
 i

Contents       i 

List of Figures viii 

List of Tables xi  

Declaration             xii 

Acknowledgements                 xiii 

Abstract             xv 

Abbreviations            xvii 

 

CONTENTS 

 

1. Chapter 1 - Literature Review                1  

 1.1 Introduction to Reproduction                     1 

1.1.1 Reproductive Physiology in Mammalian Females             2 

1.1.2 Oogenesis and Fertilisation                 4 

1.1.3 Early Embryonic Development                4 

1.1.4 Uterine Anatomy and Uterine Cycling               8 

1.1.5 The Process of Implantation               11 

 1.2 The Phospholipase C β1                   15  

1.2.1 The PLC Proteins              15   

1.2.2 Domain Structure of PLCβs               17 

1.2.3 Regulation of the Activity of PLCβs               18 

1.2.4 Molecular Function of PLCβs               21 

     1.2.5 Nuclear PLCβs and the involvement of PLCβ1 in                                

               nuclear signal transduction                        21 

     1.2.6 Post-translational modifications of PLCβ1            24 

 1.3 Research Interests Regarding PLCβ1                        25   

1.3.1 Current Research on PLCβ1              25   

1.3.2 PLCβ1 and Reproduction               29 

1.4 This Research Project               31          

            



 ii

2. Chapter 2 – General Materials and Methods              34 

 2.1 Introduction                   34 

2.2 Description of the General Materials and Methods                34  

2.2.1 Nomenclature and Definitions              34   

2.2.2 Maintenance of the Mouse Colony             35 

     2.2.3 Genotyping of the Mouse Colony Litters  

              and General PCR Protocol                36 

2.2.4 Superovulation and Mating               37 

              2.2.5 Animal Culling and Uterine Staining             38 

     2.2.6 Uterine Tissue Acquisition, RNA Extraction,  

              cDNA Synthesis and Real-Time PCR              38   

     2.2.7 Primer Design for PCR and Real-Time PCR            40

   2.2.8 Protein Extraction, Electrophoresis and Western Blotting          41 

     2.2.9 Fixation, Processing and Sectioning of Uterine Tissues          42 

     2.2.10 Immunohistochemistry              43 

 

3. Chapter 3 - How does Plcβ1 Disruption Cause the Phenotype           46 

 3.1 Introduction                   46 

3.1.1 Disruption of Plcβ1 gene - how does it affect PLCβ1 production? 46     

3.1.2 Aims of Chapter 3               48 

 3.2 Materials and Methods                   50  

3.2.1 mRNA and Protein Sequence Retrieval            50   

3.2.2 Primer Design Across the Plcβ1 cDNA            50 

3.2.3 Uterine Tissue Acquisition, RNA Extraction,  

         cDNA Synthesis, PRC and RT-PCR             51 

3.2.4 Cloning and Sequencing of Plcβ1 Sequences            51 

3.2.5 Analysis of Sequenced Plcβ1 Regions from  

         WT, KO and HET Uteri              52 

3.2.6 Long PCR for Detection of Possible Transcript           53 

3.2.7 Additional Bioinformatics Tools              53 



 iii

3.2.8 Protein Extraction, Western Blots and Immunoprecipitation          54 

3.2.9 Immunohistochemistry               55 

 3.3 Results                         56   

3.3.1 Structure of Plcβ1 mRNA of Isoforms a and b  

         and Primer Pair Positions              56   

3.3.2 KO uteri express the mature form of both a and b isoforms 

         of Plcβ1 mRNA at levels comparable to WT uteri           56 

3.3.3 The transgenic locus expresses a truncation in exon  

          3 of the mature Plcβ1 mRNA              59  

3.3.4 The mature Plcβ1 mRNA from KO locus has a 69 base  

         pair deletion in exon 3               60 

3.3.5 KO uterine protein extracts stain positive with PLCβ1 antibodies  61 

3.3.6 KO uterine sections stain positive with G-12 PLCβ1 antibody       65 

3.3.7 Immunoprecipitation of PLCβ1 from WT and KO uteri           68 

3.4 Discussion               69 

3.4.1 Identification of mRNA and Protein from the Plcβ1 KO locus       69 

3.4.2 A PLCβ1 protein with a deleted PH domain – putative 

         phenotypic implications               73 

3.5 Final Conclusions and Remarks               76 

 

4. Chapter 4 – Identification of the Post-Ovulatory   

       Reproductive Defect  of Plcβ1 KO Female Mice             77 

 4.1 Introduction                   77 

4.1.1 Early events from fertilisation to implantation           77 

4.1.2 The infertility of Plcβ1 KO females             78 

4.1.3 Aims of Chapter 4               79 

 4.2 Materials and Methods                   79  

4.2.1 Tissue acquisition and fallopian tube and uterine flushing          79   

 4.3 Results                         80   

4.3.1 Examination of fallopian tubes of Control and KO females 4.5dpc80   



 iv

4.3.2 Flushing of Control and KO uteri 4.5dpc            80        

4.3.3 Appearance of embryos retrieved from Control and KO uteri        80 

4.3.4 Fewer or no implantation sites are found in KO uteri           81 

4.4 Discussion               83 

4.4.1 Embryos of KO females can reach the uterus by 4.5dpc          84 

4.4.2 Fewer implantation sites and flushing of the embryos  

         of KO females                 84 

4.4.3 Appearance of embryos from KO females and the  

         maternal effect on embryo development            86 

4.5 Final Conclusions and Remarks               89 

 

5. Chapter 5 - Histological examination of Control and KO uteri          91   

 5.1 Introduction                   91 

5.1.1 The structure of the uterus in estrus cycle and early pregnancy      91 

5.1.2 The uterus of Plcβ1 KO females             92 

5.1.3 Aims of Chapter 5               93  

 5.2 Materials and Methods                   94  

5.2.1 Tissue acquisition and processing             94  

 5.3 Results                         95   

5.3.1 Prepubertal uteri of KO females are morphologically 

         similar to Control uteri               95 

5.3.2 Uteri of adult non-pregnant KO females are morphologically 

             similar to Control uteri               95 

5.3.3 Implantation sites from 4.5dpc KO uteri have abnormal  

         appearance and reveal lack of attachment of the embryos          98 

5.3.4 Proliferation and apoptosis in Control and KO implantation 

         sites 4.5dpc              103        

5.4 Discussion             107 

5.4.1 Development of the KO uteri and their ability to cycle        107 

5.4.2 Implantation sites in KO animals           111 



 v

5.4.3 Proliferation of uterine cells and implantation         112 

5.4.4 Apoptosis in Control and KO sites           113 

5.4.5 Lack of attachment, diminished luminal closure and absence 

        of decidualisation in KO uteri            114 

5.5 Final Conclusions and Remarks            117 

 

6. Chapter 1 – Molecular Profiling of 4.5dpc KO Uteri          119 

 6.1 Introduction                 119 

6.1.1 Estrogen and Progesterone in the uterine preparation  

              for implantation             119 

6.1.2 Molecules in the Preparation of uterus for implantation        120 

 6.1.2.1 From apposition to attachment          121 

 6.1.2.2 Signalling, angiogenesis and vascularisation 

                      during implantation            123 

 6.1.2.3 Endocannabinoids and implantation          124 

 6.1.2.4 Other mediators of uterine preparation;  

                      Homeobox genes and Cytokines          125 

6.1.3 Aims of Chapter 6             127 

 6.2 Materials and Methods                 128 

6.2.1 Animals and Tissue acquisition           128   

6.2.2 Immunohistochemistry and histological dyes          128 

6.2.3 RNA extraction, cDNA synthesis, Real-time PCR and 

              Western Blots                129 

6.2.4 Analysis and Presentation of Real-Time Results         129 

6.2.5 Protein extraction, Protein Staining and Western Blotting        133 

 6.3 Results                       134   

6.3.1 Expression of Plcβ1 in Control uteri during early pregnancy 

         and implantation            134      

6.3.2 Expression of Plcβ2, Plcβ3 and Plcβ4 in pregnant 

         4.5dpcKO  uteri             139 



 vi

6.3.3 Expression of steroid hormone receptors and steroid hormone 

              responsiveness in KO uteri            142 

6.3.4 Expression of Ptgs2, Lif, Hoxa10 and Ccnd3 in Control 

         and KO uteri 4.5dpc             147 

6.3.5 Expression of markers associated with angiogenesis 

         and vascularisation             155 

6.3.6 Expression of molecules associated with adhesion         155 

6.3.7 Expression of genes associated with endocannabinoid 

         metabolism in KO uteri            158         

6.4 Discussion             160 

6.4.1 PLCβ1 and PLCβ signalling during preimplantation 

          and periimplantation period            161 

6.4.2 Plcβ2, Plcβ3 and Plcβ4 in Control and KO 4.5dpc uteri        165 

6.4.3 Steroid hormone signalling in KO uteri          166 

6.4.4 Expression of Ptgs2, Lif, Hoxa10 and Ccnd3 in Control 

         and KO uteri 4.5dpc             170 

6.4.5 Vascularisation and angiogenesis in the KO 

          periimplantation uterus            175 

6.4.6 Expression of molecules associated with adhesion         176 

6.4.7 Endocannabinods in the KO uterus           179 

      6.5 Final Conclusions and Remarks            181 

 

7. Chapter 7 – Final Discussion                       182   

7.1. Final Discussion              182 

7.1.1 The reproductive blocks of PLCβ1 KO females         183 

7.1.2 PLCβ signalling in the uterus putative receptors                     184 

7.1.3 PLCβ1 and ovarian steroid signalling           186 

7.1.4 PLCβ1 and endocannabinoids            188 

 7.2 Future Research Directions                        189  

7.2.1 Further examination of hormonal dynamics in KO females        189   



 vii

7.2.2 Identification of receptors that signal through PLCβ1        190 

7.2.3 Thorough examination of the maternal effect of KO  

         females on embryo development           191 

7.3.4 Creating conditional KO of PLCβ1 in the uterus          191 

7.3.5 Translating the knowledge from this mouse model to humans     192

  

 

 

             

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 



 viii

LIST OF FIGURES  

 

Figure 1.1: Comparison of female reproductive tracts between  

                    mammals and avians                 3 

Figure 1.2: Ovulation, fertilization and early development as 

                    embryo is transferred through the fallopian tube to the uterus.            5 

Figure 1.3: Longitudinal section of the murine uterus                         9 

Figure 1.4: Hormonal dynamic correlated with endometrial state during the  

                    estrous cycle of women                 10 

Figure 1.5: Phospholipids, phosphoinositides and the action of PLC on  

                   phosphoinositides                16 

Figure 1.6: Domain structure of PLCβ group of PLC enzymes.           18 

Figure 1.7: GPCR signalling through the Gαq and PLCβ pathway           20 

Figure  3.1: Protein domain information of PLCβ1              48 

Figure  3.2: Diagrammatic representation of Plcβ1 isoforms a  

                    and b cDNA sequence                57 

Figure 3.3: Representative PCR results for primer sets across the cDNA  

                    sequence of Plcβ1               58 

Figure 3.4: Mean Relative cDNA (mRNA) levels of isoform a 

                    and isoform b                59 

Figure 3.5: PCR amplification through the integration site of 

                    the transgene                60 

Figure 3.6: Alignment of the sequencing results from the cloned products  

                   of the Exon(1-5) primer pair PCR reactions in WT, KO  

                   and HET cDNAs.                62 

Figure 3.7: Alignment of the region of PLCβ1 between amino acids  

                   44 to 100                 63 

Figure 3.8: Alignment of the C-terminal tails of PLCβ1 isoforms a  

                   and b from amino acid 1120 onwards             64 

Figure 3.9: Detection of PLCβ1 isoforms and putative truncated forms in  



 ix

                   10μg of uterine protein extracts from WT, HET and KO uteri.          66 

Figure 3.10: Immunohistochemical detection of the a isoform of PLCβ1 

                     in the uteri of WT, HET and KO animals            67 

Figure 3.11: Pilot immunoprecipitation of PLCβ1 from protein extracts  

                     of a WT and a KO uterus using R-233 antibody           69 

Figure 4.1: Numbers of embryos retrieved from Control and KO uteri          81 

Figure 4.2: Examples of blastocycts flushed from Control and KO uteri          82 

Figure 4.3: Implantation sites in Control and KO uteri 4.5dpc           83 

Figure 5.1: H+E staining of uterine sections of Control and KO prepubertal 

                   uteri                  96 

 

Figure 5.2: H+E staining of uterine sections of a Control and a KO uterus 

                   in Diestrus and Estrus               97 

Figure 5.3: H+E staining of uterine sections from Control and KO superovulated     

                   and mated but not pregnant females at 4.5dpc and 5.5dpc.          99 

Figure 5.4: H+E staining of uterine sections from a single Control and KO s                      

                   superovulated and mated but not pregnant female pair at 4.5dpc.     100 

Figure 5.5: H+E staining of uterine implantation sites from Control and KO  

                   superovulated and mated pregnant females 4.5dpc.            101-102 

Figure 5.6: Immunohistochemical localisation of the active form of the              

                   proapoptotic protein Caspase-3 in Control and KO implantation  

                   sites 4.5dpc              104 

Figure 5.7: Proliferation in Control and KO implantation sites 4.5dpc.        105 

Figure 6.1: Graphic description of Analysis I and Analysis II of the Real-time 

                    PCR results              132 

Figure 6.2:  A hypothetical example showing both Analysis I and Analysis II  

                    of the Real-time PCR results            132 

Figure 6.3: Expression of PLCβ1 isoform a in the uterus during days  

                    0.5-4.5dpc of pregnancy                135-136 

Figure 6.4: Mean relative cDNA (mRNA) levels of isoforms a and b 



 x

                   of Plcβ1 between interimplantation and implantation sites        138 

Figure 6.5: Expression of Plcβ2 and Plcβ3 in interimplantatiton and  

                    implantation sites in Control and KO uteri.          140 

Figure 6.6: Expression of Plcβ4 at interimplantatiton and implantation sites in 

                   Control and KO uteri             141 

Figure 6.7. Mean relative cDNA (mRNA) levels of Prg and Esr1 in 

                   Control and KO uteri             143 

Figure 6.8. Mean relative cDNA (mRNA) levels of Amphiregulin  

                   and Lactoferrin in Control and KO uteri.          144 

Figure 6.9. Expression of ER-α in the uterus of Control and KO females   

                   4.5dpc               146 

Figure 6.10: Amido Black, COX2, PLCβ1 and MSA staining in  

                     Control protein extracts             148 

Figure 6.11: Quantification of mRNA levels of Ptgs2 in Control and KO  

                     implantation and interimplantation sites          149 

Figure 6.12: Expression of Lif  and Hoxa10  in interimplantatiton and  

                      implantation sites in Control and KO uteri          151 

Figure 6.13: Expression of CcnD3  in interimplantation and implantation  

                     sites in Control and KO uteri            152 

Figure 6.14: Expression of Vegfa in interimplantation and implantation  

                     sites in Control and KO uteri            153 

Figure 6.15: Expression of Flk1 and Flt1 in interimplantation and  

                     implantation sites in Control and KO uteri          154 

Figure 6.16: Expression of mucins in Control and KO 4.5dpc implantation 

                     sites by Gomori Trichrome staining           156 

Figure 6.17: Expression of β1 integrin at implantation sites of Control  

                      and KO females at 4.5dpc            157 

Figure 6.18: Expression of FAAH and MAGL at the implantation sites of  

                     Control and KO females 4.5dpc           159 

Figure 6.19: Synopsis of all the genes tested in Chapter 6          162 



 xi

LIST OF TABLES 

Table 1.1: List of GPCRs that activate Gqα type of G-protein complexes  

                  and PLCβs                 22 

Table 2.1: The processing cycle of gradual dehydration and  

                  paraffinisation of fixed uterine tissues             43 

Table 2.2: The deparaffination and rehydration processing of uterine 

                  sections during immunohistochemistry              44 

Table 3.1: The names, sequences, product size and optimum annealing 

                  temperatures of the primers used for mapping the cDNA of Plcβ1 

                  from WT and KO uteri           49 

Table 4.1: Frequency of blastocyst appearance after flushing from  

                  4.5dpc KO uteri           81 

Table 5.1: Summary of 4.5dpc implantation site defects in KO uteri  

                  and their frequency          103 

Table 6.1: The sequences, product size and optimum annealing temperatures  

                  are shown for the primers used in this Chapter for the DNA (mRNA) 

                  quantifications              130 

 

 

 

 

 

 

 

 
 
 

 

 

 

 



 xii

DECLARATION 

 

Except where due acknowledgements are made by reference or explicitly detailed 

in the Section “SPECIAL ACKNOWLEDEMENTS FOR THE EXPERIMENTAL 

PART” (page xiii) the studies undertaken in this Thesis were unaided work by the 

author. No part of this work has been previously accepted for, or is currently being 

submitted in candidature for another degree.  

 

 

Panayiotis Filis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xiii

ACKNOWLEDGEMENTS 

 

No less part in the completion of this Thesis have played many people whose 

influence was catalytic in so many ways! Without you this Thesis would not have 

been completed.  

 

First and foremost, many thanks go to my Supervisors, Dr. Norah Spears and Prof. 

Peter Kind. No other time in my research career have I received so much help and 

guidance; Norah is an exceptional supervisor that has stand for me in all 

difficulties and there are simply no enough words to thank her. Special thanks 

need to go not only for Norah’s advice, guidance and unconditional support, but 

for her constant persuasion to help me finish this Thesis.  

 

Thanks to the Spear’s lab for been no less supportive and for providing an 

outstandingly friendly atmosphere that has no match. Special thanks go to Alison 

Murray for succeeding in the domestication of my otherwise unbridled character, 

help me become organized, maintain clean laboratory habits and overall behave 

like human. Many thanks also go to Rowena Smith, Tammy Lannagan and Steph 

Morgan for their humour, smile and support, you have all made lab- and office- 

work joyous every single day.  

 

Last but not least, the biggest thanks go to my partner Lily for the unconditional 

support and love she has provided me with all those years as well as to my 

newborn son, Andrew for him being the most motivational force in my life.  

 

SPECIAL ACKNOWLEDEMENTS FOR THE EXPERIMENTAL PART  

 

The vast majority of experiments detailed in this Thesis were performed by the 

author. Exceptions to this are: 

 



 xiv

a. The cloning and sequencing of the truncated Plcβ1 cDNA from the KO 

mice as described in Sections 3.3.3 and 3.3.4 were performed by 

Agnieszka Piatkowska under the author’s immediate and close supervision. 

Many thanks go to Agnieszka for undertaking this task and for completing 

it in the most professional way. 

b. the fallopian tube and uterine flushing experiments (Sections 4.3.1 and 

4.3.2) were performed by Alison Murray and Rowena Smith respectively. 

Again, may thanks for the invaluable assistance! 

 

Due credit must also be given to Alison Murray, Rowena Smith, Agnieszka 

Piatkowska, Porntip and Fiona for generally helping me around and providing an 

invaluable second pair of hands when dissection and tissue collections were just to 

much for a single person to handle. Last but not least, my viva examiners John 

Aplin and Ian Adams not only for a great discussion but also for their suggestions, 

comments and criticisms that completed this Thesis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 xv

ABSTRACT 

 

In mammals, development of a new organism requires fertilisation of the female 

egg by sperm. The resulting zygote develops into the blastocyst stage as it travels 

towards the uterus. Within the uterus, the blastocyst invades the maternal tissues 

and establishes access to the maternal blood supply. This process is called 

implantation and is absolutely essential for the further development of the 

conceptus and establishment of pregnancy. Successful implantation requires a 

proper preparation of the uterus and the embryo as well as a molecular dialogue 

between the embryo and the uterine tissues.  

 

Female mice that have a disruption in the Plcβ1 gene are infertile. In the course of 

this Thesis it became apparent that the main cause of their infertility is their 

inability to implant their embryos. PLCβ1 protein is a mediator of G-protein 

coupled receptor (GPCR) signalling and it is involved in the production of second 

messengers essential for downstream transmission of signals. A host of 

reproductive functions are under the control of GPCR signalling. In this PhD 

Thesis the infertile phenotype of Plcβ1 knockout (KO) female mice was 

investigated to identify the reproductive processes affected by the lack of a 

functional PLCβ1 protein. A combination of histological, molecular biology and in 

vivo techniques were utilised to show that at the time of implantation, embryos fail 

to attach to the uterine epithelium of KO uteri. In addition, it was demonstrated 

that estrogen signalling and components of the endocannabinoid metabolism, both 

key processes for successful implantation are severely altered in KO uteri. These 

observations show that KO uteri fail to prepare for implantation. In addition, the 

KO reproductive tract exerts a detrimental effect on pre- and peri- implantation 

embryo development. 

 

Currently, failure of implantation is thought to be one of the major causes of 

infertility in women and up to this date there are no successful treatments. The 



 xvi

results of this project expand our current knowledge on the physiology of 

implantation and provide cues for the development of diagnostic markers and 

treatments for the women who are unable to conceive.  
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Chapter 1 – Literature review on PLCβ1 and Reproduction 

 

1.1 Introduction to Reproduction 

 

  

The ability of living organisms to reproduce is among the fundamental 

phenomena of life. Reproduction is the process responsible for the creation 

of new individuals that are copies of their parental organisms. There are two 

means of reproduction; sexual and asexual. Asexual reproduction produces a 

genetic clone of the parental organism and is practised mostly in simple 

organisms (bacteria, protozoa) as well many plants and fungi.  In contrast, 

sexual reproduction involves the combination of genetic material from two 

parental organisms to produce progeny with a genetic make-up different 

from either parents and its practise is found in all Kingdoms of Life.  

 

Sexual reproduction in animals, plants and fungi relies on the presence of an 

even number of copies of their genetic material. In the majority of cases, 

animal, plant and fungal cells carry two copies of their genetic material and 

are hence diploid. Sexual reproduction is mediated by the production of 

gametes, which are haploid specialised cells and contain a single copy of the 

diploid genome of each parent. Fusion of two haploid gametes produces a 

new diploid progeny. Animals, plants and fungi all produce gametes of 

different sexes and fusion occurs between gametes of opposing sex. Animals 

and higher plants have two sexes, “male” and “female” which produce 

gametes that are dissimilar in structure and proportions, the spermatozoon 

and oocyte respectively. In the vast majority of animals, “male” and 

“female” sexes occur in different individuals within a given species. Mating 

between a male and a female is the process that ensures apposition of 

spermatozoa to the oocyte.  The fusion of a spermatozoon with an oocyte 

follows in fertilisation, marking the creation of the first diploid cell of the 
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new organism, the zygote. The zygote grows and develops via cellular 

divisions and differentiations to produce the adult organism. The processes 

of mating, gamete apposition and development of the zygote to the adult 

organism varies considerably among animal species.  

 

1.1.1 Reproductive Physiology in Mammalian Females   

 

In the vast majority of animals the zygote develops outside of the body of 

either parent within the egg. In contrast, Marsupian and Eutherian mammals 

are unique in that the zygote develops exclusively within the body of the 

female. The developing organism is directly dependent on the female’s 

resources for nutrition and nurturing; to achieve this, both the developing 

organism and the hosting female have specialised structures to perform these 

processes. The new organism grows and develops within the female’s body 

up to a certain stage after which it is born.  

 

The above mentioned features of reproduction in mammals require a host of 

different organs and fine coordination of complex processes in addition to 

ovulation and fertilisation. The most prominent feature in mammalian female 

physiology is the uterus, a cavity in the reproductive tract that, unlike in non-

mammalian vertebrates, is specifically designed for the accommodation of 

the developing conceptus (Figure 1.1).  The mammalian conceptus in turn 

develops the extraembryonic tissues of placenta and umbilical cord that 

allow it access to nutrients from the female’s blood supply until term. 

Mammals are also unique in that post partum development of the new 

organism is supported for a short period of time exclusively from nutritional 

maternal excretions produced by the mammary glands.  
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Figure 1.1: Comparison of female reproductive tracts between mammals and 

avians. Both reproductive systems have similar structure and analogous organs. 

The mammalian uterus however is a chamber for the accommodation of the 

developing conceptus whereas in birds and reptiles it serves as a calcification 

chamber for the egg. (Pictures adapted from www.glogster.com/media/1/4/7/18/ for 

the mammalian tract and  www.holisticbirds.com/images3 for the avian tract) 

 

The establishment of pregnancy in mammalian females is achieved by the 

embedding (or implantation) of the newly formed organism in the uterus. 

This is one of the most crucial steps in mammalian reproduction and requires 

the fine tuning of a multitude of different processes. The uterus is not 

receptive to implantation at all times, while the embryo is required to reach 

at a certain development stage to gain implantation-competency.  This tight 

spatiotemporal regulation of implantation is achieved by the fine tuning of 

ovulation, fertilisation, embryo development and transportation as well as 

uterine preparation.  
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In the following sections of this Chapter 1 the female reproductive 

physiology is reviewed with emphasis on early embryonic development, 

uterine physiology and implantation. The model species of this Thesis is the 

house mouse (Mus musculus) and therefore in this literature review most of 

information provided as well as precise figures refer to the murine 

physiology unless stated otherwise.   

 

1.1.2 Oogenesis and Fertilisation. 

 

Oocytes reside in the ovary and grow and mature within the ovarian follicles. 

Follicular development involves the initiation of growth of the follicles from 

a finite pool of primordial follicles to progressively larger and more complex 

ones. Whereas what triggers growth of primordial follicles is not clearly 

understood (Adhikari and Liu, 2009), growth and development past the 

antral stage and until the preovulatory stage is controlled by the pituitary 

Follicle Stimulating Hormone (FSH), (Kumar et al, 1997). Ovulation of the 

mature follicles is triggered by a surge of the pituitary Luteinising Hormone 

(LH). During ovulation the oocyte is released from the ovary into the 

infundibulum of the fallopian tube. Ovulation occurs in a cyclic manner 

during the adult life of mammals. Successful fertilisation depends on the 

correct timing between ovulation and seminal deposition in the female 

reproductive tract. At this stage, fertilisation also occurs if spermatozoa are 

present in the fallopian tube and the resulting zygote starts developing and 

moving downwards from the fallopian tube to the uterus. 

 

 

1.1.3 Early embryonic development 

 

After fertilisation, the zygote undergoes several rounds of mitotic divisions 

as it moves through the fallopian tube towards the uterus. During this period 
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Figure 1.2: Ovulation, fertilization and early development as embryo is transferred 

through the fallopian tube to the uterus. By the time the embryo reaches the uterus 

it has developed to a blastocyst composed from an outer trophectoderm, the inner 

cell mass and a fluid-filled cavity, the blastocoel (insert). In late blastocysts a 

monolayer of inner cell mass forms the primitive endoderm. (Picture adapted from 

Wang H. and Dey S.K. (2006). Roadmap to embryo implantation: clues from mouse 

models. Nat Rev Genet. 7:185-99) 

 

the embryo develops to the blastocyst as it prepares for the subsequent 

implantation steps (Figure 1.2). 

 

The timing of the transportation of the embryo appears to be very similar 

among different mammals and ranges between 3-5 days. During its 

transportation through the fallopian tube as well as during its preimplantation 

residence within the uterine cavity the embryo undergoes two main phases of 

development and differentiation.  The first phase involves a series of mitotic 

divisions that increase the cell number of the embryo to around 8-16 cells 

that form a morula, a compact mass of not easily distinguishable cells. The 

cells composing the morula are blastomeres and are virtually totipotent. 
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During the second phase of development the embryo starts entering the 

uterus and differentiates to a blastocyst. At the blastocyst stage elements of 

polarity are apparent and the embryo is composed of the trophectoderm, a 

surrounding monolayer of cells, the inner cell mass (ICM) and the 

blastocoel, a fluid-filled cavity (Figure 1.2; inset). In both phases of the 

preimplantation development the embryo is confined within the zona 

pellucida and does not increase in size. Within the uterine cavity the 

blastocyst hatches from zona pellucida, expands its trophectoderm and enters 

the peri-implantation phase as it prepares to interact with the maternal tissues 

and implant.  

 

In mice, the embryo reaches the morula stage at 2.5 days post coitum (dpc) 

and by 3.5dpc it has developed to a blastocyst and reached the uterine cavity. 

At around this time the blastocyst begins hatching from the zona pellucida 

and starts preparing for implantation. By 4.5dpc, the blastocyst has attached 

to the uterine epithelium and from this point onwards it begins to invade the 

uterine tissues. The development of the zygote to an implantation-competent 

blastocyst requires the activation of the zygotic genome, establishment of 

polarity and lineage differentiation.  

 

The mature unfertilised oocyte stores a pool of RNA transcripts and proteins 

to support the initial stages of its post-fertilisation period. The oocyte 

transcript pool is gradually degraded as the zygotic genome is activated and 

the new transcripts are synthesised. The de novo synthesis of new transcripts 

occurs in two main waves; the first corresponds to the 2-4 cells stage at the 

beginning of the preimplantation development whereas the second occurs at 

the 8 cell-morula stage halfway through the preimplantation development 

(Hamatani et al, 2004a). As the zygotic genome is activated and the embryo 

develops, it begins to show signs of polarity which is more prominent at the 

blastocyst stage where cells have committed to different lineages. The 
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establishment of polarity in the early embryo is still a matter of investigation 

yet it has been demonstrated that the plane of the first mitotic division 

specifies the embryonic (tissues that will contribute mostly to the embryo) - 

apembryonic (tissues that will contribute mostly to the extraembryonic 

tissues)  (Piotrowska et al, 2001). This early establishment of polarity is not 

an absolute requirement for later development as blastomeres maintain their 

totipotency up until their 4th division (16-cells), as has been demonstrated in 

experiments that reconstituted blastomeres in mice (Suwińska et al, 2008) as 

well as the ability of single human blastomeres from 4-cell embryos to form 

full blastocysts (Van de Velde et al, 2008). Polarity is more prominent 

morphologically at the blastocyst stage as well as molecularly at the 32-cell 

stage (Suwińska et al, 2008).  

 

The polarity in the embryo is connected with commitment of its cells to 

specific lineages. Lineage differentiation occurs from the 32-cell morula 

onwards and at the blastocyst stage at 3.5dpc two distinct cell types of the 

trophectoderm and the inner cell mass are evident.  The trophectoderm is 

committed to giving rise to the extraembryonic tissues whereas the embryo 

proper is formed from the inner cell mass. A further differentiation is evident 

in late blastocysts at 4.5dpc as a monolayer from the inner cell mass further 

differentiates to the primitive endoderm that will give rise to the yolk sac and 

guts later in embryonic development (Figure 1.2, insert).  

 

The trophectoderm and inner cell mass lineages are not only different in 

morphology and spatial organization but molecularly as well. As the 

totipotent blastomeres of the morula commit to the pluripotent trophectoderm 

or inner cell mass lineages they express different markers. Traditional 

molecular biology approaches as well as microarray experiments in mouse 

embryos have demonstrated that morulae, inner cell mass and trophectoderm 

have distinct transcriptome profiles. The genes Oct4, Nanog, Sox2, Cdx2, 
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and Eomes are recognized as some of main players that dictate lineage 

differentiation to trophectoderm and inner cell mass; Oct4, Nanog and Sox2 

are expressed in the inner cell mass and drive their pluripotency whereas 

their expression is absent from the trophectoderm (as reviewed in Johnson 

and McConnell, 2004 and Rossant, 2004). Cdx2 expression in the 

trophectoderm is essential for suppression of Oct4 and Nanog (Strumpf et al, 

2005) and commitment to the extraembryonic lineage, whereas expression of 

Eomes is thought to be involved in the further differentiation and 

proliferation of the trophectoderm. With respect to implantation, the 

specification of the trophectodermal lineage is of importance since this is the 

embryonic layer that communicates with, attaches to and invades into the 

uterine tissues.  

 

1.1.4 Uterine Anatomy and Uterine Cycling 

 

The uterus is composed of two distinct layers, the endometrium and the 

myometrium that are structurally organized to form a cavity in the middle, 

the uterine lumen (Figure 1.3). The endometrium is the layer that interacts 

with the embryo, is involved in its implantation and further development of 

extraembryonic tissues that will support prenatal development. The 

myometrium on the other hand is primarily involved in the regulation of 

uterine elasticity during pregnancy as well as uterine contractility during 

labor.   

 

The endometrium is composed of the luminal epithelium, an epithelial 

monolayer that comes in contact with the lumen, and the stroma that is 

composed of endometrial stromal cells and the epithelium-derived uterine 

glands. During adult life the endometrial morphology and function 

demonstrates cyclic changes that are controlled by the ovarian steroids 

estrogen and progesterone. This control aims to synchronize the ovarian  
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Figure 1.3: Longitudinal section of the murine uterus showing the lumen in the 

middle, then the luminal epithelium, glandular epithelium (glands) and stroma that 

compose the endometrium as well as  the transverse and longitudinal muscle layers 

of the myometrium.  

 

cycle with the uterine cycle and in effect the presence of the blastocyst with 

an implantation-competent endometrium.  

 

In humans, the estrous cycle lasts for an average of 28 days. With the time of 

menstrual bleeding on day 0, from day 4-5 till the ovulation at around day 14 

rising levels of serum estrogen secreted from the growing follicles drives the 

proliferative phase of the endometrium. After the ovulation both 

progesterone and estrogen from the corpus luteum drive morphological and 

molecular changes to the uterus and prepare it for implantation. This is the 

secretory phase of the endometrium it spans from day 15 to the end of the 

cycle and it is divided in three phases, the pre-receptive, the receptive and the 

refractory phase (reviewed in Wang and Dey, 2006). During all three phases 

high levels of progesterone drive the uterine changes (Figure 1.4). The 

receptive phase begins at around day 21 and last until day 24 after which it 

gives its place to the refractory phase that leads to the end of the menstrual 

cycle or the continuation of pregnancy if an embryo has implanted during the 

receptive phase. This hormonal milieu is similar during the murine estrous 

cycle. In mice however, a surge of ovarian estrogen is essential for the  
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Figure 1.4: Hormonal dynamic correlated with endometrial state during the estrous 

cycle of women. In the beginning of the cycle the endometrium goes through the 

proliferative stage until a surge of LH on day 14 causes ovulation. Progesterone 

secretion form the newly formed corpus luteum drives the secretory stage as the 

uteurus prepares for implantation. The uterus becomes receptive on day 21 and for 

the next few days for implantation until it becomes refractory again. (Hormonal 

dynamics picture adapted from Wang H. and Dey S.K. (2006). Roadmap to embryo 

implantation: clues from mouse models. Nat Rev Genet. 7:185-99 and endometrial 

dynamics picture adapted from www.cincinnatusblog.com/cincinnatus/wp-

content/uploads/2009/02/menstrual-cycle2.jpg) 

 

transition to the receptive phase (Paria et al, 1993) whereas it is still unclear 

whether the same holds true for humans. The murine estrous cycle lasts for 

an average of 4 days and can be irregular. It is divided in the proestrous, 

estrous, metestrous and diestrous phases that roughly last for 1 day each. 

During the transition between these phases the murine uterus changes 

morphologically and molecularly as it undergoes cycles of proliferation, 

apoptosis and tissue remodeling (Wood et al, 2007).  
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In both humans and mice, cycling through the different stages is independent 

from the presence of a developing embryo. Due to the ovarian control 

however, the uterine changes are in-tune with the developmental rate, uterine 

arrival and preparation for implantation of any potentially fertilized eggs. In 

humans fertilization is expected at around the time of ovulation on day 14 

and the travel of the zygote to the uterine cavity and its synchronous 

development to the blastocyst stage lasts for ~5 days that coincides with day 

~19-20 of the estrous cycle and a uterus at the pre-receptive stage. As the 

blastocyst hatches from the zona pellucida and prepares for implantation the 

following days, so the uterus enters to the receptive stage on days ~20-21. 

Similarly in mice, development of the embryo to blastocyst stage and 

transfer to the uterus is complete after ~3.5dpc after which point the 

blastocyst hatches from the zona pellucida and prepares for implantation 

which begins at 4.5dpc. Experimental approaches with embryo transfers at 

various stages in pseudopregnant mice have demonstrated that the receptive 

stage begins on the 4th day of pregnancy and ends on the 5th (Paria et al, 

1993).   

 

1.1.5 The Process of Implantation 

 

The development of the embryo beyond the blastocyst stage and 

establishment of pregnancy are dependent on successful implantation. The 

aim of implantation is to tether the trophectoderm tissue of the embryo to the 

uterine stroma of the mother. Implantation is pivotal for the formation of the 

placenta, yolk sack and amnion, structures essential for the support and 

nourishment of the developing embryo. The process of implantation is 

divided in three different steps; apposition, attachment (or adhesion) and 

penetration (Schlafke and Enders, 1975). The apposition step is the point at 

which the embryonic trophectoderm after the zona hatching apposes the 

luminal epithelium and in mice it is thought to occur by the end of 3rd – 
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beginning of 4th dpc (Das et al, 1994). Following the apposition, attachment 

occurs a few hours later at 4.5dpc (Bloxham, 1976). The attachment reaction 

is mediated by adhesion molecules between the trophectoderm and the 

luminal epithelium and after this point flushing of the blastocyst out of the 

uterus is difficult. Finally, penetration begins at around the 6th dpc in mice 

and involves breaching of the luminal epithelium to reach the underlying 

stroma (Schlafke and Enders, 1975).  

 

Proper embryo and uterine preparation ensures that the molecular and 

cellular machinery essential for initiation and progression of implantation is 

present for the following embryo-maternal interactions. Development of the 

embryo to the blastocyst stage, speciation of the trophectoderm lineage and 

hatching from the zona pellucida are mandatory steps for the interaction of 

the trophectoderm with the uterine luminal epithelium. In addition to these 

morphological and cellular changes, the blastocyst needs to attain 

implantation competency, a process that is not clearly understood at the 

molecular level. The estrogen surge appears not only to open the 

implantation window in the uterus but also to switch the state of the 

blastocyst from the dormant to the active (Paria et al, 1993). In the absence 

of the estrogen surge (after ovariectomising pregnant mice on 3.5dpc) the 

blastocyst remains dormant, yet this is rapidly reversed by a single injection 

of estrogen (Paria et al, 1993). The change between the dormant and the 

competent state are distinct molecularly and over 200 genes have been 

identified as differentially expressed between the two states (Hamatani et al, 

2004b). Genes involved in the progression of cell cycle, metabolism of 

carbohydrates, calcium signalling, adhesion and embryo-maternal 

communication are upregulated in competent blastocysts (Hamatani et al, 

2004b). One the genes identified in the latter study, Heparin-Binding EGF-

like Growth Factor (Hbegf) is expressed not only in active blastocysts but is 

also among the earliest markers expressed in the uterus the sites of blastocyst 
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apposition before the attachment reaction and is thought to mediate early 

embryo-uterine communication via the HB-EGF receptors ErbB1 and ErbB4 

during implantation (Raab et al, 1996). Finally, the endocannabinoid 

signalling has also been implicated both in on-time embryo transportation 

through the oviduct to the uterus (Wang et al, 2004) but also in preparation 

for implantation. High levels of the endocannabinoid receptor CB1 on the 

trophectoderm are associated with dormant blastocysts whereas 

downregulation of CB1 is concomitant with activated blastocysts (Wang et 

al, 2003).  

 

The uterine molecular profile between the non-receptive and the receptive 

stages varies considerably. The opening of the implantation window is 

associated with molecular and cytological changes in the luminal epithelium, 

glandular epithelium and stroma. Standard molecular biology approaches 

have identified a plethora of differentially regulated genes between these two 

states (reviewed extensively in Wang and Dey, 2006; Tranguch et al, 2005a; 

Dey et al 2004). High-throughput techniques have extended the current 

knowledge and transcriptomics approaches have identified that 229 genes are 

differentially regulated in the whole uterus between the receptive and non-

receptive state (Reese et al, 2001). More elaborate studies that involve 

isolated uterine tissues have identified at least 447 genes to be differentially 

expressed in the luminal epithelium of pseudopregnant mice (Campbell et al, 

2006). Another study employing transcriptomics on ovariectomised mice 

whose hormonal milieu during early pregnancy is exogenously controlled as 

identified 222 genes as differentially regulated in the luminal epithelium 

(Pan et al, 2009). Overall, studies on genes involved in uterine receptivity 

have implicated components of progesterone and estrogen signalling, 

cytokines, Homeobox genes, as well as morphogens (as reviewed extensively 

in Wang and Dey, 2006; Tranguch et al, 2005; Dey et al 2004) in the switch 

from the non-receptive to the receptive state. The control of the uterine 
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preparation for implantation and its molecular profile are more extensively 

discussed in Section 6.1. 

 

The presence of an implantation-competent blastocyst in a receptive uterus 

triggers further downstream effects that result in the attachment of the 

blastocyst’s trophectoderm to the luminal epithelium and the subsequent 

penetration of the trophectoderm into the uterine stroma. Attachment is a 

multi-step process and is mediated by adhesion molecules and is complete by 

4.5dpc in the mouse. Bu this time, the uterus also starts preparing for the 

subsequent trophectoderm penetration by triggering decidualisation of the 

stromal cells. Both blastocyst attachment and embryo-uterine communication 

during these steps are also discussed in Section 6.1.2. 

 

Overall, implantation in mammals is a tightly regulated procedure that aims 

to tether the embryonic tissues onto the maternal ones. This level of 

regulation is essential for the establishment of pregnancy and to a big extent 

it revolves around the synchronisation of embryo development with uterine 

receptivity. The appropriate molecular and cellular profile of the uterus 

during implantation can be seen as a buffering mechanism for the 

invasiveness of the blastocyst and the counter-response of the maternal 

immune system. The blastocyst is thought to be an evasive organism capable 

of invading extrauterine tissues and forming teratomata in mice and other 

mammals (Iles, 1977; Shapiro and Harvey 1957). Similarly, the uterine tissue 

is capable of eliciting immune attacks to evading and potentially pathogenic 

organisms. The recognition of the blastocysts as a benign intruder from the 

uterine tissues and the establishment of a balanced pregnancy to support its 

further development to a complete organism till term truly justify this 

complexity and regulation.  
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1.2 The Phospholipase C β1 

 

1.2.1 The PLC Proteins 

 

The phosphoinositide-specific Phospholipase C (PLC) protein family is 

comprised of diverse members that are mediators of signal transduction 

pathways. PLCs are enzymes with the ability to perform the enzymatic 

hydrolysis of the phosphatidylinositol (PI) class of membrane phospholipids. 

PIs contain an inositide sugar moiety in their structure (Figure 1.5A) that can 

contain various degrees of phosphorylation. PIs constitute 7-8% of the 

plasma membrane phospholipids and can have various degrees of 

phosphorylation attached on their inositol moiety. Their phosphorylated 

forms phosphatidylinositol-4-phosphate (PtdIns(4)P) and 

phosphatidylinositol-4,5-bisphosphate (PtdIns(4,5)P2) constitute only 2-5% 

of total membrane PIs (as proposed in Birnbaumer, 2006). PtdIns(4,5)P2 

appears to be the preferred substrate of PLCs and it is hydrolysed to inositol 

1,4,5-trisphosphate (Ins(1,4,5)P3) and diacyl glycerol (DAG) (Figure 1.5B). 

Both Ins(1,4,5)P3 and DAG are second messengers that trigger downstream 

intracellular signal transduction cascades; Ins(1,4,5)P3 is a ligand for the IP3 

receptor and causes the release of Ca2+ from the endoplasmic reticulum to 

the cytoplasm whereas DAG activates Protein Kinase C (PKC) that results 

in protein phosphorylation cascades.  

 

PLC activity was first noted by Hokin and Hokin (1953) on pancreatic slices 

from pigeons, while the first PLC enzyme was isolated in 1981 by Takenawa 

and Nagai. Nowadays, with the use of modern molecular biology techniques 

as well as bioinformatics, a total of 13 PLC enzymes have been identified 

and characterised in mammals. The PLC enzymes are divided in six different  
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Figure 1.5. Phospholipids, phosphoinositides and the action of PLC on 

phosphoinositides. A. General structure of phospholipids identifying their different 

molecular components (left) and structure of a phosphoinositide. B. The catalytic 

hydrolysis of PtdIns(4,5)P2, the main phosphoinositide substrate of PLC enzymes to 

produce IP3 and DAG is shown  

 

isozymes, namely PLCβ, -γ, -δ, -ε, -ζ, and –η, that differ in their mode of 

activation, domain structure, as well as tissue localisation. Each isozyme 

group comprises of different subtypes; PLCβ contains 4 subtypes, PLCδ 

contains 3 subtypes, PLCγ and PLCη each have 2 subtypes while PLCε and 
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PLCζ have a single type.  The diversity of PLC proteins is further increased 

by the presence of alternatively spliced variants that the genes encoding 

these different subtypes can produce. This diversity of PLC enzymes, their 

different modes of activation and their roles in signal transduction pathways 

place them among the most important mediators of signal transduction. In 

this part of Chapter 1 the structure, modes of activation and physiological 

roles of the PLCβ will be discussed with emphasis on PLCβ1 and its 

importance in physiology and especially female reproduction.  

 

1.2.2 Domain Structure of PLCβs 

 

The PLCβ isozyme group contains four subtype members, namely PLCβ1, 

PLCβ2, PLCβ3 and PLCβ4. All four members have identical domain 

structures comprising of a Plecstrin Homology (PH) domain, an Elongation 

Factor (EF) domain, X and Y domains, a C2 domain and a long C-terminal 

helix (Figure 1.6). The core part of PLCβs is the catalytic X and Y domains 

that are responsible for the phospholipase activity of PLCs. The EF and C2 

domains that flank the X and Y catalytic domains are involved in Ca2+ 

binding and enhancement of the PLC catalytic activity (reviewed in Suh et 

al, 2008; Drin and Scarlata, 2007; Rhee, 2001) In line with the latter, the C2 

domain of both PLCβ1 and PLCβ2 has been demonstrated to bind to the Gαq 

subunit of the G-protein complex (see Section 1.2.3), thus being involved in 

signal transduction (Wang et al, 1999a).  

 

Even though the X, Y EF and C2 domains of PLCβ have fairly defined 

functions, this is less so for the PH domain. Given that the amino acid 

sequence of the PH domain varies greatly than that of other domains, it 

appears to have less defined and more diverse functions among the PLC 

isozymes and their subtypes.  In PLCδ1 for instance the PH domain binds 

PtdIns(4,5)P2 as well as Ins(1,4,5)P3 and is thought to be involved in the  
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Figure 1.6. Domain structure of PLCβ group of PLC enzymes. 

 

enzyme’s targeting to the plasma membrane, substrate presentation and 

activity regulation  (Philip et al, 2002). In contrast, the PH domains of 

PLCβ1 and PLCβ2 have very little specificity for PtdIns(4,5)P2 and no 

specificity for Ins(1,4,5)P3 (Wang et al, 1999b) but together with the C-

terminal tail they mediate binding to the membranes in a non-specific 

manner (Wang et al, 1999b; Jenco et al, 1997). The PH domain of PLCβ1 

has been demonstrated to bind specifically to another membrane PI 

phospholipid, phosphatidylinositol-3-phosphate (PtdIns(3)P) which is not a 

substrate for PLCs (Razzini et al, 2000). PtdIns(3)P itself is produced by the 

action the PI3K enzyme on PI and has been demonstrated that a portion of 

cytosolic PLCβ1 enzyme is recruited to the membrane in cells where PI3K is 

active (Razzini et al, 2000). Another function that has been assigned to the 

PH domain of both PLCβ1 and PLCβ2 is the binding and interaction with the 

Gβγ protein heterodimer (see Section 1.2.3) that is also thought to aid the 

recruitment of these enzymes to the plasma membrane (Wang et al, 2000).  

 

1.2.3 Regulation of the Activity of PLCβs 

 

The domain structure and biochemical functions of PLCβs provides cues to 

their function, localisation and putative binding partners, but they tell little of 

their role as mediators of signal transduction. The molecular function of 

PLCβs is to convey and amplify signals from plasma membrane-bound 

receptors to the interior of the cells. The activation pathway for PLCβs is 

initiated by upstream binding of a ligand to a plasma membrane bound G-
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protein coupled receptor (GPCR) which in turn causes the activation of the 

G-protein complex that associates with the receptor intracellularly. GPCRs 

are 7-transmembrane plasma receptors with diverse roles in cell-signalling. 

The activated G-protein complex then activates PLCβs which hydrolyse 

PtdIns(4,5)P2 to produce the second messengers Ins(1,4,5)P3 and DAG 

(Figure 1.7)  

 

The G-protein complex is a membrane-bound heterotrimer composed of the 

Gα, Gβ and Gγ subunits.  The Gα subunit has guanosine diphosphate (GDP) 

binding capability and GDP binds the αβγ heterotrimer exists as a stable 

complex. This is the inactive state of the G-protein complex. Upon ligand 

binding, the GPCR induces the exchange of GDP for guanosine triphosphate 

(GTP) and the G-protein complex dissociated to the GTP-binding Gα subunit 

and the Gβγ heterodimer (Figure 1.7). Both Gα-GTP and Gβγ diffuse on the 

intracellular side of the plasma membrane and interact with their effector 

proteins.  Gα has an intrinsic GTPase activity and after some time GTP is 

hydrolysed to GDP and phosphoric acid; this hydrolysis step terminates the 

activation of G-proteins and the resulting Gα-GDP reassociates with Gβγ 

(Figure 1.7) 

 

G-protein complexes and subunits are diverse; there are so far 16 different 

Gα, 7 Gβ and 12 Gγ subunits identified in mammals. Distinct classes of Gα 

subunits activate distinct effectors; PLCβs are activated by the Gαq, Gα11, 

Gα14 and Gα15/16 subunits that all belong to the Gqα family (Hubbard and 

Hepler, 2005). The Gqα members bind to the C2 domain and the C-terminal 

tail of PLCβs (Wang et al, 1999a; Zhang and Neer, 2001; Rhee, 2001) and 

activate them at various degrees; Gqα members stimulate mostly PLCβ1 

activity and to a lesser extent PLCβ2 and PLCβ3 (Rhee and Bae, 1997). 

PLCβ1 has also been found to form stable associations with Gαq subunit 

(Dowal et al, 2006) which is consistent with the notion that PLCβ1 is mainly  
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Figure 1.7. GPCR signalling through the Gαq and PLCβ pathway. Binding of a 

ligand on a GPCR (1) causes exchange of GDT to GTP (2) and dissociation to the 

Gαq-GTP and Gβγ subunits. Gαq-GTP binds to and activates PLCβ enzymes by 

binding to their C2 and C-terminal tail (3) whereas Gβγ binds to and activates PLCβ 

enzymes by binding to the PH domain (4). Activated PLCβ hydrolyses PtdIns(4,5)P2 

(5) to Ins(1,4,5)P3 and DAG (6). Ins(1,4,5)P3 causes release of Ca2+ from the 

endoplasmic reticulum (7) whereas DAG causes activation of PKC that triggers 

downstream protein phosphorylation cascades (8).  

 

 

activated by the Gqα subunits. Gβγ heterodimers also activate PLCβs by 

binding to the PH domain (Philip et al, 2002; Rhee, 2001). Different PLCβ 

isozymes with the exception of PLCβ4 also show different degrees of 

activation by Gβγ heterodimers with PLCβ2 being more sensitive, followed 

by PLCβ3 and with PLCβ1 being the least sensitive (Rhee, 2001). 
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1.2.4 Molecular Function of cytosolic PLCβs  

 

The GPCRs that activate Gqα containing G-protein complexes and in 

response signal through cytosolic PLCβs are diverse. The GPCRs family of 

receptors contain receptors for a range of hormones, neurotransmitters, 

chemokines, and other molecules involved in autocrine and paracrine 

signalling thus making them important components of a multitude of 

physiological processes in higher animals. A list compiling the various 

GPCRs that signal through Gqα subunits is shown in Table 1.1.  

 

1.2.5 Nuclear PLCβs and the involvement of PLCβ1 in nuclear signal 

transduction  

 

Classically, activation and action of PLCβ enzymes takes place in the 

cytoplasm/cellular membrane, yet mounting evidence shows that PLCβ 

isotypes play roles in nuclear phosphoinositide metabolism as well (as 

reviewed in Follo et al, 2010; Cocco et al, 2009; Manzoli et al, 2005). 

PLCβ1, PLCβ2 and PLCβ3 have all been found in the nucleus (Manzoli et 

al, 2005) but research interest has been predominantly focused on nuclear 

PLCβ1, presumably due to its greater tissue distribution, it presence in many 

cell culture systems and generally accepted more diverse functions. PLCβ1 

has two isoforms,  a and b that differ in their C-terminal tail, as more 

extensively discussed in Chapter 3 and visualised in Figure 3.2. Both 

isoform have a nuclear localisation signal and both have the potential to 

localise in the nucleus. The a isoform is found in the nucleus and the 

cytoplasm but is predominantly enriched in the cytoplasmic fractions in both 

cultured erythroleukemia cells (Kim et al, 1996; Bahk et al, 1998) and 

Neonatal Rat Ventrical Myocytes (NRVM) (Grubb et al, 2008). However, 

the b isoform is reported to be exclusively found in the nucleus in 

erythroleukemia cells (Kim et al, 1996; Bahk et al, 1998) but only in the cell 
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Receptors that signal through Gqα (and PLCβ) 

Lysophospholipid receptor B2, B3 and B4 5-HT (serotonin) receptors 2A, B and 

C LH/hCG receptor 

Adrenergic receptor A1A, A1B, A1C, 

A1D and A2A 

Muscarinic (Acetylcholine) receptors M1, M3 

and M5 

Angiotensin receptor 1 Melanin-concentrating hormone receptors 1 

and 2 

Bradykinin receptors 1 and 2 Metabotropic glutamate receptors 1 and 5 

Bombesin receptors 1, 2 and 3 Neuromedin-U receptors 1 and 2 

Leukotriene B4 receptor 2 Neurokinin/Tachykinin receptors 1, 2 and 3 

Calcitonin, Amylin and Adrenomedulin 

receptor 

Neurotensin receptors 1 and 2 

Extracellular calcium-sensing receptor  Orexin receptors 1 and 2 

Oxytocin receptor Cholecystokinin and Gastrin receptors 

A and B Purinoceptors 1, 2, 3, 4, 6 and 11 

Cysteinyl leukotriene D4 receptors 1 

and 2 

Pituitary adenylate cyclase-activating 

polypeptide receptor I  

Prostaglandin E2 receptors 1 and 3 Proteinase-activated receptors 1, 2, 3 and 4 

Prostaglandin F2α receptor Platelet-activating factor receptor 

Endothelin A and B receptors Prolactin-releasing peptide receptor 

Frizzled receptors 1 and 2 Thromboxane A2 receptor 

Galanin receptor 2  Thyrotropin-releasing hormone receptor 

Thyrotropin receptor Gonadotropin - releasing hormone 

receptors 1 and 2 Urotensin II receptor 

Growth hormone secretagogue 

receptor 1 

Vasopressin receptors V1a and V1b 

Histamine H1 receptor 

Lysophosphatidic acid receptors 1, 2, 

3 and 4 

Neuropeptide Y receptor 1 

 

Table 1.1: List of GPCRs that activate Gqα type of G-protein complexes and PLCβs.  

 

 

 



Chapter 1  Literature review on PLCβ1 and Reproduction  23 

membranes of NRVMs (Grubb et al, 2008).  

 

Analogous to its cytoplasmic roles, nuclear PLCβ1 hydrolyses nuclear PI 

phospholipids but in contrast it is not activated by GPCR-Gαq signalling; 

nuclear PI phospholipids such as PLCβ1’s substrate PtdIns(4,5)P2 are not 

found as constituents of the nuclear envelope but in intranuclear clusters 

called nuclear speckles instead; nuclear speckles are dense clusters of 

proteins and nucleic acids involved in transcription and splicing regulation 

(Bunce et al, 2005). PLCβ1 also localises in the nuclear speckles along with 

PtdIns(4,5)P2, its hydrolytic products Ins(1,4,5)P3 and DAG, as well as 

enzymes involved in the generation and modification of PI phospholipids 

(Bunce et al, 2005).  

 

Despite the nuclear localisation of PLCβ1, G-proteins are not found in the 

nucleus and initially the activation pathway of PLCβ1 had only been a 

matter of speculation. Adding to that, there is no evidence that PLCβ1 

translocates to the nucleus in response to its activation by GPCR-Gαq 

signalling. It should be mentioned at this point that there is one particular 

example of PLCβ1 translocation from and to the nucleus during oocyte 

maturation as discussed in Section 1.3.2 but there is no evidence of such a 

process being mediated following GPCR-Gαq activation. The above imply 

that activated nuclear PLCβ1 is not generally the result of GPCR-Gαq-

activated cytosolic PLCβ1 that translocated to the nucleus to hydrolyse 

nuclear PtdIns(4,5)P2. In support to this notion, it was first demonstrated by 

Martelli et al, 1992 that activation of nuclear PLCβ1 via Insulin-like Growth 

Factor-1 (IGF-1) is essential for mitosis in Swiss 3T3 cells while a year 

earlier Divecha et al, 1991 had shown that ligands for GPCR-Gαq receptors 

cannot trigger the same effects in these cells. These observations are 

consistent with the presence and activation of nuclear PLCβ1 via a pathway 

independent of GPCR receptors. Furthermore, insulin-induced myogenesis 
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of C2C12 myoblasts also requires nuclear PLCβ1 (Matteucci et al, 1998) 

whereas nuclear PLCβ1 levels have also been implicated in the DMSO-

induced differentiation of Murine Erythroleukemia (MEL) cells with high 

nuclear PLCβ1 levels generally abolishing differentiation (Divencha et al, 

1995).  

 

IGF-1 and insulin receptors are the only cell receptors that have been so far 

identified to activate nuclear PLCβ1. Activation of these tyrosine kinase 

receptors triggers the downstream activation of the Mitogen-Activated 

Protein Kinase (MAPK) pathway which results in the phosphorylation of the 

cytoplasmic proteins Extracellular signal-Regulation protein Kinases (ERK) 

1 and 2 (Bunke et al, 2006). The phosphorylated forms of ERK1 and ERK2 

translocate to the nucleus where they phosphorylate and activate nuclear 

PLCβ1 which in turn accounts for nuclear phosphoinositide hydrolysis and 

mediation of the downstream effects in cellular physiology (Xu et al, 2001).  

 

1.2.6 Post-translational modifications of PLCβ1 

 

Despite the tissue-wide distribution of PLCβ1 and its involvement in both 

cytoplasmic and cellular signalling, little work has been done in identifying 

post-translational modifications that may affect its cellular localisation and 

activity.  So far only phosphorylation on the serine residue 887 has been 

shown to affect its localisation; serine 887 phosphorylation by nuclear PKC 

results in translocation of a portion of PLCβ1 isoform a to the cytoplasm and 

an unphosphorylatable 887 residue sequesters more readily to the nucleus 

(Aisiku et al, 2011).  

  

As far as the activity of PLCβ1 is concerned, it has already mentioned that it 

is controlled by two primarily mechanisms; the binding of a GTP-bound Gαq 

subunit during the classical GPCR cytosolic signalling as well as by its 
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phosphorylation by the ERK1 and ERK2 enzymes (Xu et al, 2001). Xu et al, 

2001 identified that it is the phosphorylation on serine 982 of PLCβ1 that 

controls its activity and mutation of this serine to alanine abolishes the 

nuclear PLCβ1 signalling.  Finally, an important post-translational 

modification of PLCβ1 is the b-N-acetylglucosamine (O-GlcNAc) 

glycosylation; it has been reported that O-GlcNAc PLCβ1 glycosylation 

inhibit its GPCR-Gαq-induced activity (Kim et al, 2006). It is unclear how 

O-GlcNAc affects the activity of PLCβ1 and the study of Kim et al, 2006 

has not been examined further despite the presence of 15 sites of potential O-

GlcNAc glycosylation on PLCβ1 and the frequent occurrence of this 

modification in nuclear proteins (Schindler et al, 1987).  

 

 

1.3 Research Interests Regarding PLCβ1 

 

1.3.1 Current Research on PLCβ1 

 

Owing to the importance of PLCβ1 in signal transduction pathways, as well 

as its expression patterns in the brain, the first genetic disruption of Plcβ1 in 

mice was generated in 1997 by the insertion of a Neomycin cassette in the 

region of Plcβ1 gene that encodes for the PH domain. (Kim et al, 1997). The 

authors reported that the insertion abolishes the expression of PLCβ1 and 

they further used this model to show the involvement of PLCβ1 in 

acetylcholine-mediated signal transductions in the cerebral cortex and the 

hippocampus (Kim et al, 1997). The authors also noted that mice 

homozygous for the transgene are prone to epileptic seizures that begin after 

the 3rd week of age which severely compromise their survival rates (Kim et 

al, 1997). Another Plcβ1 disruption was generated in 2002 by the insertion 

of the tyrosinase and chloramphenicol acetyltransferase genes within the 3rd 

intron of Plcβ1 that lead to a splice mutation (Böhm et al, 2002). The authors 
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again noted a seizure- prone phenotype in homozygotes, nurturing defects, 

altered reproductive behaviour and loss of NMDA receptors, increased 

apoptosis and reduced PKC activity in the hippocampus (Böhm et al, 2002). 

Finally, a third Plcβ1 disruption was reported in 2006 from a random 

insertional mutagenesis of the goat β-lactoglobulin in the 30th intron of Plcβ1 

(Ballester et al, 2004). Mice homozygous for the transgene had a seizure-

prone phenotype, compromised viability, weighed less than their Control 

counterparts and were infertile (Ballester et al, 2004). In all 3 studies the 

Plcβ1 transgene was recessive and the authors noted that mice heterozygous 

for any of the transgenes had no obvious phenotype. The 3 disruptions of 

Plcβ1 generated to date in mice reveal that although an intact Plcβ1 is not 

absolutely required for survival, its absence is associated with a negative 

effect on viability and with a wide spectrum of defects that includes altered 

brain physiology, growth and development, behaviour, and fertility. In 

agreement with the phenotypes of mice with a homozygous disruption in 

Plcβ1, a host of different research groups have found that PLCβ1 is involved 

in metabolism, development and differentiation of muscles and bones, brain 

plasticity and behaviour, haematopoiesis and cancer.  

 

PLCβ1 is essential for the postnatal development of cortical regions of the 

brain as well as neuronal plasticity. PLCβ1 signalling through the brain 

metabotropic glutamate receptor 5 (mGluR5) is essential for the formation 

of the barrel structures in the thalamus during postnatal development in mice 

(Spires et al, 2005; Hannah et al, 2001). In addition, PLCβ1 has been 

implicated in endocannabinoid-mediated neural plasticity; PLCβ1 activation 

causes release of DAG from membrane PI  hydrolysis (Hashimotodani et al, 

2005) and DAG is the substrate of DAGL which converts it to the 

endocannabinoid 2-AG (Dimarzo et al, 1998). 2-AG acting through the CB1 

receptor has been demonstrated to mediate endocannabinoid-mediated neural 

plasticity in a variety of brain regions including the striatum and the 
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hippocampus (Jung et al, 2005). Co-localisation of PLCβ1 and DAGL in 

cortical brain slices is thought to account for the quick synthesis of 2-AG 

after the activation of the former (Jung et al, 2005). Furthermore, PLCβ1 

appears to be involved not only in endocannabinoid biosynthesis but in 

cannabinoid release after the activation of its cognate M1/M3 muscarinic and 

mGluR receptors in hippocampal neurons (Hashimotodani et al, 2005).  

 

The involvement of PLCβ1 in brain physiology appears to control a variety 

of behavioural traits.  PLCβ1 Knockout (KO) mice have abnormal social 

behaviour and show lack of barbering, lack of nesting and assume socially 

recessive traits (Koh et al, 2008). Behavioural experiments to which the 

author also contributed (which do not form part of this Thesis) have 

demonstrated that both male and female PLCβ1 KO mice show altered 

reproductive behaviour (Filis et al, 2009). KO males exhibit reduced 

appetitive aspects of mating, spend much less time investigating prospective 

partners and generally they do not mate. On the other hand, KO females can 

induce appetitive aspects of mating in stud males but they show a much 

greater mating latency when compared to Controls. Other behavioural 

aspects such as decreased anxiety, memory impairment and a complete 

absence of acquisition of hippocampal-dependent fear conditioning make 

PLCβ1 KO a possible model of schizophrenia (Koh et al, 2008).  

 

PLCβ1 has also been demonstrated to be involved in a variety of processes in 

metabolism. Activation of the Gqα-GPCRs of cholestrokinin and bombesin 

by their cognate ligands activates PLCβ1 in pancreatic acinar membranes 

(Piiper et al, 1997a). Pancreatic acini excrete digestive enzymes in the 

duodenum and antibodies against PLCβ1 specifically inhibit the excretion of 

amylase (Piiper et al, 1997b). In addition, secretion of insulin is increased in 

response to the fuels glucose and glyceraldehyde in cultured pancreatic beta 

cells that overexpress PLCβ1 and this is mediated by the vasopressin 



Chapter 1  Literature review on PLCβ1 and Reproduction  28 

receptor (Kelley et al, 2001), a Gqα-GPCR that also activates PLCβ1. High 

levels of glucose causes upregulation of PLCβ1 as well as Gαq, Gα11 in aortic 

vascular smooth muscle cells and further treatment of these cells with the 

Gqα-GPCRs ligands endothelin-1 and angiotensin II causes elevated IP3 

production (Descorbeth and Anand-Srivastava, 2008). Finally, nuclear 

PLCβ1 downregulation is required for the final differentiation of adipocytes 

(O’Carroll et al, 2009).  

 

Endothelin and angiotensin receptors have also been linked to the 

hypertrophy of cardiomyocytes through their ability to activate Gqα. 

(Yamazaki and Yazaki, 2000). In this respect, the Gqα. effector PLCβ1 and 

especially the b isoform has been shown to be the main mediator of 

cardiomyocyte hypertrophy in cultured neonatal rat ventricular myocytes 

(Filtz et al, 2009). Finally, other areas where PLCβ1 has been implicated 

include protection against oxidative stress (Lee et al, 2000) and 

responsiveness of osteoblasts to progesterone via putative progesterone 

GPCR(s) (Le Mellay and Lieberherr, 2000),  

 

As noted in Section 1.2.5, nuclear PLCβ1 is a mitogen and an effector 

molecule of the IGF-I and insulin signalling (Xu et al, 2001). Nuclear PLCβ1 

is further implicated in muscle physiology as it is involved in skeletal muscle 

differentiation; PLCβ1 is upregulated during the differentiation in cultured 

C2C12 myogenic cells (Faenza et al, 2003) and this causes the upregulation 

of the CyclinD3 in these cells (Faenza et al, 2007). Nuclear PLCβ1 

signalling is also responsible for the upregulation of CD24 in Friend 

erythroleukemia cells, indicating that it is responsible for differentiation of 

haematopoietic cells (Fiume et al, 2005).  Consistent with its presence in 

nuclear speckles, nuclear PLCβ1 signalling upregulates the splicing factor 

SRp20 in the same Friend erythroleukemia cell line (Bavelloni et al, 2006), 

therefore being involved not only in transcriptional control but post-
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transcriptional gene regulation as well. Finally, recent observations suggest a 

link between nuclear PLCβ1 and cancer in humans since monoallelic 

deletion of PLCβ1 in the bone marrow of patients with myelodysplastic 

syndrome, a hematological disorders characterized by peripheral blood 

cytopenias, is associated with the progression of the syndrome to acute 

myeloid leukemia (Follo et al, 2006; Cocco et al, 2005; Lo Vasco et al, 

2004).  

 

1.3.3 PLCβ1 and Reproduction 

 

One of the most prominent functions of PLCβ1 associate with the regulation 

of reproductive processes. It has already been mentioned that PLCβ1 KO 

animals have abnormal reproductive behaviour. PLCβ1 is also involved in 

the physiology of a variety of different reproductive processes including 

ovulation, oocyte maturation and fertilisation. The latter is consistent with 

the GPCR signalling of many reproductive hormones and paracrine/autocrine 

molecules.   

 

PLCβ1 has been implicated at various stages of oocyte development (Lefèvre 

et al, 2007). PLCβ1 is localised almost exclusively in the nucleoplasm of the 

oocytes during follicular growth and only translocates to the cytoplasm in 

preovulatory follicles (Avazeri et al, 2000; Avazeri et al, 2003). PLCβ1 is 

also found in swine granulosa cells and its abolishment inhibits 

progesterone-induced Ca2+ intracellular release (Lieberherr et al, 1999). 

During oocyte maturation and resumption of meiosis prior to fertilisation 

PLCβ1 is relocated from the cytoplasm to the nucleoplasm just prior the 

beginning of the Germinal Vesicle BreakDown (GVBD) (Avazeri et al, 

2000). GVBD is also dependent on PLCβ1-induced cytoplasmic and nuclear 

Ca2+ release and chelation of Ca2+ inhibits GVBD (Avazeri et al, 2003). 
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These observations indicate an important role in oocyte maturation during 

follicular growth as well as after ovulation.  

 

Additional observations imply a role of PLCβ1 in fertilisation. PLCβ1 has 

been found to be exclusively localised on the acrosome region of the mouse 

sperm head (Choi et al, 2001). IP3R, the receptor for PLC-generated 

Ins(1,4,5)P3, is also found exclusively on the acrosome region and co-

localises with PLCβ1 (Walensky and Snyder, 1995). Due to this co-

localisation, it has been theorised that GPCR activation of PLCβ1 during 

fertilisation is one of the mechanisms that contributes to the rising Ca2+ 

concentration which eventually triggers acrosomal exocytosis (Walensky and 

Snyder, 1995). However, sperm from Plcβ1 KO is fully fertile despite the 

localisation of PLCβ1 protein in the acrosome region (Filis et al, 2009), 

showing that PLCβ1 is not essential for fertilisation. Finally, oocyte PLCβ1 

is further implicated in fertilisation and both downregulation and 

overexpression of PLCβ1 in oocytes just prior to fertilisation disrupted the 

fertilisation-induced Ca2+ oscillations (Igarashi et al, 2007).  

 

Consistent with these findings, disruption of Plcβ1 in mice results in 

infertility (Ballester et al, 2004; Böhm et al, 2002), their infertile phenotype 

is not associated however with oocyte maturation and fertilisation (Filis et al, 

2009). A published study (co-authored by the author of this Thesis but for 

the discussed results he did not contribute) demonstrated that Plcβ1 KO 

females are infertile and the prime cause is lack of ovulation (Filis et al, 

2009). Follicles in all stages of development are found in Plcβ1 KO ovaries 

and ovulation can be triggered by a superovulation regime, while these 

oocytes can be fertilised in vivo and in vitro and reach the blastocyst stage 

when cultured in vitro (Filis et al, 2009). This indicated that despite the 

implications of PLCβ1 in oocyte development, maturation and fertilisation, 

the presence of a fully functional PLCβ1 protein in oocytes is dispensable for 
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the said processes. Despite the fact that superovulation hormones rescue the 

ovulation phenotype of Plcβ1 KO females and that their oocytes can be 

fertilised in vivo, fertility is not resumed as no embryos are found in the uteri 

of KO females 6.5dpc showing that maternal Plcβ1 is required downstream 

of ovulation and fertilisation (Filis et al, 2009). The lack of ovulation in 

Plcβ1 KO females may be attributed to the involvement of PLCβ1 in 

Gonadotrophin Releasing Hormone (GnRH)-induced LH release from LH-

secreting pituitary LβT2 cells (Liu et al, 2005). This, in addition to the fact 

that only the PLCβ1 and PLCβ3 subtypes are found in the pituitary (Romoser 

et al, 2001) and that mice deficient in PLCβ3 are not reported infertile (Xie 

et al, 1999) makes it plausible that PLCβ1 is primarily involved in 

preovulatory LH surge from the pituitary. Up to date the lack of ovulation 

phenotype in Plcβ1 KO females has not been further investigated.  

 

1.4 This Research Project 

 

The aim of this Thesis is to determine whether PLCβ1 is involved in post-

ovulatory reproductive physiology in females using the Plcβ1 KO female 

mice as a model. The initial setting of this project had been fairly specific; 

identify the process(es) that cause failure of the KO females to get pregnant 

after embryos are initially formed. This identification of the defective 

processes are described and discussed in Chapter 4. From this stage on the 

project pointed to several broad avenues of research-focus, each one leading 

to further broad choice of research directions. The lack of published articles 

on any involvement of Plcβ1 in the post-ovulation establishment and 

maintenance of pregnancy greatly necessitated very general research 

directions in the beginning of the project. The author had the opportunity to 

attack the research problems with a broad spectrum of techniques that 

included anatomy, molecular biology, surgery, histology and 

pharmacological intervention. Some of the research problems that were 
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chosen for investigation appeared unrealistic; others were hindered by 

technical difficulties; yet many were just right. Molecular biology techniques 

and histology appeared to be the most trouble-free tools to answer the 

research questions and dissect molecular pathways and they were employed 

to the majority of the time during this project.  

No piece of research comes without some problems and this project has been 

no exception. The author faced two major difficulties during this project; KO 

animals sometimes die suddenly after the 3rd week of age and before they 

reach mating age which is at 6 weeks. From all the KO females that were 

weaned only ~60% were available for experimentation. This issue was 

rectified by increasing the breeding capacity of the Colony and taking special 

measures to reduce potential stressor factors on the animals as described in 

Section 2.2.1. In addition, KO females would rarely mate with males during 

the overnight pairings that aimed to produce the 4.5dpc pregnant KO females 

required to address this project’s goals. Furthermore, the superovulation 

regimes used in this project had proven ineffective many times and their 

administration would fail to generate either KO or Control pregnant females. 

Up to this date this has been a persisting problem in the laboratory. The 

sudden deaths of KO females, their problematic mating behaviour and the 

suboptimal superovulation regime used resulted in only very few pregnant 

KO females available to experiment on. Nevertheless, analysis of these 

females provided important data with regard to the altered reproductive 

physiology of Plcβ1 KO females and lead to further hypotheses regarding the 

role of PLCβ1 in reproductive physiology.  

 

Part of this PhD work has been published in the Endocrinology journal (Filis 

et al, 2009). This article describes the analysis of the infertile phenotype of 

Plcβ1 KO mice. In this publication the author contributed two things: a) all 

of the results presented in Chapter 4 as well as the quantitation of Ptgs2 in 

implantation sites as presented in the Section 6.3.3 which he conducted with 
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the valuable help of Alison Murray, Peter Kind and Norah Spears and b) the 

observations about the reproductive behaviour of KO males when challenged 

with estrous Control females and the reproductive behaviour of Control 

males when challenged with estrous KO females. The behavioural 

experiments are not included in this Thesis.  
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Chapter 2 – General Materials and Methods 

 

2.1 Introduction 

 

This Chapter compiles the Materials and Methods used in more than one 

Chapter in this Thesis. Specific details for each technique (when applicable) 

are included in the relevant Chapters.  

 

2.2 Description of the General Materials and Methods 

 

2.2.1 Nomenclature and Definitions 

 

Two important issues regarding the terminology and definitions used in this 

Thesis require explicit clarification. First, the females that carry the 

homozygous disruption of Plcβ1 as described in Kim et al, 1997 are called 

“KO” females, those who carry a heterozygous disruption are called “HET” 

females whereas females that carry the wild-type Plcβ1gene are called “WT” 

females.  In Chapters 3-7 the term “Control” females refers to either WT or 

HET females. For each KO female the respective Control is a WT or HET 

female that was superovulated, mated and dissected the same time as the KO. 

The Control females were siblings where possible or age-matched mice. This 

deviates from the ideal choice of Control which should be a WT sibling, yet 

the low availability of KO females and the need to obtain pregnant animals 

dictated that KO females had to be used even if Controls were not optimal. 

Processing and analysis of the sample tissues (e.g. RNA extraction, cDNA 

synthesis and Real-time PCR) from a given KO animal was always 

performed in parallel to its Control.  

 

The second issue refers to adjustments made when referencing to pregnancy 

dates from the literature in experiments involving timed mating of 
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superovulated mice after the coitus (see below). Some research groups start 

counting pregnancy from “Day 1” the day on which a vaginal plug was 

found following an overnight timed intercourse. In contrast, other groups 

(including the author’s group), define as “Day 0.5” (or more commonly 

0.5dpc) the noon of the day a vaginal plug is found following an overnight 

intercourse, with 1.0dpc used for midnight of the same day, and 1.5dpc for 

noon of the next day, and so on. Both counting schemes are based on the 

premises that mating and subsequent fertilisation occurs at around midnight. 

Users of the former counting system define the noon of Day 1 as “Day 1 

12:00 hours). For reasons of uniformity, the author’s counting system is used 

(e.g. 0.5dpc, 1.5dpc, 2.5dpc etcetera) throughout this Thesis, including when 

citing publications that use the alternative system. For example, should a 

publication makes a general reference to “Day 2” of pregnancy, this is 

transcribed as “1.5dpc” in this Thesis.  

 

2.2.2 Maintenance of the Mouse Colony.  

 

Mice carrying two copies of the Plcβ1 transgene (hereafter called knockouts 

or KO) were on a mixed 129Sv/C57BL6J genetic background and carried the 

Plcβ1 transgene initially generated by Kim et al, 1997 and kindly provided 

by Prof. Peter Kind.  All animals were housed and propagated in an 

environmentally controlled room on a 14 hour light – 10 hour dark 

photoperiod. Animals were provided with food and water ad libitum and kept 

in accordance to the U.K. legal requirements. Mice were bred from parents 

heterozygous for the presence of the Plcβ1 transgene (hereafter called 

HETs). The breeding pairs consisted of a single HET male to a single HET 

female. At times, harem mating (one HET male with two HET females) was 

used to improve colony efficiency and reduce colony handling costs. All 

litters were weaned at 21 days of age.  
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KO animals sometimes show stunted growth post weaning, are prone to 

seizures, sensitive to external stimuli (e.g. sudden sounds) and environmental 

stressors (e.g. handling, change of environment, injecting) and sometimes die 

suddenly after the weaning. The onset of seizures and beginning of sudden 

deaths correlates with the weaning period (Kim et al, 1997). The exact 

details of the causes of death are not fully understood yet but they appear to 

be influenced by the seizures (Kim et al, 1997) as well as altered behaviour 

(personal observations of the author). The susceptibility to sudden death also 

appears to subside after the 6th week of age. 

 

To minimise potential factors of sudden loss of KO animals a number of 

steps were taken that had a positive impact on the survival rates of KO 

animals. All animals were fed with the high-protein Teklad 2019 diet (Harlan 

UK Ltd., Bicester, UK) to provide additional nutrition to KO animals and 

prevent their stunted growth. Weaned animals were provided with Teklad 

2019 mash (food pellets soaked in water) to provide an easier access food 

and water source for homozygous animals that would not normally climb on 

the cage railings to acquire their food and water. In addition, staff were 

instructed to handle animals with great care and to avoid sudden or loud 

noises. Ear-notching policy was adjusted so as not to impose this potential 

stressor to the animals at the time when susceptibility of sudden death 

begins. Ear-notching was therefore performed either before weaning at 

around 14-16 days of age or after the 6th week of age.  

 

2.2.3 Genotyping of the Mouse Colony Litters and General PCR 

Protocol 

 

Genomic DNA from ear notches collected from the litters of the transgenic 

colony was extracted and was used for genotyping by PCR. Crude genomic 

DNA was extracted by boiling the ear notches in 75µl of HotShot Lysis 
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buffer (25 mM NaOH and 0.2 mM EDTA) for 30min at 95°C. The crude 

extract was neutralized by the addition of an equal volume of 40 mM Tris –

HCl to make a total of 150µl of DNA extract. 1µl of the extract was used in a 

total of 20µl PCR reaction containing 0.2mM of each deoxynucleotide 

triphosphate (dATP, dTTP, dGTP and dCTP), 1.5mM MgCl2, 0.5µl of each 

primer, 2 µl of 10x PCR buffer (200 mM Tris-HCl (pH 8.4), 500 mM KCl) 

and  and 1 Unit of Taq polymerase (Invitrogen, #10342-053). Three primers 

were used in the PCR mix; a forward sense primer  5'-

GTTAAGTCCTCAGGCAAACACC, a reverse antisense primer 5'-

ACCTTGGGAGCTTTGGCGTG which along with the forward primer 

amplified a ~180bp band from the WT allele as well as a second reverse 

antisense primer 5'-CTGACTAGGGGAGGAGTAGAAG that along with the 

above mentioned forward primer amplified a ~280bp band from the KO 

allele. The combination of these three primers gave a single 180bp band for 

WT mice, a single 280bp band for KO mice and both 180bp and 280bp 

bands for HET mice. The products of the PCR reactions were separated by 

electrophoresis in 1% denaturing agarose gels supplemented with SYBR 

Safe staining dye (Invitrogen, #S33102) and visualized under a UV 

transilluminator at 254nm.  

 

2.2.4 Superovulation and mating 

 

Control and KO females of at least 6 weeks of age were injected 

intraperitoneally with 10IU PMSG, followed by 5IU hCG 48 h later (both 

PMSG and hCG from Intervet, Milton Keynes, UK), both administered after 

16:00 in the afternoon. Shortly after the hCG injection the females were 

housed with a WT stud male provided by the animal house facility for a 

single night. The following morning the stud male was removed and the 

females checked for vaginal plugs, indicating intercourse. 12:00 noon of this 



Chapter 2  General Materials and Methods  38 

day following the overnight mating was regarded as day 0.5 of pregnancy 

(0.5dpc) with embryos at embryonic day 0.5 (E0.5).  

 

2.2.5 Animal Culling and Uterine Staining  

 

At 4.5dpc Control and KO females were injected intraperitonealy with 0.1ml 

of 54.7 mg/ml–1 sodium pentobarbitone (Ceva Sante Animale, Libourne, 

France). Under anesthesia, 1 ml of 0.1% Chicago Sky Blue 6B (Sigma-

Aldrich) was perfused through the left ventricle of the heart after rupturing 

the right atrium. Chicago Sky Blue stains areas of increased vascular 

permeability, thus visualizing implantation sites from E4.5 onward (Song et 

al, 2002). Ovaries, fallopian tubes and uterine horns were dissected out as 

one piece and were tethered on a silicone-coated petri dish for inspection and 

photography. The dissected tissue was submerged in PBS to prevent it from 

drying.  

 

2.2.6 Uterine Tissue Acquisition, RNA Extraction, cDNA Synthesis and 

Real-Time PCR  

 

Parts of the uterine tissues as collected in Section 2.2.5 were quickly 

dissected and either flash-frozen on dry ice and stored at -80°C until needed 

for RNA or protein extraction or fixed as described in Section 2.2.9.  In the 

cases where the female showed signs of pregnancy, implantation and inter-

implantation were separated by dissection and frozen, whereas when no 

pregnancy was evident the uterus was cut in small pieces and frozen.  

 

Total RNA was extracted from the uterine pieces using the RNeasy Mini Kit 

(Qiagen, #74106) according to the manufacturer’s recommendations for 

animal tissues. Typically, a uterine piece of ~30mg wet weight would yield 

30µg/µl of total RNA. Quality and integrity of the RNA extract was routinely 
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assessed by analyzing 1µl of the extract by denaturing gel electrophoresis as 

described in Section 2.2.3; good quality intact RNA was evident by the 

presence of two distinct bands corresponding to the 28S and 18s ribosomal 

RNA and was used for downstream experiments. Samples showing smeared, 

degraded RNA were discarded and extractions were repeated.  

 

1µl aliquot of total RNA was used to synthesize cDNA using the QuantiTect 

Reverse Transcription Kit (Qiagen, #205311) according to the 

manufacturer’s instructions. This kit employs a buffer of a proprietary 

composition that ensures elimination of any genomic DNA that may have 

had co-extracted with RNA in a single buffer incubation step and used 

random primers for the synthesis of cDNA. The resulting cDNA was used as 

is in the downstream Real-Time PCR applications.  

 

The relative amount of a given cDNA in a uterine extract was quantified 

using the QuantiTect SYBR Green Real-Time PCR Kit (Qiagen, #204143) 

for the quantification of the genes Ptgs2, Erα and Prg (whose analysis is 

discussed in Chapter 6) as well as the GREEN DYE MASTER MIX 

(Rovalab, #S2000) for all the other Real-Time PCRs quantifications 

described in this Thesis. The change from the Qiagen Kit to the Rovalab was 

performed because of the more competitive price and equally good 

performance of the latter.  

 

The relative amounts of any of genes quantified and analysed in this Thesis 

were normalized against the housekeeping gene Gapdh, using the sense 5'-

GGGTGTGAACCACGAGAAAT and the antisense 5'-

CCTTCCACAATGCCAA AGTT primers. Gapdh was selected because of 

its generally accepted use stable expression in a variety of tissues including 

the uterus (as used in studies such as Sato et al, 2001; Gupta et al, 2001; 

Farnell and Ing, 2003; Staar et al, 2005). Details on the Real-Time PCR 
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setups and additional notes on analyses are given in the Materials and 

Methods of the Chapters that use this technique.  

 

2.2.7 Primer Design for PCR and Real-Time PCR 

 

For every mRNA/cDNA or part of gene that was subjected to PCR and/or 

Real-Time PCR, primers had to be frequently designed de novo. cDNA 

sequences were obtained from the Nucleotide Database of NCBI taking great 

care to include as many as possible registered sequences for a given gene, 

including alternatively spliced isoforms and expressed pseudogene versions 

for a given gene. The retrieved sequences were aligned using the ClustalW 

algorithm of the European Bioinformatics Institute 

(http://www.ebi.ac.uk/Tools/clustalw2/index.html) and part of the sequence 

was selected for primer design using the following criteria: 

1. The part of the gene should not be present in any expressed pseudogenes 

2. With the exception of Plcβ1 (see Section 3.2.2 of Chapter 3), the gene 

region chosen to design primers for was common to all alternatively 

spliced isoforms, e.g. the primers for the Progesterone receptor gene Pgr 

were chosen to detect both the alternatively spliced isoforms A and B.  

3. When possible, the priming region was selected to be around the exon-

exon junction, thus eliminating the possibility for amplification of any 

contaminating genomic DNA during PCR cycling.  

 

Parts of the gene complying with the above criteria were imported in the 

online primer design software Primer3  (http://frodo.wi.mit.edu/). The 

software was calibrated to use stringent criteria for picking primers that : 

1. were 18-25 bases long 

2. avoided the selection of primers that score high on primer-primer self- 

and inter- complementarity tests 
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3. had a GC percentage ratio of around 50% and an annealing temperature 

in the range of 55-61°C.  

4. Amplified a region of 60-250 base pairs. 

 

Each output primer sequence pair was queried against the Mouse Nucleotide 

(Genomic + Transcript) database of NCBI using the BLAST algorithm to 

ensure that the primer pairs specifically amplify the gene of interest and no 

others. The ideal annealing temperature for each primer pair was 

experimentally determined by running PCR reactions as described in Section 

2.2.3 using WT uterine cDNA at varying temperature increments (e.g. 55°C, 

57°C, 59°C, 61°C) 

 

2.2.8 Protein Extraction, Electrophoresis and Western Blotting 

 

Protein extracts were prepared by homogenising a piece of uterine tissue 

(often around 30mg  wet weight) in 200µl of Lysis Buffer [50mM HEPES 

pH7.5, 1%Triton X-100, 50mM NaCl and 1 tablet / 20ml Lysis buffer of the 

Complete Protease Inhibitor Cocktail, (Roche, #1 697 498)] at 4°C and 

incubating on ice for 30min to complete lysis. The lysate was centrifuged at 

13,000x g for 30min at 4°C to remove any insoluble material and the 

supernatant was transferred to a fresh tube. The protein concentration in the 

protein extracts was estimated using the a modified Lowry assay kit (Bio-

Rad, #500-0002) according to the manufacturer’s instructions.  

 

For SDS-PAGE protein extracts were reduced and denatured by boiling them 

at for 5min at 95°C in the presence of Laemmli Buffer (Sigma-Aldrich, 

#127K6052) and loaded in a compound SDS-polyacrylamide [staking gel: 

4% Acrylamide/bis-Acrylamide (Sigma-Aldrich, #A3699), 0.1%SDS, 

125mM Tris, 0.15% APS and 0.0004% TEMED, pH 6.8; resolving gel: 7% 

Acrylamide/bis-Acrylamide, 0.1%SDS, 375mM Tris, 0.15% APS and 
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0.0004% TEMED] and allowed to run in the electrophoresis apparatus in the 

presence of approximately 500ml of Running Buffer (50mM Tris, 350mM 

glycine, 0.2%w/v SDS) at constant ampere (15mA/gel) until proper 

separation was attained.   

 

For the Western blotting, the resolved proteins from SDS-PAGE gel were 

transferred onto a nitrocellulose membrane in the presence of 1000ml 

Transfer Buffer (25mM Tris, 200mM glycine, 20% v/v methanol) for 2 hours 

at a constant ampere (200mA/tank). The nitrocellulose membranes with the 

blotted proteins were stained with a protein staining solution (1% Amido 

Black, 5% acetic acid, 10% v/v methanol) for 5 min to confirm good and 

uniform protein transfer and separation. The protein staining was washed 

away from the solution by repeatedly washing them with water.  

Membranes were incubated in Blocking Buffer [DMEM medium 

(Invitrogen, #31600-091), 5% Fetal Calf Serum, 0.1% Triton X-100, 0.2% 

Sodium Azide) containing the primary antibody of interest at an appropriate 

dilution (see specific Chapters for details) overnight at room temperature, 

washed 3x5min with Washing Buffer (50mM Tris, 150mM NaCl, 0.1% 

Triton X-100), probed with an appropriate secondary infrared fluorescent 

antibody for 1 hour at room temperature and finally washed 3x5min with 

Washing Buffer and dried. The the fluorescent signal on the membranes was 

detected by scanning them with the Odyssey Infrared Imaging Scanner by 

Li-Cor according to the manufacturer’s specifications.  

 

2.2.9 Fixation, Processing and Sectioning of Uterine Tissues 

 

Uterine pieces were dipped in formaldehyde (4% paraformaldehyde 

dissolved in PBS) as quickly as possible after their dissection and were left to 

fix overnight on a shaker. Fixed tissues were then washed 3x with 50% 

ethanol and were stored in 50% ethanol until processed. The processing  
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 Solvent Time (hours) Temperature (°C) 

  70% Ethanol 1 35°C 

80% Ethanol 1 35°C 

95% Ethanol 1 35°C 

99% Ethanol 1 35°C 

99% Ethanol 1 35°C 

100% Ethanol 1 35°C 

100% Ethanol 2 35°C 

Xylene 2 35°C 

Xylene 2 35°C 

Xylene 1 35°C 

Paraffin 1 60°C 

Paraffin 1 60°C 

Paraffin 1 60°C 

Paraffin 1 60°C 
 

Table 2.1: The processing cycle of gradual dehydration and paraffinisation of fixed 

uterine tissues 

 

cycle was performed as shown in Table 2.1 and immediately after the 

samples were embedded in paraffin wax. The paraffin-embedded uterine 

sections were sectioned at 5µm thickness and stored until further needed. 

 

2.2.10 Immunohistochemistry 

 

Uterine sections were deparaffinised and gradually rehydrated as shown in 

Table 2.2 and immersed in 10mM sodium citrate for 10min to equilibrate. 

Epitopes were retrieved by boiling sodium citrate-immersed sections 4x 

5min in a microwave. After the boiling cycles, the sections were left to cool 

for 20min and were then blocked in IHC Blocking Solution (20% Goat  
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Solvent Time (min) 

  Xylene 10 

Xylene 10 

100% Ethanol 5 

100% Ethanol 5 

95% Ethanol 5 

90% Ethanol 5 

70% Ethanol 5 

Water 5 
 

Table 2.2: The deparaffination and rehydration processing of uterine sections 

during immunohistrochemistry  

 

Serum, 2% BSA, 0.1% Triton X-100 in PBS) for 1 hour. The Blocking 

solution was removed and sections were probed with the antibody of interest 

diluted appropriately as indicated in the relevant Chapters in IHC Blocking 

Solution and incubated overnight at 4°C. The next day the probed sections 

were washed 2x 10min in IHC Washing Solution (0.1% Triton X-100 in 

PBS) and were probed with the secondary antibody. All the 

immunohistochemical assays performed in this Thesis used primary 

antibodies that were produced in rabbit and a universal goat anti-rabbit 

biotinylated secondary antibody (Dako, #E0432) was used for the detection 

of all the primaries at 1:200 dilution in IHC Blocking Solution for 1 hour at 

room temperature. After probing with the secondary antibody, sections were 

washed 2x 10min in IHC Washing Solution and probed with a streptavidin-

conjugate Alexa Fluor 568 fluorescent dye (Invitrogen, #S11226) diluted 

1:200 in IHC Blocking Solution for 30min at room temp. Sections were then 

washed 2x 10min in IHC Washing Solution and counter-stained with the 

Hoechst 33342 nuclear dye (Thermo Scientific, #62249) diluted 1:10,000 in 

IHC Washing Solution for 10min at room temperature. After the counter-
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staining the sections were washed 2x 5min in IHC Washing Solution and the 

sections were covered with a coverslip and with the aid of Vectashield 

medium (Vector Laboratories, #H-1000) to preserve the fluorescence. The 

samples were stored at 4°C until their microscopic examination and 

photography. 
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Chapter 3 – How does Plcβ1 Disruption Cause the Phenotype? 

 

3.1 Introduction 

 

3.1.1 Disruption of Plcβ1 gene – how does it affect PLCβ1 production? 

 

Generation and analysis of mice that have disruption in one or more genes is a 

powerful reverse genetics approach for investigating and understanding how genes 

function and control physiological processes. The technology for generating gene 

disruptions in mice is widely used and can be practised to highly sophisticated 

levels where single-point mutations to a gene can be generated to investigate the 

potential functions not only of the whole product of a gene but of certain parts of 

the genes as well. Such an approach allows fine analysis of the constituents of the 

gene and its product(s) thus increasing our understanding about genes and gene 

action. A fine example of the latter analysis is the investigation of the non-genomic 

functions of the activated ERα estrogen receptor by O’Brien et al (2006). This 

group generated a transgenic mouse bearing two point mutations on the ERα 

receptor that abolished its DNA-binding ability. They were thus able to investigate 

the actions of ERα that are independent of its ability to directly drive transcription 

of genes containing Estrogen Responsive Ellements (EREs).  

 

Analysis of the infertile phenotype of the Plcβ1 KO female has the potential to 

increase our current understanding of how this gene and its protein products 

PLCβ1a and PLCβ1b that derive from mRNA alternative splicing affect 

reproduction. It is important to understand however how the disruption of Plcβ1 

affects the function of PLCβ1a and PLCβ1b. The Plcβ1 KO whose infertile 

phenotype is the subject of this thesis was generated by Kim et al (1997) by the 

insertion of a Neomycin cassette into exon 3 of the Plcβ1 gene. The same group 
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also reports no expression of PLCβ1 protein isoforms a and b in the brain using 

Western blot analysis.  

 

The above finding need not necessarily be the case for all tissues in Plcβ1 KO 

mice. Furthermore, there is no reason to assume that the disrupted Plcβ1 gene does 

not produce a protein product in different tissues and/or in different strains of mice. 

There are good reasons therefore that make analysis of the gene products of the 

KO mouse colony used in the experiments described in this Thesis important. It 

should be stressed though that there is no question whether the insertion disrupted 

gene function; Plcβ1 KO females are infertile, but is unclear how the gene 

disruption has caused the infertile phenotype.   

 

There are many unknowns in the pathway from gene disruption to genotype. First, 

it is elusive as to how the insertion caused the disruption. This could involve 

diverse mechanisms such as inability to produce mature mRNA, inhibition of 

translation of the mRNA, affecting the stability of the protein itself or even 

removing the PH domain of the protein (within the genomic sequence of which the 

Neomycin transgene was inserted). Second, Plcβ1 disruption is more correctly 

defined as a Knock-In (i.e. insertional mutagenesis) rather than a Knock-Out (i.e. 

deletion of all or a portion of a gene). This allows for the possibility that the 

insertion may be spliced out, truncated, or even bypassed during all steps of gene 

processing from transcription to translation.  This may create a mutated protein 

with altered biochemical functions. Third, the insertion Neomycin cassette has its 

own PGK promoter as well as a poly(A) signal sequence from SV40 virus (Kim, et 

al, 1997); PGK promoter is generally recognised being active in most (if not all) 

tissues and the lack of a recognisable transcription termination signal make it 

possible that expression from the disrupted Plcβ1 gene may be driven from the 

PGK promoter. In the latter case, a truncated version of PLCβ1 may be produced  
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Figure 3.1: Protein domain information of PLCβ1 showing the integration site of the 

Neomycin cassette. Image adapted from Rhee et al (1997).  

 

or even a fusion protein between Neomycin and PLCβ1. Finally, the insertion 

generated by Kim et al was, as mentioned above, in the third exon of Plcβ1 gene 

and it disrupts the PH domain of the PLCβ1 protein. The catalytic domains X and 

Y of PLCβ1 (Fig 3.1) were not targeted so it is possible that the disrupted Plcβ1 

gene can still make some PLCβ1 protein that retains its biochemical activity. The 

experiments described in this chapter will set out to decipher how the disrupted 

Plcβ1 gene affects the PLCβ1 protein in the uterine tissue, one of the candidate 

tissues thought to be involved in the reproductive defects of Plcβ1 KO females. 

 

3.1.2 Aims of Chapter 3 

 

The aims of Chapter 3 are to investigate how the insertion of the Neomycin 

cassette in the third exon of Plcβ1 affects its transcription, spicing, and translation. 

More specifically, the aims are to: 

 

a) determine whether the disrupted Plcβ1 can make mature mRNA in KO uteri 

b) investigate how the structure of the mature mRNA (should the KO uteri actually 

express it) compares to the WT Plcβ1 mRNA  

c) investigate how this may affect the translation of the protein and  

d) speculate on the relevance of the above answers to the putative functions or loss 

of functions of the mutated Plcβ1 and how it may be responsible at the 

biochemical level for the observed phenotype of KO females.  
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Table 3.1: The names, sequences, product size and optimum annealing temperatures are 

shown for the primers used for mapping the cDNA of Plcβ1 from WT and KO uteri. The name of 

each primer is relevant to its exon binding and orientation, i.e. primer Ex1_F is a Forward primer 

that binds on Exon 1, whereas Ex26_R is a Reverse primer that binds on Exon 26. Similarly, the 

name of the Primer Pair is chosen to demonstrate the region across which exons the given 

primer set is designed to amplify. Note that primer pairs for the detection of either a or b isoform 

use a common reverse primer, PLC-ab_R.  

 

 

Primer 
Pair  

Primer 
 name 

Primer Sequences Product 
Size (bp) 

Annealing  
temperature 

 
Exon 
(1-2) 

 
Ex1_F 

 
Ex2_R 

 
GCACGCCTTGCAACTCAA 
 
TTCTGGTCTGTCCAGTAAAAGAAAA 

 
 

150 

 
 

56ºC 

 
Exon 
(4-5) 

 
Ex4_F 

 
Ex5_R 

 
CCCAAGTTGCGTGAACTTCT 
 
GTTGCCAAGCTGAAAACCTC 

 
 

167 

 
 

60ºC 

 
Exon 
(6-8) 

 
Ex6_F 

 
Ex8_R 

 
AAGCTCAAGCTCCAGGTCAC 
 
GTCGGGGACAGAGATTGTTC 

 
 

196 
 

 
 

60ºC 

 
Exon 
 (9-10) 

 

 
Ex9_F 

 
Ex10_R 

 
AAAGCAAACCGTACCTGACG 

 
TGTGCGAGGAATTGATGAA 

 
 

291 

 
 

58ºC 

 
Exon 

(22-23) 

 
Ex22_F 

 
Ex23_R 

 
TTTCAGGTCAGTTCCTCTCTGA 
 
TAGCCTGCACAGGCAATATC 

 
 

252 

 
 

56ºC 

 

a 
isoform 

 

 
PLC-a_F 

 
PLC-ab_R 

 
ATGAGAAGCCCAAGCTGCA 
 
CCCTTTCATGGCTTCCTGTA 

 
 

127 

 
 

59ºC 

 

b 
isoform 

 

 
PLC-b_F 

 
PLC-ab_R 

 
GAGAAGCCCAAGGGGGAA 
 
CCCTTTCATGGCTTCCTGTA 

 
 

220 

 
 

59ºC 

 
Exon 
(1-5) 

 
Ex1_F 

 
Ex5_R 

 
GCACGCCTTGCAACTCAA 
 
GTTGCCAAGCTGAAAACCTC 

 
 

393 

 
 

58ºC 
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3.2 Materials and Methods 

 

3.2.1 mRNA and Protein Sequence Retrieval 

 

The Plcβ1 cDNA and PLCβ1 protein sequences of Mus musculus as well as intron-

exon information of the gene were retrieved from the Nucleotide Database of 

PubMed. The accession numbers of the nucleotide entries containing the most 

complete information about the gene structure of Plcβ1 were NM_001145830 and 

NM_019677 that correspond to isoforms a and b respectively. The accession 

numbers of the protein sequences for isoforms a and b were NP_001139302 and 

NP_062651 respectively. 

 

3.2.2 Primer Design Across the Plcβ1 cDNA 

 

Parts of the Plcβ1 cDNA sequence were used to design primers as described in 

Section 2.2.4. Primers were designed to probe densely between Exons 1-10 of 

Plcβ1 (Exons 1-2; 4-5; 6-8; 9-10) and provide more accurate analysis of any 

putative disruptions around the area of Neomycin integration in Exon 3. Primers 

were also designed for the middle of the gene (Exons 22-23) as well as for the two 

alternatively spliced isoforms (a isoform and b isoform) that occur in the 3’ end of 

the sequence. The cDNA sequences of both isoforms of Plcβ1 were aligned with 

the online alignment algorithm CLUSTALW (http://www.ebi.ac.uk/Tools/ 

clustalw2/ index.html) to identify sequence differences and design primer pairs 

that discriminate between these two isoforms.  All primer pairs used are presented 

in Table 3.1 
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3.2.3 Uterine Tissue Acquisition, RNA Extraction, cDNA Synthesis, PRC and 

Real-Time PCR 

 

All uterine tissues were acquired and processed from 4.5dpc superovulated and 

mated but not pregnant WT, HET and KO animals as described in Sections 2.2.4 

and 2.2.5. Total RNA extraction and cDNA synthesis was performed as described 

in Section 2.2.6. All PCR reactions were performed as described in the Section 

2.2.3 adjusting the annealing temperature for each primer pair as shown in Table 

3.1. For the quantification of cDNA levels of isoforms a and b of Plcβ1 in WT and 

KO uteri, cDNA from 2 uterine pieces from 3 KO and their 3 respective Control 

WT females and their levels were normalised against the housekeeping gene 

Gapdh.  

 

3.2.4 Cloning and Sequencing of Plcβ1 Sequences.  

 

cDNA from 3 WT, 4 KO and 2 HET uteri from experimental animals that where 

superovulated, mated but were not pregnant when dissected at 4.5dpc were chosen 

for sequencing. The region of Plcβ1 within exons 1 and 5 were amplified using 

Ex1_F and Ex5_R primers and after resolving the bands in 1% agarose gel stained 

with SYBR Green , the DNA bands were excised under UV light with a razor. 3 

bands were excised from the WT lanes (corresponding to the WT version of Plcβ1) 

and 3 bands were excised from the KO lanes (corresponding to the KO version of 

Plcβ1). A total of 6 lanes were excised from the HET bands with 3 corresponding 

to the WT and 3 to the KO allele.  

 

Fragments were purified from the agarose gel using QIAquick Gel Extraction Kit 

(Qiagen #28704) according to the manufacturer’s instructions. Purified fragments 

were quantified spectrophotometrically by measuring their absorbance at 260nm 

and ligated in a pGEM-T Easy vector (Promega #A1360). Ligation reactions were 
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carried according to the manufacturer’s instructions and ligated vectors transfected 

in JM109 competent cells (Promega #L2001) plated on LB plates containing 

Ampicillin, IPTG, and X-gal according to the manufacturer’s instructions and 

incubated at 37ºC overnight.  

 

Six bacterial colonies from each cloned fragment bearing successful insertions 

were further selected; presence of the desired insert in the selected colonies was 

verified by PCR using Ex1_F and Ex5_R primers. Two bacterial clones from each 

successful insert were further chosen for propagation and preparation of pure 

plasmid for sequencing using QIAprep Spin Miniprep Kit (Qiagen #27104) 

according to the manufacturer’s instructions.  

 

Each purified plasmid was subjected to two sequencing reads (forward and 

reverse) using a) a sequencing primer to the T7 promoter and b) a sequencing 

primer to the SP6 promoter of pGEM-T Easy vector. T7 and SP6 promoters of 

pGEM-T Easy vector flank the insert and can be used for its forward and reverse 

sequencing. T7 and SP6 primers for sequencing were kindly provided by Dr. Mark 

Barnett. Vectors mixed with the appropriate sequencing primer were sent to The 

Gene Pool Sequencing Facility of the University of Edinburgh. 

 

3.2.5 Analysis of Sequenced Plcβ1 Regions from WT, KO and HET Uteri 

 

All sequences of inserts were aligned to the sequence of Plcβ1 cDNA 

(NM_001145830) which was used as a guide. In the cases where the sequence read 

was in the reverse strand, the sequence was converted to its reverse complement 

prior to the alignment.  
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3.2.6 Long PCR for Detection of Possible Transcripts 

 

For detection of putative PCR transcripts longer than 500bp with the Exon(1-5) 

primer pair, “System 1” of the Expand Long Template PCR System (Roche #1 681 

834) was used according to the manufacturer’s recommendations and allowing an 

amplification time of 3min. “System 1” is the manufacturer’s recommended PCR 

mixture composition for amplification of PCR transcripts from 500bp to 9000bp.  

 

3.2.7 Additional Bioinformatics Tools 

 

All nucleotide and protein sequence alignments were performed by the online 

ClustalW algorithm of the European Bioinformatics Institute 

(http://www.ebi.ac.uk/ Tools/clustalw2/index.html).  Online Protein Molecular 

Weight Calculator (http://www.bioinformatics.org/sms/prot_mw.html) and online 

Reverse Complement Convertor (http://www.bioinformatics.org/sms/rev_comp. 

html) from the Sequence Manipulation Suite of the Bioinformatics Organization 

were used for the calculation of the theoretical MW of proteins and reverse 

complement conversion of sequenced fragments respectively.  DNA sequences 

were translated to peptide sequences using the Translate Tool of Expasy 

Proteomics Server (http://www.expasy.ch/tools/dna.html) 

 

Primer sequences were queried against the Mouse Nucleotide (Genomic + 

Transcript) database using the BLAST algorithm. Similarly, amino acid sequences 

used as antigens for the commercially acquired antibodies were queried against the 

NR protein database of NCBI again using the BLAST tool (http://blast.ncbi.nlm 

.nih.gov/Blast.cgi) using the software’s defaults. Amino acid sequences were also 

queried against the NR protein database using modified BLAST search parameters 

(Word Size: 2; Matrix: PAM30; Composition Adjustment: no adjustment; Filters: 

none) to search for hits reflecting % similarity rather than % identity.  
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3.2.8 Protein Extraction, Western Blots and Immunoprecipitation 

 

Proteins were extracted from uterine pieces of WT, HET and KO animals that were 

superovulated, mated but not pregnant at 4.5dpc and used in Western blots as 

described in the Section 2.2.8. For the Western blots the rabbit polyclonal PLCβ1 

antibody R-223 (Santa Cruz, #sc-9050) and the rabbit polyclonal PLCβ1 antibody 

G-12 (Santa Cruz, #sc-205) were used in a 1/1000 dilution in Blocking Buffer as 

well as the secondary goat anti-rabbit fluorescent antibody (Li-Cor, #926-32211) at 

a 1/10,000 dilution when probing the Western blot membranes.  

 

For the immunoprecipitation, proteins from a single WT and a single KO 4.5dpc 

uterus from animals that were superovulated and mated but not pregnant were 

extracted as described in the Section 2.2.8 and diluted to 1µg/µl concentration in a 

total of 500µl in 1.5ml Eppendorf tubes. A total of 300µl of Protein G-Sepharose 

bead slurry (Protein G Sepharose 4 Fast Flow, Amersham Biosciences, #17-0618-

05) were prepared by rinsing them 3 times in 1000µl of Lysis Buffer (Section 

2.2.8). 100µl of the rinsed slurry was added in each of the 500µl of WT and KO 

protein extracts and incubated under rotation at 4°C for 1 hour to remove proteins 

and contaminants from the protein extracts that non-specifically bind to the Protein 

G-Sepharose beads. The protein extracts/Sepharose beads were then centrifuged at 

6000 x g for 1 min to precipitate and remove the Sepharose beads and the cleaned 

protein extract supernatants were transferred to clean Eppendorf tubes for the 

subsequent immunoprecipitation.  

 

100µl of washed Protein G-Sepharose beads were diluted in 500µl of Lysis Buffer 

and incubated with 40µl of R-233 PLCβ1 antibody (that corresponds to 8µg 

antibody) for 1 hour at 4°C under rotation to allow adsorption of the antibody onto 

the Protein G-Sepharose beads. The beads were then washed with 3 x with 1000µl 

of Washing Buffer (50mM HEPES, 1% Triton X-100, 1M NaCl). During each 
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washing the Washing Buffer was removed by centrifugation at 6000 x g for 1 min. 

50µl of Protein G-Sepharose beads with the adsorbed R-233 antibody were then 

mixed with 400µl of the WT and KO cleaned protein extracts and the samples 

were incubated for 1 hour at 4°C under rotation to allow the binding of the PLCβ1 

protein on the antibody/Protein G-Sepharose complexes. After the incubation step, 

samples were centrifuged at 6000 x g for 1 min to precipitate the beads. The 

PLCβ1-depleted supernatants from WT and KO extracts were saved and the beads 

containing the immunoprecipitates were washed 3 x with 1000µl of Washing 

Buffer as described above to remove residual and unbound proteins. 50µl of 2 x 

Laemmli Buffer were added into to the cleaned immunoprecipitates and they were 

processed as described in Section 2.2.8. 10µg of the untreated protein extracts 

(“Neat”), 5µl of the concentrated immunoprecipitates (“IP”) and 10µg of the 

depleted protein extracts (“Flow-through”) of the WT and KO protein extracts 

were used for SDS-PAGE and Western blot analysis using R-233 antibody. 

 

3.2.9 Immunohistochemisty 

 

Uterine pieces from WT, HET and KO animals that were superovulated, mated but 

not pregnant at 4.5dpc were fixed, processed and sectioned as described in Section 

2.2.9. Immunohistochemisty was performed using the G-12 rabbit anti-PLCβ1 

antibody (Santa Cruz, #sc-205) at 1/100 dilution in IHC Blocking Solution as 

described in Section 2.2.10.  

 

 

 

 

 

 

 



Chapter 3                   How does Plcβ1 Disruption Cause the Phenotype?  
 

56 

3.3 Results 

 

3.3.1 Structure of Plcβ1 mRNA of Isoforms a and b and Primer Pair Positions  

 

The transcript from the Plcβ1 gene contains 32 exons which upon splicing and 

joining form the mature mRNA of isoform a. Isoform b is formed by the inclusion 

of an additional exon between exons 31 and 32. This additional exon contains a 

stop codon and is responsible for the smaller protein size of isoform b compared to 

isoform a (Fig 3.2, insert).  

 

3.3.2 KO uteri express the mature form of both a and b isoforms of Plcβ1 

mRNA at levels comparable to WT uteri. 

 

In order to assess whether the Plcβ1 gene is wholly or partially transcribed, primer 

pairs were designed accordingly spanning the sequence of mature Plcβ1mRNA as 

shown in Figure 3.2.  The sequence on the 5’ of the cDNA was more heavily 

primed compared to the rest of the sequence in order to achieve a higher resolution 

mapping. This was done because it was hypothesised that should the Plcβ1 gene be 

transcribed and processed, the Neomycin cassette might cause aberrant splicing of 

the host Plcβ1 exons that are in close proximity to it.  

 

The results of the PCR analysis for the primer sets “Exon(1-2)”, “ Exon(4-5)”, 

“Exon(6-8)”, “ Exon(9-10)”, “ Exon(22-23)”, “ a isoform”  and “b isoform” (as seen 

in Table 3.1 and visualised in Figure 3.2) reveal that the regions primed for are  
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Figure 3.2: Diagrammatic representation of Plcβ1 cDNA sequence (thick black lines) of 

isoforms a (top) and b (bottom). Note that b isoform differs by an extra exon inclusion 

shown in pink. The Neomycin insertion in the 3rd exon is represented as a grey box. White 

boxes on top and below the sequences show the positions of the Plcβ1 mRNA that were 

probed with the selected primer pairs. The diagram is not drawn to scale. Insert:  The 

alignment of the 3’ ends of a and b isoforms is shown as well as the a and b specific 

primers; underlined green and blue sequences show the positions of the a and b specific 

forward primers. The black underlined sequence shows the position of the common 

reverse primer. Note the stop codon highlighted in bold red fonts that is responsible for the 

shorter length of PLCβ1b.  

 

present in KO uteri (Figure 3.3). These results show that the transgenic Plcβ1 gene  

is capable of producing mRNA. Furthermore, since all primer pairs used were 

designed to span exon-exon junctions, successful amplification by PCR indicates 

that the Plcβ1 is not only transcribed but can also be successfully spliced thus 

being able to potentially produce a mature mRNA.  

 

The latter result was unexpected because it was assumed that the transgene should 

not be expressed. In practise however, mature mRNA transcripts seemed to be  
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Figure 3.3: Representative PCR results for primer sets across the cDNA sequence of 

Plcβ1. Lane numbers 1 and 2 used cDNA template from WT and KO animals respectively. 

Lanes 3 and 4 are negative controls. Lanes 3 have mock reversed transcribed mRNA (no 

RT was included in the reaction) and Lanes 4 contain water in the place of cDNA 

template. These expression analysis results were consistent across three pairs of Control 

(WT or HET) and KO animals.  

 

present in both WT and KO uteri.  It was hypothesised that insertion of the 

Neomycin may affect the expression of Plcβ1 and/or increase the turnover rate of 

its mRNA. For this reason, Real-Time PCR analysis was performed in order to 

accurately quantify the levels of both isoforms of Plcβ1 mRNA. 

 

The results from the Real-time-PCR analysis suggest that there are no significant 

differences in mRNA levels of either Plcβ1 isoform between WT and KO uteri 

(Figure 3.4), showing that the insertion of a Neomycin cassette in Plcβ1 has not 

affected the presence or abundance of its mRNA transcripts. This indicates that 

gene transcription and/or mRNA turnover of Plcβ1 mRNA is not altered in KO 

uteri. 
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Figure 3.4: Mean Relative cDNA (mRNA) levels of isoform a (white boxes; WT: open, KO: 

shaded) and isoform b (gray boxes; WT: open, KO: shaded) normalised against the 

housekeeping gene Gapdh. There are no statistically significant differences in the levels of 

either isoform a (P=0.39, two-tailed paired t-test) or isoform b (P=0.064, two-tailed paired 

t-test) between the uteri of 3 WT and 3 KO mice. Error bars indicate ±SEM.  

 

3.3.3 The transgenic locus expresses a truncation in exon 3 of the mature 

Plcβ1 mRNA 

 

The surprising fact that the Plcβ1 transgene does express a mature form of mRNA 

was subjected to further scrutiny so as to understand how the Neomycin insertion 

has disrupted the function of this gene. As already noted, the Neomycin cassette 

was inserted in the third exon of Plcβ1. It was therefore hypothesised that the 

transgene insertion creates a longer chimeric Plcβ1 mRNA that includes the 

Neomycin cassette. Alternatively but not exclusively the Neomycin cassette might 

be causing an aberrant deletion around its area of integration.  
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Figure 3.5: PCR amplification through the integration site of the transgene reveals that the 

KO locus produces an aberrant shorter transcript compared to the WT. Note that the PCR 

reaction amplified two bands from the uteri of HET animals (red arrows), one that is similar 

to the WT band and one shorter similar to the KO band.  

 

PCR along the exons 1 to 5 using the primer pair Exon(1-5) (also see Table 3.1 and 

Figure 3.2) was employed to investigate the structure of transgenic mRNA around 

the integration region. For this analysis not only the cDNAs from 3 WT and 3 KO 

uteri were used, but those from two additional KO and two HET uteri as well.  The 

results from this PCR (Figure 3.5) are consistent with the notion that the KO locus 

produces a mature mRNA with a deletion around the integration area. When 

cDNA from WT uteri was used as a template, Exon(1-5) primer pair produced a 

single band of roughly 400bp which is very close to the predicted length of the 

product (393bp, Table 3.1). In contrast, cDNA from KO uteri produced a smaller 

product just above 300bp. Interestingly, the PCR reaction amplified two bands 

when cDNA from HET uteri was used; one band matching the size of WT product 

and one matching the size of KO product (Figure 3.5). These results show that the 

KO locus produces an mRNA with aberrant structure around region of Neomycin 

integration in both KO and HET animals. 

 

3.3.4 The mature Plcβ1 mRNA from KO locus lacks exon 3 

 

After having identified that the KO allele produces an mRNA with an aberrant 

structure, the next logical step was the cloning and sequencing of these fragments. 

The PCR products of the Exon(1-5) primer pair from 3 WT, 3 KO and 3 HETs 
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were cloned in a pGEM-T easy vector and sequenced. Each PCR band from each 

animal was sequenced in quadruplicate (2 clones for each band were selected for 

sequencing and were sequenced in both the forward as well as the reverse 

direction) and aligned on the cDNA sequence of Plcβ1. The alignment results are 

presented in Figure 3.6.  For simplicity’s sake only a single read from each animal 

is shown and the total sequence alignment has been cropped to so as to focus on 

the region where the difference(s) between the transcripts from WT and KO loci 

are apparent.  

 

There were no fragments of the Neomycin cassette found in the sequencing results. 

It is possible however that there may be other Plcβ1 mRNAs that may contain a 

whole or parts of the Neomycin gene. The PCR reactions shown on Figure 3.5 

were given 15s amplification time, an amount of time sufficient for amplifying 

strands of DNA that are up to ~500-600bp but not longer. This means that should 

there be any mRNA transcripts from the KO locus containing the whole or partial 

sequence of Neomycin they would escape amplification. In order to control for the 

latter, the PCR reactions with the Exon(1-5) primer pair were repeated in WT, KO 

and HET cDNA using a different PCR kit specifically designed for amplifying 

long PCR transcripts (see Materials and Methods, section 3.2.5). This approach 

however did not yield any additional results and no PCR products larger than 

~400bp were detected  (data not shown).  

 

3.3.5 KO uterine protein extracts stain positive with PLCβ1 antibodies 

 

The fact that the KO locus can produce mature PLCβ1 mRNA with an in-frame 

deletion makes it very likely that it can also be translated to produce a protein 
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Figure 3.6: Alignment of the sequencing results from the cloned products of the Exon(1-5) 

primer pair PCR reactions in WT, KO and HET cDNAs. For clarity’s sake a single read is 

shown from each animal is shown and aligned around the area of interest, i.e. around the 

3rd exon.   The alignment shows a 69bp deletion that includes the whole exon 3 in animals 

having the KO locus. Exon 3 is included within the “|” marks. “HET (L)” denotes the 

sequence of the large (WT) PCR product where as “HET (S)” is the smaller (KO) product, 

see also Figure 3.5. “N” denotes nucleotide of unverified nature by the sequencing.  
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Figure 3.7: Alignment of the region of PLCβ1 between amino acids 44 to 100 with the 

putative translation product of the mRNA produced by the KO locus. The amino acids 60 

to 82 of the WT locus (shown in red) are absent from the putative PLCβ1 produced from 

the KOs.  

 

product bearing an internal deletion. The conceptual translation and alignment of 

the full and deleted cDNAs from WT and KO animals respectively, implies that 

the KO locus may be able to produce the PLCβ1 isoforms with a 23aa deletion 

between amino acids compared to the WT as shown in Figure 3.7.   

 

Two polyclonal antibodies were used for the analysis of PLCβ1 expression in WT, 

HET and KO uterine protein extracts a) R-233 raised against the amino acids 831-

1063 of PLCβ1 from rat and b) G-12 raised against a 20aa long peptide that lies 

within amino acids 1166-1216 of PLCβ1 from bovine (actual sequence of the 

antigen is proprietary information of Santa Cruz Biosciences). The antigen 

sequence used for the generation of the R-233 polyclonal antibody is 99% identical 

to mouse PLCβ1 and should recognise both a and b isoforms of the protein since 

their divergence in sequence occurs after amino acid 1141 (Figure 3.8). In contrast, 

the region that contains the antigen for the G-12 polyclonal antibody from bovine 

aligns only to the a isoform of PLCβ1 (Figure 3.8) and should be specific for this 

isoform.  

 

Western blot analysis of uterine protein extracts from WT, HET and KO females 

with the R-233 antibody shows that both PLCβ1 isoforms are present in WT and 

HET uteri and indicates that a truncated version of PLCβ1 may be expressed in 

HET and KO animals (Figure 3.9 A, B). WT and HET lanes show two strong 

bands of roughly~140kDa. This is consistent with the theoretical molecular weight  
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Figure 3.8: Alignment of the C-terminal tails of PLCβ1 isoforms a and b from amino acid 

1120 onwards highlights their sequence differences. The region that contains the antigen 

for the G-12 polyclonal antibody (bovine sequence) is shown on green. The amino acids 

highlighted in red indicate the mismatches between the C-terminus of murine PLCβ1 

isoform a and the bovine region that contains the antigen. Numbers above and below the 

sequences indicate amino acid numbers.  

 

of PLCβ1 isoforms which is 138kDa and 133kDa for a and b respectively. 

Surprisingly, R-233 antibody detects a single band in protein extracts of KO uteri 

whose rate of migration is in between the isoforms a and b. This intermediate band 

is also evident in protein extracts of HET uteri. The latter supports the notion that 

this band is associated with the presence of a KO locus and may therefore 

represent a truncated form of PLCβ1. Should this band be a truncated PLCβ1, its 

migration speed indicates that it might be a truncated version of the larger a 

isoform. Consistent with this, the theoretical molecular weight of isoform a bearing 

a deletion of amino acids 60-82 (Figure 3.7) is 135kDa and should be predicted to 

migrate in an intermediate position between isoforms a and b. It should be noted 

that theoretically the KO locus can potentially produce truncated versions of both a 

and b PLCβ1 isoforms. Should the intermediate band be the a isoform, it is unclear 

why a putatively truncated b isoform is not detected in KO and HET protein 

extracts. 

 

In contrast to R-233, the G-12 antibody recognised a single band in WT protein 

extracts (Figure 3.9 C). This is expected since it is designed to recognise the a 

isoform. This is evident in Figure 3.9 D that shows a superimposition of B and C 

pictures. The blot in Figure 3.9 C is an exact duplicate of the one shown in Figure 
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3.9 B. Both blots contain the same protein extracts in each respective lane run on 

the same polyacrylamide gel and blotted on the same membrane at the same time. 

The only difference that the membrane in B has been probed with the R-233 

antibody whereas the membrane was blotted with the G-12 antibody. 

Superimposition of B and C blots confirms the specific recognition of the larger a 

isoform by G-12 as predicted by the antigen used for its generation (Figure 3.8).  

 

Western blots in KO protein extracts did not convincingly recognise any bands 

Furthermore, HET protein extracts did not stain for a second faster-migrating band 

that could correspond to a putatively truncated PLCβ1 isoform a as it was 

theorised before in order to explain the results of the R-233 antibody. This might 

mean either that the G-12 recognises the putative truncated isoform a poorly or 

that the intermediate protein in KO and HET protein extracts (Figure 3.9 A) is not 

the isoform a of PLCβ1, making it likely that it represents the b isoform. 

 

3.3.6 KO uterine sections stain positive with G-12 PLCβ1 antibody 

 

Western blot analysis with the R-233 indicated that the KO locus may produce a 

truncated version of PLCβ1 isoform. R-233 antibody however is not well suited for 

IHC and no signal could be obtained. In contrast, G-12 antibody is suited for IHC 

and has been used for the immunohistochemical detections of PLCβ1 throughout 

this project. The ineffectiveness of R-233 and the effectiveness of G-12 with 

respect to IHC have also been observed by other researchers (Tachibana et al, 

2003).  
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Figure 3.9: Detection of PLCβ1 isoforms and putative truncated forms in 10µg of uterine 

protein extracts from WT, HET and KO uteri. A. WB with R-233 detects both a and b 

isoforms of PLCβ1 (red arrows) in WT and HET uteri as well as an intermediate band in 

KO and HET protein extracts (red arrowheads). B. Another WB probed with R-233 

antibody shows similar patterns of protein staining for WT, HET and KO protein extracts. 

C. This is a duplicate membrane as in B that has been probed with G-12 antibody. D. 

Superimposition of the duplicate blots B and C. Both B and C images have been digitally 

modified to acquire a reddish hue for B and greenish hue for C. The superimposition 

verifies that the protein recognised by G-12 is indeed the larger isoform a of PLCβ1. 

 

As noted before, G-12 recognises the a isoform of PLCβ1. The immunostaining of 

WT and HET uteri for PLCβ1 showed staining of the uterine epithelial cells with 

PLCβ1 being localised in the peripheral cytoplasm of the cells close to the cellular  

membrane. This localisation is consistent with its biochemical role as a mediator of 

GPCR signalling. Surprisingly, sections from the KO uteri were also stained with 

an identical pattern. It is unlikely that G-12 stains cellular membranes and 

cytoplasm non-specifically because the cellular membranes and cytoplasm of other  
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Figure 3.10: Immunohistochemical detection of the a isoform of PLCβ1 in the uteri of WT, 

HET and KO animals. PLCβ1 staining is shown in red, whereas the nuclear counterstain is 

shown in blue.  

 

uterine cells were devoid of staining. The antigen used for the generation of G-12 

antibody was used in BLAST searches using the software’s default options as well 

as with more stringent criteria and revealed that this epitope had identity primarily 

to PLCβ1. Short 5-8aa strings of this sequence also aligned to few other murine 

proteins with most notable the immunoglobulin lambda light chain. It is however 

unlikely that uterine epithelial cells express immunoglobulins which are normally 

expressed in mature B cells. It is also unlikely that this polyclonal antibody 

preparation (where antibodies in their majority recognise specific PLCβ1 epitopes) 

fail to completely recognise PLCβi1.  This indicates that the G-12 antibody 

staining represents PLCβ1 and implies that KO uteri also express a form of 
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PLCβ1.  The alternative explanation for the observed results would be that the G-

12 antibody recognises a non-specific epitope specifically associated with the 

cellular membranes of uterine epithelial cells.   

 

3.3.7 Immunoprecipitation of PLCβ1 from WT and KO uteri 

 

Since KO uteri express a putative truncated version of PLCβ1, it was decided to 

immumoprecipitate it using the R-233 antibody and analyse the 

immunoprecipitates using mass spectrometry. During the course of the 

experimental work for this Thesis only a single immunoprecipitation was 

attempted (Figure 3.11). The results show a hazy immunoprecipitation of the WT 

isoforms a and b as well as immunoprecipitation of the putative truncated PLCβ1 

isoform from the KO extracts. Repetition of the immunoprecipitation assays and 

mass spectrometric analysis of the WT and KO PLCβ1 bands is necessary so as to 

undisputedly demonstrate the presence of a truncated PLCβ1 in KO uteri. Albeit 

immunoprecipitation was performed with a view to send a clearer preparation for 

the mass spectrometric analysis, it is not a mandatory step. Nevertheless, in this 

single experiment it was demonstrated that the R-233 antibody can recognise and 

precipitate the putative PLCβ1 from KO uteri in its native, non-denatured form, 

confirming that KO uteri express a form of PLCβ1. Unfortunately neither time nor 

resources allowed repetition of the immunoprecipitation assay nor the analysis of 

KO uterine extracts by mass spectrometry. The data gathered so far however make 

a strong case for the expression of a protein product from the transgenic Plcβ1 

locus and that should be taken into account when analysing the phenotype of these 

transgenic mice.  
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Figure 3.11: Pilot immunoprecipitation of PLCβ1 from protein extracts of a WT and a KO 

uterus using R-233 antibody. “Neat” denotes untreated protein extracts, “IP” denotes the 

immunoprecipitates and FT or flowthrough denotes that was left behind in the Neat 

sample after PLCβ1 depletion.  

 

3.4 Discussion 

 

In this Thesis the Plcβ1 KO mouse is used for the investigation of the roles of 

Plcβ1 in reproduction. Before starting such an investigation it is important to 

determine exactly what the model is. The aim of this Chapter was therefore to 

investigate how the insertional mutation of Neomycin in the Plcβ1 gene affects its 

action so as to result in the infertile phenotype. During the experiments of this 

Chapter, the mRNA expression of a and b isoforms of Plcβ1 as well as protein 

expression of PLCβ1 have been examined in the uteri of WT, HET and KO 

animals. The uterine tissue was selected not only because it was more readily 

available but because it is one of the tissues most highly suspected to be involved 

in the infertility phenotype of KO females.  

 

3.4.1 Identification of mRNA and Protein from the Plcβ1 KO locus 

 

The results presented here show that the KO locus expresses mature mRNA of 

both a and b isoforms of PLCβ1 but with a 69bp deletion which is due to the 

skipping of Exon 3 compared to the mature mRNA from the WT locus. This in-
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frame deletion makes it possible that the mRNAs produced by the KO locus can be 

translated to produce PLCβ1 proteins with a putative deletion of amino acids 60-

82. Western blotting as well as IHC support the notion that the KO locus may 

express a truncated version of isoform b of PLCβ1. The most definite proof would 

be the detection of the PLCβ1 isoform(s) in protein extracts of KO uteri by means 

of mass spectrometry. The latter series of experiments have not been performed 

due to time and resource constraints of this PhD project.  

 

The results from Western blotting and IHC analyses have been not only supportive 

of the notion that the KO uteri may express PLCβ1, but also conflicting and 

questionable. Three main questions arise from the results; 1) are the antibodies 

specific to PLCβ1?; 2) Why does the G-12 antibody recognise an epitope in IHC of 

both WT and KO uterine sections but does not do so in WB?; and 3) why do the 

WBs in KO uterine extracts detect only a single band, presumed to be the truncated 

version of isoform a, while PRC detects both a and b isoforms? 

 

The R-233 antibody has been raised against amino acids 831-1063 from the PLCβ1 

of rat origin (“R” for rat, and “233” for antigen length; the antibody is raised in 

rabbit and is polyclonal). The fact that R-233 is polyclonal means that the antibody 

preparation consists of a mixture of antibodies that recognise different epitopes 

throughout the sequence of the antigen. With respect to peptide antigens, 

antibodies generally recognise and bind to stretches of peptides that are 5-8aa long 

but can also stretch up to 15aa (Barlow et al, 1986; Christmann et al, 2001; Geysen 

et al, 1984). This makes it possible that certain antibody species from the 

polyclonal mix may be able to recognise epitopes from the PLCβ1 antigenic 

sequence that show sequence similarities to other proteins. A BLAST query of the 

233aa stretch from rat PLCβ1 against all mouse proteins shows that this antigen 

has 99% identity to murine PLCβ1. The BLAST algorithm however retrieves 

PLCβ2, PLCβ3 and PLCβ4 as proteins that show some similarity to the antigen. 
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The 233aa antigen is 28% identical to PLCβ2, 26% identical to PLCβ3 and 31% 

identical to PLCβ4. In addition, despite of the apparent yet low identity of the 

antigen to PLCβ2-4, there is not a single stretch of more than 3aa in these proteins 

that align perfectly with the antigen. The latter makes it very unlikely that certain 

antibodies in the polyclonal antisera may recognise PLCβs other than PLCβ1. 

Most importantly, the fact that an intermediate band is not evident in WT uterine 

protein extracts but is associated with the presence of the KO locus in HET and 

KO animals (Figure 3.9) reinforces the notion that R-233 does not cross-react with 

other proteins.  

 

The results from the G-12 antibody are more intriguing and enigmatic. This 

polyclonal antibody has been raised against a 20aa antigen within the region 1166-

1216 of PLCβ1 from bovine, with the actual sequence being considered proprietary 

information of Santa Cruz Biotechnologies. The latter however does not pose a 

problem when it comes to investigating putative targets of the G-12 antibody. 

BLAST query of the 1166-1216 from bovine PLCβ1 against murine proteins 

revealed that no stretch of this antigen has identity to any other protein other than 

the a isoform of PLCβ1. More stringent BLAST searches however revealed that 

this epitope has similarity to the murine immunoglobulin light lambda chain, an 

unlikely protein to be present in uterine epithelial cells. In addition to 

immunoglobulin lambda chain, a few other murine proteins we found to proteins 

were found whose sequence aligned to 5-8aa on the epitope. Since however the 

antibodies in the G-12 antisera that can cross react to other proteins are in minority 

and as Westerns blotting (Figure 3.9) indicate there is no cross-reactivity, it is 

highly unlikely that other the staining in Figure 3.10 is the result of antibody cross-

reactivity,  

 

The results in Figure 3.9 verify specific recognition of the a isoform in WT and 

HET uterine protein extracts. No signal is detectable in lanes containing uterine 
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extracts from KO uteri. Paradoxically however, the same antibody recognises an 

epitope in WT, HET and KO uterine sections and stains them with identical 

patterns (Figure 3.10). G-12 immunostaining is consistent with the notion that KO 

uteri express the a isoform of PLCβ1. On the other hand, Western blotting with 

suggests that the a isoform is not expressed in KO uteri, making it likely that the 

single band seen in KO and HET uteri is the b isoform. Should this latter 

hypothesis be true, the Western blots in Figure 3.9 imply that post-translational 

modifications that apply to the truncated PLCβ1 may be responsible for its slower 

migration. Phosphorylation, glycosylation, ubiquitination and sumoylation can 

considerably retard gel mobility of proteins and such modifications may account 

for the observed results, but given the very limited knowledge on post-translational 

modifications of PLCβ1 (as discussed in Section 1.2.6) it is hard to hypothesise 

how the truncated form attracts additional post-translational modifications and thus 

affect the mobility of a PLCβ1 protein. In support of that, the deletion does not 

appear to form any new glycosylation, phosphorylation or sumoylation sites in the 

altered protein sequence as examined by Expasy’s tools of post-translational 

modification motif prediction). An alternative explanation for the discrepancy 

between the Western Blots and the IHC could be that the single band from the KO 

locus represents the truncated a isoform (and thus a faster-migrating band) and that 

the b isoform is either not present or undetected by the R-233 antibody. The latter 

would imply that the putative deletion of the PH domain somehow causes 

conformational changes in the nitrocellulose-bound denatured isoform b of PLCβ1 

to obscure epitope presentation.  

 

It must be stressed that the conflicting results between the Western blots and the 

IHC in KO uteri extracts is an unresolved issue. Ideally, an isoform b-specific 

antibody should be employed to resolve this issue. Since such an antibody is not 

available, different antibodies against PLCβ1 were employed on WBs of WT and 

KO protein extracts and tissue sections. Two additional anti-PLCβ1 antibodies 
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were purchased to resolve this discrepancy; a rabbit polyclonal anti-PLCβ1 from 

Abcam (Abcam, #ab41863) and a mouse monoclonal anti- PLCβ1 from Upstate 

(Upstate, #5-164). The polyclonal rabbit anti-PLCβ1 antibody from Abcam was 

found not to give a signal in neither Western blots nor IHC when used as described 

in the Materials and Methods section and was therefore not useful for the purpose 

intended. On the other hand, the anti-PLCβ1 antibody from Upstate was found to 

recognise a single band in both WT and KO extracts of a molecular weight 

unrelated to PLCβ1 and it was assumed that the antibody preparation sent by the 

company was not correct. 

 

3.4.2 A PLCβ1 protein with a deleted PH domain – putative phenotypic 

implications  

 

The data in this Chapter indicate that the KO animals express a truncated form of 

the a isoform of PLCβ1 that lacks the PH domain. In addition, there is not enough 

evidence to unequivocally claim that the KO mice express the the a, the b or both 

isoforms of PLCβ1. Any phenotypic implications when carrying the homozygous 

disruption on the Plcβ1 gene might therefore be due to the lack of the PH domain 

and/or the lack of a beta isoform.  

 

So far, the role of the PH domain of PLCβ1 in signal transduction remains vague. 

The PH domain of PLCδ1 binds it substrate, PtdIns(4,5)P2, is involved in the 

targeting of the enzyme to the plasma membrane, and it is involved in the substrate 

presentation to the active site as well as regulation of its enzymatic activity (Tall et 

al, 1997; Philip et al, 2002). In contrast, the PH domain of PLCβ1 has little 

specificity for PtdIns(4,5)P2 and is not involved in the  regulation of its catalytic 

activity (Philip et al, 2002). The PH domain of PLCβ1 has however been 

implicated in membrane binding as well as membrane localisation of the protein 

(Razzini et al, 2000). In in vitro studies using fusion constructs of the PLCβ1’s PH 
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domain and GFP have demonstrated that it plays a role in the localisation of the 

protein to the plasma membrane; the latter is triggered by the GPCR ligand LPA 

(Razzini et al, 2000). The same study also demonstrated that the PH domain of 

PLCβ1 binds strongly to another plasma membrane phospholipid, PtdIns(3)P 

(Razzini et al, 2000), which  is consistent of the involvement of the PH domain in 

the localisation of PLCβ1. Finally, the PH domain of PLCβ1 is activated by the Gβγ 

protein heterodimer of the G-protein complex (Razzini et al, 2000), thus implying 

that it is involved in protein activation. Lack of the PH domain in the KO animals 

would therefore predict impaired membrane localisation, impaired membrane 

binding as well as impaired activation by the Gβγ subunits. It should be reminded 

that IHC on KO uterine sections reveals that the localisation of PLCβ1 is both on 

the plasma membrane as well as cytosolic and no different from the WT and HET 

(Figure 3.10).  This shows that disruption of the PH domain in KO animals does 

not affect gross subcellular localisation, yet it may affect adversely affect fine 

localisation of PLCβ1 to its activator proteins as well as its effectors.  

 

PLCβ1 is not only implicated in GPCR signalling by its localisation in the plasma 

membrane and it activation by G-protein receptors but in nuclear signalling as well 

(reviewed in Manzoli et al, 2004; Cocco et al, 2009).  PLCβ1 contains a nuclear 

localisation signal and it has been demonstrated to hydrolyse PtdIns(4,5)P2 in the 

nucleus to produce Ins(1,4,5)P3 and DAG (Martelli et al, 2005). The activation 

pathway of nuclear PLCβ1 still remains unknown as insofar the classical activators 

Gαq and Gβγ have not been found in the nucleus. In addition, no role has yet been 

assigned to the PH domain of PLCβ1 in mediating nuclear signalling. It is 

therefore likely that the KO animals produce a truncated version of PLCβ1 that is 

capable of promoting nuclear but not cytoplasmic signalling. The latter could also 

provide an explanation between the conflicting results on the involvement of 

PLCβ1 in oocyte maturation and fertilisation as reported in the literature. 

Localisation of PLCβ1 to the nucleus has been demonstrated to be important for 
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oocyte maturation and fertilisation (Avazeri et al, 2000; Avazeri et al, 2003), 

however the latter studies used an in vitro system of WT oocytes to study the 

dynamics of PLCβ1. In contrast, the apparent physiological oocyte maturation and 

fertilisation in the oocytes derived from Plcβ1 KO females as demonstrated in Filis 

et al, 2009 may be the result of the involvement of the truncated PLCβ1 isoform in 

nuclear signalling to mediate these processes.  

 

In addition to the putative deletion of the PH domain in the protein product of 

Plcβ1 in mediating the phenotype of KO animals, the lack of detection of a 

putatively truncated b isoform in KOs may also play a role in the phenotype. As 

previously noted, the a and b isoforms are splice variants that differ in the C-

terminus (Figure 3.8). The C-terminal tail of the a isoform contains a PDZ-

interacting domain whereas the C-terminal tail of isoform b contains a proline-rich 

domain that can potentially interact with SH3 domains, thus indicating that each 

isoform can interact with different protein partners. The two isoforms are localised 

both in the cytoplasm and the nucleus of C6Bu-1 cells and cardiomyocytes with a 

preference of the isoform a to be more abundant in the cytoplasm and the isoform 

b to be more abundant in the nucleus (Bahk et al, 1998; Grubb et al, 2008). The 

significance of these facts with regard to the roles of PLCβ1 in cytoplasmic and 

nuclear signalling is still unclear. Furthermore, it is unknown whether a and b 

PLCβ1 isoforms show similar localisation preferences in the uterus. It is however 

likely that part of the phenotype of the KO animals is due to the lack of the b 

isoform (irrespective of the presence of the PH domain). According to the Figure 

3.10, IHC with the G-12 antibody that detects only the a isoform shows 

localisation exclusively in the cytoplasm and cytoplasmic membrane with no 

detectable nuclear staining. No b isoform-specific antibody was available at the 

time of this PhD project and unfortunately it was not possible to investigate the 

localisation of the b isoform is in WT and KO uterine tissues.   
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3.5 Final Conclusions and Remarks 

 

This Chapter is involved in the investigation of the putative mRNA and protein 

products of the disrupted Plcβ1 gene of the KO females that were used in the study 

of the infertile phenotype. This investigation was important in understanding how 

the gene disruption affects the function of the gene and ultimately how this affects 

the biochemistry of PLCβ1 in KO females. It was demonstrated that the KO locus 

produces mRNA with a truncation around the insertion of the Neomycin cassette 

that, during mRNA splicing is excised. The excision of the Neomycin cassette 

carries away 69bp of the Plcβ1 mRNA to produce an in-frame deletion. The in-

frame deletion can potentially produce both isoforms a and b of PLCβ1 with a 

truncation of 23a.a. within the PH domain. The existence of neither a nor b 

isoforms in KO protein extracts has been unequivocally demonstrated, yet cues 

from WBs and IHC point to the presence of at least isoform a. The latter 

observations have important implications about the understanding of this KO 

model as they provide a possible mechanism of how the biochemical function of 

PLCβ1 is disrupted in KO females.  
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Chapter 4 - Identification of the Post-Ovulatory Reproductive Defect of Plcβ1 

KO female mice 

 

4.1 Introduction 

 

4.1.1 Early events from fertilisation to implantation 

 

Establishment of pregnancy requires the sequential occurrence of milestone 

events such as ovulation, fertilisation and transport of embryos to the uterus. In 

mice, embryos spend their first 3 days travelling from the point of fertilisation 

in the infundibulum of the fallopian tube towards the uterus.  By 3.5dpc they 

reach the uterus and at the same time have developed to the blastocyst stage. 

3.5dpc embryos have clearly defined ICM, trophectoderm and blastocoel, 

while still being contained within the zona pellucida. The blastocyst needs to 

hatch from the zona pellucida and have its trophectoderm expanded as it 

prepares for attachment and subsequent implantation (Wang and Dey, 2006).  

 

The blastocyst adheres to the uterine epithelium and this reportedly occurs at 

around the end of the 3rd dpc to the very beginning of the 4th dpc (Das et al, 

1994). The adhesion and attachment of the blastocyst is a complicated process 

that involves a multitude of consecutive steps. A surge in serum estrogen on 

the beginning of the 4th day of pregnancy is essential to turn the uterus from 

non-receptive to receptive and to initiate the attachment reaction (Huet and 

Dey, 1987).  

 

Closure of the uterine lumen is the first essential step for bringing the embryo 

to close apposition to the uterine epithelium that will subsequently lead to 

adhesion and attachment (Finn, 1977). After the apposition stage, a complex 

and diverse variety of macromolecules on the surface of the uterine luminal 

epithelium and on the blastocysts, including members from all families of 

adhesion molecules (integrins, cadherins, immunoglobulins, CD44 and 

selectins) have been implicated in mediating adhesion and attachment of the 
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blastocyst to the uterus (extensively reviewed in Aplin, 1997; Kimber and 

Spanswick, 2000; Singh and Aplin, 2009). The attachment reaction strengthens 

with time and by 4.5dpc it is firm enough to make the procedure of blastocyst 

flushing difficult (Dey et al, 2004). Attachment is later followed by invasion of 

the trophoblast in the maternal uterine tissues and establishment of pregnancy.  

 

As the blastocyst attaches and invades the maternal tissues, the uterus responds 

accordingly with biochemical and histological changes. One of the most 

notable reactions is the increased vascular permeability that occurs at the sites 

of implantation. The latter is commonly employed as a macroscopic marker for 

the visualisation of early implantation sites that are otherwise invisible at this 

early stage of pregnancy. The dye Chicago Sky Blue accumulates in areas of 

increased vascular permeability and its injection in the bloodstream of 4.5dpc 

pregnant mice prior to culling results in blue staining of implantation sites in 

the uterus.  

 

4.1.2 The infertility of Plcβ1 KO females 

  

The infertility of Plcβ1 KO females is primarily attributed to their inability to 

ovulate as demonstrated in Filis et al, 2009. Even though mature oocytes are 

contained within the ovaries of KO females, they are not usually released into 

the fallopian tube and therefore do not normally become available for 

fertilisation. The molecular details of the ovulation block in Plcβ1 KO females 

are unknown up to this date and have not been further investigated. What is of 

significance to the current research is that the ovulation block can be alleviated 

by the exogenous administration of gonadotrophins, following which KO 

females ovulate (Filis et al, 2009). These ovulated oocytes are capable of 

fertilisation both in vivo and in vitro and their resulting zygotes can develop to 

blastocysts in vitro (Filis et al, 2009).  

 

Exogenous administration of gonadotrophins to KO females does not however 

rescue their infertility phenotype; examination of KO uteri 6.5dpc shows no 



Chapter 4     Identification of the Post-Ovulatory Reproductive Defects of Plcβ1 
KO female mice 

79 

evidence of presence of embryos (Filis et al, 2009). Since KO oocytes can be 

fertilised and have the potential to develop to the blastocyst stage, it is unclear 

why embryos are not found in the KO uteri at 6.5dpc Any one of the steps 

mentioned above from embryo development to transfer to the uterus and 

implantation may be impaired in the KO females and the aim of this Chapter 

aims was to investigate which of these processes are going wrong.  

 

4.1.3 Aims of Chapter 4 

 

The aim of Chapter 4 is to investigate what happens in the KO reproductive 

tract and to the embryos developing within it with respect to the establishment 

of pregnancy. More specifically, the questions are: 

a) whether embryos developing in the KO females can reach the uterus by the 

time implantation begins 

b) whether embryos developing in the KO females can develop to the 

blastocyst stage 

c) and whether embryos initiate implantation in the uteri of KO females. 

 

  

4.2 Material and Methods 

 

4.2.1 Tissue acquisition and fallopian tube and uterine flushing 

 

6 Control and 6 KO female mice were superovulated, mated and perfused with 

Chicago Sky Blue as described in Section 2.2.5. Fallopian tubes and uteri were 

dissected in Liebovitz L-15 medium (Invitrogen, Renfrew, UK) supplemented 

with 3 mg/ml Bovine Serum Albumin (BSA). Fallopian tubes were flushed with 

syringes fitted with 34-G square-end luer lock needles (Cooper Needle Works, 

Birmingham, UK) containing the same Liebovitz L-15 medium. Needles were 

inserted in the infundibulum or the upper opening of the uterine horn and 

medium was flushed through to collect any embryos.  
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3 Results 

 

4.3.1 Examination of fallopian tubes of Control and KO females 4.5dpc   

 

In order to examine whether embryos developing in the KO reproductive tract 

can reach the uterus, the fallopian tubes of 6 Control and 6 KO superovulated 

and mated females were flushed at 4.5dpc to see whether any embryos had 

been retained in them. Flushing of the fallopian tubes revealed no embryos 

present in either Control or KO fallopian tubes. This was expected for Control 

animals and showed that KO uteri do not retain their embryos in the fallopian 

tube.  

 

4.3.2 Flushing of Control and KO uteri 4.5dpc 

 

The uteri of the same 6 Control and 6 KO animals were also flushed in an 

attempt to recover any embryos. Numbers of embryos flushed are shown in 

Figure 4.1. Only few embryos could be recovered form the uteri of Control 

animals. In contrast, a significantly larger number of embryos were flushed out 

of KO uteri.  

 

The result in Figure 4.1 shows that the embryos of KO females are present in 

the uterus when implantation normally starts. This observation combined with 

the fact that no embryos are found in the fallopian tubes of KO females shows 

that embryos developing in the KO reproductive tract have the ability to travel 

through the fallopian tube and reach the uterus when implantation is due.   

 

4.3.3 Appearance of embryos retrieved from Control and KO uteri 

 

In the course of counting the embryos that were flushed out of Control and KO 

uteri it was noted that those from KO uteri tended to have abnormal 

appearances (Figure 4.2). Embryos from Control uteri had the typical 

characteristics of healthy peri-mplantation blastocysts, haiving hatched from  



Chapter 4     Identification of the Post-Ovulatory Reproductive Defects of Plcβ1 
KO female mice 

81 

 

Figure 4.1: Numbers of embryos retrieved from Control and KO uteri. Many more 

blastocysts can be retrieved from KO uteri compared to Controls at 4.5dpc (p=0.032, 

two tailed paired t-test). Error bars indicate SEM.  

 

the zona pellucida and having a well-defined ICM and expanded 

trophectoderm (Figure 4.2A and B). Some of the blastocysts retrieved from KO 

uteri had a comparable appearance (Figure 4.2C), whereas others were devoid 

of ICM (Figure 4.2D), had underdeveloped trophectoderm (Figure 4.2E), were 

still contained within the zona pellucida (Figure 4.2F) or had an undefined 

shape (Figure 4.2F and G), with rates as summarised in Table 4.1.  

 

4.3.4 Fewer or no implantation sites are found in KO uteri 

 

Prior to culling, the experimental animals were injected with Chicago Sky Blue 

to visualise the early implantation sites at 4.5dpc. The stained Control and KO 

uteri revealed either very few or no implantation sites present in KO uteri in 

marked contrast to Control uteri (Figure 4.2A). In addition, any implantation 

sites stained in KO uteri were not as brightly stained and pronounced as those 

of Control uteri. As shown in Figure 4.3B, implantation sites from Control 

females stain with a deep blue colour that contrasts light blue stained parts of 

the uterus that do not show signs of implantation.  In contrast, implantation 
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Figure 4.2: Examples of blastocycts flushed from Control and KO uteri. Blastocysts 

retrieved from KO uteri can have a dramatic appearance compared to those from 

Control uteri. A, B: Blastocysts retrieved from Control uteri. C-G: Blastocysts retrieved 

from KO uteri. Even though blastocysts from KO uteri can have grossly normal 

appearance (C), others can have undefined ICM (D), small blastocoel and 

trophectoderm relative to ICM (E), remain within the zona pellucida (F) or exhibiting an 

undefined shape (F, G). Key: ICM=Inner Cell Mass, bc=blastocoel, te=trophectoderm. 

 

Blastocyst appearance % Occurence 

Grossly normal  20 

No visible/defined inner cell mass 13.4 

Small blastocoel and trophectoderm 33.3 

Zona pellucida present 13.4 

Undefined Shape 20 

 

Table 4.1: Frequency of blastocyst appearance after flushing from 4.5dpc KO uteri 
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Figure 4.3: A. Control uteri have more implantation sites compared to KO uteri at 

4.5dpc (p=0.007, two tailed paired t-test). Error bars indicate SEM. B. Representative 

pictures of Control and KO uteri at 4.5dpc. Red arrowheads indicate implantation 

sites. The implantation sites of KO uteri are much less pronounced and more difficult 

to see.  

 

sites of KO uteri are harder to notice (and even harder to show in the 

photographs). Histological examination of these weakly stained implantation 

sites as described section 5.3.3 verified that they are indeed implantation sites 

where embryos are initiating implantation.  

 

The finding that fewer implantation sites are found in KO uteri compared to 

Controls complemented the larger number of embryos that can be flushed out 

of KO uteri. Additionally, Control uteri never had more blastocysts flushed out 

than implantation sites present. In contrast, for each of the KO females there 

were always more blastocysts flushed than implantation sites seen. 

 

4.4 Discussion 

 

KO females are infertile and this is primarily attributed to their inability to 

ovulate normally. Administration of the superovulation hormones rescues their 

ovulation block; their oocytes can be fertilized in vivo and have the potential to 

develop to the blastocyst stage when cultured in vitro (Filis et al, 2009). 
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Alleviation of the ovulation block does not restore the fertility of KO females, 

which fail to get pregnant even when they are administered superovulation 

treatment. Examination of this post-ovulatory reproductive block was the 

subject of this Chapter and the experiments presented here demonstrate that 

KO females fail to implant their embryos and that embryos developing in vivo 

have impaired development to the blastocyst stage.  

 

4.4.1. Embryos of KO females can reach the uterus by 4.5dpc 

 

Embryos need not only to be developmentally and biochemically prepared for 

implantation but they have to reach at the appropriate time in the uterus. In 

mice, embryos have already entered in the uterus by 3.5dpc and they implant at 

around 4.5dpc. Flushing of the fallopian tubes of 4.5dpc pregnant KO females 

showed that KO females do not retain embryos in the fallopian tube. In 

contrast, flushing of KO uteri demonstrated that the embryos of KO females 

reach the uterus with normal timing when implantation usually begins.   

 

4.4.2. Fewer implantation sites and flushing of the embryos of KO females  

 

Despite the fact that the embryos of KO females are in the uterus at the time of 

implantation, significantly more embryos can be flushed out of KO uteri 

compared to Controls, indicating a failure of the embryos of KO females to 

attach properly to the uterine epithelium. In addition, fewer and less 

pronounced implantation sites were evident in the KO uteri 4.5dpc compared to 

Control animals. In each of the Control animals there were always more 

implantation sites observed than embryos flushed; this is expected since 

embryos have attached to the uterine epithelium by 4.5dpc and have started 

implanting. In contrast, there were always many more blastocysts flushed than 

implantation sites in KO uteri.  

 

The fact that few faint implantation sites were present in KO uteri indicates 

that certain processes are initiated in KO uteri but fail later on since Plcβ1 KO 
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females remain infertile. These faint implantation sites on the uteri of Plcβ1 

KO females were initially considered an artifact of the staining procedure, yet 

their fixation and sectioning as described in Section 5.3.3 confirmed the 

presence of and hence proved that they are indeed sites of presumed 

implantation. The positive Chicago Sky Blue staining of implantation sites is 

considered to be the result of a successful attachment reaction that follows the 

apposition of the blastocyst (Das et al, 1994). The molecular events that lead 

from a successful attachment of the blastocyst to the increased vascular 

permeability and Chicago Sky blue staining are however unclear.  The 

presence of faint implantation sites indicates that they be the result of some 

degree of attachment of the embryos developing in KO females to the uterine 

epithelium.  

 

It is possible that deferred arrival of the embryos to the uteri of KO animals 

may have affected their ability to attach by the time that the dye injections and 

uterine flushings were performed. Even if this is the case in the KO females, it 

is unlikely a delayed entry to the uterus would be the cause of implantation 

failure. Transfer of 3.5 days old in vitro grown blastocysts in the fallopian 

tubes does not have a detrimental effect on embryo survival and pregnancy 

rates (Evsikov et al, 1996) and it is routinely employed as a strategy for 

blastocyst transfer experiments in mice. In such an experimental approach, 

blastocysts that should normally be entering the uterus have to remain for some 

time in the fallopian tubes. The latter shows that an on-time entry of the 

embryos in the uterus by their 3.5th day is not an absolute requirement for 

establishment of pregnancy.   

 

In addition, there are also a few KO mouse models that show delayed entry of 

their embryos in the fallopian tubes at 3.5dpc. Female mice with disrupted 

Fatty acid amido-hydrolase (Faah) gene females show retention of their 

embryos in the fallopian tubes (Wang et al, 2006). Similarly, embryos with 

disrupted Cannabinoid receptor 1 (Cnr1) can also be retained in the fallopian 

tube (Wang et al 2004). In both these female models however, embryos 
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eventually implant in the uterus and pregnancy is supported to term. As such, 

even if embryos in KO females fail to reach to the uterus on time for 

implantation, the fact that even at 6.5dpc no implantation sites are seen and that 

these superovulated females have never given birth (Filis et al, 2009) makes it 

likely that they are unable to implant successfully. 

 

4.4.3. Appearance of embryos from KO females and the maternal effect on 

embryo development  

 

Both environmental and genetic factors can affect the pre- and peri-

implantation embryo development. Disruption of endocannabinoid signaling 

either by knocking out the Faah gene in the mother (Wang et al, 2006), Cnr1 

on the embryos (Wang et al 2004) or by systemically administering 

cannabinoid receptor agonists (Paria et al, 1998) can have adverse effects in 

embryo development, on time arrival of the embryos to the uterus and 

implantation. Other systems that have been shown to affect preimplantation 

embryo development is the growth factor system. Oviduct, uterus and embryo 

contain a variety of growth factors and their ligands (reviewed by Kane et al, 

1997). Even though healthy embryos can be cultured in relatively simple 

growth factor-free media, data from both KO and culture models suggest that 

particular growth factors influence embryo growth, differentiation and 

blastocyst formation. The Colony Stimulating Factor 1 (CSF-1) growth factor 

is one of the most promising factors as it has been demonstrated to play roles in 

both embryo development and implantation (Arceci et al, 1989, 1992; Pampher 

et al, 1991; Bhatnagar et al, 1995; Pollard et al, 1991). Similarly, other growth 

factors that have been implicated in early embryo development are Tumor 

Necrosis Factor (TNF) and Transforming Growth Factor α (TGFA). TNF 

receptors are expressed in preimplantation embryos and blastocysts (Pampher 

et al, 1994; Kawamura et al, 2007) whereas TNF is expressed predominantly in 

the oviduct and the uterus (Inagaki et al, 2003; Kawamura et al, 2007), 

implying that maternal TNF has a role in regulating early embryonic 

development.  
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Finally, environmental factors also play roles in preimplantation embryo 

development. Environmental pollutants (reviewed in Grandjean et al, 2007) 

and cigarette smoking (Lin et al, 2009) have the potential to negatively affect 

preimplantation embryo development and interfere with implantation. 

Infectious agents have been shown to affect preimplantation embryo 

development. The presence of the Herpes simplex Virus (HSV) activator 

protein VP16 has detrimental effects on in vitro cultured preimplantation 

embryo development (Yueh et al, 2000). In addition, the presence of bacteria 

as well as bacterial endotoxins in the physiologically sterile oviducts and uteri 

has been shown to adversely affect embryo development (Ain et al, 1998). 

There is therefore a wealth of information regarding the maternal and 

environment effect on embryo development and the implantation but no studies 

that involve maternal interventions (e.g. genetic, pharmacological, and 

infectious) in vivo or embryo cultures in the presence/absence of growth factors 

in vitro have been performed. With the exception of the effect of exogenous 

administration of cannabinoid receptor agonists in early embryo development 

and implantation (Paria et al, 1998), no studies that demonstrate complete loss 

of implantation competency of the embryos could be found by the author’s 

literature search  

 

With regard to the Plcβ1 KO females, the majority of embryos that were 

flushed out of their uteri had abnormal appearances and only a few of them 

exhibited characteristics of healthy perimplantation-stage blastocysts. This 

abnormality is clearly the result of a maternal effect on the developing embryos 

(rather than being dependent on the genotype of the embryos). Neither 

heterozygosity nor complete absence of Plcβ1 from embryos affects their 

ability to gestate to term, while HET parents normally produce WT, HET and 

KO progeny in Mendelian ratios (Filis et al, 2009). With respect to the 

experiments detailed in this Chapter, KO females were mated to WT males, 

therefore their embryos were all heterozygous for Plcβ1.  
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In addition, in vivo fertilized KO oocytes that have been grown in vitro develop 

to morphologically normal blastocysts and at the same rate as Control oocytes 

(Filis et al 2009). The latter result indicates that the reproductive tract of KO 

females provides inadequate or detrimental cues that have adverse effect on 

pre- and peri- implantation development of their embryos. Should this be true, 

it is unknown whether oviductal and/or uterine factors may have affected the 

pre- and peri- implantation development of embryos.  

Not all embryos flushed from the KO uteri at 4.5dpc have an abnormal 

appearance, which shows that the effects of the maternal KO reproductive tract 

can be coped with. It must be stressed however that the appearance of a healthy 

blastocyst as assessed by microscope examination is not a definitive indicator 

for its implantation competency. Irrespective of blastocyst appearance, the KO 

reproductive tract may have exerted adverse effects not only on the 

development of the majority of the embryos, but also on the implantation 

competency of those who show comparatively normal development as well. 

Originally, one of the major aims of this Thesis was to determine whether 

embryos developing in the KO reproductive tract are implantation competent. 

This would be investigated by reciprocal embryo transfer of perimplantation 

embryos of KO females to Control uteri. Another initial aim of this Thesis with 

regard to the abnormal embryo development was to determine at which stage 

and in which compartment (fallopian tube or uterus) the developmental 

abnormalities manifest. Most unfortunately however, very low number of KOs 

available due to the relatively high mortality rate of postpubertal KO females 

and the availability of suboptimal superovulation hormones as discussed in 

Section 1.6 hindered the progression of the experiments and did not allow the 

completion of these goals. They remain however key experiments to be carried 

out in the future.  

 

The detrimental effect of the KO reproductive tract on the embryos is 

nevertheless an attractive theory to explain the implantation block. Can it 

however be the sole cause of it? Successful implantation requires both the 

presence of an implantation competent blastocyst as well as a properly 
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prepared uterine environment. Even though preparation of the blastocyst is of 

utmost importance to implantation and subsequent development, it is known 

that relatively minimal signals can initiate implantation-like or decidualisation-

like events in the healthy murine uterus. Blastocyst-sized beads coated with 

growth factors (or even BSA) and injected in pseudopregnant uteri 3.5dpc can 

elicit cellular and molecular responses that cause Chicago Sky Blue staining 

(thus resembling implantation and/or decidualisation) that persist at least until 

7.5dpc (Paria et al, 2001). Similarly, other signals like Con A coated beads 

(Sakoff and Murdoch, 1994) or even oil injection (as in Herington et al, 2009) 

injected in the uterus of 3.5dpc pseudopregnant females can induce a decidual 

reaction and Chicago Sky Blue staining that persists at least until 8.5dpc. These 

observations indicate that a complicated cross-talk between implantation-

competent blastocysts and a receptive uterus is not absolutely required for the 

uterus to respond to exogenous particles (be it beads, blastocysts or oil 

droplets) for the formation of persistent (i.e. after 4.5dpc) implantation-like and 

Chicago Sky Blue stained structures in the healthy uterus. Even though 

therefore embryos of Plcβ1 KO females may be not be fully capable for 

implantation and/or further development, normal uteri should respond to their 

presence by forming persisting implantation-like structures or decidua. 

Furthermore, preliminary results from experiments carried out in our laboratory 

by Dr Alison Murray (after the completion of the experimental work for this 

Thesis) indicate that KO uteri do not respond to oil injections that there is a 

uterine component contributing to the implantation block.  

 

4.5 Final conclusions and Remarks.  

 

The experiments in this Chapter probed the post-ovulatory reproductive block 

of Plcβ1 KO females and identified impaired blastocyst development of 

embryos developing within the KO reproductive tract as well as impaired 

implantation. The embryos of KO females can have abnormal appearance and 

fail to attach to the uterus when implantation normally begins. It is unclear 

from the current results what may have caused this phenotype. Any of 
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defective preparation of the uterus for implantation, defective preparation of 

the embryos for implantation and/or defective embryo/uterine communication 

could account for the implantation failure. The results in this Chapter have 

been the cornerstone for designing the experiments described in the remaining 

Chapters of this Thesis, where emphasis has been primarily given on 

examining the uterine physiology of Plcβ1 KO females.  
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Chapter 5 – Histological examination of Control and KO uteri 

 

5.1 Introduction 

 

5.1.1 The structure of the uterus in estrus cycle and early pregnancy 

 

The uterus provides a nurturing and supportive environment to embryo 

growth and development. Mice have a bicornuate uterus with the uterine 

horns arranged as a “V”-shape in the abdominal cavity. The two main 

compartments of the uterus are the endometrium and the myometriun as 

described in Section 1.1.4. The endometrium is composed of the 

epithelium and the stroma. Starting from the uterine lumen and moving 

outwards, the epithelium is in direct contact with the uterine lumen and is 

the tissue that first interacts with the embryo and mediates implantation 

and invasion. It is composed of a single layer of epithelial cells that sit on 

the basal lamina. The stroma is a thick matrix of different cell types and 

connective tissue and lies adjacent to the epithelium. Projections and 

engulfments of the epithelium within the stroma form the uterine glands. 

Finally, the myometrium surrounds the stromal layer and contains the 

longitudinal and transverse muscle layers that control the contractility of 

the uterus.  

 

The structure and function of the uterus is under the control of the 

ovarian steroids estrogen and progesterone and as such it is subjected to 

cyclic changes that reflect the ovarian cycling. This elegant system exists 

so as to synchronise the uterine receptivity for implantation with the 

possible presence of a developing embryo, as discussed in Section 1.1.4. 

The ovarian steroids prepare the uterus for implantation and initiate 

implantation. Progesterone is critical for preparation of the uterus for 

implantation whereas an estrogen surge in rodents is critical in 

progesterone-primed uterus for rendering the latter susceptible to 
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implantation. The estrogen surge opens the uterine “implantation 

window” and coincides with the stage at which a developing embryo is 

spatially, morphologically and biochemically prepared for implantation. 

The ovarian and uterine cycle of laboratory mice lasts for an average of 4 

days. The stages of their 4-day cycle are diestrus, proestrus, estrus 

(ovulation) and postestrus and these stages can be easily monitored from 

the different cell types retrieved by vaginal smearing. The ovarian 

hormone-induced morphological changes in the uterus are driven by 

cycles of proliferation, apoptosis and cell differentiation as the uterus 

prepares for embryo reception and implantation. Notable morphological 

changes occur in the non-mated murine uterus between the two extremes 

of estrus and diestrus; during the estrus the uterus shows increased width, 

an expanded lumen and a thin endometrium whereas a decreased width, a 

collapsed lumen and a thick endometrium are evident on diestrus (Wood 

et al, 2007). It is unclear though how uterine morphological cycling 

changes adapt in mated and fertilised mice; implantation begins on the 4th 

dpc which morphologically resembles the diestrus stage of the non-

pregnant cycling uterus, whereas mice would normally be expected to be 

entering estrus if they had not mated and fertilised. The 4.5dpc uterus is 

also characterised by an almost-completely collapsed lumen and a thick 

endometrium. Closure of the uterine lumen at around the time of 

implantation is a progesterone-mediated effect and serves to bring the 

embryo and the uterine epithelium in close proximity (Naftalin et al, 

2002; Tranguch et al, 2006).  This apposition stage is followed by the 

adhesion cascade that results in a firm attachment of the blastocyst to the 

uterine epithelium and leads to the trophoblast invasion during successful 

implantation.  

 

5.1.2 The uterus of Plcβ1 KO females 

 

The post-ovulatory reproductive block of Plcβ1 KO females manifests in  
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the uterus where their embryos fail to implant. Even though the uterus is 

one of the main candidate organs for the reproductive block, little is 

known about the structure and morphology of Plcβ1 KO uteri. The KO 

uteri look macroscopically similar to Control uteri (see Figure 4.3) but no 

observations have been performed on their histological appearance. It has 

been demonstrated that even though KO do not normally ovulate, their 

ovaries contain follicles of all stages as well as corpora lutea (Filis et al, 

2009) implying that progesterone and estrogen dynamics may be normal 

in KO females. Despite the fact that KO females seem to have ovarian 

cycles, it is unknown whether their uteri also undergo structural changes 

during the estrus cycle and whether they are histologically prepared for 

implantation 4.5dpc. For this reason, uteri of prepubertal and adult 

cycling KO mice as well as KO implantation sites were collected, 

examined and compared to Controls.  

 

5.1.3 Aims of Chapter 5 

 

The scope of this Chapter is to provide insights into the uterine 

physiology of KO uteri at the cellular and histological level and attempt 

to further characterise the defective implantation phenotype of the Plcβ1 

KO females. The practical aspect of Chapter 5 is therefore focused on the 

histological examination of KO and Control uteri at various stages from 

prepubertal females to adult cycling uteri as well as 4.5dpc pregnant 

uteri. More specifically, the aims of this Chapter are: 

a) To investigate whether KO prepubertal, adult non-pregnant uteri 

exhibit expected histological features and whether they are 

comparable to Control uteri.  

b) To investigate whether the faint KO implantation sites at 4.5dpc 

contain embryos, to compare them to Control implantation sites and 

look at their levels of proliferation and apoptosis.  
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5.2 Material and Methods 

 

5.2.1 Tissue acquisition and processing 

 

All animals were obtained from the Plcβ1 transgenic mouse colony that 

was maintained as described in Sections 2.2.2 and 2.2.3. Three 14-days 

old KO and Control female mice were not subjected to any treatments. 

For the acquisition of cycling uteri, two adult female Control and two 

KO non pregnant females of at least 6 weeks of age were subjected to 

daily vaginal smears in order to determine the estrus stage and were 

sacrificed at the desired stage.  4.5dpc pregnant material was obtained by 

superovulating, mating and perfusing three KO and three Control females 

as described in Section 2.2.4 and 2.2.5. Uterine samples were fixed, 

processed and sectioned described in Section 2.2.9 and 

immunohistochemistry was performed as described in Section 2.2.10. 

For the proliferation assays the rabbit polyclonal anti-Phospho S10 

Histone H3 antibody (Abcam, #ab5176) was used at a 1:500 dilution 

whereas for the apoptosis assays the rabbit polyclonal anti-Cleaved 

Caspase 3 antibody (New England Biolabs, #9661)  was used at a 1:100 

dilution.  

 

 H+E staining was performed by dewaxing and rehydrating the tissue as 

described in Section 2.2.10. Nuclei were stained by dipping the sections 

in Haematoxylin solution for 3min and immediately rinsed in running 

water for 3min. colour was developed by dipping the sections in Scott’s 

Tap Water Subsitute (0.2%w/v NaHCO3, 2% MgSO4) for 3 min and 

subsequently rinsed in water. Cytoplasm was stained by dipping the 

sections in Eosin solution for 3-4 min followed by a quick water rinse. 

Sections were quickly dehydrated by dipping them into progressively 

increasing strength of ethanolic solution (70% to 90% to 95% to 100% to 
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100%) and finally rested in xylene. Sections were then mounted with a 

coverlip using DPX as a mounting medium.  

 

5.3 Results 

 

5.3.1 Prepubertal uteri of KO females are morphologically similar to 

Control uteri 

 

Prepubertal uteri are not under the control of the ovarian steroids, do not 

cycle and therefore are not expected to differ among animals, at least not 

to the extent that the cycling uteri of adult animals may differ. Control 

and KO uteri were examined to allow identification of any possible 

morphological defects that may have arisen during the embryonic 

development of KO females and possibly affect the function of the uterus 

in adulthood.  

 

Histological examination of the uteri of three KO and three Control 14-

days old female mice showed no gross differences between them (Figure 

5.1). Luminal epithelium, glandular epithelium, stroma, and muscle 

layers tissues were all present in KO uteri, showing that no gross 

anatomical and/or developmental malformations are evident in the uteri 

of KO females. This, complemented with the normal macroscopic 

appearance of KO uteri (shown in Figure 4.3) indicate that there is no 

reason to assume that loss of Plcβ1 adversely affects the development of 

the uterus to a full-grown organ with the potential to support 

implantation.  

 

5.3.2 Uteri of adult non-pregnant KO females are morphologically 

similar to Control uteri 

 

The uterus in the adult life undergoes cyclic changes of development that 
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Figure 5.1: H+E staining of uterine sections of Control and KO prepubertal 

uteri. Longitudinal sections of uteri from 14-days old KO females appear 

histologically identical to Control uteri, containing an endometrium and a 

myometrium. Both KO and Control endometrium have a luminal epithelium and 

a stroma. Abbreviations: endo: endometrium; my: myometrium; le:luminal 

epithelium; st: stroma. Arrows indicate some of the uterine glands.  Scale bars: 

top view: 300µm; magnified inlets: 30µm 

 

are controlled by the ovarian steroids during the estrus cycle. Adult uteri 

from KOs were examined in order to investigate whether they show 

cyclic changes comparable to Controls. Even though at least 3 KO and 

Controls from each respective estrus stage were planned for tissue 

collection and analysis, only two adult KO females were available for 

this type of analysis. Due to the limited number of experimental animals, 

only two stages were chosen; the estrus stage and its antipode, the 

diestrus stage.  

 

The results shown in Figure 5.2 indicate that KO uteri can undergo cyclic 

changes and that are comparable to Control uteri. Both the KO uterus 

retrieved at diestrus (Figure 5.2A) and the KO uterus retrieved at estrus  
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Figure 5.2: H+E staining of uterine sections of a Control and a KO uterus in A: 

Diestrus and B: Estrus. Longitudinal sections of the KO uterus is histologically 

comparable to the Control uterus. Abbreviations: endo: endometrium; my: 

myometrium; le:luminal epithelium; st: stroma; lum: uterine lumen. Arrows 

indicate some of the uterine glands.  Scale bars: top view: 900µm; magnified 

inlets: 150µm 

 

were histologically comparable to Control uteri. These observations were 

comparable to the histological uterine changes as described by Wood et 

al, 2007, with the diestrus uteri from both KO and Control showing a 
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narrower lumen and a shorter width and the estrus uteri having an 

expanded uterine lumen and increased width. Expulsion of uterine fluid 

which fills the murine uterus in estrus was evident upon dissection of 

both the KO and Control uterus (not demonstrated here). 

 

In addition to the results in Figure 5.2, over 50 uterine samples from 

Control and KO superovulated, mated but not pregnant at 4.5dpc and 

5.5dpc were collected in the course of this PhD’s practical work. 

Histological examination of these uteri revealed variable morphologies, 

which may be expected due to the variable cycling of murine uteri as 

well as the variable effect of the superovulation regime on the uteri of 

both Control and KO females. In almost all of the cases, both 4.5 and 

5.5dpc superovulated, mated but not pregnant KO uteri appear highly 

comparable with Controls (Figure 5.3). These histological observations 

reinforce the notion that that non-pregnant KO uteri are in the majority of 

cases indistinguishable from Control uteri. In a single occasion however, 

a 4.5dpc non-pregnant uterus was found to be dramatically different from 

its Control (Figure 5.4). This KO had a straightened lumen as opposed to 

the villous-like configuration of its Control’s lumen and its endometrium 

looked grossly abnormal. No other uterus from a KO animal was found 

to have such as dramatic morphology.   

 

5.3.3 Implantation sites from 4.5dpc KO uteri have abnormal 

appearance and reveal lack of attachment of the embryos.  

 

Implantation sites from 4.5dpc pregnant uteri were sectioned, fixed and 

stained using H+E. At this stage, embryos have attached to the uterine 

epithelium and start preparing for implantation, with the first signs of 

decidualisation becoming apparent. Implantation sites from KO uteri 

revealed variable phenotypes, generally showing lack of attachment of 

the embryos on the uterine epithelium, abnormal embryo as well as  
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Figure 5.3: H+E staining of uterine sections from Control and KO superovulated 

and mated but not pregnant females at 4.5dpc and 5.5dpc. A: Control and their 

respective KO uterus at 4.5dpc. B: Control and its respective KO uterus at 

5.5dpc. Abbreviations: endo: endometrium; my: myometrium; lum: uterine 

lumen. Scale bars: 300µm and 150µm (insert) 
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Figure 5.4: H+E staining of uterine sections from a single Control and KO 

superovulated and mated but not pregnant female pair at 4.5dpc. The KO 

uterus shows considerable histological abnormalities with absent luminal villi 

and the vestigial endometrium. Abbreviations: endo: endometrium; my: 

myometrium; lum: uterine lumen. Scale bars: 300µm and 30µm (insert).  

 

abnormal endometrial appearance (Figure 5.5). 

 

Blastocysts from Control uteri were always found to be in close 

attachment to the uterine epithelium which is expected at this stage of 

pregnancy. A succesfully attached blastocyst is arbitrarily denoted the 

blastocyst which in the majority of its periphery is no more than 8µm 

apart from the luminal epithelium. In contrast, blastocysts from KO uteri 

were not seen to form these close attachments, even though they 

appeared properly apposed to the uterine epithelium (Figure 5.5A, C). 

Only in a single case an embryo was found to be attaching the uterine 

epithelium, although even in that case neither the embryo nor the uterus 

appeared normal compared to the Control (Figure 5.5B). The general 

lack of close attachment of embryos to the KO epithelium as revealed  
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Figure 5.5 (Previous page): H+E staining of uterine implantation sites from 

Control and KO superovulated and mated pregnant females 4.5dpc. A: 

Representative Control and KO uteri, showing the blastocyst in close-up. B, C: 

Two more examples of Control and KO implantation sites. Note the darker, 

denser endometrium of the KO uterus (panel B) as well as the lack of uterine 

lumen closure and the 3 adjoined blastocysts in the KO uterus (panel C). No 

blastocyst is shown in the Control uterus of panel C, but there is one in later 

sections of this tissue, indicated by a yellow arrow. Red circles indicate areas of 

suspected primary decidualisation. Abbreviations: endo: endometrium; my: 

myometrium; lum: uterine lumen. 300µm and 30µm (insert) in A, 300µm and 

150µm (insert) in B and C.  

 

from these sections complemented the flushing experiments as 

demonstrated in Section 4.3.2. 

 

The appearance of the blastocysts from KO implantation sites was also 

found to be abnormal (Figure 5.5A, C). In all of Control implantation 

sites blastocysts had an appearance comparable to the flushed 4.5dpc 

blastocysts (Figure 4.2), having an overall round or oval shape. In 

contrast, blastocysts from KO implantation sites were found to have an 

abnormal shape (Figure 5.5A). In a single implantation site from a KO 

uterus three blastocysts were found attached together (Figure 5.5C). 

These observations on blastocyst appearance were analogous to the 

results from blastocyst flushing (Section 4.4.3) and provide further 

evidence that embryos developing within the KO reproductive tract can 

have developmental abnormalities. 

 

In addition to the observed lack of attachment and abnormal blastocyst 

appearance in histological section of KO implantation sites, more 

abnormalities were evident. Luminal closure, the event that aids the close 

apposition of the blastocyst to the uterine epithelium seemed less 

pronounced in KO uteri compared to Controls (Figure 5.5A, B). One KO 

uterus showed no signs of closure at all (Figure 5.5C). In all of the cases  
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Implantation site defects % Frequency of Occurence 

Abnormal blastocyst(s) appearance 100 

Diminished or absent luminal closure 100 

Lack of primary decidual zone 100 

Lack of blastocyct attachment 83.4 

Attached blastocyst 16.6 

Conjoined blastocysts 16.6 

Table 5.1: Summary of 4.5dpc implantation site defects in KO uteri and their 

frequency 

 

however, the blastocysts appeared to be properly apposed in both Control 

and KO uteri. 

 

Apart from the less pronounced luminal closure of KO uteri at the time of 

implantation, additional differences were evident in KO uteri when 

compared with Controls. A zone of denser stromal cells was evident 

around the area of blastocyst attachment in Control uteri (red circle in 

Figures 5.5A-C) which corresponds to the initiation of the primary 

decidual zone (PDZ). This dense zone of stromal cells was not evident in 

KO implantation sites showing that certain cellular changes do not occur 

at the sites of blastocyst apposition in KO uteri. One of the KO uteri had 

a homogenously dense stroma and stained much darker than its 

respective Control (Figure 5.5B). Collectively, the frequency of the 

abnormalities noted in KO uteri are summarised in Table 5.1 and show 

that the loss of maternal PLCβ1 is associated with detrimental 

histological appearance of the implantation sites.  

 

5.3.4 Proliferation and apoptosis in Control and KO implantation 

sites 4.5dpc 

 

The implantation sites from KO uteri look abnormal, exhibiting 

histological and cellular differences. It was hypothesised that the  
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Figure 5.6: Immunohistochemical localisation of the active form of the 

proapoptotic protein Caspase-3 in Control and KO implantation sites 4.5dpc as 

well as a section of a Control adult ovary (Positive Control). No Caspase-3 

signal was detected in either Control or KO uterus showing that no apoptosis is 

evident at this stage. A positive control (ovary) was also included in the analysis 

which stained the cytoplasm of granulosa cells in some follicles and verified that 

the detection assay used is working properly. Yellow arrows indicate 

blastocysts. Green arrowhead in positive control panel indicates the cytoplasm 

of an apoptotic granulosa cell. Abbreviations: le: luminal epithelium; st: stroma; 

fol: follicle. Scale bars: 300µm (uteri); 150µm (ovary).  

 

observed cellular differences in KO uteri may be the result of altered 

level of apoptosis and/or proliferation. For this reason, IHC was 

performed on KO and Control implantation sites probing for known 

markers of apoptosis and proliferation. 

 

In order to look for apoptosis, sections of implantation sites were probed 

for the active form of Caspase-3 protein, one of the key executive 

caspases for the initiation of apoptosis in mammalian cells (Nicholson et  
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Figure 5.7: Proliferation in Control and KO implantation sites 4.5dpc. A: 

Immunohistochemical localisation of the nuclear mitotic marker Phospho-

Histone H3. B: Total number of proliferating cells and number of epithelial 

proliferating cells measured within a randomly defined shaded area of 1.43mm2 

centred around the blastocyst [See the “Quantification Scheme” panel showing 

the measuring area (grey shade) centred around the blastocyst (yellow dot)]. No 

statistically differences in the total number of proliferating cells around the 

blastocyst were noted in Control and KO uteri, there was a trend however for 

more proliferative cells in Control implantation sites. Notably, no epithelial cells 

stained positive for proliferation, whereas proliferating epithelial cells were found 

in KO implantation sites. Abbreviations: le: luminal epithelium; st: stroma; Scale 

bars: 300µm. Error bars in B indicate ±SEM. 
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al, 1995). No Caspase-3 signal was detected in either Control or KO 

uteri, showing that there is no evidence for altered apoptosis levels in KO 

implantation sites uteri (Figure 5.6). Due to the inability to produce a 

Caspase-3 signal in either control or KO uteri, a positive control (Control 

adult ovary) was also included along the experimental runs to verify that 

the apoptosis assay works.  

 

For the detection of proliferation levels, an antibody specific for the 

phosphorylated serine 10 amino acid of the N-terminal tail of the 

nucleosomal histone H3 protein was used to probe Control and KO 

implantation sites. Phospho-Histone H3 is a well characterised marker of 

mitosis (Shibata et at, 1990) and is a commonly employed marker of 

proliferation. The results in Figure 5.7A show that proliferating cells are 

present in Control as well as KO implantation sites. Notably, 

proliferating epithelial cells were evident only in KO implantation sites 

and were totally absent from Controls (Figure 5.7A). Measurement and 

comparison of total, stromal and epithelial cells in Control and KO 

implantation sites did not show any statistical differences (p>0.2, two 

way paired t-test test for either comparison), there was however a trend 

for less proliferating cells in KO implantation sites (Figure 5.7B).  The 

presence of proliferating epithelial cells in KO implantation sites 

compared to their total absence in Controls albeit not statistically 

significant reveals further cues to understanding the defective 

implantation phenotype of the KO females.  

 

In summary, of all of the above results show that KO uteri appear 

histologically comparable to Controls from their prepubertal stage to 

adult cycling stage, with only a single case KO uterus showed gross 

histological abnormalities. The KO uteri however appear to have more 

differences at the time of implantation 4.5dpc; lack of embryo attachment 

was evident in implantation site section supporting the previous results of 
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uterine flushing as presented in Section 4.3.2. In addition, a variability of 

histological abnormalities were evident that included a less pronounced 

closure of the uterine lumen, lack of a PDZ around the blastocyst and the 

presence of proliferating epithelial cells.  

 

 

5.4 Discussion 

 

Successful implantation requires the timed arrival of an implantation-

competent blastocyst to a receptive uterus. The latter is prepared under 

the control of the ovarian steroids estrogen and progesterone and this 

manifests as visible histological changes in the shape of the endometrium 

in adult pregnant and non-pregnant endometrium. Since Plcβ1 KO 

females have defective implantation, it was decided to examine and 

compare the uterine histology of prepubertal and adult cycling uteri as 

well as implantation sites of KO animals to Controls so as to determine 

whether KO uteri are comparable to their respective Controls prior to, as 

well as during pregnancy. Structural changes in the uterine endometrium 

are dependent on the action of estrogen and progesterone and 

examination of the uterine histology provides cues on the ability of KO 

uteri to prepare for implantation.  

 

5.4.1 Development of the KO uteri and their ability to cycle 

 

Uterine development can be roughly divided in three major parts; the first 

involves the actual development and maintenance of the uterus from 

embryonic life until the onset of puberty, the second refers to the 

continuous cycling changes of the postpubertal uterus that occurs in 

response to the ovarian steroids whereas the third involves the uterine 

adaptations during pregnancy. The first step of uterine development 

occurs due to differentiation of the fetal Müllerian (paramesonephric) 
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ducts to the fallopian tubes, uterine horns and upper vagina. 

Differentiation of the Müllerian to the female reproductive tract appears 

to be the default pathway of development whereas the presence of the 

testes-secreted Anti Müllerian Hormone (AMH) in male fetuses causes 

regression of the Müllerian duct.  

 

There are very few reported cases on developmental abnormalities of the 

female reproductive tract. One of the most studied examples is the role of 

WNT4 in humans (as well as Wnt4 in mice) in controlling the formation 

of the reproductive tract (Biason-Lauber and Konrad, 2008). Other 

examples of genetic-induced reproductive tract anomalies include the 

shorter and thinner uterine horns of Dicer1 defective mice (Hong et al, 

2008) as well as the transformation of the upper uterine horn of Hoxa10 

deficient females to oviduct (Benson et al, 1996). Finally, exposure of 

developing fetuses to pharmacological agents with estrogenic activity, 

such as diethylstilbestrol and Bisphenol A, can cause visible 

abnormalities in the uterus (Newbold et al, 2009). Despite the potential 

of congenital malformations of the KO reproductive tract to contribute to 

the infertility phenotype, macroscopic examination from all the 

dissections performed has not revealed any detectable anomalies.  

 

Macroscopic appearance provides very little information with regard to 

tissue structure, integrity and function. Since Plcβ1 KO females have an 

implantation defects, it was decided to investigate their uterine histology. 

Initially, prepubertal KO uteri were examined but no obvious differences 

were found between Controls and KOs (Figure 5.1). Prepubertal KO uteri 

have a normal-looking endometrium with proper structure and 

organisation of the epithelial, stromal and glandular tissues. In addition, 

KO myometrium contains both transverse and longitudinal muscle 

layers.  These observations show that KO uteri can complete their first 

stage of development, form a properly structured organ and that there are 
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no developmental abnormalities that could interfere with normal uterine 

function during adult life. 

 

Uteri assume their reproductive functions during the postnatal and adult 

life where they are subjected to the second part of their development 

which is the cycling changes during the estrus cycle. These changes are 

controlled by the ovarian steroids estrogen and progesterone and serve to 

synchronise uterine development and preparation for implantation with 

the presence of a peri-implantation embryo in the uterine lumen. This 

process is essential for successful implantation as embryos cannot 

implant in uteri that are not at the right developmental stage of the cycle.  

 

Even though no obvious developmental abnormalities are present in KO 

prepubertal uteri, it was questionable whether they exhibit the cyclic 

changes that normally occur in adult non-pregnant cycling mice. The 

results presented in Section 5.3.2 provide indications that KO uteri have 

the ability to cycle and structure their endometrium in a manner 

comparable to Controls. Unfortunately, due to the very limited 

availability of KO females for analysis, the results shown in Figure 5.2 

come from a single KO and Control in diestrus as well as a single KO 

and Control from estrus. In this respect, these results should be treated 

with some caution because of the limited number of samples analysed.  

 

Results obtained on the cycling of non-pregnant adult KO uteri are 

however supported from additional data derived from the uterine 

histology of non-pregnant but superovulated and mated Control and KO 

uteri; in the course of the experiments for this PhD Thesis a substantial 

number of adult Control and KO animals were superovulated and mated 

but were not pregnant at 4.5dpc or 5.5dpc. Such uteri from both Control 

and KO females were nevertheless examined histologically and revealed 

that KO uteri assume appearances similar to Controls (Figure 5.3A). 
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Even though the cycle stage of these uteri is unknown, they nevertheless 

provide additional information on the cycling capacity of KO uteri. Upon 

administration of the superovulation regime the ovarian cycles of the 

treated animals get synchronised. Should the uterine cycles also be 

synchronised by the superovulation regime, 4.5dpc and 5.5dpc non-

pregnant uteri from either Control or KO should be expected to be at 

around the same cycle stage. The latter is supported by the similar 

appearances of Control and KO uteri in Figure 5.3A. In most of the cases 

observed there was a very good agreement with respect to the uterine 

appearance of Control and KO superovulated, mated but not pregnant 

uteri. Overall, KO uteri look similar to Controls and they appear to have 

cycling capacity in adult animals. There was only a single case of a 

severely hypoplast and abnormally-looking uterus (Figure 5.4). It is 

unclear what might have caused this morphological abnormality, but it 

should be borne in mind that it might be within the spectrum of 

reproductive disorders caused by the Plcβ1 transgene. Nevertheless, even 

in the case where the transgene is the prime cause of such abnormality, 

they must represent extremely rare cases, and therefore do not account 

for the infertile phenotype observed in the majority of the KO females.  

 

Since uterine cycling is under the control of ovarian steroids, the cycling 

ability of KO uteri shows that they are responsive to the said steroids. 

Even though it is not directly demonstrated here, the latter observation 

indicates that KO ovaries produce estrogen and progesterone at sufficient 

levels to drive uterine changes. Apart from the visual changes in uterine 

morphology, a multitude of diverse cytological and molecular changes 

are driven by the action of estrogen and progesterone in the endometrium 

(reviewed in Paria et al, 2000;  Maruyama and Yoshimura, 2008; 

Critchley and Saunders, 2009). Unfortunately, the small number of KO 

uterine samples as well as the lack material from more cycling uteri did 

not allow the further histological and molecular comparison of KO 
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cycling uteri to Controls. Nevertheless, the current histological 

examinations point to the direction that KO uteri have the ability to cycle 

and possibly have the potential to complete certain steps in their 

preparation for embryo reception and implantation.   

 

5.4.2 Implantation sites in KO animals 

 

The apparent ability of the KO non-pregnant uteri to show cyclic changes 

only provides limited information regarding the ability of KO uteri to 

initiate and support pregnancy. For this reason, implantation sites of 

pregnant Control and KO uteri were sectioned and analysed at 4.5dpc. At 

this stage of early pregnancy, uteri have different morphology and the 

parts which contain implanting embryos are accompanied with additional 

histological and cytological changes. The latter is most evident in the 

increased vascular permeability around the areas of blastocyst attachment 

at 4.5dpc which results in the macroscopic staining and visualisation of 

the implantation sites when Chicago Sky Blue is injected in pregnant 

animals prior to culling. Dissection, fixation and staining of Control and 

KO implantation sites revealed a multitude of defects that provide further 

cues to understanding the post-ovulatory reproductive block of KO 

females. Investigation of implantation sites revealed that one of the most 

prominent defects of KO implantation sites was the lack of blastocyst 

attachment, as well as the presence of proliferating luminal epithelial 

cells. In addition, diminished closure of the KO uterine lumen and lack of 

the initiation of decidualisation were also noted in KO uteri. The KO 

implantation sites had a non-significant tendency for fewer numbers of 

proliferating cells, while just like Controls they had no apoptotic cells. 

Given the relatively small sample size in that experiment, it would be 

important to follow up such a non-significant trend to see whether a 

larger-scale experiment can reveal significance.  
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5.4.3 Proliferation of uterine cells and implantation 

 

Proliferation of uterine cells is essential for the establishment and 

maintenance of pregnancy. During 0.5 and 1.5dpc, prevulatory estrogen 

stimulates proliferation in the epithelium, whereas from 2.5dpc onwards 

progesterone from the newly formed corpora lutea drives proliferation in 

the stroma (which is augmented by the estrogen surge on the beginning 

of the 4thdpc), but also inhibits the proliferation of epithelial cells from 

3.5dpc (Huet-Hudson et al, 1989; Lundkvist and Nilsson 1982; Martin et 

al, 1973). Whereas stromal proliferation serves to increase the numbers 

of the endometrial fibroblast-like cells that will start differentiating to 

decidua in response to blastocyst (De Feo, 1967; Bell, 1983), cessation of 

proliferation in epithelial cells triggers their differentiation as they 

prepare to interact with the implanting blastocyst. Inhibition of 

proliferation in epithelial cells can be mediated by progesterone receptors 

that are known to be present in these cells (Ohta et al, 1993) yet it has 

been demonstrated that the progesterone receptor in stomal cells is both 

essential and sufficient in inhibiting estrogen-induced cell proliferation in 

the epithelia (Kurita et al, 1998). A mechanism has not yet been 

postulated to explain at the molecular level how the action of 

progesterone in stromal cells drives inhibition of the estrogen-induced 

proliferation in epithelial cells.  

 

Failure of Plcβ1 KO uteri to stop their proliferation implies that defective 

steroid hormone signalling in the uterus during pregnancy. It is however 

unclear as to how this signalling is disrupted. As mentioned before, 

observations on the cycling non-pregnant KO uteri are consistent with 

the notion that progesterone and estrogen signalling are sufficiently 

capable of driving cyclic changes and tissue remodelling. It is possible 

that upstream (e.g. stromal cells not responding to progesterone) and/or 

downstream (e.g. stromal-epithelial cell miscommunication) signalling 
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may be affected during preparation of the KO uterus for implantation. It 

has already been mentioned in Section 1.3.2 that non-genomic 

progesterone signalling is impaired in swine granulosa cells depleted for 

PLCβ1 (Lieberherr et al, 1999). The latter implies that a similar 

mechanism may exist in the uterus during the first days of implantation 

and may be responsible for the failure to stop epithelial cell proliferation. 

Irrespective of any role(s) PLCβ1 may have in mediating the cessation of 

uterine epithelial cell proliferation, the finding that the KO uterine 

epithelial cells continue proliferating at 4.5dpc strongly indicates they are 

unable to reach the differentiated state required for successful interaction 

with the blastocyst. Finally, this result strongly suggests that the KO uteri 

per se are unable to perform steps essential for successful implantation 

since cessation of uterine epithelial cells proliferation occurs 

independently of the presence of embryos (Huet-Hudson et al, 1989). 

This resolved the questionable role of the uterine compartment of KO 

females (versus the detrimental effect of the maternal KO tract towards 

the pre- and perimplantation development) in the implantation failure as 

presented and discussed on Chapter 4. 

 

5.4.4 Apoptosis in Control and KO sites  

 

On the antipode of proliferation, programmed cell death by apoptosis is 

essential for the shaping of the endometrium during implantation, and 

misregulated apoptosis can have adverse effects on uterine physiology. 

At 4.5dpc KO uteri have abnormal appearance and it was hypothesised 

that they may exhibit higher levels of apoptosis. For this reason, 4.5dpc 

Control and KO implantation sites were probed for the presence of 

cleaved active Caspase-3, a widely used and well-recognised apoptotic 

marker (Villa et al, 1998). As shown however in Figure 5.6, no apoptosis 

was detected in the implantation sites at 4.5dpc. This is surprising, as 

cleaved active Caspase-3 should at least be present at the luminal 
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epithelium of Control implantation sites; cleaved Caspase-3 

immunoreactivity in the uterine epithelium surrounding the blastocyst is 

detected from 4.5dpc and this is well documented (Joswig et al, 2003; 

Correia-da-Silva et al, 2004; Öner et al, 2010). Initiation of apoptosis in 

the epithelial cells surrounding the blastocyst is thought to coordinate the 

restricted invasion of the trophectoderm that occurs at later stages. The 

immunohistochemical assay in Figure 5.6 included ovarian tissue from 

Control animals as a positive control for the efficiency of the antibody 

which gave the expected staining in some granulosa cells. It is therefore 

unclear why the antibody did not produce the expected results when tried 

on uterine tissue. Additional experiments that were conducted using the 

same antibody but non-pregnant uterine tissue also failed to detect any 

Caspase-3 staining, in contrast to the ovarian tissue. It is currently 

unclear what might have caused these results; maybe the handling of the 

uterine tissue (fixation, processing, epitope retrieval). Ideally, caspase-3 

apoptosis assay should be repeated using better positive controls (e.g. 

implantation sites from 5.5dpc onwards) in combination with not only 

modified immunohistochemical protocols but different apoptosis assays 

as well (e.g. TUNEL assay). This will allow a clearer understanding of 

the apoptosis levels in KO uteri at the time of implantation  

 

5.4.5 Lack of Attachment, Diminished Luminal Closure and Absence 

of Decidualisation in KO Uteri 

 

H+E staining of Control and KO 4.5dpc implantation sites revealed 

important aspects of the KO uterine pathology and provided further cues 

to understanding their implantation failure. With the exception of one 

implantation site (Figure 5.5B), embryos in KO uteri were not found 

attaching to the uterine epithelium to the extent they were attaching to the 

Controls (Figure 5.5). Furthermore, the blastocysts from KO 

implantation sites appeared morphologically abnormal compared to 
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Controls. These observations complemented the flushing experiments 

and flushed embryo appearance as described in Sections 4.3.2 and 4.3.3 

of Chapter 4. This poor attachment may be the result of insufficient 

differentiation and preparation of the uterine epithelium for implantation, 

as indicated by the persistent proliferation of the epithelial cells at 4.5dpc 

(Figure 5.7). In this respect, it is possible that KO epithelia do not 

express the appropriate adhesion molecules to mediate blastocyst 

attachment. The latter issue is dealt with in Chapter 6 and specifically in 

Section 6.3.5.  

 

With regard to the attachment, results in Figure 5.5 are coming from the 

faintly-stained implantation sites that are evident in KO uteri at 4.5dpc. It 

is generally perceived that blue staining occurs after a successful 

attachment (Das et al, 1994), even though the pathway that leads from 

the attachment to the increased vascular permeability needed for 

implantation site staining by Chicago Sky Blue is not known. This 

indicates that the embryos developing in the KO reproductive tract are 

able to initiate some steps in the attachment pathway.  

 

Another notable abnormality in 4.5dpc KO uteri was the diminished 

closure of the uterine lumen. Whereas in most KO implantation sites 

observed the uterine lumen appeared slightly more dilated than Controls, 

in one KO implantation site the lumen was grossly dilated (Figure 5.5C) 

The closure of the uterine lumen is dependent on the action of 

progesterone in the uterus that causes luminal fluid absorption (Salleh et 

al, 2005). Mice deficient for the progesterone-inducible genes Leukemia 

inhibitory factor (Lif) and Fk506 binding protein 4 (Fkbp52) also show 

defective luminal closure (Fouladi-Nashta et al, 2005; Tranguch et al, 

2005b) analogous to the KO females. After the inability of KO uterine 

epithelial cells to cease proliferation at 4.5dpc (a progesterone mediated 
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effect), the less pronounced luminal closure is another indication of 

defective progesterone signaling.  

 

Unfortunately there are no strong intermediate molecular links that 

connect progesterone action to fluid absorption in the uterus. The 

progesterone-inducible prostaglandin PGE2 receptor EP3 is expressed in 

the uterine stroma as well as myometrium at 3.5 to 4.5dpc and has been 

proposed that it may also participate in fluid absorption and uterine 

luminal closure (Yang et al, 1997).  PGE2 is know to regulate Na+ and 

water absorption in the kidney (Nakao et al, 1989) and it is possible that 

it may perform the same actions in the uterus via EP3. Furthermore, EP3 

receptor is a GPCR that activates Gαq and consequently PLCβ isozymes. 

It is likely therefore that impairment of PLCβ1 action in KO females 

results in poor PGE2 signaling via EP3 resulting in dimimished luminal 

closure.  

 

Finally, the histological examination of KO implantation sites revealed 

that signs of decidualisation are absent. At 4.5dpc decidualisation is just 

starting and a zone of densely packed cells in the stroma around the 

blastocyst, the primary decidual zone, becomes evident histologically in 

Control but not KO implantation sites (red circles, Figure 5.5). 

Decidualisation is controlled by progesterone and loss of progesterone 

receptor abolishes decidualisation when uteri are challenged with a 

deciduogenic stimulus (Lydon et al, 1995), however estrogen has also 

been implicated in the decidualisation process (unpublished data, as 

presented in the review by Ramathal et al, 2010). Decidualisation is 

physiologically triggered by or during embryo attachment, and the lack 

primary decidual zones in KO animals may be explained by this. 

However, no decidual zone is observed in the KO implantation site 

shown in Figure 5.5B (which shows a considerable degree of attachment 

comparable to Control), therefore indicating that KO uteri are unable to 
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decidualise. Given that progesterone is essential for decidualisation and 

that KO uteri are suspected to have progesterone-related problems (as 

shown by the epithelial cell proliferation assay and the diminished 

luminal closure) it is not surprising that KO implantation sites do not 

show signs of decidualisation. Furthermore, preliminary results from 

experiments carried out in the laboratory by Dr Alison Murray (after the 

completion of the experimental work for this Thesis) indicate that KO 

uteri do not show decidualisation in response to oil injections. Overall, 

the H+E histological examination has provided further insights to the 

implantation failure phenotype of KO female mice, complementing the 

flushing experiments of Chapter 4 and showing that the essential 

processes of luminal closure, blastocyst attachment and decidualisation 

are defective in KO uteri.  

 

 

5.5 Final conclusions and Remarks.  

 

In this Chapter the uteri of KO mice were examined to investigate how 

their anatomy and physiology during early development, the estrus cycle 

and at the time of implantation. The results presented here show that KO 

females have properly formed and developed uteri and indicate that KO 

uteri have the ability to show cyclic changes during the estrus cycle. This 

cues to a normal response of the KO uteri to the ovarian steroids estrogen 

and progesterone that control these cyclic chances. However, at the time 

of implantation 4.5dpc, KO uteri show persistent luminal epithelial cell 

proliferation, diminished luminal closure and lack of decidualisation 

which are consistent with defective progesterone signalling. In addition, 

embryos fail to show intimate contacts with the uterine epithelium, thus 

reinforcing histologically the increased retrieval of embryos after 

flushing KO uteri at 4.5dpc. Overall, the results provided a deeper 

understanding of the post-ovulatory reproductive block of KO females at 
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the histological level. The further investigation of this block is described 

in the next Chapter.  
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Chapter 6 – Molecular profiling of 4.5dpc KO uteri 

 

6.1 Introduction 

 

6.1.1 Estrogen and Progesterone in the uterine preparation for 

implantation 

 

Successful implantation and establishment of pregnancy requires the 

preparation of both the uterus and the embryo. Uterine preparation and 

receptivity are primarily controlled by the ovarian steroids estrogen and 

progesterone that exert their effects in the uterus in a timed manner 

during the pre- and peri- implantation period. Briefly, rising levels of 

preovulatory estrogen initiate uterine preparation by driving the 

proliferation of uterine epithelial cells; proliferation continues for the first 

two days of pregnancy (Huet-Hudson et al, 1989). Stromal cell 

proliferation is initiated on the 3rd day of pregnancy by rising 

progesterone levels from the newly formed corpora lutea and this 

continues throughout the 3rd, 4th and 5th day of pregnancy (Huet-Hudson 

et al, 1989). During the 4th day of pregnancy a surge of estrogen is 

necessary to open the implantation window in the murine uterus (Ma et 

al, 2003) and marks the receptive phase of the uterine endometrium. 

 

Estrogen and progesterone exert their effects through their cognate 

receptors. Mice have two estrogen receptors ER-α and ER-β which are 

the products of the two different genes Esr1 and Esr2 respectively. 

Estrogen appears to mediate its effects in the uterus during the pre- and 

peri-implantation period primarily through ER-α which is strongly 

expressed in the luminal and glandular epithelium on days 0.5 and 1.5dpc 

of pregnancy, and extends to the stroma during 2.5 and 3.5dpc (Tan et al, 

1999). By 4.5dpc ER-α is strongly expressed at the glandular epithelium 

and the stroma whereas its overall levels drop at the implantation sites 

(Tan et al, 1999).  On the other hand, the effects of progesterone are 
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mediated by the two progesterone receptors PR-A and PR-B which are 

spice variants of the Prg gene. PR-A and PR-B levels are low in the first 

two days of pregnancy but their expression is upregulated in the luminal 

epithelium and stroma on 3.5dpc whereas it remains confined to the 

stroma at 4.5dpc (Tan et al, 1999).  

 

Estrogen and progesterone receptors are DNA-binding receptors and 

upon binding of their cognate ligand they translocate from the cytoplasm 

to the nucleus where they bind to DNA elements and regulate 

transcription of their target genes. The latter allows for indirect 

measurements of estrogen and progesterone effects in tissues by 

measuring mRNA levels of their immediate downstream genes. Of 

particular relevance in the uterus, the Lactoferrin gene contains EREs on 

its promoter region and its transcription is activated by estrogen receptor 

binding in the uterus (Klein-Hitpass et al, 1988; Ray and Das, 2006), 

whereas Amphiregulin is a progesterone-regulated  (Das et al, 1995). 

Both Lactoferrin and Amphiregulin mRNA measurements have been 

employed previously to probe estrogen and progesterone responsiveness 

respectively in the uterus (Chen et al, 2009; Curtis et al, 1999). 

 

6.1.2 Molecules in the Preparation of uterus for implantation 

 

The action of estrogen and progesterone in the uterus during the pre- and 

peri-implantation period affects the spatiotemporal regulation of a 

plethora of genes. As already mentioned in Section 1.1.5, transcriptomics 

have identified that the estrogen surge on the 4th day changes the 

expression of more than 200 genes in both the stroma and the epithelium 

(Hamatani et al, 2004b). On the other hand, similar high-throughput 

methods in analysis of gene expression have not yet been employed in 

the examination of uterine preparation for implantation during days 0.5-

4.5dpc in mice. Nevertheless, an abundance of classical molecular 

biology approaches coupled with valuable data from mouse KO models 
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have identified genes essential for implantation and have studied their 

expression during the preimplantation period in the uterus. Notable 

regulatory pathways that are involved in uterine preparation as well as 

the process of implantation include cytokines, homeobox transcription 

factors, signalling molecules, adhesion molecules as well as the 

angiogenesis and vascularisation system.  

 

6.1.2.1 From apposition to attachment  

 

During the peri-implantation period the uterine lumen collapses and 

brings the embryo in close apposition to the uterine epithelium. This 

appears to be necessary for allowing the paracrine signalling between the 

embryo and the uterus that will eventually lead to successful attachment 

and penetration. One of the earliest markers expressed during these initial 

stages of embryo-maternal interactions is HB-EGF; HB-EGF is a 

member of the EGF family of growth factors and is expressed at the sites 

of blastocyst apposition prior to attachment at the end of 3rd-beginning of 

4th dpc (Raab et al, 1996; Das et al, 1994). Expression of HB-EGF at the 

implantation sites is triggered by activated blastocysts after the estrogen 

surge that opens the implantation window (Das et al, 1994). HB-EGF 

mRNA and protein are also under the control of estrogen and 

progesterone; estrogen stimulates HB-EGF expression at the luminal 

epithelium whereas estrogen and progesterone together stimulate its 

expression at the stroma (Wang et al, 1994). HB-EGF is also expressed 

on the trophectoderm of peri-implantation blastocysts (Raab et al, 1996). 

HB-EGF has been shown to mediate the maturation of the blastocyst by 

promoting hatching from the zona pellucida and trophoblast outgrowth 

(Mishra and Seshagiri, 2000; Martin et al, 1998), whereas both 

embryonic and maternal HB-EGF have been suggested to play a role in 

attachment (Paria et al, 1999a). Consistent with its demonstrated roles in 

pregnancy, loss of maternal HB-EGF in the uterus leads to poor 

pregnancy outcomes (Xie et al, 2007). 
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Attachment is regulated by a plethora of cell-surface and extracellular 

proteins that includes representatives from all four families of adhesion 

molecules; cadherins, integrins, carbohydrate-binding receptors and 

immunoglobulin superfamily members (extensively reviewed in Kimber 

and Spanswick, 2000; Aplin, 1997; Aplin et al, 1994; Merviel et al, 

2001). Presence of MUC1, a cell-surface glycoprotein from the mucins 

family is thought to mask adhesion molecules on the surface of luminal 

epithelia cells (Aplin et al, 2001). MUC1 expression is under the control 

of ovarian steroids; MUC1 is expressed on the epithelial cells during the 

proliferative phase presumably under the response to estrogen, yet it is 

downregulated under the effect of progesterone during the receptive 

phase (Braga and Gendler, 1993; Braayman et al, 2006), thus exposing 

the adhesion molecules that will mediate blastocyst attachment.  

 

Initial tethering of the embryo to the luminal epithelium is thought to be 

mediated by the carbohydrate-binding receptors selectins and galectins 

(Poirier and Kimber, 1997). L-selectin is present both in the blastocyst 

and the uterine epithelium and their expression increases during the 

implantation window (Stones, 1999). From the galectins, galectin-1 and -

3 have been implicated in murine implantation (Poirier et al, 1992; 

Weitlauf and Kinsley, 1992). Heparan Sulphate Proteoglycan (HSPG) as 

well as HB-EGF as mentioned above may also play a role in the initial 

attachment; HSPG is expressed at murine implantation-competent 

blastocysts (Carson et al, 1993; Smith et al, 1997) and it is a ligand for 

HB-EGF that is expressed at the luminal epithelium adjacent to the 

blastocyst prior to the attachment (Raab et al, 1996; Das et al, 1994).  

  

After the initial attachment, trophinin, a member of the immunoglobulin 

superfamily and integrins mediate stronger adhesion (as reviewed in 

Kimber and Spanswick, 2000). Trophinin is expressed in both the 

embryo and the uterus from 3.5 to 5.5dpc and its homozygous deletion in 

mouse embryos severely impairs implantation and subsequent 
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development (Nadano et al, 2002). Integrins on the other hand are 

transmembrane heterodimers composed of α and β polypeptides and 

comprise of a whole family of adhesion molecules. There is a number of 

α subunits (α1, α2, α3, α5, α7, αv, αIIB) that combine with a number of β 

subunits (β1, β3, β4, β5, β6) to form the αβ heterocomplexes. αβ 

heterocomplexes on adjacent cells bind to each other with the mediation 

of a intermediate ligands that include collagens, fibronectin, laminins, 

perlecan and  fibrinogen. A variety of integrin heterodimers that include 

α1β1, α4β1, α5β1, αvβ3, αvβ5 and αvβ6 are expressed by the blastocyst 

and/or the endometrium in mice and humans have been implicated in the 

attachment reaction (as reviewed in Kimber and Spanswick, 2000; 

Merviel et al, 2001; Aplin, 1997). With the exception of the β1 subunit, 

none of the other α or β subunits has been found to have an obligatory 

role in implantation, implying that they may have redundant roles. The β1 

subunit on the other hand has been implicated in implantation process; 

β1-null blastocysts can have developmental abnormalities of their inner 

cell mass, collapsed blastocoel and progressively degenerate from 4.5dpc 

onward that results in peri-implantation lethality (Fässler and Meyer, 

1995; Stephens et al, 1995). The latter peri-implantation lethality is 

attributed to the inability of β1 null blastocysts to invade the subepithelial 

stroma (Stephens et al, 1995), showing that β1 is necessary at much later 

stages of the implantation process.  

 

6.1.2.2 Signalling, angiogenesis and vascularisation during 

implantation 

 

Successful attachment of the blastocyst on the luminal epithelium 

correlates with a number of uterine responses. Macroscopically, the areas 

of blastocyst attachment show increased vascular permeability which is 

employed in the visualisation of early implantation sites in mice injected 

with Chicago Sky Blue dye. This increased vascular permeability is 

thought to be the result of successful attachment (Das et at, 1994).  
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Consistent with the increase in vascular permeability on the attachment 

sites, the components of the angiopoietic and vascularisation system 

Vascular Endothelial Growth Factor (VEGF) and its receptors Fetal 

Liver Kinase 1 (FLK1) and Fms-related tyrosine kinase 1 (FLT1) are 

more densely sequestered in the implantation sites from 4.5dpc onwards 

(Chakrabotry et al, 1995). Whereas FLK1 receptor activation controls 

primarily vascular permeability, angiogenesis is under the control of both 

FLK1 and FLT1 (Chakrabotry et al, 1995). Angiogenesis and vascular 

permeability in implantation may also controlled by the gene Ptgs2 that 

encodes the Cyclo-oxygenase 2 (COX2) protein (Matsumoto et al, 2002). 

COX2 is the rate-limiting enzyme for the production of prostaglandins, 

which are small molecule lipid mediators with vasoactive, mitogenic and 

differentiating properties. VEGF, FLT1 and FLK1 are aberrantly 

expressed in the implantation sites of Ptgs2 null mice (Matsumoto et al, 

2002). Ptgs2 also is associated with a number of reproductive processes 

and Ptgs2 null female mice have defective ovulation, fertilisation, 

implantation and decidualisation (Lim et al, 1997). Ptgs2 is upregulated 

in the luminal epithelium and subepithelial stroma in implantation sites 

whereas the GPCR for lysophosphatidic acid LPAR3 has been implicated 

in the signalling pathway that leads to this Ptgs2 upregulation 

(Chakrabotry et al, 1996; Ye et al, 2005).   

 

6.1.2.3 Endocannabinoids and implantation 

 

Another system that plays important role during the implantation process 

is the endocannabinoid system. Endocannabinoids, like prostaglandins 

are small lipid mediators that exert their effects through the GPCR 

receptors CB1 and CB2. Two main endocannabinoids have been 

identified in mammals, anandamide and 2-arachodonoyl glycerol (2-AG) 

and they are highly concentrated in the uterus (Paria and Dey, 2000). 

Anandamide and 2-AG levels are downregulated in implantation sites 

and this is though to be important for subsequent implantation (Wang et 
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al, 2007; Scchmid et al, 1997). The enzymes FAAH and Monoacyl 

Glycerol Lipase (MAGL) degrade anandamide and 2-AG respectively 

and their protein levels are upregulated in implantation sites (Wang et al, 

2007). In a similar fashion, the enzymes Diacyl Glycerol Lipase (DAGL) 

and N-Acyl Phosphatidylthanolamine Phospholipase D (NAPE-PLD) 

that are involved in the synthesis of anadamide and 2-AG respectively 

are downregulated in implantation sites (Wang et al, 2007). Furthermore, 

FAAH induction in the uterus occurs in response to a lipid mediator 

secreted from the blastocyst (Maccarrone et al, 2004) whereas loss of 

maternal FAAH in mice causes delayed implantation, weakly stained 

implantation sites and asynchronous embryo development (Wang et al, 

2006). The concentration of endocannabinoids has been demonstrated to 

have crucial effects on pre- and peri-implantation embryo development; 

high endocannabinoid concentration or CB1/CB2 agonists impairs 

blastocyst development, trophectoderm proliferation and zona hatching, 

whereas low endocannabinoid concentrations have the opposite effect 

(reviewed in as reviewed by Fride, 2008). Overall, the endocannabinoid 

system has multiple and diverse roles during the establishment of 

pregnancy.  

 

6.1.2.4 Other mediators of uterine preparation; Homeobox genes and 

Cytokines 

 

Mouse knockout models have identified the Homeobox A genes 

HOXA10 and HOXA11 as well as the cytokine LIF as important factors 

in uterine preparation, implantation and decidualisation (Lim et al, 1999; 

Gendron et al, 1997; Stewart et al, 1992). Hoxa10, Hoxa11 and Lif 

mRNAs have distinct spatiotemporal expression profiles during the pre- 

and peri-implantation period in the uterus. Hoxa10 and Hoxa11 are 

expressed in the uterine stroma during the receptive phase (Lim et al, 

1999; Gendron et al, 1997). On the other hand Lif, a cytokine of the 

interleukin 6 family, is essential for uterine preparation and implantation 
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and mice lacking Lif fail to implant (Stewart et al, 1992; Song et al, 

2000). Lif is expressed at the luminal epithelium at 0.5dpc, the glandular 

epithelium at 3.5dpc and the stroma that surrounds the blastocyst at 

4.5dpc (Song et al, 2000). Lif is under the control of estrogen and Lif-

deficient uteri show dysregulation of the implantation-specific genes 

Ptgs2 and Hb-egf as well as the progesterone-responsive gene 

Amphiregulin, while blastocysts fail to attach to the uterine epithelium 

(Song et al, 2000; Stewart et al, 1992).  

 

The homeobox gene Hoxa10 has been identified as one of the key 

regulators of uterine development as well as uterine preparation by 

controlling the expression of a host of different genes with emphasis on 

genes with roles in cell cycle regulation (Das et al, 1999; Yue et al, 

2005). Its expression is generally upregulated in response to progesterone 

and downregulated in response to estrogen (Ma et al, 1998; Lim et al, 

1999). Hoxa10 expression moves from the luminal and glandular 

epithelium on days 0.5 and 1.5dpc to the stroma on days 2.5 and 3.5 

when the uterus is under the influence of progesterone (Satokata et al, 

1995). During the implantation window at 4.5dpc its expression is 

restricted to the subepithelial stroma (Lim et al, 1999; Gendron et al, 

1997). Hoxa10 deficient female mice have minor homeotic 

transformation in their urogenital tracts, are severely subfertile, their 

embryos show retarded development, poor attachment reaction, 

diminished Chicago Sky dye staining at the implantation sites, 

(analogous to the phenotype of Plcβ1 KO uteri at 4.5dpc) and defective 

decidualisation whereas pregnancies rarely develop past 8.5dpc (Benson 

et al, 1996). The compromised fertility of Hoxa10 deficient mice is not 

thought to be the result of homeotic transformations but rather of the lack 

of action of Hoxa10 in the uterus during the pre- and peri-implantation 

development. Hoxa10 show decreased stromal cell proliferation in 

response to progesterone (Lim et al, 1999), aberrant expression of Cyclin 

D3 (Das et al, 1999) which is a cell-cycle regulator strongly implicated in 
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decidualisation (Das et al, 1999; Tan et al, 2004) as well as aberrant 

COX2 expression (Lim et al, 1999). Hoxa10 deficiency however does 

not abolish embryo attachment and the phenotype of KO mouse model 

does not show complete penetrance, indicating that Hoxa10 is not an 

absolute requirement for implantation and/or it can be compensated by 

other genes.   

 

In a manner analogous to Hoxa10, Hoxa11 has very similar expression 

profile to Hoxa10 and has been proposed to have overlapping roles with 

the latter (Gendron et al, 1997; Wang and Dey, 2006). Hoxa11 deficient 

females have more severe developmental phenotype, with uteri being 

hypoplastic and exhibiting fewer glands (Gendron et al, 1997). Hoxa11 

female uteri fail to show normal estrogen- and progesterone-induced 

proliferation during estrous cycle and early pregnancy and Hoxa11 

deficient females are infertile and cannot decidualise (Gendron et al, 

1997). Whereas Lif is normally expressed in Hoxa10 deficient uteri, its 

expression is absent in Hoxa11 deficient uteri (Gendron et al, 1997), 

further indicating that Hoxa11 might be crucial to uterine preparation as 

well as implantation.  

 

6.1.3 Aims of Chapter 6 

 

There is a host of genes that control the uterus in its preparation for 

implantation as well as for implantation itself, yet it is currently unknown 

if any of them are misregulated in Plcβ1 KO uteri. For this reason, the 

expression of selected genes that have been shown to have roles crucial 

for the implantation process are probed in this Chapter. In addition, the 

dynamics of PLCβ1 expression during pre- and peri-implantation stages 

in the uterus is investigated. More specifically the aims of this Chapter 

are: 
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a) To investigate the expression of PLCβ1 protein in Control pre- 

implantation and peri-implantation uteri as well as the expression of 

Plcβ1 mRNA in implantation sites. 

b) To investigate the expression of Plcβ2, Plcβ3 and Plcβ4 in Control 

and KO uteri to see if compensatory mechanisms are activated in the 

absence of PLCβ1 protein. 

c) To investigate the expression of components of the ovarian steroid 

signaling, angiogenesis and vascularisation signaling, adhesion 

molecules, and other mediators essential for successful implantation 

 

 

6.2 Material and Methods 

 

6.2.1 Animals and Tissue acquisition 

 

All animals were obtained from the Plcβ1 transgenic mouse colony that 

was maintained as described in Section 2.2.2. 4.5dpc pregnant material 

was obtained by superovulating, mating and perfusing KO and Control 

females as described in Section 2.2.4.  

 

6.2.2 Immunohistochemistry and histological dyes 

  

Uterine tissues were fixed, processed and sectioned as described in 

Section 2.2.9 and immunohistochemistry was performed as described in 

Section 2.2.10. For the analysis of PLCβ1 expression in Control pre- and 

peri-implantation uteri, sections from at least 3 sections from at 3 Control 

animals from each 0.5, 1.5, 2.5, 3.5 and 4.5dpc were probed with the 

polyclonal rabbit anti-PLCβ1 antibody R-223 (Santa Cruz, #sc-205) used 

at 1/100 dilution in Blocking Solution. For the expression and 

localisation of proteins in Control and KO uteri of ERα, the mouse 

monoclonal anti-ERα (Novocastra, #NCL-ER-6F11) was used at a 1/100 

dilution in Blocking Solution. For the expression of integrin β1 complex, 



Chapter 6  Molecular profiling of 4.5dpc KO uteri 
 

129 

the anti-integrin β1 antibody (Abcam, #ab52971) was used at a 1/100 

dilution in Blocking Solution. Finally, for the expression of FAAH and 

MAGL, the rabbit polyclonal anti-FAAH (Cayman, #101600) and the 

rabbit polyclonal anti-MAGL (Abcam, #ab24701) were used at a 1/100 

dilution in Blocking Solution.   

 

For the visualisaion of mucins on the uterine luminal epithelium, uterine 

tissues that were fixed, processed and sectioned as described in Section 

2.2.9 were stained with the composite histological dye Gomori 

Trichrome (Polysciences, #24205) according to the manufacturer’s 

specifications.  

 

6.2.3 RNA extraction, cDNA synthesis, Real-time PCR and Western 

Blots 

 

RNA extraction from Control and KO 4.5dpc implantation and 

interimplantation uterine sites, cDNA synthesis form this material and 

Real-time PCR was performed as described in Section 2.2.6. Primers for 

all the genes quantified by Real-time PCR were designed according to 

the guidelines outlined in Section 2.2.7. The primers sequences and their 

annealing temperatures are shown in Table 6.1. The primer sequence and 

the annealing temperature for the isoforms a and b of Plcβ1 are shown in 

Table 3.1. Real time PCR was performed using the housekeeping gene 

Gapdh as a reference.  

 

6.2.4 Analysis and Presentation of Real-Time Results 

 

For the genes whose expression was compared between Control and KO 

4.5dpc uteri (i.e. Plcβ2, Plcβ3, Plcβ4, Vegfa, Flt-1, Flk-1, Ccd3, Hoxa10, 

Lif, Ptgs2, PrR, Era, Amphiregulin and Lactoferrin) 3 Pairs of Control 

and KO were used. While this is clearly a disappointingly small sample 

size this was the total number of animal pairs from which 4.5dpc  
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Table 6.1: The sequences, product size and optimum annealing temperatures are 

shown for the primers used in this Chapter for the DNA (mRNA) quantifications 

described in this Chapter.   

 
Gene 

 
Primer Sequences 

 
Product 
Size (bp) 

 
Annealing 

temperature 
 

Amphiregulin 

 

Fw:  FGACTCACAGCGAGGATGACA 
 

Rev: GGCTTGGCAATGATTCAACT 

 
249 

 
57ºC 

 
 

Ccnd3 

 

Fw:  CAAAAAGCATGCCCAGACC 
 

Rev: GTCCACTTCAGTGCCTGTGA 

 
181 

 
59ºC 

 
Er-α 

 

Fw:  TGAAAGGCGGCATACGGAAAG 
 

Rev: CACCCATTTCATTTCGGCCTTC 

 
93 

 
59ºC 

 
FLK-1 

 

Fw:  GGCGGTGGTGACAGTATCTT 
 

Rev: GTCACTGACAGAGGCGATGA 

 
162 

 
55ºC 

 
FLT-1 

 

Fw:  TGAGGAGCTTTCACCGAACT 
 

Rev: AGCTGGAGAAGCAGAAGCTG 

 
206 

 
59ºC 

 
Hoxa10 

 

Fw:  CAGCCCCTTCAGAAAACAGT 
 

Rev: AAACTCCTTCTCCAGCTCCA 

 
156 

 
59ºC 

 
 

Lactoferrin 

 

Fw:  CAGCCCCTTCAGAAAACAGT 
 

Rev: AAACTCCTTCTCCAGCTCCA 

 
159 

 
59ºC 

 
Lif 

 

Fw:  AAAAGCTATGTGCGCCTAACA 
 

Rev: GTATGCGACCATCCGATACAG 

98  
59ºC 

 
Plcβ2 

 

Fw:  CATGACCAAGGTCACCACAG 
 

Rev: CCCTTCATCTTGGCCTCATA 

 
228 

 
57ºC 

 
Plcβ3 

 

Fw: AGAAGCAGAGAGACCCGAGA 
 

Rev: TCCAGAGGCAGGATACCATT 

 
203 

 
57ºC 

 
Plcbβ4 

 

Fw:  GCTACCACGAACATCCATCC 
 

Rev: CGGCTCATTTGTCGCTTATT 

 
194 

 
57ºC 

 
Pr 

 

Fw:CTTGCATGATCTTGTGAAACAGC 
 
Rev:GGAAATTCCACAGCCAGTGTCC 

 
59 

 
57ºC 

 
Ptgs2 

 

Fw: AAGCGAGGACCTGGGTTCA 
 
Rev: AGGCGCAGTTTATGTTGTCTGT 

 
77 

 
58ºC 

 
Vegfa 

 

Fw: CAGATCATGCGGATCAAACC 
 

Rev:TTTCTGGCTTTGTTCTGTCTTTC 

 
110 

 
59ºC 
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pregnant tissue could be obtained after extensive experimentation. The 

reasons for the very low sample size are explained in Section 1.6. A 

single Pair (KO and its Control) was analysed for one gene at the same 

time in each and every Real-time PCR run performed. In each run a 

given gene was quantified in three different interimplantation and 

implantation sample sites from the Control and KO uterus. In the end of 

the analysis for a given gene, and after all the results had been 

normalised against the housekeeping gene Gapdh and averaged, it was 

possible to analyse the data in several ways and derive different types of 

information, as shown in Figure 6.1 and further explained by drawing an 

imaginary example  in Figure 6.2: 

 

1. The first type of analysis (Analysis I) compares the relative amount 

of mRNA of a gene in implantation sites against interimplantation 

sites in Controls and also shows how relative amounts in KO 

implantation and interimplantation sites compare. For this analysis, 

all measurements from a given Control and KO Pairs were 

normalised against the amount found in Control interimplantation 

sites (given the arbitrary value of 1), then averaged among all three 

Pairs as shown in Figure 6.1. In the imaginary example shown in 

Figure 6.2 (left panel), the expression of Your favourite gene (Yfg) in 

implantation sites of Controls drops relative to the interimplantation 

sites but KO interimplantation and implantation sites have far higher 

levels of Yfg compared to the Control interimplantation sites, 

showing that in KO uteri Yfg is found at abnormally high levels.  

 

2. The second type of analysis (Analysis II) aims to show how the 

relative amount of Yfg in implantation sites compare to those in their 

interimplantation sites in KOs. Analysis I already shows how the 

relative amounts of Yfg in implantation sites of Controls compare to 

the interimplantation sites of Controls, but does not demonstrate this 

for KOs. In contrast to Analysis I, Analysis II aims to show whether a  
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Real-Time Analysis, Data Pooling and Normalisation Scheme 

Real-Time PCR run for Pair 1 
(normalised against Gapdh)

3 Control
interimplantation
sites + duplicates

3 Control
implantation sites + 

duplicates

3 KO
implantation 

sites + duplicates

3 KO
interimplantation
sites + duplicates

Average

Average

Average

Average

Analysis I:

Set value as 1

Normalise against 
Control 

interimplantation

Average with 
data from 
other Pairs

Average with 
data from 
other Pairs

Average with 
data from 
other Pairs

Analysis II:

Set value as 1

Normalise against 
Control 

interimplantation

Set value as 1

Normalise against 
KO 

interimplantation

Average with 
data from 
other Pairs

Average with 
data from 
other Pairs

Average with 
data from 
other Pairs

Average with 
data from 
other Pairs

Average with 
data from 
other Pairs

Normalise against 
Control 

interimplantation

Normalise against 
Control 

interimplantation

Figure 6.1: In Analysis I, Yfg levels in Control implantation, KO interimplantation 

and KO implantation sites are normalised against the Yfg levels in Control 

interimplantation sites. In Analysis II, Yfg levels in Control implantation sites is 

normalised against Yfg levels in Control interimplantation sites (identical to 

Analysis I) whereas Yfg levels in KO implantation sites is normalised against 

Yfg levels in KO interimplantation sites 

 

 
Figure 6.2:  A hypothetical example showing both Analysis I (left panel) and 

Analysis II (right panel) of the Real-time PCR results separated by a dotted line. 

Note that for Analysis II, the Control interimplantation and the Control 

implantation results are identical to Analysis I and they are not repeated on the 

Analysis II panel.  
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gene is differentially regulated in KO implantation sites of versus 

KO interimplantation sites. Within each Pair, the Control 

implantation sites were normalised against the Control 

interimplantation sites (which were given the arbitrary value of 1, in 

the exact same manner as Analysis I) while KO implantation sites 

were normalised against KO interimplantation sites prior to 

averaging values among the three Pairs. Analysis II shows therefore 

whether a give gene is differentially regulated in implantation versus 

interimplantation sites of KO uteri as well. In the imaginary example 

shown in Figure 6.2, Analysis II shows that in addition to Yfg levels 

being much higher in KO interimplantation and implantation sites 

compared to Control interimplantation sites (Analysis I, left panel), 

the KO uteri also fail to downregulate the levels of Yfg in their 

implantation sites compared to the interimplantation sites (right 

panel, Analysis II), which is contrary to how the levels of Yfg are 

modified in Control implantation sites (Analysis I for Controls, left 

panel.  

 

6.2.5 Protein extraction, Protein Staining and Western Blotting 

 

Proteins were extracted from uterine samples and Western blots were 

performed and proteins stained as described in Section 2.2.8. For the 

Western blots, COX2 protein was probed on the nitrocellulose 

membranes with the polyclonal goat anti-COX2 antibody (Santa Cruz, 

#sc-1747) diluted in Blocking Buffer 1/1000 and secondarily probed with 

the donkey anti-goat fluorescent antibody (AlexaFluor, #A21084)  

diluted in Blocking Buffer 1/10,000).  Murine Serum Albumin (MSA) 

was probed using the polyclonal rabbit anti-MSA (Abcam, #ab19196) 

diluted in Blocking Buffer 1/40,000 and was secondarily probed with the 

goat anti-rabbit fluorescent antibody (Li-Cor, #926-32211) diluted in 

Blocking Buffer 1/10,000.  
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For the MSA depletion of uterine samples, the Qproteome Murine 

Albumin Depletion Kit (Qiagen, #37591) was used according to the 

manufacturer’s recommendations.  Briefly, 100µg of Control uterine 

protein extracts were diluted to a volume of 500µl and passed through a 

bead-containing liquid chromatographic column. Both the flow-through 

as well as the beads that bound MSA were collected. Mock MSA-

depleted samples were also prepared by diluting 100µg of Control 

protein uterine extracts to a volume of 500µl. These mock-depleted 

protein extracts were incubating them on ice for as long as the MSA 

depletion was performed. In order to concentrate the proteins from the  

flow-through MSA-depleted and the mock depleted samples so as to use 

them in Western Blots, 2000µl of acetone pre-chilled to -20ºC were 

added to the 500µl of the flow through and then centrifuged to 13,000 x g 

for 1n hour at -10 ºC to collect the precipitates. The supernatant was 

discarded and the precipitated proteins were reconstituted to 50µl of 

Lysis Buffer.  

 

 

6.3 Results 

 

6.3.1 Expression of Plcβ1 in Control uteri during early pregnancy 

and implantation 

 

Since maternal Plcβ1 is essential for implantation, its expression in the 

uterus was examined during the first days of pregnancy to examine 

whether is likely to play a role in uterine preparation for implantation as 

well as implantation itself. It has already been demonstrated that Control 

non-pregnant uteri express both a and b isoforms of Plcβ1 mRNA and 

PLCβ1 protein and IHC has shown that PLCβ1 isoform a is localised in 

the uterine epithelial cells (Sections 3.3.1, 3.3.4 and 3.3.5). It is however 

unknown how PLCβ1 is expressed and where it is localised during the 

uterine preimplantation preparation and at the time of implantation.  
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Figure 6.3: Expression of PLCβ1 isoform a in the uterus during days 0.5-4.5 of 

pregnancy. PLCβ1 is expressed in pregnant uteri throughout the 

preimplantation period (0.5-3.5dpc) as well at the implantation sites and the 

embryo at 4.5dpc. PLCβ1 is expressed in luminal and glandular epithelium 

throughout 0.5-4.5dpc and its signal is markedly increased at 1.5dpc. At 0.5 and 

1.5dpc its expression is also noted on the stroma. White arrows point to PLCβ1 

in the stroma; green arrow indicate blastocyst. Abbreviations: le: luminal 

epithelium; st: stroma Scale bars: 150µm. 3 different Control animals from each 

of 0.5, 1.5, 2.5, 3.5 and 4.5dpc were examined.  

 

Two antibodies were available for the immunohistological analysis of 

PLCβ1 in the uterus; R-233 that recognises both isoforms α and β and G-

12 that only recognises the isoform α in Western Blots (Figure 3.9). 

Unfortunately, IHC in uterine section using the R-233 antibody produced 

no signal and it was therefore not used. The α isoform however produced 

signal and was therefore used for the IHC analysis. PLCβ1 isoform α is 

expressed on the luminal and glandular epithelium throughout 0.5-4.5dpc 

in the uteri of Control animals (Figure 6.3). Its subcellular localisation is 

strictly cytoplasmic and appears to be associated with the cytoplasmic 

membrane. The latter is consistent with the role of PLCβ1 as a mediator 
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of GPCR signalling. PLCβ1 signal was also detected in the stroma during 

the days 0.5-1.5dpc and it was considerably stronger on day 1.5dpc 

(Figure 6.3). The continuous expression of PLCβ1 in the luminal and 

glandular epithelia as well as its differential expression in the stroma on 

days 0.5-1.5dpc indicate that it may be involved in the uterine 

preparation for implantation. In addition, the increased expression of 

PLCβ1 during 1.5dpc implies that it may be particularly required in the 

uterus at this stage of uterine preparation. PLCβ1 is also expressed at the 

uterine epithelia on 3.5dpc as well at the implantation sites and the 

embryo on 4.5dpc (Figure 6.3). Interestingly, the expression of PLCβ1 at 

the implantation chamber is absent from the apical membrane of most of 

the epithelial cells adjacent to the blastocyst as well as the apical surface 

of the trophectoderm. This selective exclusion indicates that the presence 

of PLCβ1 is undesirable at the embryo-maternal interface and implies 

that the loss of PLCβ1 serves to suppress GPCR-Gαq signalling in the 

embryo-maternal interface. PLCβ1 also largely absent from the basal 

membranes of uterine epithelia but present at their lateral membranes 

indicating that it plays a role in epithelial communication and/or 

preparation for blastocyst invasion. This selective subcellular localisation 

is not evident in the epithelial cells outside the implantation chamber. 

  

In order to further characterise the roles of PLCβ1 in implantation, its 

expression in implantation sites compared to interimplantation sites at 

4.5dpc was examined. Since immunohistochemical staining is not 

quantifiable, more sensitive and quantifiable methods of detection were 

employed. Initially, Western blotting was used using the R-233 antibody 

to quantify the expression of isoforms a and b. This approach proved 

unfruitful because of the suboptimal quality of the antibody that 

produced Western blots of very poor signal, or increased background 

noise that were unsuitable for quantification. For this reason, real-time  
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Figure 6.4: Mean relative cDNA (mRNA) levels of isoforms a and b of Plcβ1 

between interimplantation (white boxes) and implantation sites (gray boxes). 

The relative amount of each isoform from 3 interimplantation and 3 implantation 

sites from 4 Control animals was normalised against the housekeeping gene 

Gapdh. The amounts of each isoform in the implantation sites is shown relative 

to the interimplantation site. There are no statistically significant differences 

between the levels of isoform a, but there’s a statistically significant 

downregulation of the b isoform at the implantation sites (p<0.05, One Sample 

Two Tailed t-test).  Error bars indicate ±SEM, n=4 

 

PCR was finally employed to quantify the levels of a and b isoforms in 

implantation and interimplantation sites. Real-time PCR with primers 

specific for each Plcβ1 isoform and quantified against the mRNA levels 

of the housekeeping gene Gapdh revealed no statistically significant 

differences for the mRNA levels of isoform a. mRNA levels of isoform b 

however showed a statistically significant downregulation at the 

implantation sites (Figure 6.4). This downregulation shows not only that 

isoform b is differentially expressed at the implantation sites, but also 

that it plays different roles from isoform a in the implantation process.  
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Overall, the expression of PLCβ1 in the uterus during the 

preimplantation and periimplantation period indicate that PLCβ1 is 

involved in uterine preparation for implantation. Its cytoplasmic 

localisation is consistent with its role as a mediator of GPCR signalling. 

PLCβ1 expression on the luminal epithelium during 3.5dpc indicates that 

it may be involved in the initial embryo-uterine communication initially, 

yet it needs to be cleared off the implantation interface at 4.5dpc. At this 

stage, the mainly lateral mainly subcellular localisation of PLCβ1 in 

epithelial cells of the implantation chamber indicates a role at epithelial-

epithelial communication during implantation. Furthermore, the 

downregulation of the isoform b mRNA at the implantation sites 

demonstrates that Plcβ1 plays a dynamic role at this early stage of  

pregnancy establishment. 

 

6.3.2 Expression of Plcβ2, Plcβ3 and Plcβ4 in pregnant 4.5dpcKO  

uteri 

 

Since KO females have a disruption within the Plcβ1 gene that causes 

production of a truncated mRNA, and possibly a truncated protein 

product (Chapter 3), GPCR-PLCβ signalling must be affected. It is 

possible that in the KO uteri the absence of PLCβ1 activity is 

compensated by increasing the species of the other PLCβ isozymes. For 

this reason, the mRNA levels of Plcβ2, Plcβ3 and Plcβ4 were quantified 

in Control and KO uteri. Since the only available pregnant uterine tissue 

from KO females was at the 4.5dpc stage, mRNA levels of the other 

PLCβ isozymes was compared between Controls and KO females at this 

stage of pregnancy. Interimplantation and implantation sites were also 

analysed in both Controls and KO animals to get a better picture of PLCβ 

dynamics in Controls and how they compare with KOs. 

 

The results from the quantification of the mRNA levels of the other 

PLCβ isozymes drew an unexpected picture for signalling dynamics  
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Figure 6.5: Expression of Plcβ2 (Panel A) and Plcβ3 (Panel B) in 

interimplantatiton and implantation sites in Control and KO uteri. All 

measurements are quantified against the housekeeping gene Gapdh. There are 

no significant differences of Plcβ2 and Plcβ3 levels in either Control or KO nor 

are they differentially expressed in implantation sites of either Controls or KOs. 

p>0.05, One Sample Two Tailed t-test). Crosses indicate individual data points 

Error bars indicate ±SEM.  

 

during implantation (Figures 6.5 and 6.6). Neither Plcβ2 nor Plcβ3 are 

differentially regulated in implantation sites of Control animals, however  
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Figure 6.6: Expression of Plcβ4 at interimplantation and implantation sites in 

Control and KO uteri. All measurements are quantified against the 

housekeeping gene Gapdh. Levels of Plcβ4 are significantly downregulated at 

the Control implantation sites but fail to be downregulated in KO uteri 

(p<0.0001, One Sample Two Tailed t-test). Crosses indicate individual data 

points. Error bars indicate ±SEM.  

 

Plcβ4 is significantly downregulated in implantation sites. Plcβ3 levels in 

Control implantation sites had however a non-significant trend for lower 

levels (p=0.193, one sample two-tailed t-test). With the exception of 

Plcβ2 therefore, there appears to be a tendency for lower levels of Plcβ 

mRNAs in implantation sites as it is evident from the measurements for 

Plcβ1 isoform b (Figure 6.4),  Plcβ3 (Figure 6.5B) and Plcβ4 (Figure 

6.6) with the downregulation of both Plcβ1 isoform b and Plcβ4 being 

statistically significant. This indicates a general requirement for a 

physiological downregulation of PLCβ signalling in implantation sites, 

consistent with the absence of PLCβ1 from the apical surfaces of luminal 

epithelia and trophectoderm. Apart from these unexpected observations, 

the results in Figure 6.5 show that KO uteri do not have different mRNA 

levels of Plcβ2, Plcβ3 and Plcβ4 when compared to Control 

interimplanation sites, indicating that lack of PLCβ1 signalling in KOs 
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does not elicit the activation of compensatory mechanisms via the 

transcription (and following translation) of enzymes of the same family. 

Additionally, from the comparison of mRNA levels of Plcβ2-4 between 

the interimplantation and implantation sites of KO uteri, it appears that 

KOs fail to show the physiological downregulation of Plcβ4 and they do 

not demonstrate a similar a trend for lower of Plcβ3 levels in 

implantation sites. The significance of this is unclear, yet it signifies that 

KO uteri fail to demonstrate physiological responses comparable to 

Controls in the presence of an implanting embryo, indicating a failure to 

prepare for implantation and/or to respond to the presence of the embryo.  

 

6.3.3 Expression of steroid hormone receptors and steroid hormone 

responsiveness in KO uteri 

 

The results from Chapter 5 indicate that KO uteri may have disrupted 

progesterone signalling. In order to further examine whether the KO uteri 

are responsive to estrogen and/or progesterone at the time of 

implantation, mRNA levels of Esr1 and Prg were quantified in pregnant 

Control and KO uteri at 4.5dpc using real-time PCR. Whereas primers 

for Esr1 mRNA were specific for this single transcript of the murine Esr1 

gene, Prg primers were designed to detect both isoforms of the Prg gene 

that encodes for PR-A and PR-B. Levels of Esr1 and Prg were measured 

in implantation and interimplantation sites from Control and KO animals 

and were quantified against the housekeeping gene Gapdh. Prg levels 

were uniform among Control and KO implantation and intermplantation 

sites and no differences were noted in the levels of Prg mRNA between 

Control and KO uteri (Figure 6.7A). Esr1 on the other hand was 

markedly downregulated in the implantation sites of Control implantation 

sites. This is in agreement with published observations that demonstrate 

low ERα protein in implantation sites via immunohistochemistry (Das et 

al, 1997) and the result presented here possibly provides the first 

quantification of Esr1 at implantation versus  
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Figure 6.7. Mean relative cDNA (mRNA) levels of Prg (Panel A) and Esr1 

(Panel B) in Control and KO uteri. All measurements are quantified against the 

housekeeping gene Gapdh. There are no significant differences of Prg levels in 

either Control or KO neither is Prg differentially expressed in implantation sites 

of either Controls or KOs. Levels of Esr1 are significantly downregulated in 

Control implantation sites but fail to be downregulated in KO implantation sites 

(p<0.05, One Sample Two Tailed t-test). Crosses indicate individual data points 

Error bars indicate ±SEM.  

 

indicating that defective estrogen signaling occurs at the implantation 

sites of KO females at the time of implantation.   
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Figure 6.8. Mean relative cDNA (mRNA) levels of Amphiregulin (A) and 

Lactoferrin (B) in Control and KO uteri. All measurements are quantified against 

the housekeeping gene Gapdh. There are no significant differences of 

Amphiregulin levels in either Control or KO neither is Amphiregulin differentially 

expressed in implantation sites of either Controls or KOs. There was however a 

trend for larger amounts of Amphiregulin mRNA in the implantation sites of 

Control but not KO implantation sites as well as for larger amounts of 

Amphiregulin in KO uteri. Levels of Lactoferrin were significantly lower in the 

implantation sites of Control (p<0.05, One Sample Two Tailed t-test) but not KO 

implantation sites. Albeit non statistically significant, KO uteri contained larger 

amounts of Lactoferrin. Error bars indicate ±SEM. Crosses indicate individual 

data points. Note the altered y-axis scale in the Amphiregulin graph.  
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interimplantation sites.  Despite this downregulation in Controls, KO 

implantation sites failed to show this downregulation (Figure 6.7B)  

 

In order to further characterize progesterone and estrogen signaling in 

KO uteri, the mRNA levels of the downstream target of progesterone, 

Amphiregulin and estrogen, Lactoferrin were quantified in Control and 

KO uteri. There were no statistically significant differences between 

Control implantation and interimplantation sites in either genes, but there 

was a clear trend for higher levels of Amphiregulin in implantation sites 

(Figure 6.8A). In contrast, neither significant differences nor trends were 

observed in Amphiregulin levels between KO implantation and 

interimplantation sites (Figure 6.8A). Interestingly, there was a non- 

significant trend KO uteri to have high levels of Amphiregulin, similar to 

the trend for higher levels of Amphiregulin in the implantation sites of 

Control uteri (Figure 6.8A). Clearly therefore, it would be of particular 

interest to investigate the expression of this gene more thoroughly when 

more samples will be available. 

 

The levels of Lactoferrin in KO uteri appeared to be at much higher 

levels compared to Control uteri yet due to great variability of the 

measured samples this difference was not statistically significant (Figure 

6.8B). In contrast to Amphiregulin, the expression of Lactoferrin at the 

implantation sites of Control uteri was significantly lower compared to 

interimplantation sites, yet KO uteri fail to demonstrate this 

downregulation (Figure 6.8B). This result is in agreement with the 

downregulation of Esr1 at the implantation sites of Control but no KO 

uteri (figure 6.7B).  

 

The dysregulation of Esr1 and Lactoferrin as well as the trend for higher 

Lactoferrin levels in KO uteri indicated defects in the estrogen signaling 

pathway. For this reason, the localization of ER-α was probed in the 

Control and KO uteri using IHC. ER-α appears to be localized in the  
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Figure 6.9. Expression of ER-α in the uterus of Control and KO females 4.5dpc. 

ER-α is localised in the cytoplasm of luminal epithelial cells as well as in the 

nuclei of a subset of stromal cells of Control uteri. In contrast, KO uteri show 

almost none immunoreactivity to ER-α antibodies. Green arrow indicate 

blastocyst. Abbreviations: le: luminal epithelium; st: stroma Scale bars: 150µm.  

 

cytoplasm of luminal epithelia as well as the nucleus of a subset of 

stromal cells in Control implantation sites (Figure 6.9). Strikingly, almost 

no signal was detected in KO implantation sites with only very few 

stromal cell nuclei and luminal epithelial cytoplasm showing faint 

immunoreactivity against ER-α antibodies (Figure 6.9). The latter is 

surprising and shows that even though there is Esr1 mRNA present in 

KO uteri and even though Lactoferrin expression is high, there is little 

detectable ER-α protein.  

 

Overall, the expression analysis of Prg, Esr1, Amphiregulin and 

Lactoferrin have identified a dramatic impairment in estrogen and 

progesterone signaling, hence providing further cues to the understanding 

of the implantation defect of phenotype of Plcβ1 KO females. These 
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results complement the findings of Sections 5.3.3 and 5.3.4 where 

diminished luminal closure, lack of evidence for PDZ and the presence of 

proliferating luminal epithelial cells in KO implantation sites uteri 

already cued to the defective ovarian steroid signalling.  

 

6.3.4 Expression of Ptgs2, Lif, Hoxa10 and Ccnd3 in Control and KO 

uteri 4.5dpc 

 

The expression profile and cellular localisation of PLCβ1 in the uterus 

indicates that it may be involved in uterine preparation for implantation 

as well as embryo-uterine communication. It was therefore investigated 

whether the genes Hoxa10 and Lif that are associated with uterine 

preparation for implantation as well as Ptgs2 and Ccnd3 that are 

associated with implantation sites and decidualisation are normally 

expressed in KO uteri.  

 

COX2 was probed with the polyclonal goat anti-COX2 antibody that 

specifically recognizes murine COX2 in Western Blot analysis. 

However, in pilot runs of Western blots on uterine extracts from murine 

implantation sites it was unclear whether the antibody recognized COX2. 

Even though Western blots recognize a single band of around 70kDa 

(murine COX2 protein is 604 amino acids long and has a molecular 

weight of 68kDa), I hypothesized that the antibody binds non-specifically 

to another protein. Staining of total uterine protein extracts that have 

been blotted on nitrocellulose membranes with Amido Black shows the 

presence of a thicker band at around ~70kDa (Figure 6.10A). This band 

also stains with other antibodies (most notably the R-233 PLCβ1) (Figure 

6.10A). It was hypothesized that this band is Murine Serum Albumin 

(MSA), an abundant protein in the uterus with a very similar length and 

molecular weight to COX 2 with a length of 608 amino acids and a 

molecular weight of 68kDa.  
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Figure 6.10: A: Amido Black total protein staining, COX2 staining and PLCβ1 

staining in Control protein extracts. A thicker band of ~70kDa is evident in the 

Amido Black protein staining that is similar to the COX2 band and also present 

in the PLCβ1 staining (red arrows). Blue arrows show the position of isoforms a 

and b of PLCβ1. B: a nitrocellulose membrane loaded with 20µg protein/lane 

protein extracts from Control uteri was cut in half and was blotted with either 

anti-COX2 or anti-MSA antibody. The band recognised by COX2 has identical 

migratory behaviour as MSA in polyacrylamide gels. C: Depletion of MSA from 

implantation site protein extracts removes the COX2 staining. Two implantation 

site protein extracts were split in half and were either mock-treated (“-“ sign) or 

treated with an MSA depletion column (“+” sign). Western blotting (20µg 

protein/lane) either with anti-COX2 or anti-MSA antibody showed that the 

putative COX2 staining (red arrowheads) disappeared in the MSA-depleted 

aliquots, indicating that the COX2 antibody non-specifically binds to MSA. MSA 

depletion possibly unmasked the COX2 bands (green arrowheads). The 

Western blots also included a load of 5µl of beads from the MSA depletion 

column as well as 20µg of mouse brain protein extracts as a control for low 

MSA levels.  
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Figure 6.11: Quantification of mRNA levels of Ptgs2 in Control and KO 

implantation and interimplantation sites normalised against Gapdh. Ptgs2 is 

upregulated in Control implantation sites (p<0.05, One Sample one-tailed t-test) 

but KOs fail to show this upregulation. Crosses indicate individual data points. 

Error bars indicate ±SEM. 

 

As is shown in Figure 6.10B, proteins extracts from murine implantation 

sites were run on a membrane that was cut in half and probed with either 

anti-COX2 or anti-MSA antibody show that both antibodies recognize 

proteins(s) that have almost identical migration in the polyacrylamide 

gel. To discern therefore whether anti-COX2 antibody specifically 

recognizes COX2 or whether it binds non-specifically to MSA, protein 

extracts were further treated with an affinity chromatography column that 

specifically depletes MSA from murine protein extracts. As it is shown in 

Figure 6.10C, uterine protein extracts that passed through the column lost 

their MSA which was retained in the column’s beads (bottom panel) and 

at the same time lost the putative COX2 bands (upper panel, red arrows). 

Since the COX 2 staining (as shown in Figures 6.10B and C) disappears 

when MSA is depleted, it is highly likely that the anti-COX2 antibody 

recognises the COX2 protein. However, it is also possible that the 

presence of MSA can mask the staining of COX2 protein (Figure 6.10C, 
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green arrows). Additional efforts were made trying to acquire uterine 

tissue from COX2 deficient animals to use as a negative control for the 

uterine COX2 Western blots but they were unfruitful. Even though MSA 

depletion appeared to be promising at unmasking COX2, at that time 

Qiagen discontinued the MSA depletion kit. Further efforts were put into 

trying alternative strategies and overcome the MSA problem; 

immunoprecipitation and depletion of MSA from uterine samples was 

attempted with a view to unmask COX2 as well as immunoprecipitation 

of COX2 were also tried but were not met with success. Therefore, the 

Western blotting as a means for probing expression of COX2 in Control 

and KO uteri was abandoned.   

 

Since protein detection of COX2 failed, its Ptgs2 mRNA was quantified 

using real-time PCR in interimplantation and implantation sites of 

Control and KO animals. Whereas Ptgs2 is upregulated at the 

implantation sites of Control animals, KOs fail to show this upregulation 

(Figure 6.11), indicating that the induction of the rate-limiting enzyme 

for the production of prostaglandins fails in KO uteri. Dysregulation of 

Ptgs2 in KO implantation sites provides a possible mechanistic 

explanation for the lack of attachment and it indicates that implantation 

can be possibly rescued in these animals if prostaglandins are 

administered.  

 

Lif is one the genes essential for implantation with distinct expression 

profile during the pre- and periimplanation period and its absence in mice 

causes not only implantation failure but also abberant expression of 

COX2 (Song et al, 2000). Since Lif expression is also under the control 

of estrogen and Plcβ1 KO females show both dysregulation of Ptgs2 and 

defective estrogen signaling, the levels of Lif were examined in KO 

4.5dpc uteri (Figure 6.12A). Lif levels are not different between 

interimplanation and implantation sites in both Control and KO animals, 

even though KOs tend to have slightly higher levels of Lif in their  
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Figure 6.12: Expression of Lif (Panel A) and Hoxa10 (Panel B) in 

interimplantatiton and implantation sites in Control and KO uteri. All 

measurements are quantified against the housekeeping gene Gapdh. There are 

no significant differences of  Lif and Hoxa10 levels in either Control or KOs nor 

are they differentially expressed in implantation sites of either Controls or KOs. 

(p>0.05, One Sample Two Tailed t-test). Crosses indicate individual data points 

Error bars indicate ±SEM.  

 

implantation sites relative to the interimplantation ones, which may be 

the result of aberrant estrogen signaling (Figure 6.12A).Overall, Lif 

levels in KO uteri were not statistically different when compared to  
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Figure 6.13: Expression of CcnD3  in interimplantation and implantation sites in 

Control and KO uteri. All measurements are quantified against the 

housekeeping gene Gapdh. Levels of CcnD3 are significantly higher in KO 

implantation sites but not Control when compared to interimplantation sites 

(p<0.05, One Sample Two Tailed t-test). Crosses indicate individual data points. 

Error bars indicate ±SEM.  

 

Controls, indicating that Lif is normally expressed in KO uteri and the 

reproductive defects are not attributed to Lif-related expression defects.  

 

Along with Lif, the expression of Hoxa10 was also quantified in Control 

and KO 4.5dpc uteri. Despite the similarly diminished Chicago Sky dye 

staining between Plcβ1 KO and Hoxa10 uteri, expression analysis of 

Hoxa10 in implantation and interimplantation sites of Plcβ1 KO and 

Control uteri showed no statistical differences (Figure 6.12B). In 

addition, the levels of Hoxa10 mRNA do not appear to change in 

implantation sites of neither Controls nor when compared to 

interimplantation sites (Figure 6.12B). The expression of Hoxa10 in KO 

uteri along with the normal expression of Lif indicated that two genes 

that participate in both the uterine preparation and attachment and that  
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Figure 6.14: Expression of Vegfa in interimplantation and implantation sites in 

Control and KO uteri. All measurements are quantified against the 

housekeeping gene Gapdh. There are no significant differences in either of the 

genes tested (p<0.05, One Sample Two Tailed t-test). Crosses indicate 

individual data points. Error bars indicate ±SEM. 

 

potentially control large subset of implantation-specific genes are 

normally expressed at KO uteri 4.5dpc.  

 

One of the genes that is under the control of Hoxa10 and also plays 

important roles in the progression of decidualisation is CyclinD3. Most 

importantly, CyclinD3 is under the control of PLCβ1 (O’Carroll et al, 

2009) which implies that KO uteri may have aberrant CyclinD3 levels. 

Examination of the levels of CcnD3 mRNA levels in Control and KO 

uteri showed that KOs do not have significantly different levels 

compared to the Controls Figure 6.13). Interestingly, whereas Ccnd3 is 

not significantly upregulated at the implantation sites of Control animals 

(p=0.29), it is significantly upregulated at the implantation sites of Kos 

(Figure 6.13). This was unexpected since KO animals fail to show signs 

of the primary decidual zone (Section 5.3.3) and therefore the presence of  
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Figure 6.15: Expression of Flk1 (Panel A) and Flt1 (Panel B) in 

interimplantation and implantation sites in Control and KO uteri. All 

measurements are quantified against the housekeeping gene Gapdh. There are 

no significant differences in either of the genes tested (p>0.05, One Sample 

Two Tailed t-test)., even though KOs appear to have slightly higher Flt1 levels 

compared to Control interimplantation sites. Crosses indicate individual data 

points. Error bars indicate ±SEM. 

 

higher Ccnd3 transcript levels as well as possibly CyclinD3 protein 

levels are a matter of speculation. 
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6.3.5 Expression of markers associated with angiogenesis and 

vascularisation 

 

One of the main phenotypic characteristics of Plcβ1 KO females is that 

the few implantation sites they have at 4.5dpc show much fainter 

Chicago Sky Blue staining. Since the blue staining reflects increased 

vascular permeability and/or angiogenesis, this indicates that there might 

be dysregulation of components of the angiogenesis and vascularisation 

system in KO uteri. For this reason, the mRNA level of the receptors 

Flk1 and Flt1 as well as the mRNA of their ligand Vegfa were probed in 

Control and KO 4.5dpc uteri. The results show no significant differences 

in between Control and KO animals in either of these genes (Figures 6.14 

and 6.15). Vegfa as well as Flk1 in KOs were comparable to Controls and 

with no differences between implantation and interimplanation sites in 

either Control or KO uteri (Figures 6.14 and 6.15A). A very similar 

picture was evident for the Flt1 receptor; yet KO uteri and especially KO 

implantation sites had a tendency for increased levels of mRNA 

compared to Control interimplantation sites (Figure 6.15B). Overall 

however, there was no evidence to support that these components of the 

vascularisation and angiogenesis system are misexpressed in KO uteri at 

4.5dpc. 

 

6.3.6 Expression of molecules associated with adhesion 

 

The blastocysts of KO mice are easily flushed out of the uterus at 4.5dpc 

and this is attributed to their inability to attach to the uterine epithelium 

as demonstrated in Section 5.3.3. There is a whole array of molecules 

that participate in the processes of initial attachment and firmer adhesion 

as reviewed in the introductory section. From the plethora of different 

molecules whose expression could be analysed, the expression of mucins 

and the β1 integrin were looked at in histological sections of Control and 

KO uteri at 4.5. Mucins we looked because of the importance of their  
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Figure 6.16: Expression of mucins in Control and KO 4.5dpc implantation sites 

by Gomori Trichrome staining Gomori Trichrome stains cytoplasm, keratins and 

muscle fibers as red, collagen as green and mucus as blue and nuclei as dark. 

A positive control section from a cycling non-pregnant Control mouse was used, 

showing mucin staining as a thin greenish-blue line at the outer part of epithelial 

mucosa (green arrowheads) and a negative control section from a Control 

4.5dpc implantation site were included for the analysis. Neither Control nor KO 

uteri show mucin staining at their outer epithelial mucosa at 4.5dpc. 

Abbreviations: le: luminal epithelium; st: stroma; em:embryo Scale bars: 

150µm.  
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Figure 6.17: Expression of β1 integrin at implantation sites of Control and KO 

females at 4.5dpc. β1 is expressed in both control and KO uteri and blastocysts 

with no discernable differences between the two.  Abbreviations: le: luminal 

epithelium; st: stroma; em:embryo Scale bars: 150µm.  

 

most-studied representative, MUC1, as an anti-adhesive molecule that is 

downregulated at the time of implantation under the control of 

progesterone. For the staining of mucins, the histological dye Gomori 

Trichrome was employed that according to the manufacturer’s guidelines 

stains cytoplasm, keratins and muscle fibers as red, collagen and mucus 

as green and blue respectively and nuclei as dark. For the analysis of 

mucins in Control and KO uteri, a positive control (+) from a Control 

cycling murine uterus as well as a negative control (-) from a WT 4.5dpc 

implantation site were used (Figure  6.16). The mucins of the mucus 

epithelial mucosa appear as green-bluish thin line in the positive control 

reminiscent of the immunohistochemical staining of MUC1 as seen in the 

literature (Braga and Gendler, 1993; Surveyor et al, 1995; Aplin et al, 

2001). Mucins staining was absent from the uteri of both Control and KO 

uteri, indicating that failure of implantation in KO animals may not be 

attributed to the presence of anti-adhesive mucins. It also shows that 
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aspects of the progesterone signalling are working in KO uteri and that 

they can prepare to some extent for the process of implantation.  

 

The integrin β1 was probed in Control and KO uteri because the β1 has 

been implicated in the preimplantation embryo development as well as 

the stromal invasion after the adhesion (Fässler and Meyer, 1995; 

Stephens et al, 1995), even though these functions are attributed to  

embryonic rather than maternal β1. Nevertheless, β1 integrin was 

expressed in the trophectoderm and faintly on the luminal epithelium of 

both Control and KO uteri (Figure 6.17), showing that both KO uteri and 

the blastocysts that develop within KO uteri have the ability to express 

both β1 subunits. This is the first experiment that probes expression of 

proteins on the blastocyst of KO animals as well as KO uteri at the time 

of implantation. Even though a large subset of the embryos developing in 

the KO reproductive tract have developmental abnormalities (as shown in 

Section 4.3.3) this result indicates that the embryos are capable of 

expressing at least a subset of adhesion-specific genes and that it is likely 

that these embryos could implant in foster uteri.  

 

6.3.7 Expression of genes associated with endocannabinoid 

metabolism in KO uteri 

 

One of the phenotypic characteristics of KO females that has not been 

investigated in this Thesis is the detrimental effect of the maternal KO 

environment on embryo development. While this was always of interest, 

the difficulty in obtaining KO material meant that virtually all available 

embryos were collected at E4.5dpc. Thus, plans to collect material at 

E1.5-3.5dpcc to investigate this had to be abandoned. Nevertheless the 

maternal effect on the abnormal embryo development initiated the 

investigation of endocannabinoid signalling in KO uteri 4.5dpc. The 

maternal endocannabinoid system has been implicated in affecting 

embryo development and abnormally high endocannabinoid  
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Figure 6.18: Expression of FAAH and MAGL at the implantation sites of Control 

and KO females 4.5dpc. A: FAAH is strongly expressed in the embryo, as well 

as the luminal epithelium and the stroma surrounding the implantation chamber 

in Controls, however expression in KOs is greatly diminished with poor signal 

on the blastocyst and the luminal epithelium as well as almost absent 

expression in the stroma. B: MAGL is expressed on the luminal epithelium 

surrounding the blastocyst and also extends in the stroma in Controls yet its 

expression almost absent from KO implantation sites. Abbreviations: le: luminal 

epithelium; st: stroma; em:embryo Scale bars: 150µm.  
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concentrations have a detrimental effect on preimplantation embryo 

development (as reviewed in Wang et al, 2006). It was therefore 

hypothesised that abnormal levels of uterine endocannabinoids may 

account for the observed phenotype. For this reason, the enzymes FAAH 

and MAGL that catalyse the turnover of the endocannabinoids 

anandamide and 2-AG respectively were probed in Control and KO uteri. 

FAAH and MAGL are expressed at the implantation sites and they are 

thought to downregulate the levels of uterine endocannabinoids, a 

physiological process important for the progression of implantation 

(Paria et al, 1996). Adding to that, female mice lacking FAAH have 

implantation defects showing slower embryo development, delayed 

implantation and poorly stained implantation sites (Wang et al, 2006b). 

The results showed that whereas FAAH has a generalised expression in 

the implantation site that includes the blastocyst, the luminal epithelium 

and the stroma, KOs have very diminished levels of signal (Figure 

6.18A). In a similar manner, MAGL expression levels are almost absent 

in KO implantation sites compared to Controls (Figure 6.18B). The loss 

of FAAH and MAGL in KO uteri indicate that they may have increased 

levels of endocannabinoids and may explain both the aberrant embryo 

development as well as the loss of successful implantation in KO 

females. In addition, the loss of FAAH in embryos developing in KO 

mothers is the first identified developmental abnormality and it may 

contribute to their implantation competency per se.  

 

 

6.4 Discussion  

 

The aim of this Chapter was to account for a fairly comprehensive 

expression analysis of PLCβ1 in the uterus during the pre- and 

periimplantatation period, with a view to better understand its roles in 

uterine physiology. Furthermore, the expression of a variety of other 

genes from diverse systems that included ovarian steroid hormone 
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signalling and responsiveness, angiogenesis and vascularisation, 

prostaglandins, adhesion molecules and endocannabinoids were 

investigated in KO uteri and compared to Controls in order to better 

understand which systems are affected in KO uteri and which ones are 

not. It was demonstrated that the expression profile of PLCβ1 indicates a 

role during both preimplantation and periimplantation uterine phases and 

that at the time of implantation the loss of PLCβ1 is not compensated by 

the upregulation of the mRNA of the other PLCβs. KO uteri have 

abnormal estrogen and progesterone signalling, cuing to the possible 

disruption on the expression of diverse downstream ovarian steroid 

targets. KO uteri have abnormal expression of enzymes involved in 

endocannabinoids turnover that may explain both implantation failure as 

well as abnormal embryo development. In addition, their failure to 

induce Ptgs2 in their implantation sites shows that prostaglandin 

signaling may also be affected thus contributing to the severity of the 

phenotype. Despite these abnormalities, an array of other genes like Lif, 

Hoxa10, components of the angiogenesis and vascularisation pathway 

and selected adhesion molecules are correctly expressed in KO uteri at 

the time of implantation. All the genes/proteins tested in this Chapter and 

whether and whether they are differentially expressed in KO uteri is 

summarized in Figure 6.19.   

 

6.4.1 PLCβ1 and PLCβ signalling during preimplantation and 

periimplantation period 

 

The GPCR-Gαq-PLCβ signalling is present in a plethora of biological 

processes, yet the roles PLCβs and especially PLCβ1 with regard to their 

participation in the endometrial preparation for implantation and 

implantation itself are poorly investigated. The results presented in 

Section 6.3.1 show that PLCβ1 participates in uterine preparation as it is 

not only present in the endometrium but also dynamically change during 

the preimplantation period. Since can PLCβ1 coveys signals from diverse  
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Figure 6.19: Synopsis of all the genes tested in Chapter 6, their 

expression/misexpression in KO uteri relative to Controls and what this 

indicates for their physiology. (Picture inspired and adapted from Adapted from 

http://images.wikia.com/psychology/images/f/fd/Blastocyst.png) 

 

GPCR receptors (as shown in Table 1.1), this indicates that intricate 

GPCR signalling is involved in the uterine preparation. Given the 

potential of signalling through multiple receptors, it is probable that 

PLCβ1 may be acting as a hub for conveying downstream signalling of 

multiple signalling molecules as discussed in detail in Section 7.1.2.  

 

During the pre- and peri-implantation period the expression of the a 

isoform of PLCβ1 was found to be constantly present in the uterus with 

its expression changing in intensity as well as localisation within the 

different endometrial cell types. PLCβ1 was localised at the cytoplasm 

and/or the plasma membrane of both stromal and epithelial cells. Even 

though PLCβ1 can also be localised in the nucleus where it participates 

in nuclear signalling pathways (Manzoli et al, 2004; Cocco et al, 2009), 

no nuclear staining was observed in any of the uterine cell types. Lack of 
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nuclear staining could be attributed to the fact that the anti- PLCβ1 

antibody used probed for the a isoform only, yet this is unlikely since 

because both a and b isoforms have nuclear localisation signal in their 

amino acid sequence and both can participate in nuclear signalling 

(Manzoli et al, 2004; Cocco et al, 2009).  

 

PLCβ1 expression in the luminal and glandular epithelial cells increases 

from 0.5 to 1.5dpc but drops during 2.5 to 4.5dpc. During 0.5 to 1.5dpc 

its expression is also noted in some stromal cells, but ceases during 2.5 to 

4.5dpc. During the implantation period and especially at 4.5dpc, PLCβ1 

is expressed at the luminal epithelium as well as the blastocyst (Figure 

6.3) inducating that it mediates maternal-embryo cross-talk.  

 

The PLCβ1 staining in epithelial cells indicates that it may play a role in 

the opening of the implantation window after the estrogen surge at the 

beginning of the 4thdpc. Two GPCRs that signal through Gαq and 

potentially PLCβ1 have been strongly implicated are LPA3 and 

Calcitonin Receptor.  LPA3, one of the lysophosphatidic acid receptors 

that has been implicated in uterine-embryo communication and whose 

deficiency causes loss of COX2 upregulation at the implantation sites, 

embryo spacing, reduced fertility and poor implantation (Ye et al, 2005). 

Calcitonin acting via its Calcitonin receptor is also involved in the 

preparation of the luminal epithelium during the peri-implantation 

period; calcitonin is a progesterone-activated gene that is expressed at 

around the receptive phase of the endometrium (Ding et al, 1994; Zhu et 

al, 1998b). Calcitonin downregulates E-cadherin which in turn has been 

implicated in the remodelling of adherens junctions and ultimately the 

differentiation of the uterine epithelium (Li et al, 2002). In addition, 

calcitonin promotes trophoblast outgrowth on the uterine epithelial cells 

in vitro and is generally thought to facilitate implantation (Li et al, 2007). 

Consistent with these functions of calcitonin, attenuation of calcitonin 
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gene expression in the rat uterus with antisense mRNA transcripts 

severely impairs implantation (Zhu et al, 1998a).   

 

PLCβ1 generally localises at the cellular membranes and/or cytoplasm of 

luminal epithelial cells, yet its subcellular localisation changes in the 

epithelial cells adjacent to the blastocyct at the implantation chamber 

(Figure 6.3). PLCβ1 is mainly expressed at the lateral cytoplasmic 

membranes of uterine epithelial cells and it is largely absent from the 

apical surfaces of both epithelial and trophectoderm cells as well as the 

basal membrane of the epithelia (Figure 6.3). What may account for the 

selective localisation of PLCβ1 at the implantation chamber? It is 

possible that mechanism serves to direct and target paracrine GPCR-Gαq 

signalling to interacting cells. In this case, PLCβ1 implies emphasis on 

the epithelial-epithelial communication communication, remodelling and 

differentiation during implantation and/or trophoblast invasion (as 

described for the calcitonin signalling and discussed above).  In addition, 

this selective absence at the maternal-embryo interface points that 

GPCR-Gαq-PLCβ1 mediated signalling is undesirable and/or detrimental 

at this stage and therefore actively suppressed. The latter hypothesis fits 

with a trend for lower levels of PLCβs; Plcβ1 isoform b, Plcβ4 as well as 

Plcβ3 mRNA levels are lower at the implantation sites (as shown in 

Figures 6.5 and 6.6). Most interestingly, the mRNA levels of Plcβ1 

isoform a remain unchanged at the implantation sites (Figure 6.4), but its 

cellular localisation changes, indicating a more dramatic means for 

regulation and direction of its actions.  

 

It is possible that PLCβ1 signalling at the embryo-maternal interface is 

detrimental, therefore excluded from both the apical sides of the 

trophectoderm and uterine epithelia. Alternatively, the lack of detection 

of the a isoform of PLCβ1 from the apical surface, the lower levels of 

Plcβ1 isoform b, Plcβ3 and Plcβ4 mRNA levels at the implantation sites 

might represent a need to regulate or quench the GPCR-Gaq-signalling 
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during this phase of uterine-embryo communication and is also 

consistent with the downregulation of Esr1 at the implantation sites given 

that PLCβ1 is positively regulated by estrogen in the rat myometrium at 

term (Houdeau et al, 2005). The two PLCβ1 isoforms have been shown 

to have different subcellular localisation in cardiomyocytes; whereas the 

a isoform is predominantly present in the cytoplasm, the b isoform is 

more strongly associated with the plasma membrane (Grubb et al, 2008). 

The latter indicates that the b isoform may be primarily participating in 

uterine-embryo GPCR-mediated dialogue (hence the need to quench its 

levels at the implantation sites) whereas the a isoform may participate in 

the pre- and peri- implantation uterine preparation primarily by 

conveying estrogen and/or progesterone signals via non-genomic 

pathways.  

 

6.4.2 Plcβ2, Plcβ3 and Plcβ4 in Control and KO 4.5dpc uteri 

 

The absence of a functional PLCβ1 in KO uteri might have triggered 

compensatory upregulation of the other 3 PLCβs. It is not uncommon for 

different isotypes to compensate for each other; for instance, loss of 

COX2 in murine uteri is compensated by upregulation of the COX1 

isotype (Wang et al, 2003). The results presented in Figures 6.5 and 6.6 

however argue against a compensatory upregulation of the other PLCβs, 

at least not at the mRNA level. Even though the possibility that the 

activity of PLCβ2-4 may be increased by changes in their translational 

and/or post-translational regulation in the KO uteri, the results so far are 

consistent with the notion that PLCβ1 has specific non-redundant 

reproductive roles that cannot be compensated for.  

 

The probing of the expression of Plcβ2-4 in Control and KO uteri 4.5dpc 

surfaced important data for both the physiology of implantation in 

Control uteri in general as well as further defects for KO uteri. Whereas 

Plcβ2 remained the same between Control implantation and 
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interimplantation sites, Plcβ3 had a non-significant trend for lower levels 

at the implantation sites whereas Plcβ4 showed a clear trend for very low 

levels at the implantation sites. These results complement the similar 

result of the isoform b of Plcβ1 to exist in lower levels at the 

implantation sites. As noted above, this downregulation may reflect a 

downregulation of the GPCR-Gαq signal strength. This mode of signal 

quenching is not frequent in GPCRs where often the ligand and/or the 

receptor levels are used for signal amplification or cessation. Should 

however the lower levels of Plcβs at the implantation sites signal 

quenching, then this may underline the extensive GPCR signalling that 

takes place at the implantation site at 4.5dpc. Finally, what is of 

importance to the analysis of the KO phenotype is that these dynamic 

changes were not observed in the KO uteri at 4.5dpc. Since the specific 

role(s) of Plcβs at implantation remain largely unknown, it is difficult to 

understand what these results may imply for KO animals. They 

nevertheless show that certain processes that physiologically happen in 

Control implantation sites fail in KO implantation sites.  

 

6.4.3 Steroid hormone signalling in KO uteri 

 

One of the most important aspects of this project was to examine how the 

KO uteri respond to the ovarian steroids estrogen and progesterone. 

There were already indications that progesterone signalling may be 

disrupted (as discussed in Section 5.4) since luminal epithelial cells in 

KO implantation sites fail to stop proliferating by 4.5dpc, uterine luminal 

closure was diminished and no histological signs of decidualisation were 

noted. In this Chapter, the expression of Prg and Esr1 as well as the 

expression and immunohistochemical localisation of ER-α were 

examined in Control and KO 4.5dpc implantation sites. Even though it 

was initially planned to measure levels of serum estrogen and 

progesterone in KO females, this proved to be difficult due to the 

difficulty of acquiring Control and most importantly KO pregnant 
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material. For this reason, the expression of the immediately downstream 

effectors of progesterone and estrogen signalling Amphiregulin and 

Lactoferrin mRNAs respectively were examined instead as surrogate 

markers of progesterone and estrogen signalling respectively. KO 

females have normal levels of Prg compared to Controls and these levels 

are not different between either Control or KO implantation and 

interimplantation sites (Figure 6.7A). Despite normal levels of Prg, KO 

uteri have very high levels of Amphiregulin throughout their uteri (i.e. 

implantation and interimplantation sites) whereas Controls show high 

levels of Amphiregulin in implantation sites and low at the 

interimplantation sites. At first glance, this result shows that KO uteri 

show extensive progesterone signalling throughout their 4.5dpc uteri, 

irrespective of whether there’s an implantation site or not. The current 

understanding on the expression kinetics of Amphiregulin during 

preimplantation, implantation and post-implantation stages does not 

provide a clear and complete picture; Lee et al, 2006 analysed the 

expression of Amphiregulin in murine uteri during the first 10 days of 

pregnancy and found that it starts being expressed at the uteri from 

2.5dpc, then its levels rise dramatically at 3.5dpc just to fall again at 

4.5dpc and virtually disappear from 5.5dpc onwards. These published 

observations are consistent with the action of progesterone in the uterus 

from 2.5 to 4.5dpc.  Lee et al however used total uterine mRNA for their 

analysis of Amphiregulin mRNA levels (that averages the amounts 

between implantation and interimplantation sites), in contrast to the 

experiment shown in Figure 6.7A where interimplantation and 

implantation sites were separately analysed. I propose that Amphiregulin 

levels are physiologically high at the uterus during 3.5dpc, and that at 

4.5dpc the levels of Amphiregulin are maintained high at the implantation 

sites but they dramatically fall at the interimplantation sites. Das et al, 

1995 also report higher levels of Amphiregulin at the implantation sites at 

4.5dpc, thus supporting this notion. In the above proposal, high levels of 

Amphiregulin prior to embryo attachment indicate the extensive 
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progesterone signalling throughout the uterus which, after the attachment 

and beginning of decidualisation is maintained at the implantation sites 

but dispensed at interimplantation sites. Should the above scenario be 

true, failure of the KO uteri to downregulate Amphiregulin at their 

interimplantation sites indicates that definition of implantation sites 

and/or beginning of decidualisation is not impaired in KO uteri 4.5dpc. 

The uniformly high levels of Amphiregulin in KO uteri may therefore 

indicate that the uterus is in a pre-attachment and/or delayed implantation 

mode.  

 

Estrogen signaling was also affected in KO uteri with Esr1, ER-α and 

Lactoferrin being misregulated. The levels of Esr1 in Control 

implantation sites were significantlly lower when compared to the 

intetrimplantation site but remained unaltered in KO implantation sites 

(Figure 6.7B). The dowregulation of both Esr1 and ER-α at the 

implantation sites has been reported in the literature before by in situ 

hybridization and IHC (Tan et al, 1999; Das et al, 1997) even though the 

physiological significance of this event has not been further examined in 

the literature. Esr1 continues to be gradually downregulated during 5.5, 

6.5 and 7.5dpc (Tan et al, 1999) indicating that the presence of ER-α may 

simply not be needed. In agreement to this, during 4.5-8.5dpc the 

endometrial stroma is progressively decidualised and suppression of ER-

α activity is essential for implantation and decidualisation (Less et al, 

2010) and loss of ER-α in the uterus affects attachment but not 

decidualisation, further indicating that ER-α  is dispensable after the 

attachment reaction (Curtis et al, 2002). Since increased ER-α activity 

inhibits attachment and implantation (as suggested by Ma et al, 2003 and 

2001) the results presented here suggest that failure of the KO uteri to 

downregulate the Esr1 levels at the sites of blastocyst apposition is one 

of the likely causes of the implantation failure. In agreement to the letter, 

KO uteri have a trend for abnormally high levels of Lactoferrin, (Figure 

6.8B) which is an indication of extensive estrogen signaling.  
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Even though KO have measurable levels of Esr1 mRNA in both their 

implantation and interimplantation sites, they have almost absent levels 

of  ER-α protein at their implantation sites (Figure 6.9). This is surprising 

given than they have Esr1 mRNA. The picture is further complicated by 

the KO’s uteri trend for much higher Lactoferrin levels at both their 

implantation and interimplantation sites (Figure 6.8B). Lactoferrin levels 

drop at Control implantation sites, and this is expected since Esr1 levels 

also drop and since estrogen signaling is though to be dispensable at the 

steps following blastocyst attachment. KO implantation sites fail to show 

this downregulation, which is consistent with the higher levels of Esr1 at 

their implantation sites. But the trend of both implantation and 

interimplantation sites of KO uteri to have on average ~5-fold more 

levels of Lactoferrin especially in the presence of very low levels of ER-

α is intriguing. These results indicate that there is a low translation of 

Esr1 to ERα and/or there is increased proteolysis of ER-α in KO uteri. 

Ectopic pregnancy is one of the systems that is associated with the 

presence of normal amounts of ESR1 (the human estrogen receptor 

mRNA) but very low levels of ER-α. (Horne et al, 2009). Breast cancer 

in humans has many parallels to the peculiar estrogen signaling elements 

of KO uteri; Chu et al, 2008 have demonstrated that in ER-α negative 

human breast cancers ESR1 is expressed and that ER-α is degraded in 

response to estrogen in a pathway that utilizes the oncogene Src. More 

importantly, Chu et al also demonstrated that despite the absence of ER-

α, estrogenic responses are elevated in human breast cancer lines (as 

demonstrated by the increased expression of an ERE-driven luciferase 

transgene). The paradigm of breast cancer parallels this Chapter’s 

observations on estrogen signaling in KO uteri and implies that in KO 

uteri ER-α may also be low due to increased proteolysis. Disrupted 

estrogen signaling however indicates that important aspects of uterine 

biology during the pre- and peri-implantation stages (such as the estrogen 

surge that opens the implantation window and makes uterus receptive) 

are grossly disrupted. Collectively, KO uteri have both progesterone and 
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estrogen signaling defects and these results provide an excellent starting 

point for the future and further examination and understanding of their 

phenotype. These disruptions also show that the failure to implant has a 

strong uterine component, it therefore addresses previous concerns that 

the KO uteri might not be able to implant their embryos solely because of 

the detrimental effect the KO reproductive tract exerts on their embryos 

(as described in Section 4.3.3).  

 

6.4.4 Expression of Ptgs2, Lif, Hoxa10 and Ccnd3 in Control and KO 

uteri 4.5dpc 

  

Apart from the profiling of genes relating to estrogen and progesterone 

responsiveness in KO uteri, the expression of a variety of other genes that 

have been implicated in the process of implantation were examined. 

COX2 was the first marker of implantation that was examined in this 

project because of the parallels between the reproductive defects of 

COX2-deficient and Plcβ1 KO females; COX2 deficiency is reported to 

abolish ovulation, attachment and decidualisation (Limm et al, 1997). 

Despite promising results in pilot experiments about the efficacy of the 

anti-COX2 antibody to detect COX2, it was further demonstrated that the 

antibody fails to recognise COX2 in protein uterine extracts and that this 

is marked by the presence of MSA (Figure 6.10). It is not uncommon for 

antibodies to bind non-specifically to bands that have high concentration 

of proteins in Western blots and this is what might have been happening 

in this case. For instance, molecular weight markers that are used during 

Western blotting for the estimation of the molecular weight of proteins 

(which are almost always a mixture of proteins with defined molecular 

weights) often stain heavily during the antibody probing procedure. This 

happens by virtue of their high protein content which can adsorb 

antibodies thus visualising the marker (e.g. as shown in the Western blots 

of Figure 6.10). These extensive analyses should pose a warning on 

future researches that aim to probe for proteins of molecular weight 
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similar to MSA’s in uterine extracts. Since therefore it was demonstrated 

that the staining that comes from the anti-COX2 antibody is actually 

MSA, few more attempts were made to circumvent this problem by a) 

trying to immunoprecipitate MSA from uterine extracts, b) trying to 

immunoprecipirate COX2 from uterine extracts as well as c) trying to use 

different blocking buffers that would stop the non-specific binding of 

antibodies to MSA, but they were proven unfruitful and the time-

consuming. Western blots were therefore abandoned and the levels of 

Ptgs2 mRNA were examined instead since they were proven much more 

straightforward.  

 

Ptgs2 was not upregulated at the implantation sites of KO uteri contrary 

to the Controls. Ptgs2 upregulation requires both an implantation-

competent blastocyst and a receptive endometrium (Chakrabotry et al, 

1996). This implies either that the blastocysts developing in the KO 

reproductive tract are unable to induce Ptgs2 and/or that uterus is unable 

to do so. With respect to the latter, Ptgs2 induction requires the opening 

of the implantation window by estrogen priming of the uterus at 4dpc 

(Chakrabotry et al, 1996) and it has already been demonstrated here that 

KO uteri have aberrant estrogen signaling. In addition, signaling through 

the GPRC-Gαq LPA3 receptor is essential for the upregulation of Ptgs2 

at the implantation sites (Ye et al, 2005). LPA3 receptor is upregulated in 

response to progesterone in the endometrium but downregulated in 

response to the estrogen surge that opens the implantation window 

(Hama et al, 2006). Since PLCβ1 is a strong putative downstream 

effector of LPA3 signaling and since LPA3 expression is coordinated by 

both progesterone and estrogen (both aberrant signaling in the KO 

uterus) it is not surprising that Ptgs2 is dysregulated at the time of 

implantation.  

 

Ptgs2 deficiency of KO implantation sites suggests that the lack of 

attachment could be rescued by the administration of prostaglandins, at 



Chapter 6  Molecular profiling of 4.5dpc KO uteri 
 

172 

the time of implantation. Attachment and decidualisation have been 

saved in mice deficient for COX2 by administering a synthetic analogue 

of the PGI2 prostaglandin (Lim et al, 1999). It is therefore likely that 

prostaglandins’ administration can rescue some aspects of the 

implantation defects of the Plcβ1 KO mice. The extent to which the loss 

of Ptgs2 is unknown, since the obligatory role of COX2 in attachment 

and decidualisation is disputed; observations performed by a different 

group than the one reporting the reproductive defects of COX2-deficient 

females did not find such a dramatic phenotype and observed that these 

female mice can support pregnancy to term and that they only show 

reduced rate of initial decidual development (Cheng and Stewart, 2003). 

In the light of the latter data, it is unclear the extent to which Ptgs2 

dysregulation in KO implantation sites really can attribute to the 

observed phenotype, loss of Ptgs2 however definitely worsens the 

already severe implantation burden that KO animals  experience.  

  

Even though Ptgs2 was dysregulated in KO implantation sites, Lif and 

Hoxa10 appeared to be present in levels not statistically different from 

Controls (Figure 6.12). Loss of Lif impedes implantation and causes 

aberrant spatial expression of Ptgs2 at the implantation sites (Stewart et 

al, 1992; Song et al, 2000), yet KOs exhibited Lif levels comparable to 

Controls, showing that their implantation deficiency cannot be attributed 

to Lif deficiency. Lif  is expressed during the peri-implantation period in 

response to estrogen and its levels are low/undetectable by in situ 

hybridisation during the preimplantation period before the opening of the 

implantation window (Song et al, 2000), implying that its levels may be 

aberrantly expressed since estrogen signalling in KO uteri is disrupted. It 

is possible that the estrogen signalling dynamics during the peri-

implantation period in KO uteri are sufficient for Lif induction. The latter 

shows that some aspects of the endometrial molecular preparation and 

especially of estrogen signalling during implantation occur in the KO 

uteri.  
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In addition to Lif, the progesterone-regulated homeobox gene Hoxa10 

has also been implicated in the process of uterine preparation and 

decidualisation (Benson et al, 1996). Even though Hoxa10-deficient uteri 

are able to support implantation and decidualisation, they exhibit reduced 

Chicago Sky Blue staining, reduced numbers of stromal proliferating 

cells and aberrant Ptgs2 expression (Lim et al, 1999) in manners 

analogous to the Plcβ1 KO females. Hoxa10 levels in KO uteri are not 

different from Controls and this indicates that even though progesterone 

signalling is partially affected (as indicated by the aberrant expression of 

Amphiregulin, failure to cease epithelial cell proliferation and reduced 

luminal closure), some aspects of it remain unaffected. This parallels the 

case with Lif expression. Taken together, the similar levels of both Lif 

and Hoxa10 in KO 4.5dpc uteri compared to Controls shows that the KO 

uteri are able to perform some aspects of their molecular preparation for 

the process of implantation and that certain facets of estrogen and 

progesterone signaling (i.e. Lif and Hoxa10 expression) can be carried 

out.   

 

One of the genes that was a strongly expected to be dysregulated in KO 

uteri was the Ccnd3. Ccnd3 is expressed in the uterus at the beginning of 

implantation and at the decidualising stroma from 4.5dpc onwards (Das 

et al, 1999). Interestingly, Cyclin D3 expression requires PLCβ1 

signalling in murine 3T3-L1 adipocytes (O’Carroll et al, 2009) indicating 

that a similar regulation may exist in the uterus and that KO animals fail 

to upregulate Ccnd3. Real-time PCR analysis however detected Ccnd3 

transcripts in KO uterus (Figure 6.13), arguing against an obligatory role 

for PLCβ1 in Ccnd3 expression. O’Carroll et al showed that the 

upregulation of Cyclin D3 is dependent on nuclear PLCβ1 signalling, 

which differs from the classical plasma membrane GPCR-Gαq-PLCβ 

signalling. Given that KO animals may express a truncated form of 

PLCβ1 (as described in Chapter 3) which may be able to participate in 

nuclear but not cytoplasmic signalling, expression of Ccnd3 may be 
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driven by nuclear PLCβ1. However, no nuclear PLCβ1 is detected in the 

uterus of Control animals from 0.5-4.5dpc (Figure 6.3), which argues 

against an obligatory role of the cytosolic/membrane-localised PLCβ1 in 

Ccnd3 expression in the uterus. Ccnd3 expression is dependent on 

Hoxa10 and its levels are severely compromised in the uteri of Hoxa10 

deficient mice (Das et al, 1999). Since Hoxa10 levels are normal in KO 

uteri, is not surprising that Ccnd3 levels have been found to be normal as 

well.  

 

Ccnd3 expression is reportedly upregulated at the implantation sites (Das 

et al, 1999), yet the author of this Thesis found this observation 

questionable, since Das et al, 1999 identified Ccnd3 upregulation at the 

implantation sites by differential mRNA display and further confirmed 

their observations by in situ hybridization. Differential mRNA display 

detects relatively long mRNA species whereas in situ hybridization 

employs long fragments cDNA probes which may cross-hybridise to 

similar sequences. Das et al detected and used the 3’ region of Ccnd3 in 

their experiments, yet the region they used also detects a pseudogene of 

Ccnd3, the Ccnd3-ps  (NCBI accession number: NG_012891.1) which is 

expressed and processed to mature mRNA (Jun et al, 1997). Even though 

the expression of Ccnd3 in the uterus as reported by Das et al, 1999 may 

include interference from a probable Ccnd3-ps expression, the data in 

Figure 6.13 where Ccnd3 levels were quantified by primers designed to 

avoid the detection of Ccnd3-ps argue in favour of Ccnd3’s upregulation 

at the implantation sites. Unfortunately, this upregulation was not 

statistically significant in Control implantation sites, but the trend implies 

that Control implantation sites may indeed have higher Ccnd3 levels. 

Surprisingly, Ccnd3 was significantly upregulated at the KO 

implantation sites. This is the first instance at which a gene that is 

reported being differentially expressed between implantation and 

interimplantation sites in the literature is only found statistically different 

in KO uteri. It is therefore difficult to interpret these data without having 
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to assume that the results obtained for Controls are either wrong or 

correct. The author believes that given that the upregulation of Ccnd3 

(albeit disputable) is also reported in the literature, it is likely that Ccnd3 

is upregulated in Control implantation sited but this is masked due to 

higher variability and low number of the collected samples. Despite these 

uncertainties that arose from the technical difficulties of low sample 

sizes, these results further show that KO uteri can complete more steps 

during their preparation for implantation. Ccnd3 mediates stromal 

polyploidy during decidualisation and it does so by being a downstream 

effector of HB-EGF (Tan et al, 2002; Tan et al, 2004). Since both HB-

EGF and Ccnd3 are expressed as early as before the attachment reaction 

(Raab et al, 1996; Das et al, 1994; Das et al 1999), the results on Ccnd3 

expression in KO uteri are consistent with their observed attachment 

failure and show that at the apposition stage KO implantation sites have 

ability to evoke the expression of Ccnd3, possibly via the Hoxa10 and 

HB-EGF signaling.  

 

6.4.5 Vascularisation and angiogenesis in the KO periimplantation 

uterus 

 

Another component of the work presented in this Chapter involves the 

probing of genes associated with vascularisation and angiogenesis in KO 

uteri. KO implantation sites have already been reported of having fainter 

Chicago Sky Blue staining and fail to upregulate Ptgs2, indicating that 

they may have vascularisation and/or angiogenesis problems at the 

implantation sites. Despite these anticipations, levels of Vegfa, Flk1 and 

Flt1 were not statistically different neither between Controls and KOs 

nor between their implantation and interimplantation sites (Figures 6.14 

and 6.15). The latter is in agreement with already published dynamics of 

Vegfa, Flk1 and Flt1 in the uterus during the peri-implantation period; 

Chakrabotry et al, 1995 report that levels of Vegfa, Flk1 and Flt1 do not 

detectably change at the implantation site at 4.5dpc, but their localization 
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changes instead. The distribution of Vegfa, Flk1 and Flt1 transcripts 

appears generalised at 3.5dpc in the uterus but becomes localised at the 

luminal epithelium and stroma surrounding the blastocyst at 4.5dpc 

(Chakrabotry et al, 1995). Vegfa-mediated vascularisation and 

angiogenesis is under the control of estrogen and progesterone with 

estrogen promoting vascular permeability but inhibiting angiogenesis and 

with progesterone primarily promoting angiogenesis (Ma et al, 2001). 

Estrogen-induced increase in vascular permeability is consistent with the 

Chicago Sky blue staining of implantation sites at 4.5dpc whereas 

progesterone-induced angiogenesis is in agreement with the growing 

decidua at the implantation site after the attachment. Diminished staining 

in KO implantation sites may be the result of abnormal estrogen 

signaling. Since though the levels of Vegfa, Flk1 and Flt1 are not 

different in KO uteri it is possible that their spatial expression might be 

aberrant.  

 

6.4.6 Expression of molecules associated with adhesion 

 

The lack of attachment of embryos on KO uteri as demonstrated in 

Sections 4.3.2 and 5.3.3 may be the result of inappropriate presence of 

adhesion molecules at the implantation site. The molecules that have 

been implicated in the mediation of the initial adhesion and firmer 

attachment during implantation are numerous (as reviewed in Kimber 

and Spanswick, 2000; Aplin, 1997; Aplin et al, 1994; Merviel et al, 

2001). In this Chapter the expression of mucin glycoproteins and the 

intergrin β1, both participating in blastocyst attachment were investigated 

on Control and KO implantation sites. Mucins and especially MUC1 

have been strongly implicated in the process of implantation; MUC1 

presence at the apical epithelian cells is downregulated at the receptive 

uterus 4.5dpc (Braga and Gendler, 1993) and this downregulation can 

start from as early as 3.5dpc (Surveyor et al, 1995). Loss of MUC1 form 

the apical surface of uterine epithelial cells is an important physiological 
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process during implantation and MUC1 is though to have antiadhesive 

effects on the uterine epithelium (as proposed by Braga and Gendler, 

1993 and Surveyor et al, 1995). This is consistent with observations from 

other implantation models; MUC1 is also lost from the uterine epithelial 

cells during implantation in the rabbit (Hoffman et al, 1998), human 

(Meseguer et al, 2001) and rat (DeSouza et al, 1998), indicating a 

common theme among implantation in mammals. The loss of MUC1 

from the epithelial cells has been shown to be mediated by progesterone 

(Surveyor et al, 1995) whereas in rabbits and humans it can also be 

downregulated by the presence of a blastocyst (Hoffman et al, 1998; 

Meseguer et al, 2001).  

 

The anti-adhesive characteristics of MUC1 and its hormonal regulation 

made it a likely candidate to investigate at the KO uteri. Instead however 

of probing Control and KO implantation site sections with anti-MUC1 

antibody, the Gomori Trichrome histological stain was used instead. This 

approach was followed because the Gomori Trichrome stain was initially 

chosen with a view to look for differences in the connective tissue of KO 

endometria and was further employed by virtue of its ability to also stain 

mucins, as detailed by the product’s specifications. The Gomori 

Trichrome appears to stain surface-associated mucins on the apical 

surface of uterine epithelial cells (Figure 6.16, Positive Control), which 

likely includes MUC1, ASGP1 and epiglycanin (as reviewed in Aplin et 

al, 1994). It was demonstrated here that these mucins are virtually absent 

from both Control and KO implantation sites. Since mucin clearance in 

KOs is comparable to Controls, it indicates that this effect of 

progesterone signalling is not affected in KO uteri. Interestingly, at this 

stage KO epithelia have to demonstrate the progesterone-mediated 

cessation of proliferation (as demonstrated in Section 5.3.3) which leads 

to their final differentiation for embryo reception. This result indicates 

therefore that mucin clearance precedes chronologically the proliferation 

cessation of luminal epithelial cells. It furthermore shows that apart from 
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Hoxa10, mucins are also normally regulated by progesterone in KO uteri, 

therefore reinforcing the assertion that not all downstream targets of 

progesterone signalling are affected in KO uteri.  

 

Integrins on the other hand are diverse cell-surface adhesion molecules 

that participate in firmer attachment after the initial adhesion (as 

reviewed in Kimber and Spanswick, 2000). Integrin β1 was initially 

chosen because embryos with a homozygous deletion of the β1 subunit 

can develop to blastocyst stage but fail to implant (Fässler and Meyer, 

1995; Stephens et al, 1995). β1-null embryos can also exhibit 

mophogenic deficiencies in their ICM (Stephens et al, 1995), which is 

reminiscent of the abnormal appearance of embryos developing in the 

KO reproductive tract as described in Section 4.3.3. Probing of β1 in 

Control and KO implantation sites demonstrated that it is only faintly 

expressed at the luminal epithelium but it is strongly expressed on the 

blastocyst trophectoderm (Figure 6.17). These results are consistent with 

the already published observations about the expression of β1 during 

implantation (Abban et al, 2005). The β1 subunit participates in 

complexes α2β1, α5β1 and α7β1 that are expressed on the blastocyst as 

well as α6β1 that is expressed both on the blastocyst and the murine 

luminal epithelium (Abban et al, 2005; Kimber and Spanswick, 2000). 

The normal expression of β1 on the embryos derived from KO animals is 

the first demonstration that, albeit their often abnormal appearance, they 

can normally express β1 and possibly other molecules associated with 

attachment and implantation in general. This might mean that these 

embryos may be able to implant to some extent if they are transferred 

into foster Control uteri. Taken together, the results on mucins’ and β1 

expression in KO implantation sites indicate that the attachment failure 

phenotype of KO females cannot at this stage be attributed to the 

misregulation of adhesion molecules in neither uterus nor embryos.  
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6.4.7 Endocannabinods in the KO uterus 

 

One of the most dramatic aspects of the implantation failure of the KO 

females is the abnormal development of most of the zygotes that develop 

within the KO reproductive tract. Maternal endocannabinoid ligands 

influence pre- and peri- implantation development in a dose-dependent 

manner; low endocannabinoid levels generally promote embryo 

development, trophectoderm, proliferation and zona hatching whereas 

high levels have the opposite effect ((Paria et al, 1998; Paria and Dey, 

2000). One of the strongest hypotheses set to explain the abnormal 

embryo development was that endocannabinoid levels may be abnormal 

in the KO reproductive tract. Direct measurement of endocannabinoid 

levels in Control and KO uteri 4.5dpc was difficult due to the lack of the 

available facilities that can perform such measurements in the laboratory. 

For this reason, enzymes that are involved in endocannabinoids’ 

breakdown were probed instead in an attempt to collect indirect cues 

about the levels of endocannabinoids in KO uteri. Anandamide and 2-AG 

are degraded by the enzymes FAAH and MAGL respectively and these 

enzymes are expressed at the implantation sites, with a tendency for 

higher levels at the implantation sites (Wang et al, 2007). FAAH is not 

only expressed at the peri-implnatation uterus but in the implanting 

blastocysts as well (Paria et al, 1999b). FAAH expression is under the 

control of ovarian steroids; the combination of estrogen and progesterone 

as occurs during the opening of the implantation window upregulates 

FAAH in the uterus (Xiao et al, 2002; Maccarrone et al, 2000). FAAH is 

also activated at the implantation sites in response to a yet-unidentified 

lipid released by the blastocyst (Maccarrone et al, 2004). Despite the 

important roles FAAH has during implantation, it is not absolutely 

required for implantation and Faah-deficient mice can support 

implantation yet their implantation is delayed and implantation sites 

show reduced Chicago sky Blue staining (Wang et al, 2006), the latter 

being analogous to the phenotype of Plcβ1 KO females. Plcβ1 KO 
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females fail to induce FAAH at their implantation sites to levels 

comparable to Controls (Figure 6.18A), indicating higher anandamide 

concentration which may exert its detrimental effects on blastocyst 

morphology. It is unclear whether failure to express FAAH is the result 

of the impaired progesterone and estrogen signalling and/or the failure of 

blastocysts per se to drive FAAH expression at the implantation sites via 

paracrine signaling. Since FAAH is not absolutely required for the 

process of implantation, it is unknown if and how it might influence this 

phenotype; it is not unlikely that failure to degrade anandamide will exert 

further pressure on the already exacerbated phenotype of KO uteri.  

 

Interestingly, whereas embryos in Control implantation sites express 

FAAH, this is almost absent from embryos of KO implantation sites; this 

is the first molecular marker that is dysregulated in the embryos of KOs. 

It is largely unknown how the KO reproductive tract influences the 

expression of FAAH in the embryos. This maternally-induced loss of 

FAAH makes however embryos more susceptible to detrimentally high 

levels of anandamide. Suppression of FAAH expression might even be 

happening from the oviductal stages of embryo development and this 

may in exposure of the embryo to high anandamide levels throughout the 

pre- and peri- implantation period.  

 

Finally, just like FAAH fails to be upregulated in KO uteri, so does 

MAGL (Figure 6.18B). The effects of MAGL and its target 

endocannabinoid 2-AG on implantation biology remain a mystery. Very 

limited research has been performed on MAGL (Wang et al, 2007) and 

no mice have been generated lacking Magl so as to assess its importance 

in implantation. The results presented here are the first case in which 

misregulation of MAGL occurs in a mouse model for defective 

implantation. This may prove useful in the future for the elucidation if 

the role(s) MAGL may have in the process of implantation. 
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6.5 Final Conclusions and Remarks 

 

In this Chapter, the expression of PLCβ1 was probed in the murine uterus 

during the pre- and peri- implantation period in addition to the analysis of 

a variety of molecular markers known to be involved in implantation 

among Control and KO uteri at 4.5dpc. The results show distinct 

expression profiles of PLCβ1 in the luminal and glandular epithelia with 

a transient upregulation in the stroma during 0.5-1.5dpc, when the uterus 

is under the control of estrogen. PLCβ1 is also expressed at the 

implantation sites and embryos indicating that it may participate in 

embryo-maternal paracrine communication. Gene expression in KO uteri 

showed that they demonstrate defective signalling on the global hormone 

regulators progesterone and estrogen. The latter affect the expression of 

progesterone- and estrogen- responsive genes such as Amphiregulin and 

Lactoferrin, yet the expression of other steroid hormone genes and 

proteins like Lif, Hoxa10 and mucins remained unaltered. Defective 

steroid hormone signaling may be the prime cause for the misexpression 

of other genes and proteins like Ptgs2, CcnD3 and FAAH showing that 

KO uteri have defective prostaglandin and endocannabinoids systems. 

KO uteri however manage to show normal mRNA levels for components 

of the vascularisation and angiogenesis system. Overall, KO uteri show a 

multitude of molecular defects making it possible that the increased 

burden of failing pathways causes the implantation failure and indicates 

that PLCβ1 is a global mediator of uterine preparation for implantation 

and/or maternal-embryo communication.   
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Chapter 7 – Final Discussion 

 

7.1 Final Discussion 

 

In this research project the post-ovulatory block of Plcβ1 transgenic mice 

was examined in order to expand our current understanding of the roles of 

PLCβ1 in female reproduction. The experiments described in this Thesis 

have demonstrated that KO females harbour a genetic disruption generating a 

truncated Plcβ1 mRNA possibly leading to the formation of a truncated 

PLCβ1. Whether the mutant mouse produces no PLCβ1 product or a 

truncated one, the consequence of this is that these mice have an 

implantation block and fail to implant their embryos; fewer and less-

pronounced implantation sites that do not progress further are evident in KO 

uteri at 4.5dpc. Lack of embryo attachment at 4.5dpc is the cause for this 

implantation failure and appears to be caused by the combined result of a 

variety of misregulated genes. Signalling of the global uterine regulators 

estrogen and progesterone is abnormal indicating that uterine preparation for 

implantation and implantation itself are affected. Abnormal estrogen and 

progesterone signalling can account for the observed lack of embryo 

attachment, lack of decidualisation, reduced luminal closure and failure of 

the epithelial cells to complete the necessary differentiation for embryo 

reception. Enzymes involved in the turnover of endocannabinoid as well as 

the rate-limiting enzyme for the production of prostaglandins are 

misregulated in KO uteri.  Finally, the KO reproductive tracts detriments the 

developing of its embryos. Overall, the results show that PLCβ1 is an 

essential gene for implantation that mediates uterine preparation in multiple 

systems that include embryo development, uterine preparation for attachment 

and implantation itself. The observations made in this study are very likely to 

have clinical relevance in infertile women with implantation failure and 

provide the basis for the identification of novel therapeutic targets.  
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7.1.1 The reproductive blocks of PLCβ1 KO females 

 

PLCβ1 KO females are infertile with a multitude of reproductive problems 

that have been focused in three main aspects; reproductive behaviour, 

ovulation and as concluded from the experiments of this Thesis, 

implantation. Their abnormal reproductive behaviour has been studied and 

analysed by the author (published in Filis et al, 2009 and not detailed in this 

Thesis). The author observed that KO females in estrus are able to induce the 

appetitive aspects of mating in stud males, yet they showed greater mating 

latency compared to Controls. KO females however mated often but not 

always if left with a stud overnight. The behavioural problems of KO 

females show some similarities to those of patients with schizophrenia (Koh 

et al, 2008) and are responsible to some extent for their impaired 

reproduction. As noted in Section 1.4, KO females had been more difficult to 

get pregnant and one reason was that they would plug at much reduced rates 

compared to controls (as a rough estimation, in experiments involving 

superovulation and mating roughly 80% of Control females would plug, in 

contrast to only 30% of the KOs). The abnormal reproductive behaviour has 

not been further investigated and its cause is a matter of speculation at this 

point.  

 

Nevertheless, the KOs that mate fail to get pregnant because they do not 

ovulate (Filis et al, 2009). The cause of the anovulation is unclear; yet they 

can ovulate in response to superovulation treatment, their oocytes can get 

fertilised and have to potential to develop to blastocysts (Filis et al, 2009). 

The superovulation regime encompasses the administration of a single dose 

of PMSG followed by a single dose of hCG 48 hours later. It is likely that the 

hCG of the regime compensates for a possible absence of LH in KO females. 

PLCβ1 is involved in the GnRH-induced LH release from LH-secreting 

pituitary LβT2 cells (Liu et al, 2005). This, combined to the fact that only the 
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PLCβ1 and PLCβ3 subtypes are found in the pituitary (Romoser et al, 2001) 

and that mice deficient in PLCβ3 are not reported infertile (Xie et al, 1999) 

makes it plausible that PLCβ1 is primarily involved in mediating the 

preovulatory LH surge from the pituitary. The overall severity of this 

phenotype signifies that PLCβ1 is essential for a host of reproductive 

processes that range from reproductive behaviour, ovulation, embryo 

development and implantation. 

 

7.1.2 PLCβ signalling in the uterus putative receptors  

 

The family of phospholipase enzymes is important for uterine physiology in 

general and implantation in particular. Out of the PLC isozymes the PLCβ 

are activated by GPCRs and specifically by the GPCRs that are coupled to 

Gαq-containing G-protein complexes. Out of the four PLCβ subtypes, only 

PLCβ1 is the one that is absolutely essential for reproductive success in 

female mice as demonstrated by gene disruption experiments (Ballester et al, 

2004; Böhm et al, 2002). What receptors’ signals does PLCβ1 mediate 

during the normal uterine function? This question remains unanswered, yet 

the analysis of the implantation failure of KO animals cues to the 

involvement of five GPCRs that signal through Gαq and potentially PLCβ1: 

 

a) LPA3:   LPA3 is one of the lysophosphatidic acid receptors that has been 

implicated in uterine-embryo communication and whose deficiency 

causes loss of COX2 upregulation at the implantation sites, embryo 

spacing, reduced fertility and poor implantation outcome (Ye et al, 

2005).  

 

b) Calcitonin and Calcitonin Receptor: Calcitonin with its receptor is also 

involved in the preparation of the luminal epithelium during the peri-

implantation period; calcitonin is a progesterone-activated gene that is 
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expressed at around the receptive phase of the endometrium (Ding et al, 

1994; Zhu et al, 1998b). Calcitonin downregulates E-cadherin which in 

turn has been implicated in the remodelling of adherens junctions and 

ultimately the differentiation of the uterine epithelium (Li et al, 2002). In 

addition, calcitonin promotes trophoblast outgrowth on the uterine 

epithelial cells in vitro and is generally thought to facilitate implantation 

(Li et al, 2007). Consistent with these functions of calcitonin, attenuation 

of calcitonin gene expression in the rat uterus with antisense mRNA 

transcripts severely impairs implantation (Zhu et al, 1998a).  

  

c) Platelet-activating factor (PAF): PAF acting via its GPCR-receptor has 

been implicated in embryo-uterine communication as well. PAF secreted 

in by preimplantation embryos promotes implantation by binding to its 

receptor and PAF antagonists inhibit implantation (Nishi et al, 

1995;O’Neill, 1995). PAF receptor is induced by estrogen in the human 

endometrium Alecozay et al, 1991) but it is yet unknown when and how 

this receptor is also expressed at the murine endometrium during the pre- 

and peri-implantation phase. 

 

d) Ghrelin and its receptor growth hormone secretagogue receptor 

(GHSR): Both ghrelin and GHSR are expressed in the preimplantation 

embryos and endometrium in pre- and peri-implantation embryo 

development implantation and the increased ghrelin in the uterine fluid 

of mice inhibits embryo development (Kawamura et al, 2003). In 

humans, GHSR is expressed in the luminal epithelium and stroma during 

the mid-secretory phase and women with unexplained infertility have 

markedly lower GHSR levels (Aghajanova et al, 2010), indicating a role 

for Ghrelin-GHSR signaling during the establishment of pregnancy. 
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e) Histamine and H1 receptor: Another important GPCR-Gαq signaling 

pathway involves histamine acting via its histamine H1 receptor; 

histamime is produced by histidine decarboxylase (HDC) which is 

upregulated by progesterone in the uterus from 3.5dpc (Wood et al, 

2000). Histamine is produced and released by mast cells and the latter 

have been demonstrated to be recruited to the uterus under the effect 

combined effect of estrogen and progesterone (Jensen et al, 2010). This 

indicates that mast cells may be recruited in the uterus during the 

opening of the implantation window. Mast cells appear to be depleted 

from the uterus after the attachment reaction and this depletion is more 

pronounced at the implantation sites (Hore et al, 1988). Histamine 

signaling in the process of implantation is important due to its effects on 

vascular permeability and induction of decidualisation (Johnson and 

Dey, 1980).   

 

Collectively, the roles of lysophosphatidic acid, calcitonin, PAF, Ghrelin and 

histamine in the uterine preparation, embryo development, embryo-uterine 

communication and attachment are in fair agreement with the demonstrated 

phenotypic defects of Plcβ1 KO females. In addition, as noted above, since 

PLCβ2, PLCβ3 and PLCβ4 are dispensable for implantation (and 

reproduction in general) yet PLCβ1 is necessary, the author proposes that 

PLCβ1 acts as a key mediator in the GPCR-Gaq signalling during pre- and 

peri- implantation uterine development possibly acting as a hub conveying 

signals from multiple GPCRs. 

 

7.1.3 PLCβ1 and ovarian steroid signalling 

 

KO uteri have abnormally high levels of Amphiregulin, a progesterone-

regulated gene, yet they have normal levels of Prg mRNA, indicating 

impaired progesterone signalling. Levels of circulating progesterone rise 
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after 2.5dpc and the PR is expressed at the luminal epithelium and the stroma 

at 3.5dpc but remains confined at the stroma at 4.5dpc (Tan et al, 1999). PR 

in epithelial cells has been implicated in the cessation of their proliferation 

and the beginning of their differentiation at 3.5dpc (Ohta et al, 1993) as 

discussed in Section 5.4.3. PLCβ1 in the epithelium at 3.5dpc may therefore 

be involved in the progesterone signalling that mediates the cessation of 

epithelial proliferation; luminal epithelial cells in 4.5dpc KO implantation 

sites fail to cease proliferation (as presented in Section 5.3.5) and this may be 

an effect of defective progesterone signalling. Additionally, progesterone has 

been shown to rapidly activate PLCβ1 and downstream Ca2+ release 

presumably via non-genomic signalling both in rat osteoblasts and in porcine 

granulosa cells (Le Mellay and Lieberherr, ,2000; Lieberherr et al, 1999), 

thus making it plausible that a similar system for progesterone action can 

exist in the murine uterus. 

 

The estrogen signalling appears to be more severely impaired, with KO uteri 

having abnormally high levels of Lactoferrin, low ER-α levels at their 

implantation sites and higher Esr1 levels at their implantation sites compared 

to Controls. Given that PLC β1 is expressed at the luminal epithelium from 

0.5-4.5dpc and at the stroma from 0.5-1.5dpc. ER-α is primarily expressed at 

the luminal and glandular epithelium during 0.5-1.5dpc where it drives 

proliferation of the epithelial cells (Tan et al, 1999). This is consistent with 

the observation that estrogen upregulates PLCβ1 at around 300% in the rat 

myometrium at around term (Houdeau et al, 2005).  

 

It is likely that PLCβ1 mediates the effects of estrogen/ER-α for the 

epithelial preparation for implantation. The latter may occur via the 

involvement of PLCβ1 in classical GPCR-Gαq-PLCβ signalling, but it may 

also involve non-genomic actions of the circulating estrogen; it has been 

suggested that estrogen can activate PLCβ isozymes to cause downstream 
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release of Ca2+ and activation of PKC (Marino et al, 2006; Le Mellay et al, 

1997) and such activation pathways can also occur in endometrial stromal 

cells (Wang et al, 2008). This non-genomic action has been shown to occur 

via interactions (among others) of the ER-α with the Epidermal Growth 

Factor Receptor (EGFR) (Evinger and Levin, 2005). It is very likely 

therefore that epithelial PLCβ1 mediates the actions of estrogen in the 

epithelia during 0.5-1.5dpc. In spite of the fact that elements and/or effectors 

of ovarian steroid signalling were affected on KO uteri, the expression of 

some ovarian steroid-regulated mRNAs and proteins like Lif, Hoxa10 and 

mucins remained unaltered.  

 

7.1.4 PLCβ1 and endocannabinoids 

 

Neither FAAH nor MAGL are expressed in KO implantation sites at levels 

comparable to Controls, implying that endocannabinoid levels at the 

implantation sites are higher. This may be the result of aberrant ovarian 

steroid signalling since FAAH is under the control of both estrogen and 

progesterone (Xiao et al, 2002; Maccarrone et al, 2000) as well as yet-

unidentified signals from the blastocyst (Maccarrone et al, 2004). High 

levels of endocannabinoids have detrimental effect to the pre-and peri- 

implantation development (Paria et al, 1998; Paria and Dey, 2000) and this 

may explain the abnormal appearance of embryos developing within the KO 

reproductive system. It is possible that misregulation of endocannabinoids 

does not only occur in the KO uterus but in the KO oviducts as well, in 

which case the embryos might be subjected to detrimental signals from the 

earliest stages of their development. Whereas peri-implantation embryos 

normally express FAAH, immunohistochemistry revealed that the embryos 

of KOs have far less FAAH amounts. This means that should the KO 

implantation sites have restrictively high (for initiation and support of 
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implantation) amounts of anandamide, then the embryos cannot employ their 

endogenous FAAH to degrade it.  

 

Faah-deficient mice do not show implantation failure rather than 

implantation delay (Wang et al, 2006), whereas the roles of MAGL are 

unclear at the moment. In the case of PLCβ1 KO females, absence of FAAH 

is but one facet from the milieu of reproductive abnormalities, and thus it is 

difficult to know how FAAH-deficiency has contributed to the severity of 

the phenotype. PLCβ1 KO females also fail to upregulate Ptgs2, whose 

protein equivalent COX2 is not only responsible for the formation of 

prostaglandins precursors but also capable of metabolising anandamide 

(Kozak et al, 2002). The latter shows that a possible compensatory 

mechanism to alleviate excess endocannabinoids from the implantation sites 

therefore promoting embryo development and/or implantation may not be 

present in KO females.  

 

7.2 Future Research Directions 

 

7.2.1 Further examination of hormonal dynamics in KO females 

 

This research has opened new avenues in the investigation of the infertile 

phenotype of KO females and the understanding of how it controls 

reproductive functions. One of the key findings in this Thesis is the abnormal 

estrogen and progesterone signalling and this needs to be further 

investigated. It is currently unclear whether KO ovaries produce sufficient 

levels of estrogen and progesterone to drive the necessary uterine preparation 

for implantation. KO ovaries fail to ovulate under normal conditions and it is 

not unlikely that they may have impaired production of hormones. The 

histological observations gathered in non-pregnant cycling uteri (Section 

5.3.2 are insufficient in deciding whether KO uteri have the ability to cycle 
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and to show the milieu of uterine changes that occur physiologically through 

the murine uterine estrus cycle. Given the future availability of KO females, 

more samples need to be collected from estrous, metestrous, diiestrous and 

proestrus stages which can be examined histolvogically as well as probed for 

proliferation and apoptosis. In addition, uteri must also be collected from 

earlier stages of pregnancy (0.5-3.5dpc) and be subjected to similar analyses. 

Complementary to the above, serum must be collected from KO females 

during both cycling non-pregnant as well as pregnant KO females and be 

analysed for the presence of estrogen, progesterone, FSH and LH so as to get 

a better understanding of the reproductive endocrinology of the KO females.  

 

7.2.2 Identification of receptors that signal through PLCβ1 

 

Another major future plan is the identification of receptors that signal 

through PLCβ1 in the uterus. This is not an easy task since PLCβ1 signalling 

may be diverse and possibly changing spatiotemporally in the uterus. The 

KO animals provide an ideal system to identify such receptors; uterine slices 

obtained by Control and KO animals of various pregnancy stages can be 

stimulated in vitro by candidate receptor agonists and immediately 

downstream effects of their activation (such as Ca2+ release) can be 

visualised. Such approaches are already employed in the elucidation of 

receptor action in other research areas such as neurobiology. Alternatively, 

cell cultures could be created from Control and KO uterine cells (epithelial 

and/or stromal) and their response to potential ligands can be tested as above. 

Such systems will also have the opportunity to test whether PLCβ1 

participates in non-genomic signalling of steroid hormones, as hypothesised 

in Section 6.4.3.  
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7.2.3 Thorough examination of the maternal effect of KO females on 

embryo development 

 

The detrimental effect that KO reproductive tracts exert on their embryos is 

uncommon and deserves further examination should KO females are 

available for experimentation. Currently it is unknown whether a) embryos 

from KO females are implantation-competent and b) when their degeneration 

begins. To resolve these questions, the implantation competency of KO 

oocytes has to be tested both by transferring in vitro-grown blastocysts as 

well embryos that have developed within the KO reproductive tract to 

Control uteri. In addition, since other future experiments (Section 7.3.1) ask 

for the collection of uterine tissue from earlier pregnancy dates from KOs, 

this is an ideal opportunity to also collect embryos at 0.5-3.5 and decipher 

when any abnormalities start manifesting. Probing these embryos for a 

variety of molecular markers will expand the characterisation of their 

molecular make-up and will provide further cues as to how, when and why 

they start developing abnormally.  

 

7.2.4 Creating conditional KO of PLCβ1 in the uterus  

 

PLCβ1 controls reproductive processes in the level of behaviour, ovulation, 

embryo development and implantation and it is difficult to obtain a whole 

picture by studying each system separately, In addition, KO females have a 

multitude of other problems that makes their breeding and mating 

problematic, thus making the acquisition of KO material difficult, time-

consuming and very expensive. Since the data in this Thesis strongly identify 

PLCβ1 as having essential roles and participates in multiple pathways  in the 

uterus, it would be useful to create conditional KOs that bear the disrupted 

Plcβ1 in the uterus only. This will most likely make the acquisition of KO 
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material easier but most importantly it will uncouple the uterine actions of 

PLCβ1 from its brain, behavioural and ovarian functions.  

 

7.2.5 Translating the knowledge from this mouse model to humans 

 

Ultimately, the knowledge from this animal model of implantation failure 

could be of great help in formulating research hypotheses to explain and/or 

treat human infertility. So far PLCβ1 has not been implicated in implantation 

in humans; its pleiotropic actions and its essential roles in the mouse make it 

a suitable and promising candidate for investigation in human physiology 

and pathology. Examining whether PLCβ1 plays a role in human 

implantation and whether women with implantation failure have PLCβ1-

associated defects promises to expand our understanding of human 

implantation. Such knowledge has the potential to ultimately lead into 

therapeutic treatments for infertility as well as the development of novel 

contraceptive strategies.  



References    193 

Abban G., Erdogan D., Ozogul C., Take G. and Yildirim N.B. (2005). 
Immunohistochemical localization of beta1 and beta4 integrins in mouse 
endometrium during implantation and early pregnancy. Acta Physiol Hung. 
92:153-62. 

Adhikari D., and Liu K. (2009). Molecular mechanisms underlying the activation 
of mammalian primordial follicles. Endocr Rev. 30:438-64.  

Ain R., Rao J., Peter A.T., Vijaykumar B.R., Sridhar H., Satish K.S. and Seshagiri 
P.B. (1998). Bacterial infection and endotoxin in female reproductive tract in rats: 
correlation with the developmental status of preimplantation embryos. Indian J 
Exp Biol. 36:867-74, 

Aisiku O., Dowal L. and Scarlata S. (2011). Protein kinase C phosphorylation of 
PLCβ1 regulates its cellular localization. Arch Biochem Biophys. 509:186-90.  

Aghajanova L., Rumman A., Altmäe S., Wånggren K. and Stavreus-Evers A. 
(2010). Diminished endometrial expression of ghrelin and ghrelin receptor 
contributes to infertility. Reprod Sci. 17:823-32.  

Alecozay A.A., Harper M.J., Schenken R.S., Hanahan D.J. (1991). Paracrine 
interactions between platelet-activating factor and prostaglandins in hormonally-
treated human luteal phase endometrium in vitro. J Reprod Fertil. 91:301-12 

Aplin J.D. (1997). Adhesion molecules in implantation. Rev Reprod. 2:84-93. 

Aplin J.D., Meseguer M., Simón C., Ortíz M.E., Croxatto H. and Jones C.J. 
(2001). MUC1, glycans and the cell-surface barrier to embryo implantation. 
Biochem Soc Trans. 29:153-6. 

Aplin J.D., Seif M.W., Graham R.A., Hey N.A., Behzad F. and Campbell S. 
(1994). The endometrial cell surface and implantation. Expression of the 
polymorphic mucin MUC-1 and adhesion molecules during the endometrial cycle. 
Ann N Y Acad Sci. 734:103-21. 

Arceci R.J., Pampfer S. and Pollard J.W. (1992). Expression of CSF-1/c-fms and 
SF/c-kit mRNA during preimplantation mouse development. Dev Biol. 151:1-8. 
 
Arceci R.J., Shanahan F., Stanley E.R. and Pollard JW. (1989) Temporal 
expression and location of colony-stimulating factor 1 (CSF-1) and its receptor in 
the female reproductive tract are consistent with CSF-1-regulated placental 
development. Proc Natl Acad Sci U S A. 86:8818-22. 



References    194 

Avazeri N., Courtot A.M., Pesty A., Duquenne C. and Lefèvre B. (2000). 
Cytoplasmic and nuclear phospholipase C-beta 1 relocation: role in resumption of 
meiosis in the mouse oocyte. Mol Biol Cell. 11:4369-80. 

Avazeri N., Courtot A.M., Pesty A. and Lefevre B. (2003). Meiosis resumption, 
calcium-sensitive period, and PLC-beta1 relocation into the nucleus in the mouse 
oocyte. Cell Signal. 15:1003-10. 

Bahk Y.Y., Song H., Baek S.H., Park B.Y., Kim H., Ryu S.H. and Suh P.G. 
(1998). Localization of two forms of phospholipase C-beta1, a and b, in C6Bu-1 
cells. Biochim Biophys Acta. 1389:76-80. 

Ballester M., Molist J., Lopez-Bejar M., Sánchez A., Santaló J., Folch JM. and 
Ibáñez E. (2004). Disruption of the mouse phospholipase C-beta1 gene in a beta-
lactoglobulin transgenic line affects viability, growth, and fertility in mice. Gene. 
341:279-89. 

Barlow D.J., Edwards M.S., and Thornton J.M. (1986). Continuous and 
discontinuous protein antigenic determinants. Nature 322:747-748. 
 
Bavelloni A., Faenza I., Cioffi G., Piazzi M., Parisi D., Matic I., Maraldi N.M. and 
Cocco L. (2006). Proteomic-based analysis of nuclear signaling: PLCbeta1 affects 
the expression of the splicing factor SRp20 in Friend erythroleukemia cells.  
Proteomics. 6:5725-34. 

Bell S.C. (1983). Decidualization: regional differentiation and associated function. 
Oxf Rev Biol 5:220–271. 

Benson G.V., Lim H., Paria B.C., Satokata I., Dey S.K. and Maas R.L. (1996). 
Mechanisms of reduced fertility in Hoxa-10 mutant mice: uterine homeosis and 
loss of maternal Hoxa-10 expression. Development. 122:2687-96 

Bhatnagar P., Papaioannou V.E. and Biggers J.D. (1995). CSF-1 and mouse 
preimplantation development in vitro. Development. 121:1333-9. 

 
Biason-Lauber A. and Konrad D. (2008). WNT4 and sex development. Sex Dev. 
2:210-8.  

Birnbaumer L. (2006). Expansion of signal transduction by G proteins. The second 
15 years or so: from 3 to 16 alpha subunits plus betagamma dimers. Biochim 
Biophys Acta. 1768:772-93.  

Bloxham P.A. (1974). From ovulation to blastocyst attachment. A review of early 
embryonic life in the mouse. Folia Vet Lat. 6:319-34. 



References    195 

Braga V.M. and Gendler S.J. (1993). Modulation of Muc-1 mucin expression in 
the mouse uterus during the estrus cycle, early pregnancy and placentation. J Cell 
Sci. 105:397-405. 

Brayman M.J., Julian J., Mulac-Jericevic B., Conneely O.M., Edwards D.P., 
Carson D.D. (2006). Progesterone receptor isoforms A and B differentially 
regulate MUC1 expression in uterine epithelial cells. Mol Endocrinol. 20:2278-91.  

Bunce M.W., Bergendahl K. and Anderson R.A. (2006). Nuclear PI(4,5)P(2): a 
new place for an old signal. Biochim Biophys Acta. 1761:560-9.  

Böhm D., Schwegler H., Kotthaus L., Nayernia K., Rickmann M., Köhler M., 
Rosenbusch J., Engel W., Flügge G. and Burfeind P. (2002). Disruption of PLC-
beta 1-mediated signal transduction in mutant mice causes age-dependent 
hippocampal mossy fiber sprouting and neurodegeneration. Mol Cell Neurosci. 
21:584-601. 

Campbell E.A., O'Hara L., Catalano R.D., Sharkey A.M., Freeman T.C. and 
Johnson M.H. (2006). Temporal expression profiling of the uterine luminal 
epithelium of the pseudo-pregnant mouse suggests receptivity to the fertilized egg 
is associated with complex transcriptional changes. Hum Reprod. 21:2495-513.  

Carson D.D., Tang J.P. and Julian J. (1993). Heparan sulphate proteoglycan 
(perlecan) expression by mouse embryos during acquisition of attachment 
competence. Dev Biol 155:97–106. 

Chakraborty I., Das S.K. and Dey S.K. (1995). Differential expression of vascular 
endothelial growth factor and its receptor mRNAs in the mouse uterus around the 
time of implantation. J Endocrinol. 147:339-52. 

Chakraborty I., Das S.K., Wang J. and Dey S.K. (1996). Developmental 
expression of the cyclo-oxygenase-1 and cyclo-oxygenase-2 genes in the peri-
implantation mouse uterus and their differential regulation by the blastocyst and 
ovarian steroids. J Mol Endocrinol. 16:107-22. 

Chen M., Wolfe A., Wang X., Chang C., Yeh S. and Radovick S. (2009). 
Generation and characterization of a complete null estrogen receptor alpha mouse 
using Cre/LoxP technology. Mol Cell Biochem. 321:145-53. 

Cheng J.G. and Stewart C.L. (2003). Loss of cyclooxygenase-2 retards decidual 
growth but does not inhibit embryo implantation or development to term. Biol 
Reprod. 68:401-4. 



References    196 

Choi D., Lee E., Hwang S., Jun K., Kim D., Yoon B.K., Shin H.S. and Lee J.H. 
(2001). The biological significance of phospholipase C beta 1 gene mutation in 
mouse sperm in the acrosome reaction, fertilization, and embryo development. J 
Assist Reprod Genet. 18:305-10. 

Christmann A., Wentzel A., Meyer C., Meyers G. and Kolmar H. (2001). Epitope 
mapping and affinity purification of monospecific antibodies by Escherichia coli 
cell surface display of gene-derived random peptide libraries. J. Immunol Methods 
257:163–173. 

Chu I., Arnaout A., Loiseau S., Sun J., Seth A., McMahon C., Chun K., Hennessy 
B., Mills G.B., Nawaz Z. and Slingerland J.M. (2007). Src promotes estrogen-
dependent estrogen receptor alpha proteolysis in human breast cancer. J Clin 
Invest. 117:2205-15. 

Correia-da-Silva G., Bell S.C., Pringle J.H. and Teixeira N.A. (2004). Patterns of 
uterine cellular proliferation and apoptosis in the implantation site of the rat during 
pregnancy. Placenta. 25:538-47. 

Critchley H.O. and Saunders P.T. (2009). Hormone receptor dynamics in a 
receptive human endometrium. Reprod Sci. 16:191-9 

Cocco L., Faenza I., Follo M.Y., Billi A.M., Ramazzotti G., Papa V., Martelli 
A.M. and Manzoli L. (2009). Nuclear inositides: PI-PLC signaling in cell growth, 
differentiation and pathology. Adv Enzyme Regul. 49:2-10. 

Cocco L., Manzoli L., Palka G. and Martelli A.M. (2005). Nuclear phospholipase 
C beta1, regulation of the cell cycle and progression of acute myeloid leukemia. 
Adv Enzyme Regul. 45:126-35.  

Curtis H.S., Goulding E.H., Eddy E.M. and Korach K.S. (2002). Studies using the 
estrogen receptor alpha knockout uterus demonstrate that implantation but not 
decidualization-associated signaling is estrogen dependent. Biol Reprod. 67:1268-
77. 

Curtis S.W., Clark J., Myers P. and Korach K.S. (1999). Disruption of estrogen 
signaling does not prevent progesterone action in the estrogen receptor alpha 
knockout mouse uterus. Proc Natl Acad Sci U S A. 96:3646-51. 

Daikoku T., Song H., Guo Y., Riesewijk A., Mosselman S., Das S.K. and Dey 
S.K. (2004). Uterine Msx-1 and Wnt4 signaling becomes aberrant in mice with the 
loss of leukemia inhibitory factor or Hoxa-10: Evidence for a novel cytokine- 
homeobox-Wnt signalling in implantation. Mol Endocrinol 18:1238–1250. 



References    197 

Das N., Wang J. and Dey SK. (1997). Uterine preparation for implantation in the 
mouse is associated with coordinate expression of estrogen-responsive finger 
protein and estrogen receptor. Mol Reprod Dev.  46:499-506. 

Das S.K, Chakraborty I., Paria B.C., Wang X.N., Plowman G. and Dey S.K. 
(1995). Amphiregulin is an implantation-specific and progesterone-regulated gene 
in the mouse uterus. Mol Endocrinol. 9:691-705. 

Das S.K., Lim H., Paria B.C. and Dey S.K. (1999). Cyclin D3 in the mouse uterus 
is associated with the decidualization process during early pregnancy. J Mol 
Endocrinol. 22:91-101. 

Das S.K., Wang X.N., Paria B.C., Damm D., Abraham J.A., Klagsbrun M., 
Andrews G.K. and Dey S.K. (1994). Heparin-binding EGF-like growth factor gene 
is induced in the mouse uterus temporally by the blastocyst solely at the site of its 
apposition: a possible ligand for interaction with blastocyst EGF-receptor in 
implantation. Development. 120:1071-83. 

De Feo V.J. (1967). Decidualization. In: R.M. Wynn, Editor, Cellular biology of 
the uterus, North Holland, Amsterdam pp. 191–290. 

Descorbeth M. and Anand-Srivastava M.B. (2008). High glucose increases the 
expression of Gq/11alpha and PLC-beta proteins and associated signaling in 
vascular smooth muscle cells. Am J Physiol Heart Circ Physiol. 295:H2135-42. 

DeSouza M.M., Mani S.K., Julian J. and Carson D.D. (1998). Reduction of mucin-
1 expression during the receptive phase in the rat uterus. Biol Reprod. 58:1503-7. 

Dey S.K., Lim H., Das S.K., Reese J., Paria B.C., Daikoku T. and Wang H. 
(2004). Molecular cues to implantation. Endocr Rev. 25:341-73.  

Di Marzo V., Melck D., Bisogno T. andDe Petrocellis L. (1998). 
Endocannabinoids: endogenous cannabinoid receptor ligands with 
neuromodulatory action.Trends Neurosci. 21:521-8. 

Ding Y.Q., Zhu L.J., Bagchi M.K. and Bagchi I.C. (1994). Progesterone stimulates 
calcitonin gene expression in the uterus during implantation. Endocrinology. 
135:2265-74. 

Divecha N., Banfic H. and Irvine R.F. (1991). The polyphosphoinositide cycle 
exists in the nuclei of Swiss 3T3 cells under the control of a receptor (for IGF-I) in 
the plasma membrane, and stimulation of the cycle increases nuclear 
diacylglycerol and apparently induces translocation of protein kinase C to the 
nucleus. Embo J 10:3207–14. 



References    198 

Divecha N., Letcher A.J., Banfic H.H., Rhee S.G. and Irvine R.F. (1995). Changes 
in the components of a nuclear inositide cycle during differentiation in murine 
erythroleukaemia cells. Biochem J. 312:63–7. 

Dowal L., Provitera P. and Scarlata S. (2006). Stable association between G 
alpha(q) and phospholipase C beta 1 in living cells. J Biol Chem. 281:23999-4014 

Drin G. and Scarlata S. (2007). Stimulation of phospholipase Cbeta by membrane 
interactions, interdomain movement, and G protein binding--how many ways can 
you activate an enzyme? Cell Signal. 19:1383-92.  

Evinger A.J. 3rd and Levin E.R. (2005). Requirements for estrogen receptor alpha 
membrane localization and function. Steroids. 70:361-3.  

Evsikov SV, Vagyna IN, Solomko AP. (1996). Mechanisms of cell number 
regulation in the peri-implantation mouse blastocyst. J Exp Zool. 276:201-8. 

Faenza I., Bavelloni A., Fiume R., Lattanzi G., Maraldi N.M., Gilmour R.S., 
Martelli A.M., Suh P.G., Billi A.M. and Cocco L. (2003). Up-regulation of nuclear 
PLCbeta1 in myogenic differentiation. J Cell Physiol. 195:446-52. 

Faenza I., Matteucci A., Manzoli L., Billi A.M., Aluigi M., Peruzzi D., Vitale M., 
Castorina S., Suh P.G. and Cocco L (2000) A role for nuclear phospholipase Cbeta 
1 in cell cycle control. J Biol Chem. 275:30520-4. 

Faenza I., Ramazzotti G., Bavelloni A., Fiume R., Gaboardi G.C., Follo M.Y., 
Gilmour R.S., Martelli A.M., Ravid K. and Cocco L. (2007). Inositide-dependent 
phospholipase C signaling mimics insulin in skeletal muscle differentiation by 
affecting specific regions of the cyclin D3 promoter. Endocrinology. 148:1108-17.  

Farnell Y.Z. and Ing N.H. (2003). Endometrial effects of selective estrogen 
receptor modulators (SERMs) on estradiol-responsive gene expression are gene 
and cell-specific. J Steroid Biochem Mol Biol. 84:513-26. 

Filis P., Lannagan T., Thomson A., Murray A.A., Kind P.C. and Spears N. (2009). 
Phospholipase C-beta1 signaling affects reproductive behavior, ovulation, and 
implantation. Endocrinology. 150:3259-66.  

Filtz T.M., Grubb D.R., McLeod-Dryden T.J., Luo J. and Woodcock E.A. (2009). 
Gq-initiated cardiomyocyte hypertrophy is mediated by phospholipase Cbeta1b. 
FASEB J. 23:3564-70.  

Finn C.A. (1977). The implantation reaction, in Biology of the Uterus (Wynn 
R.M., editor) Plenum Press, New York.  



References    199 

Fiume R., Faenza I., Matteucci A., Astolfi A., Vitale M., Martelli A.M. and Cocco 
L. (2005). Nuclear phospholipase C beta1 (PLCbeta1) affects CD24 expression in 
murine erythroleukemia cells. J Biol Chem. 280:24221-6. 

Follo M.Y., Bosi C., Finelli C., Fiume R., Faenza I., Ramazzotti G., Gaboardi 
G.C., Manzoli L and Cocco L. (2006). Real-time PCR as a tool for quantitative 
analysis of PI-PLCbeta1 gene expression in myelodysplastic syndrome. Int J Mol 
Med. 18:267-71. 

Follo M.Y., Mongiorgi S., Finelli C., Clissa C., Ramazzotti G., Fiume R., Faenza 
I., Manzoli L., Martelli A.M. and Cocco L. (2010). Nuclear inositide signaling in 
myelodysplastic syndromes. J Cell Biochem. 109:1065-71 

Fouladi-Nashta A.A., Jones C.J., Nijjar N., Mohamet L., Smith A.,Chambers I. 
and Kimber S.J. (2005). Characterization of the uterine phenotype during the peri-
implantation period for LIF-null, MF1 strain mice. Dev Biol 281:1–21. 

Fride E. (2008). Multiple roles for the endocannabinoid system during the earliest 
stages of life: pre- and postnatal development. J Neuroendocrinol. Suppl 1:75-81. 

Fässler R. and Meyer M. (1995). Consequences of lack of beta 1 integrin gene 
expression in mice. Genes Dev. 9:1896-908. 

Gendron R.L., Paradis H., Hsieh-Li H.M., Lee D.W., Potter S.S. and Markoff E. 
(1997). Abnormal uterine stromal and glandular function associated with maternal 
reproductive defects in Hoxa-11 null mice. Biol Reprod. 56:1097-105. 

Geysen H.M., Meloen R.H. and Barteling S.J. (1984). Use of peptide synthesis to 
probe viral antigens for epitopes to a resolution of a single amino acid. Proc. Nati. 
Acad. Sci. USA 81:3998-4002. 

Grandjean P., Bellinger D., Bergman A., Cordier S., Davey-Smith G., Eskenazi B., 
Gee D., Gray K., Hanson M., van den Hazel P., Heindel J.J., Heinzow B., Hertz-
Picciotto I., Hu H., Huang T.T., Jensen T.K., Landrigan P.J., McMillen I.C., 
Murata K., Ritz B., Schoeters G., Skakkebaek N.E., Skerfving S. and Weihe P. 
(2007). The Faroes statement: human health effects of developmental exposure to 
chemicals in our environment. Basic Clin Pharmacol Toxicol. 102:73-5 

Grubb D.R., Vasilevski O., Huynh H. and Woodcock EA. (2008). The extreme C-
terminal region of phospholipase Cbeta1 determines subcellular localization and 
function; the "b" splice variant mediates alpha1-adrenergic receptor responses in 
cardiomyocytes. FASEB J. 22:2768-74.  



References    200 

Gupta D.K., Sato T.A., Keelan J.A., Marvin K.W. and Mitchell M.D. (2001). 
Expression of prostaglandin H synthase-1 and -2 in murine intrauterine and 
gestational tissues from mid pregnancy until term. Prostaglandins Other Lipid 
Mediat. 66:17-25. 

Hama K., Aoki J., Bandoh K., Inoue A., Endo T., Amano T., Suzuki H. and Arai 
H. (2006). Lysophosphatidic receptor, LPA3, is positively and negatively 
regulated by progesterone and estrogen in the mouse uterus. Life Sci. 79:1736-40.  

Hamatani T., Carter M. G., Sharov A. A. and  Ko M. S.(2004a). Dynamics of 
global gene expression changes during mouse preimplantation development. Dev. 
Cell 6:117–131.  

Hamatani T., Daikoku T., Wang H., Matsumoto H., Carter M.G., Ko M.S. and 
Dey S.K. (2004b) Global gene expression analysis identifies molecular pathways 
distinguishing blastocyst dormancy and activation. Proc Natl Acad Sci U S A. 
101:10326-31.  

Hannan A.J., Blakemore C., Katsnelson A., Vitalis T., Huber K.M., Bear M., 
Roder J., Kim D., Shin H.S. and Kind P.C. (2001). PLC-beta1, activated via 
mGluRs, mediates activity-dependent differentiation in cerebral cortex. Nat 
Neurosci. 4:282-8. 

Hashimotodani Y., Ohno-Shosaku T., Tsubokawa H., Ogata H., Emoto K., 
Maejima T., Araishi K., Shin HS. and Kano M. (2005). Phospholipase Cbeta 
serves as a coincidence detector through its Ca2+ dependency for triggering 
retrograde endocannabinoid signal. Neuron. 45:257-68. 

Herington J.L., Underwood T., McConaha M. and Bany B.M. (2009). Paracrine 
signals from the mouse conceptus are not required for the normal progression of 
decidualisation. Endocrinology. 150:4404-13.  

Hoffman L.H., Olson G.E., Carson D.D. and Chilton B.S. (1998). Progesterone 
and implanting blastocysts regulate Muc1 expression in rabbit uterine epithelium. 
Endocrinology. 139:266-71. 

Hokin M.R. and Hokin L.E. (1953). Enzyme secretion and the incorporation of 
P32 into phospholipides of pancreas slices. J Biol Chem. 203:967-77.   

Hong X., Luense L.J., McGinnis L.K., Nothnick W.B. and Christenson L.K. 
(2008). Dicer1 is essential for female fertility and normal development of the 
female reproductive system. Endocrinology 149:6207-12. 



References    201 

Hore A. and Mehrotra P.N. (1988). Presence of a blastocyst and mast cell 
depletion of the mouse uterus. Acta Anat (Basel). 132:6-8. 

Horne A.W., King A.E., Shaw E., McDonald S.E., Williams A.R., Saunders P.T. 
and Critchley H.O. (2009). Attenuated sex steroid receptor expression in fallopian 
tube of women with ectopic pregnancy. J Clin Endocrinol Metab. 94:5146-54.  

Houdeau E., Lévy A. and Mhaouty-Kodja S. (2005). Up-regulation of rat 
myometrial phospholipases C{beta}1 and C{beta}3 correlates with increased term 
sensitivity to carbachol and oxytocin. J Endocrinol. 187:197-204. 

Hubbard K.B. and Hepler J.R. (2005). Cell signalling diversity of the Gqalpha 
family of heterotrimeric G proteins. Cell Signal. 18:135-50.  

Huet-Hudson Y.M., Andrews G.K. and Dey S.K. (1989). Cell type-specific 
localization of c-myc protein in the mouse uterus: modulation by steroid hormones 
and analysis of the periimplantation period. Endocrinology. 125:1683-90. 
 
Huet-Hudson Y.M. and Dey S.K.(1987). Role of early and late oestrogenic effects 
on implantation in the mouse. J Reprod Fertil. 81:453-8. 

Igarashi H., Knott J.G., Schultz R.M. and Williams C.J.(2007). Alterations of 
PLCbeta1 in mouse eggs change calcium oscillatory behavior following 
fertilization. Dev Biol. 312:321-30.  

Iles S.A. (1977). Mouse teratomas and embryoid bodies: their induction and 
differentiation. Embryol. exp. Morph.  38:63-75. 
 
Inagaki N., Stern C., McBain J., Lopata A., Kornman L. and Wilkinson D.(2003). 
Analysis of intra-uterine cytokine concentration and matrix-metalloproteinase 
activity in women with recurrent failed embryo transfer. Hum. Reprod 18:608–
615. 

Jaiswal Y.K., Chaturvedi M.M. and Deb K. (2006). Effect of bacterial endotoxins 
on superovulated mouse embryos in vivo: is CSF-1 involved in endotoxin-induced 
pregnancy loss? Infect Dis Obstet Gynecol. 2006:1-9 

Jaiswal Y.K., Jaiswal M.K,. Agrawal V. and Chaturvedi M.M.(2009). Bacterial 
endotoxin (LPS)-induced DNA damage in preimplanting embryonic and uterine 
cells inhibits implantation. Fertil Steril. 91:2095-103. 

Jenco J.M., Becker K.P. and Morris A.J. (1997). Membrane-binding properties of 
phospholipase C-beta1 and phospholipaseC-beta2: role of the C-terminus and 
effects of polyphosphoinositides, G-proteins and Ca2+. Biochem J. 327:431-7. 



References    202 

Jensen F., Woudwyk M., Teles A., Woidacki K., Taran F., Costa S., Malfertheiner 
S.F. and Zenclussen A.C. (2010). Estradiol and progesterone regulate the 
migration of mast cells from the periphery to the uterus and induce their 
maturation and degranulation. PLoS One. 5:e14409. 

Johnson D.C. and Dey S.K. (1980). Role of histamine in implantation: 
dexamethasone inhibits estradiol-induced implantation in the rat. Biol Reprod 22: 
1136–41 
 
Johnson M. H. and McConnell J. M. (2004). Lineage allocation and cell polarity 
during mouse embryogenesis. Semin. Cell Dev. Biol. 15: 583–597 (2004). 

Joswig A., Gabriel H.D., Kibschull M. and Winterhager E. (2003). Apoptosis in 
uterine epithelium and decidua in response to implantation: evidence for two 
different pathways. Reprod Biol Endocrinol. 1:44. 

Jun D.Y., Kang H.S., Seu J.H. and Kim Y.H. (1997). Isolation and 
characterization of a processed pseudogene for murine cyclin D3. Mol Cells. 
7:278-83. 

Jung K.M., Mangieri R., Stapleton C., Kim J., Fegley D., Wallace M., Mackie K. 
and Piomelli D. (2005). Stimulation of endocannabinoid formation in brain slice 
cultures through activation of group I metabotropic glutamate receptors. Mol 
Pharmacol. 68:1196-202.  

Kane M.T., Morgan P.M. and Coonan C. (1997). Peptide growth factors and 
preimplantation development. Hum Reprod Update. 3:137-57. 

Kawamura K., Kawamura N., Kumagai J., Fukuda J. and Tanaka T. (2007). 
Tumor necrosis factor regulation of apoptosis in mouse preimplantation embryos 
and its antagonism by transforming growth factor alpha/phosphatidylionsitol 3-
kinase signaling system. Biol Reprod. 76:611-8. 

Kawamura K., Sato N., Fukuda J., Kodama H., Kumagai J., Tanikawa H., 
Nakamura A., Honda Y., Sato T. and Tanaka T. (2003). Ghrelin inhibits the 
development of mouse preimplantation embryos in vitro. Endocrinology. 
144:2623-33. 

Kelley G.G., Ondrako J.M. and Reks S.E. (2001). Fuel and hormone regulation of 
phospholipase C beta 1 and delta 1 overexpressed in RINm5F pancreatic beta 
cells. Mol Cell Endocrinol. 177:107-15. 



References    203 

Kim D., Jun K.S., Lee S.B., Kang N.G., Min D.S., Kim Y.H., Ryu S.H., Suh P.G. 
and Shin H.S. (1997). Phospholipase C isozymes selectively couple to specific 
neurotransmitter receptors. Nature. 389:290-3. 

Kim C.G., Park D. and Rhee S.G. (1996). The role of carboxyl-terminal basic 
amino acids in Gqalpha-dependent activation, particulate association, and nuclear 
localization of phospholipase C-beta1. J Biol Chem 271:21187–92. 
Kim Y.H., Song M., Oh Y.S., Heo K., Choi J.W., Park J.M., Kim S.H., Lim S., 
Kwon H.M., Ryu S.H. and Suh PG. (2006). Inhibition of phospholipase C-beta1-
mediated signaling by O-GlcNAc modification. J Cell Physiol. 207:689-96. 
 
Kimber S.J. and Spanswick C. (2000). Blastocyst implantation: the adhesion 
cascade. Semin Cell Dev Biol. 11:77-92. 
 
Klein-Hitpass L., Ryffel G.U., Heitlinger E. and Cato A.C. (1988). A 13 bp 
palindrome is a functional estrogen responsive element and interacts specifically 
with estrogen receptor. Nucleic Acids Res. 16:647-63. 

Koh H.Y., Kim D., Lee J., Lee S. and Shin H.S. (2008). Deficits in social behavior 
and sensorimotor gating in mice lacking phospholipase Cbeta1. Genes Brain 
Behav. 7:120-8.  

Kozak K.R., Crews B.C., Morrow J.D., Wang L.H., Ma Y.H., Weinander R., 
Jakobsson P.J. and Marnett L.J.  (2002). .Metabolism of the endocannabinoids, 2-
arachidonylglycerol and anandamide, into prostaglandin, thromboxane, and 
prostacyclin glycerol esters and ethanolamides. J Biol Chem. 277:44877-85 

Kumar T.R., Wang Y., Lu N. and Matzuk M.M. (1997). Follicle stimulating 
hormone is required for ovarian follicle maturation but not male fertility. Nat 
Genet. 15:201-4 

Kurita T., Young P., Brody J.R., Lydon J.P., O'Malley B.W. and Cunha G.R. 
(1998). Stromal progesterone receptors mediate the inhibitory effects of 
progesterone on estrogen-induced uterine epithelial cell deoxyribonucleic acid 
synthesis. Endocrinology. 139:4708-13. 

Le Mellay V. and Lieberherr M. (2000). Membrane signaling and progesterone in 
female and male osteoblasts. II. Direct involvement of G alpha q/11 coupled to 
PLC-beta 1 and PLC-beta 3. J Cell Biochem. 79:173-81. 

Le Mellay V., Grosse B. and Lieberherr M. (1997) .Phospholipase C beta and 
membrane action of calcitriol and estradiol. J Biol Chem. 272:11902-7. 



References    204 

Lee D.K., Kurihara I., Jeong J.W., Lydon J.P., DeMayo F.J., Tsai M.J., Tsai S.Y. 
(2010). Suppression of ERalpha activity by COUP-TFII is essential for successful 
implantation and decidualization. Mol Endocrinol. 24:930-40.  

Lee D.S., Yanagimoto Ueta Y. and Suzuki H. (2006).Expression of amphiregulin 
during the pre- and post-implantation period in the mouse reproductive tract. J 
Reprod Dev. 52:781-7.  

Lee Y.H., Kim S.Y., Kim J.R., Yoh K.T., Baek S.H., Kim M.J., Ryu S.H., Suh 
P.G. and Kim JH. (2000). Overexpression of phospholipase Cbeta-1 protects 
NIH3T3 cells from oxidative stress-induced cell death. Life Sci. 67:827-37. 

Lefèvre B., Pesty A., Courtot A.M., Martins C.V., Broca O., Denys A., Arnault E., 
Poirot C. and Avazeri N. (2007). The phosphoinositide-phospholipase C (PI-PLC) 
pathway in the mouse oocyte. Crit Rev Eukaryot Gene Expr. 17:259-69. 

Li H.Y., Shen J.T., Chang S.P., Hsu W.L. and Sung Y.J. (2008). Calcitonin 
promotes outgrowth of trophoblast cells on endometrial epithelial cells: 
involvement of calcium mobilization and protein kinase C activation. Placenta. 
29:20-9. 

Li Q., Wang J., Armant D.R., Bagchi M.K. and Bagchi I.C. (2002). Calcitonin 
down-regulates E-cadherin expression in rodent uterine epithelium during 
implantation. J Biol Chem. 277:46447-55. 

Lieberherr M., Grosse B. and Machelon V. (1999). Phospholipase C-beta and 
ovarian sex steroids in pig granulosa cells. J Cell Biochem. 74:50-60. 

Lim H., Ma L., Ma W.G., Maas R.L. and Dey S.K. (1999a). Hoxa-10 regulates 
uterine stromal cell responsiveness to progesterone during implantation and 
decidualization in the mouse. Mol Endocrinol. 13:1005-17. 

Lim H., Gupta R.A., Ma W.G., Paria B.C., Moller D.E., Morrow J.D., DuBois 
R.N., Trzaskos J.M. and Dey S.K. (1999b). Cyclo-oxygenase-2-derived 
prostacyclin mediates embryo implantation in the mouse via PPARdelta. Genes 
Dev. 13:1561-74. 

Lim H., Paria B.C., Das S.K., Dinchuk J.E., Langenbach R., Trzaskos J.M. and 
Dey S.K. (1997). Multiple female reproductive failures in cyclooxygenase 2-
deficient mice. Cell. 91:197-208. 



References    205 

Lin S., Tran V. and Talbot P. (2009). Comparison of toxicity of smoke from 
traditional and harm-reduction cigarettes using mouse embryonic stem cells as a 
novel model for preimplantation development. Hum Reprod. 24:386-97. 

Liu F., Ruiz M.S., Austin D.A. and Webster N.J. (2005). Constitutively active Gq 
impairs gonadotropin-releasing hormone-induced intracellular signaling and 
luteinizing hormone secretion in LbetaT2 cells. Mol Endocrinol. 19:2074-85.  

Lo Vasco V.R., Calabrese G., Manzoli L., Palka G., Spadano A., Morizio E., 
Guanciali-Franchi P., Fantasia D. and Cocco L. (2004). Inositide-specific 
phospholipase c beta1 gene deletion in the progression of myelodysplastic 
syndrome to acute myeloid leukemia. Leukemia. 18:1122-6. 

Lundkvist O. and Nilsson B.O. (1982). Endometrial ultrastructure in the early 
uterine response to blastocysts and artificial deciduogenic stimuli in rats. Cell 
Tissue Res. 225:355-64. 

Lydon J.P., DeMayo F.J., Funk C.R., Mani S.K., Hughes A.R., Montgomery C.A. 
Jr, Shyamala G., Conneely O.M. and O'Malley B.W. (1995). Mice lacking 
progesterone receptor exhibit pleiotropic reproductive abnormalities. Genes Dev. 
9:2266-78. 

Ma L., Benson G.V., Lim H., Dey S.K. and Maas R.L. (1998).Abdominal B 
(AbdB) Hoxa genes: regulation in adult uterus by estrogen and progesterone and 
repression in müllerian duct by the synthetic estrogen diethylstilbestrol (DES). 
Dev Biol. 197:141-54. 

Ma W., Tan J., Matsumoto H., Robert B., Abrahamson D.R., Das S.K. and Dey 
S.K. (2001). Adult tissue angiogenesis: evidence for negative regulation by 
estrogen in the uterus. Mol Endocrinol. 15:1983-92. 

Ma W.G., Song H., Das S.K., Paria B.C. and Dey S.K. (2003). Estrogen is a 
critical determinant that specifies the duration of the window of uterine receptivity 
for implantation. Proc Natl Acad Sci U S A 100:2963-8. 

MacCarrone M., De Felici M., Bari M., Klinger F., Siracusa G. and Finazzi-Agrò 
A. (2000). Down-regulation of anandamide hydrolase in mouse uterus by sex 
hormones. Eur J Biochem. 267:2991-7. 

Maccarrone M., DeFelici M., Klinger F.G., Battista N., Fezza F., Dainese E., 
Siracusa G. and Finazzi-Agrò A. (2004). Mouse blastocysts release a lipid which 
activates anandamide hydrolase in intact uterus. Mol Hum Reprod.10:215-21.  



References    206 

Manzoli L., Billi A.M., Martelli A.M. and Cocco L. (2004).Regulation of nuclear 
phospholipase C activity. Acta Biochim Pol. 51:391-5. 

Manzoli L., Martelli A.M., Billi A.M., Faenza I., Fiume R. and Cocco L. (2005). 
Nuclear phospholipase C: involvement in signal transduction. Prog Lipid Res. 
44:185-206. 

Marino M., Galluzzo P. and Ascenzi P. (2006). Estrogen signaling multiple 
pathways to impact gene transcription. Curr Genomics. 7:497-508. 

Martelli A.M., Fiume R., Faenza I., Tabellini G., Evangelista C., Bortul R., Follo 
M.Y., Falà F. and Cocco L. (2005). Nuclear phosphoinositide specific 
phospholipase C (PI-PLC)-beta 1: a central intermediary in nuclear lipid-
dependent signal transduction. Histol Histopathol. 20:1251-60. 

Martelli A.M., Gilmour R.S., Bertagnolo V., Neri L.M., Manzoli L. and Cocco L. 
(1992). Nuclear localization and signalling activity of phosphoinositidase C beta in 
Swiss 3T3 cells. Nature 358:242–5. 

Martin K.L., Barlow D.H. and Sargent I.L. (1998). Heparin-binding epidermal 
growth factor significantly improves human blastocyst development and hatching 
in serum-free medium. Hum Reprod. 13:1645-52. 

Martin L., Das R.M. and Finn C.A. (1973).The inhibition by progesterone of 
uterine epithelial proliferation in the mouse. J Endocrinol. 57:549-54. 

Matteucci A., Faenza I., Gilmour R.S., Manzoli L., Billi A.M., Peruzzi D., 
Bavelloni A., Rhee S.G. and Cocco L. (1998). Nuclear but not cytoplasmic 
phospholipase C beta 1 inhibits differentiation of erythroleukemia cells. Cancer 
Res. 58:5057–60. 

Maruyama.T and Yoshimura Y.(2008) Molecular and cellular mechanisms for 
differentiation and regeneration of the uterine endometrium. Endocr J. 55:795-
810. 

Matsumoto H., Ma W.G., Daikoku T., Zhao X., Paria B.C., Das S.K., Trzaskos 
J.M. and Dey S.K. (2002). Cyclooxygenase-2 differentially directs uterine 
angiogenesis during implantation in mice. J Biol Chem. 277:29260-7.  

Merviel P., Challier J.C., Carbillon L., Foidart J.M. and Uzan S. (2001). The role 
of integrins in human embryo implantation. Fetal Diagn Ther. 2001 Nov-
Dec;16(6):364-71.  



References    207 

Meseguer M., Aplin J.D., Caballero-Campo P., O'Connor J.E., Martín J.C., 
Remohí J., Pellicer A. and Simón C. (2001). Human endometrial mucin MUC1 is 
up-regulated by progesterone and down-regulated in vitro by the human 
blastocyst. Biol Reprod. 64:590-601. 

Mishra A. and Seshagiri P.B. (2000).Heparin binding-epidermal growth factor 
improves blastocyst hatching and trophoblast outgrowth in the golden hamster. 
Reprod Biomed Online. 1:87-95. 

Nadano D., Sugihara K., Paria B.C., Saburi S., Copeland N.G., Gilbert D.J., 
Jenkins N.A., Nakayama J. and Fukuda M.N. (2002). Significant differences 
between mouse and human trophinins are revealed by their expression patterns and 
targeted disruption of mouse trophinin gene. Biol Reprod. 66:313-21. 

Naftalin R.J., Thiagarajah J.R., Pedley K.C., Pocock V.J. and Milligan S.R. 
(2002). Progesterone stimulation of fluid absorption by the rat uterine gland. 
Reproduction 123:633-8. 

Nakao A., Allen M.L., Sonnenburg W.K. and Smith W.L. (1989).Regulation of 
cAMP metabolism by PGE2 in cortical and medullary thick ascending limb of 
Henle's loop. Am J Physiol. 256:C652-7.  

 
Newbold R.R., Jefferson W.N. and Padilla-Banks E. (2009). Prenatal exposure to 
bisphenol a at environmentally relevant doses adversely affects the murine female 
reproductive tract later in life. Environ Health Perspect. 117:879-85. 
 
Nicholson D.W., Ali A., Thornberry N.A., Vaillancourt J.P., Ding C.K., Gallant 
M., Gareau Y., Griffin P.R., Labelle M., Lazebnik Y.A., Munday N.A,  Raju S.M., 
Smulson M.E., Yamin T.T.,Yu V.L. and Miller D.K. (1995). Identification and 
inhibition of the ICE/CED-3 protease necessary for mammalian apoptosis. 
Nature 376: 37 – 43. 

Nishi O., Tominaga T., Goto Y., Hayashi K., Mori T. (1995). Effects of platelet 
activating factor on mouse embryo implantation in vitro. J Assist Reprod Genet. 
12:330-4. 

O'Brien J.E., Peterson T.J., Tong M.H., Lee E.J., Pfaff L.E., Hewitt S.C., Korach 
K.S., Weiss J. and Jameson J.L. (2006). Estrogen-induced proliferation of uterine 
epithelial cells is independent of estrogen receptor alpha binding to classical 
estrogen response elements. J Biol Chem. 281:26683-92.  

O'Carroll S.J., Mitchell M.D., Faenza I., Cocco L. and Gilmour R.S. (2009). 
Nuclear PLCbeta1 is required for 3T3-L1 adipocyte differentiation and regulates 
expression of the cyclin D3-cdk4 complex. Cell Signal. 21:926-35. 



References    208 

O'Neill C. (1995). Platelet-activating factor-antagonists reduce implantation in 
mice at low doses only. Reprod Fertil Dev. 7:51-7. 

Ohta Y., Sato T. and Iguchi T. (1993).Immunocytochemical localization of 
progesterone receptor in the reproductive tract of adult female rats. Biol Reprod. 
48:205-13. 

Öner H., Oner J. and Demir R. (2010). Distributions of PCNA and Cas-3 in rat 
uterus during early pregnancy. Folia Histochem Cytobiol. 48:71-7. 

Raab G., Kover K., Paria B.C., Dey S.K., Ezzell R.M. and Klagsbrun M. (1996). 
Mouse preimplantation blastocysts adhere to cells expressing the transmembrane 
form of heparin-binding EGF-like growth factor. Development. 122:637-45. 

Pakrasi P.L., Dey S.K. and Johnson D.C. (1984). Studies on the temporal pattern 
of prostaglandin synthesis in the uterus of the delayed implanting rat with or 
without implantation inducing stimuli. Prostaglandins Leukot Med. 14:365-81. 
 
Pampfer S., Wuu Y.D., Vanderheyden I. and De Hertogh R. (1994). Expression of 
tumor necrosis factor-alpha (TNF alpha) receptors and selective effect of TNF 
alpha on the inner cell mass in mouse blastocysts. Endocrinology 134:206–212. 
 
Pampfer S., Vanderheyden I., Vesela J. and De Hertogh R. (1995). Neutralization 
of tumor necrosis factor alpha (TNF alpha) action on cell proliferation in rat 
blastocysts by antisense oligodeoxyribonucleotides directed against TNF alpha 
p60 receptor. Biol Reprod 52:1316–1326 
 
Pan H., Zhu L., Deng Y. and Pollard J.W. Microarray analysis of uterine epithelial 
gene expression during the implantation window in the mouse. Endocrinology. 
147:4904-16.  
 
Paria B.C., Das S.K. and Dey S.K. (1995). The preimplantation mouse embryo is a 
target for cannabinoid ligand receptor signalling. Proc Natl Acad Sci U S A. 
92:9460-9464. 

Paria B.C., Deutsch D.D. and Dey S.K. (1996).The uterus is a potential site for 
anandamide synthesis and hydrolysis: differential profiles of anandamide synthase 
and hydrolase activities in the mouse uterus during the periimplantation period. 
Mol Reprod Dev. 45:183-92. 

Paria B.C. and Dey S.K. (2000). Ligand-receptor signaling with endocannabinoids 
in preimplantation embryo development and implantation. Chem Phys Lipids. 
108:211-20. 



References    209 

Paria B.C., Elenius K., Klagsbrun M. and Dey SK. (1999a). Heparin-binding EGF-
like growth factor interacts with mouse blastocysts independently of ErbB1: a 
possible role for heparan sulfate proteoglycans and ErbB4 in blastocyst 
implantation. Development. 126:1997-2005. 

Paria B.C., Huet-Hudson Y.M. and Dey SK. (1993). Blastocyst's state of activity 
determines the "window" of implantation in the receptive mouse uterus. Proc Natl 
Acad Sci U S A. 90:10159-62. 

Paria B.C., Lim H., Das S.K., Reese J. and Dey S.K. (2000). Molecular signaling 
in uterine receptivity for implantation Semin Cell Dev Biol. 11:67-76 
 
Paria B.C., Ma W., Andrenyak D.M., Schmid P.C,. Schmid H.H., Moody D.E., 
Deng H., Makriyannis A. and Dey S.K. (1998). Effects of cannabinoids on 
preimplantation mouse embryo development and implantation are mediated by 
brain-type cannabinoid receptors. Biol Reprod. 58:1490-1495 
 
Paria B.C., Ma W., Tan J., Raja S., Das S.K., Dey S.K., and Hogan BL. (2001). 
Cellular and molecular responses of the uterus to embryo implantation can be 
elicited by locally applied growth factors. Proc Natl Acad Sci U S A. 98:1047-52.  

Paria B.C., Song H. and Dey S.K. (2001). Implantation: molecular basis of 
embryo-uterine dialogue. Int J Dev Biol. 45:597-605. 

Paria B.C., Zhao X., Wang J., Das S.K. and Dey S.K. (1999b). Fatty-acid amide 
hydrolase is expressed in the mouse uterus and embryo during the periimplantation 
period. Biol Reprod. 60:1151-7. 

Philip F., Guo Y. and Scarlata S. (2002). Multiple roles of pleckstrin homology 
domains in phospholipase Cbeta function. FEBS Lett. 531:28-32. 

Piiper A., Stryjek-Kaminska D., Klengel R. and Zeuzem S. (1997a). CCK, 
carbachol, and bombesin activate distinct PLC-beta isoenzymes via Gq/11 in rat 
pancreatic acinar membranes. Am J Physiol. 272:G135-40. 

Piiper A., Stryjek-Kaminska D., Klengel R. and Zeuzem S. (1997b). Epidermal 
growth factor inhibits bombesin-induced activation of phospholipase C-beta1 in 
rat pancreatic acinar cells. Gastroenterology. 113:1747-55. 

Piotrowska K., Wianny F., Pedersen R. A. and Zernicka-Goetz M.(2001). 
Blastomeres arising from the first cleavage division have distinguishable fates in 
normal mouse development. Development 128: 3739–3748. 
 



References    210 

Pollard J.W., Hunt J.S., Wiktor-Jedrzejczak W. and Stanley E.R. (1991). A 
pregnancy defect in the osteopetrotic (op/op) mouse demonstrates the requirement 
for CSF-1 in female fertility. Dev Biol. 148:273-83. 

Poirier F. and Kimber S. (1997). Cell surface carbohydrates and lectins in early 
development. Mol Hum Reprod. 3:907-18. 

Poirier F., Timmons P.M., Chan C.T., Guenet J.L. and Rigby P.W. (1992). 
Expression of the L14 lectin during mouse embryogenesis suggests multiple roles 
during pre- and postimplantation development. Development 115:143–155 
 
Raab G., Kover K., Paria B.C., Dey S.K., Ezzell R.M. and Klagsbrun M. (1996). 
Mouse preimplantation blastocysts adhere to cells expressing the transmembrane 
form of heparin-binding EGF-like growth factor. Development 122:637–645 

Ramathal C.Y., Bagchi I.C., Taylor R.N. and Bagchi M.K. (2010). Endometrial 
decidualization: of mice and men. Semin Reprod Med. 28:17-26. Jan 26. 

 
Ray S. and Das S.K. (2006). #Chromatin immunoprecipitation assay detects 
ERalpha recruitment to gene specific promoters in uterus. Biol Proced Online. 
8:69-76.  

Razzini G., Brancaccio A., Lemmon M.A., Guarnieri S. and Falasca M. (2000). 
The role of the pleckstrin homology domain in membrane targeting and activation 
of phospholipase Cbeta(1). J Biol Chem. 275:14873-81. 

Reese J., Das S.K., Paria B.C., Lim H., Song H., Matsumoto H., Knudtson K.L., 
DuBois R.N. and Dey S.K. (2001). Global gene expression analysis to identify 
molecular markers of uterine receptivity and embryo implantation. J Biol Chem. 
276:44137-45 

Rhee S.G. (2001). Regulation of phosphoinositide-specific phospholipase C. Annu 
Rev Biochem. 70:281-312.  

Rhee S.G. and Bae Y.S. (1997). Regulation of phosphoinositide-specific 
phospholipase C isozymes. J Biol Chem. 272:15045-8.  

Romoser V.A., Graves T.K., Wu D., Jiang H. and Hinkle P.M. (2001). Calcium 
responses to thyrotropin-releasing hormone, gonadotropin-releasing hormone and 
somatostatin in phospholipase css3 knockout mice. Mol Endocrinol. 15:125-35. 

Rossant J. (2004). Lineage development and polar asymmetries in the peri-
implantation mouse blastocyst. Semin. Cell Dev. Biol. 15, 573–581. 



References    211 

Salleh N., Baines D.L., Naftalin R.J. and Milligan S.R. (2005). The hormonal 
control of uterine luminal fluid secretion and absorption. J Membr Biol. 206:17-28. 
 
Sakoff J.A. and Murdoch R.N. (1994). Alterations in uterine calcium ions during 
induction of the decidual cell reaction in pseudopregnant mice. J Reprod Fertil. 
101:97-102.  
 
Sato T.A., Gupta D.K., Keelan J.A., Marvin K.W. and Mitchell M.D. (2001). 
Cytosolic phospholipase A(2)and 15-hydroxyprostaglandin dehydrogenase mRNA 
expression in murine uterine and gestational tissues during late pregnancy. 
Prostaglandins Leukot Essent Fatty Acids. 64:247-51. 

Satokata I., Benson G. and Maas R. (1995). Sexually dimorphic sterility 
phenotypes in Hoxa10-deficient mice. Nature 374:460–463. 

Schlafke S. and Enders A.C. (1975). Cellular basis of interaction between 
trophoblast and uterus at implantation. Biol Reprod. 12:41-65. 

Schmid P.C., Paria B.C., Krebsbach R.J., Schmid H.H. and Dey S.K. (1997). 
Changes in anandamide levels in mouse uterus are associated with uterine 
receptivity for embryo implantation. Proc Natl Acad Sci U S A. 94:4188-92. 

Schindler M., Hogan M., Miller R. and DeGaetano D. (1987). A nuclear specific 
glycoprotein representative of a unique pattern of glycosylation. J Biol Chem. 
262:1254-60. 
 
Shapiro H. and Harvey T.S. (1957). Ocular Implantation of the Mammalian Ovum. 
Proceedings of the American Philosophical Society 101:164-17. 
 
Shibata K., Inagaki M. and Ajiro K. (1990) Mitosis-specific histone H3 
phosphorylation in vitro in nucleosome structures. Eur J Biochem.192:87-93. 

Singh H. and Aplin J.D. (2009). Adhesion molecules in endometrial epithelium: 
tissue integrity and embryo implantation. J Anat. 215:3-13 

 
Smith S.E., French M.M., Julian J., Paria B.C., Dey S.K. and Carson D.D. (1997). 
Expression of heparan sulfate proteoglycan (perlecan) in the mouse blastocyst is 
regulated during normal and delayed implantation. Dev Biol 184:38–47.  

Song H., Lim H., Das S.K., Paria B.C. and Dey S.K. (2000). Dysregulation of 
EGF family of growth factors and COX-2 in the uterus during the preattachment 
and attachment reactions of the blastocyst with the luminal epithelium correlates 
with implantation failure in LIF-deficient mice. Mol Endocrinol. 14:1147-61. 



References    212 

Spires T.L., Molnár Z., Kind P.C., Cordery P.M., Upton A.L., Blakemore C. and 
Hannan A.J. (2005). Activity-dependent regulation of synapse and dendritic spine 
morphology in developing barrel cortex requires phospholipase C-beta1 signalling. 
Cereb Cortex. 15:385-93. 

Staar S., Richter D.U., Makovitzky J., Briese V. and Bergemann C. (2005). 
Stimulation of endometrial glandular cells with genistein and daidzein and their 
effects on ERalpha- and ERbeta-mRNA and protein expresion. Anticancer Res. 
25:1713-8. 

Stephens L.E., Sutherland A.E., Klimanskaya I.V., Andrieux A., Meneses J., 
Pedersen R.A. and Damsky C.H. (1995). Deletion of beta 1 integrins in mice 
results in inner cell mass failure and peri-implantation lethality. Genes Dev. 
9:1883-95. 

Stewart C.L., Kaspar P., Brunet L.J., Bhatt H., Gadi I., Kontgen F. and 
Abbondanzo S.J. (1992). Blastocyst implantation depends on maternal expression 
of leukaemia inhibitory factor. Nature 359:76–79. 

Stones R.E. (1999). The expression of glycosyltransferases and their products in 
the murine uterus during early pregnancy. Ph.D. Thesis, University of Manchester, 
UK 

Strumpf D., Mao C.A., Yamanaka Y., Ralston A., Chawengsaksophak K., Beck F. 
and Rossant J.(2005). Cdx2 is required for correct cell fate specification and 
differentiation of trophectoderm in  the mouse blastocyst. Development 132:2093–
2102 

Suh P.G., Park J.I., Manzoli L., Cocco L., Peak J.C., Katan M., Fukami K., 
Kataoka T., Yun S. and Ryu S.H. (2008). Multiple roles of phosphoinositide-
specific phospholipase C isozymes. BMB Rep. 41:415-34. 

Surveyor G.A., Gendler S.J., Pemberton L., Das S.K., Chakraborty I., Julian J., 
Pimental R.A., Wegner C.C., Dey S.K. and Carson D.D. (1995). Expression and 
steroid hormonal control of Muc-1 in the mouse uterus. Endocrinology. 136:3639-
47. 

Suwińska A., Czołowska R., Ozdzeński W. and Tarkowski A.K. (2008). 
Blastomeres of the mouse embryo lose totipotency after the fifth cleavage 
division: expression of Cdx2 and Oct4 and developmental potential of inner and 
outer blastomeres of 16- and 32-cell embryos. Dev Biol. 322:133-44.  



References    213 

Tachibana et al (2003) Immunohistochemical expressions of mGluR5, P2Y2 
receptor, PLC-b1, and IP3R-I and -II in Merkel cells in rat sinus hair follicles. 
Histochem Cell Biol 120:13–21 

Takenawa T., Nagai Y. (1981). Purification of phosphatidylinositol-specific 
phospholipase C from rat liver. Biol Chem. 256:6769-75.   

Tall E., Dormán G., Garcia P., Runnels L., Shah S., Chen J., Profit A., Gu Q.M., 
Chaudhary A., Prestwich G.D. and Rebecchi M.J.(1997). Phosphoinositide 
binding specificity among phospholipase C isozymes as determined by photo-
cross-linking to novel substrate and product analogs. Biochemistry. 36:7239-48. 

Tan J., Paria B.C., Dey S.K. and Das S.K (1999). Differential uterine expression of 
estrogen and progesterone receptors correlates with uterine preparation for 
implantation and decidualization in the mouse. Endocrinology 40:5310-21. 

Tan J., Raja S., Davis M.K., Tawfik O., Dey S.K. and Das S.K. (2002). Evidence 
for coordinated interaction of cyclin D3 with p21 and cdk6 in directing the 
development of uterine stromal cell decidualization and polyploidy during 
implantation. Mech Dev. 111:99-113. 

Tan Y., Li M., Cox S., Davis M.K., Tawfik O., Paria B.C. and Das S.K. (2004). 
HB-EGF directs stromal cell polyploidy and decidualization via cyclin D3 during 
implantation. Dev Biol. 265:181-95. 

Tranguch S., Daikoku T., Guo Y., Wang H. and Dey S.K. (2005a). Molecular 
complexity in establishing uterine receptivity and implantation. Cell Mol Life Sci. 
62:1964-73. 

Tranguch S., Cheung-Flynn J., Daikoku T., Prapapanich V., Cox M.B., Xie H., 
Wang H., Das S.K., Smith D.F. and Dey S.K. (2005b). Cochaperone 
immunophilin FKBP52 is critical to uterine receptivity for embryo implantation. 
Proc Natl Acad Sci USA 102:14326–14331. 
 
Tranguch S., Smith D.F. and Dey S.K.(2006). Progesterone receptor requires a co-
chaperone for signalling in uterine biology and implantation. Reprod Biomed 
Online 13:651-60. 

Taylor H. S., Arici A., Olive D. and Igarashi P. (1998). HOXA10 is expressed in 
response to sex steroids at the time of implantation in the human endometrium. J. 
Clin. Invest. 101, 1379–1384. 

Van de Velde H., Cauffman G., Tournaye H., Devroey P. and Liebaers I. (2008). 
The four blastomeres of a 4-cell stage human embryo are able to develop 



References    214 

individually into blastocysts with inner cell mass and trophectoderm. Hum Reprod. 
23:1742-7. 

Villa P., Kaufman S.H. and Earnshaw W.C. (1997). Caspases and caspase 
inhibitors. Trends Biochem Sci. 22:388–393. 

Walensky L.D. and Snyder S.H. (1995). Inositol 1,4,5-trisphosphate receptors 
selectively localized to the acrosomes of mammalian sperm. J Cell Biol. 130:857-
69. 

Wang H. and Dey S.K. (2006a). Roadmap to embryo implantation: clues from 
mouse models. Nat Rev Genet. 7:185-99 

Wang H., Dey S.K. and Maccarrone M. (2006). Jekyll and hyde: two faces of 
cannabinoid signaling in male and female fertility. Endocr Rev. 27:427-48.  

Wang H., Ma W.G., Tejada L., Zhang H., Morrow J.D., Das S.K. and Dey SK. 
(2003a). Rescue of female infertility from the loss of cyclooxygenase-2 by 
compensatory up-regulation of cyclooxygenase-1 is a function of genetic makeup. 
J Biol Chem. 279:10649-58.  

Wang H., Matsumoto H., Guo Y., Paria B.C., Roberts R.L. and Dey S.K. (2003b). 
Differential G protein-coupled cannabinoid receptor signaling by anandamide 
directs blastocyst activation for implantation. Proc Natl Acad Sci U S A. 
100:14914-9 

Wang H., Guo Y., Wang D., Kingsley P.J., Marnett L.J., Das S.K., DuBois R.N. 
and Dey S.K. (2004). Aberrant cannabinoid signaling impairs oviductal transport 
of embryos. Nat Med. 10:1074-80.  

Wang H., Xie H., Guo Y., Zhang H., Takahashi T., Kingsley P.J., Marnett L.J., 
Das S.K., Cravatt B.F. and Dey S.K. (2006b). Fatty acid amide hydrolase 
deficiency limits early pregnancy events. J. Clin. Invest. 116:2122-2131. 

Wang H., Xie H., Sun X., Kingsley P.J., Marnett L.J., Cravatt B.F. and Dey S.K. 
(2007). Differential regulation of endocannabinoid synthesis and degradation in 
the uterus during embryo implantation. Prostaglandins Other Lipid Mediat. 83:62-
74.  

Wang J., Paria B.C., Dey S.K., and Armant D.R. (1999c). Stage-Specific 
Excitation of Cannabinoid Receptor Exhibits Differential Effects on Mouse 
Embryonic Development. Biol.Reprod. 60: 839–844. 



References    215 

Wang Q., Yue L.M., Zhang J.H., Tian J.M. and He YP. (2008). Nongenomic 
action and mechanism of 17beta-estradiol in cytosolic calcium concentration in 
delayed implantation mouse endometrial stromal cells. Sheng Li Xue Bao. 60:169-
74. 

Wang T., Dowal L., El-Maghrabi M.R., Rebecchi M. and Scarlata S. (2000). The 
pleckstrin homology domain of phospholipase C-beta(2) links the binding of 
gbetagamma to activation of the catalytic core. J Biol Chem. 275:7466-9. 

Wang T., Pentyala S., Elliott J.T., Dowal L., Gupta E., Rebecchi M.J. and Scarlata 
S. (1999a). Selective interaction of the C2 domains of phospholipase C-beta1 and -
beta2 with activated Galphaq subunits: an alternative function for C2-signaling 
modules. Proc Natl Acad Sci U S A. 96:7843-6 

Wang T., Pentyala S., Rebecchi M.J. and Scarlata S. (1999b). Differential 
association of the pleckstrin homology domains of phospholipases C-beta 1, C-
beta 2, and C-delta 1 with lipid bilayers and the beta gamma subunits of 
heterotrimeric G proteins. Biochemistry. 38:1517-24. 

Wang X.N., Das S.K., Damm D., Klagsbrun M., Abraham J.A. and Dey SK 
(1994). Differential regulation of heparin-binding epidermal growth factor-like 
growth factor in the adult ovariectomized mouse uterus by progesterone and 
estrogen. Endocrinology. 135:1264-71. 

Weitlauf H.M. and Knisley K.A. (1992). Changes in surface antigens on 
preimplantation mouse embryos. Biol Reprod 46:811–816.  

Wood G.A., Fata J.E., Watson K.L. and Khokha R. (2007). Circulating hormones 
and estrous stage predict cellular and stromal remodeling in murine uterus. 
Reproduction. 133:1035-44. 

Wood G.W., Hausmann E.H., Choudhuri R. and Dileepan K.N. (2000). Expression 
and regulation of histidine decarboxylase mRNA expression in the uterus during 
pregnancy in the mouse. Cytokine. 12:622-9. 

Wuu Y.D., Pampfer S., Becquet P., Vanderheyden I., Lee K.H. and De Hertogh R. 
(1999). Tumor necrosis factor alpha decreases the viability of mouse blastocysts in 
vitro and in vivo. Biol Reprod. 60:479-83 

Xiao A.Z., Zhao Y.G. and Duan E.K. (2002). Expression and regulation of the 
fatty acid amide hydrolase gene in the rat uterus during the estrous cycle and peri-
implantation period. Mol Hum Reprod. 8:651-8. 



References    216 

Xie W., Samoriski G.M., McLaughlin J.P., Romoser V.A., Smrcka A., Hinkle 
P.M., Bidlack J.M., Gross R.A., Jiang H. and Wu D. (1999). Genetic alteration of 
phospholipase C beta3 expression modulates behavioral and cellular responses to 
mu opioids. Proc Natl Acad Sci U S A. 96:10385-90. 

Xie H., Wang H., Tranguch S., Iwamoto R., Mekada E., Demayo F.J., Lydon J.P., 
Das S.K. and Dey S.K. (2007). Maternal heparin-binding-EGF deficiency limits 
pregnancy success in mice. Proc Natl Acad Sci U S A. 104:18315-20.  

Xu A., Suh P.G., Marmy-Conus N., Pearson R.B., Seok O.Y., Cocco L., Gilmour 
R.S. (2001). Phosphorylation of nuclear phospholipase C beta1 by extracellular 
signal-regulated kinase mediates the mitogenic action of insulin-like growth factor 
I. Mol Cell Biol. 21:2981-90. 

Yamazaki T. and Yazaki Y. (2000) .Molecular basis of cardiac hypertrophy. Z 
Kardiol. 89:1-6. 

Yang Z.M., Paria B.C., and Dey S.K. (1996). Activation of Brain-Type 
Cannabinoid Receptors Interferes with Preimplantation Mouse Embryo 
Development. Biol.Reprod. 55:756-761. 

Yang Z.M., Das S.K., Wang J., Sugimoto Y., Ichikawa A. and Dey S.K. (1997). 
Potential sites of prostaglandin actions in the periimplantation mouse uterus: 
differential expression and regulation of prostaglandin receptor genes. Biol 
Reprod. 56:368-79. 

Ye X., Hama K., Contos J.J., Anliker B., Inoue A., Skinner M.K., Suzuki H., 
Amano T., Kennedy G., Arai H., Aoki J. and Chun J. (2005). LPA3-mediated 
lysophosphatidic acid signalling in embryo implantation and spacing. Nature. 
435:104-8. 

Yue L., Daikoku T., Hou X., Li M., Wang H., Nojima H., Dey S.K., Das S.K. 
(2005). Cyclin G1 and cyclin G2 are expressed in the periimplantation mouse 
uterus in a cell-specific and progesterone-dependent manner: evidence for aberrant 
regulation with Hoxa-10 deficiency. Endocrinology. 146:2424-33.  

Yueh Y.G., Yaworsky P.J. and Kappen C.(2000). Herpes simplex virus 
transcriptional activator VP16 is detrimental to preimplantation development in 
mice. Mol Reprod Dev. 55:37-46 

Zhang W. and Neer E.J. (2001). Reassembly of phospholipase C-beta2 from 
separated domains: analysis of basal and G protein-stimulated activities. J Biol 
Chem. 276:2503-8.  



References    217 

Zhu L.J., Bagchi M.K. and Bagchi I.C. (1998a). Attenuation of calcitonin gene 
expression in pregnant rat uterus leads to a block in embryonic implantation. 
Endocrinology. 139:330-9. 

Zhu L.J., Cullinan-Bove K., Polihronis M., Bagchi M.K. and Bagchi I.C. (1998b). 
Calcitonin is a progesterone-regulated marker that forecasts the receptive state of 
endometrium during implantation. Endocrinology. 139:3923-34. 

Zorn T.M., Soto-Suazo M., Pellegrini C.R., Oliveira J.G. and Stumpf W.E.(2003). 
Estradiol receptor binding to the epithelium of uterine lumen and glands: region- 
and time-related changes during preimplantation and periimplantation periods 
studied by autoradiography. Histochem Cell Biol. 120:1-12. 
 

 

 


	00__TABLE_OF_CONTENTS__ABST.DO.pdf
	Binder4
	01__CHAPTER_1
	02__CHAPTER_2
	03__CHAPTER_3
	04__CHAPTER_4
	05__CHAPTER_5
	06__CHAPTER_6
	07__CHAPTER_7
	08__REFERENCES


