2000). The effect of age has been linked 

to alterations of chromatin modifications either at the DNA or chromatin levels such 

as DNA methylation or histone acetylation. In recent years, the remodelling of 

nuclear chromatin configuration at the end of oocyte differentiation has gained 

more attention although as detailed earlier there have been few reports in sheep. 

Furthermore, most studies investigated chromatin configuration in relation to 

maturation and developmental potential and they have rarely taken ageing into 

account. This pilot experiment demonstrated the impact of ageing on dynamics of 

chromatin configuration. 

 

It is generally accepted that the uncondensed chromatin of quiescent GV oocytes is 

reorganized into a more condensed state prior to the initiation of oocyte maturation 

(De La Fuente, 2006). Following our own classification system as reported here, 
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oocytes were classified with 4 types of GV staged chromatin configuration: diffused, 

net-like, condensed and clumped pattern. The morphology resembles the previous 

reports in cattle (Chohan and Hunter, 2003, Lodde et al., 2007, Luciano et al., 2012), 

buffalo (Yousaf and Chohan, 2003), horse (Hinrichs et al., 2005, Lodde et al., 2007, 

Luciano et al., 2012) and goat (Sui et al., 2005). As reported in these species, GV 

oocyte chromatin progressed from a less condensed state-diffused filamentous 

pattern to remodel and form more condensed pattern-distinct clumps of chromatin 

condensation without the presence of perinucleolar rim formation (Hinrichs et al., 

2005, Lodde et al., 2007, Luciano et al., 2012, Yousaf and Chohan, 2003). The 

chromatin appearance in other species demonstrated initially decondensed 

chromatin in a configuration termed NSN and subsequently changes to a more 

condensed, so-called SN form (Bouniol-Baly et al., 1999, Bui et al., 2017, Debey et al., 

1993, Mattson and Albertini, 1990, Zuccotti et al., 1995).  

 

This preliminary analysis regarding animal age shows the similar pattern of 

chromatin distribution of oocytes recruited from medium and large antral follicles 

when prepubertal and adult sheep were compared. In addition, the higher 

proportion of oocytes with less condensed chromatin (diffused and net-like stages: 

75%) in comparison to those with advanced chromatin condensation (condensed 

and clumped stages: 25%) was detected in both age groups. This proportion is 

rather equivalent to what was observed in a buffalo report, in which less condensed 

chromatin predominated in oocytes derived from middle sized antral follicles 

(Yousaf and Chohan, 2003), but greater than an observation in cattle (Liu et al., 

2006, Lodde et al., 2007). At the time of study, only Russo et al. (2007) reported in 

the same species and found conflicting results, showing medium follicles 

demonstrated a higher proportion of advanced oocyte chromatin condensation. 

However, different patterns of chromatin classification used makes it hard to 

compare as it was previously mentioned. Moreover, differences may be influenced 

by animal selection criteria, in that this work identified corpus luteum and/or 

corpus albican for adult animals while in their study animals were controlled by 

animal weight (>50kg).  

 

After a 6 hours incubation, the chromatin pattern between prepubertal and adult 

GV oocytes was significantly different (p<0.05) regardless of the types of media 



 

 

 

120

used. This preliminary evidence is suggestive of different developmental potential 

in oocytes of the two animal ages that is associated with delayed chromatin 

reorganization in prepubertal oocytes despite no differences in chromatin 

morphology being evident prior to incubation. Numerous reports in different 

species including bovine (Khatir et al., 1998), ovine (Ledda et al., 1997), and caprine 

(Romaguera et al., 2011) have shown that prepubertal oocytes have a reduced 

developmental competence, it is assumed that the insufficient cytoplasmic 

maturation of oocyte is responsible for this defect (Sirard et al., 2006). It is possible 

that this difference could be explained by differences in metabolic capacity between 

prepubertal and adult oocytes that may reflect that different nutritional 

requirements are linked to developmental capacity (Downs and Verhoeven, 2003, 

Nogueira et al., 2006, Vanhoutte et al., 2009, Vanhoutte et al., 2008). Moreover, these 

different nutrient requirements may be critically linked to the transcriptional 

activity of the oocyte during the maintenance of meiotic arrest as oocyte 

transcriptional silencing seems to have been completed by the time chromatin 

condensation is initiated (Bouniol-Baly et al., 1999, Lodde et al., 2008, Luciano et al., 

2011). The relationship between chromatin status and oocyte metabolism will be 

evaluated in more detail in the following chapters. 

 

It was interesting to note that different incubation media affected chromatin 

changes in oocytes of different ages differently. Prepubertal oocytes, but not adult 

oocytes, incubated in AAP medium supplementation with cilostamide demonstrated 

chromatin remodelling to the more advanced stages of chromatin configuration 

than similar aged oocytes incubated in GPL medium. This preliminary evidence 

raises some important questions. As previously reported in mice, cytoplasmic 

factors are critically important to determine meiotic competence of oocytes, 

whereas, nuclear factors are essential to support embryonic developmental 

competence (Inoue et al., 2008, Lowther and Mehlmann, 2015). Recently, few 

studies found differences of prepubertal oocytes in various aspects of oocyte biology 

in prepubertal oocytes from different species, such as the dynamics of the first 

meiosis, active mitochondrial distribution, transcript abundance, and glutathione 

and apoptosis levels (Jiao et al., 2013, Kohata et al., 2013, Pawlak et al., 2015). The 

preliminary findings were that culture media containing different nutritional 

supplements such as AAs and energy sources have greater or less capacity to 
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promote nuclear chromatin remodelling in oocytes of different ages reinforces the 

idea of biological differences in the competence of adult vs prepubertal oocytes. 

Since the components of GPL medium contains mostly balanced salt solution, it 

represents a simple culture environment media supplemented with not only energy 

sources such as pyruvate and glucose, but also with several AAs. Apart of nutrition 

support, AA functions as key organic osmolytes, antioxidants as well (Wu, 2009). 

This is in agreement with several reports that found improvement of maturation 

and culture in vitro by adding glutamine and/or PDE inhibitors (Downs and 

Verhoeven, 2003, Geshi et al., 2000, Zuelke and Brackett, 1993).  

 

The pilot studies presented have indicated that discrete differences exist between 

the nuclear chromatin pattern and the response to the culture environment 

between juvenile and adult GV sheep oocytes. These results merit further 

investigation in later chapters of this thesis. 

 

3.4.7. Conclusion 

This chapter has established the classification system for sheep oocyte chromatin 

configuration in the context of chromatin markers to differentiate the potential of 

oocytes for further development. Similar to other ruminants, evidence suggest that 

the dynamics of sheep chromatin morphology changed from diffused state to reach 

the state of chromatin condensation when meiotic resumption initiates. The 

progression of chromatin morphology is time-dependent and can be facilitated by 

the denudation process regardless of animal age, HEPES buffer or culture media. By 

using this chromatin marker, oocytes derived from medium- to large-size follicles 

seem to be equivalent in context of the oocyte potential. 

 

As the main objective of this thesis is to link the metabolic, chromatin and genetic 

markers; the simulation culture in vitro resembles physiological condition required. 

Cilostamide was selected to prevent acceleration of nuclear maturation due to the 

fact that lacking of cumulus cells is prerequisite for oocyte metabolism assessment. 

The validation trial suggested that supplementing maturation media with 50µM 

cilostamide was superior to 10µM cilostamide in term of the efficacy to delay 

chromatin dynamics and was less likely to interfere the oocyte metabolic assays. On 

the basis of the results presented here, the classification of chromatin configuration 
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and the 50µM cilostamide supplemented incubation media were set for evaluation 

of alteration of chromatin dynamics and for quantifying the changes of oocyte 

metabolism. The strategy will be used in all subsequent oocyte incubation 

experiments reported in this thesis. Finally, the preliminary analysis indicated that 

there were discrete differences existing with regard to the nuclear chromatin 

pattern and the response to the culture environment of oocytes derived from 

prepubertal compared to adult sheep. These results merit further investigation in 

later chapters of this thesis. 
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CHAPTER 4: IMPACT OF MATERNAL AGE IN 

METABOLIC INDICES OF OOCYTE COMPETENCE 

4.1.  INTRODUCTION 
Ageing is a complex biological process that is associated with the deterioration of 

the biological function of the organism at different levels; organs, tissues, cells and 

molecular levels. Several mechanisms have been proposed in contribution to ageing 

such as nuclear and/or mitochondrial genome instability, epigenetic regulation, 

protein homeostasis, ROS, metabolic deregulation and telomerase attrition (Oh et 

al., 2014). Ovarian senescence is a continuous process of physiological ageing, 

clinically characterized by gradual depletion of ovarian oocyte reserve and in 

parallel decline in oocyte quality (Eichenlaub-Ritter et al., 2011, Takahashi et al., 

2013). As one of the major causes of female infertility ('CENTERS FOR DISEASE 

CONTROL AND PREVENTION, Heffner, 2004), understanding of mechanisms 

underpinning ovarian ageing would contribute better knowledge in female 

reproduction and improve the fertility management.   

 

Depletion of ovarian follicles during ovarian ageing may be simply explained by the 

exhaustion of the follicular pool, which is dependent on two components; initial size 

and rate of follicular atresia. This is possibly linked to a functioning organelle, 

mitochondrion, as it serves as central energy supply and utilization by generating 

most of the ATP in response to the cell demands (May-Panloup et al., 2016, Otten 

and Smeets, 2015, Tilly and Sinclair, 2013). Mitochondrial biogenesis during foetal 

life may determine the initial size of the follicular pool (Aiken et al., 2016). As its role 

in regulation of ROS production and control of apoptosis (Tait and Green, 2010), 

mitochondria also response in follicular atresia (Ene et al., 2013, Hsueh et al., 1996, 

Ratts et al., 1995),  as well as providing mediators regulating cellular and organismal 

ageing (Balaban et al., 2005, Bratic and Larsson, 2013, Dumollard et al., 2007a). This 

is in accordant to two ageing theories proposed, the free radical theory and 

mitochondrial theory, which are linked to mitochondria (da Costa et al., 2016, May-

Panloup et al., 2016, Oh et al., 2014). Therefore, impaired mitochondrial function 

leading to metabolic alterations may possibly cause oocyte ageing via several 

mechanisms mentioned above (da Costa et al., 2016, Oh et al., 2014, Mercado-Saenz 

et al., 2010). 
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In parallel to quantitative aspects, impairment of oocyte quality also contributes to 

the gradual decline in age-related fertility rather than uterine receptivity (Bancsi et 

al., 2002) as the outcomes from ART cycle using donor oocytes in aged women are 

comparable to the success rate of young age group ('CENTERS FOR DISEASE 

CONTROL AND PREVENTION 2017). Oocyte development, a highly demanding 

process, requires the effective mandate of energy metabolism. Perturbations of the 

metabolic milieu either organism or cellular level upon the extent of impairment can 

interfere with the normal physiological function of the oocyte. Since each oocyte is 

a unique cell hosted within each ovarian follicle without a direct vascular supply, 

the metabolism of each oocyte relies upon the co-operation with its surrounding 

somatic follicular cells to support nutrients, energy substrates as well as signaling 

molecules to pass throughout its life cycle. Unlike any other cell types, oocyte 

development progress slowing through their growth and maturation phase during 

which they progressively acquire the catalogue of proteins, RNA, cellular organelles 

needed to support fertility and early embryo development. The metabolic needs of 

the oocyte are met by the follicle cells and are tightly controlled. Thus, the tight 

metabolic control persists after fertilization in order to prevent abnormal 

embryonic development or demise (Seli et al., 2014).  

 

Metabolic assessment to predict embryo and oocyte development potential has 

been studied for more than 40 years (Biggers and Stern, 1973, Brinster, 1973). Most 

of the reports related to metabolism have focused on the measurement of major 

substrates added to/or utilized from culture media, which contribute to energy 

supply such as pyruvate for oocytes or glucose for embryos (Downs et al., 2002, 

Dumollard et al., 2007b, Harris et al., 2007, Harris et al., 2009, Khurana and 

Niemann, 2000, Thompson et al., 1996), and lactate production (Harris et al., 2007, 

Harris et al., 2009, Khurana and Niemann, 2000, Thompson et al., 1996). Prior to 

embryonic genome activation, the oocyte and early mammalian embryo rely on 

their own endogenous stores and energetic substrates milieu for ATP generation 

(Ferguson and Leese, 1999, Gardner et al., 2001). Measuring metabolic demands 

thus determine the oocyte quality and the embryo’s ability for further development. 

Similar to energy metabolism, the oocyte and embryo are also dependent on their 

own amino acid pool to overcome any limitations in fixed nitrogen resources (Caro 

and Trounson, 1984) until post compaction (Barnett and Bavister, 1996). Alteration 
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of the presence of amino acids in culture milieu whether decrease by consumption 

or increase by protein degradation (Orsi and Leese, 2004b, Sturmey et al., 2010, 

Thompson et al., 1998), can be used to determine developmental potential of oocyte 

and developing mammalian embryo. The measurement of amino acid turnover has 

also been linked to oocyte (Hemmings et al., 2012, Hemmings et al., 2013) and 

embryo health and developmental competence (Houghton et al., 2002, Stokes et al., 

2007). The preliminary evidence on the human egg from Hemmings and colleagues 

found age effect leading to differences in amino acid profiles (Hemmings et al., 

2013). Prior to oocyte maturation, glycolysis conserves energy and oxygen 

resources for mouse follicular growth and synthesis of steroid hormones (Boland et 

al., 1994b). Aged oocytes accumulate oxidized proteins, DNA, and lipids via 

oxidation processes subsequently increasing free radical or ROS production leading 

to mitochondrial dysfunction by mtDNA damage, activated caspases, impaired 

calcium signaling metabolic enzyme in electron transport chain and altered activity 

of key enzymes involved in energy metabolism; therefore, metabolic changes may, 

in turn, be markers to determine the quality of oocytes. However, it is still unclear 

whether there are metabolic manifestations of age in oocytes.  

 

Aims and Objectives 

The aim of this chapter was to examine the impact of maternal reproductive age on 

oocyte metabolism in terms of both energy metabolism and AA turnover by 

individual oocytes, in relation to the other markers of oocyte health such as 

chromatin configuration. The specific objectives were; 

(i)  to evaluate the effect of maternal age on the immature oocyte metabolism in 

terms of AA turnover and carbohydrate metabolism using the sheep as a model for 

human oocytes 

(ii) to investigate the link between metabolic markers and oocyte chromatin 

configuration 

 

  



 

 

 

128

4.2.  MATERIALS AND METHODS  

4.2.1. Experimental Design  

Denudation of cumulus oocyte complexes is a prerequisite for the accurate 

determination of the GV-staged oocyte metabolism, and so modification of oocyte 

culture media was necessary in order to prevent the spontaneous premature oocyte 

maturation. Cilostamide was chosen to block or delay oocyte meiotic resumption as 

described previously in chapter section 3.2.4. Two discrete experiments were 

conducted. 

 

a) Experiment 1: Effect Of Reproductive Age On Oocyte Amino Acid 

Turnover 

In this experiment, 50µM cilostamide was used to supplement the AAP incubation 

medium in order to quantify how GV-staged oocyte amino acid metabolism was 

affected by maternal age. This experiment was conducted in two different sessions 

using prepubertal tissues from the non-breeding season (July-August) and tissues 

from animals with established reproductive cycles in the breeding season 

(November-December). According to previous publications (Kochhar et al., 2002, 

Ledda et al., 1997, Leoni et al., 2007a, O'Brien et al., 1997b, Reader et al., 2015), 

pregnancy and live birth outcomes from IVM in prepubertal lamb oocytes are 

significantly reduced compared to similar procedures conducted in adult oocytes 

suggesting that prepubertal lamb oocytes represent poor quality when compared to 

adult adult oocytes.  

 

b) Experiment 2: Effect Of Reproductive Age On Oocyte Energy 

Metabolism 

The experiment was conducted to examine the effect of oocyte reproductive age on 

energy metabolism using the sheep model. As detailed in the previous chapter, 

50µM cilostamide was added into the potassium simplex optimised medium 

(KSOM) to inhibit spontaneous premature oocyte maturation by the oocyte released 

from follicle and CCs removal during a 6 hour energy metabolism assessment for 

individual oocytes.  
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4.2.2. Harvesting Cumulus Oocyte Complexes And Denudation 

Cumulus enclosed oocytes were harvested from abattoir derived tissues as 

described previously (see Section 2.7). The CCs were immediately removed after 

being incubated in H199+ containing 80IU/ml hyaluronidase for 30 seconds to 1 

minute by gently, repeated pipetting in and out through narrow bore glass pipettes 

(see Section 2.8). Denuded oocytes underwent a final examination under a 

stereomicroscope and immature oocytes without evidence PB were pooled to be 

used for metabolic assessment. Each experiment was performed in quadruplo, with 

approximately equal numbers of oocytes in each group in order to prevent the bias 

from different batches of tissues. All procedures were conducted on microscopes 

fitted with heated stages at 37°C. 

 

4.2.3. Carbohydrate Quantification  

a) Preparation Of Modified Potassium Simplex Optimised Medium  

KSOM was originally formulated in the embryo culture system to overcome the 2-

cell block in mouse embryos (Erbach et al., 1994). The complexity of KSOM can be 

modified by omitting some components (i.e., lactate, glutamine) for culture and 

carbohydrate metabolism quantification of early oocytes (oocyte-KSOM) and 

follicles (follicle-KSOM) as previously described (Collado Fernandez, 2013, Harris et 

al., 2007). Briefly, the reagents listed in Table 4.1 were mixed together and a 

calibrated electronic osmometer was used to measure osmolarity. Stock A solution 

was used to increase the osmolarity if necessary. The medium was filter-sterilised 

through a 0.2μm syringe filter into a 30ml universal and stored at 4°C for a 

maximum of 1 week.  
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Table 4.1. Composition of modified KSOM for oocyte metabolism incubations. 
Note that BSA was only added after the osmolarity had been measured and adjusted to 
256 ± 2 mOsm/kg. (*) indicated the amounts and concentrations above refer to those 

used for amino acid metabolism (modified from Collado Fernandez, 2013). 

 
 

b) Preparation Of Glucose, Pyruvate And Lactate Reaction Mixtures 

Reaction mixtures containing the enzymes and co-factors required for the redox 

reactions shown in Figure 4.1.a were prepared by mixing the reagents listed in Table 

4.2. into a sterile universal and vortexing thoroughly. Solutions were filter-

sterilised, aliquoted into 1.5ml sterile microfuge tubes and stored at -20°C for up to 

6 weeks. Just prior to use, 30μl of an L-Lactate dehydrogenase (L-LDH) suspension 

(10107085001, Roche Diagnostics Ltd., Burgess Hill, UK) was added to each 1ml of 

pyruvate reaction mix, or 26μl of L-LDH in the case of lactate reaction mix. The 

reaction times for the glucose, pyruvate and lactate were 10min, 3min and 30min 

respectively, upon addition of substrate. 
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b) 
 

Figure 4.1. Quantification of oocyte carbohydrate metabolism using an 
ultramicrofluorometric assay.  a) Fluorimetric redox reactions used for the 

measurement of glucose, lactate and pyruvate in spent culture medium. Note that NADH 

(in blue) is the fluorescent product or substrate. Enzymes are indicated in italics: G6PDH: 

glucose 6 phosphate dehydrogenase; LDH: lactate dehydrogenase. b) Representation of 

the photometry system used for quantification of NAD(P)H fluorescence in spent culture 

media (From Collado-Fernandez, 2013 with permission). 
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c) Preparation Of Glucose, Pyruvate And Lactate Standards And Quality 

Controls 

A series of glucose, pyruvate and lactate standards of known concentration were 

required for the standard curves construction. These standards were prepared by 

diluting a volume of the required glucose, pyruvate or L-lactate stock (detailed in 

Appendix III) with sterile tissue culture grade water as demonstrated in Table 4.3. 

Quality controls were prepared as well as the standards and consisted of 2 solutions  

of a concentration as demonstrated in Table 4.3. Quality controls were analysed in 

parallel to samples of oocyte spent culture media and control samples. 

 

 

 

Table 4.2. Glucose, pyruvate and lactate reaction mixtures. (*) indicated enzyme 

added upon thawing. HK: hexokinase; GPDH: glucose 6-phosphate dehydrogenase; L-

LDH is from hog muscle. 

 
Stock 

Concentration 
Volume 

Working 
Concentration 

Glucose Reaction Mix  

EPPS buffer  15 ml  

DTT stock  5 mM 2 ml 0.42 mM 

MgSO4 stock  37 mM 2 ml 3.08 mM 

ATP stock  10 mM 1 ml 0.42 mM 

NADP stock  10 mM 3 ml 1.25 mM 

HK / G6PDH  
340 IU HK/ml;     

170 IU/ml G6PDH 
1 ml 

24.29 IU/ml;    

12.14 IU/ml 

Pyruvate Reaction Mix  

EPPS Buffer  28 ml  

NADH stock  5 mM 600 μl 0.11 mM 

L-LDH*  5500 IU/ml 30 μl 165 IU/ml 

Lactate Reaction Mix  

Glycine/Hydrazine Buffer  18 ml  

MilliQ® H2O  16 ml  

NAD stock  60 mM 3 ml 4.86 mM 

L-LDH *  5500 IU/ml 26 μl 143 IU/ml 
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Table 4.3. Preparation of standards and quality controls for ovine oocyte glucose, 
pyruvate and lactate assays. 

Oocyte Glucose Standard (mM) 1 mM Glucose Stock (ml) H2O (ml) 
0 0 1 

0.1(QC low)  0.1(QC low)  0.9 

0.2  0.2  0.8 

0.4 0.4 0.6 

0.6  0.6  0.4 

0.8 0.8 0.2 

0.9 (QC high) 0.9 (QC high) 0.1 

1.0  1.0  0 

Oocyte Pyruvate Standard (mM) 1 mM Pyruvate Stock (ml) H2O (ml) 
0  0  1  

0.1(QC low)  0.1(QC low)  0.9 

0.2  0.2  0.8  

0.3  0.3  0.7  

0.4  0.4  0.6  

0.5 (QC high)  0.5 (QC high)  0.5  

0.6  0.6  0.4  

Oocyte Lactate Standard (mM) 1 mM Lactate Stock (ml) H2O (ml) 
0 0 1 

0.1(QC low)  0.1(QC low)  0.9 

0.2  0.2  0.8 

0.4 0.4 0.6 

0.6  0.6  0.4 

0.8 0.8 0.2 

0.9 (QC high) 0.9 (QC high) 0.1 

1.0  1.0  0 

 

4.2.4. Quantification Of Oocyte Carbohydrate Metabolism Using An 

Ultramicrofluorometric Assay 

Nanolitre assays were carried out for the measurement of glucose, pyruvate and 

lactate concentrations in spent-KSOM media from sheep GV-staged oocytes, 

following an established non-invasive ultramicrofluorometric protocol (Gardner 

and Leese, 1986, Harris et al., 2007, Harris et al., 2009, Leese and Barton, 1984). The 

technique is a modified version of conventional coupled enzymatic redox reactions 

into a small scale, which bring out the reduction of NAD(P)+ from glucose and 

lactate metabolism or the oxidation of NADH from pyruvate metabolism (Figure 

4.1.a) as the nucleotide NAD(P)H in its reduced form is given different excitation 

(340nm) and emission (460nm) wavelength of fluorescence (blue). Therefore, the 

proportional difference of fluorescence in a nanodrop of culture medium (before 
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and after the redox reaction) can be used to calculate the amount of glucose and 

pyruvate consumed as well as lactate produced from the reaction (Figure 4.1.a and 

b) by using standard curves as demonstrated below (see Figure 4.2).  

 

 

 

 

a) Oocyte Incubations  

The quantification of glucose, pyruvate and lactate consumption or production, by 

individual oocytes, required the measurement of nanolitre volume of spent culture 

medium. The measurement of control media enables detection of tiny changes of 

concentration of metabolites within the culture medium prior to any utilization by 

oocytes (i.e. viability, changes due to metabolism) (Harris, 2002). The time and 

volume of the metabolism incubations have been optimized previously by our group 

(Collado Fernandez, 2013, Harris, 2002, Harris et al., 2010). Harris et al. (2002) 

demonstrated that 2 hours’ incubation for glucose/pyruvate /lactate assays was 

sufficient to give rise to acceptable changes of between 25-35% concentration 

before and after the assay. In addition, incubation volumes were kept as small as 

Figure 4.2. Demonstration of standard curves used for the calculation of glucose, 
lactate and pyruvate concentration in spent-KSOM media. Data are presented as 

means ± SEM of triplicates. Blue lines show the lines of best fit for the standard curves. 
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possible to enable changes to be detectable. As mentioned above, the 6 hour period 

of incubation in the current study was longer than previous reports, and designed 

in order to evaluate the link of measuring markers. Oocyte metabolism medium was 

incubated in 35x10mm Easy GripTM falcon dishes (Becton Dickinson, Oxford, UK), 

prepared on the day before the experiment. Briefly, two wash drops of 10μl KSOM 

were laid and covered with 3ml of sterile mineral oil. Nanolitre incubation drops 

were laid onto the bottom of the dishes and allowed to equilibrate to 37°C and 

5%CO2 in air overnight. 

 

Denuded oocytes were washed twice through 2, 10μl wash drops of KSOM in the 

GPL dishes before being transferred individually to nanolitre drops. In order to 

displace the tiniest of volume, calibrated, siliconised, thin pulled glass pipettes were 

used. Oocyte incubation and control (oocyte-free media) assays were incubated 

under oil at 37°C and 5%CO2 in a humidified incubator. The incubation volumes and 

times were 144nl and 1 hour equilibration before 6 hours assay incubation. After 

incubation, oocytes were removed from nanodrops and stored for different 

purposes including measurement of chromatin, mitochondrial copy number, and for 

genetic studies. Methods have been described in section 2.12. The culture dishes 

containing the spent culture medium were stored at -80°C as described for the AAP 

dishes for up to 3 months. 

 

   

 

Figure 4.3. Demonstrate a siliconised glass oil well containing nanolitre volume 
drops for the quantification of NAD(P)H fluorescence
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b) Ultramicrofluorometric Analysis Of Samples 

Dishes containing spent KSOM medium were thawed and analysed using the non-

invasive ultramicrofluorometric assay (Harris et al., 2007, Harris et al., 2005, Harris 

et al., 2009, Leese and Barton, 1984). Appearance or disappearance of the NAD(P)H 

fluorescence was measured in nanolitre volumes of spent KSOM medium following 

its reaction with each of the reaction mixtures detailed in Table 4.2. A photometric 

imaging system consisting of a Zeiss Axiovert 200 epifluorescence microscope (Carl 

Zeiss Ltd., Cambridge, UK) fitted with a dichroic mirror, emitter filter, photon 

multiplier tube and photometer (Photon Technology International, West Sussex, 

UK) was used as previously described (Harris et al., 2007, Harris et al., 2009) (Figure 

4.1.b). The 20X objective was selected. The intensity of the NAD(P)H blue 

fluorescence was monitored with a 372nm excitation wavelength and a 460nm 

emission wavelength, using the Felix 32 software. Spent culture medium samples, 

control drops and quality control samples were measured and conducted in 

triplicate. Data were analysed against standard curves.  

 

Initially, standard curves for each metabolite were constructed by quantifying a 

fluorescence detected from a series of known concentration of standards. Under 

stereomicroscopy, a 5μl drop of reaction mix was placed on the top left of the oil 

well by using a nanolitre pipette, grids of triplicate reaction mix droplets (14-32nl) 

were laid on an in house manufactured oil well containing ~3ml of mineral oil 

(Figure 4.3) see section 2.3 for preparation of the oil wells. The oil well was then 

placed on the microscope stage, the target drop was centred using a calibrated 

ocular graticule and the aperture adjusted. The “blank” fluorescence was measured 

for each set of triplicate drops. Next, a row of 21.3-37.2nl (depending on the assay) 

droplets of the glucose/pyruvate/lactate standard solutions were laid along the top 

of the grid of triplicate reaction mix droplets (Figure 4.3). A 2.8nl volume from each 

of the standard droplets was added to the 3 reaction mix droplets below. The 

reaction was allowed to take place for 3min, 10min or 30min for pyruvate, glucose 

or lactate, respectively. The fluorescence was then measured and recorded (“post-

reaction” reading). A standard curve was produced by plotting the data obtained. 

Demonstration of standard curves is shown in Figure 4.2. 
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In addition, dishes containing spent culture medium and control droplets were laid 

down on the bench top to thaw for a few minutes. Nanodrops of spent KSOM, control 

drops and quality controls were then assayed using the same procedure as that 

described for the standards, but now using the droplets of spent culture medium. 

First “blank” readings were measured before a 2.8nl volume of spent culture 

medium was added to the reaction mix droplets. After reactions, the “post-reaction” 

reading was measured per nanodrop. In order to monitor the working conditions of 

the system, quality controls were repeated every 9 samples of spent culture 

medium.  

 

c) Calculations 

The glucose and pyruvate consumption rate as well as the lactate production rate 

were calculated per oocyte per hour. In order to correct for non-specific 

fluorescence, a corrected fluorescence value was obtained for each standard, sample 

and control droplet by subtracting the fluorescence measured from the blank 

readings from those of the “post-reaction” readings (for glucose and lactate assays, 

due to the appearance of NAD(P)H), or vice versa (for pyruvate assay, due to the 

disappearance of NADH). In this case, glucose is taken as an example of the 

calculations for each metabolite: 

AFU : Arbitrary Fluorescent Unit  

Average triplicate of post-reaction of oocyte sample 1 = 344191 AFU 

Blank reading             = 306419 AFU 

 

 

 

 

Therefore, oocyte sample 1 (triplicate1) Corrected Fluor is 37772 AFU. 

 

The corrected fluorescence values of the standards (averages per triplicate) were 

plotted against their known concentration, producing a standard curve whose 

equation was used to calculate the average concentration of glucose/ 

pyruvate/lactate for each of the triplicate sample droplets (representative examples 

of standard curves are shown in Figure 4.2): 

Corrected fluorescence =│post-reaction AFU – blank reading AF 

        = │344191 – 306419│ 

        =  37772 AFU 
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Glucose Standard curve in Figure 4.2. demonstrated in linear correlation as the 

following;   Y   = 168154X + 2635.7 

X = standard concentration (mM) 

Y = standard fluorescence (AFUs) 

In order to measure the glucose concentration in samples, known post-reaction 

fluorescence was used for calculation in the modified equation; 

 X  =    (Y - 2635.7) . 
   168154 
Therefore, glucose concentration in each sample was calculated by the following 

equation;  

 

 

 

 

 

 

 

Finally, Sample-1 Glucose Concentration was calculated from an average of the 

triplicates’ value of Sample-1 Glucose concentration.  

 

The method of the calculation above was applied to all of the triplicates of each 

control drop within the same dish. The amount of glucose in individual droplets, 

either samples or controls, was calculated separately as shown in the equation 

below; 

� Average Glucose Conc. in Sample-1     = 0.217 mM (from triplicates) 

� Average Glucose Conc. in Control-1     = 0.305  mM 

� Nanodrop volume in the assay              = 21.3       nl 

 

Sample-1 Glucose Concentration (triplicate-1) 

= (Sample-1 Corrected Fluorescence - 2635.7)  
168154 

=   (37772 - 2635.7)  
             168154     

=   0.209mM 

Glucose amount (pmoles)  = Glucose concentration (M) x Volume (L) x 1012 

Glucose amount in Sample 1  = (0.217*10-3) x (21.3*10-9) x 1012  

  =  4.622    pmoles 

Glucose amount in Control 1 = (0.305*10-3) x (21.3*10-9) x 1012  

  =  6.497    pmoles 
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To correct the baseline glucose amount, an average of glucose amount from 3 

control droplets in each dish was calculated prior to calculating the glucose 

consumption rate of individual oocytes. 

 

 

 

 

 

 

The consumption/production rate of glucose, lactate and pyruvate was obtained by 

subtracting the amount of glucose/lactate/pyruvate in pmoles present in an 

individual sample from the average control amount presented in each dish. The rate 

was finally divided by the duration of the oocyte incubation (in hours): 

� Incubation time = 6 hours  

 

Regarding Glycolytic Index (GI), this has been reported as a marker to estimate the 

efficiency of anaerobic glycolysis (Boland et al., 1994a, Lane and Gardner, 1996) as 

well as ATP production from glycolytic pathway (Harris et al., 2007). Accordingly, 1 

mole of glucose is metabolised to produce 2 moles of lactate, it is therefore possible 

to determine the percentage of glycolysis by calculating the ratio between glucose 

consumption and lactate production. GI was calculated using the following equation; 

 

 

Therefore, when GI equals 1 it was assumed that all glucose consumed had 

contributed to lactate production by the anaerobic pathway of glycolysis and this 

represented a GI value of 100% (Boland et al., 1994a, Harris et al., 2007, Lane and 

Gardner, 1996). In other words, a GI of less than 1 indicated that anaerobic 

Glycolytic Index (GI) =        lactate production rate          . 
      2 x glucose consumption rate 

Glucose Consumption rate in Sample1  

     = (Average Control Glucose amount – Glucose amount in Sample1)  
      Duration of incubation (h) 

     =  6.464 - 4.622 
6 

     =  0.307  pmoles/oocyte/h 

Average Control Glucose amount in each dish  

                      = (Glucose amount in Control 1 + in Control 2 + in Control 3)  
3  

                    = 6.497 + 6.386+ 6.509  
                                            3                  
             = 6.464    pmoles 
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glycolysis was less than 100% efficient.  While a GI higher than 1 indicated that more 

lactate was production than glucose was consumed (GI >100%). 

 

4.2.5. Statistical Analysis 

All statistical tests were performed using either SPSS statistics V.21 or GraphPad 

Prism 7 software. Normality was tested for all groups using the Kolmogorov-

Smirnov or Shapiro-Wilk test when using the SPSS statistics program while 

D’Agostino & Pearson or Shapiro-Wilk tests were applied if the GraphPad Prism 

programme was used as appropriate. Differences between the animal age groups 

were analysed using the unpaired Student t-test if the data were normally 

distributed or by Mann–Whitney U tests if data did not fit a normal distribution 

curve. Statistical significance was assumed for p-values of ≤0.05. Data presented as 

boxplots are the data that did not fit a normal distribution. Data that fitted a normal 

distribution are presented as mean ± SEM, with N values indicating the number of 

samples analysed.  

 

4.3.  RESULTS  

4.3.1. Effect Of Ageing On Oocyte Amino Acid Profiling 

The experiment was performed in quadruplo in both age groups. A total of 144 

oocytes from four replicates in each group were cultured in AAP medium. After 

exclusion of some samples that experienced technical problems during sample 

preparation, 135 and 133 AAP-incubated GV oocyte samples from prepubertal and 

adult animals were finally analysed. The AAP of the GV-staged oocytes was analysed 

according to animal age; prepubertal vs adult sheep. As shown previously in section 

3.3.5, glycine, alanine and lysine were the major AAs appearing in the spent culture 

media from both age groups while asparagine, glutamine, threonine, arginine, and 

leucine are representative AAs depletion from the culture media.  

 

Aspartic acid, isoleucine and leucine depletion were significantly greater in the AAP 

media samples incubated with adult GV oocytes compared to those incubated with 

prepubertal GV oocytes (p<0.05) (Figure 4.4). Significant differences were also 

detected with less glutamic acid and tyrosine but more alanine appearance in AAP  
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media incubated with adult GV oocytes compared to those incubated with 

prepubertal GV oocytes (p<0.05) (Figure 4.4 and Table 4.4).  

 

Data from Figure 4.5 show that AA turnover was significantly higher (p<0.05) in 

spent culture media incubated with adult oocytes than those incubated with 

prepubertal oocytes. Whilst overall AA net-balance was switched from a positive 

Table 4.4. Amino acid profiles by GV-staged oocytes between prepubertal lambs 
and adult ewes. Significant differences, p<0.05, between the 2 groups are indicated by 
a, b, c, d and (*). a demonstrates the AAs that have differentially expressed between two 

groups;  b, c, d demonstrates the amino acids having less production, more production and 

more consumption in adult oocytes incubated in AAP medium supplemented with 50µM 

cilostamide. (*) indicated the significant parameter of amino acid turnover. 
 Lamb (n=135) Ewe (n=133) 

 (pmoles/OC/h) Median Mean SEM Median Mean SEM 

Aspa 0.044 0.073 0.034 -0.119 -0.107 0.028 

Glub 0.610 0.622 0.069 0.283 0.392 0.075 

Asn -0.701 -0.616 0.040 -0.698 -0.625 0.041 

Ser 0.000 2.121 0.991 0.000 1.176 0.814 

His 0.000 0.322 0.468 0.000 0.179 0.621 

Glu -1.013 -1.016 0.063 -1.092 -1.149 0.088 

Gly 6.197 5.580 0.318 7.305 6.515 0.379 

Thr -5.986 -5.142 0.320 -7.853 -5.113 0.313 

Arg -1.697 -1.772 0.100 -1.346 -1.609 0.107 

Alac 2.069 2.166 0.143 5.136 4.800 0.311 

Tyrb 0.265 0.265 0.021 0.178 0.132 0.022 

Trp 0.000 -0.098 0.030 0.000 -0.066 0.021 

Met 0.092 0.095 0.008 0.087 0.055 0.019 

Val -0.025 -0.041 0.022 -0.105 -0.074 0.019 

Phe 0.261 0.284 0.017 0.263 0.219 0.024 

Ilea -0.131 -0.170 0.030 -0.264 -0.257 0.022 

Leua -1.375 -1.138 0.061 -1.504 -1.277 0.076 

Lys 0.647 0.730 0.080 0.642 0.634 0.047 

Net balance* -2.284 2.265 1.227 1.147 3.824 1.126 

Depletion -14.223 -13.574 0.536 -14.555 -13.480 0.632 

Appearance 14.089 15.839 1.128 17.025 17.304 1.240 

Turnover* 28.953 29.412 1.271 33.486 30.784 1.615 
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balance in the adult group to a negative balance in the prepubertal group (p<0.05) 

(Figure 4.5). However, no significant difference was found between overall AA 

depletion and appearance (p>0.05). 

 

  

 

4.3.2. Effect Of Ageing On Oocyte Energy Metabolism  

Four culture replicates were carried out from both prepubertal and adult tissues. A 

total of 288 GV-staged oocytes retrieval from 2-5mm sized follicles (144 from both 

prepubertal and adult tissues) were obtained for carbohydrate metabolism 

quantification in the spent culture medium. At the count, a total of 270 oocyte 

incubation drops, 126 from prepubertal and 144 from adult GV oocytes, were 

analysed. Due to the lack of normal distribution, data were presented in median and 

range using Mann-Whitney test for statistical analyses.  

 

Median pyruvate consumption rate in spent culture media of GV oocytes derived 

from adult ewes was significantly greater than those derived from prepubertal 

lambs (8.46 (0.00 - 7.90) vs 5.95 (0.00 - 12.76) pmoles/oocyte/h; p<0.001). 

Figure 4.5. Amino acid turnover of sheep GV-staged oocytes obtained from 2-5 
mm sized follicles between prepubertal lamb (open bar) and adult ewe (shade 
bar) oocytes incubated for 6 hours in 50µM cilostamide supplemented AAP 
media. (*) indicates significant differences; Mann-Whitney test, p<0.05. 
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However, no significant difference of lactate production (p>0.05) was found in spent 

culture media between the two age groups, the production rates was 1.01 (0.00-

18.90) pmoles/oocyte/h for adult and 1.02 (0.00-6.49) pmoles/oocyte/h for 

prepubertal oocytes, respectively. On the other hand, more glucose was significantly 

consumed by prepubertal GV oocytes than adult oocytes (p<0.05), rates were 0.45 

(0.32 – 2.27) compared to 0.39 (0.00 – 3.10) pmoles/oocyte/h, respectively (Figure 

4.6).  

 
Table 4.5. Carbohydrate metabolism by GV-staged oocytes between prepubertal 
lambs and adult ewes. (*) and (**) indicate significant differences P<0.05 and P<0.001, 

respectively. 
 Lamb (n=126) Ewe (n=144) 

(pmoles/oocyte/h) Median Mean SEM Median Mean SEM 

Glucose consumption* -0.450 -0.724 0.062 -0.385 -0.475 0.041 

Pyruvate consumption** -5.950 -5.291 0.175 -8.460 -7.549 0.261 

Lactate production 1.015 1.129 0.082 1.010 1.501 0.170 

 

    
Figure 4.6. Carbohydrate metabolism of sheep GV-staged oocytes obtained from 
2-5mm sized follicles between prepubertal lamb (open circle) and adult ewe 
(shade circle) oocytes incubated 6 hours in 50µM cilostamide supplemented 
modified KSOM medium. (*) and (**) indicate significant differences; Mann-Whitney 

test, p<0.05 and p<0.001, respectively. An outlier excluded from the adult group did not 

interfere overall outcomes. 
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4.3.3. Relationship Between GPL Utilization And Oocyte Chromatin 

Configuration 

To examine the relationship between carbohydrate metabolism and oocyte 

chromatin configuration, a subset of spent culture media corresponding to 

carbohydrate metabolism and chromatin morphology was reanalyzed. A total of 113 

oocytes (55 from prepubertal and 58 from adult animals) were incubated in KSOM 

medium and subsequently allocated for chromatin study. Of these, 8 out of 55 

oocytes were excluded from the prepubertal group due to 4 samples lost during 

transfer and DAPI staining and 4 samples uninterpretable. 3 out of 58 oocytes from 

the adult group were excluded due to 2 dead oocytes (no metabolism detected) and 

1 sample lost during transfer for staining. Thus reanalyzed data were generated 

from 47 prepubertal and 55 adult GV oocytes according to the chromatin pattern 

and metabolism by the same cell.  

 

Subgroup analysis showed GV chromatin patterns were significantly different 

between prepubertal and adult GV oocytes (Chi-square test; p<0.05) (Figure 4.7), as 

it was previously shown in the results of chapter 3. Net-like and clumped chromatin 

patterns seemed to dominate the results in both age groups with more than 80% of 

each age group (68% and 19% in prepubertal and 33% and 50% in the adult group, 

respectively). Collectively, this data confirms a strong impact of maternal age on 

chromatin configuration in GV oocytes. 

 

Carbohydrate metabolism in this subgroup analysed also demonstrated the same 

differences as shown in the previous section for the total number of oocytes 

incubated in KSOM (see section 4.3.2). In this regard, there was significantly less 

glucose (0.42 (0.00-3.10) vs 0.85 (0.00-2.27) pmoles/oocyte/h; p=0.002) and 

higher pyruvate (8.48 (1.97-11.58) vs 5.68 (0.05-7.33) pmoles/oocyte/h; p<0.001) 

consumption rates in spent culture media derived from adult ewe oocytes when 

compared to those from prepubertal lamb oocytes while no differences in lactate 

production rate was detected (0.85 (0.00-6.37) vs 0.81 (0.00-2.40) 

pmoles/oocyte/h; p<0.05) (Figure 4.8). With regard to the same set of data, none of 

prepubertal but 2 of the adult GV oocytes incubated 6 hours in modified KSOM 

medium with 50µM cilostamide supplementation resumed meiosis as they reached 

MI and MII stages. 
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Table 4.6. Carbohydrate metabolism by sheep GV-staged oocytes between 
prepubertal lambs and adult ewes: subgroup analysis. (*) and (**) indicate 

significant differences p<0.05 and p<0.001, respectively. 

 Lamb (n=47) Ewe (n=54) 

(pmoles/oocyte/h) Median Mean SEM Median Mean SEM 

Glucose consumption* 0.850 0.894 0.099 0.417 0.504 0.075 

Pyruvate consumption** 5.680 5.027 0.251 8.403 7.804 0.380 

Lactate production 0.810 0.849 0.098 0.848 1.269 0.207 
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Figure 4.7. Distribution of chromatin configuration between prepubertal lamb 
(n=47) and adult ewe (n=54) GV-staged oocytes incubated for 6 hours in 
modified KSOM medium containing 50µM cilostamide supplementation. A 

significant difference between age groups was determined by Chi-square test, p<0.05. 

Figures on top of each bar represent sample size (N) in each chromatin pattern. 
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As mentioned above, the predominate net-like and clump chromatin patterns were 

taken into account in order to examine whether the age effect still persisted in each 

pattern of chromatin configuration in terms of carbohydrate metabolism. When the 

metabolic data of the subgroup of oocytes presenting net-like patterns from adult 

ewe oocytes were analysed they still showed significantly (p<0.05) less glucose and 

greater pyruvate consumption than equivalent chromatin status GV oocytes from 

lambs. However, when subgroup analysis was conducted on oocytes presenting a 

clumped pattern, there was only a significant difference between age groups in the 

rate of pyruvate consumption (p<0.05) but not in either glucose consumption or 

lactate production (p>0.05) (Figure 4.9). With regard to the pattern of chromatin 

configuration, further analyses were conducted to test whether the pattern of 

chromatin configuration itself could have an impact on carbohydrate metabolism. 

Although it was shown that oocytes presenting net-like chromatin patterns tended 

to have higher pyruvate consumption than GV oocytes presenting clumped 

Figure 4.8. Subgroup analysis of GV-staged oocytes incubated in 50µM cilostamide 
supplemented KSOM medium for 6 hours between prepubertal and adult animals 
corresponding to carbohydrate metabolism and chromatin configuration. Open ( ) 

and shade ( ) circles represent data taken from spent culture media incubated the 

prepubertal lamb and the adult ewe oocytes, respectively. (*) and (**) indicate significant 

differences using Mann-Whitney test; p<0.05 and p<0.001, in individual assays. 
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chromatin patterns in both age groups, the data from only prepubertal lamb GV 

oocytes reached statistical significance (p<0.05; Figure 4.10).   

 

 

 

Figure 4.9.  Glucose/Pyruvate/Lactate metabolism of GV oocytes from two age 
groups compared with regard to net-like (n=32 in lamb vs. 18 in ewes) or clump 
chromatin patterns (n=9 in lamb vs. 27 in ewes). The first three columns on the left of 
chart represent data of net-like chromatin while three column right column represent 
data of clumped chromatin patterns. (*) indicates a significant difference by using t-test 
or Mann-Whitney test when appropriate; p<0.05, between the 2 age groups in individual 
oocyte assays. 
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Figure 4.10. Glucose/Pyruvate/Lactate metabolism between 2 chromatin patterns (net-like and clump), in GV-staged oocytes 
incubated for 6 hours in modified KSOM medium with 50µM cilostamide supplementation. Data on the left chart represent metabolic 
rate derived from prepubertal lamb oocytes (n=32 net-like vs. 9 clumped chromatin) while on the right chart represent data from adult 
oocytes (n=18 net-like vs. 27 clumped chromatin). (*) indicates a significant difference using unpaired t-test or Mann-Whitney test when 
appropriate; p<0.05, in individual oocyte assays. 
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4.3.4. Relationship Between Amino Acid Metabolism And Oocyte 

Chromatin Configuration  

The relationship between oocyte chromatin configuration and AA metabolism 

was also inspected in relation to chromatin configuration of the source oocyte. 

Subgroup analysis was performed on the spent culture medium droplets that 

were incubated with oocytes used for chromatin analysis. A total of 111 oocytes 

(55 from prepubertal and 56 from adult oocytes) were incubated in AAP medium 

and subsequently allocated for evaluation of chromatin configuration. Of these, 5 

out of 55 oocytes were excluded from the prepubertal group because 2 samples 

were lost during transfer and DAPI staining and 3 samples were uninterpretable; 

while 4 out of 56 oocytes from the adult group were excluded - 3 were lost during 

transfer and 1 sample was contaminated. Thus, 50 oocytes from prepubertal and 

52 oocytes from adult sheep were retained for chromatin pattern analysis in 

relation to amino acid turnover by the same cell. 

 

Even in this subset of data the chromatin configuration between prepubertal and 

adult GV oocytes was found to be significantly different (p<0.05; Chi-square test) 

(Table 4.8 and Figure 4.11). This confirmed that ageing affected the chromatin 

configuration of GV oocytes during in vitro incubation. However, in this data set 

not only did the net-like and clump chromatin pattern dominate the chromatin 

results but also the condensed chromatin pattern became more prominent in 

both age groups when compared to the chromatin findings derived from oocytes 

used for studies of carbohydrate metabolism. Here, the prevalence of net-like, 

condensed and clumped chromatin in prepubertal GV oocytes were 38.8%, 

24.5% and 26.5%, respectively, while they were 19.2%, 17.3% and 59.6% 

respectively in adult GV oocytes. These 3 chromatin patterns were evaluated in 

relation to their amino acid metabolism.  

 

The chromatin morphology showed that 3 denuded oocytes from prepubertal 

and 2 denuded oocytes from adult sheep resumed meiosis within 6 hours of 

incubation with modified AAP medium with 50µM cilostamide supplementation 

(Figure 4.11). Amino acid metabolism in this subgroup analysis also 

demonstrated significant changes of glutamic acid, alanine and tyrosine between 
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the 2 age groups (p<0.05). In this regard, there was significantly less glutamic 

acid (0.438 ± 0.100 vs. 0.638 ± 0.137 pmoles/oocyte/h; p<0.05) and tyrosine 

consumed (0.143 ± 0.024 vs. 0.271 ± 0.046 pmoles/oocyte/h; p<0.05) and 

greater alanine production (4.028 ± 0.454 vs. 1.963 ± 0.227 pmoles/oocyte/h; 

p<0.001) in spent culture media derived from adult adult oocytes when 

compared to the prepubertal lamb oocytes (Figure 4.12 and Table 4.9). In respect 

of the total of AAs, greater AA net-balance (1.802 ± 1.260 vs. 1.320 ± 2.366 

pmoles/oocyte/h; p<0.05) but lower overall AAs depletion (11.482 ± 0.992 vs. 

15.796 ± 0.864 pmoles/oocyte/h; p<0.05) and turnover (24.765 ± 2.000 vs. 

32.913 ± 2.112 pmoles/oocyte/h; p<0.05) was demonstrated in spent culture 

media from adult oocyte samples compared to prepubertal oocyte samples 

(Table 4.7. and Figure 4.13).  
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Figure 4.11. Chromatin configuration of sheep GV-staged oocytes incubated for 6 
hours in 50µM cilostamide supplemented AAP medium between prepubertal 
lambs and adult ewes. A significant difference demonstrates when pattern of 

chromatin distribution between two-age groups compared; Chi-test, p<0.05. Figures on 

top of each bar represent sample (N) size in each chromatin pattern. 
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Table 4.7. Amino acid profiles in subgroup analysis by sheep GV-staged oocytes 
between prepubertal lamb and adult ewes. a, b and (*) indicate significant 

differences, p<0.05, between two-age groups. a represents amino acids with less 

produced while b represents amino acids with more produced by adult ewe oocytes.  
 Lamb (n=50) Ewe (n=52) 

 (pmoles/OC/h) Median Mean SEM Median Mean SEM 

Asp 0.043 0.077 0.074 -0.106 -0.078 0.035 

Glua 0.603 0.698 0.137 0.357 0.438 0.100 

Asn -0.681 -0.583 0.072 -0.588 -0.527 0.066 

Ser -4.892 0.520 2.022 -0.004 -0.768 1.231 

His -4.144 1.383 3.754 -4.144 -0.747 1.642 

Gln -0.884 -0.864 0.112 -0.687 -0.897 0.131 

Gly 6.530 6.102 0.624 5.732 5.691 0.611 

Thr -5.510 -5.220 0.524 -4.013 -4.337 0.506 

Arg -1.424 -1.469 0.150 -1.071 -1.337 0.151 

Alab 1.817 1.963 0.227 3.819 4.028 0.454 

Tyra 0.255 0.271 0.046 0.122 0.143 0.024 

Trp -1.008 -0.733 0.161 - - - 

Met 0.096 0.101 0.016 0.070 0.090 0.014 

Val -0.061 -0.076 0.050 -0.111 -0.078 0.023 

Phe 0.258 0.272 0.030 0.195 0.222 0.028 

Ile -0.096 -0.182 0.071 -0.203 -0.208 0.028 

Leu -1.392 -1.160 0.099 -1.221 -1.066 0.114 

Lys 0.490 0.809 0.194 0.496 0.593 0.068 

Net balance* -3.961 1.320 2.366 1.801 1.802 1.260 

Depletion* -16.814 -15.796 0.864 -10.988 -11.482 0.992 

Appearance 14.475 17.117 2.070 13.122 13.283 1.345 

Turnover* 32.047 32.913 2.112 25.407 24.765 2.000 

 

In order to examine whether chromatin configuration can influence AA 

metabolism, 3 main chromatin patterns were taken for subcategory analysis. 

Figure 4.14 illustrates the overall AA metabolism in terms of net-balance, 

depletion, appearance and turnover of both prepubertal and adult oocytes. After 

6 hours of incubation in modified AAP medium, oocytes that reached the later 

stages of chromatin configuration demonstrated a lower overall AA depletion, 

lower overall AA appearance and lower overall AA turnover in both age groups. 

Concerning differences of AA metabolism between each pattern of chromatin 
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configuration, there was a significant difference of overall AA depletion (p<0.05) 

detected between condensed and clump chromatin in both age groups. Whilst 

overall AA appearance was found to be significantly different between clumped 

and net-like chromatin patterns (p<0.005), as well as, between clump and 

condensed chromatin patterns (p<0.005) only in spent culture media derived 

from prepubertal oocytes and not in those samples derived from adult oocytes. 

Moreover, overall AA turnover also showed to be significantly different (p<0.05) 

between clumped and condensed chromatin in samples obtained from 

prepubertal oocytes but not those from adult oocytes (Figure 4.14). 

 

  

 

 

 

Net-balance Depletion Appearance Turnover

-40

-20
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20
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Figure 4.13. Amino acid turnover of sheep GV-staged oocytes in subgroup 
analysis between prepubertal lambs (open box) and adult ewes (shade box) 
incubated for 6 hours in modified AAP media with 50µM cilostamide 
supplementation. (*) indicates significant differences; p<0.05. 



155 

 

 

                          

Fi
gu

re
 4

.1
4.

 A
m

in
o 

ac
id

 t
ur

no
ve

r 
be

tw
ee

n 
th

re
e 

ch
ro

m
at

in
 p

at
te

rn
s 

(n
et

-l
ik

e,
 c

on
de

ns
ed

 a
nd

 c
lu

m
p)

, i
n 

G
V

-s
ta

ge
d 

sh
ee

p 
oo

cy
te

s 
in

cu
ba

te
d 

fo
r 

6 
ho

ur
s 

in
 m

od
if

ie
d 

A
A

P 
m

ed
iu

m
 w

it
h 

50
µM

 c
il

os
ta

m
id

e 
su

pp
le

m
en

ta
ti

on
. D

at
a 

o
n

 t
h

e 
le

ft
 c

h
ar

t 
re

p
re

se
n

t 
m

et
ab

o
li

c 
ra

te
 

d
er

iv
ed

 f
ro

m
 p

re
p

u
b

er
ta

l 
la

m
b

 o
o

cy
te

s 
(n

=
1

7
 n

et
-l

ik
e,

 1
1

 c
o

n
d

en
se

d
, a

n
d

 1
1

 c
lu

m
p

ed
 c

h
ro

m
at

in
) 

w
h

il
e 

o
n

 t
h

e 
ri

gh
t 

ch
ar

t 
re

p
re

se
n

t 
d

at
a 

fr
o

m
 

ad
u

lt
 o

o
cy

te
s 

(n
=

1
0

 n
et

-l
ik

e,
 9

 c
o

n
d

en
se

d
 a

n
d

 2
9

 c
lu

m
p

ed
 p

at
te

rn
s)

. (
*)

 in
d

ic
at

es
 a

 s
ig

n
if

ic
an

t 
d

if
fe

re
n

ce
 u

si
n

g 
u

n
p

ai
re

d
 t

-t
es

t 
o

r 
M

an
n

-W
h

it
n

ey
 

te
st

 w
h

en
 a

p
p

ro
p

ri
at

e;
 p

<
0

.0
5

, i
n

 in
d

iv
id

u
al

 o
o

cy
te

 a
ss

ay
s.

 D
at

a 
ex

cl
u

d
ed

 5
 o

u
tl

ie
rs

 f
ro

m
 la

m
b

 (
2

, 1
, a

n
d

 2
 s

am
p

le
s)

 a
n

d
 2

 o
u

tl
ie

rs
 f

ro
m

 a
d

u
lt

 (
0

, 
0

, a
n

d
 2

 s
am

p
le

s)
 d

id
 n

o
t 

co
m

p
ro

m
is

e 
th

e 
o

v
er

al
l o

u
tc

o
m

es
. 

* 

* 
* 

* 
* 



156 

 

 

4.4.  DISCUSSION 

4.4.1. Effect Of Reproductive Age On GV-Staged Oocyte Amino 

Acid Metabolism  

When maternal (i.e., reproductive) age was taken into account, this study 

demonstrated significant differences in amino acid profiles between prepubertal 

and adult GV-staged oocytes. The GV-staged oocytes from adult sheep 

represented the competent oocyte model that depicted significantly higher amino 

acid turnover than those oocytes from prepubertal lambs. On the other hand, 

overall oocyte amino acid net-balance switched from negative in young animals 

to positive in adult sheep. The observation in this study reflects a previous report 

in human, which found significantly higher amino acid turnover and overall 

amino acid depletion in donated oocytes matured in vitro from patients under the 

age of 35 years that underwent ICSI with normal ovarian morphology (better 

quality) compared to the counterpart oocytes recruited from patients aged 35 

years and over (poor quality) (Hemmings et al., 2013). Indeed, prepubertal lamb 

oocytes were utilized here as a model of poor oocyte quality as indicated from 

ART outcomes using juvenile lamb oocytes (Kochhar et al., 2002, Ledda et al., 

1997, Leoni et al., 2007a, O'Brien et al., 1997b, Ptak et al., 1999). However, a 

recent report from our group using an in vivo ageing model with sheep MII-staged 

oocytes could detect a significant difference in only the overall amino acid 

depletion (Collado Fernandez et al., 2015). This may indicate that there is a 

temporal variability in amino acid metabolism during stages of maturation as GV-

staged oocyte amino acid metabolism assays were immediately incubated after 

denudation instead of after 18hrs of oocyte in vitro maturation as performed in 

MII staged oocytes. However, it still cannot rule out the effect of the ageing model 

used in this study, of which the main defect of prepubertal oocytes during ageing 

in vitro was believed to be due to incomplete cytoplasmic maturation while the 

reproductive ageing process may increase free radical oxygen species residues of 

oxidative phosphorylation (da Costa et al., 2016). 

 

According to the individual amino acid profiles, the current study demonstrated 

significantly more aspartic acid, isoleucine and leucine depletion as well as less 
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glutamic acid and tyrosine but more alanine appearance in adult GV oocytes in 

comparison to prepubertal GV oocytes (p<0.05) (Figure 4.4 and Table 4.4). These 

may reflect aged impairment on sheep oocyte development. In contrast to 

Hemmings, et al. (2013), the patient’s age altered different amino acid profiles of 

donated GV oocytes from ICSI patients matured in vitro, of which oocytes from 

women under 35 years exhibited more glutamine, arginine, methionine and 

phenylalanine depletion in comparison to oocytes from women over 35 

(Hemmings et al., 2013). Picton and colleagues (2010) reported age influenced 

changes in several amino acid metabolisms of embryos on day 1 or day 2 post 

insemination. More aspartate, glutamine, threonine, tyrosine, valine and 

isoleucine as well as less lysine consumption were demonstrated in day 1 or day 

2 embryos from women under 37 years compared to those from women over 37 

(Picton et al., 2010). It seems that embryos require an increased amount of amino 

acids presumably for protein synthesis and energy conversion during embryonic 

growth than oocytes do. Although maternal age is likely to have an impact on 

amino acid turnover, the variation was observed in individual amino acids. This 

could be explained by developmental stage differences between oocytes and 

embryos, as well as species differences between sheep and human. It is notable 

that age significantly affected differences of glutamine consumption in the two 

human studies mentioned (Hemmings et al., 2012, Picton et al., 2010); however, 

in this study, this did not reach statistical significance. As its crucial roles in 

generating metabolites; glutamate and then α-ketoglutarate for ATP synthesis via 

TCA cycle, the consistent glutamine consumption among studies may support 

other roles beyond energy fuel and protein precursors such as an organic osmotic 

regulator (Lawitts and Biggers, 1993), antioxidant (Suzuki et al., 2007), carbon 

and nitrogen provider for purine and pyrimidine synthesis (Leese et al., 1993) as 

well as a glucose metabolism regulator (Zielke et al., 1976).  

 

Collado-Fernandez, et al. reported lower glutamine and leucine depletion as well 

as lower tyrosine appearance but higher glutamic acid appearance found in sheep 

oocytes derived from early (9-12 months) compared to late reproductive age (6-

8 years) in an in vivo ageing model (Collado Fernandez et al., 2015). Age altered 

3 amino acid metabolisms in that report which is consistent with the finding in 
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this work (i.e., glutamic acid, tyrosine and leucine). Changes in tyrosine and 

leucine metabolism reported in Collado-Fernandez, et al. (2015) and the current 

work may imply three possibilities. The two amino acids are fundamental 

elements for oocyte rather than embryo development determining stage-specific. 

According to the model used instead of bovine or human as previous reports, it 

may influence by species effect as sheep oocytes employed in both studies. 

Finally, the impact of maternal age interferes with the metabolism of both 

tyrosine and leucine.  

 

Apart from protein synthesis, tyrosine is broken down to provide two key 

elements; fumarate and acetyl-CoA for generating ATP via TCA cycle, which the 

metabolic enzyme activities related to oocyte maturation have been determined 

in several species; mouse (Johnson et al., 2007), rat (Tsutsumi et al., 1992), and 

bovine (Cetica et al., 2003). Moreover, it is also part of signal transduction 

processes via protein kinases phosphorylation and may be part of a signalling 

cascade via SH2 domain binding (Pawson, 2004). Like other amino acids, leucine 

metabolites participate in the TCA cycle as energy precursors for ATP production. 

In particular, robust evidence exert that leucine as a nutrient regulator promotes 

growth via the upregulation of the IGF-1/AKT/mTOR [mammalian target of 

rapamycin complex] signalling system, the evolutionary conserved master of 

protein synthesis (Gangloff et al., 2004, Gonzalez et al., 2012, Martin and 

Sutherland, 2001, Dreyer et al., 2008, Richards, 2002), as well as inhibiting 

proteolysis by repression of proteasomal degradation (Drummond and Wilke, 

2009), and/or the PI3K and protein kinase C signalling pathways (Doi et al., 

2003). Further studies are needed to substantiate the current findings in different 

species and other ageing models, and also to verify the linkage of molecular 

pathways with these changes in amino acids. 

 

The results from the current work support and expand the capability of using 

amino acid turnover of 18-amino acid mixtures to determine biological 

characteristics of embryo health as reported previously in human (Hemmings et 

al., 2013, Houghton et al., 2002, Picton et al., 2010, Brison et al., 2004, Drabkova 

et al., 2016) and of MII oocytes in bovine (Hemmings et al., 2012, Collado 
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Fernandez, 2013). The current work highlights a quantitative amino acid 

turnover of GV-staged oocytes prior to maturation in vitro. The “Quiet Embryo 

Hypothesis” was originally used for embryo selection to determine the potential 

to reach blastocyst stage (Leese, 2002), and the finding was later confirmed when 

using cryopreserved-thawed day 2 human embryos with lost blastomeres as a 

model (Picton et al., 2010), as well as, in bovine oocytes (Hemmings et al., 2012). 

In contrast, in this study adult ewe-GV oocytes with better developmental 

competence have been linked to higher overall amino acid turnover, and is 

compatible with the results from another sheep in vivo ageing model (Collado 

Fernandez et al., 2015). Differences in the observed results from the different 

studies may occur for a number of reasons. First, oocyte dynamics during 

maturation may have biological differences leading to the different manifestation 

of amino acid patterns. Some reports have for example shown that differences 

exist in transport systems during meiotic maturation as previously described in 

mouse (Pelland et al., 2009, Tartia et al., 2009) and bovine (Hemmings, 2007). 

Second, the strong impact of ageing may alter amino acid metabolism via several 

mechanisms. Regarding numbers of ageing theories proposed such as DNA 

damage, mitochondrial dysfunction, ROS, these might involve in multi-organelles 

as well as molecular signalling pathways resulting in the different amino acid 

metabolism among studies. And finally, the species difference is possibly a major 

contributing factor for metabolic changes. 

 

With regards to individual amino acids, the current study is consistent with the 

findings of other published works and suggest that during development key 

amino acids play important roles that are over and above that of protein 

synthesis. For example, glycine is one of the key organic osmotic regulators to 

balance the embryo cell volume when culturing in high osmolarity medium 

(Baltz, 2001, Dawson and Baltz, 1997, Hammer et al., 2000, Steeves and Baltz, 

2005, Steeves et al., 2003, Tartia et al., 2009, Zander-Fox et al., 2013). In addition, 

glycine acts as a heavy metal chelator (Sturmey et al., 2008) and is involved in the 

synthesis of purine nucleotides (Salway, 2004) and GSH with glutamate and 

cysteine corporation (Dumollard et al., 2007a, Sturmey et al., 2008). Many studies 

demonstrated the similar pattern of glycine appearance in oocyte/embryo amino 
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acid metabolism assays. A previous report from our group demonstrated 

differences in glycine turnover linked to genetic health in human embryos (Picton 

et al., 2010). Recently, it has was evidenced that glycine supplementation during 

vitrification and/or maturation of mouse GV oocytes increased cleavage and 

blastocyst rates as well as an improved MII-spindle assembly (Cao et al., 2016). 

This could be the protective effect of glycine against alteration of oocyte 

physiological responses to oxidative stress in relation to spindle assembly, 

chromosome configuration, and mitochondrial homeostasis, as well as metabolic 

gene expression (Zander-Fox et al., 2013).  

 

Arginine is another important amino acid utilized in the cell signalling process 

that is consistently consumed by oocytes and embryos during in vitro culture. 

With regard to its function, arginine is metabolized to nitric oxide (NO) by NO 

synthase by mammalian cells (Cendan et al., 1996) as an absolute requirement 

for normal embryonic growth (Kim et al., 2004, Manser et al., 2004). Moreover, it 

may play another role to establish pregnancy (Sengupta et al., 2005). Similar to 

this study, the greater consumption of arginine has been shown to be consistently 

linked to the poor embryo/oocyte competence in several reports in varied 

species (Brison et al., 2004, Collado Fernandez et al., 2015, Hemmings et al., 2012, 

Hemmings et al., 2013). 

 

Alanine is a key amino acid, which plays an essential role in the disposal of 

ammonium ions (Donnay et al., 1999). The observation consistently found across 

published studies links the appearance of alanine in AAP assay to a significant 

depletion of arginine in the culture medium (Collado Fernandez, 2013, Collado 

Fernandez et al., 2015, Hemmings et al., 2012, Hemmings et al., 2013, Houghton 

et al., 2002, Gopichandran and Leese, 2003). Previous reports found that 

differences of alanine production can be used to discriminate quality of 

oocyte/embryo (Hemmings et al., 2012, Hemmings et al., 2013, Houghton et al., 

2002) as was also shown in this work. However, the most interesting point of the 

current study still needs to be explained namely why immature prepubertal 

oocytes with poor developmental competence produced less alanine compared 

to those oocytes derived from the animals in reproductive age. Lower alanine 
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production of immature oocytes may possibly be a consequence of lower 

pyruvate and glutamate utilization via the TCA cycle (Sellick et al., 2011).  

 

Unlike many reports that use retrograde data to analyse amino acid profiling in 

relation to the effect of maternal age, this work has designed a cohort study to 

compare the impact of age on the GV-staged oocyte between prepubertal and 

reproductive age animal model. Age impact on bovine oocyte has given a similar 

pattern of amino acid turnover (Hemmings, 2007, Hemmings et al., 2013) to those 

observed in this work, unlike human data which used only the oocytes/embryos 

discarded from the clinic which perhaps led to biased results. A heterogeneity of 

individual amino acids demonstrated in various reports suggests a functional 

variation of different metabolism to support oocyte or embryo viability to 

subsequent growth and development. As previously reported, embryos derived 

in vitro have greater variation of amino acid turnover than embryos derived in 

vivo (Sturmey et al., 2010). Therefore, this functional biomarker, in turn, may 

reflect oocyte competency and predict embryo quality. Further studies are clearly 

needed to substantiate the current finding using different ageing models and 

species. 

 

4.4.2. Effect Of Reproductive Ageing On Oocyte Energy 

Metabolism  

Prior to the embryonic genome activation, developing embryos survive on their 

own supports to maintain the basal metabolic activities. This depends on DNA, 

RNA and proteins catalogues accumulated during oocyte development. 

Therefore, developing oocytes require abundant ATP to support transcription 

and translation as well as to prepare for cytoplasmic and final nuclear maturation 

for further development. Numbers of substrates (i.e., glucose, pyruvate, lipids and 

amino acids) required to be metabolized for ATP generation either via glycolysis 

or oxidative phosphorylation. During maturation, pyruvate seems to be the major 

substrate that oocytes use for energy production (Collado Fernandez, 2013, 

Downs et al., 2002, Harris et al., 2007, Leese, 2002, Xie et al., 2016). During the 

later stage of embryonic development, the substrate preference is switched to 

utilize glucose via glycolysis. Therefore, carbohydrate metabolized to ATP may 
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be used as a potential marker to evaluate oocyte quality or competency in the 

current ovine ageing model, where oocytes from pre- and adult animals were 

used to represent poor and good quality oocytes. In support of the validity of this 

concept, the results showed significant differences in glucose and pyruvate 

consumption between pre- and adult oocytes. Greater pyruvate than glucose 

consumption by oocytes regardless of animal age in the current work confirms 

the observation from many previous reports that oocytes mainly utilize pyruvate 

for ATP synthesis (Harris et al., 2007, Harris et al., 2009, Xie et al., 2016). Like 

others previously reported using the prepubertal and adult oocytes model, 

decrease in pyruvate consumption demonstrated in prepubertal oocytes 

represents a poor developmental competence (Ledda et al., 2001, O'Brien et al., 

1996) compared to adult oocytes.  

 

It is perhaps not surprising that the GV oocyte does not support the “Quiet 

Embryo” hypothesis or indeed to reflect the metabolism of mature MII oocytes. 

First, most of the previous reports measured carbohydrate metabolism of the 

preimplantation embryo to determine embryo potential (i.e., implantation and 

pregnancy) (Leese, 2002) while the present study focused on an earlier stage of 

oocyte development (i.e., GV). An explanation of the current findings may 

therefore relate to biological differences between oocyte developmental stages. 

Oocyte developmental competence requires both nuclear and cytoplasmic 

maturation to support progression through oocyte and embryo development. 

Completion of the first meiotic division is manifest by extrusion of the first polar 

body. Cytoplasmic maturation is critically important to preimplantation embryo 

development post-fertilization before embryonic genome activation. Inadequate 

cytoplasmic maturation has been blamed for the lower productivity of oocytes 

derived in vitro compared to those derived in vivo. 

 

Energy metabolism is critical for oocyte maturation since all processes are 

dynamic and require ATP synthesis from various substrates including 

carbohydrate, amino acids and lipids (Collado-Fernandez et al., 2012, Songsasen 

et al., 2012). Apart from requiring extrinsic substrates/nutrients from the 

environment, intrinsic enzyme activities, intracellular mediators and plasma 
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membrane transporters are also necessary for oocytes to complete such 

functions (Gu et al., 2015). Pyruvate uptake into cells occurs via the proton-linked 

monocarboxylate carrier family (MCT) (Halestrap and Price, 1999). It has been 

reported that mouse oocytes are rich in the SLC16A members of MCT (Herubel et 

al., 2002). In addition, the importance of pyruvate is emphasized by pyruvate 

dehydrogenase E1 α (Pdhx1) specific deletion, which results in severe meiotic 

defects (Johnson et al., 2007). A recent report has clarified different roles of 

pyruvate dehydrogenase kinases (PDKs) in mouse oocyte maturation related to 

meiotic maturation in terms of meiotic spindle morphology and chromosome 

alignment, and ATP generation (Hou et al., 2015). Therefore, it can be speculated 

that prepubertal GV-stages oocytes may be deficient in one of the crucial 

transporters and/or enzymes related to glycolytic and/or oxidative 

phosphorylation pathways that are evident in later stages of MII development. 

Further studies are needed to elucidate the essential components of immature 

oocytes that contribute to developmental competence and support altered 

molecular mechanisms linked to oxidative phosphorylation, and organelle 

replication and redistribution. 

 

Due to having a reduced capacity for glucose uptake despite the presence of 

facilitative glucose transporters (i.e., SLC2A1, SLC2A3 SLC2A8) (Augustin et al., 

2001, Dan-Goor et al., 1997, Pisani et al., 2008, Zheng et al., 2007), oocytes depend 

upon CCs to convert glucose to utilizable substrates such as pyruvate or lactate 

(Biggers et al., 1967, Sugiura et al., 2005). A study demonstrated that bovine 

oocytes have low phosphofructokinase activity, a rate-limiting enzyme in the 

glycolytic pathway (Cetica et al., 2002), leading to the restriction in glucose 

utilization (Harris et al., 2007, Saito et al., 1994).  

 

4.4.3. Relationship Between Metabolism, Age And Chromatin 

Configuration 

The investigation of the links between AAs and energy metabolism in relation to 

age and chromatin configuration in GV oocytes is novel. To investigate whether 

the nuclear chromatin pattern was linked to oocyte metabolism, subgroup 

analysis was performed only in those samples that provided information on both 
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carbohydrate metabolism and chromatin configuration of the same cell in each 

age group of animals or conversely on AAP and chromatin pattern. The robust 

impact of age on oocytes is emphasized by the consistent relationship 

demonstrated between oocyte chromatin configuration and pyruvate 

consumption or amino acid metabolism in the subgroup analyses (section 4.3.3 

and 4.3.4). Moreover, pyruvate consumption also differed between age groups in 

both subgroups of net-like and clumped chromatin patterns (Figure 4.9.). In 

comparisons of prepubertal oocytes, the chromatin pattern change between net-

like and clumped, was associated with a significant difference in pyruvate 

consumption but no differences in glucose consumption and lactate production 

(Figure 4.10). However, such a relationship disappeared when pyruvate 

consumption was reanalysed by using adult oocytes. This brought up a possible 

hypothesis. Since chromatin configuration occurs during the final stage of oocyte 

development prior to meiotic maturation, metabolism of adult oocytes may 

reflect improved inherent cytoplasmic maturation compared to juvenile oocytes 

such that these oocytes are more likely to have sufficient energy storage capacity 

to carry them through meiotic resumption. The data from the current study also 

suggest that a relationship exists between oocyte pyruvate consumption and the 

patterns of chromatin configuration, of which the net-like pattern exhibited 

higher pyruvate utilization than the clumped chromatin. In addition, the 

relationship may be a reflection of oocyte maturation potential; however, this is 

not yet established in lamb GV oocytes. Further studies are required to confirm 

how insufficient cytoplasmic development in prepubertal oocytes relate to adult 

oocytes in terms of transporter system and enzymatic activities.  

 

An impact of age was also demonstrated in the subgroup analysis of chromatin 

configuration in relation to AA turnover. Despite the fact that age had a significant 

effect on AA profiles, the subgroup analysis revealed differences of the overall AA 

depletion, appearance and turnover between chromatin patterns (net-like, 

condensed and clump) that were more pronounced when prepubertal oocyte 

data were reanalysed. In contrast, the data from adult oocytes demonstrated only 

a significant difference in overall AA depletion between condensed and clumped 

chromatin (p<0.05) (Figure 4.14). This may possibly be indicative of cytoplasmic 
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maturation since immature small prepubertal oocytes depicted characteristics of 

active growth phase by presenting high level of transcription and translation, as 

well as demanding more amino acids as building blocks for establishing 

cytoplasmic organelles (i.e., mitochondria) and for synthesizing proteins, 

enzymes and signalling molecules for further development (Fair et al., 1997). As 

it was previously reported in porcine and bovine, an increase in total 

mitochondrial number occurs in developing prepubertal oocytes in correlation 

with the oocyte volume until the final stage of the growth phase approaches (Fair 

et al., 1996, Pedersen et al., 2016).  

 

4.4.4. Conclusion 

This chapter demonstrated the strong evidence of maternal age impact on 

differences in amino acid and energy metabolism by using prepubertal lamb and 

adult ewe GV-staged oocytes as a model. AAP and energy metabolism assays as 

the noninvasive prospective biomarkers can be used to predict the cytoplasmic 

competency of oocytes and to reflect biological differences in terms of 

ultrastructural organelles and functions. Further studies are required to 

elucidate the relevance of maternal age-altered metabolism and the clinical 

outcomes.  
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CHAPTER 5: EFFECT OF MATERNAL AGE ON THE 

EXPRESSION OF OOCYTE GENETIC MARKERS  

5.1. INTRODUCTION 
The relationship between maternal age and declining reproductive success has 

been associated with the impairment of oocyte maturation and embryonic 

development (Rambags et al., 2014, Simsek-Duran et al., 2013). The mechanisms 

underpinning this phenomenon are poorly described. Although diminished 

ovarian reserve and reduced uterine receptivity, in part, can explain this 

phenomenon, it is hypothesised that decreasing oocyte quality may be the cause 

leading to impaired developmental potential. 

 

After completion of primordial germ cell (PGC) migration in early foetal life, non-

growing oocytes enter the first meiosis and remain arrested at the diplotene stage 

of prophase I. At this stage, oocytes displaying no changes in cell-cycle phase and 

cell volume may be considered quiescent, although some crucial activities are 

necessary to maintain the viability. The potential gametes are encapsulated by 

flattened pre-granulosa cells within primordial follicles from the perinatal period 

throughout the female’s reproductive lifespan, and these oocytes become 

sustained for prolonged periods-several decades later. When primordial follicle 

activation occurs, the follicle and the primary oocyte contained within it grow to 

attain preovulatory status within a matter of weeks or months depending on the 

species. During development, they will increase in cell volume and will 

accumulate cytoplasmic organelles before redistribution at the specific stage to 

acquire full oocyte competence. Meanwhile, ooplasm, in turn, become the site of 

RNA and protein storages.  After that, the secondary oocyte becomes quiescent 

again just before ovulation when gene transcription is silenced (Bouniol-Baly et 

al., 1999). 

 

Robust evidence of competence markers of oocyte quality is based on the follicle 

size since oocytes from large follicles tent to show better quality. Several studies 

have demonstrated that gene transcripts vary in oocytes of differing quality. As 

such, these potential markers of competence are categorized by their functions 
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such as cell cycle control (i.e., TAp73, p53, CCNG1, CDK7, BUB3 and RBBP8), 

transcription factor (i.e., HOXA10, HOXB7, HOXA7, POU5F1, FIGLA, PRDM4 and 

SOX15), metabolism (i.e., GDHB, G6PDH, SMARCA5, ADH5, and STK3) and 

molecules involved in gene or protein processing (i.e., TFAM, MAPK1, MAPK13, 

FGFR1, GSK3A, IGF1R, JAK1) (Orozco-Lucero et al., 2014, Labrecque and Sirard, 

2014, Labrecque et al., 2013, Romar et al., 2010, Torner et al., 2008, Bermudez et 

al., 2004, Hamatani et al., 2004, Steuerwald et al., 2007, Virant-Klun et al., 2013). 

Recent studies indicate that some essential maternal effect genes specifically 

expressed in oocytes are required for zygote progression beyond the first 

embryonic cell divisions such as the subcortical maternal complex, a multiprotein 

complex, (i.e., MATER (NLRP5), FILIA (OOEP), FLOPED, TLE6, NLRP7 and 

KHDC3L), has been identified in few mammalian species (i.e., mouse and human) 

after fertilization during early embryogenesis (Bebbere et al., 2016, Zhu et al., 

2015).  

 

The biological age of an individual progress some cellular and molecular 

regulatory mechanisms within the aged oocytes may deteriorate in terms of 

cellular homeostasis, altered energy and amino acid metabolism as shown in 

Chapters 4, accumulation of mitochondrial mutations and alteration of the 

scavenging reactive oxygen species resulting from aberrant mitochondrial 

function (Miao et al., 2009a, Wilding et al., 2005) and disruption of chromosomal 

segregation (Jessberger, 2012, Lister et al., 2010) and the meiotic apparatus 

(Petronczki et al., 2003, Revenkova et al., 2004, Tsutsumi et al., 2014). As 

mentioned before, oocytes accumulate regulatory transcripts mainly during the 

later stages of folliculogenesis and immediately before ovulation it can thus be 

hypothesised from previous reports that multiple aspects of oocyte transcription 

are fundamental for oocyte quality maybe, in part, even govern age-diminished 

oocyte quality. Therefore, these could be candidate molecular markers of oocyte 

quality.  

 

A growing number of reports revealed changes in the epigenomes accompanying 

ageing in various cell types in both dividing and non-dividing cells. These 

epigenetic alterations are manifest at multiple levels such as a global histone 
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protein reduction, a global decrease in DNA methylation, replacement of 

canonical histones with histone variants, alteration of histone posttranslational 

modifications and DNA methylation, and altered noncoding RNA expression (Pal 

and Tyler, 2016). Likewise, mechanisms of epigenetic changes in ageing oocytes 

lead to declining oocyte quality are similar to other tissues. Alteration of the DNA 

methylation pattern was found in mouse oocytes (Hamatani et al., 2004, Mertineit 

et al., 1998, Pan et al., 2005, Yue et al., 2012), as well as, histone modification 

(Akiyama et al., 2006, Hamatani et al., 2004, Manosalva and Gonzalez, 2009, Shao 

et al., 2014, Suo et al., 2010). Finally, post-transcriptional regulation of gene 

expression by non-coding RNA may result in suppression of miRNA function. 

However, results remain inconsistent across species, and further research is 

needed to clarify the impact of ageing on molecular markers of oocyte quality. (da 

Silveira et al., 2012, Chen et al., 2012, Cui et al., 2013, Diez-Fraile et al., 2014, Suh 

et al., 2010). 

 

Aims and Objectives  

To elucidate the impact of ageing on oocyte gene expression profiles, molecular 

analysis of ovine oocytes from animals of different reproductive ages was 

conducted using a focused, customised real-time PCR arrays developed in house. 

The repertoire of genes included on this bespoke array included i) oocyte-specific 

genes, ii) members of the subcortical maternal complex (SCMC), iii) imprinted 

genes, iv) epigenetic regulators, v) genes involved in one-carbon metabolism, and 

vi) genes involved in growth and metabolism, and vii) housekeeping genes. The 

expression of these transcripts was surveyed in individual oocytes acquired from 

both prepubertal and adult sheep. This analysis may generate essential 

information that can be used to create a better understanding of oogenesis and 

to elucidate how the developmental potential of oocytes can be affected by this 

process. Moreover, this study may identify new molecular markers that could be 

used for the selection of high-quality oocytes that will support improved embryo 

developmental potential. 
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5.2.  MATERIALS AND METHODS 

5.2.1. Oocyte Sample Preparation And RNA Extraction 

Oocytes were harvested from prepubertal and adult sheep ovaries obtained from 

a local abattoir during the non-breeding (July to September) and breeding 

(October to December) seasons for processing as described previously (see 

section 2.6). Only GV oocytes enclosed by 3 or more intact layers of unexpanded 

CCs, medium-brown in colour and exhibiting a finely granulated homogenous 

ooplasm underwent the immediate denudation after collection (see section 2.7). 

Oocytes were cultured in groups of 30-35 for 24 hours in IVM medium, followed 

by denuding, checking for nuclear maturation to MII and storage in RNAGEM® 

lysis buffer for processing for molecular analysis as detailed in the next section. 

All instruments and plastic wares used in the following experiments were 

DNA/RNA-free (Starlab, Ltd.) unless otherwise indicated. Between 20-25 

denuded oocytes were collected in each experimental group over 3-4 replicate 

oocyte harvests. Each individual, denuded oocyte was rinsed/soaked twice in 

DPBS before it was carefully dispensed into 0.5ml RNAse-free PCR tubes 

containing 2µl of RNAGEM-extraction reagent mastermix (for preparation, see 

Table 5.1) (RNAGEM Tissue Plus®, RTP0500, Southampton Science Park, 

Southampton, UK) and immediately snap frozen in liquid nitrogen before being 

transferred for storage in a -80°C freezer until further analysis (see section 2.12). 

To minimise the volume transferred, individual oocytes were passed into the PCR 

tube under a stereomicroscope at room temperature by using a 133µm Swemed 

stripping pipette. Post-transfer, the pipette was washed in a large volume of DPBS 

by pipetting up and down several times before the next oocyte was transferred. 

Fresh RNAGEM-extraction reagent mastermix was prepared before use. 

 

 

 

 

 

 

 

Table 5.1. Composition of RNAGEM-Extraction Reagent Mastermix. 
As supplied in RNAGEMTM Tissue PLUS kit according to the 
manufacturers recommendations 

Reagent Volume 

10X Buffer Silver 5µl 

RNAGEM enzyme 1µl 

RNAse-free H2O 44µl 

Total 50 µl 
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5.2.2. DNA Decontamination  

For each experimental age group, three equivalent staged oocyte samples were 

processed simultaneously for cDNA library construction. The samples were kept 

on ice during preparation for the DNAse treatment. The DNAse cocktail was 

prepared by mixing 0.3µl/reaction of 10X DNAse buffer with 0.2µl/reaction of 

1U/µl DNAse I. For the next step sample tubes were incubated in a VeritiTM 

thermal cycler (Applied Biosystems) at 75°C for 10 minutes to achieve cell lysis. 

After cooling down to 37°C, the 0.5µl of prepared DNAse cocktail was added to 

each sample tube, and the tube was incubated for 5 minutes to allow completion 

of the DNA decontamination reaction. Next, reactions were heated up to 75°C for 

5 minutes for degradation of DNAse activity before cooling down to store at 4°C 

for the subsequent process (Figure 5.1). 

 

 

 

5.2.3. cDNA Library Construction 

a) mRNA Purification  

It has been estimated that an individual sheep oocyte contains 760 pg RNA 

regardless of the stage of maturity (Olszanska and Borgul, 1993). Another report 

found that the RNA content may vary according to stages of development and age 

of oocytes (Bebbere et al., 2014). A greater amount of RNA was experimentally 

identified within GV staged oocyte as compared to MII-staged oocytes. Moreover, 

the study also demonstrated that adult oocytes contain a higher concentration of 

RNA than prepubertal oocytes, 942 vs 538 pg/oocyte respectively in GV, and 285 

vs 238 pg/oocyte respectively in MII-staged oocytes (Bebbere et al., 2014).  

Figure 5.1. A schematic of RNA extraction and DNAse treatment workflow 
(modified from www.Zygem.com, RNAGEM tissue plus® product detail). 
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Primer Sequence 

3’-CDS (Oligo d(T)
30

)       

(cDNA Synthesis) 
5'- AAGCAGTGGTATCAACGCAGAGTAC T(30)VN-3' 

5’-TSO (Template Switching 

Oligonucleotides) 

5'- AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCGGG-3‘ 

(adapted from SMARTTM RACE cDNA Amplification) 

Nested Universal Primer 
(TUP) 

5'- AAGCAGTGGTATCAACGCAGAGT-3' 

 

 
Figure 5.2. Diagrammatic representation of Real Time reaction. An oligo d(T)30-T7 

primer which binds to the poly(A) tails of the isolated mRNA and mediates the 1st strand 

cDNA synthesis reaction by SuperScript II reverse transcriptase, whose terminal 

transferase activity adds extra C residues at the 3’ end of the cDNA. A second primer 

containing an oligo (G) at its 3’ end template switching oligonucleotides binds to the 

extra C residues on the cDNA, creating an extended template. SuperScript II reverse 

transcriptase switches to this extended template and cDNA sequences contain the full 

5’ end of the mRNA plus an additional sequence complementary to the template 

switching primer that can be used for subsequent LD PCR amplification. The sequences 

of both primers are provided. Modified from SMART cDNA Library Construction Kit 

User Manual (Takara Bio Europe/Clontech). 
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Due to the SMARTTM protocol, which works on very low levels of purified RNA, as 

low as a few picograms (pg)(Picelli et al., 2014), no RNA purification of single cells 

from the method described in the previous section was required. Therefore, this 

method was employed in the following series of experiments.  

 

b) First Stranded DNA Construction (Reverse Transcription) 

The procedure for reverse transcription (RT) in brief is summarized in Figure 5.2. 

The protocol has been modified in-house by Dr J. Lu, from the previously 

optimised protocol used by our own group (Hemmings, 2007), developed from 

the published protocol used for the analysis of single neurons (Eberwine et al., 

1992, Wang et al., 2000). The primers used for PCR were designed and 

manufactured by Clontech Laboratories, Inc. and provided in the SMARTTM cDNA 

Library Construction Kit (Switching Mechanism at 5’ End of RNA Template) 

purchased from Clontech (Takara Bio Europe - Clonetech, Saint-Germain-en Laye, 

France). 

 

This protocol allows the enrichment of high-quality, full length cDNA transcripts 

with complete 5’ ends whereas truncated cDNAs or premature termination of 

reverse transcription reaction, genomic DNA, RNA without poly (A) cannot be 

converted to dsDNA and will, therefore, be eliminated. The 3 SMARTTM primers 

were employed for cDNA synthesis in this study, primer sequences are provided 

in Figure 5.2, designed according to Wang et al., (2000) and were produced by 

Life Technologies Ltd. 

  

The master mix of the RT reaction for the first stranded cDNA was prepared by 

adding the reagents listed in Table 5.2 and mixed in a nuclease free 

microcentrifuge tube. A 13μl aliquot of this completed reaction mix was added to 

each DNA-decontaminated oocyte sample tube containing approximately 3μl of 

total oocyte RNA (sample volume ~2.5μl plus 0.5μl DNAse buffer) and kept on 

ice. Samples were loaded in a Veriti™ thermal cycler for incubation at 42˚C 

temperature for 90 min. Subsequently, samples underwent two additional 

incubations for 2 min at 50˚C and 2 min at 42˚C for ten cycles. At the last step of 

the reaction, 16μl of the 1st strand cDNA synthesised reactions were incubated at 
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70˚C for 15 min before cooling down, and non-amplified cDNA was kept standing 

at 4˚C for further processing with the cDNA amplification protocol. 

 

c) Long Distance PCR For cDNA Amplification 

The long distance PCR for cDNA amplification has been adapted from the 

SMARTTM RACE cDNA Amplification kit and the previously published protocol 

(Picelli et al., 2014) by our group for use in single oocytes. Because the limited 

quantity of source material is approximately 0.76ng in an unidentified stage 

oocyte (Olszanska and Borgul, 1993), the first strand DNA product synthesised 

from total RNA in single oocyte lysates subsequently needed to be amplified to 

construct the full length cDNA by using a Long Distance PCR (LD PCR)-based 

method. The reagents as shown in Table 5.3 were prepared to make an LD PCR 

master mix. Then 34μl of the reaction mix was added to each sample tube (the 

same first strand cDNA tubes from the previous step), producing a final volume 

of 50μl. The LD PCR was performed in a Veriti™ thermal cycler and comprised of 

2 stages; 

  

Table 5.2. Composition of the first strand cDNA construction reaction 

Reagent Concentration Vol per reaction (µl) 

5X First strand buffer 5X 3.2 

Betaine 5 M 3.0 

MgCl2 50 mM 1.8 

Superscript II Reverse Transcriptase 

(Invitrogen, CA / Life Sciences)  
200 U/µL  0.75 

RNase-out* (RNAse inhibitor) 40 U/µL 0.4 

DTT 0.1 M   0.75 

TSO (5’primer)* 10 mM 1.0 

3CDS (3’primer)* 10 mM 1.0 

dNTP* 10 mM 1.0 

DNA-decontaminated RNA template  - 3.0 

Total  15.9 
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(i) a first stage of denaturing step: one cycle at 95˚C for 1 min 

(ii) a second stage consisting of 25 cycles of 3 steps; 

95˚C for 15 sec melting step 

60˚C for 1 min annealing step 

72 ˚C for 5 min elongation step 

The LD PCR product was held at 4˚C after cDNA amplification completed. And the 

cDNA libraries were kept at -20˚C until later use. 

 

d) Agarose Gel Electrophoresis For Visualisation Of PCR Products  

A 2% (w/v) agarose gel was prepared by mixing 2 grams of molecular grade 

agarose powder (Bioline Reagents Ltd., London, UK) with 100ml of 1X tris-borate 

ethylenediaminetetraacetic acid (1X TBE) buffer (Appendix II) in a glass beaker 

then heated up in a 750 V microwave oven up to 2 min until the agarose dissolved 

and formed a homogeneous turbid, clear liquid. 10μl of the Gel Red 10,000X in 

H2O stock was immediately diluted and mixed into the agarose gel solution; the 

gel was then poured into a gel clamp (Bio-Rad laboratories Ltd, Hertfordshire, 

UK) containing a 10, 15 or 20 well comb to allow regular spacing. The gel was left 

to cool down and set at room temperature for 40 min before placed in a Sub Cell 

GT Tank with Powerpac 300 (Bio-Rad) and covered with 1X TBE. The comb was 

removed to make reveal the wells. Test samples were loaded into each well by 

Table 5.3. Preparation for Master Mix Reaction of Long Distance PCR for 
cDNA Amplification 

Reagents Concentration Vol per reaction (µl) 

DNA/RNA-free H2O - 25.5 

10X Advantage 2 PCR Buffer      

(Takara Bio Europe/Clontech) 
10X 5.0 

50X Advantage 2 Polymerase Mix 

(Takara Bio Europe/Clontech) 
50X 1.0 

TaKara LA Taq Hot-Start         

(Takara Bio Europe/Clontech) 
5U/µL 0.5 

dNTPs 10 mM 1.0 

Nested universal primer (TUP) 10 mM 1.0 

1st strand DNA template  - 16.0 

Total  50 
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mixing 5μl of each sample with 1μl of 6X Gel loading dye blue (New England 

Biolabs, Inc., Fisher scientific, UK). 10μl of a Quick-Load® 100bp DNA ladder (New 

England Bio Labs Ltd., Fisher scientific, UK) was loaded into 1-2 wells of each gel 

as a marker. The subsequent samples were loaded separately into consecutive 

wells followed by the positive and negative controls. Agarose gel electrophoresis 

was performed immediately after the verification PCRs. The TBE electrophoresis 

was performed at 100 V for 60 min at room temperature. The gel was visualised 

in a Molecular Imager® Gel Doc™ XR+ System (Bio-Rad Laboratories Ltd.), and 

images were acquired using the Image LabTM software (Bio-Rad Laboratories 

Ltd.). 

 

5.2.4. Verification Of cDNA Library Product (cDNA Smear)  

The successful construction of each cDNA library was verified in 2 steps. First, the 

cDNA libraries were visualized when smeared on 2% weight per volume (w/v) 

agarose gel electrophoresis as described in the previous published protocol 

(Kang et al., 2015, Yue et al., 2009) (Figure 5.3.). The next step was performed by 

using specific housekeeping primers, for which the protocol has previously been 

validated by Huntriss and colleagues (Huntriss et al., 2002) for work on oocyte 

specific genes. The housekeeping primers and oocytes-specific target genes used 

in this study have been designed and optimised by our own group (Cotterill, 

2008, Liperis, 2013) (Figure 5.4.).  

 

Three housekeeping genes including GAPDH, H2A and YWHAZ, were used to 

verify the cDNA libraries in this study. The glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) gene, the most common used reference housekeeper 

gene, was included as the first housekeeper because it is relatively stable and 

highly expressed in most tissues and cells (Barber et al., 2005). Moreover, it is 

involved in almost fundamental cellular processes with both a glyceraldehyde-3-

phosphate dehydrogenase activity associated with glycolysis and a nitrosylate 

activity involved with nuclear functions (Barber et al., 2005, Ercolani et al., 1988, 

Jeong et al., 2006). Another housekeeper was histone 2A (H2A). This gene is also 

commonly used as a reference gene for several tissues. It encodes a conserved 

nuclear protein that together with other histones forms the eukaryotic 
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nucleosome core and has high expression in oocytes regulating chromatin 

formation (Kleinschmidt et al., 1985, Thatcher and Gorovsky, 1994). Finally, the 

third housekeeping gene was the YWHAZ gene, (tyrosine 3-monooxygenase/ 

tryptophan 5-monooxygenase activation protein zeta polypeptide), which is 

highly conserved across species. And it is implicated in the protection of cells 

from apoptosis through binding to the pro-apoptotic protein (Mack and Munger, 

2012, Mack et al., 2012) as well as encoding an adaptor protein involved in 

various signal transduction pathways such as metabolism, transcription, 

apoptosis, protein transport, and cell cycle regulation. This gene has been shown 

to have a stable expression across folliculogenesis and early embryo 

development (Mamo et al., 2008, Tommerup and Leffers, 1996). 

 

 

 

 

 

 

Figure 5.3. Representative examples of cDNA libraries quality check for 
individual oocyte cDNAs using 2% (w/v) agarose gel electrophoresis. The uniform 

smear of cDNA samples indicated the good quality of the cDNA libraries. (Top) The gel 

was run at 110 volts for 60 min; lanes 1-3, lanes 5-7, lanes 9-11 and lanes 13-15 (from 

left to right) indicate cDNA libraries from an individual oocyte of: Lanes 1-3: 

prepubertal GV; Lanes 5-7: adult GV; Lanes 9-11 and Lanes 13-15: adult MII oocytes, 

while lane 4 and 12 contain 1 kb molecular weight markers (New England Biolabs Ltd., 

Herts, UK). (Bottom) The gel was run at 100 volts for 60 min; lane 16-19 and lane 21-

25 (from left to right) indicate cDNA libraries from an individual oocyte of: Lanes 16-

17: prepubertal GV; Lanes 18-19: prepubertal MII; Lanes 21-22: adult GV; Lanes 23-25: 

adult MII, while lane 20 contains 1 kb molecular weight markers. 
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 In addition to the housekeeping genes, the newly generated cDNA libraries were 

further tested using primers for the GDF9 and BMP15 genes that are specifically 

expressed in oocytes, as another quality control. GDF9 is essential for all stages of 

follicular development and maturation (Otsuka et al., 2011) as well as in 

supporting metabolic cascades such as glycolysis and sterol biosynthesis 

(Sugiura and Eppig, 2005). In addition, it regulates CC metabolism via 

augmentation of intrinsic prostaglandin-E2/EP2 receptor signalling pathway 

leading to the suppression of FSH-induced steroidogenesis while promoting CC 

progesterone production (Elvin et al., 1999, Sugiura and Eppig, 2005). Moreover, 

GDF9 enhances cumulus expansion by promoting hyaluronan synthase 2 (HAS2) 

and cyclooxygenase 2 (PTGS2) gene expression when in the presence of FSH 

(Elvin et al., 1999). 

 

BMP15 is another oocyte-specific gene that is important from the early 

gonadotrophin-independent phases and prevention of GC apoptosis (Persani and 

Bonomi, 2014). All primers used in the study have been confirmed previously to 

detect expression of their respective target in ovine oocytes (Cotterill, 2008, 

Liperis, 2013). Preparation of primers was performed by dissolving them in 

nuclease-free water to create a 100mM solution and then vortexing them. 

Dilutions of stock primers were performed by dilution with nuclease free water 

to a concentration of 10mM before use. The primer sequences of the 

housekeepers and oocyte specific genes used for library verification are shown in 

k

1000 bp

500 bp
400 bp

300 bp

200 bp

100 bp

e
r

b
la

n
k

GAGAGAGAPPPPDDDDHHHH                        HHHH2222AAAA                        YYYYWWWWHHHHAAAAZZZZ                                                        GGGGDDDDFFFF9999                        BBBBMMMMPPPP11115555 H2H2H2H2AAAAzzzz1111                    H2H2H2H2AAAAzzzz2222

Figure 5.4. Agarose gel image of product size verification following real-time 
qPCR analysis. The amplification product of an individual oocyte sample was 

performed by 2% (w/v) agarose gel electrophoresis. Housekeeping genes include 

GAPDH, YWHAZ, and H2A (derived from 3 primers; H2A, H2Az1 and H2Az1). The specific 

genes used to confirm oocyte cDNA sample specificity were BMP15 and GDF9.     
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Table 5.4. Primer sequences of housekeeping genes and oocyte specific genes 

Gene Primer Sequence 
Size 
(bp) 

Temp 
(°C) 

Reference 
H

ou
se

ke
ep

in
g 

ge
ne

s 

GAPDH 
F: 5´ TGATTCCACCCATGGCAAGT 3´  

R: 5´ CGCTCCTGGAAGATGGTGAT 3´ 
93 60 

AF030943 

(ovine) 

H2A 
F: 5’ AGGTATGTCAGGCCGTGGTA 3’ 

R: 5’ AGCACAGCCTGGATGTTAGG 3’ 
300 60 AY074805 

YWHAZ 
F: 5’ TGTAGGAGCCCGTAGGTCATCT 3’ 

R:5’TTCTCTCTGTATTCTCGAGCCATCT 3’ 
102 60 AY970970 

oH2AZ1 
F: 5’ ACAGCTGTCCAGTGTTGGTG 3’ 

R: 5’GCAGAAATTTGGTTGGTTGG 3’ 
124 60 AY074805 (ovine) 

oH2AZ2 
F: 5’ AAGCGTATTACCCCTCGTCA 3’ 

R: 5’ TGGATGTGTGGAATGACACC 3’ 
106 60 AY074805 (ovine) 

O
oc

yt
e 

sp
ec

if
ic

 GDF9 
F: 5’ AGTAAGCTGGAACCGGAATCG 3’ 

R: 5’ GGTGGCCGACAAGAGAAGTCT 3’ 
95 60 

AF078545 

(ovine) 

BMP15 
F: 5’ GGCAAAAGCTCTGGAATCACA 3’ 

R: 5’ TGCCATGCCACCAGAACTC 3’ 
102 60 

AF236079 

(ovine) 

GTSF1 
F: 5´ CTCTGGACCCTGAAAAGCTG 3´  

R: 5´ GTTTGTTTGCGACATCAGGA 3´ 
120 60 

Ensembl:ENSOAR-

G00000016162 

 

Table 5.4. The specificity of the primers’ validation was confirmed by the gel 

electrophoresis and dissociation curve as shown in Figure 5.4. 

 

A total of 20 to 25 individual oocyte samples collected from either GV- or MII-

staged oocytes from both prepubertal and adult animals were finally processed 

and constructed into 45 cDNA libraries of individual oocytes. Following this 

quality testing, 4 out of the 45 libraries generated were excluded from further 

analysis due to the absence of a cDNA smear on the agarose gel. Hence, only ten 

cDNA libraries from each group including prepubertal GV-, prepubertal MII-, and 

adult GV-derived oocytes, as well as 11 cDNA libraries from adult MII-derived 

oocytes have been recruited for further steps. However, 4 out of 41 libraries 

including 2 and 1 GV-derived samples from prepubertal and adult groups, 

respectively, and 1 MII-derived cDNA library from the adult group that failed to 

demonstrate the expression of at least two housekeeping genes and at least one 

oocyte specific genes were discarded. Ultimately, 37 out of 41 newly established 

cDNA libraries passed the minimal requirement tests for gene expression 
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analysis. Of these, six individual cDNA samples originated the full-length clones 

by using the total RNA sequences from 4 different groups were chosen for 

transcriptional studies (Figure 5.5. A and B). 

  

 

Figure 5.5. Demonstrate the consistent of levels expression of the 3 
housekeeping genes (A) and the 2 oocyte specific genes (B) used to confirm 
cDNA quality across 24 selected cDNA samples. Data are presented as mean Ct 

values ± SEM of the triplicate analysis per sample. Note that due to the very small 

SEM, error bars cannot be visualized on the graph.  
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5.2.5. Bovine Primer Testing 

Given the relatively highly conserved DNA sequences in bovine and ovine cells, 

as well as the lack of annotation of the ovine genome, this study used the primers 

originally designed to work with bovine oocytes and embryos to test the cDNA 

libraries from ovine oocytes. The customized primers (Order reference: SIPR 

662036; Real Time Primers, LLC, Elkins Park, PA, USA) have been previously 

validated in those tissues in-house (unpublished data). Primer sequences are 

demonstrated in Table 5.5. Initially, to test whether the bovine PCR primer 

sequences on the custom array were capable of amplifying the respective gene 

transcripts in ovine oocytes, primer testing was performed in 3 steps as detailed 

below. The method for PCR testing is clarified in section 5.2.6. Overall, many 

genes were successfully amplified despite the species difference between 

primers and cDNA. Experiments were considered successful for a given gene if 

the cycle threshold (Ct) value generated from PCR amplification of the ovine 

oocyte cDNA was between 15 and 35, and if a clean band was generated on 

subsequent analysis by agarose gel electrophoresis. Successful gene 

amplification validated primers, which were selected to facilitate experiments 

comparing gene expression across different age groups and maturational stages 

of ovine oocytes in the subsequent analyses. 

 

a) Testing Primers By Using cDNA Derived From Individual Oocytes 

Two cDNA libraries were selected to be representative samples including 1 

sample derived from prepubertal GV oocytes (L9) and another sample from 

prepubertal MII oocytes (ML39). 

 

b) Testing Primers By Using cDNA Derived From 10-Oocytes Pools  

Ten oocytes were used to construct each pooled cDNA library. One pool was 

derived from 10 GV-staged (AG104) adult animals whereas another was formed 

using 10 MII-staged oocytes (AM104) from adult animals. 
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c) Testing Primers By Using Libraries Constructed By Pooled Aliquots 

From 10 cDNA Libraries 

A new pooled-library, a 10µl aliquot of the equivalent stage and age groups of 

cDNA libraries, was pooled together. As a result, four constructed pools 

representative of prepubertal GV (10LGV) and MII (10LMII), and also adult GV 

(10AGV) and MII groups (10AMII) were tested.  

 

5.2.6. Customized Array Using Bovine Primers  

The validated primers from the previous section were used to establish a new 

customised array PCR to compare candidate gene targets between different age 

groups and maturational stages of ovine oocytes. The bovine primers that were 

identified as being able to amplify the respective gene transcript from ovine cDNA 

libraries as deduced in the experiments using cDNA from 10 pooled sheep were 

selected for further analysis. Each new double array testing was prepared in 96-

well PCR plates (Figure 5.6) for simultaneous analysis of 2 established cDNA 

samples, one from each age group. Results are shown in the following section 

5.3.2.  

 

 

PEG3 MEST RPL13a GDF9 BMP15 H2A PEG3 MEST RPL13a GDF9 BMP15 H2A

SNRPN DNMT3A DNMT3B H19 ASCL2 DNMT1 SNRPN DNMT3A DNMT3B H19 ASCL2 DNMT1

PRMT5 TET1 AURKB EHMT2 ELP3 PRMT5 TET1 AURKB EHMT2 ELP3
H2AZ1in    

pSTD

OOEP UHRF1 NLRP2 GTSF1 GAPDH GAPDH OOEP UHRF1 NLRP2 GTSF1 GAPDH GAPDH

TUBB GSK3B SLC2A1 SLC2A3 RPLP0 YWHAZ TUBB GSK3B SLC2A1 SLC2A3 RPLP0 YWHAZ

MTR SHMT1 SHMT2 IGF1R SLC46A1 HAT1 MTR SHMT1 SHMT2 IGF1R SLC46A1 HAT1

MTHFR IGF2BP2 MAT2B BHMT SLC16A1 H2AZ1 MTHFR IGF2BP2 MAT2B BHMT SLC16A1 H2AZ1

IGF2BP3 ACTB PRDX2 POU5F1 KHDC3L PGK IGF2BP3 ACTB PRDX2 POU5F1 KHDC3L PGK

LAMB ADULT
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5.2.7. Gene Expression Analysis by Real-Time PCR  

Finally, the analysis of gene expression in individual oocytes was conducted on 

the amplified cDNA libraries from 6 selected high quality oocyte samples in each 

group, using qPCR relative quantification. The customised array analysis has 

been prepared following the validated primers from section 5.2.6. Each array 

consisted of 45 genes, which includes seven housekeeping (TUBB, ACTB, RPL13a, 

GAPDH, RPLP0, H2A, and YWHAZ) and 38 functional genes (see Table 5.6 and 5.7.).  

 

a) Set-Up And Optimisation Of Real Time Quantitative PCR 

In order to measure gene expression in test samples, it was necessary to 

normalise the transcription level of each gene of interest against the expression 

level of relevant housekeeping genes. Therefore, it is critically important to select  

Table 5.6. Function of candidate housekeeping (HK) genes for normalization 

Gene Function 
Size 
(bp) 

Temp 
(°C) 

Reference 

S
e

le
ct

iv
e

 H
K

s 

GAPDH Carbohydrate metabolism 93 60 
AF030943 

(ovine) 

H2A 
Nucleosome structure  

(H2A) histone family member 2 
300 60 AY074805 

RPLP0 

• Protein metabolism and modification  

• Structural component of the 60S large 

ribosomal subunit 

227 60 NM_001012682 

RPL13a 
Structural component of the 60S large 

ribosomal subunit  
179 60 NM_012423 

E
xc

lu
d

e
d

 H
K

s 

YWHAZ 
• Protein domain specific binding 

• Signal transduction 
102 60 AY970970 

ACTB Cytoskeletal structural actin 178 60 AY141970 

TUBB Microtubule globular protein component 228 60 NC_037350 

Figure 5.6. Schematic a newly customized array plate using for 2 samples testing 
simultaneously. Target genes in column 1-6 for a lamb cDNA sample (white back-

ground) are equivalent to those in column 7-12 for an adult cDNA samples (pink 

background) Well C6 (black background) is blank while C12-well is used for loading the 

control sample to see interassay variation control between plate. Regarding the 

experimental design, each plate run 2 cDNA samples derived from oocytes at the same 

maturational stage. 



188 

 

 

Table 5.7. Customized array for ovine cDNA libraries testing (validated primers).  

Categories Transcripts 

Housekeepers 

ACTB 

GAPDH 

H2A 

TUBB 

RPLP0 

RPL13a 

YWHAZ 

 

Oocyte specific genes 
BMP15 

GDF9 

GTSF1 

POU5F1 (OCT4) 

Subcortical maternal complex (SCMC) 
NLRP2 

 

OOEP(KHDC2) 

KHDC3L 

Imprinted genes 

ASCL2 

H19 

MEST 

PEG3 

SNRPN 

One carbon metabolism 

BHMT 

MAT2B 

MTHFR 

MTR 

PRMT5 

SHMT1 

SHMT2 

Folate transporters SLC46A1  

Epigenetic regulators 

DNMT1 

DNMT3A 

DNMT3B 

EHMT2 

ELP3 

HAT1 

TET1 

UHRF1 

Meiosis division AURKB  

Metabolism and Growth 

GSK3B 

IGF1R 

IGF2BP2 

IGF2BP3 

PGK 

PRDX2 

SLC2A1 

SLC2A3 

SLC16A1 

 

 

the appropriate reference genes chosen for normalisation to facilitate accurate 

interpretation of real-time PCR results in order to both interpret the real-time 

PCR data and to understand the biological dynamics of events of oocyte and 

embryo development (Ginzinger, 2002, Kubista et al., 2006, Livak and 

Schmittgen, 2001, Mamo et al., 2007, Papin et al., 2004). Because no universal 

housekeepers exist for all cell types, it is essential to test a wide range of the most 

common housekeepers to identify the correct reference genes for normalisation 

in quantitative real-time PCR of candidate genes in immature and mature oocytes 
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(Gal et al., 2006, Jeong et al., 2006, Mamo et al., 2007). According to the minimum 

information required for publication of qRT-PCR experiments (MIQE) guidelines, 

the chosen housekeepers for normalisation must be experimentally validated for 

particular tissues or cells, or have been fully validated elsewhere. In addition, 

normalisation should be performed against multiple reference genes chosen 

from various candidate housekeepers to reduce the variation and analytical 

errors in the expression level of targeting genes (Bustin, 2010, Vandesompele et 

al., 2002). In the experimental series of this chapter, normalisation of gene 

expression was performed against four housekeepers including GAPDH, H2A, 

RPL13a and RPLP0. GAPDH and H2A have been validated in the oocyte (Cotterill 

et al., 2012, Jeong et al., 2005, Kuijk et al., 2007, Macabelli et al., 2014, Mamo et 

al., 2007, Ross et al., 2010) whereas RPLP0 and RPL13a were also stable enough 

to be used for normalisation of gene expression in ovine and rat tissues (Svingen 

et al., 2015, Zaros et al., 2010). Moreover, RPLP0 and RPL13a have been 

previously used as an internal reference in human blastocysts by our own group 

(Huntriss et al., 2017). 

 

b) Analysis Of Oocyte Gene Expression By qPCR 

Quantitative real-time PCR was performed on an Applied Biosystems 7900HT 

Fast Real-Time PCR System (Software Version SDS 2.2, Life Technologies Ltd.) 

using a 2X SYBR® Green PCR Master Mix (Life Technologies Ltd.). Each reaction 

was prepared in a 25μl final volume for either verification of cDNA libraries or 

measuring oocyte gene expression (Table 5.8). The thermal cycler was set-up 

with a standard mode to run 40 cycles, then the melting curve was run once the 

relative quantification (RQ) file was complete to verify the presence of gene-

specific peaks and to confirm the absence of primer dimer formation. The relative 

quantification protocol was programmed in 4 stages as shown in Table 5.9.  

 

The Ct value was used to determine the abundance of transcript level within 

individual oocytes due to its inverse correlation with the amount of target cDNA 

and is defined as the number of cycles required for the fluorescence signal or 

amplification curve to reach a particular threshold level in a real-time PCR cycle 

(Kubista et al., 2006). The mean Ct value of the housekeeping and oocyte specific 
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genes of all cDNA libraries as described in section 5.2.3 was calculated from the 

three replicates of the PCR reaction. And this mean Ct value as a determining 

sample quality was used to decide sample selection for further comparison 

concerning the effect of age and maturational stage of oocytes.  

 

To analyse transcripts level, individual cDNA samples were run on the 

customised array. The verification process had identified that, out of a total of 96 

bovine PCR primers, a total of 44 PCR primer sets (44 genes) correctly amplified 

PCR products  

 

 

Table 5.9. Thermal cycler program for real-time PCR 

Relative quantification Dissociation curve 

Stage 1 Stage 2 Stage 3 Stage 4 

50°C for 2 min 95°C for 10 min  95°C for 15 sec 95°C for 15 sec 

       60°C for 1 min 60°C for 1 min 

    95°C for 15 sec 

 

from ovine oocyte cDNA. To maximise our throughput of samples on the real-time 

machine, a customised 96-well PCR plate has been prepared for 2 times 44 

verified primers, so that two cDNA samples (1 from each group; prepubertal and 

adult oocytes) could be analysed in a single plate run. Also, assessment of all 

transcript levels of individual samples within the customised array can be 

Table 5.8. Composition of real-time PCR reaction 

Reagent Concentration Volume (μl) 

2X SYBR® Green PCR Master Mix 2X 12.5 

DNase/RNase free H2O - 10.5 

cDNA sample 1/50 1 

Mixed forward and reverse primers 10* or 0.4 μM** 1 

Total  25 

* 10μM used for verification of cDNA libraries; GDF9, BMP15, GAPDH, H2A, 

YWHAZ 

** 0.4μM used for measuring the level of gene expression 
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compared. The reproducibility of this method has been reported by the recent 

work of our own group (Huntriss et al., 2017). Since the Ct value is inversely 

correlated to the amount of target gene in cDNA samples, in comparison to the 

abundance of the transcript levels, the relative quantity (Rq) of the target gene 

expression for each sample was calculated by using the formula 2^(-ΔCt) (Livak 

and Schmittgen, 2001). To obtain normalised Ct values (ΔCt), raw Ct of individual 

samples were subtracted from the geometric mean of the Ct value of the four 

selected internal reference genes (Goossens et al., 2005, Radonic et al., 2004, 

Vandesompele et al., 2002). Finally, the Rq of target genes between age groups 

and between stages of maturity were compared. 

 

5.2.8. Statistical Analysis Of qPCR Data 

All statistical analyses were performed using GraphPad Prism software 

(GraphPad Prism 7 for Mac OS X, GraphPad Software, Inc., La Jolla, CA, USA). All 

data from the qPCR analysis (Ct and 2^(-∆Ct) values) were tested for normality 

using the D’Agostino-Pearson and Shapiro-Wilk normality test. Statistical 

differences in expression levels (2^(-∆Ct) values) between GV and MII stages of 

oocyte or between prepubertal and adult animal ages were determined if p<0.05 

by using multiple t-test comparisons, (unpaired and without assuming a 

consistent SD) or by ANOVA or using the non-parametric Kruskal Wallis test 

according to whether data were normally distributed or not, (Anderson et al., 

2009, Assidi et al., 2008) as appropriate. Ct values were all normally distributed 

and are therefore presented as means ± SEM, while Rq values did not follow a 

normal distribution for all genes. Results are therefore presented as boxplots. 

 

5.3.  RESULTS  

5.3.1. Customized Candidate Genes Into The Study  

The customised array for the genetic study was generated following the validated 

primers from section 5.2.6. Each array consisted of 45 genes which include seven 

housekeeping (TUBB, ACTB, RPL13a, GAPDH, RPLP0, H2A, and YWHAZ) (Table 5.6. 

and Figure 5.7.) and 38 target genes. The remaining genes were eliminated due 

to 1 of following exclusion criteria namely a Ct value <15 or >35, the appearance 



192 

 

 

of primer dimers in dissociation curves, or presence of non-specific band or >1 

specific bands by gel electrophoresis using real-time PCR products (Figure 5.8). 

Finally, a total of 24 amplified cDNA libraries comprising six samples selected 

from each group, were finally studied by using qPCR relative quantification.  

  

Figure 5.7. Representative dissociation curves following real-time PCR. The 

dissociation curve was generated in triplicates using cDNA libraries of 4 individual 

oocyte samples. Both housekeepers and oocyte specific genes indicated high 

specificity for the target genes. Each of the lines represents the absorbance value at a 

given temperature. (A) shows dissociation curve of BMP15, GDF9, GAPDH and YWHAZ 

while (B) compares dissociation curve of 3 sets of designed H2A primer.  
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Figure 5.8. Representative of real-time PCR products of bovine array primers 
testing with ovine cDNA libraries (1:50 total RNA) on 2% (w/v) agarose gel. 
Specific bands were indicated that ovine DNA samples were successfully identifiable 

using bovine array primers. The gene symbols are labeled in vertical and the number 

indicating Ct values are shown on top of each lane. UD represents an undetermined Ct 

value. Gels were run with 100-110 volts for 60 min. Band sizes in the test samples were 

compared against a 1 kb DNA ladder. 
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5.3.2. Differential Gene Expression Analysis Across Ovine GV- 

And MII-Staged Oocytes From Prepubertal And Adult Animals  

The 38 selective target genes analysed in this study were classified into eight 

categories according to their function and included oocyte specific genes, SCMC 

genes, imprinted genes, 1-carbon metabolism, folate transporters, epigenetic 

regulators, chromosome segregation markers and genes associated with 

metabolism and growth. We observed 17 genes that differentially increased the 

level of expression in prepubertal-derived GV oocytes (Table 5.10.), and two 

genes that differentially increased level of expression in prepubertal-derived MII 

oocytes (Table 5.11.), when compared to the equivalent maturational-stage of 

oocytes derived from adults (Figure 5.9 and Figure 5.10). Moreover, comparisons 

between immature and mature oocytes demonstrated 5 (Figure 5.11), and 3 

(Figure 5.12) differentially expressed genes in oocytes derived from prepubertal 

and adult animals, respectively (Table 5.12).  

 

Regardless of animal age, three genes including GTSF1, NLRP2, and PRDX2 were 

found differentially expressed between GV and MII staged oocytes ( Table 5.12). 

Significant differences (p<0.05) were consistently maintained in samples derived 

from both prepubertal and adult tissues. While the other two genes- HAT1 and 

SLC16A1, expressed significantly different (p<0.05) between the 2 –maturational 

stages only in samples originating from prepubertal (Figure 5.11) but no such 

differences were detected in samples from adult animals (Figure 5.12). 

 

With respects to GV-staged oocytes, the significant 17 genes, which were 

significantly expressed (p<0.05) between prepubertal and adult samples (Figure 

5.9 and Table 5.10), distributed across functional gene categories in the study. 

They seemed to be predominantly involved in metabolism and growth (i.e., 

SLC2A1, SLC2A3, SLC16A1, IGF1R, IGF2BP2, IGF2BP3, GSK3B and PRDX2) and 1-

carbon metabolism (i.e., MAT2B, PRMT5 and SHMT2) (Figure 5.9 and 5.13). 

Although the rest of the significant genes have been classified in different 

categories, they seemed to have a link to epigenetic programming in common. For 

example, the imprinted gene, SNRPN, as well as epigenetic regulators, DNMT3A 

and DNMT3B, also differed significantly (p<0.05) in the level of expression 
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between 2 age groups when GV-stage oocytes were compared. Also, NLRP2 and 

OOEP, which belong to the SCMC group, showed significant differences (p<0.05) 

between 2 age groups. Moreover, SLC2A1 may potentially be another gene 

differentially expressed since 5 out of the 6 GV samples derived from adult, but 

none from the prepubertal counterpart. 

  

Table 5.10. Differentially-expressed genes in prepubertal from adult GV-staged 
oocytes. Data calculated against four housekeeping genes; GAPDH, H2A, RPL13a and 

RPLP0. Significant differences if p<0.05, unpaired t-test. 
Categories Transcripts p-value 

Oocyte specific genes 
� BMP15 

� GTSF1 

0.032 

0.041 

Subcortical maternal complex 

(SCMC) 

� NLRP2 

� OOEP(KHDC2) 

0.048 

0.022 

Imprinted genes � SNRPN  0.005 

One carbon metabolism 
� MAT2B ±±±± 

� PRMT5 

� SHMT2 

0.027 

0.047 

0.049 

Epigenetic regulators 
� DNMT3A 

� DNMT3B 

0.009 

0.011 

Metabolism and growth 

� GSK3B 

� IGF1R 

� IGF2BP2 

� IGF2BP3 

� PRDX2 

� SLC16A1 

� SLC2A1* 

0.033 

0.022 

0.006 

0.002 

0.024 

0.042 

    - 

±±±±  Mann-Whitney test due to data not normally distributed  

* SLC2A1 level of gene expressed detected only in adult GV samples but none from prepubertal 

samples; therefore, comparative statistical analysis between two groups was limited.  

 

Table 5.11. Age-related differences in gene expression of MII-staged oocytes 
between prepubertal and adult animals.  
Categories Transcripts p-value 

Subcortical maternal complex 

(SCMC) 
� OOEP(KHDC2) 0.012 

Metabolism and growth � IGF2BP3 0.007 
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Table 5.12. Summarized potentially stage-specific genes. Differentially 

increased level of expression in GV- compared to MII-stage oocytes within 

prepubertal and adult groups. 

Categories 
Differential Gene Expression (p-value) 

Lamb Adult 

Oocyte specific genes 

� GTSF1 0.002 0.004 

Subcortical maternal complex (SCMC) 

� NLRP2 0.047 0.006 

Metabolism and growth 

� PRDX2 0.017 0.003 

� SLC16A1 0.004 - 

Epigenetic regulators  

� HAT1 0.028 - 

Figure 5.13. Effect of age on relative expression of key genes related to metabolic 
and growth. Data shown in superimposed scatter plot relative to 4 housekeeping 

genes; GAPDH, H2A, RPLP0 and RPL13A.  Prepubertal GV-, � adult GV oocytes, and NS: 

not significant. SLC2A1 was undetectable in all prepubertal GV samples. Significant 

differences found (p<0.05, unpaired t-test) between age groups.  
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5.4.  DISCUSSION 
The experiments presented in this chapter demonstrate that a panel of candidate 

markers of oocyte development and metabolism alter with meiotic progression 

irrespective of animal age. Furthermore, the data demonstrate that the animal 

age has influenced expression levels of known markers of oocyte quality as well 

as a range of maternal effect genes and epigenetic regulators. Of particular 

importance in the context of this thesis is the observation that alteration of oocyte 

age to the expression patterns in part of genes associated with metabolism and 

growth as well as genes involved in epigenetic programming can be pilot data for 

further intensive studies focusing on the relationship of age and the impairment 

of metabolic function and epigenetic control in various ageing study models. The 

bovine primer sets that were successfully validated in groups of 10 oocytes but 

were subsequently not detected by qPCR analysis conducted on a single oocyte 

analysis were recorded as "absence of gene expression". New genetic study 

technology (i.e., transcriptome analysis by RNA sequencing) would substantially 

enhance the findings of the present work by extensively recruiting a number of 

genes into the study. Also, specific primer sequences for ovine species are 

required in future studies. 

 

5.4.1. Validation of cDNA Libraries Construction  

Apart from avoiding gDNA contamination and correct amplification, cDNA library 

construction was critically important to the successful outcome of the molecular 

investigations conducted in this experimental series. In this study, we used a 

highly efficient method for cDNA synthesis from total RNA. Due to the 2-step 

criteria used for cDNA verification, 91% (41/45) of cDNA libraries showed 

smears on an agarose gel; however, 90% (37/41) of those samples verified at 

least one oocyte specific gene and two housekeepers were recruited for the 

following genetic study. Sample drop-out was not significant concerning the stage 

and age of oocytes (Chi-square test; p>0.05). Almost all samples evaluated in this 

study demonstrated the same pattern of gene expression according to the three 

housekeepers, GAPDH, YWHAZ, and H2A. Also, the single amplicon generated in 

melting curve analysis by the end of the real time PCR reaction confirmed the 
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specificity of both oocyte-specific and housekeeping genes. Therefore, these 

results were indicative of the quality of established cDNA libraries and provided 

proof of the success of the new cDNA construction protocol used. 

  

5.4.2. Selection Of The Internal Reference Genes  

The reliability of real time-PCR analysis depends on the customisation of 

appropriate housekeepers as internal references. Theoretically, the stability of 

the reference gene expression is required across all samples used for analysis 

regardless of their different physiological states. Furthermore, the reference 

genes must also behave consistently during the experimental process (Radonic et 

al., 2004, Wan et al., 2010). To ensure the independence of gene expression from 

the investigation, the geometric mean of multiple selective-reference genes was 

recommended for data normalisation (Goossens et al., 2005, Vandesompele et al., 

2002).  

 

Herein, 7 housekeeping genes were investigated, but only 4 of them were selected 

to use as internal references including GAPDH, H2A, RPL13a, and RPLP0 due to 

the similar pattern expressed in all samples. Previous studies have reported the 

successful use of the selective genes, GAPDH, YWHAZ and H2A, as the internal 

reference of gene expression analysis for oocytes, embryos and blastocysts in 

various species: human (Robert et al., 2002), bovine (Goossens et al., 2005), cattle 

and buffaloes (Jeong et al., 2005, Kumar et al., 2012, Macabelli et al., 2014), mouse 

(Mamo et al., 2007), rabbit (Mamo et al., 2008), sheep (O'Connor et al., 2013, 

Taylor et al., 2009), pigs (Kuijk et al., 2007, Wang et al., 2017), and horse (Smits 

et al., 2009). Although GAPDH, one of the most common genes tested in oocytes, 

has previously been reported to stably express in bovine (Goossens et al., 2005), 

buffaloes (Kumar et al., 2012), pigs (Kuijk et al., 2007) and mouse (Mamo et al., 

2007), its use as an internal control in ovine oocytes is less promising owing to a 

prior report showing it to have the least stability relative to other housekeeping 

control genes (O'Connor et al., 2013). However, the expression profile for GAPDH 

within single ovine oocyte samples in the current study seemed to be stable, and 

this was in accordance with another report by our group (Liperis, 2013).  
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Like GAPDH, H2A was frequently used as housekeeping gene in oocytes and 

embryos in mouse (Mamo et al., 2007), rabbit (Mamo et al., 2008), bovine 

(Goossens et al., 2005), and horse (Smits et al., 2009). Although H2A was 

confirmed as the most stable relative to other reference genes in rabbit (Mamo et 

al., 2008) and mouse (Mamo et al., 2007) oocytes, inconsistent data was 

demonstrated in other species (Goossens et al., 2005, Smits et al., 2009)  

especially ovine (O'Connor et al., 2013). Our data found the pattern of H2A 

expression was rather stable and consistent with the trend seen in GAPDH. In this 

regard, 3 explanations may shed light on different outcomes observed between 

studies. First, the culture condition differed between studies. Our experiment 

performed IVM in serum-free defined medium instead of using bicarbonate 

buffered-TCM as used in the O’Connor study (O'Connor et al., 2013). Second, the 

samples were processed using different methods. The previous study collected 

groups of 10 denuded oocytes before holding the cell pools overnight at 4°C in 

10µl of RNA later before passing on to store at -80°C. In contrast, in the current 

study, each sample contained only one single denuded oocyte that was 

immediately stored in 2µl of RNAGEM buffer and snapped frozen in liquid 

nitrogen following harvest. As the earlier reports, many factors may influence the 

stability of reference genes such as the state of development (Luchsinger et al., 

2014),  experimental conditions (Beekman et al., 2011, De Boever et al., 2008, 

Maccoux et al., 2007, Penning et al., 2007), tissues (Maroufi et al., 2010, Nygard 

et al., 2007, Pierzchala et al., 2012) and/or breeds (Pierzchala et al., 2012). The 

final explanation is possibly related to the primer specificity since differences in 

primer design can lead to alterations in the PCR products generated.  

 

The current study found ribosomal protein L13 (RPL13) and ribosomal protein 

P0 (RPLP0) can be the other two potential reference genes of sheep oocytes since 

they have been reported in human ovarian tissues (Cai et al., 2014, Fu et al., 2010, 

Lv et al., 2017) especially in GCs (Lv et al., 2017). As these two genes expressed 

in the same fashion as GAPDH and H2A in almost all samples. 
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5.4.3. Differential Gene Expression In Oocytes Between 

Prepubertal And Adult Sheep  

Testing of the custom, in-house, bovine real time PCR array against sheep oocytes 

used in the present study revealed that 47 out of 94 ovine genes were amplified. 

The remaining genes were excluded due to poor primer efficiencies such as an 

undetectable amplicon, primer-dimer, or more than one specific band depicted. 

The number of bovine primers amplifying genes from ovine oocytes indicates 

that there is remarkable cross species homology in gene expression. For further 

qPCR analysis, the customised array used here gave a comprehensive coverage to 

44 genes in 8 categories of gene functions including oocyte specific, subcortical 

maternal complex, imprinted genes, one-carbon metabolism, folate transporter, 

epigenetic regulators, chromosomal segregation, and metabolism and growth as 

well as 7 housekeeping genes. 

 

It is well-established that oocyte ageing causes poor fertilisation and impairs 

embryo development (Liu and Case, 2011) (see review in (Miao et al., 2009a, Qiao 

et al., 2014). Cellular and molecular hallmarks of ageing have been revealed as 

consequences from various biological systems such as genomic instability, 

telomere attrition, loss of proteostasis, and epigenetic alterations (Lopez-Otin et 

al., 2013). Here, the genetic studies of gene transcription using prepubertal and 

adult sheep oocytes exhibit differential gene expression between two age groups 

and in so doing provide insights into the molecular mechanism that underpin 

functional indices of ageing in oocytes. Candidate genes studies provide insights 

into: 

 

a) Genes Involved In Oocyte And Early Embryonic Development 

This study identifies 2 oocyte-specific genes, BMP15 and GTSF1, involved in 

development, that are affected by animal age. Although these genes 

demonstrated a low level of expression in GV-staged oocytes from both 

prepubertal and adult sheep, the study observed the lower level of expression 

found in GV oocytes derived from prepubertal compared to the level seen in adult 

animals. It has been suggested that insufficient BMP15 and GTSF1 expressed in 
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prepubertal oocytes may contribute to the clinically low developmental potential 

reported previously (Reader et al., 2015). 

 

The oocyte secreted factor, BMP15 plays a crucial role throughout the process of 

folliculogenesis from primordial follicle formation until ovulation especially in 

sheep but (not in mice) (Juengel and McNatty, 2005, Kedem et al., 2011, Paulini 

and Melo, 2011, Trombly et al., 2009). During final stages of folliculogenesis, its 

involvement can be demonstrated in events associated with coordination of 

oocyte maturation and ovulation including regulation of follicular cell 

proliferation and viability, increased AA transport, reduced numbers of LHR, 

decreased luteinisation and promoting glycolysis in CCs (Gilchrist et al., 2008, 

Reader et al., 2015, Su et al., 2008, Yan et al., 2001, Banerjee and Pal, 2008b). 

 

Evidence from previous studies have shown the relevance of BMP15 to oocyte 

quality and have led to improved preimplantation embryo development via 

oocyte regulating paracrine signaling pathway (Hussein et al., 2006, Lin et al., 

2014, Yeo et al., 2008). Some reports have verified that BMP15 action is 

intrinsically linked to GDF9, the other oocyte-specific protein, to provide signals 

promoting the growth and differentiation of ovarian follicles (Gilchrist et al., 

2008). A further study has recently demonstrated that BMP15 and GDF9 form a 

heterodimeric protein that is a potent activator of GCs signaling and function, 

which improves oocyte quality (Mottershead et al., 2015). This finding is 

consistent with the other reports in equine (Campos-Chillon et al., 2015) and 

human (Li et al., 2014) observed the higher GDF9 and BMP15 mRNA levels 

correlated with better outcomes regarding oocyte maturation, fertilisation, and 

embryo quality. Moreover, the aberration of GDF9 and BMP15 mRNA levels to 

gonadotropin stimulation in oocytes and CCs derived from PCOS patients may 

lead to poor oocyte quality (Wei et al., 2013).  

 

Conflicting results found in cattle suggest that GDF9, but not BMP15, was 

upregulated in competent oocytes even though BMP15 mRNA levels were 20-fold 

higher than a level expression of GDF9 (Donnison and Pfeffer, 2004). Just as in 

this cattle study, the present work demonstrates more than 20-fold higher BMP15 
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expression than GDF9; however, the conflict finding depicts the upregulation of 

BMP15 in competent adult GV oocytes while no correlation was detected with 

GDF9 expression. This indicates that BMP15 function is species-specific and that 

an abundance of BMP15 expression may be indicative of oocyte quality. 

Moreover, lower BMP15 mRNA expression observed in prepubertal oocytes here 

may reflect reduced quality in prepubertal oocytes. 

 

GTSF1 is another gene, gamete-specific, found differentially expressed in this 

work and showed highly conserved during oogenesis and spermatogenesis 

(Krotz et al., 2009). Although the GTSF1 function was clearly revealed in mouse 

spermatogenesis for transposon suppression to prevent germ cell apoptosis and 

support meiotic progression (Yoshimura et al., 2009), its role in female is less 

defined since fertility of GTSF1-null female mice was not impaired (Krotz et al., 

2009, Yoshimura et al., 2009). The recent study by our group demonstrated that 

GTSF1 gene expressed in human ovarian follicles, GV- and MII-staged oocytes 

throughout blastocyst since oogonia entering meiosis and following primordial 

follicle formation. This work suggested that the existence of GTSF1 transcripts 

was indicative of some roles in oogenesis and early embryogenesis (Huntriss et 

al., 2017).  

 

Consistent with data in human, a previous study conducted by our group found 

ovine oocyte-specific GTSF1 expressed throughout stages of oogenesis and early 

embryogenesis in contrast to other ovarian somatic cells (Liperis, 2013). This 

observation agrees with the finding in the current work, where abundance of 

GTSF1 mRNA strongly represented in both GV and MII staged oocytes. A higher 

level of GTSF1 expression in adult GV oocytes may be indicative for the greater 

developmental potential of adult oocytes compared to prepubertal oocytes. In 

mice, reduced GTSF1 abundance was observed in postovulatory-ageing MII 

oocytes (Trapphoff et al., 2016). Similar to BMP15, insufficient expression of the 

GTSF1 gene may reflect an impairment of oocyte quality due to the ageing 

process.  
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Apart from oocyte-specific genes, maternal effect genes also play essential roles 

in mammalian zygote development beyond the first cleavage stage. At least four 

proteins encoded by NLRP5, OOEP, TLE6 and KHDC3L forming the multi-protein 

SCMC, are distinctively expressed in mammalian oocytes and early embryos 

(Bebbere et al., 2014, Dean, 2002, Tong et al., 2000, Zheng and Dean, 2009). In 

mice, functional studies suggested that the unique transcripts have fundamental 

roles in epigenetic reprogramming, embryonic genome activation, and cell 

specification during oocyte to zygote transition, as well as zygote progression 

through late stages of embryogenesis (Dean, 2002, Tong et al., 2000, Wu et al., 

2003, Zhang et al., 2015, Zheng et al., 2007). Likewise, in sheep, the existence of 

SCMC components was expressed at the highest level in GV oocytes prior to 

tailing off during IVM and through early embryogenesis until reaching an 

undetectable level at the blastocyst stage (Bebbere et al., 2014). 

 

The current study identified two SCMC genes, NLRP2 and OOEP, as being 

differentially expressed between the two animal ages studied. Similar to the 

pattern found in oocyte-specific genes, an overall higher expression of both 

NLRP2 and OOEP were detected in adult GV compared to prepubertal GV oocytes. 

Furthermore, NLRP2 but not OOEP was expressed significantly different between 

maturational stages when GV and MII oocytes were compared regardless of 

animal age. It is unclear why OOEP expression patterns in the current study are 

different from the findings presented in the previous report (Bebbere et al., 

2014). This discrepancy may be caused by methodology differences in sample 

collection influencing study outcome since the current work analysed individual 

oocytes instead of the 10 pooled oocytes as in the previous report. Alternatively, 

there could be more sample variation with single oocytes analyses per se leading 

to different results. And the final possible explanation could be a seasonal effect 

which has not mentioned in the previous studies like it was clarified in this work.  

 

The second member of the SCMC studies- NLRP2, has been demonstrated in 

mouse ovaries but not in other tissues. In mice, the transcript is accumulated 

during oogenesis before its remarkably rapid degradation during the first 

cleavage when mouse embryonic genome activation occurs (Mahadevan et al., 
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2017, Peng et al., 2012). Another study found NLRP2 to be an essential regulator 

of oocyte quality (Kuchmiy et al., 2016). In contrast to the finding in mice, the 

expression level of NLRP2 in rhesus monkeys is persistent throughout oocyte 

maturation and preimplantation embryogenesis, suggesting the transcription of 

NLRP2 occur from both maternal and embryo sides in this species (McDaniel and 

Wu, 2009). In contrast, OOEP is an essential maternal-effect gene required for 

oocyte cytoplasmic lattice formation and embryonic development at the 

maternal-zygotic stage transition (Tashiro et al., 2010). The disruption of this 

gene leads to female infertility with neither impairment during oogenesis, 

ovulation nor fertilisation but absence of the SCMC genes does affect embryonic 

arrest at the cleavage stage (Li et al., 2008, Tashiro et al., 2010, Tong et al., 2004, 

Tong et al., 2000, Zhang et al., 2015).  

 

The higher levels of NLRP2 and OOEP expression in GV oocytes of adult sheep 

shown here may be an explanation as to why adult oocytes have greater 

developmental potential than their prepubertal counterparts. Characteristics 

previously observed in the maternal age-effect on murine oocytes, which Nlrp2 

significantly decreased in MII oocytes (Dankert et al., 2014). The functional role 

of Nlrp2 in this species yet to be elucidated, data from knock-out oocytes result in 

arrest development of the 2-cell embryo (Peng et al., 2012, Tian et al., 2009). 

These results have led us to speculate that Nlrp2 deficiency linked to imprinting 

defects, as a consequence of NLRP2 mutations observed in humans (Meyer et al., 

2009). However, this is incompatible with proteomic analyses in mice which 

demonstrate that the abundance of both Nlrp2 and Ooep seemed to be stable 

during maternal ageing (Schwarzer et al., 2014). Also, when GV and MII stages 

are compared, reduction of NLRP2 levels in mature oocytes of both animal ages 

imply an essential role of this gene during oocyte maturation. Further studies are 

required to confirm whether an abundance of SCMC mRNA and/or proteins such 

as NLRP2 and OOEP represent a promising indicator of age compromised oocyte 

competence. 
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b) Imprinted Genes And Regulation Of Epigenetic Remodelling  

Genomic imprinting is an epigenetic mechanism of transcriptional regulation that 

is imposed during gametogenesis and embryonic development to distinguish the 

maternal and paternal gene specific origin (Verona et al., 2003). Evidence 

suggests a link exists between events associated with ART such as ovarian 

stimulation and in vitro embryo culture and aberration of genetic imprinting in 

various species (Denomme and Mann, 2012). Notably, an incidence of rare 

imprinting disorders increased in children conceived after the use of ARTs such 

as Beckwith-Wiedemann syndrome (Bowdin et al., 2007, Chang et al., 2005, 

DeBaun et al., 2003, Gicquel et al., 2003, Gomes et al., 2007, Halliday et al., 2004, 

Maher et al., 2003, Rossignol et al., 2006, Sutcliffe et al., 2006). According to the 

process of genomic imprinting established during oocyte development, 

disruption of the imprinting process leads to compromised embryo development. 

 

In the current study, five parental imprinted genes including ASCL2, H19, 

MEST(PEG1), PEG3, and SNRPN, were investigated for oocyte maturation and age. 

These genes are of particular interest because of their critical biological functions 

and phenotypic characteristics related to the appearance of their gene products. 

ASCL2 (Arnold et al., 2006, Guillemot et al., 1995, Jiang et al., 2015, Wrenzycki et 

al., 2001) and H19 (Cai and Cullen, 2007, Hansmann et al., 2011, Nordin et al., 

2014, Walsh et al., 1994) are paternally imprinted and non-methylated in oocytes 

whereas MEST(PEG1) (Kaneko-Ishino et al., 1995), PEG3 (Kuroiwa et al., 1996), 

and SNRPN (Barr et al., 1995) are maternally imprinted and thus fully methylated 

in oocytes.  

 

The current study confirmed MEST/PEG1 to be expressed at a high level 

compared to the remaining 4 genes that were detected at a very low level in sheep 

oocytes regardless of maturity. MEST/PEG1 is a classic imprinted gene primarily 

expressed from the paternal allele in the mesoderm and its derivatives (Kaneko-

Ishino et al., 1995). In human studies, it has been shown that MEST/PEG1 is 

already unmethylated in spermatogonia (Kerjean et al., 2000) while in the 

maternal germ line MEST/PEG1 is entirely methylated in ovulated MII stage 

oocytes (Lucifero et al., 2002). The current study of sheep oocytes is concomitant 
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with observations from previous reports that found the highest abundance of 

MEST/PEG1 gene in the oocyte and early embryos across species studied 

including bovine, human, mouse, and pig (Jiang et al., 2015). In addition, dynamic 

patterns of MEST/PEG1 expression are evident and show a continuous decline 

from oocytes until the blastocyst stage of embryonic development (Jiang et al., 

2015). No differential MEST/PEG1 expression was detected in the current study 

either between GV- and MII-staged oocytes or between animal ages.  

 

It is not surprising that H19 and ASCL2, which represented paternally imprinted 

genes, when investigated in the current study are almost undetectable from all 

oocytes regardless of age and/or maturity stage. Earlier studies have confirmed 

ASCL2 imprinting status in mice (Guillemot et al., 1995), but later work in cattle 

also reported sequence homology and gene expression patterns in blastocyst, 

oocyte, embryo, fetal and placenta tissues (Arnold et al., 2006, Jiang et al., 2015, 

Tunster et al., 2016, Wrenzycki et al., 2001). In mammals, the biological function 

of ASCL2 has been acknowledged in chromosomal segregation and nervous 

system development (Rebhan et al., 1997) as well as normal placenta 

development and successful pregnancies (Arnold et al., 2006). Also, ASCL2 

expression dynamics was not established until later preimplantation embryo 

development (Jiang et al., 2015). In the bovine, ASCL2 expression was detected at 

the blastocyst stage of embryo development, whereas in mouse and human 

temporal expression has been reported at the 4-cell and 8-cell stages, 

respectively. As mentioned above, ASCL2 expression in this study was barely 

detectable in both GV and MII stage of sheep oocytes. This result is consistent 

with previous reports in bovine (Jiang et al., 2015), porcine (Park et al., 2011) and 

human (Salpekar et al., 2001).  

 

The paternally imprinted H19 gene investigated in the current work was 

detectable neither in GV nor MII of sheep oocytes in 23 of the 24 samples 

analyzed. The absence of the transcript is in accordance with previous reports in 

bovine (Jiang et al., 2015) and human (Salpekar et al., 2001). Although in the male 

germline, H19 methylation imprints are initiated in fetal germ cells and 

completed in pachytene phase of meiosis I spermatocytes, an abundance of the 
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H19 transcript is not expressed until later, at the blastocyst stage (Tremblay et 

al., 1995) or postimplantation stage (Szabo and Mann, 1995). Evidence has led to 

the assumption that both ASCL2 and H19 genes may be essential in the later stage 

of development around the period of zygotic genome activation and may 

influence placental development, but unlikely involved neither in oocyte 

maturation nor in maintaining pleuripotent stem cell properties. 

 

In contrast, SNRPN expression is controlled by a differentially methylated region 

that is fully methylated during oogenesis. Methylation abnormalities within this 

region are associated with Prader–Willi and Angelman syndromes (Leff et al., 

1992, Lucifero et al., 2002). PEG3 (paternally expressed gene 3) is an imprinted 

gene encoded zinc finger–containing (ZNF) protein containing putative 

transcription factor activities (el-Baradi et al., 1991, Pieler and Bellefroid, 1994). 

Loss of PEG3 imprinted methylation has been observed in mouse blastocysts 

derived from superovulated oocytes (Market-Velker et al., 2010). In accordance 

with an earlier report, the current study demonstrated both SNRPN and PEG3, 

maternally imprinted genes, expressed at a low level in oocytes derived from 

both animal ages. Although in human oocyte and embryo development SNRPN 

was expressed throughout developmental stages, the pattern of expression 

continuously increased from the lower level expressed in oocytes to higher levels 

at the blastocyst stage (Salpekar et al., 2001). This is in contrast to a PEG3 

expression which appears to be species specific. As shown in the current study, a 

low level of PEG3 expression has been demonstrated in bovine and human 

oocytes (Jiang et al., 2015). Conflicting results have however been shown in mice, 

where higher PEG3 is expressed in oocytes before sharply declining to low levels 

at the 2-cell stage which is maintained until the later stage of preimplantation 

embryo development (Jiang et al., 2015). Among five imprinted genes 

investigated in this study, only SNRPN has shown differential expression between 

prepubertal and adult GV oocytes. This may suggest that SNRPN can potentially 

be a sensitive determinant for oocyte competence; otherwise, most imprinted 

genes may tolerate external stimuli with regard to explicit time points, dosage of 

expression level, as well as species specificity vice versa (Guenatri et al., 2013, 
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Hansmann et al., 2011, Kameyama et al., 2007, Lucifero et al., 2002, O'Doherty et 

al., 2011, Reik and Dean, 2001).  

 

DNA methylation is one of the most crucial epigenetic mechanism regulating 

imprinted gene expression. As it has been demonstrated that expression of 

certain genes is required to establish oocyte-specific methylation during oocyte 

growth during oogenesis and embryogenesis, as well as oocyte maturation 

(Kageyama et al., 2007, Kaneda et al., 2004, Okano et al., 1999, Reik and Dean, 

2001, Yan et al., 2014, Bourc'his et al., 2001). In mammals, genomic imprinting is 

governed by DNA methyltransferase family including DNMT3A and DNMT3B, as 

well as its cofactor DNMT3L, and is critical for functioning gametes. Patterns of 

DNA methylation presenting at maternal and paternal DNA regions ensures 

expression of one allele, while on the other hand, inactivation of the different 

parental allele is necessary for imprinted genes. 

 

A total of 8 epigenetic regulatory genes, DNMT1, DNMT3A, DNMT3B, EHMT2, 

ELP3, HAT1, TET1 and UHRF1, were investigated in this chapter. These include 

three genes from DNA methyltransferase family: DNMT1, DNMT3A, and DNMT3B 

enzymes. Significantly lower levels of DNMT3A and DNMT3B were expressed in 

GV oocytes derived from prepubertal sheep compared to adult GV oocyte 

counterparts, while no difference was observed in DNMT1 expression between 

age groups. A recent study in the same species found the similar trend in which 

lamb oocytes showed a decrease of global DNA methylation linked to less 

abundance of DNMT1, DNMT3A, and TET3B in the oocyte but not DNMT3B (Fang 

et al., 2016). As previously reported, both DNMT3A and DNMT3B were essential 

for de novo methylation in mouse development (Okano et al., 1999). A recent 

study in human links alterations of DNMT1, DNMT3A and DNMT3B protein 

expression in the GV and MII oocytes from superovulation cycle to aberration of 

DNA methylation processes, resulting in oocyte and embryo developmental 

defects (Uysal et al., 2017). Moreover, premature acceleration of methylation 

induced by DNMT3A and DNMT3L leading to the insufficient acquisition of 

methylation imprints was also demonstrated in non-growing mouse oocytes 

versus fully grown oocytes derived from wild-type (Hara et al., 2014). In human 
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oocytes, cytoplasmic DNMT3B as the major DNA methyltransferase, but not 

DNMT3A and DNMT3L seemed to be responsible to remethylation of all oocyte 

developmental stages (i.e., GV, MI and MII) (Petrussa et al., 2014) and consistent 

to the complete acquisition of methylation in fully grown GV oocytes (Anckaert et 

al., 2013). 

 

The results of the experimental work in this chapter lead to the assumption that 

the acknowledged poor developmental potential of prepubertal oocytes, to some 

extent may be caused by an aberration in epigenetic regulation due to insufficient 

DNA methyltransferase enzymes for establishing de novo methylation. In 

contrast, other genes which are not members of the DNA methyltransferase 

family showed no differences in expression patterns between two age groups 

studied. This suggests that the DMNTs family is perhaps the principle regulatory 

control mechanism of epigenetic regulation within oocytes. Further studies are 

require a wide range of genes involved in epigenetic regulatory mechanism to 

confirm this observation. Such defective genes and patterns of DNA methylation, 

especially in imprinting control regions, in correlation with the developmental 

potential may be able to prove the hypothesis above. 

  

Besides the epigenetic regulation of imprinted genes, the maternal and culture 

environments may cause epigenetic interference. Nutrition is one of many 

external factors influencing epigenetic aberration so called nutritional 

epigenomics. Studies of the dynamics of epigenetic reprogramming rely on the 

extensive amount of DNA synthesis at particular periods (Messerschmidt et al., 

2014, Smith et al., 2014). Therefore, events that occur during oogenesis and 

preimplantation embryo development are vulnerable to environmentally 

induced epigenetic modification.  

 

This study investigated seven genes involved in one-carbon metabolism, the 

complex metabolic network, to regulate the methylation pathway. The studied 

genes including BHMT, MAT2B, MTHFR, MTR, PRMT5, SHMT1 and SHMT2, 

encoded essential enzymes participating in an integrated metabolic cascade of 

the folate and methionine cycle, and trans-sulfuration pathway. Their principle 
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roles are to generate a methyl donor, S-adenosylmethionine, which is the 

universal donor of methyl groups required for DNA methylation, and then 

transfer to synthesise de novo purines and to remethylate methionine (Laanpere 

et al., 2010, Locasale, 2013). Therefore, in participating in DNA methylation, these 

enzymes are critically for the epigenetic controls. Alteration of genes expressed 

may determine the environmental effect on epigenetic regulation and also the 

maintenance of meiotic arrest vs the resumption of meiosis in the oocyte.  

 

The level of BHMT and MTHFR gene expression in this chapter are barely 

detectable in all samples regardless of age and maturity of oocytes whereas the 

SHMT1 transcript was detected at very low levels. This may lead to the 

assumption that the folate-mediated 1C metabolism decline function at the later 

stage oocyte development, especially in GV-stage oocyte cytoplasm due to almost 

undectable SHMT1, a key converting enzyme, to metabolite tetrahydrofolate into 

5,10-methelene-tetrahydrofolate in folate cycle of oocyte cytoplasm. The 

remaining four genes- MTR, MAT2B, PRMT5 and SHMT2, were found to be 

expressed at higher levels in both GV and MII samples of both age groups. This 

may indicate that the methionine cycle maintains functions in GV- and MII-stage 

sheep oocytes regarding methylation mechanism and epigenetic programming. 

These findings are in agreement with previous studies. Expression of several 

methylation pathway enzymes related to folate and methionine cycles (i.e., AHCY, 

MAT2A, MAT2B, MTHFR, MTR, SHMT1 and SHMT2) have been demonstrated in 

bovine GV, MII oocytes and throughout all developmental stages of 

preimplantation embryos whereas MAT1A expression disappeared after the first 

cleavage (Ikeda et al., 2010). This finding is supported by another group who have 

identified expression of similar key enzymes involved in methylation (i.e., CBS, 

DHFR, GNMT, MAT1A, MAT2A, MAT2B, MTHFR, MTR, SAHH, and mSHMT) as well 

as folate receptors (i.e., FOLR1Pdhx1 and FOLR2) and the reduced folate carrier 

(SLC19A1) in bovine oocytes and pre-elongation embryos (Kwong et al., 2010). 

Altogether this data confirms the importance of 1C metabolism within oocytes. 

Regarding the abundance of transcripts, this is the first report exhibiting genes 

encoding key enzymes representative of folate and methionine cycles expressed 

in sheep oocytes.  
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Of the seven genes related to 1C metabolism, three genes including MAT2B, 

SHMT2 and PRMT5 showed differential expression between GV samples derived 

from prepubertal oocyte and those from adult counterparts. MAT2B encodes a 

regulatory protein associated with MAT2A enzyme forming a hetero-tetramer 

that catalyses the synthesis of S-adenosyl-methionine (SAM), the primary methyl 

donor, via an ATP-driven process in the methionine cycle for biological 

methylation (Legro, 2000, Legro, 2001, Martinez-Chantar et al., 2003, Nordgren 

et al., 2011). SHMT2 is essential for the transformation of glycine to serine within 

mitochondria. Its abundance can affect the proliferation rate of cancer cells 

(Amelio et al., 2014, Jain et al., 2012, Tomita and Kami, 2012) and porcine 

embryonic cells (Redel et al., 2016). A previous study using human embryonic 

stem cells as an epigenetic model investigated a possible mechanism regulating 

epigenetic modification (Steele et al., 2005). These authors demonstrated that 

metrotexate induced epigenetic defects by depletion of folate resulted in elevated 

intracellular homocysteine concentration after seven days in culture and a 

concomitant increase in cysteine and glutathione, indicating clearance of 

homocysteine. Disruption of this methylation pathway by introduced exogenous 

homocysteine or via exposure to a folate antagonist during the earliest stages in 

bovine oocytes and preimplantation embryos affects hypermethylation of 

genomic DNA and causes developmental retardation in bovine embryos (Ikeda et 

al., 2010, Kwong et al., 2010). 

 

PRMT5, a type II arginine methyltransferase, has been linked to gene silencing 

through the establishment of repressive histone marks (Bedford, 2007, Fabbrizio 

et al., 2002, Pal et al., 2004, Pollack et al., 1999). Expression of PRMT5 participates 

in both early and late stages of developmental processes. In mice, abundance of 

Prmt5 expression is evident in the oocyte cytoplasm until the first cellular 

differentiation (Tee et al., 2010), as well as in undifferentiated embryonic stem 

cells (Ancelin et al., 2006), suggesting that it is essential for germ cell 

development and for maintaining pluripotency of mouse ES cells. The current 

study is the first report to show that oocytes expressed a high level of PRMT5 in 

both GV and MII stages in a large ruminant species. This confirms a putative role 

for PRMT5 during oogenesis, as stated previously. Moreover, higher abundance 
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of transcripts found in greater potential adult GV oocytes suggests that apart of 

DNA methylation as an active regulating epigenetic mechanism during global 

DNA methylation, another way may control through histone modification. 

 

The presence of several key genes regulating the methylation pathway enzymes 

supports an essential role of DNA and histone methylation in imprinting 

acquisition during oocyte development. Apart from insufficient DNA 

methyltransferases, dysregulation of the imprinting process by interfering 

methyl donor metabolism can be another ageing mechanism inducing epigenetic 

aberration leading to decreased oocyte developmental potentials. Therefore, 

MAT2B, SHMT2 and PRMT5 genes may be used as markers of oocyte 

developmental potential.  

 

c) Genes Involved In Oocyte Metabolism And Growth 

Glucose is a fundamental metabolic subunit used to satisfy the energy demands 

of oocytes and embryos, as well as, to be preserved in the form of glycogen 

storage (Houghton et al., 1996). Apart from its role as an energy source, it also 

contributes to CC expansion as a precursor of extracellular matrix 

macromolecules (Heilig et al., 1995, Sutton-McDowall et al., 2010) and can be 

used for protein glycosylation (Lis and Sharon, 1993). Also, metabolites from the 

pentose phosphate pathway, ribose-5-phosphate, can be used to synthesise 

nucleotides.  

 

Several reports observed increase glucose consumption throughout mammalian 

embryo development (Harris et al., 2005, Leese et al., 1993, Wirtu et al., 2004) 

(see review (de Souza et al., 2015)); however, the more significant majority of the 

evidence presented, including that shown in the earlier chapters (Chapter4) of 

this thesis clearly indicate that glucose may participate in functions other than 

energy supply during oocyte maturation (Downs et al. 1998; Martin and Leese 

1999; Zheng et al. 2001; Herrick et al. 2006), and that pyruvate remains the 

primary energy source in this cell type. It is well established that the oocyte per 

se has a poor capacity for glucose utilization and relies on CCs conversion of 

glucose to oocyte utilizable metabolites such as pyruvate or lactate (Biggers et al., 
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1967, Harris et al., 2007, Rieger and Loskutoff, 1994, Xie et al., 2016). In the cow, 

oocytes lack hexokinase and phosphofructokinase activities, which are essential 

rate-limiting enzymes in the glycolytic pathway (Brinster, 1965, Cetica et al., 

2002). In contrast, some studies in other species found that oocytes have capacity 

to take up glucose (Sutton-McDowall et al., 2010, Wang et al., 2012) as well as the 

machinery such as glucose transport carriers as characterized by the presence of 

solute carriers SLC2A1, SLC2A3, SLC2A8 (Biggers et al., 1967, Saito et al., 1994, 

Urner and Sakkas, 1999a, Brinster, 1968, Brinster, 1971). 

 

In order to interpret the observation from the previous chapters regarding 

alterations of energy metabolism in prepubertal GV-stage oocytes, the same cell 

model was used here to analyse the expression level of mRNA transcripts 

involved in the metabolism and growth. Nine genes of them were successfully 

validated by using pooled sheep-oocyte samples (Table 5.7). Except for PGK, the 

rest eight genes related to oocyte metabolism and development were able to be 

amplified in cDNA samples derived from individual oocytes. Significantly higher 

levels of studied transcripts were expressed in adult than prepubertal GV oocytes 

except for SLC2A1 and SLC2A3. These results may imply that the greater potential 

of adult GV oocytes may link to glucose metabolism, glucose metabolism 

regulators and apoptotic regulation. This is consistent with earlier reports in 

which oocytes exhibited the existence of hexokinase (Tsutsumi et al., 1992) 

glucose-6-phosphate dehydrogenase (Mangia and Epstein, 1975), and the 

pentose phosphate pathway (Comizzoli et al., 2003, Conti, 2010, Herrick et al., 

2006b, Kaniak et al., 2004, Urner and Sakkas, 1999b), as well as the presence of 

glucose carriers (Augustin et al., 2001, Dan-Goor et al., 1997, Pisani et al., 2008, 

Zheng et al., 2007). Moreover, the assumption that can be drawn from this work 

is that differing oocyte competency between prepubertal and adult GV-staged 

oocytes may be contributed by several molecular mechanisms; energy 

metabolism related enzymes, glucose and pyruvate transporters, glucose 

metabolism regulators and apoptosis.  

 

In support of this idea, SLC2A1 and SLC2A3 expression regulate two of the 

significant types of glucose transporters, GLUT1 and GLUT3, in various species at 
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different stages of development. Previous studies have demonstrated the 

expression of the Glut1 isoform in mouse oocytes and preimplantation embryos 

whereas Glut3 was expressed only at the blastocyst stage (Chi et al., 1993, Morita 

et al., 1992, Pantaleon et al., 1997). Likewise, in human, the appearance of GLUT1 

rather than other GLUT (i.e., GLUT2, -3 or -4) transporters was detected in 

oocytes and preimplantation development (Dan-Goor et al., 1997). In contrast, 

GLUT1, GLUT3 and GLUT8 demonstrated in bovine oocytes throughout 

preimplantation embryo stages (Augustin et al., 2001). They found strong GLUT1 

expression in bovine from early to late stages whereas increasing levels of GLUT3 

expression were depicted from weak levels in oocytes and cleavage stages to high 

levels of expression from morula stages onwards. Also, GLUT1 and GLUT3 were 

also detected in sheep oocytes, and GCs derived from medium and large follicles 

(Pisani et al., 2008). Here, the results of the current study exhibit expression of 

both SLC2A1 and SLC2A3 in sheep oocytes, are consistent with previous reports 

in the ovine and bovine species. The result reflects the capability of sheep oocytes 

via glucose transporters to take up glucose into cells as the matter of fact that 

glucose is not the primary substrate for oocyte metabolism as the oocyte per se 

having a low glycolytic rate (Harris et al., 2007, Saito et al., 1994, Xie et al., 2016). 

This might be explained, on the one hand, that oocyte lacks phosphofructokinase 

activity (Cetica et al., 2002), on the other hand, glucose transporters exhibiting by 

the oocyte (i.e., GLUT1 and GLUT3) have lower affinity to glucose compared to 

GLUT4 that is predominantly on CCs leading to the less efficient process of 

glucose metabolism within the oocyte (Charron et al., 1989, Nishimoto et al., 

2006, Roberts et al., 2004, Williams et al., 2001). Otherwise, the presence of 

glucose transporters suggests that it is as part of the oocytes cytoplasmic legacy 

preparing to support glucose metabolism at the later stage of embryonic 

development as evidence has previously shown that pyruvate is the primary 

energy supply in eggs (Harris et al., 2007, Harris et al., 2009, Leese, 2015). Also, 

the expression of glucose transporters differs among species at least between 

ruminant and non-ruminant animals. The different glucose metabolism of 

oocytes is dependent on species-specific regulation. 
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Unfortunately, none of the samples derived from the prepubertal oocytes in this 

study has detected the SLC2A1 transcript while almost all of the samples, 5 out of 

6, from the adult counterparts showed expression at a very low level. This 

observation in sheep GV oocytes is consistent with the findings reported in cattle 

in which a lower level of SLC2A1 expression was displayed in calves compared to 

cow oocytes (Diederich et al., 2012, Oropeza et al., 2004). Hence, differential 

expression of SLC2A1 between two-age groups may be used to anticipate poor 

oocyte potential to glucose uptake, as the cytoplasmic legacy passing on to the 

developing embryo, leading to compromised embryonic development. Previous 

studies in mice and sheep support the idea that embryos with reduced glucose 

uptake are linked to down regulation of GLUT1 expression (Heilig et al., 2003, 

Leoni et al., 2007a). The outcome of this being similar to the result observed in 

heterozygous Glut1-knock out models in mice (Jensen et al., 2006, Wang et al., 

2006). Moreover, recent mouse studies have shown that inhibition of GLUT1 

function blocked oocyte meiotic resumption (Han et al., 2012, Yan et al., 2014). 

This may indicate, to some extent, the essential role of SLC2A1 expression in 

oocyte maturation and it is perhaps a useful determining marker of oocyte 

quality. 

 

Although the current work did not demonstrate differential expression of SLC2A3 

gene between age groups, the abundance of SLC2A3 observed tended to be lower 

in prepubertal compared to adult GV oocytes. This is in agreement with previous 

reports in sheep (Pisani et al., 2008), and rhesus monkeys (Zheng et al., 2007), 

suggesting poor oocyte developmental potential, to some extent, is linked to 

reduced expression of GLUT3 glucose transporters. It is also noteworthy that the 

current study demonstrates expression of SLC2A3 in GV oocytes which is similar 

to other previous reports in cattle (Augustin et al., 2001) and sheep (Pisani et al., 

2008). The appearance of the SLC2A3 regulated GLUT3 glucose transporter may 

imply that glucose metabolism in ruminant species has a crucial role not only 

during trophoblastic development (Ganguly et al., 2007, Steeves and Gardner, 

1999) but also during oocyte maturation.  
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Apart from glucose transporters, this work also evaluated the expression of 

SLC16A1 that encodes the monocarboxylate transporter-1 (MCT1) protein. This 

protein function facilitates the reversible diffusion of the monocarboxylate 

metabolites (i.e., L-lactate, pyruvate and ketone bodies) together with a proton 

companion through the plasma membrane (Halestrap and Price, 1999). This 

protein was also characterised as a pH regulator in Xenopus oocytes in response 

to intracellular pH changes (Broer et al., 1998). The presence of MCT1 has been 

detected in various species. MCT1 was detected in human and mice from GV and 

MII stage oocytes throughout preimplantation embryo development (Harding et 

al., 1999, Herubel et al., 2002). Likewise, expression of MCT1 was detected in 

denuded bovine oocyte and CCs of both immature and mature COC (Lopes et al., 

2015).  

 

The current work represents the first report to identify SLC16A1 expression in 

sheep oocytes at the GV and MII stages. This observation is consistent with the 

presence of MCT carriers previously verified in mice, human and bovine. 

Therefore, appearance of MCT carrier suggests a permissive role of the MCT1 

lactate transporter being identical to other species regarding pH regulation and 

energy production as exposure to the different glucose concentration of mouse 

embryos cultured in vitro altered MCT1 transport activity (Jensen et al., 2006). 

Moreover, differential expression of SLC16A1 between GV and MII stages shown 

in this report may imply the possibility of involvement of this gene in energy 

production due to high energy consumption during oocyte maturation. This 

finding suggests the possibility of SLC16A1 as a marker for determination of 

oocyte developmental potential.  

 

Expression of some genes involved in signalling pathways related to glucose 

metabolism was investigated in the current study including GSK3B, IGF1R, 

IGF2BP2, and IGF2BP3. GSK3 is a highly conserved serine-threonine kinase that 

was initially described as a key enzyme with multifunctional properties involved 

in glucose metabolism. Later evidence found GSK3 to contribute to protein 

synthesis, cell proliferation and differentiation, program cell death, oocyte and 

embryo polarity, gene expression and other functions (see reviews in(Cook et al., 
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1996, Lau et al., 1999, Yao et al., 2002). Being a part of the insulin signaling 

pathway, GSK3B and AKT polymorphisms have been shown in PCOS women and 

are associated with impaired reproductive function and aberration of 

metabolism as manifest by as insulin resistance and hyperandrogenemia 

(Goodarzi et al., 2007, Goodarzi et al., 2008). Modification of GSK3B activity by 

using specific GSK3 inhibitors in bovine pointed to this kinase participating in 

follicle and oocyte development during folliculogenesis, regulating chromosome 

segregation during the first meiosis, as well as signalling cumulus expansion and 

MI/MII transition of the oocyte (Uzbekova et al., 2009). This chapter, however, 

represents the first report of GSK3B expression in both GV- and MII-staged 

oocytes in ovine species. The significantly lower abundance of the transcript was 

shown in prepubertal oocytes compared to level expressed in their adult GV 

counterparts. GSK3B function in sheep oocytes may have a similar role to that 

observed for bovine oocytes. This study also found GSK3B transcripts to be more 

highly expressed in GV than in MII oocytes. This result is consistent with an 

observation in Xenopus, where fully active GSK3B was shown to be responsible 

for maturation arrest in oocytes (Fisher et al., 1999, Guger and Gumbiner, 1995, 

Sarkissian et al., 2004). In the bovine, a higher level of GSK3B protein 

phosphorylation was found in MII staged oocytes when compared to GV stage 

oocytes, as well as, delayed meiotic progression and diminished cumulus 

expansion when GSK3B phosphorylation was inhibited (Uzbekova et al., 2009). 

Thus it can be implied that GSK3B may have at least two regulatory roles during 

oocyte maturation namely protein synthesis and control of meiotic 

arrest/progression. GSK3B expression, therefore, may be a potential indicator to 

identify oocyte competence.  

 

The insulin/IGF signalling pathway regulates numbers of cell activities including 

cell proliferation and differentiation, survival, metabolism and reproductive 

functions (Boura-Halfon and Zick, 2009, Efstratiadis, 1998, Kanzaki and Pessin, 

2001, Monget et al., 2002, Nakae et al., 2001). Its modulation orchestrates via 

members of the IGF family (i.e., insulin, IGF1, and IGF2), IGF receptors (i.e., INSR, 

IGF1R, and IGF2R), and insulin-like growth factor binding proteins (IGFBPs). The 

essential role of insulin/IGF action on oocyte and follicular development has been 
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revealed by several studies. In human, abnormal expression of IGF-like families: 

IGF1R, IGF2R, IGF2BP2 and IGFBP2, in CCs from mature COC in PCOS patients 

correlated with abnormal folliculogenesis and compromised oocyte competence 

(Haouzi et al., 2012). In addition, female IGF1-null mice can survive to adulthood 

but follicular development arrests at late preantral stage confirm the role of IGF1 

during folliculogenesis in this species (Liu et al., 1993, Zhou et al., 1997). Selective 

expression of IGF1 in GCs together with the presence of IGF1R expressed in both 

GCs and oocytes of developing follicles in mice and human, suggests a potential 

paracrine mechanism of action of IGF1 on oocytes (Zhou and Bondy, 1993, Zhou 

et al., 1991).  

 

The appearance of IGF1R expressed in this study emphasises essential IGF1 

signalling in response to activation of insulin or IGF1 in sheep oocyte. This is 

consistent with several previous reports. In the bovine, IGF1R expression has 

been demonstrated by the oocyte throughout embryo developmental stages with 

the highest level of expression shown at the hatched blastocyst stage (Yaseen et 

al., 2001). In mice, the Igf1r expression has also been demonstrated in oocytes 

and at all stages of embryo development with decreasing fashion during embryo 

development (Inzunza et al., 2007). In addition, blocking the IGF1R was shown to 

be detrimental to embryo development both in vivo and in vitro leading to 

reduced cell numbers in mouse embryo (Inzunza et al., 2007, Markham and Kaye, 

2003), as well as delayed early and late embryo development (Inzunza et al., 

2007). Some conflicting results have been observed. In humans, for example, 

IGF1R mRNA was found to be more abundant in oocytes and early stage embryos 

but decreased dramatically after 8-cell stages until the formation of early 

blastocysts (Lighten et al., 1997a). Another study in mice found the pattern of 

Igf1r reversed what report in human, which was expressed from 8-cell until 

blastocyst stage onwards (Zheng et al., 2007). The temporal expression of IGF1R 

during development indicates that the differential role of IGF1 and IGF1R is both 

stage and species specific.  

 

Since there is an absence of IGF1 expression in oocytes and preimplantation 

embryos in some species (e.g.: buffalo: (Chandra et al., 2011, Daliri et al., 1999); 
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cattle: (Wang et al., 2009b, Yaseen et al., 2001); human: (Lighten et al., 1997a); 

rat: (Chandra et al., 2011, Lonergan et al., 2000, Pandey et al., 2009, Yoshida et al., 

1998), the biological function of the IGF system in these species is hypothesized 

to occur via the binding of locally produced IGF2 to the IGF1R protein exhibiting 

important paracrine-autocrine effects on bovine ovarian physiology (Lucy, 2000, 

Spicer and Aad, 2007, Wang et al., 2009b). Therefore, the expression of IGF1R 

mRNA in reproductive function suggests critical local roles of the IGF signalling 

pathway via paracrine regulator rather than autocrine action. Clinical studies 

have supported the importance of IGF1-IGF1R signalling and have shown that 

supplementation of IGF1 into IVM and embryo culture medium is beneficial for 

further development (Chandra et al., 2011, Herrler et al., 1998, Lighten et al., 

1997a, Matsui et al., 1995, Palma et al., 1997, Pawshe et al., 1998). A correlation 

between IGF1 mRNA expression and subsequent blastocyst formation indicated 

the potential of IGF1 mRNA as a marker of embryo development (Kowalik et al., 

1999). Thus expression of IGFs and their receptors can be used as potential 

markers of oocyte and embryo quality (Liu et al., 1997).  

 

Modifying IGF activity not only subjects to the circulation of its ligand, but it also 

requires the receptor availability (Poretsky et al., 1999). The presence of the 

IGFBPs can be another factor modifying the IGF signalling due to a higher affinity 

to bind IGFs than its receptors (Bunn and Fowlkes, 2003, Brogan et al., 2010). 

Therefore, increased inactive IGFs-IGFBPs complexes lead to declining 

circulating IGFs. Moreover, IGFBPs play a role in the suppression of steroid 

production by human GC (Chang et al., 2002, Devoto et al., 1999, Mason et al., 

1998, Spicer and Aad, 2007, Wright et al., 2002). Data indicate that the IGF2BPs 

may play a biological role in insulin/IGF signalling pathway (Bach et al., 2005, 

Bunn and Fowlkes, 2003, Hwa et al., 1999, Nakae et al., 2001) and in germ-cell 

development and maturation. This is in agreement with the essential roles of RNA 

trafficking and translational control of transcripts of some germ-cell-specific 

genes (Chennathukuzhi et al., 2003, Ruggiu et al., 1997, Schumacher et al., 1995). 

Herein, this study demonstrates that IGF2BP2 and IGF2BP3 are expressed in 

sheep GV oocytes and that the expression of the IGF2BP3 transcript is relatively 

more abundant than of IGF2BP2 within oocytes. This suggests an important role 
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of two IGF2BP proteins during oocyte development and may indicate the 

different potency/affinity of the binding proteins to growth factors. Moreover, 

this work shows expression of IGF2BP2 and IGF2BP3 in GV-staged oocytes, are 

significantly more abundant in adult than in the prepubertal group, which is 

consistent with a few published reports (Nielsen et al., 2001, Yaniv and Yisraeli, 

2002).  

 

PRDX2, a member of the PRDX family, has a crucial function in the modulation of 

intracellular apoptosis through the clearance of H2O2 produced during cell 

metabolism (Kim et al., 2000). It also orchestrates other cellular functions 

including protecting protein and lipid against oxidative injury, cell proliferation 

and differentiation. PRDXs were detected in oocytes both before and after IVM. 

Differential patterns of expression from a continuous profile (PRDX1 and PRDX5) 

to a delayed (PRDX4) or an interrupted expression around the time of embryonic 

genome activation (PRDX2, PRDX3, and PRDX6) (Leyens et al., 2004a). The role of 

PRDX2 as an antioxidant has been reported in older women where lower PRDX2 

expression in CCs is correlated with reduced oocyte development into poor-

quality embryos (Lee et al., 2010). The influence of oxidative stress on oocyte 

maturation and embryonic development (Ferreira et al., 2009, Guerin et al., 2001) 

has led to investigations of the expression of the peroxiredoxin genes in gametes 

or embryos. In bovine, the transcripts are detected in oocytes (Dalbies-Tran and 

Mermillod, 2003, Leyens et al., 2004a), and PRDX1 and PRDX2 transcripts were 

identified as markers of oocyte maturation, as their polyadenylated form 

exhibited a major decrease during the process (Dalbies-Tran and Mermillod, 

2003, Thelie et al., 2009). However, this data was incompatible with another 

report in porcine, which found up-regulated PRDX2 in MII stage oocytes (Kim et 

al., 2011). This perhaps determines the decrease of PRDX2 expression leading to 

insufficient antioxidant processes, thereby promoting apoptosis. The 

inconsistent finding may evaluate the species-specific response. Therefore, 

PRDX2 may serve as biomarkers or therapeutic targets for the developmental 

potential of oocytes.  
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PRDX2 and PRDX6 proteins have been reported to be degraded and synthesised, 

respectively, during IVM (Bhojwani et al., 2006, Leyens et al., 2004b). This 

supports the hypothesis that a suboptimal molecular maturation of oocytes from 

prepubertal animals underlying poor developmental competence. Finally, it 

reinforces the idea that peroxiredoxin genes as candidate markers of 

developmental potential (Romar et al., 2010). In situ hybridization analysis 

demonstrated that PRDX2 mRNA was detected in oocytes and theca cells as well 

as GCs of some antral and preovulatory follicles (Park et al., 2012). The recent 

observation of PRDX2 expression in GCs of preovulatory follicles and oocytes 

agreed with that reported by others (Wang et al., 2010, Yang et al., 2011). The 

role of PRDX2 in the ovulatory process is probably to modulate cell cycle 

progression. PRDX2 suppression by small interfering RNA in GCs of the mouse 

ovary inhibits cell proliferation by augmenting H2O2 production (Yang et al., 

2011). Here, the study demonstrates that lower PRDX2 is expressed in 

prepubertal GV oocytes might be an indicator to predict the low potential of these 

oocytes during oocyte maturation and embryo development. The reasons may be 

explained by insufficient antioxidants to deal with oxidative stress. Otherwise, 

increased PRDX2 in adult GV oocytes can be a compensation mechanism to 

neutralise the oxidative process after oocyte development.  

 

The differential gene expression in this study relies on the fact that we have 

compared only six replicates from each group to analyse the impact of either 

maturational stages or age. The findings may need to be confirmed by further 

studies with more replicates as well as studies that link molecular analysis to 

functional performance on the same cells. According to the customised array 

used, the current work has confirmed the findings that have been reported in 

other species about the effect of age on various aspects of oocyte quality, and it 

has introduced the analysis of some novel transcripts relevant to reproductive 

ageing and cellular senescence in the ovine species. The results generated suggest 

that more extensive transcriptome analysis such as provided by, for example, 

next generation sequencing techniques would be invaluable as a means to 

confirm and extend the current data set on the effect of age on old vs young GV 

and MII oocyte genes in sheep and other species including humans. Also, in future, 
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it would be advantageous to analyse tissue from animals of known age and parity 

rather than tissue derived from the abattoir as used in the current study. Finally, 

in vitro maturation and culture may contribute some confounders in IVM derived 

MII compared to in vivo MII oocytes regarding gene expression and protein 

production. 

 

5.4.4. Conclusion 

In conclusion, this chapter has investigated the effect of maternal age on the 

molecular regulation in prepubertal and adult oocytes. Among a wide range of 

genes studied, the evidence from this work clearly demonstrates that alteration 

of age contributes to changes of several candidate genes, which may determine 

oocyte competence (BMP15, GTSF1, NLRP2, OOEP, SNRPN, MAT2B, PRMT5, 

SHMT2, DNMT3A, DNMT3B, GSK3B, IGF1R, IGF2BP2, IGF2BP3, PRDX2, SLC16A1 

and SLC2A1), as well as, some key genes which possibly moderate oocyte 

maturity (GTSF1, NLRP2 and PRDX2). Results also show that maternal age-related 

gene targets have distributed in various functions but the highlight is metabolism 

and growth pathway and also the 1C metabolism. Furthermore, alteration were 

also found in genes related to epigenetic modification such as epigenetic 

regulatory control of imprinted genes and global gene methylation. This study 

also detected changes in the expression of oocyte specific genes, maternal genetic 

factors such as SCMC, and some genes governing oocyte oxidative stress. As the 

prepubertal and adult oocytes model used, in this work, all transcripts expressed 

in similar trends, with lower levels detected in prepubertal oocytes compared to 

adult counterparts, indicating that gene transcription defects may cause 

insufficient molecular functions driving incomplete cytoplasmic maturation 

instead of DNA damage or oxidative stress in ovarian ageing. Further studies are 

necessary to conclude a causal association of altered genes related to maternal 

age linked to biological functions in term of protein analysis and clinical 

experiment. Also, the new generation of transcriptomic analysis may enhance our 

knowledge of the molecular basis underpinning age differing oocyte competence.  
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CHAPTER 6:  AGEING AND CELLULAR MARKERS: 

EVALUATION OF OOCYTE MITOCHONDRIAL DNA 

COPY NUMBER AND ENERGY METABOLISM  

6.1.  INTRODUCTION 
The most important role of mitochondria within oocytes is to provide cellular 

energy in the form of ATP to drive energy-requiring cellular activities during 

oocyte maturation and fertilization until blastocyst implantation. During 

maturation, oocytes need to acquire sufficient amounts of ATP to complete 

meiotic and cytoplasmic maturation and subsequent fertilization. In addition, 

mitochondria also play essential roles in metabolisms, calcium homeostasis, fatty 

acid oxidation and regulation of programmed cell death, apoptosis (Balaban et al., 

2005, Dumollard et al., 2007b, Naviaux and McGowan, 2000). Because 

mitochondrial replication ceases when oocytes matured at ovulation (Piko and 

Taylor, 1987), fertilized oocytes and preimplantation embryos rely on the 

accumulation of oocyte mitochondrial pool to generate ATP via pathways of 

oxidative phosphorylation to meet the cellular energy demands for supportive 

embryo viability and further development.  

 

Oxygen consumption has been regarded as the best determinator of global 

metabolic activity (Leese, 2003) and this parameter can be used for oocyte and 

embryo quality assessment (Overstrom et al., 1989, Barnett and Bavister, 1996, 

Houghton et al., 1996, Lopes et al., 2007, Scott et al., 2008). Mitochondria 

consume oxygen for the ATP generation via oxidative phosphorylation. The 

principle of cellular energy required for oocyte maturation during follicular 

development relies on the number and activity of mitochondria present in the 

ooplasm (Jansen and de Boer, 1998, Motta et al., 2000). Reports suggest 

mitochondria link to oocyte developmental competence (El Shourbagy et al., 

2006, Reader et al., 2015, Tarazona et al., 2006, Van Blerkom, 2009). Both 

mitochondrial quality and quantity are considered as promising markers of 

oocyte quality (Reynier et al., 2001, Santos et al., 2006, Stojkovic et al., 2001). The 

degree of mitochondrial activity and levels of ATP production in bovine oocytes 
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have been shown to increase during IVM (Brevini et al., 2007, Gutnisky et al., 

2013, Stojkovic et al., 2001, Tarazona et al., 2006). In addition, the quality of 

mitochondrial ATP generation is essential for sustaining sperm-triggered calcium 

oscillations to initiate the quiescent mouse oocyte development (Dumollard et al., 

2004). Current evidence supports the idea that highly competent oocytes have a 

greater mtDNA copy number than less competent oocytes. In human and pig, 

lower mtDNA copy numbers were observed in failed fertilization oocytes 

compared to normal fertilization cohorts (El Shourbagy et al., 2006, Reynier et al., 

2001, Santos et al., 2006, Wai et al., 2010). Moreover, data from other species 

showed greater mtDNA copy numbers in oocytes with better developmental 

potential, such as rat oocytes from larger follicles (Zeng et al., 2009), mouse 

oocytes from a natural cycle as opposed to cohorts from maturation in vitro or 

ovarian hyperstimulation cycles (Ge et al., 2012a), as well as pigs’ oocytes with 

BCB+ (El Shourbagy et al., 2006). On the other hand, mouse oocytes with reducing 

mtDNA copy number decrease blastocyst rates (Ge et al., 2012b).  

 

In humans, maternal age and oocyte mtDNA copy number have been shown to be 

negatively correlated (Chan et al., 2005), and oocyte samples from women with 

ovarian insufficiency were found to have fewer copies of mtDNA (May-Panloup 

et al., 2005a). In fact, a critical threshold of mtDNA is thought to be required for 

successful fertilization and early embryonic development, and this threshold is 

estimated at about 100,000 copies of mtDNA in a mature oocyte for the mouse 

(Piko and Taylor, 1987), pig (El Shourbagy et al., 2006), and human (Reynier et 

al., 2001, Santos et al., 2006).  

 

Energy metabolism is vital for oocyte maturation because the dynamic process 

requires a high energy supply. A wide range of substrates can be metabolised by 

oocytes for ATP generation such as pyruvate, glucose, oxygen, fatty acids, amino 

acids, purines and pyrimidines (Collado-Fernandez et al., 2012, Songsasen et al., 

2012). Only exogenous energy substrates, i.e. glucose, pyruvate and lactate, are 

commonly thought the main source of energy metabolism (Berger and Wilde, 

2013, Harris et al., 2009, Van Blerkom, 2000, Wilding et al., 2001, Wilding et al., 

2002) despite the fact that the ATP synthesis through glycolysis is far less 
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efficient than through mitochondrial OXPHOS. Moreover, other endogenous 

stores including glycogen, proteins and lipids also can be potential sources of ATP 

production. It is therefore essential that abundant mtDNA molecules are present 

at fertilization to maintain embryo survival until mtDNA replication 

(Margineantu et al., 2002). 

 

Various tools have been used to evaluate mitochondrial metabolism both directly 

and indirectly as a means to predict oocyte competence. Measurement of ATP 

production is a direct measurement of the by-products of the energy supply 

chain, which links mitochondrial function to oocyte developmental potential 

(Dalton and Carroll, 2013, Nagano et al., 2006b, Thouas et al., 2004, Van Blerkom 

and Davis, 2006). Mammalian oocytes and preimplantation embryos prior to 

embryonic genome activation utilize pyruvate as energy source but not glucose 

and lactate (Bavister and Squirrell, 2000, Butcher et al., 1998). In the absence of 

CCs, glucose and lactate utilization are not possible whereas pyruvate utilized 

through mitochondrial electron transport to sustain ooplasmic maturation by 

oocyte per se may not supply sufficient energy to support embryo development 

until the blastocyst stage (Dumollard et al., 2007b, Wilding et al., 2009). This 

suggested that both aerobic and anaerobic respiration contribute to the 

production of energy in mammalian oocytes/embryos (Dumollard et al., 2007b, 

Wilding et al., 2009). However, a recent study suggested beneficial effects of 

glucose metabolism on ooplasmic maturation mediated through glycolytic 

pathways for energy supply, and facilitating the pentose-phosphate pathway to 

reduce oxidative stress and to provide fructose-6-phosphate for glycolysis (Xie et 

al., 2016). Therefore, metabolism of energetic substrates may reflect numbers of 

mitochondria and mtDNA with regard to ATP production. Collectively, the 

evidence based on these studies suggests that both mtDNA replication and/or 

mitochondrial metabolic activity may be used as markers of oocyte quality (May-

Panloup et al., 2005a, Santos et al., 2006, Shoubridge and Wai, 2007).  

 

The mechanism of oocyte ageing still remains largely unknown. Both the 

prolonged process of deterioration through time combined with progressive 

damage due to environmental exposure may lead to impairment of the 
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physiological function of the oocytes and/or surrounding somatic cells (Chan et 

al., 2005, de Bruin et al., 2004, Tarin, 1996, Zhang et al., 2006). Consequently, 

alterations of morphological or molecular characteristics can be demonstrated in 

aged oocyte (Miao et al., 2009a). Several theories proposed to explain the 

mechanisms underpinned oocyte ageing including shortening of telomeres, free 

radical-induced damage, defective DNA-repair mechanisms, accumulation of 

mutations in the nuclear genome, and mitochondrial dysfunction (Prasad et al., 

2015, Takahashi et al., 2013). As a key role in energy supply, alteration of 

mitochondrial function seems to be one of the hallmarks of ageing. The 

underlying mechanisms of ageing, which contribute to mitochondrial dysfunction 

and decreased fertility, however, have yet to be elucidated. 

 

Aims and Objectives 

The aim of this chapter was to review whether mtDNA copy number can be used 

as a cellular marker to determine the quality of sheep oocytes derived from 

prepubertal and reproductive age.  

The specific objectives were: 

a) To determine the range of mtDNA copy number, a surrogate of mitochondrial 

number of immature and mature sheep oocytes in in vitro.  

b) To examine the impact of reproductive age and maturational stage on the 

oocyte mtDNA copy number. 

c) To identify the link between the oocyte mtDNA copy number and energy 

substrate metabolism. 

d) To determine the effect of culture media on the mtDNA copy number. 

 

6.2.  MATERIALS AND METHODS 

6.2.1. Experimental Design  

The methodology used to differentiate between oocytes from prepubertal and 

adult animals was as detailed in section 2.7. Oocytes were recovered from both 

age group and cultured using the IVM protocol for group culture in section 2.10. 

Serum-free IVM medium was used for all incubations detailed. Oocyte AAP and 

GPL incubations were conducted to assess glucose and pyruvate utilization, as 
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well as lactate production as shown in sections 2.11 and 2.12, respectively. A 

series of 2 experiments was conducted.  

 

Experiment 1: Quantitation Of Mitochondrial DNA Copy Number Of 

Immature And Mature Ovine Oocytes Harvested From Prepubertal And 

Adult Sheep  

Samples used in the first experiment were collected from abattoir-derived sheep 

ovaries during the breeding season (October-November 2014-2015) and non-

breeding season (May-June 2014-2015), respectively. In brief, tissues were 

selected according to the reproductive tract size and the presence of 2 or more 

CL to determine adult ovarian status. After tissues were separated, COCs were 

aspirated, oocytes enclosed within at least 3 cumulus layers were obtained and 

randomly divided into 2 groups; Time 0 (GV) and Time 24 (MII) hours.  

 

Single oocytes at GV or MII stages of maturation used to quantify mtDNA copy 

number were prepared as detailed in section 2.7. Once COCs had been harvested, 

all oocytes were disaggregated from their CCs by placing in holding medium 

(H199+) containing Hyase® for 30-60 seconds before repeat pipetting up and 

down through narrow glass striper between 130-133μm and 156-190μm 

diameter (Swemed®). After denudation oocytes were confirmed by inverted 

microscopy before samples were stored for later molecular analysis. Each 

denuded oocyte was washed twice in DPBS (Dulbecco’s Phosphate Buffer Saline; 

Gibco®, 14190136) prior to transfer into a thin walled DNase/RNase 0.5mL PCR 

tube (Starlab®, I1405) containing 10μL of 1XPBS solution (see section 2.86 for 

preparation) by a glass pipette diameter 130-133μm (Swemed®) in order to 

minimalize volume transfer in the storage tube. Oocyte samples were 

immediately snap frozen into prepared containers filled with liquid nitrogen 

before storing in an -80°C freezer for future analysis.  

 

A second group of COCs were cultured in IVM medium and incubated under 5% 

CO2 in air condition for 24 hours (see details in chapter 2). After IVM, oocytes 

were denuded to confirm the stage of maturation according to the presence of the 

first polar body.  Individual MII oocytes were collected in individual PCR tubes as 
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described above. This study was conducted to (i) estimate the actual number 

(amount) of mtDNA in each sheep oocyte and to assess the normal variation of 

mtDNA copy in both immature and mature stages of oocyte in this species; (ii) to 

assess the effect of age on mtDNA copy number in both immature and mature 

stages of oocytes; and (iii) to determine the difference of replication capacity 

between prepubertal and adult oocytes. 

 

Experiment 2: Measurement Of Energy Metabolism And Mitochondrial 

DNA Copy Number In Prepubertal And Adult Ovine Oocytes 

In the second experiment, carbohydrate metabolism including glucose, pyruvate 

and lactate, and mtDNA copy number were directly linked by quantification of all 

4 parameters in the same individual oocyte. The purposes of study were (i) to 

study the impact of age on oocyte quality in terms of energy production; (ii) to 

determine whether energy metabolism could be used as an index of oocyte 

quality; and (iii) to address whether alterations in mtDNA copy number were 

responsible for alterations in carbohydrate metabolism. Samples collected from 

abattoir-derived sheep reproductive tissues were used for this experiment as 

described above. Oocytes then were immediately freed from their cumulus shells 

by gentle repeat pipetting up and down using narrow borosilicate glass stripers 

(Swemed®) of size range from 130-133μm to 156 -190μm to ensure that oocyte 

carbohydrate utilization and production were entirely attributed to changes of 

spent-culture media components in comparison to controlled incubated GPL 

media from the same dish as described in detail in chapter 2. Each individual 

denuded oocyte was transferred into an individual drop of pre-warmed GPL 

media which was incubated at 38.5°C in 5% CO2 in air. After 6 hours of culture, 

individual oocytes were collected and stored in individual PCR tubes containing 

10μl of PBS and snap frozen in liquid nitrogen before storage at -80°C for further 

mtDNA copy number analysis. Spent culture dishes were sealed and kept frozen 

at -80°C for later GPL assay. 
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Experiment 3: The Impact Of Oocyte Culture Media Composition On 

Mitochondrial DNA Copy Number  

A number of studies have reported an exponential replication of mitochondria in 

various species during oogenesis (Duran et al., 2011, Iwata et al., 2011, Mao et al., 

2012, Zeng et al., 2007). Mitochondrial DNA copy number has been linked to 

oocyte quality (Otten and Smeets, 2015, Takahashi et al., 2013), and it may be 

influenced by the culture environment as well. This evidence suggests that 

mtDNA copy number may be useful as a parameter to improve the quality of 

culture medium for oocyte maturation in vitro. The third experiment therefore 

aimed to examine the effect of different culture media; AAP medium vs balanced 

salt solution based (GPL) medium vs IVM on the rate of mitochondrial replication 

in ovine oocytes. 

 

6.2.2. Oocyte DNA Extraction And Analysis 

a) Plasmid Spike Construction 

Before molecular analysis, oocyte samples were lysed to release genetic 

materials. During the process, a plasmid DNA sample was used as an internal 

reference to control the efficiency of the oocyte DNA extraction that may 

compromise the total amount of mtDNA copy number which might result in 

reduced amounts of mtDNA to be quantified and subsequently give an incorrect 

estimation of the actual amount present. The plasmid-spike sample has thus been 

developed to use as an internal control to determine the efficiency of DNA 

extraction.  

 

The pGEM®-T Easy Vector System I cloning kit (Promega, A1360) was used to 

ligate 500bp of bovine Pfam112b cDNA into a 3kb pGEM®-T Easy Vector. The 

vector was then inserted into E. coli for amplification. The ligation reaction mix 

was composed of: 1) 5 µl of 2X Rapid Ligation Buffer, T4 DNA Ligase, 2) 1 µl of 

pGEM®-T Easy Vector (50ng), 3) 1 µl of T4 DNA Ligase (3 Weiss units/ µL), 4) 

120ng bovine Pfam112b cDNA. The volume was made up to 10µL with sterile 

water. 1µl of pGEM®-T Easy Vector (50ng) was added before incubation at room 

temperature for 1 hour to allow target DNA ligation into the vector. The tubes 

containing the pGEM®-T Easy Vector ligation reactions were centrifuged to 
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collect the pellet and then 2µL of ligation reaction was added to a sterile 

polypropylene tube (or a 1.5ml microcentrifuge tube) on ice. 50µL of the pGEM®-

T Easy Vector ligation cells was carefully transferred into each setup tube and the 

tubes were gently flicked to mix before being placed on ice for 20 minutes. The 

cells were then heat shocked for 45–50 seconds in a water bath at exactly 42°C 

and the tubes were promptly returned to ice for a further 2 minutes before 950µL 

room-temperature SOC medium was added to the tubes containing transformed 

cells and the tubes were held for 1.5 hours at 37°C with horizontal shaking. The 

E. coli containing plasmid vector was transferred to 50ml polypropylene tubes 

(Falcon Cat.No. 2098). Tube lids were screwed on loosely and the tubes were 

gently shaken horizontally at 37°C overnight.  

 

b) Plasmid Spike Extraction From E. Coli 

The 50ml Falcon tubes containing E. coli were centrifuged at 2000 rpm for 10 

mins to spin down the cells. Plasmid spike DNA was extracted using the QIA prep 

miniprep kit (Qiagen, 27104). The protocol was used according to 

manufacturer instruction. Pellets were resuspended in 250µl buffer P1 to lyse the 

cells. 250µl buffer P2 was added and the tubes were inverted 4 to 6 times to mix 

the solutions. 350µl buffer N3 was added to neutralize the acidic lysis solutions 

and the mixture was centrifuged for 10 mins at 13000 rpm. The resulting 

supernatant was placed inside a Qiagen spin column and centrifuged to bind the 

plasmid DNA to the filter. Buffer PB was washed through the filter to remove 

nucleases followed by buffer PE supplied in the Qiaprep miniprep kit to remove 

other impurities. The column was then centrifuged again to remove traces of 

buffer PE. The DNA was eluted into a clean tube using 30µl elution buffer. DNA 

concentrations in 1µl were measured by ND-1000 Spectrophotometer 

(NanoDrop Technologies, Inc. USA).  

 

DNA extracted from the transformed E. coli was used as a template for PCR using 

forward (GGCGCTTTCTCATAGCTCAC) and reverse (AGTCGTGTCTTACCGGGTTG) 

M13 primers, which amplify a region of the pGEM®-T Easy cloning vector 

containing the inserted sequence. Agarose gel electrophoresis was used to 

confirm the presence of an insert of the correct size. Conventional PCR with 
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primers specific for the insert sequence was also carried out to confirm insertion 

of the correct 151bp product. To aid quantification of mtDNA copy number in 

sheep oocytes, the plasmid vector spike was added into each oocyte sample 

before the cell lysis process and PCR reaction in order to amplify as endogenous 

control alongside the oocyte mtDNA.  

 

c) Oocyte Lysis Protocol 

Efficient sample lysis was needed to release the DNA out of the oocyte membrane. 

A lysis cocktail containing 2X PCR buffer with 1% (v/v) Triton X-100 and 

200μg/ml proteinase K was freshly made before each use. The reagents used are 

detailed in the following Table 6.1.  

 
Table 6.1. Composition of lytic cocktail. This is used for 0.5mL preparation. 

Reagent/supplier/ 
catalogue No. 

Stock 
Concentration 

Amount for 0.5mL 
final volume 

Final working 
concentration 

DNase/RNase H2O - 390μL - 

10XPCR buffer 

(Sigma, P2317) 
10X 100μL 2X 

Triton X-100 100 5μL 1% 

Proteinase K                

(Invitrogen, 25530049 ) 
20mg/mL 5μL 200μg/mL 

 

Prior to DNA extraction, and immediately after each oocyte sample had thawed 

at room temperature, 1μL of plasmid-spike was added to each tube at a 

concentration of 8pg/μl. This obligatory step was employed to estimate the 

degree of DNA damage and to represent as an exogenous reference for all real-

time PCR reactions. After that 10μL of a prepared lysis cocktail was added into 

each sample before processing by a programmed thermocycler (Applied 

Biosystems, Veriti 96-Well Thermal Cycler, MA, USA) using a 2–step protocol, 

in which samples were heating up and maintaining at 55°C for 30 minutes, 

followed by warming to 95°C for 5 minutes. The first step activated the proteinase 

K enzyme to ensure lysis of the oocyte cell membrane and mitochondrial 

envelope, whilst the latter was to denature the proteinase K enzyme. 

       

  



238 

 

 

6.2.3. Quantification Of Mitochondrial DNA Copy Number Using 

Real-Time PCR 

According to literature oocyte mitochondria contain only 1-2 mitochondrial 

genomes, thus mtDNA copy number can represent the amount of actual 

mitochondria (Chiaratti and Meirelles, 2010, Jiao et al., 2007, Piko and 

Matsumoto, 1976, Piko and Taylor, 1987, Santos et al., 2006). Several quantitative 

methods have been used to determine mtDNA including dot blot hybridization 

and densitometric measurements of autoradiographs (Piko and Taylor, 1987), 

competitive PCR methods have permitted the examination of mtDNA molecules 

in individual human oocytes (Chen et al., 1995). Since the establishment of real-

time PCR this assay to quantify the number of mtDNA, has become well-accepted 

due to the high sensitivity and minimizing the need for nested amplifications 

(Wittwer and Garling, 1991, Wittwer et al., 1997). The real-time PCR protocol 

used in this thesis has been developed by our own group at the University of 

Leeds (Cotterill et al., 2012, Cotterill et al., 2013).  

 

a) Generation Of Exogenous Mitochondrial DNA And Plasmid-Spike 

DNA Standards For Real-Time PCR And Standard Curve 

Preparation 

The external mtDNA standard was prepared from a 165 bp fragment of the ovine 

mitochondrion-encoded cytochrome C oxidase I (COI) region in the 

mitochondrial genome by using whole-genomic DNA isolated from ovine oocytes. 

The forward primer 5′ acgtcgatacacgggcttac 3′ and the reverse primer 5′ 

agcctccgactgtgaaaaga 3′ (accession number: AF010406.1) were used to generate 

the COI template by PCR in a 100μL reaction containing 1μL DNA, 10µL of 10X 

PCR buffer, 3µl MgCl2 (50mM), 0.5 µL Taq Polymerase (5U/µL) (All supplied by 

BIOTAQ Polymerase Kit, Bioline Ltd, London, UK), 1µL of each primer (10µM/μL), 

2µL dNTP (10mM) and 81.5µL H2O. The PCR conditions included 95°C for 5 min 

for 1 cycle, 35 cycles at 94°C for 30 s, 60°C for 30 s and 72°C for 30 s, 72°C for 5 

min and maintained at 4°C. The PCR product was confirmed by DNA fragment 

size demonstrated on a 2% (w/v) agarose gel while DNA concentration and 

quality were measured using a nanodrop ND 1000 spectrophotometer (Thermo-

Scientific, Wilmington, USA). The standard curve was constructed using 10-fold 
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serial dilutions (0.2–0.000002 ng/µL) of the 165 bp product of mtDNA to quantify 

each experimental sample. 

 

A standard curve of the plasmid-spike was generated to determine the extraction 

efficiency and to ensure the PCR condition attained as an exogenous control. A 

construct of plasmid-spike template containing a bovine gametocyte-specific 

factor 1 (GTSF1 or Protein FAM112B) cDNA (167bp) insertion within pGEM®-T-

easy vector 3.015kb from section 6.2.2 was prepared in 10-fold serial dilutions 

(0.4-0.000004ng/μL) of a total size plasmid-spike DNA about 3.5kb. However, 

only part of GTSF1 gene was amplified during quantitative PCR assays due to the 

obligatory primer sequences; 5’ ggcgctttctcatagctcac 3’ (forward) and 5’ 

agtcgtgtcttaccgggttg 3’ (reverse). The given fragment size of PCR product is 

151bp. 

 

b) Real-Time PCR for Quantification Of Mitochondrial DNA Copy   

Number In Individual Sheep Oocytes 

Real-time PCR analysis was performed using 96-well plates (Starlab®, UK) by an 

ABI7900HT PCR analyser (Applied Biosystems, CA, USA) using SYBR green 

technology. Each 25µL RT-PCR reaction volume comprised of 12.5 µl of SYBR 

green master mix (Applied Biosystems), 10.5 µl H2O, 1µl specific mixed primers 

(forward and reverse, 10nM each), and 1 µl of lysed sample. The PCR conditions 

were setup including initial denaturation at 95°C for 10 minutes followed by 40 

cycles of a denaturation step of 15 seconds at 95°C, annealing and extension for 

60 seconds at 60°C. A melting curve was routinely included to assure the quality 

of each amplicon and that no mispriming was detected. All samples from both age 

groups across all experiments as well as negative controls were run in triplicate, 

and then average values per sample were used for statistical analysis.  

 

c) Extraction Efficiency 

Extraction efficiency of individual PCR reaction was evaluated by comparing 

actual plasmid-spike Ct detected in each reaction with the Ct reference from the 

standard curve. The Ct difference of plasmid-spike (ΔCt) was calculated by 

subtraction of the actual reading Ct value from the Ct reference and the ΔCt value 
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was later used to estimate the extent of DNA reduction during sample processing 

since cell lysis. Finally, each actual reading of COI Ct for each individual reaction 

was corrected according to the ΔCt value of the plasmid-spike in order to 

precisely estimate mtDNA copy number for each sample. After correction, the 

normalized COI Ct value was used to calculate mtDNA copy number in the next 

step. 

 

d) Calculation Of Oocyte Mitochondrial DNA Copy Number 

The normalized COI Ct value of each sample was converted into the concentration 

amount of COI DNA using the given formula from the COI standard curve 

prepared in section 6.2.3.a. According to an average molecular weight, 1 base pair 

of DNA in sodium salt is equivalent to 650 daltons (g/mol), therefore the 

molecular weight of double stranded DNA of the COI gene is equal to 107,250 

(165X by 650) g/mol. Regarding the Avogadro’s number, 1 mole of substance has 

6.022 x 1023 molecules; thus it can be implied that 1 molecule of 165bp-COI PCR 

product is equivalent to 1.78 x 10-4 fg, which represents a single mitochondrial 

copy. As a result, mtDNA copy number was calculated by dividing the absolute 

quantity of sample PCR product derived from the COI standard curve equation in 

fg by 1.78 x 10-4. 

 

6.2.4. Statistical Analysis 

The number of mitochondria per oocyte was calculated for both prepubertal and 

adult ewe oocytes at each different time point. All statistical analyses were 

performed using GraphPad Prism6 Software. Normal distribution was tested for 

the entire data set using both Shapiro-Wilk and D'Agostino & Pearson normality 

tests. Data that were not normally distributed were log transformed if possible 

prior to analysis using unpaired Student’s t-test or ANOVA as appropriate; 

otherwise, nonparametric tests such as Mann-Whitney U or Kruskal-Wallis tests 

were applied. The values presented are means ± SEM or median ± range for the 

number of samples shown. In all analyses, a P value of <0.05 was considered to 

be statistically significant. 
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6.3.  RESULTS 

6.3.1. Experiment 1: Quantitation Of Mitochondrial DNA Copy 

Number Of Immature And Mature Oocytes Harvested From 

Prepubertal And Adult Sheep  

In this experiment, samples were divided into four different groups according to 

animal age and the stage of oocyte maturity: immature prepubertal (lamb GV), 

mature prepubertal (lamb MII), immature adult (adult GV) and mature adult 

(adult MII) oocytes. A total of 180 oocytes samples were processed for mtDNA 

copy number quantification, results from 177 sample were included in the 

analysis. Three samples excluded from the analysis were eliminated due to an 

erroneous Ct reading at the same location, this included 1 sample each from the 

lamb GV, adult GV and adult MII groups. As a result of the observed high 

variability of mtDNA copy number in these studies, the data was not normally 

distributed, therefore, the results are presented as median and range. 

 

Study of the effect of the stage of oocyte maturation revealed that MII oocytes in 

both age groups had greater mtDNA copy number than immature GV oocytes. The 

numbers of mtDNA in MII oocytes from lambs and adults were 674,779 (2,245-

9,852,000) (median and range) and 290,871 (4,085-3,754,000), respectively. In 

contrast, in immature oocytes, mtDNA copy per oocyte in lamb GV oocytes was 

estimated to be 88,619 (2,393-4,358,000) compared to 76,835 (454-5, 658,000) 

in adult GV oocytes. Differences in mtDNA copy number between GV and MII 

oocytes reached statistical significance regardless of animal age; lamb 

(P<0.0001) and adult (P=0.0031) as shown in Table 6.2.  

 

The effect of animal age on mtDNA copy number per oocyte from lamb vs adult was 

analysed. Only a significant difference in mtDNA copy number between the 2 

animal-ages was detected in mature MII-staged oocytes 674,779 (2,245-9,852,000) 

in lamb vs. 290,871 (4,085-3,754,000) in adult; P=0.0006). No significant difference 

was found in GV-staged oocytes when the two age groups were compared 88,619 

(2,393-4,358,000) in lamb vs. 76,835 (454-5, 658,000) in adult; P>0.05) (Table 6.2). 

In adult age, mature MII oocytes showed 3.78 times higher mtDNA copy numbers 
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than in immature GV oocytes, while 7.61 times higher mtDNA copy numbers were 

detected in the prepubertal counterpart. 

 

Table 6.2. Quantification of mtDNA copy number in denuded GV and MII oocytes 
derived from prepubertal and adult sheep 
Group Oocyte 

maturity 
 No.  

Samples 
Mean ± SEM Median Range P-value 

Lamb GV 44 588,917 ± 156,646 88,619 2,393-4,358,000  <0.0001 

MII 45 1,964,000 ± 390,928 674,779 2,245-9,852,000 

Adult      GV 44 369,399 ± 135,791 76,835 454-5,658,000  0.0031 

     MII 44   439,605 ± 90,755 290,871  4,085-3,754,000 

 

6.3.2. Experiment 2: Measurement Of Energy Metabolism And 

Mitochondrial DNA Copy Number In Prepubertal And Adult 

Sheep Oocytes 

All samples used for mtDNA quantification in this experiment were derived from 

abattoir tissues according to the seasonal breeding and animal-age as detailed 

earlier and underwent 6 hours incubation in GPL media. The GPL assay data 

linked to the same samples in this molecular analysis have been presented in 

Chapter 4 section 4.3.2. Quantitative PCR for mtDNA copy number of the stored 

cells was conducted here on a total of 90 samples (45 from each age group); 

however, only 88 samples generated results that were included in this analysis; 

2 samples were excluded from the lamb dataset due to the erroneous Ct reading 

by the analyser or a pipetting error.  

 

In addition to the control T0 and T24 time points analysed in the previous 

experiment, the effect of animal age was also considered in samples used 

following carbohydrate metabolism assay. In this experiment, prepubertal 

oocytes after 6 hours in GPL incubation had significantly higher mtDNA copy 

number than adult oocytes at the equivalent time point in the same media, which 

were 1,210,000 (1,455-5,390,000) and 479,970 (724-2,420,000), respectively 

(P=0.0061). Results from the GPL assays are shown in Table 6.3. Prepubertal 

oocytes had significantly less pyruvate consumption and less lactate production 

in comparison to those from adult animals; P<0.001 and P=0.014, respectively, 
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whereas no difference was detected in glucose consumption between the 2 

groups (Table 6.3). In comparison to all GPL-assay samples, data were consistent 

in term of less pyruvate consumption while they were inconsistent if glucose or 

lactate was considered. For 1/3 of lamb and adult samples, glucose consumption 

was below the limit of detection of the assay. Glycolytic index was calculated to 

assess efficiency of glucose metabolism, though in this case this may not be 

appropriate since 1 third of  the samples in both lamb and adult sheep showed 

zero glucose consumption (14 out of 42; 33.3% and 14 out of 44; 31.8%, 

respectively). Figure 6.1 shows that no correlation was found between mtDNA 

copy number and glucose or pyruvate consumption for either groups, lamb (r2= 

0.003 and 0.156) and adult sheep (r2= 0.048 and 0.139), the same applied to 

lactate production in both animal ages (r2= 0.001 and 0.019). 

 

Table 6.3. Glucose and pyruvate and lactate consumption/production 
(pmol/oocyte/H) by prepubertal and adult sheep oocytes. 

 
Lamb (n=42) Adult (n=44) P-value 

Mean ± SEM Median Range Mean ± SEM Median Range  

Glucose 0.45 ± 0.10 0.25 0 – 2.13 0.43 ± 0.07 0.32 0 – 1.67 0.677 

Pyruvate 5.64 ± 0.32 6.61 0.98-7.89 7.59 ± 0.37 8.43 0.83-10.30 <0.001 

Lactate 1.61 ± 0.17 1.52 0.10-6.49 2.20 ± 0.21 2.07 0 – 6.63 0.014 
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Figure 6.1. Correlation between mtDNA copy number and each parameter of energy 
metabolism per oocyte (pmol/oocyte/hr). Glucose (A and B), pyruvate (C and D) 

consumption and lactate production (E and F) compared in both age groups.  
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6.3.3. Experiment 3: The Impact Of Culture Media On Oocyte 

Mitochondrial DNA Copy Number  

During oocyte maturation, mtDNA copy number was analysed with regard to culture 

media and duration of incubation by using GV samples without incubation as the time 

0 (T0) control. In AAP and GPL groups, the samples were incubated for only 6 hours 

(T6-AAP and T6-GPL) while MII oocytes recruited from samples incubated 24 hours in 

serum-free IVM media (T24). Data shown on Figure 6.2 demonstrate significant 

differences in mtDNA copy number when oocytes incubated in different media were 

compared with T0 controls regardless of animal age (p<0.05). Moreover, Figure 6.2 also 

shows differences in mtDNA copy number between two age groups in samples cultured 

in GPL medium for 6 hours and the MII samples derived from 24 hours incubation in 

serum free IVM medium. Oocytes cultured in AAP medium depicted the highest mtDNA 

copy numbers followed by oocytes cultured in GPL medium and serum-free IVM 

medium. Significant differences (p<0.05) were detected when mtDNA copy number of 

samples cultured in AAP medium were compared to samples cultured in other culture 

media (Figure 6.3). No significant differences were detected in mtDNA copy number 

between samples incubated 6 hours in GPL medium (T6-GPL) and their MII sample 

(T24) counterparts (Figure 6.3). 

 

Proportions of mtDNA copy number in different culture media were calculated by using 

the median mtDNA copy number of GV oocytes at the T0 control as reference. AAP 

medium demonstrated the highest ratio followed by GPL and serum-free IVM media, 

which were 99.3, 13.7 and 7.6 in lamb and 94.0, 6.2 and 3.8 in adult sheep respectively. 

Despite the fact that the culture period in AAP and GPL media was 18 hours shorter, 

these media supported the replication of mtDNA copy number better than the usual 

oocyte maturation in vitro using serum-free IVM medium. These data suggest that 

mtDNA replication occurs rapidly after the onset of culture during final oocyte 

maturation.  
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T0 (GV) T6-AAP T6-GPL T24 (MII)
0

1,000,000

2,000,000

3,000,000

4,000,000

5,000,000

6,000,000

1.0 1007

1.5 1007

2.0 1007

2.5 1007

Lamb Adult

hours

p<0.05 with Adult T0 (GV)

p<0.05 with Lamb T0 (GV)

* *

*    p<0.05 between 2-age

Figure 6.2.  Comparison mtDNA copy number postincubation in different culture 
media in lamb (����) and adult ( ) sheep oocytes. Data shown are the actual mtDNA 

copy number of individual oocytes with the median of each data group represented by 

black bar (            ) on top of each column. T0 and T24 denominate GV- and MII- stage of 

oocytes while T6-AAP and T6-GPL represented oocytes incubated for 6 hours in AAP and 

GPL media. Asterisks (*) indicate significant differences (Mann-Whitney test; p<0.05) 

between age groups. Straight lines and double arrow lines indicate significant differences 

(Mann-Whitney test; p<0.05) between each medium and T0 control within lamb or adult 

group, respectively. 
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6.4.  DISCUSSION 
Results from the here presented series of experiments indicate that biological age has 

an impact on the replication of mitochondrial DNA during the final stages of oocyte 

maturation in sheep oocytes. Although no significant differences was detected in 

mtDNA copy number between age groups in GV oocytes, the data showed higher rates 

of mtDNA amplification in prepubertal oocytes regardless of whether they were 

incubated in standard serum-free IVM medium or in GPL balanced-salt solution based 

medium when compared to adult oocyte counterparts. Moreover, the data presented 

indicate that alteration in mtDNA copy number is linked to age related changes in the 

observed changes in carbohydrate metabolism, especially pyruvate consumption, as 

previously reported in chapter 4 section 4.3.2. Finally, this study also demonstrated 

that the composition of oocyte culture media per se could have a critical impact on 

mtDNA replication in vitro.  

 

6.4.1. High Variation Of Mitochondrial DNA Copy Number Within 

Oocytes 

There was a high variation of mtDNA copy number in individual ovine oocytes, which 

ranged from 454 to 5,658,000 corresponding to a 12462 fold difference in GV stage and 

from 2,245 to 9,852,000 corresponding to a 4388 fold difference in MII oocytes. The 

variability in the number of mtDNA copies in this study is consistent with several 

reports previously published in other species (Otten and Smeets, 2015). Besides 

individual oocyte differences in copy number, interspecies differences in mtDNA copy 

number have also been observed and this is related to an invasive pattern and the 

length of the preimplantation phase (Otten and Smeets, 2015). For example, human and 

mice blastocysts have an immediate, fast implantation rate that is characterized by 

rapid invasion of the endometrial stroma and embedding into the uterine wall in order 

to access high levels of nutritional support from the female reproductive tract (Leese, 

2002, Wimsatt, 1975). In contrast, in cows, pigs and sheep, the blastocyst transforms 

through an elongated stage and has a significantly delayed implantation (diapause) 

before fusion with the luminal epithelium occurs (Lee and DeMayo, 2004). It is possible 

that in order to distribute mtDNA molecules to the daughter blastomeres in the embryo 
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with the absence of mtDNA replication during early embryogenesis (May-Panloup et 

al., 2005b, Thundathil et al., 2005), oocyte and embryo ruminants may require higher 

mtDNA copy number than other species. In support of this idea, the present study 

shows sheep oocytes have a higher level of mtDNA content when compared to other 

reports for example in humans (Chen et al., 1995, Reynier et al., 2001, Steuerwald et al., 

2000), and mice (Cao et al., 2007, Cummins, 1998, Ge et al., 2012b, Thundathil et al., 

2005, Zhang et al., 2011b).  

 

Using median estimation, the approximate mtDNA copy number in GV stage lamb and 

adult oocytes were 88,619 (2,393-4,358,000) and 76,835 (454-5,658,000) copies, 

whereas that in MII oocytes was 674,779 (2,245-9,852,000) and 290,871 (4,085-

3,754,000), respectively. The amounts of mtDNA described here in mature oocytes are 

compatible with the earlier reports in the same species, which were approximately 

~400,000 and ~700,000 in adult animals (Cotterill et al., 2013, Reader et al., 2015). In 

contrast to mature oocytes, the unexpected estimation of mtDNA copy number of GV 

oocytes in this study was shown 6 to 10 times lower than the others. Cotterill and 

colleagues using a real-time PCR based assay estimated ~700,000 mitochondrial DNA 

copies (range 143,210-1,358,988) in 16 GV oocytes derived from 3-5 mm follicles 

(Cotterill et al., 2013). Whilst Reader and group reported between ~500,000 and 

~700,000 mtDNA copies (range 140,850-1,468,000) from 12 oocytes each in lamb and 

adult animals by real-time PCR (Reader et al., 2015). Although this study has shown a 

similar estimation of mitochondrial DNA both prepubertal and adult animals, there is 

no simple explanation why such a big discrepancy of mtDNA content was observed in 

immature oocytes here and previous reports. Explanations might be that a larger 

sample size (n=88) was included in our study, that different breeds of sheep were used 

or that a seasonal effect occurred; also the quantification method in the current studies 

using different internal reference control at the DNA extraction process  (Steuerwald et 

al., 2000). However, the variability of mtDNA copies reported here may reflect the 

different patterns of nuclear chromatin configuration exhibited in immature oocytes as 

described in chapter 3. As a result, we suggest that an estimation of normal variability 

of mtDNA copy number be approximated by the interquartile range between 25th and 

75th percentile. 
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6.4.2. Mitochondrial DNA Copy Number During Oocyte Maturation 

The onset of the preovulatory LH surge leads to meiotic resumption in oocytes that are 

accompanied by several changes within cytoplasm and nucleus that are essential to 

ensure the oocyte has the capacity for fertilization and for subsequent support of early 

embryogenesis. A substantial amount of energy production is required to support 

structural changes such as chromosome condensation and alignment, and the pulling 

apart of spindle fibres in order to separate chromosomes or chromatin during the 

extrusion of the first and the second polar bodies. Several previous reports in frogs (el 

Meziane et al., 1989), mice (Ebert et al., 1988, Piko and Taylor, 1987), rats (Kameyama 

et al., 2007) and pigs (El Shourbagy et al., 2006) for example have shown no mtDNA 

amplification takes place between early stages of embryogenesis until 

postimplantation. During the terminal stage of maturation, a substantial amount of 

mitochondria is required to ensure enough energy support to complete oocyte 

maturation and subsequent preimplantation embryo development (Chiaratti and 

Meirelles, 2010, Cummins, 1998, May-Panloup et al., 2005b, Smith and Alcivar, 1993 ). 

Here, the data strongly supported roles of the essential organelles in oocyte maturation 

in terms of ATP synthesis via oxidative phosphorylation, regulation of apoptosis and 

calcium exchange.  

 

Unlike other sheep studies, the current study demonstrates a significant increase in 

mtDNA contents in MII oocytes matured in vitro compared to GV oocytes during GV-MII 

transition in both age groups (median 88,619 vs. 674,779, P<0.0001 in lamb; and, 

76,835 vs. 290,871, P=0.0031 in adult sheep). This finding is consistent with previous 

reports in other experimental models including cows (Iwata et al., 2011), mice (Piko 

and Taylor, 1987), pigs (Mao et al., 2012), and humans (Duran et al., 2011, Zeng et al., 

2007), all of which have revealed the occurrence of significant mtDNA replication 

during the final stage of oocyte maturation. These data could collectively harmonize 

with the stereology observed by the electron microscope, which determined an 

increase in total mitochondrial number and volume (de Paz et al., 2001, Reader et al., 

2015), as well as reports of increases in ATP content during oocyte maturation in 

bovine and porcine (Brevini et al., 2005, Stojkovic et al., 2001).  
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However, some other studies in pigs (Pawlak et al., 2016), human (May-Panloup et al., 

2005a), also in sheep (Cotterill et al., 2013, Reader et al., 2015) did not detect 

differences in mtDNA copy number during oocyte maturation. The difficulty in 

identifying differences during the GV and MII transitions period in Cotterill et al. (2013) 

and Reader et al. (2015) may consequently result from higher detection of mtDNA 

copies in GV oocytes. Whilst in human studies, all samples represented defective 

oocytes since they were discarded from IVF and ICSI cycle due to arrest 

underdevelopment. This could be another possibility why difference of mtDNA copy 

number cannot be identified (Barritt et al., 2002, May-Panloup et al., 2005a, Reynier et 

al., 2001). As a result, various factors might explain the discrepancy outcome including 

inter-oocyte variability, small sample-size, culture medium, environmental factors, 

such as seasonal effect, different quantitative PCR techniques, as well as reliability of 

mtDNA per se as a representative to mitochondrial number.  

 

6.4.3. Impact of Age On Mitochondrial DNA Copy In Immature And 

Mature Oocytes  

A significant difference in mtDNA copy number was only observed in MII-stage (but not 

in GV-stage oocytes) between prepubertal and adult animals (674,779 vs. 290,871; 

P<0.001). In contrast, Reader and colleagues using a similar ageing model could not 

detect a difference in mtDNA contents between immature and mature oocytes (Reader 

et al., 2015). However, Reader’s results demonstrated a conflict between two 

mitochondrial estimation methods; stereology (Transmission EM) and mtDNA copy 

number quantified using real-time PCR. Only the stereological approximation of 

mitochondria in MII oocytes reached a significant difference with age while the 

molecular method could not demonstrate such an impact. A possible interpretation of 

this data is that ageing process deteriorate mtDNA replication during the latest stage of 

ovine oocyte development. Although the ageing model, prepubertal vs. adult oocytes, 

used in the current study is similar to Reader’s report, there are several differences 

between the experimental approaches used that could account for the conflicting 

outcome. Instead of harvesting oocytes during the same period (early breeding season), 

our prepubertal oocytes were harvested during non-breeding season while adult 

oocytes were collected during the breeding season. Thus the results may be influenced 
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by the seasonal effect. Next, the criteria used to differentiate reproductive age in this 

study included reproductive characteristics such as uterine size and internal rugae and 

the requirement of at least 2 corpora lutea presented on the ovaries in order to exclude 

the first oestrous cycle in contrast to single corpus luteum in Reader’s study. In addition, 

the maturation medium used here was serum-free rather than the serum-based 

medium used by Reader’s study. Finally, differences in the qPCR technique used for 

mtDNA quantification were also evident. Thus it is possible that the 2 groups of animals 

in our model clearly present differences in oocyte quality and developmental 

competence that were not observed in the published study.  

 

Another difference between our results and Reader’s is a significant higher level of 

mtDNA copy number detected in our prepubertal MII oocytes when compared to those 

from adult animals rather than lower mitochondrial number in immature oocytes as 

reported (Reader et al., 2015). Like our results, Steuerwald et al. (2000) using MII 

oocytes matured in vitro demonstrated an increased mtDNA copy number in poor 

quality oocytes derived from elderly aged women. This suggests that different source 

of samples whether oocyte matured in vivo or in vitro could impact on the study 

findings. For example, studies in human analysed unfertilized MII oocyte samples 

discarded from the clinical practice may be interfered by postovulatory ageing as the 

phenomenon may cause mtDNA degradation. Numerous factors therefore contribute to 

mtDNA replication and copy number measurement including mechanism of oocyte 

maturation, sample selection and hormonal stimulation. An unexpected increase in 

mtDNA contents in poor quality oocyte models leads to the intriguing question of 

whether this replication occurs as part of the mechanism to compensate to 

mitochondrial dysfunction.  

 

An impact of age on mtDNA copy number has been observed in other species (Chan et 

al., 2005, Murakoshi et al., 2013, Reynier et al., 2001, Steuerwald et al., 2000). Most 

human studies have found a negative correlation between age and mtDNA copy number 

(Chan et al., 2005, Murakoshi et al., 2013, Steuerwald et al., 2000). A conflicting result 

found by Reynier and colleagues using unfertilized human MII-oocyte samples did not 

support such a correlation (Reynier et al., 2001). In fact, the studies in human oocytes 
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may be difficult to interpret, although samples discarded from IVF or ICSI demonstrated 

rather homogeneity of the samples analysed.  However, that the effect of in vitro ageing 

while oocytes undergo incubation may interfere or superimpose the results, cannot be 

excluded. 

 

In porcine studies, two reports that compared prepubertal and adult porcine oocytes 

could not reveal a remarkable effect of age on mtDNA copies (Pawlak et al., 2011, 

Pedersen et al., 2014). Similarly in the bovine, no strong correlation between age and 

mitochondrial replication has been reported, although Iwata and colleagues found an 

increasing trend towards correlation when MII oocytes were derived from cows above 

50 months old (Iwata et al., 2011). 

 

The present study demonstrates that reproductive age may impact on oocyte 

cytoplasmic competence at the final stage of oocyte maturation through alteration of 

mtDNA replication. Regarding the critical threshold of mtDNA copy number required 

to support oocyte developmental competence (Wai et al., 2010), the optimal range also 

needs to be defined since high levels of mtDNA copy number may designate the 

prognosis of diminished quality oocytes (Wang and Moley, 2010). It has been reported 

here that the greater ratios of mature to immature mtDNA copy number in oocytes 

derived from prepubertal sheep compared to the ratios found in oocytes derived from 

adult sheep were observed as a more rapid speed of mtDNA replication during GV-MII 

transition observed in prepubertal oocytes, this was 2-3 times faster than it was seen 

in the other group.  

 

Although the relationship between mtDNA copy and oocyte quality are still 

inconclusive, the data presented here using oocytes from prepubertal animals to 

represent low quality oocytes turned up overtly increased number of mtDNA copies 

compared to those shown in adult oocytes. This intriguing observation raises questions 

whether an increase in mtDNA copy number is the compensatory mechanism required 

to meet energy metabolism for oocyte maturation and fertilization. It also suggested 

that the numbers of mtDNA copies and mitochondrial replication can be influenced by 

numerous factors including age, culture media and culture period. Also uncountable 
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effects of mitochondrial fissing and fusion still need to be evaluated. Determination of 

oocyte competence in terms of cytoplasmic maturation must therefore include 

measurements of mtDNA content and estimates of mtDNA function. 

 

6.4.4. The Impact Of Age On Carbohydrate Metabolism Especially 

Pyruvate Consumption 

It is widely accepted that the age-related decline in fertility may result in defective 

oocyte competence. However, the mechanisms involved in such impairments are still 

unclear. Mitochondria are highly abundant organelles that play key roles in calcium 

oscillations and ATP generation through OXPHOS. Numerous studies have noted that 

mitochondrial dysfunction leads to an impairment of oocyte competence (Fernandez-

Silva et al., 2003, Hamatani et al., 2004, Iwata et al., 2011, Jeng et al., 2008, Nagano et 

al., 2006a). It is critically important to quantify mitochondrial function needs by 

evaluation of mitochondrial OXPHOS activity such as mtDNA copy number, 

mitochondrial membrane potential and ROS and/or ATP production, carbohydrate 

metabolism, substrates required for respiration.  

 

According to the metabolism measured in immature oocytes in Chapter 4 (section 

4.2.3), the current study has shown a significant effect of age on 2 parameters of energy 

metabolism; glucose and pyruvate consumption. In order to establish if a link existed 

between mtDNA copy number and energy metabolism, the current experiment was 

designed to measure mtDNA copy number and metabolic assay in the same cells. The 

data of GPL assay in this experiment were a subset of those detailed in Chapter 4. As the 

significance of metabolic difference between prepubertal and adult oocytes still 

persisted in this subgroup analysis, which adult oocytes  have significantly consumed 

higher pyruvate (P=0.0002) and have produced higher lactate (P=0.0144) than the 

prepubertal samples counterpart. Though some minor differences in glucose 

consumption and lactate production found between the subgroup and total cohort 

could be explained by excluding some outliers in the subgroup, this is not 

recommended. Since there was no prior, valid reason for sample exclusion we must 

assume, for now, that the data obtained are true.  
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According to carbohydrate metabolism results, approximately a third of the samples 

assigned for GPL turnover did not record any glucose utilization, while the rest detected 

very low levels; therefore, lactate production of oocytes was unlikely from glucose 

breakdown via the glycolysis pathway. It is notable that pyruvate, not glucose, was the 

major source of energy production in this study (Harris et al., 2009, Leese, 2002). 

Pyruvate consumption is, therefore, implicated as a possible use of marker of oocyte 

quality in sheep oocytes. 

 

6.4.5. Mitochondrial DNA Copy Number And Energy Metabolism 

The final stage of oocyte maturation to acquire the developmental competence requires 

both nuclear and cytoplasmic maturation, and all these processes need energy supply 

(Ferreira et al., 2009, Sun and Nagai, 2003). The nuclear process includes GV 

breakdown, condensation and segregation of chromosomes, and extrusion of the first 

PB whereas the cytoplasmic maturation series involves organelles relocalization, 

increases Ca2+ stores, and mRNAs and proteins synthesis (Ferreira et al., 2009). An 

increase in ATP content at this stage was observed in cattle (Stojkovic et al., 2001), pig 

(Brevini et al., 2005), and mouse (Yu et al., 2010) oocytes. Therefore, energy substrate 

utilization for ATP production was expected as during the here presented experiments. 

Contrary to our expectation, using either the energy metabolism or mtDNA copy 

number alone was not sufficient to detect differences between oocytes from 

prepubertal and adult animals, and we failed to find any direct correlation between 

these 2 markers. It is possible that both aerobic and anaerobic respiration are involved 

in oocyte respiration (Wilding et al., 2009). Moreover, different mitochondrial 

structures such as round or ellipsoid types of mitochondria may have different energy 

productivity (Eichenlaub-Ritter et al., 2011, Van Blerkom, 2009, Van Blerkom, 2011). 

 

Debate continues as to whether decreased (May-Panloup et al., 2005a, Murakoshi et al., 

2013) or increased (Steuerwald et al., 2000) mtDNA copy number or mitochondrial 

number relate to declining oocyte quality owing to the limited number of studies 

directly comparing mitochondrial function and mitochondrial DNA content. To address 

this controversial issue, mitochondrial activity per unit function has been considered in 

the current study. We found that the individual unit function of mitochondrion declined 
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exponentially in correlation to an increase in mtDNA copy number. These patterns were 

observed for all 3 elements; glucose, pyruvate and lactate. Also there was a high degree 

of similarity in the patterns recorded for oocytes derived from both prepubertal and 

adult animals. This observation is consistent with previous reports. Wang and Moley 

found diabetic mice oocytes had low ATP content but higher mitochondrial number 

than healthy oocytes (Wang and Moley, 2010). Furthermore, Harris and coworkers 

demonstrated oocytes derived from PCOS patients had an increased uptake of glucose 

compared to controls (Harris et al., 2010, Maruthini et al., 2014). As a result, it can be 

interpreted that a large amount of mtDNA copy number in this study are likely a 

compensatory mechanism in response to oocyte mitochondrial dysfunction.  

 

6.4.6. The Relationship Between Mitochondrial DNA Copy Number 

And Mitochondrial Function  

Data from the prepubertal model used in the current study is representative of 

incompetent oocytes which have shown an upsurge in mtDNA copy number with 2-3 

fold more copy numbers present than mtDNA in oocytes derived from reproductive age 

animals. As mentioned in section 6.4.3, our data suggests a compensation mechanism 

of poor quality oocytes by increase the amounts of mitochondria to meet their energy 

requirement. The question still exists as to why some groups reported low levels of 

mtDNA instead of having high level of mtDNA detection like in our results. The plausible 

explanation of these conflicting result needs to consider several aspects. Firstly, the 

model of aged oocytes is one of the important factors effecting the outcome since it is 

the complex process linked to numbers of ageing theories. Unfertilized MII samples 

discarded from human IVF or ICSI cycles may not be a perfect model for ageing study 

because mechanisms underpinning failed fertilization or cleavage arrest may involve 

many functional defects associated with degenerative changes due to chronological age. 

Also failed fertilization of MII oocytes may result from maturation defects. Moreover, 

the effect of postovulatory ageing in vitro may also superimpose the outcomes. For 

example, degenerative change in mitochondrial turnover, which degradation is beyond 

the mitochondrial replication process, and as such may not be able to detect if it thus 

occurs during the high phase of replication. Some studies suggested that the 

mitochondrial degradation rate is greater than the replication rate (Spikings et al., 
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2007). Next, regarding age and increased mtDNA mutation, it is possible that defects in 

clearance of mutated mitochondria may contribute. Moreover, as mentioned 

previously, there are several confounding factors involved in oocyte mitochondrial 

replication such as stimulation protocol, hormones, culture media (serum-based or 

serum-free), samples recruited. These might lead to developing a potential marker of 

oocyte quality (Pawlak et al., 2016).  

 

6.4.7. Effect Of Culture Media On Mitochondrial DNA Copy Number 

A recent study reported the effect of hormonal stimulation on mtDNA copy number (Ge 

et al., 2012a). Ge and coworkers found that mouse oocytes derived from ovarian 

hormonal stimulation had less ATP and higher ROS contents within mitochondria and 

lower membrane potential than control groups. Whilst immature oocytes in IVM 

medium showed higher ROS production but had no differences in ATP production or 

membrane potential when compared to controls (Ge et al., 2012a). This evidence agrees 

with our finding. A significant difference in mitochondrial genome replication during 

IVM was observed in the AAP and GPL media compared to standard oocyte maturation 

medium. From this it can be implied that mtDNA replication may be sensitive to changes 

of environmental milieu such as culture media, temperature and oxygen condition. On 

the other hand, regarding mtDNA, if this marker has been validated, it can be used as a 

test for culture media optimization. 

 

The present study confirms mitochondrial replication during the final stage of oocyte 

maturation. However, this observation can partially be explained by two main factors. 

First, the different composition within each culture medium may influence mtDNA 

replication. Here we prepared AAP medium by 8 times dilution of 18 amino acids 

concentration used in serum-free derivative IVM medium on purpose to examine 

oocyte metabolism. The low amino acid concentration medium allowed minute changes 

in amino acid utilization and production to be able to detect by high performance liquid 

chromatography (Harris et al., 2009, Collado Fernandez, 2013, Hemmings, 2007) while 

GPL medium is a balanced salt solution contained tiny amount of glucose for 

carbohydrate metabolism. Amino acids play many roles in culture medium including 

precursors of protein production, supportive osmotic pressure, pH buffering, as well as 
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chelating agent role. Changes to deprive amino acid concentration medium may induce 

a stressful milieu surrounding oocytes leading to an increase in mtDNA replication to 

meet the energy required for oocyte survival.  

 

The denudation process to free cumulus cell of oocytes could be another main issue 

concerned with regard to increase in mtDNA replication. In the normal circumstance, 

oocyte and cumulus cells support each other in terms of growth and development via 

bidirectional communication in a follicular milieu as a fundamental unit development 

(Eppig, 2001, Knight and Glister, 2006). Disaggregation of cumulus cells from individual 

oocytes, therefore, may alter metabolic function of the small unit and may induce 

stressful and detrimental effects to oocyte metabolism during oocyte maturation in 

vitro. This might explain differences of mtDNA copy number between oocytes incubated 

in AAP/GPL media with the control in standard serum-free IVM medium. As a previous 

report, more quiescent oocytes/embryos have shown better quality (Leese, 2002). 

Under the stressful condition, denuded oocytes may have to compensate by increase 

mtDNA replication to produce sufficient ATP for development. Further studies are 

needed to determine whether this may be a useful marker for culture media testing.  

 

During the early stages of meiotic resumption, the cytoskeletal network of microtubules 

mediates dynamics of ultrastructure within nucleus and cytoplasm in forming the 

meiotic spindle and organelles mobilization (Van Blerkom, 1991). Mitochondrial 

relocalization and changes in mitochondrial activity are needed to ensure the capacity 

of oocyte to achieve fertilizing competence and further embryonic development. 

Brevini et al. (2005) found mitochondrial reorganization and increased ATP content 

during IVM related to the development capacity after IVF (Brevini et al., 2005). Duran 

and colleagues revealed a significantly increasing ATP content in parallel with the 

maturational stage of human oocytes (Duran et al., 2011) as well as Zeng et al., who 

demonstrated higher ATP levels and higher total mtDNA copy numbers in oocytes that 

reached maturation compared to those who failed maturation (Zeng et al., 2007). Like 

humans, a study in pigs found mtDNA copy has a strong correlation to fertilization 

outcome (Pedersen et al., 2014). This strongly indicated that mitochondrial number, 



259 

 

mtDNA copy number, mitochondrial structure, distribution and functions are all 

essential for the final stage of oocyte development.  

 

6.4.8. Conclusion 

The chapter provides some evidence to support the impact of reproductive age on 

mtDNA copy number although the data clearly demonstrated only in mature (MII) 

oocytes. Differences between two stages of oocytes (GV vs MII) confirmed the 

mitochondrial DNA replication during oocyte maturation in vitro. A quantitative 

assessment of mitochondrial number by using a surrogate mtDNA copy number 

estimation observed a wide range of variation in mitochondrial number among 

individual oocytes. Further investigation is needed to identify the cut-off level in 

different circumstances prior to conclude on the normal range of oocyte mitochondrial 

number.  

 

Although numbers of evidences in the literature as well as this current work suggest 

age-altered mitochondrial number and energy metabolism, the study could not identify 

the link between the two factors. It is possible that both parameters are easily 

interfered with by the environmental milieu such as culture media or cumulus free 

environment. Moreover, amounts of mitochondria by the estimation of mtDNA copy 

number did not take the mitochondrial structure into account. Therefore, data 

concerning mtDNA copy number as a representative of mitochondrial number to 

determine oocyte quality should be carefully interpreted since they lack functional 

evaluation. 

 

The findings in this chapter may demonstrate an impact of culture media per se on 

oocyte mitochondrial number; this is possibly related to the low IVM outcomes of 

oocytes matured in vitro in comparison to those matured in vivo. A contradiction 

observed between this work and previous reports is that an increase in mtDNA copy 

number seems to determine compromised oocytes rather than the better quality 

oocytes. The speculation has focused on the different model used in this experiment, is 

compatible to test competency of oocyte for further development instead of the model 

for reproductive ageing.  
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Additional studies are required to clarify the effect of maternal ageing not only on 

mitochondrial number in different methods of estimation in different species but also 

on other aspects of mitochondrial function like regulation of Ca2+ signalling, apoptosis 

induction and fertilization. This work has challenged the appliance of mitochondrial 

replacement therapy to improve oocyte quality in terms of the correct quantity of 

mitochondrial substitution, the selective methods to identify which oocytes required 

mitochondrial replacement, as well as the functional properties of mitochondrial 

supplement. Oversupply of mitochondria into oocytes may lead to compromising 

oocytes from excessive energy burn out and overt ROS production and subsequently 

facilitating apoptosis. Moreover, the natural history of mitochondrial adaptation after 

replacement still needs to be elucidated. 
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CHAPTER 7: GENERAL DISCUSSION 

7.1. INTRODUCTION 
Identifying the mechanisms that underpin age impaired oocyte growth, maturation and 

subsequent embryo development would have a great impact on womens’ reproductive 

life in this era in terms of improvement of female conception, infertility diagnosis and 

treatment, and family planning (Picton et al., 2003; Telfer and McLaughlin, 2007). It 

would also expand current knowledge of the treatment of the age related diseases and 

potentially lead to increased productivity of farm species. The intrinsic quality of the 

oocyte is widely accepted as being critically important to the success of female 

reproduction in vivo and in vitro in both animals and humans (Gandolfi and Gandolfi, 

2001; Jurisicova and Acton, 2004; Krisher, 2004; Sirard et al., 2006). Cytoplasmic and 

molecular maturation insufficiency disrupts oocyte growth and developmental 

potential. As the cytoplasmic machinery of the zygote includes mRNA, proteins, 

mitochondria, that are maternally inherited, it is therefore essential that all of the 

proper biological processes of oocyte development much be completed and in a 

coordinated manner to ensure the full capacity of oocyte to undergo fertilization and to 

support development of preimplantation embryo before EGA.  

 

The success rate of infertility treatment in aged women undergoing ART is significantly 

lower than that of women of earlier reproductive age, no matter what ovarian 

stimulation protocols have been offered or the quality of embryo selected for transfer. 

Moreover, pregnancy in aged women is reported to result in increased chances of 

miscarriage and obstetric complications (Grotegut et al., 2014, McDonnell et al., 2014). 

For example, the increased prevalence of congenital malformations, preterm delivery, 

newborn with small for gestational age, age related diseases, childlessness and short 

lifespan (Doyle et al., 1992; Farin et al., 2001; Shiota and Yamada, 2005; Eppig et al., 

2009; Ge, 2015). Thus, a better understanding how age changes oocyte biology and 

metabolism may lead to the development of optimised culture conditions as well as 

improved, individualized ovarian stimulation protocols that match the infertile 

pathology and thereby improve the quality of the oocytes and embryos in the ART 

program. 
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7.2. THE STUDY MODEL 
Ageing is a complicated process associated with stochastic changes in cell structure and 

functions. Models used for the study of ageing are important and need to be aware of 

the diversity of the outcomes. This thesis used oocytes from the prepubertal and adult 

sheep as a model to study the impact of age on human oocyte quality. One of the models 

that commonly used to study oocyte ageing is prepubertal oocytes as it is accessible 

resource, and have a lower potential to grow and develop into an offspring than adult 

oocytes. Therefore, this thesis has taken the prepubertal oocyte during off-breeding 

season representative the model of poor quality oocyte and employed adult oocytes 

during breeding season to represent the oocyte with better developmental potential. It 

should be pointed out that the findings in all of the enclosed series of studies should be 

interpreted with caution as our chosen in vitro model may not be equivalent to ovarian 

ageing in vivo. More specifically our in vitro model of oocyte ageing may be subtly or 

grossly different to oocyte ageing in vivo. Indeed, it is for this reason we elected to focus 

the majority of the research in this thesis on the biology of GV oocytes as these more 

closely resemble oocytes in vivo than cells that have undergone IVM following 

denudation. Nevertheless, the results generated here can be used to investigate defects 

in the oocyte cytoplasmic machinery as the molecular and metabolic links that causes 

poor reproductive outcomes. Although further focused studies are however needed to 

confirm that the ageing process is conserved in our chosen model, the advantages of 

our in vitro model have enable us to conduct well controlled studies in oocyte biology 

is not affected by in vivo nutrition, genetic background and health status, environmental 

factors and, as is relevant to the current sheep studies, seasonal effects of the breeding 

season. 

 

Studies of oocyte metabolism, are hardly to do using COCs since no methods are 

available to control or subtract the metabolism of CCs which contribute to the nutrients 

utilized or metabolites produced by the intact COCs. The current work therefore aimed 

to focus on the use of serum-free culture conditions that simulated the normal 

physiological conditions that were appropriate for the culture of denuded oocytes. 

Supplementation of the defined oocyte culture media with 50µM cilostamide was 

necessary to ensure inhibition of meiotic progression in GV oocytes. The extensive 
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validation studies of the culture system conducted in chapter 3 aimed to demonstrate 

that the culture strategy used did not impact contribute the outcomes measured 

outcomes such as metabolism and chromatin configuration. However, since this thesis 

did not evaluate the impact of the culture environment on subsequent oocyte 

developmental competence, and without cumulus enclosed the oocytes, detrimental 

effect may be anticipated. Further studies are required to evaluate the oocyte’s capacity 

to undergo fertilization to support embryo development to the blastocyst stage, as well 

as the optimizing in vitro culture condition needed to be established. 

 

7.3. AGE ASSOCIATED CHANGES IN CHROMATIN 

REMODELING 
As we know, human oocytes enter meiosis I division and then maintain meiotic arrest 

since foetus in utero before becoming cell cycle arrested at diplotene stage of prophase 

I during mid-gestation is similar to sheep and cow. At this stage, oocyte chromosomes 

present less distinct and forming faint network and resting inside a primordial follicle 

(Mandl and Zuckerman, 1952) until it has been activated into a preovulatory pool. 

Concomitant to follicle development, the oocytes grow and substantially increase in 

size which it is considerable as part of cytoplasmic development. The oocyte 

chromosome turns into decompensation phase accompanying with chromatin becomes 

transcriptionally active. As the dynamics occurs towards the end of oocyte 

differentiation prior to the meiotic resumption of oocyte. This may be considered as an 

indicative marker of oocyte competence as the meiotic competence acquisition is timely 

dependent on the appearance of the early signs of chromatin condensation whereas 

subsequently embryonic developmental competence is acquired almost the highest 

level of chromatin condensation (Albertini et al., 2003, De La Fuente, 2006).  

 

A number of studies in various species such as mouse (Wickramasinghe et al., 1991) 

(Zuccotti et al., 1995), cow (Fuhrer et al., 1989, Lodde et al., 2007), goat (Sui et al., 2005), 

horse (Hinrichs and Schmidt, 2000) and human (Combelles et al., 2003, Miyara et al., 

2003), have reported that chromatin remodeling occurs during the developmental 

period before oocytes undergoing competence. Although the pattern of chromatin 
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configuration in different species showed differences to some extent, they were 

consistent in term of moving from diffused stage of chromatin towards the condensed 

chromatin pattern. Several studies found pattern of chromatin configuration in mouse 

closed to human oocytes as the staining showed NSN-SN pattern in which condensed 

chromatin were formed at the perinucleolar region (Wickramasinghe et al., 1991, 

Zuccotti et al., 1995, Miyara et al., 2003). On the other hand, other ruminant species 

such as cow and goats, could not identify such characteristics but seem to have 

spreading patterns from either diffuse filamentous pattern, few foci condensed, distinct 

clump condensed and single clump condensation(Lodde et al., 2008).  

 

Only one published study has been reported with regard to chromatin configuration 

pattern of sheep oocytes (Russo et al., 2007b). Characteristics of chromatin 

configuration in sheep seemed to be the combination of both NSN-SN pattern like 

mouse and human, and discrete pattern as found in ruminants. Therefore, we 

questioned whether this could be the effect of the SYBR staining used instead of 

conventional staining such as Hoechst or DAPI. The current work therefore conducted 

to confirm and redo the classification of sheep chromatin configuration by DAPI 

staining as the results seen in the chapter 3. The evidence clearly demonstrated that the 

staining method per se influences chromatin pattern manifestation due to the different 

properties of dye labeling. Although our established chromatin classification is closed 

to what have been presented in other ruminant species (i.e., cow and goat), it was not 

identical.  The characteristics was far from NSN-SN pattern as shown in mouse and 

human. Dynamics of chromatin configuration have progressed through diffused, net-

like, condensed, and clump stages prior to oocyte nuclear membrane breakdown as can 

determine by meiotic spindle plate with presence or absence of the first PB. Therefore, 

the established classification was applied for the following series of experiments in this 

thesis. However, it has been aware of that reliability of chromatin configuration may 

depend on the correct staining methods, quality of sample tissues batch to batch 

variation, and especially the interpretation skills of scientists. The experiments were 

strictly followed the protocol in all replicates and conducted by only 1 interpretator 

(CT) to avoid the interpretator effect in the study. 
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Data also showed that immature GV sheep oocytes (chapter 3) clearly demonstrated 

that the dynamics of chromatin remodeling has been delayed in GV samples derived 

from prepubertal compared to adult tissues. Due to ATP required during meiotic 

maturation, a low pyruvate consumed by prepubertal oocytes (chapter 4) may explain 

that insufficient energy production to drive the meiotic maturation causes delayed 

development. Besides, GV-staged oocytes derived from prepubertal animals seem to 

have transcriptionally active, higher level of several genes expressed, whereas the 

equivalent from adult animals showed less abundance of the transcripts. The data 

suggests that prepubertal GV oocytes have less sufficient molecular machineries to 

drive meiotic maturation process.  Such an effect was pronounced when the condition 

in vitro culture has less support as using GPL medium (KSOM based medium). Further 

studies require to confirm this finding not only in other models both in vitro and in vivo, 

but also in different species. Moreover, it is worth to study both genetics and proteins 

underlying meiotic maturation.  

  

7.4. AGE ASSOCIATED WITH ALTERATION OF ENERGY 

METABOLISM LINKED TO COMPENSATORY 

MITOCHONDRIAL DNA REPLICATION 
The results presented in chapter 4 show that the overall pattern of AA depletion and 

appearance was maintained in immature GV sheep oocytes. Glycine, alanine and lysine 

production and asparagine, glutamine, threonine, arginine and leucine consumption 

were the major AAs that contributed to GV oocytes AAP regardless of animal age. With 

regard to AAP, adult GV oocytes showed a higher consumption of aspartic acid, 

isoleucine and leucine. On the other hand, they turn to consume less glutamic acid and 

tyrosine but produced more alanine when incubated in AAP media. The current work 

demonstrated that adult GV oocytes showed a higher AA turnover and presented a 

positive AA net-balance when compared to prepubertal GV oocytes.  

 

This study identified a few AAs, such as aspartate and isoleucine that were linked to 

oocyte age. These candidate AAs had previously been shown to be associated with 

embryo quality on day 1 or day 2 of embryo culture in vitro. Specifically, the effect of 
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age was significantly associated with altered glutamine consumption in most previous 

studies in both human oocytes (Hemmings et al., 2012) and embryos (Picton et al., 

2010) and ovine oocytes in vivo (Collado Fernandez et al., 2015). The same trend has 

found in the study but differences in glutamine consumption did not reach statistical 

significance. This suggests that glutamine should be one of the affected AA selected for 

further study since it plays several roles in oocytes as it is a protein precursors for 

purine and pyrimidine synthesis and glutathione production as well as an antioxidant, 

and an organic osmotic regulator. Moreover, it can also be converted and used as an 

energy supply. This may link its metabolism to many ageing theories regardless cell 

type studied. Another AA which was consistently affected by age was tyrosine (Collado 

Fernandez et al., 2015, Hemmings et al., 2012, Picton et al., 2010). As it involves in 

number of signaling pathways. Further studies are required to focus on these AAs and 

age related alterations in their metabolism. Future studies of the associated signaling 

pathways may enhance knowledge and so help elucidate the mechanism of ageing. 

Although glycine, arginine and alanine made major contribution to AAP measurement 

in the current study their biology overall is already known to be linked to oocyte 

competence and/or embryo quality, and the current work could not demonstrate any 

changes in these AAs in relation to age.  

 

The work reported in this thesis confirmed that pyruvate rather than glucose is the 

major substrate for energy metabolism of oocytes due to lack of rate limiting enzyme 

in the glycolytic pathway, phosphofructokinase, as has been reported previously. 

Oocyte development and maturation demand that sufficient ATP synthesis is available 

to drive the process. They therefore require the mandate of energy metabolism. This 

study also demonstrated that age-related changes in glucose and pyruvate 

consumption occurred due to the fact that these nutrients are precursors needed for 

energy production. Adult oocytes with better quality have more capacity to take up 

more pyruvate than prepubertal oocytes whereas the poor quality oocytes utilized 

more glucose. The data suggests that prepubertal oocytes may have defects in the 

cytoplasmic and/or molecular machinery needed to uptake pyruvate and synthesize 

enough ATP to support further development. Therefore, in the last thesis chapter- 

chapter 6, mtDNA copy number was studied to see whether such an impairment was 
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reflected by an insufficient mitochondrial number to produce energy using as mtDNA 

copy number as a surrogate for quantitation of mitochondrial number. Surprisingly, we 

found an increased mtDNA copy number in prepubertal oocytes with lower 

developmental potential compared to adult oocytes. The conclusion from this finding 

was that mitochondrial number alone may not be accurate enough to evaluate oocyte 

quality since the organelles may replicate to compensate for compromised cell function 

and/or not all mitochondria present in the oocyte may be equally active. 

 

7.5. THE EFFECT OF OOCYTE AGE ON GENETIC AND 

EPIGENETIC MARKERS 
In recent years, evidence has grown regarding the molecular mechanisms that govern 

the ageing process. That effect of ageing has been shown to involve several mechanisms 

and interactions (Kirkwood et al., 2005, Mihalas et al., 2017) for example deterioration 

and ageing in oocytes may involve increased ROS production, DNA damage, impaired 

DNA repair mechanisms, mitochondrial defects. Moreover, epigenetic modification may 

contribute to the effects of ageing. 

 

This work investigated the potential impact of age on the molecular regulation of a 

range of genes involved in sheep oocyte maturation in prepubertal and adult animals. 

The effect of age was studied on a range of potential genetic markers including oocyte-

specific genes involved in metabolism and growth, the subcortical maternal protein 

complex, imprinted genes, genes involved in one-carbon metabolism, and epigenetic 

regulators. The evidence presented clearly identified candidate genes that contributed 

to the establishment of oocyte competence and demonstrated that the expression of the 

key genes was moderated by oocyte stage of maturity (GTSF1, NLRP2 and PRDX2) and 

animal age (BMP15, GTSF1, NLRP2, OOEP, SNRPN, MAT2B, PRMT5, SHMT2, DNMT3A, 

DNMT3B, GSK3B, IGF1R, IGF2BP2, IGF2BP3, PRDX2, SLC16A1 and SLC2A1).  

 

Studies of genes related metabolism were highlighted as gene targets that were 

moderated by age either through the involvement of the glycolytic pathway or 1C 

metabolism. While the SCMC drives the development of the later stages of the 
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preimplantation embryo it also is relevant to oocyte-specific genes. Furthermore, 

alteration in epigenetic modification of aged oocytes may involve the regulatory control 

of imprinted gene expression and global gene methylation. This study also detected 

changes in oocyte genes governing oxidative stress. In general, from the data generated 

using the oocyte ageing model studied here, it can be speculated that the impairment of 

gene transcription with ovarian ageing is more closely associated with alteration of 

oocyte cytoplasmic maturation rather than with DNA damage related to ovarian ageing. 

Since the similar trends were shown in all transcripts, which were found to be 

expressed at lower levels in prepubertal compared to adult oocyte counterparts. 

 

On the basis of the collective results here, the ageing process has shown that it is 

involved in several functions of oocyte and these support many theories of ageing 

mechanism in general. As we demonstrated the alteration of a limited number of genes 

related to metabolic pathways, some missing genetic and epigenetic control from the 

current study may be required for further inspection by using modern technologies 

such as RNA sequencing and proteomics to fill the missing gap of knowledge of oocyte 

ageing. Moreover, it would have more beneficial to support the findings of this study if 

future studies provide tracking process of culture in vitro from oocyte to embryo 

development by linkage to the noninvasive metabolism assays both energy and AAs 

metabolisms at each stage. Finally, key markers found may be worth to be studied in 

other species including human in both GV and MII stages to elucidate the age effect in 

women both fertile and infertile to assemble the more large pictures of age to oocyte 

defects.  

 

 7.6. FUTURE DIRECTIONS AND PERSPECTIVES 
Although the pattern of chromatin configuration is closed to other ruminant species, 

the study to link the morphological finding and oocyte transcriptional status or 

clinically developmental potential are still required. Likewise, extensive works on 

transcriptomics and proteomics will provide further information in term of molecular 

machinery and cytoplasmic maturation; RNA, proteins or organelles, for example. The 

current work contradicts what has been observed in previous reports by 

demonstrating the correlation between poor quality oocyte and the greater replication 
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of mitochondrial DNA copy number during oocyte maturation regardless types of 

media incubated in vitro. This finding suggests the compensatory mitochondrial 

replication to stress-induced response in order to supply energy enough for driven the 

maturational processes including GVBD, meiotic spindle formation and relocalisation, 

and the first PB extrusion. As the oocyte per se has limited capacity to utilise 

carbohydrate; it, therefore, synthesises energy through alternative pathways using 

amino acids and endogenous fatty acids as precursors. Further studies are needed to 

be validated the observation and assumption from this study. Moreover, the direct 

measurement of oocyte energy production (i.e., ATP production or oxygen 

consumption) may be appropriate options to confirm the hypothesis. 

 

The substantial evidence from this work provokes the revision of mitochondrial DNA 

copy number as a surrogate of mitochondrial number since the interference of 

organelles adaptation by fission and fusion may involve leading to incorrect estimation 

of the mitochondrial number. Furthermore, alteration of mitochondrial structures also 

influences the mitochondrial function in term of ATP production. An increase of 

mitochondrial DNA copy number in this work may be caused by the failure to dispose 

of the defective mitochondrial DNA leading to the accumulation of mitochondrial DNA 

mutation within oocytes. Several questions in this regard are still opened for discussion 

and looking for scientific answers in the future. 

 

The simulated in vitro culture condition used in this thesis primarily purposes to 

address the accurate evaluation of oocyte metabolism per se without the interference 

of other surrounding granulosa cell metabolism. Instead, it may induce the stress 

response, which compromises to the further embryonic development. Therefore, for 

clinical application, the culture work is needed to be optimised. 

 

As the sheep oocyte is the model chosen in this research may have some biological 

differences from human oocytes regarding seasonal breeding species, lipid droplet 

composition in ooplasm despite a monovular species. Application of knowledge 

transferred to human oocyte needs to be cautious; however, it may be attributable to 

the development of sheep in vitro production and improved knowledge gap about what 
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made prepubertal sheep oocytes differ from the oocyte-derived from adult sheep. 

Considerable research data may use to develop efficiency in vitro production to reduce 

the generation gap in order to increase more agricultural and business production. 

 

7.7. CONCLUSION 
This thesis provides further evidence in support of the hypothesis that is central to this 

thesis namely that age leads to the impairment of the biological functions of immature 

GV oocytes in many aspects. The parameters altered by age include the dynamics of 

oocyte meiotic maturation as well as the impairment of energy metabolism and AA 

metabolism. Importantly, these defects associated with age are linked through the 

important organelle, the mitochondrion, whose altered function may itself contribute 

the age-related impairment. Moreover, some of the genetic determinants found in the 

study may explain this relationship further. The studies presented confirmed that the 

classification of chromatin configuration in sheep GV oocytes closely resembles that of 

other ruminant species. Moreover, this is the first report that has estimated mtDNA 

copy number and carbohydrate metabolism in the same individual cells, and it 

represents the 1st reports of the expression of a range of novel candidate genes in sheep 

oocytes. The work undertaken will significantly advance our understanding of the 

biology of ageing in ruminant oocytes and is highly relevant to the reduction of oocyte 

quality seen with advancing maternal age in oocytes from women. The findings of this 

work have therapeutic impacts and may help to improve ovarian stimulation protocols 

in older patients. Furthermore, the results suggest that estimation of mitochondrial 

number alone is insufficient to support the therapeutic application of mitochondrial 

replacement as a means of improving the quality of oocytes with poor developmental 

competence.  
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APPENDIX II: PREPARATION STOCKS FOR CULTURE  

Sodium Pyruvate Stock  

To make up the stock, 0.0517g of sodium pyruvate was dissolved in 30 ml universal tube 

containing 10 ml tissue culture grade water. This composition will contribute 47mM sodium 

pyruvate stock as a final solution. Then the stock was dispensed through a 0.2 μm disposable 

disc filter (Nalgene) and kept in a sterile, sealable container for further use. 

20X Bovine Serum Albumin (BSA) Stock 

The 500ml BSA stock was prepared by dissolving 10g BSA (Sigma, A9418, 100g) into a 

volumetric flask containing 500ml Minimum Essential Medium Eagle HEPES Modification 

(HEPES-MEM) (Sigma, M7278-500ml). The 20 mg/ml BSA solution was sterilised by filtration 

through a 0.2 μm disposable disc filter (Nalgene) and then was divided into 25ml aliquots in 30 

ml universal containers. The ready to use stock will be kept frozen and stored at -20°C. Thawing 

is performed whenever it is needed for medium preparation. 

Penicillin-Streptomycin Stock 

The sterile-filtered, stabilized Penicillin-Streptomycin Solution (Sigma, P4333) contained with 

10,000 units’ penicillin and 10 mg streptomycin/ml was prepared into multiples of 5ml aliquot 

in sterile 5 ml universals. The stock will be kept frozen in freezer at -20°C until the use is 

required. 

Sodium Bicarbonate Stock 

The 250mM stock of sodium bicarbonate was prepared in 50 ml volumetric flask by mixing 

1.05 g and three drops of 0.5% phenol red in PBS (Sigma, P0290) into up to 100 ml of tissue 

culture grade water. The dissolved solution was filtrated to sterilize and kept in a sterile 60 ml 

flask at 4°C up to two weeks. 

HEPES Stock 

The 100ml HEPES stock was prepared in 100 ml volumetric flask by mixing HEPES (>99.5% 

(w/v) titration free acid; Sigma, H6147), HEPES sodium salt (Sigma, 3784) and three drops of 

0.5% phenol red in PBS (Sigma, P0290) into up to 100 ml tissue culture grade water. Then pH 

was adjusted to 7.4 by adding 1M sodium hydroxide or 5M hydrochloric acid which is 

appropriate. The final solution was sterilized by filtration through a 0.2 μm disposable disc filter 

(Nalgene) and the filtrate was kept in a sterile 250 ml universal at 4°C up to two months.  
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L-Glutamine Stock 

The 100 mM L-glutamine stock was prepared by making 1:1 dilution of a 100 ml of 200 mM L-

glutamine solution (Sigma, G7513) into 100 mL tissue culture grade water (Sigma, W3500). 

The mixed-well solution was dispensed into 200 µl and 1 ml aliquot in sterile microfuge tubes 

for single use. The stock was stored in -20°C freezer until needed.  

Bovine holo-transferrin stock  

The 5 mg/ml bovine holo-transferrin was prepared by dissolving/adding 100 mg of transferrin 

(Sigma, T1283) into 20 ml of prepared α-MEM basic solution-1, which was made up by mixing 

0.020 g BSA (Sigma, A6003), 200 µl of Penicillin/Streptomycin Stock with 20 ml α-MEM (Sigma, 

M4526). Then the transferrin stock was dispensed into 20 µl aliquot in sterile microfuge tubes 

for single use. These were stored in -20°C freezer until needed.  

Sodium Selenite Stock  

The 50 µg/ml sodium selenite stock was prepared by dissolving 1 mg of sodium selenite (Sigma, 

S9133) into 20 ml of prepared α-MEM basic solution-1 as described in Bovine holo-transferrin 

stock preparation. The stock solution was thoroughly mixed and then dispensed into 20 µl 

aliquot in sterile microfuge tubes for single use. These were stored in -20°C freezer until 

needed.  

Bovine Insulin Stock 

The 10 mg/ml bovine insulin stock was prepared by adding 10 ml of acidified water, which was 

made of mixing 750 µl glacial acetic acid with 24.25 ml tissue culture water, into a 100 µg vial 

of bovine insulin (Sigma, I1882). The stock solution was thoroughly mixed, and then dispensed 

into 10 µL aliquot in sterile microfuge tubes for single use. These were stored in -20°C freezer 

until needed. Upon thawing to make 1:1000 dilution, 1 µl of the stock solution was added into 

999 µL of prepared α -MEM basic solution-1.  

R3 IGF1 Stock 

The 1 mg/ml stock was prepared by dissolving 100 µg Long R3 IGF1 (Sigma, I1271) in 100 µl 

of acidified water. Then the solution was further diluted with 900 µl of α-MEM basic-10 in order 

to make final concentration of 100 µg/ml. For single use purpose, it was aliquot 10 µl into 

microfuge tubes and stored at -20°C freezer until needed. 
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Ovine FSH stock  

The 2 IU/mL FSH stock was prepared by dissolving 50 IU ovine FSH (Sigma, F8174) into 25 ml 

of α-MEM basic-10. For single use purpose, it was aliquot 20 µl into microfuge tubes and stored 

at -20°C freezer until needed. 

Ovine LH stock  

A 2 IU/ml LH stock was prepared by dissolving 25 IU ovine LH (Sigma, L5269) in 12.5 ml of α-

MEM basic-10.  For single use purpose, it was aliquot 10 µl into microfuge tubes and stored at -

20°C freezer until needed. 

DABA Stock 

A 50mM DABA stock was prepared by dissolving 51.56 mg of DABA into 10 mL of tissue culture 

water and then thoroughly mixed using a sonicator bath. For single use purpose, it was aliquot 

20 µl and 150 µl into microfuge tubes and stored at -20°C freezer until needed. 

Cilostamide stock 

A 50µM DABA stock was prepared by dissolving 5 mg of cilostamide (Sigma, C7971) into 250 

µl of DMSO. If other concentration needed, diluted stock with certain amount of DMSO 

immediately before use. Stock solution was kept light off and stored at 4°C up to 6 months.  

Hyase solution 

A working solution 80IU/ml hyaluronidase stock was prepared by dissolving 12.12 mg 

hyaluronidase type I-S from bovine testes in 50 ml of H199+ medium. Then the solution was 

filtrated and dispensed into 1 ml Eppendorf for single use. The stock was stored at -20°C freezer 

until required.  

 

  



332 

 

APPENDIX III: STOCK PREPERATIONS FOR GPL ASSAYS 

10X KSOM stock A  

The reagents in the following table listed were mixed in a sterile 100ml volumetric 

flask. For sterilization, the solution was filtered and stored at 4°C for up to 3 months. 

Reagent MW (g/mol) Amount Stock Conc (mM) 

NaCl 58.44 5.55 g 949.69 

KCl 74.55 186 mg 24.95 

KH2PO4 136.09 48 mg 3.53 

MgSO4 • 7H2O 246.47 49 mg 2 

EDTA Tetrasodium Salt 372.24 4 mg 0.11 

Tissue Culture Grade H2O - Up to 100 ml - 

10X KSOM stock B  

A 250mM sodium bicarbonate (NaHCO3) stock was prepared by dissolving 1.05 g of 

NaHCO3 (MW=84.01g/mol) into tissue culture grade H2O to make up a total volume of 

50ml in a volumetric flask. The solution was thoroughly mixed, and filter-sterilised 

before stored at 4°C for up to 4 weeks. 

100X KSOM stock C  

A 20mM sodium pyruvate (C3H3NaO3) stock was prepared by dissolving 220mg of 

sodium pyruvate (MW=110g/mol) into tissue culture grade H2O to make up a total 

volume of 100 ml in a volumetric flask. The solution was thoroughly mixed, filtered-

sterilised and stored at 4°C for up to 1 week. 

100X KSOM stock D 

A 170mM calcium chloride (CaCl2) stock solution was prepared by dissolving 252mg of 

CaCl2• 2H2O (MW=147.02g/mol) into 10ml of tissue culture grade H2O. The solution 

was mixed, filter-sterilised and stored at 4˚C for up to 3 months. 
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100X KSOM Glucose stocks  

A 20mM Glucose stock solution was prepared by dissolving 36mg of D (+) Glucose 

(MW=180.16g/mol) were mixed into 10ml of tissue culture grade H2O in a volumetric 

flask before the solution was filter-sterilised and stored at 4°C for up to 3 months. 

EPPS buffer (N-2-hyroxyethyl piperazine-N′-3-propanesulfonic acid)  

A 1.26g of minimum 99.5% titration EPPS were dissolved in 75ml in a 100ml glass 

beaker. The solution was mixed thoroughly by stirring with the aid of a magnetic flea 

and a magnetic stirrer and adjusted pH to 8.0 by adding 4M NaOH solution. Then 

volume of the solution was made up to 100ml with tissue culture H2O in a volumetric 

flask before being filter-sterilised into a sterile flask and stored at 4°C for up to 6 weeks. 

Glycine hydrazine buffer 

Hydrazine sulphate powder was weighted and added to a 150ml universal with lid 

containing 50ml of tissue culture grade H2O in an extractor hood due to toxicity of 

hydrazine powder. After that the reagents in the following table were added before the 

solution was well mixed with the aid of a flea and a magnetic stirrer while me adjusting 

the pH to 9.4 by using a 4M NaOH solution. In a volumetric flask, the volume of the 

solution was made up to 100ml with tissue culture grade H2O before being filter-

sterilised into a sterile flask and stored at 4°C for up to 6 weeks. 

Reagent MW (g/mol) Amount 

Tissue Culture Grade H2O - 50ml 

Hydrazine Sulphate - 5.2g 

1M Glycine  75.07 7.5g 

5.26 mM EDTA  380.2 0.2g 

Adjust pH to 9.4 by adding 4M NaOH before add more H2O to 100ml*** 

4mM NaOH solution 

A 4M sodium hydroxide solution was prepared by dissolving 8.0016g of NaOH 

(MW=40.01g/mol) into a 100ml glass beaker containing 50ml of tissue culture grade 

H2O, before thoroughly mixed using a magnetic flea and stirrer. Extra precautions were 

alert as this can make a very corrosive reaction.   
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Reagent Amount (μl) 

Lysis Buffer (Dynabeads mRNA DIRECTTM kit, Life 

Technologies Ltd.) 
910 μl 

RNA Later Solution (Ambion®, Life Technologies Ltd) 50 μl 

SDS 20% Solution (Ambion®, Life Technologies Ltd) 20 μl 

IGEPAL CA-630 20 μl 

 

Dithiothreitol, MgSO4, ATP, NAD(P) and NADH stocks 

Stocks of dithiothreitol (DTT), MgSO4, ATP, NAD(P) and NADH were made just before 

use as the preparation in the following table for using as the composition in glucose, 

pyruvate and lactate reaction mixtures. 

Reagent 
MW 

(g/mol) 
Amount 

(mg) 
Tissue Culture 

Grade H2O (ml) 
Stock Concentration 

(mM) 

DTT 154.3 15.4 20 5 

MgSO4 • 7 H2O 246.48 91.2 10 37 

ATP 551.14 27.6 5 10 

NADP disodium salt 787.4 39.37 5 10 

NADH disodium salt 709.4 35.5 10 5 

NAD free acid 663.4 80 2 60 

Stocks for glucose, pyruvate and lactate standards and quality controls 

The standards of known concentration of glucose, pyruvate and lactate were required 

for the standard curve construction in section 4.2.3. Therefore, the serial dilutions were 

made up the stocks required for the preparation of standards and quality controls.  
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Reagent 
MW 

(g/mol) 
Amount 

Tissue Culture 
Grade H2O 

(ml) 
Stock Conc (mM) 

D (+) Glucose 180.16 99 mg 10 50 

50 mM Glucose Stock  800 μl 3.2 10 

10 mM Glucose Stock  2 ml 2 5 

5 mM Glucose Stock  1 ml 4 1 

Sodium Pyruvate 110.04 110.04 mg 10 100 

100 mM Sodium Pyruvate  2 ml 18 10 

10 mM Sodium Pyruvate  2 ml 18 1 

60% (v/v) DL-Lactate Syrup 1.32g/ml 186.8 mg 10 DL:100 (L only:50) 

50 mM L-lactate  1 ml 9 5 

5 mM L-lactate  1 ml 4 1 
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APPENDIX IV: STOCK PREPARATIONS FOR MOLECULAR 

ANALYSIS 

1X PBS 

Sterile 1xPBS was prepared by diluting 1 ml of 10X PBS with 9 ml of DNase, RNase-free H2O and 

solution was aliquot and kept in clean 2.0 ml nuclease-free microfuge tubes. Then each tube 

will be used once to prevent the contamination. 

10mM dNTP mix  

A ready-to-use 100mM mixed dNTP containing dATP, dCTP, dGTP and dTTP (Bioline Reagents 

Ltd., London, UK) was diluted in UltraPure™ DNase/RNase-Free (Life Technologies Ltd) 

distilled H2O to produce a 10mM dNTP mix. The solution was thoroughly mixed and aliquoted 

into 0.5ml clean PCR tubes and stored at -20°C until use. 

10μM Primer stocks  

All primers were purchased from Life Technologies Ltd. Primer vials contained ~15-30nmols 

of desalted primers. The required volume (~150-300μl) of UltraPure™ DNase/RNase-free 

distilled H2O was added to each vial to make up a 10 pmoles/μl working stock. The solution was 

thoroughly mixed and a few aliquots were dispensed into thin walled PCR tubes for everyday 

use and stored at -20°C. The rest of the solution was also kept at -20°C. 

1X TBE buffer (Trisaminomethane, borate, EDTA buffer) 

3 reagents including 108g of Tris, (Trisaminomethane), 55g of Boric acid and 7.4g of EDTA were 

thoroughly mixed together in a 10l plastic container by the aid of a magnetic stirrer and flea. 

Lysis buffer 

The reagents used for lysis buffer preparation as the following table, each one of the reagents 

as the list was equilibrated at room temperature, before mixing into a RNase, DNase free 1ml 

microfuge tube, using filtered tips. The solution was vortexed, dispensed into 200μl aliquots in 

thin walled PCR tubes and stored at -20°C until required. 

 

 


