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“The mystery of nature in the wonderful operation of animal reproduction has from the earliest 

period courted the attention of physiologists, and though experiment and imagination have 

toiled and fancied through all the ages, and opinions have been various and ingenious, the 

present day still finds the subject unconcluded.” 

Pulley, J. (1801).  An essay on the proximate cause of animal impregnation; being the substance of a 
paper read and discussed in the medical society at Guy’s Hospital, in October 1799.  London 
 
More than 200 years later... 

“The overwhelming impression is that the molecular events of ovulation are far more 

complex...than originally imagined.” 

Espey, L. L. & Richards, J. S. (2002).  Temporal and spatial patterns of ovarian gene transcription 
following an ovulatory dose of gonadotropin in the rat.  Biology of Reproduction 67:1667. 
 



i 

Lisa Akison 2012 

Table of Contents 

Abstract  ............................................................................................................................................ v 

Thesis declaration:.............................................................................................................................. vii 

Acknowledgements............................................................................................................................ viii 

List of Figures ...................................................................................................................................... ix 

List of Tables ........................................................................................................................................ xi 

List of Appendices .............................................................................................................................. xii 

Abbreviations ..................................................................................................................................... xiii 

Chapter 1 – Literature review & introduction to thesis .................................................................... 1 

1.1 Introduction ............................................................................................................................. 1 

1.2 Structure and function of the ovary.......................................................................................... 1 

1.2.1 Physiological events in the ovulating follicle ................................................................................. 2 

1.2.2 Regulators of ovulation ................................................................................................................. 7 

1.3 Structure and function of the oviduct ..................................................................................... 24 

1.3.1 Structure of the mammalian oviduct ........................................................................................... 24 

1.3.2 Functions of the oviduct.............................................................................................................. 28 

1.3.3 Paracrine communication by COCs and embryos with the oviduct ............................................ 37 

1.3.4 Oviductal structure and function – remaining questions ............................................................. 38 

1.4 Progesterone & Progesterone Receptor (PGR) .................................................................... 40 

1.4.1 PGR knockout mouse models .................................................................................................... 43 

1.5 PGR in the ovary ................................................................................................................... 44 

1.5.1 Hormonally regulated expression of PGR in the ovary ............................................................... 44 

1.5.2 PGR expression in the rodent ovary ........................................................................................... 45 

1.5.3 PGR expression in primate and human ovary ............................................................................ 47 

1.5.4 Functional roles of PGR in the ovary .......................................................................................... 47 

1.5.5 Peri-ovulatory genes regulated by PGR ..................................................................................... 53 

1.6 PGR in the oviduct ................................................................................................................ 59 

1.6.1 PGR expression in the oviduct ................................................................................................... 60 

1.6.2 The role of PGR in regulating oviductal function ........................................................................ 62 

1.7 Hypotheses & aims of project ................................................................................................ 65 

1.7.1 Main hypothesis ......................................................................................................................... 65 

1.7.2 Specific hypotheses & aims ........................................................................................................ 65 



ii 

Lisa Akison 2012 

Chapter 2 – Materials & Methods .................................................................................................... 70 

2.1 Animals, hormone treatments & tissue collection .................................................................. 70 

2.1.1 Animal strains and housing ........................................................................................................ 70 

2.1.2 Hormone treatments ................................................................................................................... 70 

2.1.3 PRlacZ transgenic mouse genotyping ........................................................................................ 73 

2.1.4 Preliminary verification of the PRKO phenotype......................................................................... 73 

2.1.5 Isolation of COCs, granulosa cells and whole tissue collection .................................................. 76 

2.2 Gel electrophoresis ............................................................................................................... 76 

2.3 RNA extraction & purification ................................................................................................ 79 

2.4 Real time RT-PCR................................................................................................................. 79 

2.5 Microarray ............................................................................................................................. 81 

2.5.1 Microarray sample preparation, hybridisation and scanning ...................................................... 81 

2.5.2 Microarray data analysis............................................................................................................. 82 

2.6 Histology ............................................................................................................................... 83 

2.6.1 Tissue preparation and sectioning .............................................................................................. 83 

2.6.2 H & E staining and image capture .............................................................................................. 83 

2.7 Immunohistochemistry .......................................................................................................... 84 

2.8 Real-time cell adhesion assays ............................................................................................. 84 

2.9 Real-time cell migration and invasion assays ........................................................................ 85 

2.10 Statistical analyses ................................................................................................................ 85 

2.11 Solutions ............................................................................................................................... 86 

Chapter 3 – Phenotype of the PRKO ovary at the time of ovulation ............................................ 88 

3.1 Introduction ........................................................................................................................... 88 

3.2 Materials & Methods.............................................................................................................. 91 

3.2.1 Tissue collection & histology ...................................................................................................... 91 

3.2.2 Ovarian transplants .................................................................................................................... 91 

3.3 Results .................................................................................................................................. 94 

3.3.1 Ovarian histology ........................................................................................................................ 94 

3.3.2 Cumulus expansion in PRKO COCs ........................................................................................ 100 

3.3.3 Ovarian transplants .................................................................................................................. 100 

3.4 Discussion ........................................................................................................................... 108 

Chapter 4 – PGR-regulated immune genes in the ovary ............................................................. 112 

4.1 Introduction ......................................................................................................................... 112 

4.2 Materials & Methods............................................................................................................ 118 

4.2.1 Animals, tissue collection and RNA extraction ......................................................................... 118 

4.2.2 Taqman Low Density Arrays .................................................................................................... 119 



iii 

Lisa Akison 2012 

4.2.3 Real-time PCR ......................................................................................................................... 120 

4.2.4 Immunohistochemistry.............................................................................................................. 120 

4.2.5 Statistical analyses ................................................................................................................... 121 

4.3 Results ................................................................................................................................ 121 

4.3.1 Taqman Low Density Immune Arrays ...................................................................................... 121 

4.3.2 Ptgs2 mRNA expression .......................................................................................................... 125 

4.3.3 PTGS2 immunohistochemistry ................................................................................................. 125 

4.4 Discussion ........................................................................................................................... 130 

Chapter 5 – PGR-regulated genes in granulosa cells of periovulatory follicles........................ 139 

5.1 Introduction ......................................................................................................................... 139 

5.1.1 The CXCL12/CXCR4 chemotactic signalling axis .................................................................... 140 

5.2 Materials & Methods............................................................................................................ 142 

5.2.1 Tissue collection, RNA extraction and quality control ............................................................... 142 

5.2.2 Microarray sample preparation, array hybridisation, scanning and analysis ............................ 142 

5.2.3 Real-time PCR ......................................................................................................................... 143 

5.2.4 Immunohistochemistry.............................................................................................................. 144 

5.2.5 In vivo inhibition of CXCR4 by AMD3100 ................................................................................. 144 

5.2.6 Statistical analyses ................................................................................................................... 144 

5.3 Results ................................................................................................................................ 145 

5.3.1 Granulosa Cell Microarray ........................................................................................................ 145 

5.3.2 Cxcr4 mRNA expression .......................................................................................................... 154 

5.3.3 CXCR4 immunohistochemistry ................................................................................................. 154 

5.3.4 CXCR4 inhibitor, AMD3100, does not block ovulation in vivo .................................................. 161 

5.4 Discussion ........................................................................................................................... 161 

Chapter 6 – Characterisation of the periovulatory cumulus oocyte complex and impact of PGR 

on structure and function ................................................................................................................. 171 

6.1 Introduction ......................................................................................................................... 171 

6.2 Materials & Methods............................................................................................................ 174 

6.2.1 Animals, hormonal stimulation and tissue collection ................................................................ 174 

6.2.2 Breast cancer cell lines............................................................................................................. 174 

6.2.3 RNA extraction and microarray analysis .................................................................................. 175 

6.2.4 In vitro real-time cell adhesion, migration and invasion assays ................................................ 175 

6.2.5 Prostaglandin E2 assay as a measure of cumulus matrix integrity............................................ 176 

6.2.6 JC-1 staining of oocytes as a measure of mitochondrial membrane potential .......................... 177 

6.2.7 Statistical analyses ................................................................................................................... 178 

6.3 Results ................................................................................................................................ 178 

6.3.1 COC Adhesion to ECM proteins ............................................................................................... 178 



iv 

Lisa Akison 2012 

6.3.2 Migratory phenotype of COCs .................................................................................................. 180 

6.3.3 Invasion of preovulatory COCs through an ECM protein .......................................................... 180 

6.3.4 Cumulus Cell Microarray .......................................................................................................... 184 

6.3.5 Is adhesion, migration, and invasion by PRKO pre-ovulatory COCs defective? ...................... 188 

6.3.6 Integrity of the matrix in PRKO COCs may be perturbed: a bioassay using PGE2 production . 190 

6.3.7 Mitochondrial membrane potential is altered in PRKO oocytes ................................................ 194 

6.4 Discussion ........................................................................................................................... 194 

Chapter 7 – PGR regulation of oviduct structure and function .................................................. 203 

7.1 Introduction ......................................................................................................................... 203 

7.2 Materials & Methods............................................................................................................ 204 

7.2.1 Animals and tissue collection ................................................................................................... 204 

7.2.2 Histology ................................................................................................................................... 205 

7.2.3 RNA extraction and quality control ........................................................................................... 205 

7.2.4 Microarray sample preparation, array hybridisation, scanning and analysis ............................ 205 

7.2.5 Real-time PCR ......................................................................................................................... 206 

7.3 Results ................................................................................................................................ 207 

7.3.1 PGR mRNA expression in the oviduct during the periovulatory period .................................... 207 

7.3.2 Oviductal histology ................................................................................................................... 207 

7.3.3 Oviduct microarray ................................................................................................................... 207 

7.3.4 Validation of PGR target genes in the oviduct .......................................................................... 219 

7.4 Discussion ........................................................................................................................... 227 

Chapter 8 – Conclusions & future research directions ............................................................... 234 

8.1 Introduction ......................................................................................................................... 234 

8.2 Thesis conclusions .............................................................................................................. 235 

8.2.1 PGR regulation of ovarian structure and function ..................................................................... 235 

8.2.2 PGR regulation of oviductal structure and function .................................................................. 238 

8.3 Future research directions ................................................................................................... 239 

8.4 Significance of results ......................................................................................................... 242 

Appendices ........................................................................................................................................ 244 

References  ........................................................................................................................................ 275 

 

  



v 

Lisa Akison 2012 

Abstract 

Ovulation requires sequential molecular events and structural remodelling in the ovarian follicle for the 

successful release of a mature oocyte into the oviduct.  Critical to this process is progesterone receptor 

(PGR), a transcription factor highly yet transiently expressed in granulosa cells (GC) of preovulatory 

follicles and abundant in the oviduct.  Progesterone receptor knockout (PRKO) mice are anovulatory, 

with a specific and complete defect in follicle rupture.  Therefore, this model was used to examine the 

critical molecular and biochemical mechanisms necessary for successful ovulation.  Progesterone is 

known to affect oviductal cells in vitro, but how PGR regulates oviductal structure and function is poorly 

understood.  A systematic evaluation of ovarian and oviductal morphology during the periovulatory 

period revealed no structural defects in PRKO mice relative to heterozygous (PR+/-) littermates.  

However, in response to the LH surge/hCG treatment, ovulation only occurred in PR+/- ovaries, with 

numerous corpora lutea observed and cumulus oocyte complexes (COCs) in oviducts, while PRKO 

ovaries did not ovulate and showed entrapped COCs within large, luteinising follicles.  Transplantation 

of PRKO ovaries into wild-type mice (PRWT) did not rescue the infertility phenotype.  Therefore, 

although PGR is expressed in other tissues, ovarian PGR is essential for ovulation. 

Further experiments identified PGR-regulated processes at multiple levels.  In whole ovaries 10 h post-

hCG, inflammatory genes were disrupted in PRKO mice, including cytokines, endothelial adhesion 

factors, vasoconstrictors, T-cell antigens, and the prostaglandin synthase, Ptgs2.  In GCs and COCs 

isolated 8 h post-hCG, microarray analyses identified 296 and 44 differentially expressed genes 

respectively between PRKO and PR+/- samples.  Gene ontology analysis revealed associations with 

the processes of proteolysis, vascular remodelling/angiogenesis, inflammatory responses, cell 

adhesion, migration and invasion.  The latter three processes were characterised in periovulatory COCs 

using in vitro assays and were shown to be transiently activated, peaking at ovulation then declining 

dramatically in COCs collected from the oviduct immediately post-ovulation.  However, periovulatory 

PRKO and PR+/- COCs showed similar rates of adhesion, migration and invasion in the presence of 

collagen I.  Upregulation of the chemokine receptor, Cxcr4, by LH/hCG via PGR in both GCs and COCs 

was validated by RT-PCR and immunohistochemistry.  Mitochondrial membrane potential was altered 

in PRKO oocytes compared to PR+/- and therefore their developmental potential may be reduced.  

Further, a bioassay measuring retention of prostaglandin (PGE2) within the matrix of expanded COCs 

suggested that the matrix integrity of PRKO COCs may be compromised.  Therefore, PGR in granulosa 

cells appears to have down-stream impacts on COCs. 

In oviducts, microarray analysis comparing gene expression in PRKO and PR+/- mice 8 h post-hCG, 

when P4 levels are high, identified 1003 PGR-regulated genes.  Gene ontology analysis identified 
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significant associations with the functions of cell adhesion, migration, invasion, chemotaxis, muscle 

contraction and vasoconstriction.  Several genes were confirmed to be PGR-regulated by RT-PCR 

(Adamts1, Itga8 and Edn3) and were induced by LH/hCG. 

Therefore, the identification of novel gene targets for PGR regulation in the ovary and oviduct exposes 

several new, down-stream influences of PGR on inflammation, the COC and oviductal function, 

highlighting the essential role of PGR as master regulator in the ovary and oviduct during the 

periovulatory period. 
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PAPPA: pregnancy-associated plasma protein A 

PBS: phosphate buffered saline 

PBST: phosphate buffered saline + Tween-20 

PCA: principal component analysis 

PCR: polymerase chain reaction 

PG: prostaglandin 

PKA: protein kinase A 

PPARγ: peroxisome proliferator-activated receptor gamma 

PGR: progesterone receptor 

PGRMC1: progesterone receptor membrane component 1 

PRE: progesterone response element 

PRKO: progesterone receptor knockout 

PRLR: prolactin receptor 

PRWT: progesterone receptor wild-type 

PTGS2: prostaglandin-endoperoxide synthase 2 (previously known as COX2) 

RGMB: RGM domain family, member B 

RNA: ribonucleic acid 

RIN: RNA integrity number 

RPL19: ribosomal protein L19 

RTCA: real time cell analysis 

RT-PCR: reverse transcription polymerase chain reaction 

RUNX1/2: runt related transcription factor 1 & 2 
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SE: standard error 

SELE: selectin E 

SFM: serum free medium 

SMC: smooth muscle cell 

SOCS: suppressor of cytokine signaling 

SP1/3: specificity protein 1/3 

SPHK1: sphingosine kinase 1 

STAT: signal transducer and activator of transcription 

TBE: tris borate EDTA 

TGF: transforming growth factor 

TN: tenascin 

VCAN: versican 

VEGF: vascular endothelial growth factor 

VN: vitronectin 

ZBTB16: zinc finger and BTB domain containing 16 (previously known as PLZF) 
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