
,Jr.llv

oì

Formation of Ovarian Follicular Fluid

Thesis submitted for the degree Doctor of Philosophy

Hannah Clarke BSc (Hons)

Department of Obstetrics and Gynaecology, School of Medicine,

The Universþ of Adelaide

Adelaide

South Australia, Australia

OF At}ELAIDE
ftJSTEAU,A

7
ll¡ ¡!.¡. r¡ltl

LËqT

T}IE Ua'.l'

June 2005



Dedication

In Memory of my Grandmother Margaret crowley-smith

(1e16 - 20os)

2



Acknowledgements

I would like to extend my deepest gratitude to all who have contributed to the

production of this thesis. It is your support, encouragement and friendship that have enabled

me to fulfil one of the most rewarding and enjoyable experiences of my life.

To my supervisors Assoc. Prof. Raymond Rodgers (The University of Adelaide), Dr

Sharon Byers (The Women and Children's Hospital Adelaide) and Dr Chris Hardy (CSIRO,

Division of Sustainable Ecosystems), I gratefully acknowledge the opportunity you have

given me and for your guidance, intellectual input and motivation throughout the course of

this doctorate degree. I look forward to your continued support throughout my scientific

career.

To the Department of Obstetrics and Gynaecology at The University of Adelaide, the

Department of Pathophysiology, The 'Women and Children's Hospital Adelaide and the

National Health and Medical Research Council (NHMRC) and the Pest Animal Control Co-

operative research Centre (PACRC), thank-you for providing me with the opportunity to

undertake this doctorate degree and for the financial support.

To my numerous laboratory colleagues: Karla Hutt, Sandra Beaton, Nigel French,

Helen Irving-Rodgers, Lyn Harland, Stephanie Morris, Malgosia Krupa I am very grateful for

the assistance you have provided and for your moral support and friendship.

Special thanks are extended to those who helped me through the long periods away

from home Helen, Kathy, Damien, Esther, Margaret, Frances, Lenny and Graham.

To my parents and family, thank-you for your love and for believing in me. Finally to

my husband Zaid, without your love and understanding none of this would have been

possible. I am forever in your debt.

3



Table of Contents

Dedication 2

List of Tables ............10

List of Figures..... """ 11

List of Commonly used Abbreviations......

Chapter I
Introduction ....................

The Mammalian Ovary..

The Ovarian Follicle.......

1.3.1. Oogenesis

1.3.2. Folliculogenesis.........

1.3.3. Oocyte Growth and Development.'...'.'....

1.3.4. Follicular Recruitment, Selection and Dominance

1.3.5. Ovulation.

1.3.6. Corpus Luteum.

1.4. Atresia

1.5. FollicularFluid.........

1.6. Osmosis and Osmotic Potential..'.'..'...".

1.7. Follicular Fluid Formation

1.8. Proteoglycans and Glycosaminoglycans

1.8.1. Biosynthesis of Proteoglycans ...."'.

I.8.2. GlycosaminoglYcans

15

1.1.

t.2.

1.3.



1.8.3. Hyaluronic acid (HA) or Hyaluronan

1.8.4. Chondroitin Sulphate (CS)

1.8.5. Dermatan Sulphate (DS).........

1.8.6. Heparan Sulphate (HS) and Heparin...

1.8.7. Keratan Sulphate (KS) .........

1.9. CellAssociatedProteoglycans

1.10. Extracellular Proteoglycans........

1.10.1. Small Leucine Rich Proteoglycans (SLRPs)............

1.10.2. Modular Proteoglycans ............ 54

57

57

58

59

1.10.3. Glycosaminoglycans in the Ovary

1.10.4. Glycosaminoglycans in Fertilisation..................

1.10.5. Proteoglycans in the Ovary

1.11. Summary

1.I2. Hypothetical model of Follicular Fluid Accumulation Mechanism 59

6l1.13. Thesis Aims.

Chapter 2 Materials and Methods............. --...62

2.1. Introduction.................. 62

2.2. Materials..... 62

2.2.L Colloid Osmotic Pressure Determination and Proteoglycan Identification... 62

2.2.2. In Situ Assays and Hyaluronan synthase (HAS) PCRs and Northern Blots.. 63

2.2.3. Proteoglycan Identification ...,............ 64

2.3. Methods. 64

.... 48

....49

....49

....49

.... 50

....52

....52

....52

2.3.1.

2.3.2.

2,3,3.

2.3.4.

2.3.5.

2.3.6.

Introduction.. 64

Tissue Collection Protocols..

Tissues for Follicular Health Determination................

Tissue Collection for Fluid Analysis....

Tissue Collection for In Situ Hybridisation Assays.....

Tissue for RNA, oDNA synthesis and PCR...

2.4. Follicular Fluid Collection

2.5 Histology.......

2.5.1. Histological Assessment ofFollicular Health.........

2.5.2. Histological Preparation of Tissues for In Situ Hybridisation

64

65

65

65

65

65

66

66

67

2.6. ITI and Versican GAGP in the Follicle ..67

_t



2.6.I. Extraction of Surface Proteins from Granulosa and Theca Cells .....

2.7. DextranExperiments

2.8. Colloid Osmotic Pressure Determination of Follicular Fluid

2.8.L Dialysis Membrane Selection

2.8.2. Temperature and Salt Dependent Dialysis....

2.8.3. Size Exclusion Dialysis...............

2.8.4. Enz¡rme Digestion of Follicular Fluids

2.8.5. Gonotec 050 Osmomat Osmometer.............

2.8.6. Colloid Osmotic Pressure Measurement.........,..

2.9. Confirmation of Dialysis for Size Exclusion and Enzyme Digestion....

2.9.L GelCode@ Blue Staining of Polyacrylamide Gels..........

2.10. Proteoglycan Extraction .............

2.11. Ion Exchange Chromatography

2,12. Size Exclusion Chromatography.

2.12.1. Vo/Vt Determination............

2.13. Protein and Glycosaminoglycan Determination

2.I3.1. Quantitative Protein Determination ...........

2.13 .2. Glycosamino glycan Determination............

2.14. Enzyme-Linked Immunosorbent Assay (ELISA)

2.14.1. ELISAMethod

2.14.2. Pre-treatment of Samples ..

2.15. Gel electrophoresis........

2.15.I. Agarose Gel Electrophoresis....

2.75.2. Polyacrylamide Gel Electrophoresis..........

2.I5.3. Gel Transfer

2.15.4. Gel Drying

2.16. Immuno and Ligand Blotting

2.17 Hyaluronic Acid Size Determination

2.I8. DNA Measurement ..........

2.19. DNA in Follicular Fluid...

2.20. Protein Sequencing

22L Immunohistochemistry.....

2.21.1. Tissue Processing...,..

2.21.2. Antibodies

2.22. RNA Extraction................

2.23. cDNA Slmthesis

t5

68

68

67

68

68

69

70

10

7l
-aIJ

73

t5

74

74

74

74

75

76

76

77

77

78

78

79

75

75

76

....79

...,79

....79

.... 80

.... 80

.... 81

6

81

81



2.24. Pol¡rmerase Chain Reaction .... 82

2.24.1. HAS 1, HAS 2, HAS 3, 18S, Inhibin/Activin BA, and P450 scc Primer

Design 82

2.24.2. PCR Protocols ......... .83

2.24.3. PCR Product Purification............. .. 84

2.25. Cloning

2.25.1. Ligation ........

2.25.2. Cloning.........

2.26. Plasmid Purification.....

2.26.t Production of P45Oscc plasmid....

2.27. Production of In Situ RNA probes

2.27.t. PCR.........

2.27 .2. DIG Labelling of RNA probes.

2.27.3. Quantitation of DIG Probes .....

2.27.4. Hydrolysis of DIG In Situ Probes

2.28. In Situ Hybridisation.............

2.28.1. Preparation of Slides....

2.28,2. Preparation of Solutions

2.28.3. Procedure.

2.29. Northern Analysis

2.29.1. RNA Transfer

2.29.2. Northern Blot Protocol..

84

84

84

85

85

..85

85

87

86

88

88

88

..88

8l

89

90

90

2.29.3. One-Tube RT-PCR....... 91

2.30. Statistical Analysis ...... .92

2.30.1. Follicular Fluid Colloid osmotic pressure Data .92

2.30.2. In Situ Hybridisation Data ..92

Chapter 3 Determination of the Colloid Osmotic Pressure of Follicular Fluid 93

3.1 . Introduction 93

3.2. ExperimentalDesign 95

3.2.1 Statistical Analyses . 97

aaJ.J. Results...... .97

3.3.1 Isolation of Follicles 97

7

3.3.2. Determination of the Size of Molecule Able to Cross the Follicular Wall.... 99



J.J.J.

3.3.4.

3.3.s.

3.3.6.

3.3.7.

3.3.8.

3.3.9.

Follicular Fluid Volume... 101

Colloid Osmotic Pressure of Follicular Fluid Components in Relation to

Follicle Si2e........... ............... 103

Membrane Tests......... .......... 105

Temperature- and Salt-Dependent Dialysis "......'..'.. ..'.'.'..."""' 109

Colloid Osmotic Pressure of Follicular Fluid ......'. ..."........'.""' 113

Protein Concentration............ ".'.'....'..'... 118

Effect of Enz¡umatic Digestion and Subsequent Dialysis.... ...."' 118

3.4.

3.5.

Discussion

Summary.

t20

t28

Chapter 4 Proteoglycans and Glycosaminoglycans in Follicular Fluid

4.1 Introduction ...............

4.2. ExperimentalDesign

4.3 Results......

4.3.r.

4.3.2.

4.3.3.

130

130

132

133

133

133

t34

...... 139

......l4l

...... t43

...... t47

...... 155

...... 158

......167

Protein Concentration............

Ion Exchange Chromatography....

Size Exclusion Chromatography and ELISA'....'..

4.3.4. Uronic Acid Levels of Bovine Serum and Follicular Fluid

4.3.5. Proteoglycans and DNA in Follicular Fluid'....'...

4.3.6. Western and Ligand Blots...'.'

4.3.7. ImmunohistochemistrY

4.5 Summary

Chapter 5 Hyaluronan Synthase Expression in the Bovine Follicle..... 168

5.1. Introduction..............

5.2. ExperimentalDesign

5.3. Results

5.3.1. Sequence Data..,

... 168

4.3.S. Collagenase Sensitive Molecules

4.4. Discussion

t7r

173

173

I



5.3.2, RT - PCR to Follicles and Tissues 176

180

188

222

227

229

239

5.3.3.

5.3.4.

s.3.5.

5.3.6.

Sub-Cloning ...............

In Situ hybridisation.............

Northern 81ots......,..

HAS 2 Protein in the Follicle

8

Chapter 6 Final Discussion ..-........240

Appendix 4.............. """' 288

8.1. Chemical and Supplier details.'. """""""""" 288

8.2. Supplier Details """"'289

8.3. Enzyme Details """"'290

8.4. Kits.. 290

8.5 Film 291

g. Appendix B: Recipes """292

5.4. Discussion

5.5. Summary

9.1. Tissue Collection and Processing

9.1.1. Tissue Collection..

9.1.2. Processing

9.2. Proteoglycan and Glycosaminoglycan analysis

g.2.L Proteoglycan Extraction Buffer.'

9.2.2. CL-28-300 Size Exclusion Column Buffer

9.2.3. DEAE Column Buffers

9.2.4. Dyes and Stains

9.2.5. Enzymes

9.3. ELISA..,...

9.3.1. ELISA solutions

292

292

292

292

292

293

293

293

294

294

294

9



g.4. Agarose Gels, PAGE and Western Blotting'

9.4.1. Gels .........

9.4.2. Tris/GlYcine SDS-PAGE

9.4.3. Buffers

9.5. 2X CHAPS extraction buffer

9.6. 2% SDS extraction buffer

g.7. Gel Drying Solution (PAGE and Agarose) "

9.8. MolecularAnalyses.'.

......295

......295

......295

......296

9.8.1

9.8.2

9.8.3

Buffers

L-Broth....

L-Broth Agar.....'...

,..297

...297

...297

...298

...298

...298

,...299

....299

.... 300

.... 300

.,.. 301

,.... 301

g.8.4. RNA Gels and Northern 81ot"""""

9.8.5. Reverse Transcription Buffer"""""

9.8.6. 20 x ssPE

9.9. In situ Hybridisation..'...'.....

g .9.l. In Situ Buffers and Solutions ' "

List of Tables

Table 1 characteristics of primordial follicles from different species """"""""25

Table 2 Electrolyte concentrations (mmol/l) of follicular fluid* """' 43

Table 3 The Structure of Glycosaminoglycans """""""" 48

Table4Glycosaminoglycanlocalisationandproperties...'.........'.....48
Table 5 structure and properties of small leucine rich secreted pericellular proteoglycans* 54

Table 6 Structure and properties of modular pericellular proteoglycansx"' """" 57

Table 7 Treatment profile to test effect of temperature on dialysis """""""' """ 69

Table 8 Enzyrne digestion conditions of follicular fluid '....."' """"" 70

Table 9: sequence identity of collagenase I sensitive proteins identified in follicular fluid'157

Table 10: Primer sequences used for the amplification of Bovine HAS 1, HAS 2' HAS 3' 18S

rRNA, GAPDH and Inhibin/activin BA and sequences of the universal primers

used for amplification of insert from the pGEM T Easy vector' The primer Tm

and expected amplicon size are indicated"""""""' """ 176

Table 11 Number of follicles displaying a positive signal in the granulosa cells for each HAS

isoform, as a proportion of the total number assessed for that size of follicle with

o/o positive stained follicies calculated' """' 219

t0



List of Figures

Figure 1 Diagram of the human ovary......

Figure 2Diagram of Primordial Germ Cell Migration..".'...... 26

Figure 3 Diagram of an antral ovarian follicle. ... 27

Figure  Diagram of follicle development. .29

Figure 5 Diagram of the proposed functional coupling between FSH concentrations and

diameters of the two largest follicles during development of the follicular wave.38

Figure 6 Diagrams Depicting the Basic Structure of GAGs....... 51

Figure 7 Model of the proposed follicular fluid accumulation process 60

Figure 8 Image of Gonotec 050 Osmomat. 72

Figure 9 Bovine ovary with small and large antral follicles 98

Figure 10 Isolated follicles 5 - 8 mm cleaned using irurox forceps. 98

Figure 11: Graph of follicle weight gain or loss following immersion in 0.1 mM dextran

solutions of different molecular weight. .."' 100

Figure 12: Graph of follicular volume recovered (¡11) plotted against follicular diameter (mm)

and total follicular volume (ul). .....

2l

r02

Figure 13: Graph of recovered follicular volume (ul) plotted against follicular diameter for

healthy and atretic follicles t02

Figure 14: Colloid osmotic pressure of unclassified follicles of increasing si2e................. 104

Figure 15: Diagram to show construction of Millipore "sealed pouch" membranes........... 106

Figure 16: 10%SDS PAGE of non-reduced follicular fluid sample following dialysis against

100 kDa and 500 kDa. 108

Figure

Figure

Figure

Figure

Figure

17: Results of temperature-dependent dialysis............... ...... 110

18: Results of temperature and salt dialysis................ .........ll2

19: Effect of progressive removal of large molecules on the colloid osmotic pressure of

follicular fluid from healthy follicles. .........ll4

20: Effect of progressive removal of large molecules by dialysis on the colloid osmotic

pressure of follicular fluid from a'retic follicles. .......... 114

2l:Effect of removal of specific components >100kDa on colloid osmotic pressure

from healthy follicular fluid pools. 116

Figure 22:Effect of removal of specific components >100kDa on colloid osmotic pressure

from atretic follicular fluid pools.... tt6
Figure 23: Effect of the removal of specific components >300kDa on colloid osmotic pressure

from healthy follicular fluid pools t17

Figure 24:Effec| of the removal of specific components >300kDa on colloid osmotic pressure

tt7from atretic follicular fluid pools.

II



Figure 25: Non-reducing 10% SDS PAGE of follicular fluids following enz.wr'e digestion.l 19

Figure 26: Protein concentrations of proteoglycans isolated from follicular fluid by DEAE

sepharose chromatographed on CL-2B size exclusion column ....'. 135

Figure 27: Síze exclusion chromatography of proteoglycans isolated by anion-exchange

chromatography..'...'.' """""""' 136

Figure 28: Uronic acid standard curve. 140

Figure 29: Graphshowing uronic acid content of bovine serum and follicular fluid and

hyaluronan and CS contributions to total uronic acid measured ...'..........'....'.. 140

Figure 30: Follicular fluid from healthy and atretic follicles separated on 0'8 o/o agarose and

stained with StainsAll@......... "' 142

Figure 31: Pooled follicular fluid from uncharacterised follicles separated by electrophoresis

on non-denaturing agarose (l%) gel and stained with ethidium bromide. .'.'." 142

Figure 32: Follicular fluids separated by electrophoresis on non-denaturing agarose (0.8%)

gels and immunoblotted to identify hyaluronan, versican and ITI. ........"..'.'...144

Figure 33: Western blot analysis of versican..'.'......'.. "' 145

Figure 34: Western analYsis of ITI.

Figure 35: Follicular fluid from follicles (2-15 mm) separated on a 70o/o SDS PAGE '.-.... 146

Figure 36: FITC labelled ITI localisation to healthy follicles of 8 - 10 mm' "" 149

Figure 37: FITC labelled ITI localisation to atretic follicles of 8 - 10 mm'......'.......'..'...... 150

Figure 38: FITC versican localisation to healthy follicles of 8 - 10 mm....'........'.""""""" 151

Figure 39: FITC versican localisation atretic follicles of 8- 10 mm......'..., ..'....152

Figure 40: Immunohistochemical localisation of hyaluronan with biotinylated HABP to

healthy follicles 8 - 10 mm......'.... """"""" 154

Figure 41: PAGE of pooled follicular fluid from uncharacterised follicles before and after

collagenase I digestion """""""' 156

Figure 42: Nucleotide sequence alignment for Bos taurus HAS 1, 2 and 3. ..'.".....'.. '.'..."' 174

Figure 43: Bos taurus HAS 1, 2 and3 protein sequence alignment. '.......'.'.....' 175

Figure 44: HAS 1 PCR........ t78

r45

Figure 45:

Figure 46:

Figwe 47:

Figure 48:

Figure 49r

Figure 50:

HAS 2 pCR.......,. ..... 178

HAS 3 pCR......... ..... 178

Bovine Inhibin/Activin BcvPCR.......... """"' 179

cApDH pCR.......... .................... 179

Bovine 18S rRNA PCR.......... "" 179

The promoter and multiple cloning sequence of the pGEM T Easy Vector..'... 181

l2



Figure 51

Figure 52

plasmid map for HAS 1 and alignment of Bos taurus HAS 1 sequence with Human

HAS 1 sequence including schematic showing position of amplified HAS 1

sequence. """"""""' 182

plasmid map for HAS 2 and alignment of Bos taurus HAS 2 sequence with Human

HAS 2 sequence including schematic showing position of amplified HAS 2

sequence. """"""""' 183

Figure 53: Plasmid map for HAS 3 and alignment of Bos taurus HAS 3 sequence with Human

HAS 3 sequence including schematic showing position of amplified HAS 3

sequence. . 184

Figure 54: Plasmid map for Bos taurus inhibin/activin BA, and Bos taurus inhibirVactivin BA.

185

Figure 55: Map of the original pBscc-4 plasmid. .'. 186

Figure 56: Plasmid map of pOLGAPDH and sequence alignment of Bos taurus GAPDH and

Oryctolagus cuniculus GAPDH. """"""""' 187

Figure 57: In situ hybridisation to 2 - 4 mm and 6 - 8 mm follicles using the P450scc probe.

Figure 5 8 : In situ hybridisation to 12 - 1 5 mm follicles, atretic follicle, primordial and

primary follicles of the P450scc probe. """ 191

Figure 59: In situ hybridisation to 2 - 4 mm and 6 - 8 mm follicles using the Inhibin BA

probe. "" 193

Figure 60: In situ hybridisation to 12 - 15 mm follicles, atretic follicle, primordial and

primary follicles of the situ hybridisation to follicles of the Inhibin BA probe' 194

Figure 61: In situ hybridisation to bovine foetal colon and hoof tissue with the HAS 1 probe.

190

196

Figure 62:Insitu hybridisation to bovine foetal eye and skin tissue with the HAS 1 probe'197

Figure 63: In situ hybridisation to bovine foetai colon and hoof tissue with the HAS 2ptobe.

...,........... 198

Figure 64;Insitu hybridisation to bovine foetal eye and skin tissue with the HAS 2 probe.199

Figure 65: In situ hybridisation to bovine foetal colon and hoof tissue with the HAS 3 probe.

............... 200

Figure 66: In situ hybridisation to bovine foetal eye and skin tissue with the HAS 3 probe.201

Figure 67: Insitu hybridisation to healthy and atretic 2 - 4 mm follicles using the HAS 1

probe. ""204

Figure 68: In situ hybridisation to healthy and atretic 6 - 8 mm follicles using the HAS 1

probe follicles using the HAS 1 probe' """' 205

13



Figure 69: In situ hybridisation to healthy and atretic 12 - 15 mm follicles using the HAS 1

probe follicles using the HAS 1 probe 206

Figure 70: In situ hybridisation to primary and early antral follicles using the HAS 1 probe.

Figure 77 Insitu hybridisation to healthy and atretic 2 - 4mm follicles using the HAS 2

207

2t0probe

Figure 72: In situ hybridisation to healthy and atretic 6 - 8 mm follicles using the HAS 2

probe 2tr

Figure 73: In situ hybridisation to healthy and atretic 12 - 15 mm follicles using the HAS 2

probe. .. 212

Figure 74: In situ hybridisation to primary follicle and primordial follicles and early antral

follicle using the HAS 2 probe...... .......'..'...213

Figure 75:In situ hybridisation to healthy and atretic 2 - 4mm follicles using the HAS 3

probe 215

Figure 76: In situ hybridisation to healthy and atretic 6 - 8 mm follicles using the HAS 3

probe. . 216

Figure l7: In situ hybridisation to healthy and atretic 12 - 15 mm follicles using the HAS 3

probe. 2r7

Figure 78: In situ hybridisation to primary follicle and primordial follicles and early anlral

follicle using the HAS 3 probe........... 2t8

Figure 79: o/o HAS 1 positive follicles with respect to stage of development as determined by

follicular diameter. 220

Figure 80: o/o HAS 2 positive follicles with respect to stage of development as determined by

follicular diameter. ... 220

Figure 8l: o/o HAS 3 positive follicles with respect to stage of development as determined by

follicular diameter 221

Figure 82: Typical RNA blot used for Northern blots 223

Figure 83: Northem blot using the P450scc probe. ...223

Figure 84: Northern blot using the inhibir/activin BA probe. ........ 223

Figure 85: Northem blot using the GAPDH probe... 226

Figure 86: Northern blot prepared using the HAS 1 probe 226

Figure 87: Northem blot prepared using the HAS 2probe 226

Figure 88: Northem blot prepared using the HAS 3 probe.... 226

Figure 89: Immunohistochemical localisation of hyaluronan using the affinity purified human

228anti-HAS 2 polyclonal antibody

14



List of Commonly used Abbreviations

The abbreviations used are:

PG Proteoglycan

GAG Glycosaminoglycan

ITI Inter-alpha tr¡psin inhibitor

HA Hyaluronan

HAS Hyaluronan synthase

CS Chondroitin sulphate

DS Dermatan sulphate

KS Keratan sulphate

HS Heparan sulphate

MW Molecular weight

PAGE Polyacrylamide gel electrophoresis

ELISA Enz¡rme-Linked Immunosorbent Assays

HABP Hyaluronic acid binding protein

DEPC Diethylpyrocarbonate

ECM Extracellular matrix

PCR Polymerase chain reaction

I5





The formation of a fluid filled antrum is a key feature of folliculogenesis. The oocyte

is expelled in the fluid in the event of ovulation, making follicular fluid necessary for

unassisted reproduction. The mechanism(s) by which follicular fluid is formed is not

understood. The studies described in this thesis were the basis of a project designed to

investigate the hypothesis that an osmotic gradient exists between follicular fluid and serum'

This osmotic gradient drives the recruitment of fluid from the vascularised theca layer

surrounding the follicle. The aim of this study was to identify potential osmotically active

molecules within follicular fluid of bovine follicles and advance existing data in this area.

The osmotic potential created by follicular fluid changes during folliculogenesis and

that the constitution of the fluid was subtly different between healthy and atretic follicles' By

specilrc enzyme digestion of chondroitin sulphate, dermatan sulphate, heparan sulphate,

keratan sulphate and hyaluronan glycosaminoglycan chains, proteins and collagen the classes

of molecule responsible for the potential were distinguished.

Using a combined physical, immunological and molecular approach hyaluronan, and

the chondroitin sulphate proteoglycans versican and inter-alpha trypsin inhibitor (ITI) were

identified as potential contributors to the colloid osmotic pressure of the fluid and that of

these hyaluronan was the most osmotically active. Both hyaluronan and versican exist in high

molecular weight forms and could contribute to colloid osmotic pressure as discrete

molecules. However, ITI may contribute via its potential to form very large molecular weight

aggregates with hyaluronan and versican. It is proposed that a fluid matrix consisting of these

molecules provides versatility of the fluid osmotic potential, in addition to the variations in

permeability of the follicular basal lamina and vasculature, and hence the follicles ability to

recruit fluid in to the antrum from the follicles vascular surrounds.

To examine the hypothesis further three specific enzymes synthesise hyaluronan,

hyaluronan synthases 1,2 and 3 (HAS 1, HAS 2 and HAS 3) were made. RT PCR, Northern

analysis and in situ hybridisation identified which cells were expressing these enzyrnes in the

follicle during devlopment. Expression of HAS I and HAS 3 could not be correlated with

antrum expansion but may contribute in a secondary manner to fluid osmotic potential.

Expression of HAS 2 by the mural granulosa cells could be temporally linked to the

visualisation of a follicular antrum and hence could be responsible in part for antrum

formation. The regulation of transcription of HAS 2 is probably tightly controlled by

differential signalling or receptor activity of any number of growth factors and

gonadotrophins and that the turnover of hyaluronan in the fluid at any time is tempered by

l6



differential expression of HAS enzymes and the hyaluronidases responsible for its

degradation.

Macromolecules have been identified in follicular fluid, which have an osmotic effect

as hyaluronan and the chondroitin sulphate proteoglycans versican and inter-alpha trypsin

inhibitor. Hyaluronan was the most osmotically active of these molecules and its synthesis by

the HAS 2 enzyme could be correlated with the timing of antrum formation.
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Chapter 1 Literature Review

1.1. Introduction

Survival of a species relies on the replacement of individuals. In mammals successful

propagation is achieved by sexual reproduction, whereby a female gamete (oocyte) and a

male gamete (sperm) fuse to form a genetically new individual ensuring propagation and

increased rigor of the species by genetic recombination. General characteristics of cyclic

reproductive activity, seasonality, and triggering of ovulation differ widely among mammals

however; common mechanisms underlie ovarian function and these will be outlined in this

review.

Female gametes originate from the ovary and are contained within follicles that are in

turn situated within the cortical stroma of the ovary (Mossman & Duke, 1973)' The

mammalian ovarian follicle changes dlmamically as it nurtures the growth of its enclosed

oocyte. Each day in adult life, a number of primordial follicles are activated, and the oocyte

commences growing and the granulosa cells begin to divide (pre-antral stage) (Hirshfield,

19gz). As the follicle grows the granulosa cells divide and the number of layers of granulosa

cells (termed the membrana granulosa) around the oocyte increases, with concomitant

expansion of the basal lamina, which separates the follicle from the stroma' Later in

development a fluid-filled cavity or antrum develops at the centre of the follicle (antral stage)'

At this stage the layers of granulosa cells, in turn surrounded by the basal lamina, surtound

the antrum. The oocyte is still enclosed by specialised granulosa cells (corona and cumulus

cells) and lies adjacent to the antrum to one side of the follicle as the antrum expands.

Specialised stromal layers - theca intema and extema deveiop outside of the basal lamina.

These layers are vascularised, unlike the membrana gtanulosa suffounding the follicular

antrum. In cattle only follicles that develop alarge antrum (>10 mm) ovulate, by release of

the cumulus-oocyte complex in to the follicular fluid and then expulsion of both through the

ruptured wall of the follicle to the outside of the ovary. Rapid expansion of the follicular

antrum can signal development of a follicle to ovulatory stage and in both veterinary and

human medicine follicle growth is monitored by ultrasonography and is representative of the

accumulation of follicular fluid (Kem eter & Feichtinger, 1991, Kerin et al., 1981)' Despite its

importance, there is a dearth of literature on the formation of the follicular antrum and

follicular fluid.

This review will focus on the origin of the primordial germ cell, the formation of the

oocyte enclosed within the primordial follicle and the maturation processes involved in

forming a pre-ovulatory follicle, its ovulation and the formation of the endocrine support

gland the corpus luteum, with particular reference to the cow. 
'Within this scope to review of
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the structural changes occurring within the follicle and the hormones and growth factors

involved in the process of recruitment and selection of the dominant follicle, which will

ensure this maturation process. In addition it will review the literature pertaining to antrum

formation, and discuss the forces that may drive fluid accumulation and the molecules, which

may play a role in this Process'

L2. The Mammalian OvarY

Two primary functions of the ovary are production of oocytes and their support to

subsequent ovulation and the production of secreted hormones, which maintain pregnancy

and the female form and characteristics (Erickson & Shimasaki, 2001). Structurally, the

mammalian ovary is a small ovoid tissue covered by a single layer of cuboidal epithelium

termed the germinal epithelium. The ovary is attached to the broad ligament by peritoneal

tissue called the mesovarium. The mesovarium supplies a means by which the ovary is

sourced with blood and nutrients through the blood vessels, which enter the ovary at the hilus

(Erickson, 1978).

Beneath the germinal epithelium the ovary is comprised of fibrous connective tissue,

which forms the tunica albuginea (Lunenfeld et al., 1976). Beneath this lies the core of the

ovary, which is divided in to the outer cortex, comprised of a very cellular connective tissue

stroma made up of laminins, collagens elastins and fibroblasts, where the follicles are situated

and the inner medulla composed of loose connective tissue containing blood vessels and

nerves (Bjersing et a|.,1981). A diagram depicting the structure of the ovary and its enclosed

follicles can be seen in (Figure 1)
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Large antral
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Small antral

Stroma

Gorpus Luteum

Mammalian ovary

Figure 1 Diagram of the human ovøry derived from The Anatomy of the Human Body by

Henry Grøy 20th Ed.
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1.3. The Ovarian Follicle

1.3.1 . Oogenesrs

Oogenesis is the term used to describe the development and differentiation of the female

germ cell from the migrating primordial germ cell to the fertilisable haploid egg (Russe,

1983). The time taken to complete this process is species specific. Russe defined 6 stages of

oogenesis 1; the primordial germ cell period, 2; the oogonial period, 3; meiotic prophase, 4;

isolation of the oocyte from the germ cell cord, 5; follicle activation, 6, ßfüary follicle and

completion of meiosis (Russe, 1983).

1.3.1.1. The Primordial Germ Cell(PGC) period

The store of primordial follicles used for folliculogenesis is formed during oogenesis.

The size of the store is dependent upon the degree of oogonia multiplication, the time of

meiosis and the extent of the loss of germ cells, for review see (Gosden R. & Bownes, 1995).

The full compliment of oocytes is derived from the inner cell mass of the developing

blastocyst. The PGCs are derived from the PGC "store" in the endoderm of the embryonic

yolk sac. Once formed, they migrate to the gonadal ridge where they multiply, for review see

(McGee et a1.,1998). The PGCs are separated by somatic cells, which surround them, the

whole unit surrounded by a basal membrane. It is considered that the somatic cells of the

foetal ovary may be precursors of follicular cells (Picton, 2001). The number of

accompanying cells is species specific (7-19, Human; 16, sheep; 10, mouse; (Gougeon A',

l996,Lintern-Moore & Moore, 1979, McNatty et a1.,1999)). This process is thought to occur

six months after birth in Humans ('Wagenen & M.E, 1965). The PGC ultrastructure is simple,

consisting of one or two nucleoli surrounded by a small amount of cytoplasm. The germ cell

includes a few mitochondria, undeveloped Golgi and sparse endoplasmic reticulum' A

diagram of primordial cell migration can be seen in (Figure 2)

1.3.1.2. The Oogonial Period

The oogonial period begins when germ cells cease to separate following division and

begin to form clusters. In the developing ovary the more mature oogonia are deeply

embedded in ovarian tissue. Peripherally located stem cells form the new oogonia (Picton,

2001). Within the oogonial clusters, somatic cells that accompany the clusters are limited in

number as they rarely divide.

In ruminants two germ cells with different functions arise from the last divisions of the

PGC. One undergoes mitosis and the other remains in interphase, periodically dividing and

giving rise to new generations of oocytes. As a result not all germ cells are at the same stage
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of development. Structurally these cells have an increased number of organelles compared to

their predecessors (cow (Russe, 1983)).

1.3.1.3. Meiotic Prophase and Isolation of the Oocyte from the Germ Cell Cord

PGCs in the innermost layers of the germ cell cord begin meiosis differentiating in to

primary oocytes. This process occurs at week lI-12 in human, (McGee et al., 1998), day

13.5-16.5 in mouse, (Borum, 1961), day 82 in cow, (Russe, 1983), day 40-75 in sheep,

(Lundy et aL.,1999, McNatty et a1.,2000) of gestation. Their numbers reach a maximum of 6-

7 million in humans (Gosden R. G., 1987) 6 - 26,000 in mouse, (Pepling & Spradling, 1998,

Rowlands et al., 1970) around the twentieth week of gestation.

Meiosis in the primary oocytes persists until near term (McGee et al., 1998) before

arresting in diplotene of the first meiotic division. The oocytes remain in this arrested state

until puberty; the first meiotic division is then completed at ovulation and the second upon

fertilisation. During meiotic prophase the germ cell grows by increases in nuclear and

cytoplasmic volumes. Cytoplasmic degeneration and pyknosis result in the loss of many

oocytes at this time. A complex extracellular matrix consisting of stroma cells, at various

stages of differentiation, surround what is now termed the primordial follicle, located in the

outer ovarian cortex where there is little vascular support. As they grow and develop

primordial follicles migrate to the vascularised cottico-medullary region of the ovary. Growth

initiation is characterised by change in the granulosa cells from a flattened to cuboidal

appearance and their proliferation, a pre-requisite for continued oocyte growth, and rapid

growth of the oocyte (human; (Gougeon A. & Chainy, 1987)). Oocyte growth is delayed in

comparison to granulosa cell proliferation and does not occur until the granulosa cell number

reaches 40 - (cow; (Braw-Tal & Yossefi,1997)), (15 - human, sheep; (Cahill & Mauleon,

1981, Gougeon M. L. &Theze, 1987)), (10 - mouse; (Lintern-Moore & Moore, 1979)).

Those oocytes not enclosed by pre-granulosa cells are lost by apoptosis. It is generally

believed that apoptosis is responsible for the loss of germ cells. Both death signals and

survival signals exist in the embryonic gonad and it is thought that the apoptopic cascades

involving bclz, bax and caspases are responsible for the alteration of the germ cell store via

apoptosis for a review see (Driancourt & Thuel, 1998).

By or shortly after birth the mammalian ovary contains its complete supply of oocytes

3-400,000 in humans (Forabosco et al., 1991, Johnson Martin H. & Everitt, 2000) and

150,000 in cows (Bao & Garverick, 1998).

1.3.I.4. Follicle Activation

Oocytes remain in an arrested state until the onset of cyclic recruitment at puberty. It

has been reported that the primary follicle is under constant inhibition from systemic and local
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factors, and these factors ensure that the follicle remains in the dormant phase (Wandji et al.,

1996). However, new data suggests that ovaries possess mitotically active germ cells which,

based on rates of oocyte atresia, are needed to continuously replenish the follicle pool

(Johnson J. et al., 2004). When the primordial follicle store is established follicular

recruitment begins. Recruitment and follicular growth are continuous and end in either an

ovulation or degeneration of the follicle and oocyte by atresia (Picton,2007). Initial

recruitment begins after follicle formation when primordial follicles are activated. This occurs

during the foetal period in man, cattle and sheep. Recruitment results from an increase in

circulatory follicle stimulating hormone (FSH), which rescues a cohort of follicles from the

default pathway of atresia (McGee & Hsueh, 2000).

Each day a small number of these follicles become activated and enter the initial growth

phase, providing a constant stream of developing follicles (Hirshheld,1997). The initiation or

activation of follicle growth is defined as the transition of the primordial follicle from the

quiescent to the growth phase (Braw-Tal, 2002).

Follicles that become activated prior to the resting stage degenerate through lack of

somatic cell support. The period between activation and formation of a multicellular layer is

slow and varies between species (Picton, 2001). The time taken for primordial to multilayer

follicle status to occur in a number of species can be seen in Table 1.

During this period the follicle undergoes many ultra-structural changes supported by

somatic cells, some of which will differentiate in to thecal cells and provide steroidogenic

support to the follicle (Picton, 2001).

The initiation of follicular growth has been achieved in vitro in several species and this

has enabled the study of the regulators of follicle activation. In bovine, primate and rodent

follicle initiation appears to be independent of gonadotrophins or other blood-bome factors

(Fortune et al., 1999). Oocyte-granulosa cell interactions are important in the early stages of

follicle development and the key players in this interaction have been identified as growth

differentiation factor 9 (GDF 9) and kit ligand (Hayashi et al., 1999). GDF 9 is a homo-

dimeric protein of the transforming growth factor (TGF)/activin family, known to signal via

the serine threonine kinase receptor pathway in primordial follicles in the bovine system

(Bodensteiîef et al., 2000).

The only specific factor that has been linked to activation of primordial follicles is kit

ligand or stem cell factor, which is produced by the granulosa cells. Primordial germ cells,

oocytes and theca cells express the receptor for kit ligand known as c-kit (Manova et al.,

1993, Motro & Bernstein,1993, Yoshida H. et aL.,1997).
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Species Number of Pre-GCs Follicular
diameter m

Oocyte
diameter (¡rm)

*Growth time
(days)

Cow 24 45 30 >30

Sheep ls-16 4I 35 >25

Human t2+6 35 >150

Mouse 10 t2 17 10

Tahle 1 characterístics of prímordiat fotticles from dffirent specíes

*Growth time refers to the time taken for growth to occur from a primordial to a multilaYer

foilicle. Data adaPted from (a) Braw-Tal and Yosefi (Braw-Tal & Yossefi, 1997), Fair et al

(F air et al.,lggT), Telfer et al (Telfet et al', 1988), (van Wezel & Rodgers, 1996), (b)

McNatty et al (McN atty et a\.,1999), (c) Gougeon (Gougeon 4., 1996), (d) Lintem-Moore

and Moore (Lintern-Moore & Moore, 197 g),Pederson (Pedersen, 191}),Wassarman and

Albertini (Wassarman & Alberton, 1994)

1.3.2. Folliculogenesis

In mammals, which follicles will mature to olT rlation is determined by a series of

processes beginning with recruitment and followed by selection and support of a dominant

follicle, the latter stage known as dominance. During folliculogenesis the stroma of the ovaly

provides external support tissue for the follicies and condenses to accommodate follicular

growth. Folliculogenesis varies in duration and the number of follicles that mature and

ovulate (1 - >100) is strictly regulated and species specific' Early antral follicles do not

require gonadotrophic supporl and are destined for atresia unless rescued (Johnson Martin H'

& Everitt, 2000, Scaramuzzi et al',1993)'

The physical changes seen in the follicle during folliculogenesis are descrìbed below'

The first signs of activation of a dormant follicle are rapid growth of the primordial

follicular diameter from 20¡rm to 200-400¡lm in cows (Driancourt et al', 1985,Fait et al''

1995) with concomitant oocyte growth and maturation and formation of the membrana

granulosa, the whole surrounded by the basal lamina' Later, a fluid filled cavity or antrum

develops. These two stages of development are termed pre-antral and antral respectively' The

basic antral follicular structure is depicted in (Figure 3)
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Figure 2 Diøgram of Prímordial Germ cetl Mígratíon' Diøgram adapted from

http://sprojects.mmi.m"gru."ot*unstruølcycle/þltìculardevek 
mentpage'html'
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Basal Lamina

Theca externa

Oocyte with surrounding
cumulus cells

Antrum

Theca interna

Granulosa cells

Figure 3 Diagram of an antrøl ovøríanfollicle'
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Following activation, the follicle passes through the next main stages of development

forming 1) primary, 2) pre-antral and 3) antral follicles.

Stages l-2 are gonadotrophin independent and development is controlled by locally

produced growth factors, while stage 3 is gonadotrophin dependent whereby FSH controls

growth and development under modulating influences of growth factors. Follicular

recruitment, selection and dominance aÍe reviewed in 1.3.4. A diagram of follicular

development can be seen in (Figure 4)
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Primordial germ cell

Primord¡al follicle

Atresia

Ovulation

ü Primary follicle

Corpus luteum

Secondary follide

Antral follicle

Figure 4 Diøgram of Follicle Development derived from
menlhtml
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1.3.3. Oocyte Growth and Development

Still in its arrested state until ovulation when the first meiotic division is completed

(Johnson Martin H. & Everitt, 2000), the oocyte begins to grow' During the follicle

maturation process the oocyte and the follicle undergo certain morphological changes' As

soon as granulosa cells become cuboidal they start to express follistatin, RNA and proteins

(Braw-Tal, lgg4) and evidence suggests this triggers oocyte growth, with rapidly progressing

oocytes at the cortico-medullary junction growing earlier than those fuither away (Hirshfield,

1ee1).

Ultra-structural analysis of the oocyte showed major morphological changes occurred at

this time. The nuclear membrane surrounding the dictyate chromosomes breaks down, the

location of the mitochondria changes, the number of organelles increases, and the cytoplasmic

and nuclear volumes swell (cow; (Fair et a|.,1997),mouse; (Lintem-Moore & Moore, 1979))'

The oocyte continues to grow rapidly during early follicular growth and reaches its full size

early in the maturation process. In the terliary follicle the nucleus is activated and the

nucleolus changes from a sponge-like to a shell-like form. Rough endoplasmic reticulum also

appears and piles up to form annulate lamellae. In the pre-ovulatory follicle the nucleus is

vesicular. In cattle and sheep the extrusion of the first polar body occurs after ovulation with

only fertilised eggs completing meiosis (Russe, 1983)'

As the antrum forms, the follicle expands and the oocyte complex and granulosa cells

become increasingly connected via specialised cell junctions, known as gap junctions (Larsen

et al., 1996). Gap junctions are transmembrane channels between cells that allow free

movement of ions and small molecules. The gap junction network is essential for oocyte

gfowth and maturation, provision of substrates for energy and metabolism, and maintenance

of meiotic arrest.

During maturation the oocyte begins to secrete glycoproteins, which condense around it

to form the zona pellucida (ZP) (see section 1.3.3.2). In addition 5 growth factors are

produced by the oocyte, including GDF-9 (McGrath et a1.,1'995),bone morphogenetic protein

15 (BMP-15) (Dube et al., 1998, Laitinen et al., 1998), BMP-6 (Lyons et al'' 1989)'

transforming growth factor p2 (TGF B2) (schmid. et ar., 1994) and fibroblast growth factor 8

(FGF-8) (Valve et al.,1997). GDF-9 and BMP-15 are only expressed by the oocyte' which

suggests they are obligatory for normal folliculogenesis (DongJ. et al',1996)' In the absence

of GDF-9, follicles are also unable to emit a signal to recruit theca cell precursors to surround

the follicle (Elvin et al., 1999a). GDF-9 has been shown to stimulate granulosa cell

proliferation and BMp-15 to stimulate granulosa cell mitosis (otsuka et a\.,2000). Thus the

oocyte has a fundamental role in the physiological mechanisms that control dominant follicles

and ovulation. Both GDF-9 and BMp-15 are FSH independent however; they are able to

30



modify FSH-stimulated granulosa cell differentiation by blocking FSH action and/or FSH

receptor expression (Otsuka et a1.,2001) suggesting they may actively regulate FSH action

during folliculogenesis (Erickson & Shimasaki, 2001)'

Oocyte growth is not apparent in antral follicles. However, synthesis of RNA and

turnover of proteins continue. In some species it can take over six months before the oocyte is

capable of being fertilised (human; (Gougeon A.,1993, Lefevre et al',1990))'

1 .3.3.1 . Granulosa cell Proliferation and Formation of the Membrana Granulosa

After initial recruitment, granulosa cells in the primary follicle acquire characteristics of

the epithelial cells of secondary follicles. Granulosa cells proliferate from a single cuboidal

layer (primary follicle) (Irving-Rodgers & Rodgers, 2000) to form several layers (secondary

follicle) around the oocyte. In cattle the number of granulosa cells doubles 21 times (van

Wezel & Rodgers ,1996) with 19 doublings of follicle surface area from the primordial to the

lgmm antral follicle. As they divide the granulosa cells form layers within the follicle,

containing up to 2000 -2500 cells in the mature pre-ovulatory follicle (rat; (Hirshfield, 1997))

(50,000 -mouse; (Spears et a|.,1993)). These layers form the membrana granulosa of which

two distinct subpopulations can be determined:

1. Cells in close proximity to the oocyte, which directly surround the zona

pellucida and form the cumulus oophorous

2. Celis closely aligned with the basal lamina that forms the membrana

granulosa.

The former attach to the egg via cell processes. In cattle, gap junctions and desmosomes

develop at the point of contact (Anderson & Albertini,19T6).In vitro studies have shown that

the granulosa cell-oocyte communication pathways are essential to continuing survival of the

oocyte with oocyte growth halted if separated from the granulosa cells (Tsafriri et a\.,1998)'

The gap junction protein connexin 37 may be responsible in part for the maintenance of the

gap junction and hence the communication pathway. The importance of oocyte-granulosa cell

communication (Eppig et al., 1997) is further supported by evidence of oocyte secretions that

regulate granulosa cell functions such as granulosa cell division (Vanderhyden et al',1992),

LH receptor formation (Eppig et a\.,1998), cumulus oocyte complex expansion (Elvin et al',

1999b) and steroidogenesis (lr{ekola & Nalbandov,1971, vanderhyden & Macdonald, 1998)

with only fully-grown oocytes able to undergo meiosis'

Studies of the mitotic indices of granulosa cells indicate that the mitotic activity of the

cells closest to where the oocyte attaches to the wall are highest, indicating that not all

granulosa cells have the same potential for division. In humans during the f,rrst phase of basal

follicular growth (mitotic cycles I-7), the follicle grows slowly and the rate is tightly related
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to proliferation of granulosa cells and mainly under the control of paracrine growth factors' In

these follicles, FSH may exert an indirect mitogenic effect on granulosa cells by enhancing

expression of growth factors or growth factor receptors'

In the second phase (terminal follicular growth - cycle 7 onwards), growth of the

follicle is rapid and occurs by fluid accumulation and enlargement of the antrum to form the

antral follicle and the granulosa cells begin to express FSH receptor. Studies have

demonstrated that FSH signalling is a fundamental part of growth and differentiation of the

dominant follicle through its ability to promote follicular fluid accumulation, cell proliferation

oestrogen production and LH receptor expression (Fortune, Rivera et al 2001). During the last

few cell divisions, granulosa cells become steroidogenic and convert androgens to estrogens

by aromatisation they also begin syrthesis of hormones and acquire receptors for LH. FSH

stimulation of these LH receptors is required to induce ovulation and luteinisation.

Luteinising hormone receptor expression is not induced in granulosa cells until the dominant

follicle reaches the pre-ovulatory stage. It has been suggested that LH may enter the follicle in

the latter stages of development in the follicular fluid and may replace FSH as the principle

regulator of cyto-differentiation. Shortly after the ovulatory stimulus the gap junctions of the

membrana granulosa are destroyed, the network breaks down and the oocyte becomes

activated and resumes meiosis. At the same time the cumulus oocyte complex detaches from

the membrana granulosa, a necessary prerequisite before its expulsion from the follicle

(Larsen et a1.,1996). Following the pre-ovulatory gonadotropin surge, follicular cells begin

morphological, endocrinological, and biochemical changes associated with luteinisation'

Luteinisation involves the transition of a pre-ovulatory follicle in to a highly vascular corpus

luteum capable of secreting large quantities of progesterone but is not in itself dependent on

follicular rupture (Smith M. F' et al.,1994).

1.3.3.2. Formation of the Zona Pellucida

The developing oocyte is surrounded by a structure termed the zona pellucida (ZP),

which is laid down shortly after the primordial follicle resumes growth' The oocyte produces

Zp proteins in the pig (Takagi et a1.,1939) however; there is increasing evidence that ZP

proteins are expressed by the granulosa cells and oocyte and that all of these may play a role

in granulosa cell differentiation and ZP formation (Dunbar et a1.,2001)' Four different ZP

proteins have been described in the pig and bovine systems, all structurally conserved and

expressed in a stage-specific fashion (Aviles et a\.,2000, Bercegeay et al', 1993,Dtnbar et

a1.,2001, Hedrick & V/ardrip,1987, Kolle et a1.,1998, Takagi et al', 1989, Topper et al',

1997) and three in the mouse (Bleil & Wassarman, 1980). Marked differences exist in size

and structure of the different ZP proteins and the degree of conservation varies between

JZ



proteins. EachZp has a different glycosylation pattem and it is understood such differences in

protein structure and glycosylation status may explain the variation seen in its biochemical'

physiolo gical and immunochemical prop erties.

1.3.3.3. Basal Lamina SYnthesrs

Basal lamina s¡mthesis occurs in order to accommodate the increasing follicle

expansion. The basal lamina of the follicle is similar to basal laminae of other tissues with its

major components being type IV collagen, laminin, fibronectin and heparan sulphate

proteoglycans (HS proteoglycans) (Luck &. Zhao, 1993, Luck et al., 1995). Many of the

membrane components are synthesised from within the theca with some contribution from the

granulosa cells in rat (Bagavandoss et al., 1933) and cow: (Rodgers H. F. et al., 1995a)'

During the course of follicular growth, the basement membrane increases over 400 fold in

area in the cow and this occurs in a manner that maintains its integrity throughout the

expansion process (Dr Raymond Rodgers, personal communication). The basal lamina of

primordial and growing follicles completely envelops the follicle and undergoes considerable

modification during ovulation and atresia. In pre-ovulatory follicles the basal lamina is

thinner and discontinuous, in contrast to its thickened and ruptured appearance in atretic

follicles. Fibronectin has been localised in the inner granulosa cells of small and medium-

sized growing follicles, and as a broad, irregular layer around the cavity of degenerated

follicles. Each stage of follicular growth and involution is associated with precise patterns of

distribution of laminin, type IV collagen and fibronectin. It is likely that these proteins may

play arole in the local control of ovarian follicular dlmamics (Bortolussi et a1.,1989).

1.3.3.4. DeveloPment of the Theca

The theca intema and theca extema form the outer layers of the follicle. In the mouse

the theca is first recognisable when there are 2 - 3 layers of granulosa cells (Peters, 1969). The

theca differentiates from the stroma of the ovary and surrounds the follicular basal lamina,

which separates it from the granulosa cells. The theca cells proliferate as the follicle grows.

The theca intema is vascularised and forms a reticular network of f,rbroblasts containing

steroidogenic cells with which produce androstenedione, which is converted to oestradiol by

granulosa cells. Examination of the theca intema by electron microscopy shows the

steroidogenic thecal cells are rich in smooth endoplasmic reticulum, mitochondria with

tubular cristae. IThe proportions and distribution of steroidogenic cells changes during

maturation (Clark et a1.,2004).

Examination of the theca externa reveals it consists of myofibroblasts, differentiated

from the stroma, interspersed with cells with cytoplasmic filaments and dense staining bodies
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characteristic of smooth muscle cells (o'shea, 1981). It consists of connective tissue and

stromal cells with vessels forming a plexus of flattened cells. LH stimulates steroidogenesis in

theca cells and in a mature follicle these are major sources of androgens and angiogenic

factors, which stimulate proliferation and migration of endothelial cells (Makris et al',1984)'

The interaction of granulosa and theca cells may have a role in early follicle

development since androgen treatment of cultured mouse pre-antral follicular cells leads to

follicle growth. Secreted proteins from rat pre-antral follicles increase growth and

differentiation of theca cells before expression of their LH receptors (Gelety & Magoffin,

lggl)while co-culture of granulosa and theca cells resulted in an increase in steroidogenesis

in both cell types (Kotsuji et al., t994)'

l.3.3.5.DevelopmentoftheFollicularCapillaryNetwork

Small follicles have no capillary network and rely on vessels in the surrounding stroma

while intermediate-sized follicles (rat: 80-100um diameter) have one or two arterioles that

terminate in an anastomotic network in the theca outside of the basement membrane (Bassett,

re43).

As an antrum develops in the follicle, the thecal layer acquires a vascular sheath

consisting of two capillary networks located in the theca interna and extema, respectively'

Because all capillaries remain outside the follicular basement membrane, the gtanulosa layer

with its fluid-frlled antrum and the cumulus cell-oocyte complex remain avascular until after

ovulation. There is limited evidence suggesting that antral follicles vary in their degree of

vascularity (Stouffer et a1.,2001). These data led to the hypothesis that acquisition of an

adequate vascular supply is a rate-limiting step in the selection and maturation of the

dominant follicle(s) destined to ovulate. Establishment of such vasculature would provide

access to nutrients and hormones, a.8., gonadotropins, which are essential for final

development. In contrast, insufficient vascular supply could limit further growth and lead to

follicular degeneration or atresia.

In bovine follicles, detectable blood flow increases gradually over time and is first

detected at the base of the follicle. Over time these increasing blood flow is accompanied by

increasing plasma oestradiol (E2) concentrations until ovulation' However, oestradiol does

not seem to exert any effect on follicular angiogenesis (Acosta et al',2003)' Bovine dominant

follicles during the follicular phase show well-developed capillaries with active and spatial

dependent angiogenesis in the inner capillary layer (Jiang et a\.,2003)' After the expulsion of

the oocyte the capillary network of the theca rapidly invades the membrana granulosa

provoking transformation of these cells in to the large luteal cells of the corpora lutea in a

process termed luteinisation
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1.3.3.6. Formation of an Antrum and Fluid Accumulation

Follicles do not possess an antrum until the granulosa cells have passed through ll - 12

mitotic cycles when the follicle contains approximately 2 - 3000 cells in humans (Gosden R.

G. et a1.,1988). Around this time pools of fluid accumulate between the granulosa cells and

coalesce to form a single cavity or antrum bound by granulosa cells. The antrum characterises

the mature follicle of most but not all mammals (Mossman & Duke, 1973). Two reasons exist

as to why an antrum and the fluid within might be advantageous:

1 A means of extrusion for the cumulus oocyte complex out of the

follicle at ovulation. Wide variations in fluid volume to follicular size occur between

species and so it is unlikely that this is its sole function.

2. A nutrient supply and means of contact between the oocyte and

gtanulosa cells.

During follicular expansion a reduction in the number of layers of granulosa cells

occurs due to the increased surface area of the follicle and the distance between the granulosa

cells and oocyte is increased. A fluid filled antrum allows the blood supply and granulosa

cells to be in comp aratively close contact, enabling nutritional and hormonal support of the

êûû

In the follicle there is no structural barrier comparable to that of the "blood-testis

barrier" in the male. This results in an increased ability of large molecules to enter the

follicular antrum compared to the equivalent situation in the seminiferous tubules. Follicular

fluid arises from the filtration products of thecal blood. Follicular fluid contains low

molecular weight serum proteins (50% to >100% of the amount of protein in serum)

(Keikhoffer et al.,l962,Manarang-Pangan & Menge,1977, Perloff et a1.,1955, Shalgi et al.,

1973) and growth factors crucial to follicle, granulosa cell and oocyte growth and

development, and it is widely accepted that some of these components are s¡mthesised by the

granulosa cells (Anderson & Albertini, 1976). The properties of follicular fluid will be

discussed later.

1.3.4. Follicular Recruitment, Selection and Dominance

1.3.4.1. TheFollicular'Wave

The main events that occur during a follicular \Mave are as follows. At recruitment, a

cohort of follicles begins its final growth phase as it enters gonadotropin-dependent

folliculogenesis. At selection, the number of growing follicles becomes equal to the number
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of ovulations. As a consequence, the ovulatory follicle becomes dominant and the other

follicles of the cohort regress by atresia (Driancourt, 2001).

In cattle recruitment of a cohort of follicles results from transient rises in FSH every 8 -

10 days. The interplay of FSH and LH results in continual release of emerging follicles from

which a dominant follicle (DF) matures to ovulation. If not recruited, follicles continue along

the default pathway to atresia (Driancourt, 2001).

Although most follicles become atretic the recruited cohort continues to grow beyond

the stage when atresia normally occurs. In some species (e.g. rats, primates and pigs),

dominant follicles develop only during the follicular phase and are thus destined for

ovulation. In others (e.g. cattle, sheep and horses), recruitment, selection, and dominance

occur at regular intervals, only the dominant follicle present during the follicular phase

ovulates the rest of the recruited follicles being saved from atresia and for only a short time.

Recruitment of the cohort containing the future pre-ovulatory follicle occurs during a

"recruitment window" which lasts 1, 2, or 3 days in sheep, cattle or horses, respectively.

Only gonadotrophin-dependent follicles are recruited. While recruitment and follicle

gonadotrophin independence can be temporally linked in most species, the number of

recruited follicles growing in the cohort appears to be highly variable between species,

ranging from over 50 in pigs, to 5 to 10 in cattle and 1 to 4 in horses.

All follicles of the cohort are potentially capable of ovulating, however some follicles

may have a competitive advantage as they mature toward ovulation (Driancourl, 2001)'

At selection, the dominant follicle is chosen and the remaining follicles of the cohort

become subordinate follicles and enter atresia. This is usually demonstrated by a block in

their growth rate followed by a steady decrease in size. It is generally assumed that the largest

follicle of the cohort is likely to be the one selected for ovulation (Ginther et al.,1996).

In all species, the selected follicle appears to be the first one developing LH receptors

on its granulosa cells. Follicles develop LH receptors when they reach 4 mm,5 mm to 6 mm,

8 mm or 25mm diameter in sheep, pigs, cattle and horses, respectively (Driancourt, 2001).

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

other follicles of the cohort complete regression by atresia, while no recruitment occurs. There

is a direct relationship between the presence of the dominant follicle and the absence of

recruitmenl (Ko et al.,I99l).

In cattle, there are three key maturational steps associated with selection and appearance

of a dominant follicle. The appe aÍaîce of LH receptors on granulosa cells (Ireland J. J. &

Roche, 1983a) is a pre-requisite for the establishment of follicular dominance and ovulation

following an LH surge. The follicle, which is able to tolerate the lowest FSH level, by either

increased sensitivity to or increased numbers of receptors for FSH becomes the dominant
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follicle and demonstrates enhanced growth and steroidogenesis. The dominant follicle then

maintains low FSH levels thereby preventing the emergence of further cohorts (Ginther, 2000,

Ginther et a|.,1999,200[ keland J. J. et a\.,1984). Secondly, the reduction in the amounts of

IGF binding proteins such as IGPBPl and IGFBP4 (Dalin, 1987, Mihm et aL.,1997, Monget

et al., 1996). This appears to be mediated by reduced production in the case of IGFBPI or

increased proteolysis in the case of IGFBP4. Both events occur when the follicle is around 8

mm in diameter. Third, there is a selective decrease in the amounts of the 34kD inhibin dimer

present in follicular fluid, while no major change is detectable amongst the other inhibin

forms (Mihm et aL.,1997).

If luteolysis occurs during the period of the dominant follicle then the dominant follicle

will ovulate. If however the coryora lutea (CL) suppresses the LH pulse yet again then a third

wave of follicles will emerge and the second dominant follicle will regress by the same

processes mentioned above. Only when the CL regresses can the LH pulse allow the

dominant follicle to undergo the final stages of maturation, ovulation and luteinisation. This

wave of emergence is continuous and occurs during all reproductive states in cattle (Adams et

al.,1992, Cooke et al.,1997,Evans et a|.,1.994, Ginther et aL.,1989, Stagg et aL.,1998).

A diagram proposing the functional coupling of FSH concentrations and follicular

diameter can be seen in (Figure 5).

37



FSH surge

Functional
coupling

Heifers

Follicle deviation

est follicle

Second largest follicle

Follicle emergence

Figare 5 Diøgrøm of the proposed functíonal coupling between FSH concentrations and
diumeters of the two largest follicles during development of the follicular wave. 1)

Emergence of the follicular wave stímulated by an FSH surge that høs peaked when the

lørgest follicle reaches 4 mm 2) 5 mm follicle develops FSH suppression cøpability' all

follicles )5 mm contribute to the decline in FSH for approxímøtely 2 døys 3) At 8.5 mm d

follicle plays a møjor role in SH decline, Follicle suppression begíns when FSH levels fall
below that requíred by smøller follicles. These smaller follicles become subordinate. 4)

Reduced FSH levels support the dominønt follicle after the commencement of deviation, 5)

LH hegíns íts role in growth of the dominantfollicle, From (Gínther 2000).
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Steroidogenic profiling during follicular waves has shown that estradiol levels are high

in healthy follicles and low in atretic ones (Austin et a1.,2001). This high expression of

oestrogen is accompanied by enhanced expression of 30 hydroxyl steroid dehydrogenase

(3pHSD), FSH receptors and the acquisition of LH receptors in the granulosa cells (Bao et al.,

1997,Evans & Fortune,IggT,Ireland J. J. & Roche, 1983b). Following the FSH decline the

emerging cohort separates in to two groups, those that maintain rapid growth and estradiol

slrnthesis and those that do not. The former may be one of the factors behind the success of

the dominant follicle. Concomitant with these changes are changes in the amounts of inhibin

and insulin-like growth factor (IGF) family intra-follicular proteins.

Inhibins suppress the action of FSH in the pituitary and may also influence the FSH

response of the follicle. Activin is a dimer that links two inhibin B subunits, and its receptor

interactions are regulated by the levels of follistatin, which neutralises the functions of activin

in the pituitary and ovary (Findlay, 1993, Robertson e/ aL.,1'987)-

Inhibin binding sites are located in the pituitary, granulosa and theca cells and is thus

thought to be important in the regulation of follicular development via paracrine, autocrine

and endocrine mechanisms and the acquisition of FSH receptors (Chapman & Woodruff,

2003, Chong et a\.,2000, Draper et a\.,1998, Hertan et a\.,1999, Knight et a\.,1998)' Inhibin

was first purified from bovine and porcine follicular fluid where it was found in high amounts

and identified first as a gonadal hormone that potently inhibits pituitary synthesis and

secretion of FSH. The hormone also influences the development of granulosa cells and

inhibits the FSH-stimulated synthesis of oestrogens. The FSH-stimulated release of inhibin

can be potentiated by IGF-I and is blocked by EGF and TGFø (Piferrer et al 1997).

Inhibins are related to TGFp with approximately 35 percent sequence homology in the

carboxyterminal region and based on a pattem of conserved cysteine residues in the alpha and

beta subunits. At least one form of inhibin is identical with Sertoli cell factor (SCF) but little

is known of its true function in follicular development (Jimenez-Krassel et al',2003)' The

inhibin/activin BA subunit mRNA is only expressed by the granulosa ce11s of the antral

follicles greater than 0.8 mm diameter (Torney et aL.,1989).

During the FSH decline, low molecular weight IGFBPs appear to be at low levels in the

fastest growing follicles. Once the dominant follicle is selected IGFBPs remain low resulting

in an increase in IGF bioavailability. Levels of bioactive IGF appear to be essential for

dominant follicle selection and its ability to tolerate declining FSH levels (de la Sota et al.,

1996, Mihm et al.,I99l, Stewart et aL.,1996).

In atretic follicles oestrogen activity is reduced and the levels of low molecular weight

IGFBPs increase with a lowering of high molecular weight inhibins, and reduced levels of

FSH. The decline in FSH appears to be critical to dominant follicle selection and it is thought
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that high FSH may inhibit intra-follicular function. Although the dominant follicle is

relatively FSH-independent it is known to require basal levels for maintenance (Bergreh et

al.,2000,Ginther et a\.,2000, Turzillo & Fortune' 1993)'

The role of LH in this scenario is interesting since follicle growth and dominance can

occur at any stage in the reproductive cycre and thus under different LH conditions (Rahe e/

at., 1980).This implies that levels of LH do not affect cohort growth prior to the selection of

the dominant follicle. The rise in LH prior to dominant follicle differentiation (Kulick et al',

Iggg)shows that oestrogen activity and period of dominance are LH pulse-dependent (Mihm

et a1.,2002). This is supported by data from Savio (Savio et aI', 1993), who showed that

reduction in the amplitude of the LH pulse results in atresia of the dominant follicle'

1.3.5. Ovulation

Selection and maturation resuit in the development of the pre-ovulatory follicle' This

structure consists of a thin layer of granulosa cells, basement membrane and thecal cells

containing an attached oocyte and associated cumulus cells, the cumulus oocyte complex and

follicular fluid. The cumulus oocyte complex expands 20-30-fold in volume prior to ovulation

(Bost et al., 1998) achieved in part by accumulation of hyaluronic acid a follicular

glycosaminogiycan, which forms a spongy matrix with the cumuius cells' During ovulation

one area of the follicle the stigma, becomes thin and avascular and the surrounding connective

tissue breaks down causing the follicle to rupture (Espey' 1'994, Tsafriri, 1995' Tsafriri &

Reich, 1999). The follicular fluid containing the oocyte and its surrounding cumulus cells

move out on to the ovarian surface (human; (Rodbard, 1968) or bursa (sheep, horse; (Fortune

et a1.,1991)) where they are captured by cilia and moved in to the oviduct' The cumulus

matrix adheres to the oviduct and from here is transported through the ostium (Lam et al',

2000)

1.3.6. CorPus Luteum

Collapse of the follicle after ovulation results in its transformation in to a corpus luteum

(luteolysis). Corpora lutea result from the continuation of follicular maturation' The structure

is formed from the granulosa and theca intema cells, which form large and small luteal cells

respectively. Following the pre-ovulatory surge in gonadotrophins the follicular cells undergo

morphological endocrinological and biochemical changes' Foliowing ovulation the follicle

becomes highly vascular and begins to secrete progesterone' In some species there is

production of a carotenoid pigment known as lutein from which the cells derive their name'

which imparts an orange colour to the corpus luteum (cL)' During formation of the cL' the

fibrin core undergoes fibrosis and the membrana propria breaks down allowing invasion of
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blood vessels in to the antrum (Amselgrub er et al.,lgg9). Luteolysis (non-primate) may take

up to 14 days, is species specific and may be controlled by endometrial prostaglandin F2"

(PGF2"), see (Sheep; (Driancourt et al.,2000, Juengel & Niswendet,1999, Rodgers R' J' e/

a|.,1985) Cow; (Juengel & Niswender, Iggg,Rodgers R. J. ¿l a/., 1988))' PGF2' production

is stimulated by oxytocin secreted by the corpus luteum (Rodgers R' J. e/ al',1985, Terranova

& Rice, lg97). Small and large luteal cells differ in their ability to secrete progesterone. Small

luteal cells may stimulate angiogenesis while large luteal cells respond to the luteolytic signal

of pGFzo (Fttz et a|.,I982,V/iltbank et a|.,1990). Biochemical communication between the

two cell types appears essential to normal development of the cL, although the mechanisms

underlying it are not clear. Regression terminates in the collapse of the lutein cells, ischaemia

and progressive cell death leaving a corpus albicans, which becomes absorbed in to the

stromal tissue. At this time there is an appreciable fall in progesterone production (Rodgers R'

J. et aL.,1988).

I.4. Atresia

Most activated follicles will not ovulate and will undergo atresia and regression, this

being the default pathway of follicular maturation. Atresia is characterised by death of the

oocyte, pyknosis and fragmentation of the granulosa cells (Byskov,1974)' disintegration of

the basal lamina and regression of both the theca interna and externa (O'Shea et al',1978)'

During atresia expression of mRNA declines rapidly and becomes low or undetectable (Bao

& Garverick, 1998). In early atresia, inhibin/activin 0A mRNA is located in the cumulus cells,

whereas inhibin alpha and follistatin mRNAs are present in the granulosa cells' As atresia

progresses mRNA for inhibin alpha and follistatin, disappear (Braw-Tal,1994)'

Follicular atresia occurs at different times during folliculogenesis and is more common

in the larger antral follicles than small pre-antral follicles. In cattle two forms of atresia have

been defined (Irving-Rodgers et a\.,2001)'

l. Basal atresia occurs where the granulosa cell layers begin to die, from

the basal lamina upward, while those antrally positioned remain alive'

Z. Antral atresia occurs where the pattern of death is reversed.

Follicular development is strictly dependent upon the gonadotrophins FSH and LH, but

paracrine factors (growth factors, cytokines, steroids, constituents of extracellular matrix) also

play important roles in amplifyng gonadotrophin action in follicular cells. Some pathological

situations such as premature ovarian failure result from accelerated follicular atresia, triggered

by interactions between follicular cells and cells of the immune system'
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1.5. Follicular Fluid

Follicular fluid provides a buffer for the internal environment of the follicle against the

external environment and has been termed the "culture medium" of the granulosa cells and

oocyte (Brambell, Ig28, Gosden R. G. et a1.,1988, Longley, 1911, McNatty et al'' 1981)'

Follicular fluid contains many of the plasma proteins and some large molecules (e.g.

proteoglycans see section 1.8) produced by granulosa cells (Ax & Ryan, 1979)' Filtration of

the blood through the theca and basal lamina results in exclusion of 50% of molecules MW of

250,000 and over and 100% of proteins Mw< 850,00 (Shalgi et al.,1973)'

The proteins of follicular fluid and serum are very similar but there are differences in

their relative concentrations (see Edwards 1974,1or review). A study by Andersen (Andersen

et al., 19:16) revealed that the concentration of protein in individual bovine follicles varied

with forlicular development and ranged rrom 7 5o/o to rr4%o of serum from the same animal. In

addition he noted that the proportions differed between healthy and atretic follicles' Retention

of certain proteins in follicular fluid, at greatet levels or larger size' provides a means whereby

an osmotic Potential can exist.

Non-protein components of fluid include lipids and electrolytes, a comprehensive list of

known follicular fluid electrolytes from large antral follicles can be seen in Tabie 2' Since the

majority of these are small enough to cross the follicular wall they are not able to generate an

osmotic potential.

Several glycosaminoglycans (glycosaminoglycans see section 1.8) have been identified

in follicular fluid. They are hyaluronic acid (HA), dermatan sulphate (DS) and chondroitin

sulphate (cs) (Ax & Ryan, 1979, Grimek & Ax, 1982, Grimek et al',7984,Len2 et al'' 1982'

Mueller et al., 1.978, Yanagishita & Hascall, 1979, Yanagishita et al', 1979)' Several

glycosaminoglycans found in the follicle have been shown to play an important role in

fertilisation, specifically hyaluronan in the cumulus oocyte complex (Bellin & Ax' 1987a'

Bellin et al., 1986, Camaioni et al., 1996, Eriksen et al', 1997, Gtimek & Ax' 7982'

Kobayashi et al.,79gg,Parillo et a:.,1998, Salustti et a\,,1'989,1990a, Salustri et al'' 1990b'

Tsuiki et al.,19gg). Follicular fluid composition and a potential role of follicular fluid in egg

maturation (Grondahl et al., 1995) have been related to the size of a follicle and its

developmental stage (Anderson et al., 1976, Bellin & Ax, 1984, Grimek et al'' 7984'

Henderson et al., lgg2, Shalgi et al., 1973, Short, 1962, Yanagishita, 1994).In relation to

ovulation some researchers have suggested that fluid accumulation may aid in rupture of the

follicle at ovulation, and yet others have suggested that ovulation results from contraction of

involuntary muscle fibres and others from the digestion of the follicle wall by matrix

metalloproteinases. However, it should be noted that some species never acquire anlral



Species Na- K+ cl- Ca2+
FF S FF S FF FF S FF S

Human r24 t45 4.4 4.6 109 t04 Shalgi et al
(r972\

t43 r54 5.4 5.4 t40 r46 0.94 1.04 0.76 0.68 Chong et al
(ree7)

Rabbit 133 r25 7.0 4.3 136 t27 3.s6 David et al
(1e73)

140 136 6.2 5.7 r44 139 2.29 3.85 t.4 1.67 Burgoyne et al
(re7e)

Sheep 149 r49 4.7 4.9 t07 106 2.28 0.89 0.87 Gosden and
Hunter (1988)

Pig r28 r43 15.9 5.2 Schuetz and
Anisowicz
(te7 4)

r42 147 7,6 7.1 10.3 10.8 Chang et al
(re76)

r45 140 4.9 4.8 Knudsen et al
(r979\

1 4 1 138 3.8 3.8 97.3 95.7 2.3 2.27 0.75 0.77 Gosden and

Hunter (1988)

Cow t32 9.2 r49.5 Olds and Van
Denmark
(19s7)

cavities and thus it is unlikely that follicular fluid is solely responsible for follicular rupture

and that a combination of the above occurs (Duke, 1966, Mossman & Duke, 1973).

Table 2 Electrolyte concentrations (mmoUl) of follicular fluìd*

*Follicular fluid (FF) from large follicles compared with plasma or serum

(S) from medium follicles. After (Gosden R. G. et a1.,1988)

1.6. Osmosis and Osmotic Potential

Osmosis is the one colligative property responsible for fluid movement across seml-

permeable membranes i.e. the follicular basal lamina (Comper et rtl., 1990, Gu et al., 1993,

Hammel, 1999, Haussinger, 1996). In the follicle variations in permeability of the basal

lamina are believed to occur during follicular development, this in turn would allow fluid

movement and partial regulation of fluid loss and accumulation. Small fluctuations in volume

and concentration of molecules present in the antrum may lead to changes in cell gene

expression and regulation and therefore may be critical to oocyte maturation (Haussinger,

1996, Rodgers R. J. et al.,l999a). High water permeability of membranes and an inability to

withstand great hydrostatic potential means that net movement of water molecules is almost

exclusively driven by osmosis. In many tissues in the body osmotic gradients result from the

build up of large molecules i.e. proteoglycans on one side of a semi-permeable membrane.

These molecules are generally unable to pass across membranes and so concentrate on either
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side of the ramina causing a differential in osmotic potentiar between those that can diffuse in

to the follicle and/or are synthesised from within it and those that cannot pass from the

capillary blood suPPlY.

controversy surrounds the results of osmotic potential measurements for human

follicular fluid (Edw atds,l974,Shalgi et al.,l9l2a,Zachanae,195S)' Eariy studies estimated

that the follicular fluid of unstimulated follicles was much lower than that of plasma and of

pre-ovulatory follicles (Smith J.T & Ketteringh am,1937). This difference was possibly linked

to the permeability of the basal lamina during antrum formation (Hess et al'' 1998)' The

properties and osmotic effects of proteoglycans and glycosaminoglycans and their potential

role in fluid accumulation are described below 1'8'

I.7, Follicular Fluid Formation

The morphology of the membrana granulosa suggests it is permeable to water and

dissolved substances from outside of the fonicre. channers, arlowing molecules up to 100-

850kDa to pass, separate gtanulosa cells. Evidence suggests that the majority of these

molecules will cross the follicular wall in to the antrum via a concentration gradient (Jinga et

al.,1986)

In order to enter the follicular antrum, serum proteins must first passage through the

following structures, the capillary wall, the theca intema and basement membrane and the

membrane granulosa. It is possible that the selective permeability of any of these will affect

the flow of fluid in to the antrum

FSH stimulates the formation of an antrum and accumulation of follicular fluid

(Johnson Martin H. & Everitt, 2000). Polypeptides or steroids may regulate accumulation

(Gosden R. G. et a1.,1988). In the cow the growth rate of follicles from 1-12mm appears to

be continuous and constant (Marion et a1.,1968a). The capillary network, surrounding the

antral follicle, is supplied by arterial blood from the theca and and drained by veins that are in

close contact with lyorph vessels, allowing direct fluid transfer (Bassett' 1943' Robinson'

1913). At the onset of oestrous in cattle the dominant follicle is approximately 10 mm in

diameter, progression to a 16-18mm pre-ovulatory follicle occurs within 24 hours translating

to a six-fold increase in fluid volume aI a rate of 0.33mm/hour' Accumulation in these latter

stages may result from the greater permeability of the folicurar wali via pre-ovulatory

increases in blood flow and permeability, which boost filtration of the blood (Macchiarelli er

at., I992).An altemative mechanism maybe via active transport such as in the gall bladder

where salt concentration is modified by water flux up and down an osmotic gradient (Ericson

& Spring, Igsz). Such a similar mechanism may apply in the follicle' perhaps under

hormonal control. In an expansion of this concept hydrolysis of macromolecules in the fluid
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might result in a rise the osmotic potential of the fluid causing a serum: fluid potential

differential but this hypothesis has not been investigated (Zachariae, 1958, 1960, Zachariae &'

Jensen, 1958).

In the follicle water movemet will be affected by the magnitude and size of the

molecules present in the follicular fluid and plasma, which in turn affects their relative

osmotic potentials. The differences between plasma and follicular fluid molecules are the

probable cause of fluid accumulation in the follicular antrum. While the osmotic pressures of

the two fluids may be similar, the osmotic potential that determines net water movement may

be considerable. To date evidence for fluid transport in the follicle via an osmotic gradient is

inconclusive but transudation of water and solutes from the thecal arteries is no doubt only

part of the story.

In considering the hypothesis of Zacharaie and Jensen, research has suggested that

proteoglycans and their glycosaminoglycan side chains may be partially responsible for the

osmotic forces active during fluid accumulation within the body by causing water

sequestration during hydration of the proteoglycans and glycosaminoglycans present

(Buschmann & Grodzinsky, 1995, Comper & Laurent, 1978, Comper & Zamparo, 1989, Gu

et al.,I993,Ishihara et al., 1997,Y:halsa & Eisenberg,7997, Kovach, 1995,La'¡rent T. C',

1987, Zamparo & Comper, 1989). In addition, their osmotic effects are enhanced by the effect

of their size and ability to bind other osmotic molecules. Since follicular fluid from several

species contain some of these molecules it follows that they may be active in follicular fluid

accumulation (Andrade-Gordon et al.,1992, Bellin & Ax, 7987a, Bellin et al.,1987,Bellin et

a1.,7986, Boushehri et a1.,1996, Bushmeyer et al., 1985, Edwards, 1974,Eppig & Ward-

Bailey, 1984, Grimeket a1.,1984, McArthur et a1.,2000, Parillo et a1.,1998, Reyes et al.,

1.984, Sato e/ al., I987a, Sato et al., 1988, Shimada et al., 2001, Tadano &' Yamada, 7978,

Tsuiki et a1.,1988, Vanderboom et a1.,1989, Varner et a1.,1991, Wise & Maurer, 1994). It is

feasible that molecules secreted by the granulosa cells in to the fluid may be able to produce

osmotic gradients down which molecules may move in to the antrum.

1.8. Proteoglycans andGlycosaminoglycans

proteoglycans are the most complex and multifunctional molecules in the animal

kingdom (Iozzo & Murdoch, 1996). They form a ubiquitous family of heterogeneous

macromolecules localised within the cell, at the cells surface and in the extracellular matrix

(Kjellen & Lindahl, 1991). The proteoglycan family consists of over 30 members with a wide

variety of biological functions (Iozzo & Murdoch, 1996). Structurally, they consist of a

protein core with one or more unbranched glycosaminoglycan side chains covalently attached

as a post-translational modification. Proteoglycans vary in size from 80kDa to 3500 kDa and
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have limitless heterogeneity due to the variability of their core proteins and the type and

degree of sulphation of their attached glycosaminoglycan chains (Alberts et a|.,1989). They

play an important role in extracellular matrix organisation, influence cell growth and tissue

migration and are involved in the regulation of matrix turnover by the binding and

inactivation of growth factors and protease inhibitors (Hardingham & Fosang, 1992,Hering,

1999, Hildebrand et a1.,1994, Kresse & Schonhen,200l, Poltorak et aL.,2000, Salustri et al.,

1999).In addition they provide structural supports to tissues, function as growth supportive or

suppressive molecules, possess adhesive and anti adhesive properties and are able to act as

biological filters (Iozzo & Murdoch,1996).

The dynamics of water transport associated with proteoglycan solutions has been

studied in relation to their osmotic flow and hydraulic permeability (Price et a1.,1996, Scott

D. et a\.,1997,1998a). Central to the kinetics of water flow are the hydrodlmamic frictional

coefficients of both water and proteoglycan solutions (Scott D. et al., 1991). These

coefficients are concentration dependent. Structural features and organisation within solution

dictate that the proteoglycan be diffusely mobile and that the concentration gradient be

osmotically active (Fraser J. R. e/ al.,1988, Rosengren et a1.,2001). The number and position

of the glycosaminoglycan side chains is a key to this diffusibility, the influence of the poly-

ion on the micron-ion distribution in its vicinity creating the Gibbs - Donnan effect which is

the electrical potential set up either side of a semi permeable membrane by two solutes

(Buschmann & Grodzinsky, 1995, Comper & Preston,7974, Comper & Williams, 1987,

Comper &, Zamparo, 1989, Comper & V/illiams, 1990, Comper et al., 1990, Urban &

Maroudas, 1981, Zamparc & Comper, 1989).

1.8.1. Biosynthesis ofProteoglycans

The biosynthesis of the large carlilage proteoglycan aggfecan is taken as the model for

all proteoglycan synthesis. Aggrecan is about 2500 kDa, and a typical large keratan

sulphate/chondroitin sulphate proteoglycan in cartilaginous tissue. Its distribution pattern is

restricted to brain, aorta and tendon and cartilage. The core protein of 210-250 kDa binds

hyaluronic acid. Aggrecan provides a strongly hydrated space filling gel due to the large

number of polyanionic glycosaminoglycan chains covalently attached to the protein core.

Studies of the biosynthetic routes of construction of proteoglycans have revolved

around aggrecaî; these mechanisms are generally considered the norm for all proteoglycans

with the exception of some unique glycosaminoglycan structures found in deep-sea fish.

Specific mRNA is transcribed from DNA and used as a template for core protein construction

in the endoplasmic reticulum. Glycosaminoglycan chain synthesis is initiated by the addition

of specific linkage region monosaccharides and is based on consensus sequences found in the
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core protein. After translocation to the Golgi, glycosaminoglycan chain elongation is

completed and the chain is rapidly sulphated. Proteoglycans destined for the extracellular

matrix are then packaged in to secretory vesicles and their contents exported from the cell

(Grebner et al., 1966, Lindahl & Kjellen, 1991). The proteoglycan is then either secreted

(aggrecan, decorin, biglycan), transported to the cell membrane, or to intracellular

compartments. Extracellular processing may occur after secretion, for example aggtecànmay

only bind hyaluronan several hours post secretion (Knudson C. B. & Knudson, 2001).

1.8.2. Glycosaminoglycans

The members of the glycosaminoglycan family are essential components of

proteoglycans. Glycosaminoglycans are composed of repeating sulphated disaccharide

subunits of uronic acid (or neutral sugar) and a hexosamine (Table 3) to form unbranched

carbohydrate polyrners, which may be extensively modified by epimerisation, acetylation

andlor sulphation, forming highly diverse polysaccharide chains. Glycosaminoglycans are

highly negatively charged due to their attached carboxylate and sulphate groups, and as such

are strongly hydrophilic. They attract and bind cations such as Na* and Ct* that have the

potential to increase the overall salt concentration in a biological system and hence the

osmotic potential of the fluid or tissue where the glycosaminoglycans reside. The extended

conformation imparts high viscosity to a solution. Along with the high viscosity of

glycosaminoglycans comes low compressibility, which makes these molecules ideal as

lubricating fluids in joints. At the same time, their rigidity provides structural integrity to cells

and provides passageways between cells, allowing for cell migration. There are five

glycosaminoglycans of physiological significance, defined by their sugar residues, how these

residues are linked, and the number and location of sulphate groups. They are hyaluronic acid

(HA), dermatan sulphate (DS), chondroitin sulphate (CS), heparin, heparan sulphate (HS),

and keratan sulphate (KS). Although each of these glycosaminoglycans has a predominant

disaccharide component, heterogeneity does exist in the sugars present in the make-up of any

given class of glycosaminoglycan. A table of glycosaminoglycan localisation and more

significant properties can be seen in Table 4 and a diagram of the basic structure of GAGs can

be seen in (Figure 6)
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Disaccharide unit
N deacetylation, N-sulPhation[GlcA/IdoAB or al-4GlcNAc al-4]Heparan sulphate

of GlcAC5
of IdoAC2
tion of GlcNAcC3 C6

C5 epimerisation of GlcA[GlcA/ IdoAp or al-3GalN AcAl4Chondroitin sulphate

CS
C2 sulphation of IdoADermatan sulphate

of GlcNAcC4, C6 sul
on GaVGlcNAcC6-4GlcNAc JKeratan sul

Up to 25,000 repeating
disaccharides

GlcA01-3GlcNAcBl-4Hyaluronan (HA)

(GalNAc), Iduronic acid (IdoN-acetyl-o- glucosamine (GlcNAc), N-acetyl-o-galactosamine

Galactosamine Gal , Glucosamine GlcA
A)

Tøbte 3 The Structure of Glycosaminoglycans

Tøble 4 Glycosuminoglycan localísøtíon and properties

1.8.3. Hyaluronic acid (HA) or Hyaluronan

Hyaluronan is synthesised by almost all animals and by some bacteria and vituses.

Hyaluronan is the only glycosaminoglycan to be syrthesised as a free chain. However in most

tissue types it is found as either the free glycosaminoglycan or in complexes with proteins and

proteoglycans. It binds to proteoglycans containing hyaluronan-binding domains (see later

section I.I0.2.1) to form extra-cellular matrix macromolecules (Laurent T. C.,1987, Laurent

T, C. & Fraser, 1936). The contour length of an hyaluronan chain of M. 4 x 106 is 10 pm

(Fessler & Fessler, 1966) and at concentrations of Imgll it will overlap and form a continuous

polymer network with unique physio-chemical properties i.e. rheological properties, flow
48

Glvcosaminoglycan Locølisøtion Comments

Hyaluronan Synovial fluid and vitreous humour ECM of loose connective
tissue large polymers, shock

absorbing most abundant

GI

Chondroitin sulphate Cartilage, bone, heart valves

Heparan sulphate Basement membranes, comPonents

ofcell surfaces

Contains higher acetylated
ucosamine than hepann.

Heparin Component of intracellular granules

of mast cells lining the arteries of the

lungs, liver and skin

More sulphated than heParan

sulphates

Dermatan sulphate Skin, blood vessels, heart valves

Keratan sulphate Cornea, bone Cartilage, aggregated with
chondroitin hates



resistance, osmotic potential, exclusion properties and filter effects (Laurent T' C' et al''

1960). At concentrations of 1mg/ml it stimulates the expression of matrix metalloproteinases

(MMPs) and the activation of latent MMPs (Isnard et al',2001) involved in a range of

physiological processes including tissue remodelling and wound repair (Shapiro' 2000)' This

wide range of functional activities shown by hyaluronan is possibly related to the large

number of hyaluronan-binding proteins (or hyaladherins) that exhibit significant differences

in their tissue expression, cellular localisation, specihcity, affinity and reguiation'

1.8.4. Chondroitin SulPhate (CS)

chondroitin sulphate is composed of glucuronate and N-acetylgalactosamine having

one attached sulphate gfoup per disaccharide unit, in the 4 and/or 6 positions on N-

acetylgalactosamine (Kuettner & Kimura, 1935). The function related to the position of the

sulphated group is unknown. cs is found in articular cartilage forming up to 80% of the

glycosaminoglycan species present. The C-6 form is spatially more freely oriented and this

appears to increase its ability to interact with collagen in the extracellular matrix (ECM)

(Shibata et al., Igg2). Fluid from healthy follicles has been shown to contain reduced

chondroitin sulphate levels compared to that of fluid from atretic follicles (Grimek et al',

1934). In addition follicular fluid chondroitin sulphate has been shown to inhibit some cellular

pfocesses that result in increased HA-synthesising activity' The sulphated

glycosaminoglycans also have the ability to suppless HA-synthesising activity during

cumulus expansion. However, the sulphated glycosaminoglycans are not believed to be

directly responsible for en4¡me inhibition (Eppig & Ward-Bailey' 1984)'

1.8.5. Dermatan SulPhate (DS)

Dermatan sulphate is formed by the intracellular epimerisation of glucuronate to

iduronate of chondroitin sulphate (Rosenberg et a1.,19s6). Fifty percent of porcine follicular

fluid proteoglycans have been shown to contain 50% dermatan sulphate (Yanagishita et al''

lgTg).In mouse follicular fluid dermatan sulphate is believed to be a crucial element of the

hyaluronan matrix formed by the cumulus cells during the cumulus expansion process

(Camaioni et a\.,1996)

1.8.6. Heparan Suiphate (HS) and Hepann

Heparin and heparan sulphate have the same basic structure' The size of an individual

chain may reach 100 kDa but is generally below 50 kDa' Heparin is well known for its

anticoagulant action. structural and functional criteria make it difficult to separate these two
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molecules. They both may have numerous variations in sulphation or epimerisation but as a

general rule the sulphation status of heparan sulphate is below 50% where as it is above 70o/o

in heparin. Heparan sulphate proteoglycans (HS proteoglycans) are essential in immune

response systems and wound repair functioning as co-receptors and co-factors (David, 1991,

Klagsbrun, lggl,Ruoslahti & Yamaguchi, 1991). Five heparan sulphate core proteins mRNA

(perlecan; syndecan-1 , -2, and -4; andglypican-1) are expressed by granulosa cells during the

development of the ovarian follicle. Anti-coagulant HS proteoglycans direct their action to

control fibrin deposition in the follicle (Hasan et a\.,2002, Princivalle et aL.,2001), providing

attachment for anticoagulant heparan sulphate chains on the cell surface and in the

extracellular matrix. These core proteins are constantly expressed during the oestrus cycle,

indicating that modulations of HS proteoglycan levels observed in the ovary are likely

controlled at the level of the biosynthesis of anticoagulant heparan sulphate

glycosamino glycan chains (Princivalle et al', 200 1 )'

1.8.7. Keratan SulPhate (KS)

Keratan sulphate is substituted with amine and sulphate groups in different positions,

which results in differences in their detailed structure (Kuettner & Kimura, 1985) and in

mammalian tissues two forms are found (KS I and KS II). In large proteoglycans associated

with cartilage KS II is found while in fibromodulin and lumican two small leucine rich

proteoglycans (SLRPs) it is the KS I form which is found (Hoffman et al., 1967)' Keratan

sulphate is found in cartilage, intervertebral discs and comea.
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Figure 6 Dìagrams Depictìng the Basic Structure of GAGs.

Hyaluronan

Chondroitin sulphate

4 SO4 2 SO4

I)ermatan sulphate

3,6,N SO4 2 SO4

Heparan sulphate

6 SO4 6

Keratan sulphate

 .
glucuronic acid

N-acetylglucosamine
iduronic acid

N-acetylgalactosamine galactose
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1.9. CellAssociatedProteoglycans

Cell associated proteoglycans form a variable group of molecules with many functions'

The best-defined members of the group are listed below'

Serglycins: are found intracellularly in the secretory vesicles, and contain, either CS or

HS chains covalently linked to the core protein (Humphries et a\.,1992)'

S¡mdecans: consists of at least four different types: s¡mdecan L, syndecan 2

(fibroglycan), syndecan 3 (N-syndecan) and syndecan 4 (ryudocan, amphiglycan). Many cell

tlpes can express more than one tlpe but the expression levels may change during

development (Elenius et a1.,1991) and differentiation. Syndecans bind collagens with a high

affinity and sp eci ficitY.

Betaglycan: Type III TGF-P receptor, is now called betaglycan, and has been shown to

contain both HS and cs chains (cheifetz & Massague, 1989). TGF-B signals via a protein

kinase receptor, and betaglycan presents the growth factor directly to the kinase subunit of the

signalling receptor enhancing the cell response (Lopez-Casillas ¿r al',1993)'

CD44 is a ,,part-time" proteoglycan. It can bind can be either chondroitin sulphate or

heparan sulphate. CD-44 is a cell surface receptor for hyaluronan (Miyake et al., 1990)'

Altemative splicing of cD44 has been reported (Screaton et a\.,1992). Extracellular domain

contains three disulphide-bonded loops, and it has a high homology with the hyaluronan-

binding region of aggrecan, link protein, neurocan and versican (Goldstein et a\.,1989)'

Thrombomodulin is an integral protein that contains one CS/DS chain. It binds to

thrombin and act as a cofactor in the activation of protein C catalysed by thrombin (Wen e/

al.,1987).

1.10. ExtracellularProteoglycans

Extracellular proteoglycans can be divided in to two groups based on their ability to

bind hyaluronan and biological function. These are the small leucine rich proteoglycans and

the modular proteoglycans (lozzo & Murdoch,1996)'

1.10.1. Small Leucine Rich Proteoglycans (SLRPÐ

SLRps are classified in to three structurally related members involved in cellular

communication and clodifferentiation (Hildebrand et al., 1994, Lindahl & Hook, 1978,

Yamaguchi & Ruoslahti, 1988). SLRPs as the name suggests are composed primarily of

leucine rich tandem repeats. They are secreted proteoglycans with a core protein structure

containing three regions. These three regions comprise an amino acid region containing
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cs/Ds of tyfosine sulphate, a central domain containing the leucine rich repeats and a

carboxyl region. Table 5 lists members of this group and a summary of their protein core sizes

and tissue distribution. Decorin and biglycan are the two most investigated molecules of this

group and have been grouped together based on amino acid (aa) sequence similarities' SLRPs

bind to and interact with proteins involved in matrix assembly and control of cell proliferation

and tissue morphogenesis. Decorin is known to inhibit fibrilogenesis and it is assumed that it

may have a non-globular protein core, which allows increased surface area for interaction

with smaller globular proteins (Kobe & Deisenhofer, 1994)' SLRPs appeaf to have some

common features one of which is the ability to bind type I collagen, albeit to different sites'

Expression studies have shown that that sLRP genes rarely overlap, suggesting a tissue

dependent expression with concentration ratios changing between tissues (Iozzo & Murdoch'

1996). This appears to be true; for example, decorin is associated with connective tissues such

as dermis, tendon and comea while biglycan is associated with cel surface epithelia. In both

cases their transcription appears differentially regulated by growth factors and cytokines; for

example in most cases transforming growth factor 0 down regulates decorin while up

regulating that of biglycan (Sonal, 2001)'
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Tøbte 5 structure and properties of small leucine rich secreted pericellular

proteoglycøns*

xAfter Iozzo 1996 (Iozzo & Murdoch' 1996)

7.10.2. Modular ProteoglYcans

Modular proteoglycans can be subdivided in to two groups, the hyalectans and the non-

hyaluronan-binding modular proteoglycans'

1.10.2.1. Hyaladherins (or hyalectins)

Hyaluronanisauniqueglycosaminoglycansinceitlackscovalentlinkagestoproteins,

preventing it from forming proteoglycans' The one exception to this rule is seen with its

interaction with pre-alpha-trypsin inhibitor and inter-alpha{rypsin inhibitor' ln this situation

an ester link is formed between the heavy chains of the inhibitor and the c6 of the

glucosamine residue'

Hyaluronan associates with proteins and proteoglycans to form extracellular

hyaluronan_rich matrices, which affect ceilurar behaviour. This characteristic is derived from

the large number of associated hyaluronan-binding proteins or hyaladherins that exhibit

significant differences in tissue expression, cellular localisation, specificity, affinity and

regulation (Fraser J. R. e/ al., 1997,Knudson C. B. & Knudson, 1993'Laurent T' C' et al''

1996,Toole, 1990, 2000, TurleY, 1984)'

The hyaladherins include the link module family. The link module is comprised of an

immunoglobulin domain and two contiguous link modules. This molecular arrangement is

found in the Gl-domains of the chondroitin sulphate proteoglycans agSrecan' versican'

Tissue
distríbution

Type and number of
GAG chain

Protein
core

DesígnatíonGenerøl features

Type (No)Size
kDa

Gene productSLRP

lfbiquitous,
bone, teeth,

collagenous
matrices

cs/Ds (1)38Decorin

lntersttttum,
cell surfaces

cs/Ds (1-2)36Biglycan

Collagenous
matrices

KS (4)42Fibromodulin

Cornea,
intestine,
liver,
muscle,

KS (2-3)38Lumican

EpiphysalcslDs (2)36Epiphycan

Small ubiquitous
proteoglycans enriched with
leucine, with 24 aa tandem

repeats flanked bY cYsteine

clusters
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neurocan and brevican. The immunoglobulin domains are probably responsible for the link

protein-proteoglycan interaction, while the link modules mediate binding to hyaluronan (for a

review see (Neame & Barry, 1994)). The common feature of the hyaladherins is the presence

of a hyaluronan-binding motif in their core protein. Some well-defined hyaladherins are listed

below.

oLink Protein, The link module is made up of approximately 100 amino acids

and forms a 40-48 kDa glycoprotein, which stabilises the aggregates of hyaluronan

(Camaioni et al., 1996, Kobayashi et al., 1999,Sun e/ al., 1999)'

. Hyalectins, Aggrecan/Versican Family of large chondroitin sulphate

proteoglycans

o Tumour necrosis factor stimulated gene 6 (TSG-6), located in the extracellular

matrix (Carrette et a\.,2001, Yoshioka et a1.,2000). TSG-6 has a three dimensional

structure of two a helices and two, triple stranded, antiparallel B sheets arranged

around alarge hydrophobic core. TSG-6 is a flexible molecule being able to bind both

chondroitin sulphate and hyaluronan. TSG-6 has been shown to have a structural role

in cumulus oocyte complex matrix formation possibly mediating cross-linking of

separate hyaluronan molecules through its binding to inter-alpha-trypsin inhibitor'

Research has also shown that TSG-6 is part of a negative feedback loop in the control

of the inflammatory response (Wisniewski et al',1996).

Hyaluronan and lectin binding proteoglycans consist of a core protein containing two

hyaluronic acid or lectin binding domains, bisected by a glycosaminoglycan-chain binding

region. These proteoglycans may act as bridges between cells and the extracellular matrix,

and influence water ion content in these tissues. There are currently four members of this

family: versican, aggtecaî, neurocan and brevican (Iozzo & Murdoch, 1996). They share a

common tri-domain structure consisting of and N-terminal region that binds hyaluronan, a

central glycosaminoglycan-carrying region and the c-terminal, which binds to lectins (Iozzo,

1ee8).

Versican, so called because of its versatility, is one of the largest members of the

hyalectin family with a core protein of 265-370 kDa and was originally isolated form

fibroblasts (Krusius et al., 1987).It has also been located in keratinocytes, smooth muscle

cells, brain, kidney and follicle of the mammalian ovary (Iwata et al., 1993,Kawinen et al.,

2003a, Lemire et a\.,2002, McArthur et a\.,2000, Paulus et al., 1996, Reardon et al.,1998,

Shibata et aL.,1999, Sorrell et al.,1999).It is capable of binding large hyaluronan fragments

up to 4 nm (LeBaron et al., 1992) as well as heparan sulphate and heparin (Ujita et al., 1994).
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versican has been rocated within the theca of the ovarian forlicle (McArthur et a\.,2000) and

has been implicated in the regulation of cell adhesion, migration, pattern formation, and

regeneration (Camaioni et al., 1996, Lebaron, 1996, Shibata et at'' 2001)' It has fewer

chondroitin sulphate side chains than aggrecan and as such does not have the same water

holding capacitY.

Aggrecanconsistsofacoreprotein220kDaandissecretedbychondrocytes'Aggrecan

is the major proteoglycan from cartrlage forming a supramolecular (<100 molecules)

aggregatewith hyaluronan and link protein. Aggrecan attracts large amounts of fluid in to the

cartilage, by virtue of its negatively charged sulphate groups allowing the cartilage to cope

with high compressive forces (Watanabe et al',1997)'

Neurocan and Brevic aî are both found in the brain, the former synthesised by neurons

and the latter by glial cells. They exist in a soluble matrix, which localises to the plasma

membrane. Neurocan is the most abundant chondroitin sulphate proteoglycan in the brain'

1.10.2.2. Non-hyaluronan Binding Proteoglycans

Non-hyaluronan binding proteoglycans carry heparan sulphate or chondroitin sulphate

glycosaminoglycans (Noonan et a:.,1991). Perlecan is the most complex of this group' which'

in addition to perlecan contains agrin and testican. Acting as an anchor for heparan sulphate in

basement membranes perlecan allows the formation of structural barriers (Iozzo et al'' 1994)

and has been shown to interact in extracellular matrix components (Battaglia et al'' 1993'

Grant &. Ayad,1988, Iozzo et al., 1gg4). Perlecan has been found as a component in

basement membranes of kidney glomeruli and in blood vessels, skin and placenta' It is

believed to be involved in cell attachment and is known to interact with laminin, collagen IV,

and fibronectin and nidogen components of the basement membrane'

A table, listing members of the modular group can be seen below Table 6
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General features Desígnatíon Protein
cote

Glycosaminoglycan Tissue distríbutíon

Modular Proteoglycans Gene
product

Size
kDa

Type (No)

Modular multidomain
proteoglycans with
modules homologous
to the Ig superfamily,
Selectin, SGF,
Laminin, LDL receptor
and protease inhibitors

Versican 265-
370

cs/DS (10-30) Blood vessels,
brain, skin

Aggrecan 220 cs ("{00) Cartilage, brain,
blood vessels

Neurocan 136 cs (3-7) Brain, cartilage

Brevican 100 cs (1-3) Brain

Perlecan 400-
467

HS/CS (3-10) Basement
membrane (BM),
cell surfaces,
cartilage,
sinusoidal spaces

Agrin 200 HS (3-6) Synaptic sites of
neuromuscular
junctions, renal
BM

Testican 44 HS/CS (1-2) Seminal fluid

Tøble 6 Structure and properties of modulør pericellulør proteoglycans*

xAfter Iozzo 1996 (Iozzo & Murdoch,7996)

1 .10.3. Glycosaminoglycans in the Ovary

Glycosaminoglycans have been identified in the follicular fluid of pigs (Ax & Ryan,

1979, Sato et al., 1990, Yanagishita & Hascall, 1979), cows (Bellin & Ax, I987a, BelIin et

a1.,1983, Grimek & Ax, 1982, Grimek et al.,1984,Lenz et a\.,1982) humans (Bellin et al',

1986, Erik sen et al., 1994) and rats (Gebauer et al., 1978, Muellet et al., 1978) and play an

important role in fertilisation (Tsuiki et al., 1988). Chondroitin sulphate concentrations in

follicular fluid appear to be good indicators of follicular development and oocyte potential

(Bellin et a\.,1936) with higher concentrations recorded in small follicles compared to that of

large (Grimek & Ax, lg82). Relative concentrations also appear to change with respect to

health status, the concentrations being higher in atretic follicles than in healthy. However,

evidence suggests that there may also be species variation in the level and type of

glycosaminoglycans present at any one time (McArthur et a1.,2000).

1.10.4. Glycosaminoglycans in Fertilisation

One glycosaminoglycan, which plays a vital role in formation of the cumulus-oocyte

complex, is hyaluronan. Prior to the gonadotrophin surge the cumulus cells are tightly packed

and in close proximity to the oocyte forming the cumulus-oocyte complex. Hyaluronan
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(g.5mg/ml) can be detected with other accessory proteins, namely the heavy chains of namely

inter-alpha trypsin inhibitor (ITI), versi can, ahyaladherin, known to be present in the ECM of

the follicle believed to be important in the expansion of the cumulus oocyte complex

(Camaioni et al., 1993, Camaioni et al., 1996, Chen L. et al., 1992, Fulop et al., 1997b)'

Accumulation of hyaluronan within the cumulus oocyte complex creates a spongy' reversibly

deformable matrix, which aids in the protection and extrusion of the oocle at ovulation

(Chen L. et a1.,1993b). FSH activates a cAMP response element-binding protein facilitating

this process (Canipari et al., 1995). A defect in the ITl-hyaluronan complex has been

associated with severe female infertility as a result of defective hyaluronan cumulus oocyte

complex matrix formation and failure of cumulus expansion (Zhuo et a1.,2001).

1.10.5. Proteoglycans in the Ovary

proteoglycans have been isolated from ovarian follicles and some have been sequenced

and characterised. Heparan sulphate proteoglycans have been localised to the matrix

associated with the granulosa cell walls, the concentrations increase during atresia suggesting

a role in proliferation and modification of the extracellular matrix (Huet et al',1997)'

Evidence of proteoglycans in the ovary and the follicle has been demonstrated by a

number of authors (Drahorad et al.,lggl,McArthur et al.,2000, Meng et a\.,1994, Rodgers

R. J. ¿/ al., 1995b). Chondroitin/Dermatan sulphate proteoglycans are s¡mthesised by tat

granulosa cells in response to FSH, LH and testosterone stimulation and by porcine granulosa

cells in response to FSH stimulation íninvitro culture systems (Ax & Ryan, I979,Bellin et

al., 1983, Yanagishita et a1.,1931). This indicates there is a functional role for FSH in the

signalling of production of proteoglycans within the follicle.

proteoglycans may also be responsible for follicular fluid viscosity and maintenance of

follicular shape (Smith J.T & Ketteringham,Ig3T). They have been implicated in ovarian cell

growth, differentiation, proliferation, migration and water homeostasis as well as growth

factor binding (Ax & Ryan, lg7g, Bellin et a1.,1983, Hildebrand et al., lgg4,Kobayashi et

al., Iggg,Yamaguchi & Ruoslahti, 1 988)'

In other systems in the body as explained above proteoglycans bind to extracellular

matrix components such as fibronectin, collagens and laminins and as a result increase the

stability of the extracellular matrix. It is likely that they perform the same role within the

follicle. Follicular fluid proteoglycans isolated by fractionation and chromatogtaphy show

that they range in size from 7.5 x 10s to 2 x 106 and contain large chondroitin sulphate

proteoglycans and smaller HS proteoglycans (Grimek & Ax, 1982, Yanagishita et al',1979)'

Characterisation, of some proteoglycans produced by rat ovarian granulosa in vitro have

shown that these proteoglycans include three hydrodynamic sizes of dermatan sulphate and
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two different hydrodynamic sizes of heparan sulphate proteoglycans bound intercellularly, to

the cell surface or cell membrane (Yanagishita & Hascall,7979,1983a, b,7984a, b). Due to

their large size proteoglycans are unable to diffuse across the basal lamina from membrana

granulosa in to or out of the follicle (Shalgi et al., 1973). As a result most are likely to be

synthesised by granulosa cells and must also be degraded within the follicle. Yanagishita was

one of the first people to suggest that a role for proteoglycans may lie in their ability to create

an osmotic gradient down which fluid from the thecal layers moves in to the antrum however;

he did not test the hypothesis (Yanagishita et aL.,1979),

1.11. Summary

The development of the follicle is tightly controlled by hormones and associated

growth factors. During the maturation process the follicle grows at different rates and this

requires the surrounding stroma and the follicle layers to undergo tissue remodelling via cell

proliferation, differentiation and migration and angiogenesis. In addition, the mammalian

follicle must form a fluid filled antrum. Proteoglycans are major components of the

extracellular matrix and are involved in many of the processes named above. Additionally,

proteoglycans and glycosaminoglycans have been identified within the follicular basal lamina

and follicular fluid. The formation of the antrum is crucial to follicular expansion, supply of

growth factors to the oocyte and buffering of extemal influences. Follicular fluid also appears

essential to expulsion of the oocyte at ovulation. The commonest cause of anovulation,

polycystic ovarian disease (PCO), is failure of the follicle to grow past 5mm diameter. IVF or

ovulation-induction programs determine follicle growth by ultrasonography and follicular

fluid accumulation. Evidence indicates that the granulosa cells produce proteoglycans. The

accumulation of these proteoglycans within follicular fluid may provide the osmotic forces

necessary to drive follicular fluid accumulation in ovarian follicles.

1.12. Hypothetical model of Follicular Fluid Accumulation Mechanism

A model of the proposed fluid accumulation mechanism can be seen in (Figure 7). The

model assumes that there are sufficient proteoglycans present in the fluid to increase the

osmotic potential of the fluid.
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1. Primary follicle begins
growth and GCs produce PGs

2. Slow antrum formation
begins, with pockets of fluid
accumulating within the
follicle

3. Rapid accumulation of FF
begins with increased
production of PGs

rl**1*+t

4. PGs and their GAGs too
large to escape the basal
lamina increase the specific
negativity of the fluid via
sulphate groups on the GAGs
causing an osmotic differential
either side of the basal lamina.

5. The osmotic differential
draws water and small serum
molecules into the follicle
where they combine with
some of the PGs present to
form large aggregates thus
increasing the colloid osmotic
pressure further. Alternatively
hydrolysis of the PGs may
result in increased colloid
o smotic pre s sure (Zachariae
1958; Zachariae and Jensen
19s8).

6. The colloid osmotic
pressure differential is
maintained during the rapid
fluid accumulation process.
Local degradation of the PGs
then occurs by core
degradation and release of
GAGs into the fluid where
they are degraded further or
cleared through normal
vascular exchange routes.

Fígure 7 Model of the proposedfollicularfluid accumulatìon process.
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1.13. Thesis Aims

The goal of this thesis is to:

o To determine whether proteoglycans and glycosaminoglycans contribute to the

osmotic potential of follicular fluid from healtþ and atretic follicles with the aim of

determining the classes of the key contributors to this potential.

o Identify the proteoglycans and glycosaminoglycans involved by a variety of

techniques including ion exchange and size exclusion chromalography, ELISA,

'Western blotting, and immunohistochemistry.

o Localise their production to key cell types within the follicle and:

o Identify the cell types expressing the molecule with the greatest effect on the

colloid osmotic pressure of the follicle during antrum expansion.

o Characterise the expression of the key molecule contributing to the colloid

osmotic pressure in follicles during antral development. Determine the expression

pattern in healthy and atretic follicles to identify any differences between the follicle

types.

o Propose a role for these proteoglycans and glycosaminoglycans in follicular

fluid formation.

The data provided by this thesis aims to provide greater understanding of the

mechanisms involved in fluid accumulation within the follicle and provide information on

whether this process can be driven by osmosis. The information provided on follicular fluid

accumulation will undoubtedly assist women in ovulation-induction programs and tVF

programs. It may also be important in the understanding of polycystic ovary disease where no

antrum is formed in the follicle resulting in infertility.

This project will add significantly to our knowledge of follicular fluid accumulation

processes.
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Chapter 2 Materials and Methods

2.1. Introduction

The first objective of the studies described in this thesis was to design a method of

measuring the colloid osmotic pressures of bovine follicular fluid and serum. In doing so to

identify any differences in colloid osmotic pressure between the follicular fluids from healthy

and atretic follicles, follicles of different sizes and serum. The second objective of this study

involved the identification of the classes of molecules, which contributed the greatest

proportion of the measured potential. The third objective was to identify some of these

molecules and assess the expression profile within the bovine ovarian foliicle of the key

molecules contributing to the fluid accumulation process within the follicle.

The methods described in this chapter were set out to reflect the logical progression of

experiments aimed at identification of a dialysis system, which would al1ow the removal of

different sizes of molecule. This analysis would allow identification of which molecules were

able to enter the follicle across the "blood-follicle" barrier. Also described are methods for

isolation of follicles from whole bovine ovaries and collection of follicular fluids for colloid

osmotic pressure determination. once collected, the class and identity of some of the

molecules responsible for the colloid osmotic pressure, was characterised' Finally having

assessed the colloid osmotic pressure from fluid and identif,red key molecules involved, the

expression profile of one the molecules from this group was investigated. Also described are

methods for the poll,rnerase chain reaction (PCR) amplification of the bovine specific

enzymes responsible for the syrthesis of the identified molecule and the construction of

plasmids and probes for use in Northern blots and in situ hybridisation experiments' A

detailed compilation of materials commonly used and reagents and their suppliers can be

found in appendices A and B'

2.2. Materials

2.2.1. Colloid Osmotic Pressure Determination and Proteoglycan Identif,rcation

Animal tissues were collected from the local abattoir (Cooma Abattoir, Polo Flat Rd,

cooma, NSW and Lobethal Abattoir Pty Ltd, Ridge Rd, Lobethal, sA)' Earle's balanced-salts

(EBSS) (#E6I3}),decorin sulphate, 2,2'-azino-di- (3-ethylbenzlhioazoline-6-sulphonic acid)

DEAE sephacel and. cL-28 sepharose were obtained from Sigma chemical company, st

Louis, MO. Enzyme suppliers were: Sigma chemical company (st Louis, Mo) for DNase 1

and Heparanase 1; Seikagaku Corporation, Tokyo, Japan for Streptomyces hyaluronidase'

chondroitinase ABC and keratanase. Proteinase K was obtained from Boehringer Mannheim,

Mannheim, Germany, and collagenase 1 from ICN Biomedicals Seven Hills, NS'W, Australia'
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Dr. Tracey Brown, Department of Biochemistry, Monash University' Victoria' Australia

kindly donated hyaluronic acid standards. Membranes for dialysis were from Pierce'

Rockford, usA. A 10 kDa was used to replace the standard 10 - 30 kDa membrane supplied

by the manufacturer in the osmometer, The 10, 100, 300, 500 kDa membranes used in dialysis

were purchased from Millipore Corporation, Bedford, USA' The colloid osmometer was a

Gonotec 050 from Gonotec GmbH, Berlin, Germany. Albumex @ 4 was from CSL Ltd''

Parkville vic. Australia, SDS gels were from Gradipore, French's Forest' NSW' Australia'

Novex Tris Acetate gels, and SSP1 DNA marker (DMV/-S1) were from Geneworks Adelaide

Australia, Gel code Blue, super signal chemiluminescence western blotting kit and Bradford

assay kit were from Pierce, Rockford, usA, Stains-all from Bio-rad laboratories' Hercules'

cA, and uronic acid standards were from Sigma chemical company. scintiliation fluid used

was wallac optiphase Hisafe3 from Perkin - Elmer Life Sciences wallac oY Turku Finland'

Safsolvent was obtained from Ajax chemicals Australta (#3260-25G)' and Gurr@ DePeX

mounting medium (BDG#3 6 1 25 4DX)'

Hybond c+ and Hybond P (PVDF) membranes were from Amersham Pharmacia

Biotech, Piscataway, New Jersey, usA' All other chemicals were reagent grade from sigma

Chemical ComPanY'

2,2'2. In Situ Assays and Hyaluronan syrthase (HAS) PCRs and Northern Blots

Primers were made and supplied by Sigma Genosys Castle Hill Australia Pty Ltd, PCR

kits used were from Invitrogen (#10342-053), pGem-T-Easy vector system (#41380) was

from Promega, Annandale, NSW, Australia, L-broth and L agar from Difco laboratories'

Detroit, Michigan, usA. The plasmid purification kit (#L2t45) and protocol were from

Qiagen, Clifton Hill, Victoria, Australia. DIG riboprobe kit (#1I75025)' CDP-star@' NBT and

BCIP and IprG and X_Gal and Sheep anti-dig alkaline phosphatase secondary antibody were

from Roche Diagnostics, Mannheim, Germany. RNase inhibitor (RNasin)' SP6 (#1487671)

and T7 (#0881775) RNA polymerase were from Promega, Annandale' NS'W' Australia'

APES (#3648), DEPC and Ampicillin (#49393) from Sigma chemical company', st Louis'

MOUSA.Hybondcextra,HybondN*werefromAmershamPiscataway'NJ'USA'tRNA

(Escherichia coli tRNA RNase free) from Boehringer Mannheim, Germany' normai goat

serum, RNA iater (#AM 7020) and RNABee (#BL-104) were from Geneworks' Adelaide',

Australia, DNase I (AM-1906) and Random hexamers and millennium RNA markers were

from Geneworks, DIG easyhyb mix (#1196895) from Boehringer Mannheim'
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2.2.3. Proteoglycanldentification

2.2.3.1. Antibodies

The primary monoclonal antibodies used in proteoglycan (PG) identification by ELISA

and Westem blots are described below. Primary antibody directed toward 4-sulphated

chondroitin sulphate/dermatan sulphate (CS/DS) (286) (Caterson et al., 1985) 6-sulfated

CS/DS (383) (Caterson et a1.,1935) were purchased from ICN and aggfecan (1C6) (Caterson

et al., 1935) was purchased from Developmental Studies Hybridoma Bank (DSHB)

Department of Biological Sciences, The University of Iowa, Iowa City, IA, USA' Antibodies

recognising bovine decorin (LF94) and bovine versican (GAGP), recognising the GAGB,

domain present in splice variants Vs and Vr (Schmalfeldt et al.), were obtained from Drs

Lany Fisher, Bone Research Branch, National Institutes of Health, Bethesda, MD and Dieter

Zimmermann, Molecular Biology Laboratory, Department of Pathology, University of

Zarich, Switzerland respectively. The antibody recognising heparan sulphate (HS) containing

the PG perlecan (A76) was kindly donated by Dr. Anne Underwood, CSIRO Molecular

Science, North Ryde, NS'W, Australia. The antibody recognising human inter-alpha-trypsin

inhibitor (ITI) (40301) (Salier et a1.,1937) was from Dako, Glostrup, Denmark. The antibody

recognising hyaluronic acid binding protein (HABP) (Cat. # 400763) was from Siekagaku

America, MA USA. Secondary antibodies used sheep anti-mouse IgG conjugated to

horseradish peroxidase, and sheep anti mouse conjugated to streptavidin IgG were supplied

by Silenus laboratories, Victoria, Australia. Secondary antibody Goat anti-rabbit was from

Chemicon Australia, Victoria, Australia.

2.3. Methods

2.3.1. Introduction

This research was conducted using the cow since it represents an ideal model for the

study of the ovary in view of the fact that the ovary and follicles are of a similar size to

human, with comparable fluid volumes. The ovary of the cow could be easily obtained from

the slaughterhouse and the medium to large follicles, were amenable to the collection of large

amounts of fluid required for the analyses conducted in this thesis. In addition there was a

good supply of literature on the appropriate collection and handling of fluid. There was also

some data available on certain constituents of fluid and limited sequence data available in

Genbank for key candidates.

2.3.2. TissueCollectionProtocols

Ovaries were collected from cycling heifers of mixed breeds of Bos taurus, visually

assessed as being non pregnant, from the local abattoir within 20 min of slaughter and placed
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in to HppES-buffered EBSS, pH 7.5, containing 10 mM N-ethylmalemide, and protease

inhibitors 5 mM benzamidine, 0.5 mM phenylmethlsulphonylfluoride, | ¡t"glml pepstatin A, 1

p.glmlleupeptin, 0.01 M EDTA and0.Io/o sodium azide. The ovaries selected had no apparent

abnormalities and were transported on ice to the laboratory where they were rinsed in EBSS.

Whole follicles were used in size exclusion experiments see section2.7.

Fluid from follicles of 2 - 16 mm diameter was used in the initial experiments of the

determination of colloid osmotic pressure'

2.3.3. Tissues for Follicular Health Determination

Tissues for the histology experiments were dissected in to 4o/o formaldehyde in 0.2 M

phosphate buffer and allowed to hx overnight 4oC. Following fixation the tissues were

embedded in paraffin and 5 ¡rm-thick sections cut on to (3-Aminopropyl) triethoxysilane

(APES) treated slides.

2.3.4. Tissue Collection for Fluid Analysrs

On arrival in the laboratory selected ovaries were rinsed in cold EBSS at room

temperature and then individual follicles were dissected from the ovary using a #22 sterile

scalpel blade. Each follicle was stored in cold EBSS until punctured for fluid collection'

In initial experiments follicles were categorised on size alone. These categories were as

follows: size 1 : 2-4 mm, size 2 : 4-6mm, size 3 : 7-9 mm' size 4 : l}-l2mm, size 5 : 13-

16 mm, size 6: 16+ mm.

2.3.5. Tissue Collection for In Situ Hybridisation Assays

Tissues for histology and in situ hybridisation experiments, were dissected in to 4Yo

formaldehyde in DEPC treated 0.2 M phosphate buffer and allowed to fix overnight 4oC.

2.3.6. Tissue for RNA, cDNA synthesis and PCR

100, 120 and 160-day bovine foetuses were collected on ice from the local abattoir. The

amnion was kept intact until the foetus was removed to prevent contamination of the tissues

prior to collection. Tissues to be used for RNA and subsequent cDNA synthesis (see 2'22 and

2.23) were dissected using sterile RNase free instruments in to RNA later or RNABee on ice.

2.4. Follicular Fluid Collection

All procedures \Mere carried out on ice or at 4"C. Antral follicles (n : l7l) i 1 - 16 mm

in diameter were isolated from whole ovaries (1 follicle/ovary) for the determination of the
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colloid osmotic pressure of the fluid. Follicular fluid was aspirated with a 23G hypodermic

needle and a I or 2 ml syringe within 2 h of slaughter. The fluid samples were centrifuged at

2000 r.p.m for 30 min in order to remove cellular debris and protease inhibitors (5 mM

benzamidine, 0.5 mM phenylmethlsulphonylfluoride,l ¡tglmlpepstatin A,l ¡t'glml leupeptin,

0.01 M EDTA and g.lYo sodium azide) were added before storage at 20"C. The remaining

follicle walls were then fixed in Bouin's solution and embedded in paraffin and processed for

histological examination (see section 2.5). Histological assessment of follicular health was

underlaken by light microscopy analysis of hematoxylin and eosin-stained 5 pm-thick

sections using an Olympus BX50 microscope (see section 2'5'l)' On completion of

assessment of follicular health, fluid samples were pooled based on their health status' Each

pool of fluid from healtþ follicles comprised 10 follicles and each pool of fluid from atretic

follicles comprised 8 follicles with 4 pools used for each health status'

Individual follicles in the range o12 - 20 mm, not characterised for health status were

harvested and fluid extracted from them as described above for initial determinations of

colloid osmotic pressure evaluation. Follicles in a range of sizes hom 2 - 15 mm were isolated

for the determination of ITI levels and their fluid harvested as above. In addition a large pool

of fluid from unclassified antral follicles of all sizes was collected as above for

chromatographic isolation. In all experiments bovine serum was used as a control. Bovine

serum was obtained by centrifugation of whole blood collected from an 18-month non-

pregnant cycling heifer.

2.5. HistologY

Tissue sections were deparaffinised in xylene or safsolvent (2x lOmin) and re-hydrated

through descending grades of alcohol 2x l00o/o, lx 95o/o, 90o/o, 70o/o, 50yo, H2O (2 min)'

Following this the sections were stained with haematoxylin and eosin. Briefly, pataffn

sections that had been de-waxed as above were stained with haematoxylin for 4 min and then

rinsed in running tap water before being placed in ammonia water (0.5%) 5 - 10 sec.

Following this the slides were then washed againwith running tap water and placed inro lo/o

HCl for 5 - 10 sec and the tap water step repeated followed by a second ammonia wash and a

further tap wash. Next the slides were placed in eosin stain for 1 min followed by a wash with

tap water and dehydration to safsolvent through an alcohol series and finally cover-slipped

using Gurr@ DePeX mounting medium.

2.5J. Histological Assessment of Follicular Health

Isolated follicles were classified according to their health status as defined by (Irving-

Rodgers et a1.,2001). Briefly, follicles were designated as antral atretic if they had numerous
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pyknotic nuclei in the layers of the membrana granulosa closest to the antrum or in the antrum

itself in close proximity to the membrana granulosa. Follicles where the granulosa cells in the

cell layer adjacent to the basal lamina appeared to have lost contact with the basal lamina and

the remaining granulosa cells had increased numbers of pyknotic nuclei (> 10%), were

designated as being basally atretic. Follicles were designated as healtþ if they had many

well-rounded granulosa cells in close association with each other and none of the atretic

changes noted above.

2.5.2. Histological Preparation of Tissues for In situ Hybridisation

Following fixation the tissues were embedded in paraffin and 5 ¡r.m-thick sections cut on

to RNase free ApES treated slides. Tissue sections were then deparaffinised in xylene or

safsolvent (2x lOmin) and rehydrated through descending grades of alcohol made up in DEPC

treated water in RNase free glassw are 2x lo0o/o, lx 95o/o, g0o/o,70o/o, S\o/o,HzO (2 min).

2.6. ITI and Versican GAGB in the Follicle

2.6.1. Extraction of Surface Proteins from Granul0sa and Theca cells

In order identify whether ITI and versican GAGB were bound to the granulosa cells of

the follicle two extraction methods were employed to a) remove weakly bound membrane

proteins using 3-[(3-Cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS) and

2) tightly bound membrane proteins using sodium dodecyl sulphate (sDS)'

2.6.11. Granulosa Cell Collection

Granulosa cells were obtained by horizontal slicing of a follicle to release the follicular

fluid and then gentle agitation of the cell wall with the blunt side of the blade to release the

granulosa cells. Granulosa cells were pooled from similar sized follicles and collected in to

EBSS at 4oC. once the collection was complete the granulosa cells were centrifuged at 1300

r.p.m and the EBSS removed, fresh EBSS was added and the cells re -centrifuged and the

EBSS again removed.

2.6.L2. CHAPS Extraction

Granulosa cells were placed in GHAPS extraction buffer 9.5 (1 ml) and allowed to sit

on ice for 30 min, before centrifugation at 1300 r.p.m. The supernatant was removed and

stored at _20 oC until used in subsequent assays
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2.6.1.3. SDS Extraction

Granulosa cells were placed in SDS extraction buffer 9.6 (1 ml) and boiled at 95"C for 5

min, before centrifugation at 1300 r.p.m. The supernatant was removed and stored at - 20'C

until used in subsequent assays.

The separation of extracted proteins was carried out by small format SDS

polyacrylaminde gel electrophoresis (PAGE) (see section 2.15.2) and the proteins transferred

to polyvinylidene fluoride (PVDF) membrane for subsequent immunoblotting (see section

2.16).

2.7. Dextran Experiments

Dextran of known sizes was obtained from Sigma Aldrich. Sizes of dextran obtained

were 10.5 lÐa, 67 .3 kDa, 188 kDa,2 x 106 Da. Solutions of 0.1 mM dextran were used in all

experiments. 
'Whole follicles (tr: 5) were blotted dry of media and weighed on a fine balance

then immersed in the dextran solutions of differing molecular weights for a period of time

determined by earlier volume equilibrium experiments (not shown). These experiments had

determined the time taken for the follicle to stabilise its weight for each size category of

follicle and for each size of dextran molecule in solution. The follicle was then reweighed

following immersion . o/o Gain or loss was recorded as o/o of total follicle weight.

2.8. Colloid Osmotic Pressure Determination of Follicular Fluid

2.8.1. DialysisMembraneSelection

A number of membrane systems were selected for appraisal based on stability of pore

size, protein binding capacity and holding volume. A series of experiments were designed to

determine which membrane would perform best under conditions set for the dialysis protocol.

The criteria set for good perfoÍnance were low protein binding, consistency of pore size at

37oC and efficiency of clearance of molecules below the molecular weight cut off (MW cut

off) given by the manufacturers. In addition the dialysis unit had to be able to hold a

minimum volume of 540¡il required for subsequent analyses.

The experiments involved a 1:10 dilution of follicular fluid sample with EBSS followed

by dialysis against water containing 0.1% sodium azide for 24h at 4oC. The efficiency of the

membrane dialysis was assessed by determination the concentration of the remaining proteins

and SDS PAGE to check the size of the protein products removed'

2.8.2. Temperature and Salt Dependent Dialysis

The effect of salt and temperature on the efficiency of dialysis of follicular fluid

products was tested. This was done following initial tests of colloid osmotic pressure
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following enz\¡me dialysis with Streptomyces hyaluronidase and chondroitinase ABC where

an increase in potential was recorded. This suggested that multiple degraded hyaluronan and

CS/DS units were rc-aggregating as proposed by (Turner et a1.,1988) and/or not escaping the

membranes during dialysis as suggested by (Lord, 1999).Initially follicular fluid diluted in

EBSS (1:10) was digestedwith S. hyaluronidase and either dialysed ornot dialysed against

ultrapure water containing sodium azide ín a 100 kDa membrane at 4oC and 37oC.If they

were not dialysed the samples were held at the same temperature as its dialysis counterpafi.

Significant differences were noted but there was still incomplete removal of the breakdown

products therefore salt was added to the dialysis step (2M NaCl) as suggested by Turner.

Following digestion the samples were dialysed against 2M NaCl and then through a series of

0.75, 0.5, 0.25 M NaCl to water at both 4oC and 37oC and then colloid osmotic pressure

recorded. Bovine serum in EBSS (1:10) was used as a control. Following dialysis the samples

were snap frozen and lyophilised and then resuspended in their original start volume in EBSS

prior to colloid osmotic pressure tests.

Table 7 Treatment proJìle to test efþct of temperøture on dictlysis

2.8.3. Size Exclusion Dialysis

In order to determine the contribution of the macromolecular components in the

aspirated fluids, the follicular fluid samples $a p"\ were diluted 1 in 10 with EBSS and

placed in membranes of differing molecular weight cut off 10, 100, 300, 500 kDa and

dialysed against distilled water containing sodium azide (O.IYo) for 24 h at 4oC. These

membrane sizes were chosen to allow removal of low molecular weight molecules and

electrolytes (10 kDa), molecules known to be able to traverse the basal lamina freely (100

kDa), molecules of a size able to enter the follicle in reduced concentrations (300 kDa) and

retain those liable to have been made locally within the follicle (500 kDa). Following dialysis

samples were freeze-dried before reconstitution to their pre-dialysis volumes (540 ¡tl) with

EBSS and colloid osmotic pressure measurement. An aliquot of this material (4 ¡rl) was

Sample Enzyme
treatment

MW cut off Dialysis Dialysis
temperature ("C)

Follicular fluid None 100 kDa + 37

S.hyaluronidase 100 kDa + 37

None 100 kDa J/

S.hyaluronidase 100 kDa 3/
None 100 kDa + 4

S.hyaluronidase 100 kDa + 4

None 100 kDa 4

S.hyaluronidase 100 kDa 4
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retained and assessed by 10% SDS- PAGE according to the method of (Laemmli, 1970) to

conltrm the removal of appropriately sized molecules

2.8.4. Enzyne Digestion of Follicular Fluids

To quantify the contribution of classes of molecules to the colloid osmotic pressure of

follicular fluid, samples (54 ¡ll) were diluted 1 in 10 with EBSS, pH 7'5 to a total volume of

540¡t"l,and treated with a range of enzynes (Table 8)' Controi pools of undigested fluid were

held at 370C or 25"c for 4 h whilst eîz].o'e treatments were underway. Following digestion,

dialysis (100 kDa or 300 kDa) was carried out against 2 M NaCl, 24 h aT' 37'c' Dialysis at

high salt concentrations and temperature \ /as necessary in this experiment to ensure removal

of potentially aggregating digested molecules (Tumer 1988)' All samples were then dialysed

against distilled water for 24 h at 4"C. The samples were stored rreeze-dried and reconstituted

to their original volumes in EBSS prior to colloid osmotic pfessure measurement' once again

an aliquot of this material (4 pl) was assessed by 10% SDS -PAGE to confirm the removal of

appropriate molecules, The colloid osmotic pressure of the fluid samples was measured as

described below'

Table 8 Enzyme digestion conditions of follicular fluid

2.8.5. Gonotec 050 Osmomat Osmometer

The colioid osmotic plessule was measuled using a Gonotec 050 osmomat osmometer

with a reference membrane of 10 kDa molecular weight cut-off. All solutions were de-gassed

viaavacuumpumplot2}minpriortocolloidosmoticplessufemeasurement.Thereference

solution was EBSS. The experiments were performed with EBSS in order to maintain high

ionicstrengthandthusminimisechargeinteractionsofthemoieculesanddecreasethe

Donnan effect to the colloid osmotic pressure. In this way steric exclusion is the main effect'

this allows ascertainment of the degree to which macromolecules affect colloid osmotic

pressure. All measurements Of cOllOid osmotic pressure wele recolded as cm of water and
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Enz!'me Conditions Source Substrate

DNase I 5 ll37' 0 Sigma DNA

0.1 7 7.2 Boehringer Proteins
Proteinase K

h uronidase 0.t4rJ12 70 2 S el H uronic acid

Chondroitinase ABC 0.02U120¡t"U3 7"/pH8 Seikagaku ChondroitinIDermatan
sul te

Keratanase

-onz"zo¡t"tt3l"6\þ-

Seikagaku Keratan

Co I 100U/ml/37'lpH7.4 Sigma Col

H I lUlmV2 7.5 Si.qma

No control 1 250 5

No control 2
aJ I{7.2



repeated four times against a 10 kDa membrane at room temperature' Bovine serum (diluted

1:10 with EBss) was used as a control in eachbatch of measurements'

The Gonotec 050 osmometer measures the colloid osmotic pressure of a solution by

means of an osmotic cell. In this experiment the lower half of the osmotic cell' which is

closed off to the outside, was filled with electrolyte-containing EBSS solution' The upper half

of the cell, which is open to the outside, was filled with the sample solution' A semi-

permeable membrane separates the two halves of the cell from one another; in this case a 10

kDa MW cut off was used. This membrane possesses defined pores through which only water

and electrolyte molecules can permeate. when there is an colioid osmotic plessure differential

between two solutions, solvent permeates from the lower in to the upper half of the measuring

ce, until equilibrium is reached between the underpotential in the rower half of the cell and

the osmolar concentration of the colroids. An erectronic potentiar measuring system, which is

mounted in to the lower half of the cell, transduces the underpotential in to an electric signal,

which is shown on a digital display. The cell volume is 10 ¡rl with the sample quantity

required being approximately 150 ¡11. The resultant colloid osmotic pressufe is displayed as

mm water (+ 0.05 mm water). An image of the Gonotec osmomat 050 osmometer can be

found in (Figure 8)

2.8.5.1. Calibration of the Osmomat 050 Osmometer

calibration of the osmometer \ryas carried out according to the manufacturers

instructions. A reference solution of commercially available albumin (Albumex@ 4) of known

colroid osmotic pressure was used in order to provide a consistent colloid reference in

addition to the machine calibration. Albumex@ 4 was chosen since albumin is the component

which contributes most of the potentiar of serum and has been identified in the extracellular

space of connective tissues. calibration of the machine was done prior to colloid osmotic

pressure measurement and then at eight sample intervals'

2.8.6. Colloid Osmotic Pressure Measurement

150 ¡11 of sample reference solution was injected in to the sample port and two colloid

osmotic plessure readings were obtained at equilibrium (approx 1 min)' This represented the

highest and the lowest reading obtained. If the two readings wele identical or within 0'2 mm

water the reading was accepted and recorded, outside of this range the osmometer would not

give an ,.accept result" tone. The machine was then rinsed three times with EBSS and allowed

to return Io zero before the next sample was tested'
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Fígure 8 Imøge of Gonotec 050 Osmomat used in colloíd osmotic pressure measutements

of follicular Jluìd- Image obtained from (http ://www.gonotec-com).
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2.g. Conhrmation of Dialysis for Size Exclusion and Enz¡rme Digestton

The removal of certain sized molecules was confirmed using sDs PAGE' For the

methodology see 2.15.2.

2.9.I. GelCode@ Blue Staining of Polyacrylamide Gels

Following gel electrophoresis the gel was removed in to a clean tray and rinsed 3 x 5

min with 100-200 ml of ultra pure water' GelCode@ Blue was then gently resuspended

according to the manufacturers instructions and 20 ml added per 8 X 10 cm gel for t h to stain

thegel.oncestainedthegelwasplacedagainintoseveralchangesofultrapurewaterovera

2 h period to develop weaker protein bands' The gel was then photographed and dried see

section 2.I5.4.

2.10. ProteoglYcanExtractton

Theproteoglycansofinterestinfollicularfluidarethesolubleproteoglycans.Tothis

end a method was chosen which would allow for the specific extraction of soluble

proteoglycans within the follicular fluid. The method chosen was derived from that of

Savolainen (Savolainen, 1999). Soluble proteoglycans were extracted from 40 ml pools of

folricurar fluid from uncrassified folricres using the standard method of 4 M urea and 0'05 M

sodium acetate at pH 7.5. pools of frozen follicular fluid, which had previously been

centrifuged to remove particulate matfer, were defrosted on ice and mixed 1 to 5 with the

urea/sodium acetate mix. The use of urea ensures denaturing conditions are maintained; the

urea also prevents protein macromolecule interactions and protein precipitation events that

may result in a decrease in yields. Extractio n at 4oC also reduces denaturing of the sample'

ThemaintenanceofhighpHaidsintheseparationofproteoglycansfrommacromolecules

and thus imProves seParation'

2.1t. Ion Exchange Chromatography

Isolated follicular fluid proteoglycans in 4 M urea; 0'05 M sodium acelale buffer' pH

7.5, were applied to 5 ml of DEAE-Sephacel ion exchange column at 4"C' Anion exchange

beads bind the negative charges of the sulphate gfoups from the attached glycosaminoglycans

while allowing passage of positively charged molecules' Ion exchange chromatography

allows separation of proteoglycans from a large proportion of soluble proteins within

follicular fluid. The column was washed with 10 volumes of 4 M urea in 0'05 M sodium

acetate buffer, pH 6.0, Proteoglycans were eluted from the column in the same buffer

containing 2 M Nacl. The fractions containing proteoglycans, as determined by uronic acid

measurement (see section 2.I3.z),were pooled due to the low amounts of glycosaminoglycan
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present within the extracts, dialysed at 4oC in a 3500 Da snake dialysis membrane from Pierce

against water and lyophilised.

2.12. Size Exclusion Chromatography

Further characterisation of the extracted PGs was carried out by size exclusion

chromatography. The sample obtained from the ion exchange column above was resuspended

in 500 ¡t"l of 2 M guanidine-HCl, 0.1 M sodium acetate,0.05 M Tris, pH 7.5, and applied to a

Sepharose CL-28 (6.5 mm x 1000 mm) size exclusion column at a flow rate of 5 ml/h. Forty-

five ml of column buffer was run through the column and ninety 500 ¡^tl fractions were

collected, dialysed against ultrapure water and lyophilised for analysis of protein using the

Bradford assay method and glycosaminoglycans (GAGs) using the carbazole method

published by (Blumenkrantz & Asboe-Hansen, 1973).300 ¡rl of each collected fraction was

retained for enzyne-linked immunosorbent assay (ELISA) see section 2.14.

2.12.1. Vo/VtDetermination

V6 is the void volume of the column and Vt the total volume of the column. These

fractions in the column need to be identified in order to know where the sample fractions have

been eluted. In order to determine the position of the column front (V6) and finai fraction (V1)

a sample was mixed with 500 ¡rl of column buffer containing 20 ¡t"l of radioactive carbon

(14C) and loaded on to the size exclusion column. Ninety 500 ¡^11 fractions were collected at a

flow rate of 5ml/h. Each fraction was then added to 400 ¡11 of scintillation fluid and counts per

minute recorded on a Wallac 1409 scintillation counter. The peak in counts shows the end of

the column.

2.13. Protein and Glycosaminoglycan Determination

2.ß.f . Quantitative Protein Determination

Protein concentrations were assayed by a method derived from the Bradford assay

(Bradford, 1976) using a kit from Pierce chemicals. Kit constituents were reagent MA

containing sodium carbonate, sodium bicarbonate and sodium tartraß in 0.2M sodium

hydroxide, reagent MB containing 4o/o Bicinchonic acid (BCA) and reagent MC containing

4o/o cupric sulphate, pentahydrate in water. The working reagent was prepared by mixing 2

parts MC with 48 parts MB and then adding 50 parts MA. The assay was carried out in a

micro titre plate where a set of protein standards was set up using decreasing dilutions of

bovine serum albumin that covered the expected range of the sample protein concentrations.

To a micro titre plate 100¡11 of each standard or sample was placed in a well, to this was added
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100¡^rl of working reagent. Samples were mixed for 30 sec on aplate shaker. The plate was

then covered and incubated for 2 hours at 37"C, the absorbance was then read at 595 nm on a

Bio-rad micro plate reader # 170-6935 and a standard curve plotted using micro plate

maîageÍ software version 2.1 and the sample concentrations determined by extrapolation

from the standard curve.

2.13.2. Glycosaminoglycan Determination

Z.l3.2.L Estimation of Glycosaminoglycan (GAG) from Whole Follicular Fluid

Estimation of GAG from whole follicular fluid and bovine serum required pre-treatment

of the samples with fresh 0.5 M NaOH at room temperature overnight with stirring to remove

the protein components from the samples. The samples were pre-treated with S'hyaluronidase

and chondroitinase ABC in order to determine the relative amounts of chondroitin sulphate

and hyaluronan present.

2.13.2.2. Estimation of Glycosaminoglycan from Isolated Column Fractions

GAG concentrations were determined by assaying the uronic acid concentration

according to the method of Blumenkrantz and Asboe-Hanson (1973). This method was used

since it was anticipated, from previous assays of whole follicles (McArthur et al',2000) that

only small quantities of GAG would be present and this method is sensitive to ng quantities of

GAG. Briefly, a sample fraction from the column isolations containing an estimated 05 to 20

t1g of uronic acid was added 7.2 ml of sulphuric: acid containing 0.0125M sodium tetra

borate, tubes were chilled on ice and then vortexed for 2 min and the tubes heated for 10 min

at 100oC. Samples were cooled again and20¡tl of metahydroxlphenyl reagent (0'15%) in

0.5% sodium hydroxide added and the tubes vortexed for 30 sec. The absorbance was read

within 5 min at 520 nm in a spectrophotometer. The carbohydrate forms a pink brown

chromogen with the sulphuric acid: sodium tetraborate at 100 oC. A blank tube containing no

sample and standard curve using D-glucuronic acid lactone at concentrations of 0, 1, 2, 5, l0

and. 20 pg were also set up for each assay. Uronic acid concentrations of the samples were

determined by extrapolation from the standard curve'

Enzyrne-Linked Immunosorbent Assay (ELISA)2.14

2.14.1. ELISA Method

ELISA using a panel of antibodies directed against epitopes of interest was used to

identify the GAGs present in column fractions. These antibodies were specific to versican,

decorin, aggrecan, perlecan and ITI and general antibodies to 4 sulphated
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chondroitirVdermatan sulphate (CS/DS) and 6 sulphated CS/DS. Samples (10 ¡r1) to be tested

were diluted in 140 ¡^r.l of phosphate buffered saline (PBS) and incubated for lh at37"C in 96-

well plates. The wells were then rinsed in PBS/Tween20 (0.05%) and incubated with 0.1 ml

pBS containinglo/o skimmed dehydrated co,ws'milk and the appropriate dilution of primary

anribody [1:1000- for ITI (40301), versican (GAGP), 4-sulfated CS/DS (286),6-sulfated

CS/DS (383) and aggrecan (1C6)l and incubated for t h at 37oC. The secondary antibodies

were sheep anti-mouse IgG conjugated to horse-radish peroxidase for the mouse monoclonal

antibodies, and goat anti-rabbit conjugated to horse-radish peroxidase for the rabbit

polyclonal antibodies, diluted at ll2}00-l/5000 in PBS 1% milk and incubated for t h at

37"C. Horseradish peroxidase was measured as a colour reaction using 100 ¡rl of 2,2'-azino-

di- f3-ethylbenzthioazoline-6-sulfonic acid] (ABTS) as substrate with 0.01% hydrogen

peroxide. The optical density was recorded at 415 nm.

2.14.2. Pre-treatment of SamPles

2.14.2.7. Chondroitinase ABC Digestion

Samples analysed for 4-sulphated CS/DS or 6-sulphated CS/DS required pre-digestion

with chondroitinase ABC. Briefly an aliquot of proteoglycan extracted from follicular fluid

was treated with chondroitinase ABC (0.5 units per 10ml in 0.1M Tris acetate buffer

containing 0.1% BSA pH S.0) lyase to expose the antigen. Samples were treated in the same

96 well to which they had been previously attached and incubated for t hour at37"C.

2.14.2.2. Dithiothrietol Reduction

Samples analysed for the presence of aggrecan using the 1C6 antibody required a

reduction treatment with Dl-dithiothrietol (DTT) prior to analysis. Following attachment to

the wells the samples \Mere treated with 1OmM DTT (100'C 10 min) and then alkylated with

20mM iodoacetic acid in the dark (2 h).

2.I5. Gelelectrophoresis

2.I5.1. Agarose Gel Electrophoresis

Agarose (0.8%) gels were used for the separation of high molecular weight

proteoglycans andhyaluronan. These gels were separated at 50 - 80v over aperiod of 2 hours

prior to washing with buffer and transfer or staining with Stains-All@.
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2.15.2, Polyacrylamide Gel Electrophoresrs

Small format analytical polyacrylamide gels were routinely used for separation of

proteins obtained in a number of experiments described in this thesis. The separation by one-

dimensional SDS PAGE was according to the methods of Laemmli (Laemmli 1970). Small

format (0.75 x 8 x 10 cm) resolving gels were used at 8, 10, or 72o/o or 4-20o/o gradient. The

gels supplied by Gradipore (igels #NG21-010) had no stacking gel attached. Gels were placed

in to an electrophoresis apparatus (Biorad protean III) and electrophoresed in tris/glycine

buffer (appendix 1 53). The samples were solubilised in loading buffer (appendix 1.34),

heated at 95 "C for 5 min and loaded in to the wells of the gel. To facilitate calibration pre-

stained SDS PAGE standards (Biorad #161-0318) were loaded as a reference. Electrophoretic

separation was conducted at constant voltage 150 V with cooling and terminated when the

tracking dye had migrated to the bottom of the gel. Gels were subsequently removed and

either stained with GelCode@ blue (section 2.9.1) or prepared for 'Western transfer (2.15.3.I).

Wet gels were illuminated on a light box and photographed using the Alpha Innotech

Fluorchem@ 8800 gel documentation system using the number 3 daylight filter. The gel was

then dried using the gel drying system from Promega (#V131), for methodology see2.15.4.

2.15.3. Gel Transfer

2.l5.3.L Westem Transfer of Polyacrylamide Gels

Polyacrylamide gels were transferred to polyvinylidene difluoride membrane by the

standard 'Westem method (Towbin et al., 1979). Briefly, gels were equilibrated in Vy'estem

transfer buffer (25mM Tris-HCl, l95mM glycine, 20Yomethanol) for 5 min. Hybond P PVDF

membrane was pre-wet in methanol and equilibrated in western blotting buffer. Four pieces of

3MM blotting paper cut to the same size as the gel and the transfer cassette sponge inserts

v/ere pre-soaked in blotting buffer. The blotting apparatus (BIORAD Protean III transfer

system) was assembled according to manufacturers instructions and the positions of the gel

lanes marked on the membrane when the gel was in place. The proteins were transferred to

the PVDF for t hour at constant current (250m4) with coolingto 4"C. Following transfer, the

membranes were blocked ovemight at 4"C in 5% skim milk in PBS for

immunohistochemistry or immunoblotting see section 2.16.

2.I5.3.2. Agarose Gel

Agarose gels were transferred to Hybond P PVDF membrane by the capillary blot

method using the same transfer buffers as above. In brief, a piece of V/hatman 3MM paper

was pre-soaked in 'Western transfer buffer and placed on top of a "bridge" resting in a shallow
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reservoir of the same buffer thus creating a wick. Two more pieces of pre-wetted paper cut to

the same size as the gel were then placed on top of this wick with the gel then placed face up

on top of these. Next a piece of pre-wetted PVDF membrane was placed on top of the gel and

a sterile pipette rolled over the membrane to remove air bubbles. Next two further pieces of

3MM were added, again removing the air bubbles. Finally the blot affangement was topped

with a large wad of paper and a glass plate weighed down by 200 - 4009. The system was

placed in the fridge overnight to transfer.

2.15.4. Gel Drying

Both agarose and polyacrylamide gels were dried by the same method. Following

separation of the fluid proteins before or after transfer to PVDF membrane, the gels were

washed twice in ultrapure water (15 min) and transferred in to gel drying solution (9.6.6.1) (2

X 15 min). Following equilibration in gel drying solution the gels were placed between two

sheets of gel drying film (Prom ega # V7 1 3 1) and placed in a drying frame (Promega # 7 120)

overnight.

2.16. Immuno andLigandBlotting

The proteins of follicular fluid, granulosa and theca cells were characterised by

electrophoresis on 0.8Yo agarose gels, l0% 12% or 4-20o/o gradient SDS-PAGE. The proteins

were transferred to Hybond C+ by capillary transfer (agarose gels) or to PVDF by electro

transfer (polyacrylamide gels) see sections 2.15.3.1 and2.15.3.2 (Towbin et aL.,1979).

Membranes containing electro blotted proteins were blocked in PBS 5% skim milk (1 h

at 37"C), and rinsed with 3 X PBS/Tween 20 (PBST) for 5 min at room temperature. After

rinsing the membranes \Mere incubated with an appropriate dilution of primary antibody

directed against specific proteoglycan species or with biotinylated hyaluronan binding protein

(HABP) (O.5¡rglml), in PBS/I% skim milk and incubated for t h at 37"C. The membrane was

then washed 3 X PBST for 5 min at room temperature before incubation with an appropriate

dilution of secondary antibody in 7o/o skim milk (1 h at 37'C). The membrane was then rinsed

3 X PBST for 5 min at room temperature and the result visualised using either DAB or Super

Signal westem blotting detection system according to the manufacturers protocol. In the case

of chromogenic development, protein was visualised after immersion in PBS containing

0.05% (wlv) 3'3' diaminobenzidine (DAB) and 0.003%o (v/v) hydrogen peroxide. In the case

of chemiluminescent development an ECL detection kit was used. Membranes were

developed for 1 min in chemiluminescence reagents I and 2 (1:1) (Hyperfilm ECL,

Amersham) for 30 sec to 10 min in the dark. Exposed f,rlm was developed using standard

procedures.
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2.17. Hyaluronic Acid Size Determination

Hyaluronic acid, characterised for size, was used as a size indicator for agarose gels'

The sizes of the hyaluronan used were 220 V'Da,860 kDa and 1 .6 x 106 Da'

2.18. DNA Measurement

The concentration of a DNA sample was carried out using spectrophotometric methods

with an Eppendorf biophotometer (Eppendorf #952000004). Optical density was obtained at

Azeo and the concentration calculated on the basis 1 unit ds DNA :S\¡t"glml HzO' The purity

of DNA was calculated by obtaining the optical density at .N26()42s6. Pure DNA: AzoorAzso à

1.8

2.I9. DNA in Follicular Fluid

DNA components of follicular fluid were resolved on a l%o agarose gel in 0'5M TAE

buffer and stained with either Stains-all@ or ethidium bromide. Prior digestion with

proteinase K or RNase free DNase (1 mg/ml for t h 37"C) was carried out to identify DNA

and protein previously observed in these gels (Jones,2001; Mandel-Gutfreund, 1995)'

Differential staining with Stains-all@ of follicular fluid components, following separation on

agarose, allowed identification of the nucleic acid and protein components present'

2.20. Protein Sequencing

The collagen component within fluid was analysed by digestion with collagenase I and

subsequent pAGE. At the termination of the transfer the PAGE, gels were stained briefly with

GelCode@ Blue and the bands of interest carefully excised with a clean scalpel blade. Excised

bands were washed in 50% methanol in water (v/v) and then dried in vacuuo. They were

subsequently rehydrated in a minimal volume of 2o/o sDs, 0.2 M Tris/HCl, pH 8.5. Ten

volumes of water were added to the rehydrated gel pieces and PVDF membrane soaked with

methanol added to adsorb the diffusing proteins from the gel. Following complete transfer of

the proteins to the PVDF, the membrane was washed five times in 0'5 ml l0%o methanol in

water (v/v), dried and loaded in to a reaction cartridge of an ABI PROCISE CLC protein

sequencer (Applied Biosystems Inc., Foster City, CA) followed by the identification of amino

acids via HPLC. The N- terminal amino acid sequence of the proteins was assessed by

automatic Edman degradation directly from the membrane. The Biomedical Resource Facility

at the John Curtin School of Medical Research, The Australian National University, Australia

performed the sequencing. Where the gel pieces included protein mixtures, sequence calls

were made on the basis of relative abundance and were compared with mammalian databases
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using PROWL (http://prowl.rockefeller.edu). A 90% identity

identification was recorded.

was required before

2.21. ImmunohistochemistrY

2.21.1. TissueProcessing

Samples to be analysed by immunohistochemistry were collected from the abattoir as

described above, dissected from the parent tissue and placed in Bouin's fixative ovemight.

The following day the samples were taken through repeated changes of alcohol until the

yellow colouration from the Bouin's had gone. The tissues were then completely dehydrated

in a graded series of ethanol, cleared in xylene and embedded in moiten Paraplast. Serial

sections of 5 ¡,r,m were cut on a Spencer microtome and mounted on poly-L-lysine coated

slides. The sections were dried on an electrothermal drying platform (54'C)' Prior to use,

paraffin \Mas removed from the sections by successive changes in xylene and rehydration

through reducing concentrations of ethanol to water and then PBS.

Where peroxide conjugated secondary antibodies were used endogenous peroxidase

activity was blocked by pre-treatment of the slides with 0.03% hydrogen peroxide for 10 min.

Non-specific antibody binding was prevented by pre-incubation of the tissue sections tn 3o/o

(w/v) pre-immune goat serum albumin in PBS (1 h 37'C). Sections were then incubated in a

humidified chamber with primary antibody or ligand for t h at 37"C and washed 3 times in

pBS/Tween. Incubation with the secondary antibody was conducted in the presence of either

fluorescein (FITC) or horseradish peroxidase (HRP) conjugated IgG for t h at 37"C. The

sections were then washed 2 times in PBS/Tween and once in PBS alone. FITC labelled slides

were mounted with an antifade reagent to minimise signal quenching, and viewed with a

confocal microscope (Bio-Rad MRC-I000 Laser Scanning Confocal Imaging System).

HRP labelled sections were developed in a solution of PBS containing 0.05% (w/v) 3'3'

diaminobenzidine (DAB) and 0.03% hydrogen peroxide for 5 - 15 min. sections were then

washed in ultra pure water for 5 min and counterstained with Gills heamatoxylin for I min

and placed in Scott's tap water substitute for 1 min. Slides were dehydrated though an

increasing ethanol series and cleared in two washes of xylene before being mounted under

cover slips in Medite Pertex mountant for examination by light field microscopy (BHT

Microscope system olympus Optical Co. Ltd,, Tokyo, JapaÐ. sections where the primary

antibody was substituted with non-specific antibody were included routinely as negative

controls.
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2.21.2. Antibodies

The antibodies used in immunohistochemical localisations and Western blot are listed at

the beginning of this chapter.

2.22. RNA Extraction

Follicles were dissected from bovine ovaries on ice and 100 mg of follicular or tissue

material was placed directly in to RNA Bee (Biogenesis). The tissues were then homogenised

using an Ultra-Turrax homogeniser. Following homogenisalion 0.2 ml of chloroform was

added and the samples placed on ice for 5 min before centrifugation at 14000 rpm for 15min.

Following centrifugation the top aqueous layer was removed in to a nev/ tube and 0.5 ml of

isopropanol added to precipitate the RNA, the samples were then placed ovemight at 4oC. The

precipitate formed was centrifuged at 140009 for l5min 4oC and the pellet washed with 1 ml

75%DEPC treated ethanol and re-centrifuged at 140009 1Omin 4oC. The pellet was then air

dried and resuspended in DEPC treated water.

Dilutions of 1:100 were made of each sample and the amount of RNA calculated by

reading the optical density at Azeo on an Eppendorf biophotometer (Eppendorf #952000004)

and the concentration calculated on the basis I unit ss RNA : 4}¡t'glml HzO. The purity of

DNA was calculated by obtaining the optical density at NaoA2s6. Pure RNA : Azeot1.zso Ð'.0.

2.23. oDNA Synthesis

The çDNA used was made from RNA extracted from several tissues reported as having

hyaluronan synthase activity, namely, eye, skin, lung, brain, cartllage heart and colon. The

following primer sets were selected based on published data as indicated.

RNA (10pg) above was treated with DNase I (2 units, 37oC for 30 min) according to

the manufacturers instructions. Following DNase I treatment oDNA synthesis was carried out

using random prime hexamers. Briefly l-5pgof total RNA was dissolved in a total volume of

1 Q¡i,l of DEPC treated ultrapure water. To this I ¡t"l (1 ¡t"g) of random primer and 1 8 ¡r,l of DEPC

treated ultrapure water was added. This cocktail was heated for 2 min at 72"C and then cooled

on ice for 2 min to allow annealing to take place. Following this, the reverse transcription

reaction was set up using the Invitrogen Superscript II@ RNase H reverse transcription kit

(#18064-014). To the above was added 5 X first strand buffer (10 ¡rl), dithiothrietol (DTT) (5

¡,r,1) RNase inhibitor (aOUlul) (1 p¿l) and 10mM dNTPs (2.5 p"l). The total reaction mix volume

was equal to 48 ¡.t1. This mix was then split in to two portions. To 36ul to be used for reverse

transcription v/as added I ¡tl of Moloney Murine Leukaemia virus reverse transcriptase

MMLV-RT and 1.5 ¡rl of DEPC treated ultrapure water and labelled the RT tube. To the
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remaining 12 ¡tl ofthe mix was added 1 ¡11 of water and this was labelled the - RT tube. This

and the RT mix were incubated at 42"C for 75 min and then at 90oC for 5 min to destroy the

enzyme activity. Samples were stored at -20"C until required.

2.24. Polyn.rerase Chain Reaction

2.24.7. HAS 1, HAS 2, HAS 3, 18S, Inhibin/Activin BA, and P450 SCC Primer

Design

In order to localise the site of hyaluronan synthesis and its degree of expression within

the follicles of different size and health status, PCR primers \À/ere designed to three

hyaluronan slmthases. Sequence alignments of hyaluronan synthases (Bos taurus) gi: 4586933

(HAS1), gi: 4586935 (HAS2), gi: 72049661 (HAS3) respectively, were performed using

Clustal V/ 1.4. Primers were designed for HAS 2 and 3 by the author using primer Express

software to be specific to each bovine hyaluronan syrthase. The primers for HAS 1 were the

ones reported by (Schoenfelder, 2003).

Primers were designed to exon 4 and 5 of the HAS 1 sequence. The forward primer was

targeted to base 85 of exon 4 and the reverse primer to base 268 of exon 5. The expected

amplicon size was 182 bp.

HAS 2 primers were designed to exon 4. The forward primer was targeted to base 53

and the reverse primer to base 325. The expected amplicon was 310 bp

Primers were designed to exon 3 and 4 of the HAS 3 sequence. The forward primer was

targeted to base 749 of exon 3 and 894 of exon 4. The expected amplicon was 243 bp.

The housekeeper genes used were bovine 185 4F176811 and Oryctolagus cuniculus

GAPDH L23961.

Control probes of inhibin/activin BA and P450 side chain cleavage were used in in situ

and Northern blot assays. Inhibin/activin BA was used as a reliable marker of granulosa cell

integrity. The inhibin/activin BA subunit mRNA is only expressed by the granulosa cells of

the antral follicles greater than 0.8 mm diameter (Torney et aL.,1989).

P450scc was used as a control for theca cell integrity. Inhibir/activin BA primer was

designed to the BA subunit of the inhibirVactivin molecule. Primers were designed to exon 1

and 2 of the inhibin/activin 0A gene. The forward primer was targeted to base 1652 to 1672

(5'-TGGAGATAGAGGACGACATCG-3') of exon 1 (accession: U16238, base 1743 :base

1 of intron) and the reverse primer (5'-TCTCCTGACACTGCTCACAG-3') was targeted to

bases 738 to 758 of exonZ (accession;1JI6239, base 339 is the first base of exon 2)The

expected product size being 449bp.
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The P450 side chain cleavage (SCC) product was obtained by amplification of the P450

side chain insert obtained from the plasmid pBSCC-4. This plasmid was donated by Dr

Raymond Rodgers of the Dept. Obstetrics and Gynaecology, The University of Adelaide SA,

Australia, and contained M13 Universal sequence forward primer (USP)

(GTAAAACGACGGCCAGT) and M13 Reverse sequence primer (RSP)

(CATGGTCATAGCTGTTTCCTGTGTG). All primer sequences and amplicons can be

found in Chapter 5.

In the ovary P450scc is involved in the cleavage from cholesterol of its side chain

component to yield pregnenolone (Stone & Hechter, 1954). P450scc expression at the protein

level occurs in granulosa cells of healthy and atretic 10 mm follicles in cattle (Irving-Rodgers

et al., 2003). V/hile in sheep thecal cells express P450scc just before antrum formation

(Logan et a\.,2002), thus P450scc was used as a control for theca cell integrity in the in situ

assays.

2.24.2. PCR Protocols

The PCR protocol used was that provided by Invitrogen (#10342-053). PCR

amplification was performed using 2 p,l of template DNA. The taq mix used for HAS 2 and

HAS 3 was: 10X PCR buffer minus Mg (2.5 pl); 10 mM dNTP mixture (0'75 p1); 50 mM

MgCl2 (0.75 p1); 1.5 mM, Primer mix 20 pM (1 pl); 0.5 ¡tl/r, Taq DNA Polymerase (5 U/l)

(0.125 ¡rl); and the reaction mix made up to 25 ¡rl with autoclaved distilled water.

Taq mix used for HAS 1 was: 10X PCR buffer minus Mg (2.5 p1); 10 mM dNTP

mixture (0.75 ¡rl); 25 mM MgCl2 (1.5 ¡r1); 1.5 mM, Primer mix 20 pM (1 pl); 0.5 pM

Template DNA (2 ptl); Zcq DNA Polymerase (5 U/l) (0.125 ¡tl) 2.5 units; autoclaved distilled

water to (25 pl).

The PCR cycle program was 94"C for 10 minutes for the HAS 1 PCR using amplitaq

gold or 94oC for 5 min for the HAS 2 and 3, inhibin A and GAPDH PCRs. This was followed

by 94"C for 30 s, an annealing stage at 60"C for 30 s for bovine HAS 2, HAS 3, inhibin A,

GAPDH and 18S or an annealing stage of 62"C for 30 s for bovine HAS 1. Next an extension

stage was added for lmin at72oC. The amplification was performed for 35 cycles and then

incubated for an additional 5 min aL72"C. The reaction was then held at 1loC. The sample

was stored at -20"C until use. The amplification products were observed by electrophoretic

separation on aTYo agarose gel and visualised by ethidium bromide staining. A pUC l9lHpaII

digested ds DNA molecular weight marker was used to identify band sizes'
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2.24.3. PCR Product Purification

PCR product (20 prl) was added to sterile distilled water (180 ¡rl). 1 volume:200p1.

Phenol: chloroform (1 volume) was added to the above and mixed well, followed by

centrifugation (14000 rpm 5 min 4'C). The upper layer was removed in to a clean sterile

eppendorf tube and 1/10 volume of 3M sodium acetate and 2 i/' volumes of cold ethanol

added and allowed to stand to precipitate the DNA (4'C for 2 hours). Centrifugation at 14000

rpm, 15min 4oC, removal of supern atant and washing of the remaining DNA pellet with 1ml

j0% clean ethanol was followedby a second centrifugation (1400 rpm 10 min4'C). The

subsequent DNA pellet was air dried before re-dissolving in sterile distilled water (5p1). 1 pl

of cleaned product was separated on a 2 %o agarose gel and visualised by ethidium bromide

staining. A pUC IglHpaII digested ds DNA molecular weight marker was used to identify

band sizes.

2.25. Cloning

2.25.1. Ligation

This was done using the Promega pGem-T-Easy vector system (#41380)' All

components were defrosted on ice. The ligation mix used was: 2X Rapid Ligation Buffer, T4

DNA Ligase (1pl), pGEM @ T Easy Vector (50ng)(1¡rl), PCR product X pl* or Control Insert

DNA (2pI), T4 DNA Ligase (3 Weiss units/pl) (1pl), *Deionised water was added to a final

volume of 10¡11. The reaction mix was incubated overnight at 4oc.

2.25.2. Cloning

Cleaned ligated PCR product (2 ¡r1) was added to 50pl JMl09 or XL-1 blue competent

cells, which had previously been thawed on ice under sterile conditions. C. pGEM @ -T Easy

Vector Sequence #41360 Promegax

The pGEM @l -T Easy Vector had been linearised with EcoR V at base 60 of this

sequence and a T added to both 3'-ends. The sequence is complementary to RNA s¡mthesized

by the SP6 RNA Polyrnerase. The vector sequences can be located at:

www.ofome .com/vectols

The mix was kept on ice (20 min) to allow the DNA to stick to the cells. The mix then

underwent heat shock (50 secl42"C). The cells were returned to ice (2 min) and 1 ml L-broth

added before recovery by incubation in a shaking incubator (37"C for 1.5 h). Cells were then

centrifuged. (2000 rpm 5 min). Some of the L-broth was removed (850¡rl) and IPTG (20p1)

and X gal (21p,l) added before gentle re-suspension of the cells and spreading on to an agarose
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plate containing ampicillin (lOmg/ml). The plate was placed upside down ina37"C incubator

overnight and examined for positive white colonies'

2.26. PlasmidPurification

Several white colonies were picked from freshly streaked selective agar plates in to L-

broth (70 ml) containing lpl/ml ampicillin and incubated in a shaking incubator (200rpm

37oC overnight). Plasmid purification of the cloned products was achieved using the plasmid

purification kit from Qiagen (#12145) according to the manufacturers instructions. The

purified plasmid DNA was washed in clean 70o/o ethanol (2ml) before air-drying the pellet'

Each plasmid was resuspended in sterile distilled water (50 ¡rl). 1 pl of each cleaned product

rù/as separated on a 2o/o agarose gel and visualised using ethidium bromide staining.

Sppl/EcoRI digested ds DNA molecular weight marker was used to identify band sizes. The

quality of the DNA was assessed by spectrophotometry Abszoo/ Abszso. Sequence analysis of

the HAS 1, HAS 2 and HAS 3 plasmids (100ng) was carried out by the University of

Newcastle Biomolecular research facility, Newcastle, Australia. The John Curtin School of

Medical Research, The Australian National University, Australia sequenced the Inhibin alpha

and P450scc products.

Sequence data from plasmid sequencing confirmed that all products had been

successfully cloned in to the pGem T Easy vector.

2.26.1. Production of P450scc plasmid

The original P450scc insert used was sub-cloned by enzyme digestion with Pst I and

Pvu II from the bluescript II SK * pBscc-2 (John et aL.,1984) in to the plasmid pBscc-4. This

plasmid was received from Dr Ra¡rmond Rodgers and this insert was amplified with universal

primers T3 and T7. This plasmid along with the others mentioned above was then used in the

production of in situ probes.

2.27. Production of In Situ RNA probes

2.27.t. PCR

Bulk preparations (10 X 50 pl) of the HAS DNA's by PCR of the HAS 1, 2, or 3 insert

from the plasmid DNA was performed under the conditions mentioned above using the

plasmid as the template DNA and the primer sets USP and RSP, both forward and reverse for

each, which are located in the SP6 and T7 regions of the plasmid'

PCR reactions were set up as follows:
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10X PCR buffer minus Mg (25 pl)

10 mM dNTP mixture (5 pl)

50 mM MgCl2 (7.5 pl)

1.5 mM Primer mix at 20 pM (10 pl)

0.5 pM template plasmid DNA (apl)

Zaq DNA Pol¡rmerase (5 U/l) (1.25 pl) 2.5 units

Autoclaved distilled water to 50 ¡rl

The PCR cycle program was 94'C for 10 minutes (HASl-amplitaq gold) or 94"C1 5 min

(HAS 2 and3),94"C for 30 s, Anneal60'C for 30 s (bovine HAS 2, HAS 3 and 18S). Anneal

62oC for 30 s (bovine HAS 1), Extend 72"C for lmin, perform 35 cycles of PCR

amplification then incubate for an additional 5 min at72"C. The reaction was then held at 4"C

until sample storage at 10"C until use. The amplification products were analysed by

separation on a2o/o agarose gel and visualised with ethidium bromide staining. pUC l9/HpaII

digested ds DNA molecular weight marker was used to identify band sizes. PCR products

then purified as per section 2.24.3.

2.27.2. DIG Labelling of RNA probes

All reactions were carried out in nuclease free plastic or glassware.

Using the DIG riboprobe kit (Roche #1175025) and using the manufacturers

recommended amount of 100-200 ng of linearised plasmid DNA the following reaction was

set up on ice:

Vy'ater (DEPC treated) (12¡.tl)

10 X Transcription buffer (2¡rl)

Linearised plasmid (l ¡tgl þl)(1 tA)

10 X dNTPs (2 ¡t"l)

RNase inhibitor (RNAsin) (1 p¿l)

SP6 (#1487671) or T7 (#0881775) RNA polyrnerase (2 pl)

The reaction was incubated (2 h 37"C) and then DNase 1 (1 pl) added and incubated

15min 37C.0.2M EDTA (2 ttl) was added to stop the reaction followed by 3M sodium acetate

(2 ttl) and l00Yo ice-cold ethanol (60 ¡tl) to precipitate the RNA (-70oC for 30 min).

Centrifugation (12,0009 15 min 4'C) gave a pellet of RNA which was washed with DEPC
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treated 75o/o ethanol and air-dried. The pellet was dissolved in autoclaved DEPC watet (21

ta).

The resultant probe was diluted 1:10 with DEPC water and 2 ¡ll separated on a 1'5o/o

agarose gel. Probe brightness was compared to that of corresponding SSPl/EcoRl standard

band to estimate probe concentration.

2.27.3. Quantitation of DIG Probes

A sample of the probe was diluted to l0ng/¡^tl using in freshly prepared RNA dilution

buffer (DEPC water: 20X SSC: formaldehyde 5:3:2). Serial dilutions of the probe and a

control DIG labelled RNA from the manufacturer \Mere made to give I}ngl¡t"\, lngl¡t"|,

J,1¡pgl¡tl, I¡pgl¡t"\, and, 3pgl¡tl. 1 ¡11 of each dilution was spotted on to Hybond C extra

membrane. The membrane was air-dried for 10 min IJV cross-link to the membrane for 30

min and blocked with 5% skim milk/ tris buffered saline (TBS) 30 min at room temperature.

Anti-DIG alkaline phosphatase 1:5000 in 1o/" skim milk/ TBS/Tween 30 min was added and

the membrane then washed with alkaline phosphatase buffer 9.9.1.9 for 2 min. The colour

development was carried out using Nitro-blue tetrazolium /5-bromo-4-chloro-3-indolyl

phosphate p-toluidine salt (NBT/ BCIP) in alkaline phosphatase buffer (9.9.1.9) for 10-30 min

at room temperature.

2.27.4. Hydrolysis of DIG In Situ Probes

Prior to in situ the probes were hydrolysed. The following reaction was set up on ice in

a 0.6ml nuclease free tube:

1 ¡rg RNA probe (500nglþl) (2lA)

DEPC water (2¡t"l)

Carbonate buffer (apl) (appendix 1.9)

The above mix was incubated (60'C 10 min). Hydrolysis neutralisation buffer (8¡ll) was

added, followed by 100% cold ethanol (50¡rl) to precipitate the probe (-70'C 30 min)' The

probe was centrifuged (120009 15 min 4"C) and the resultant pellet washed with DEPC

treated 75Yo ethanol and re-centrifuged (120009 15 min 4'C). The pellet was air-dried and

resuspend in 30 ¡^r.1 DEPC water. Three microlitres were separated on a 1.5%o agarose gel to

observe the effectiveness of the hydrolysis. The remainder of the probe was used for in situ

hybridisation.
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2.28. In Situ Hybridisation

All glass ware and consumables used in these experiments \ryere RNase free. All

glassware was washed in 3%HCl/Ethanol or cleaned using RNA ZAP. Most reactions were

carried out on a slide in a 50 ml tube with wet paper or in a humidified chamber.

2.28.1. Preparation of Slides

Slides were cleaned before use in in situ experiments, Prior to having sections placed on

them they were treated with aminotriethoxl,propylsilane (APS). Slides were first washed with

DEpC treated water and then wrapped in two layers of foil and baked at 80oC for 3 hours. The

slides were then removed from the oven and cooled before being placed in to a solution of

0.2% ApS in acetone for 30 sec. Slides were then washed twice in acetone and once in DEPC

water and put in to fresh foil and dried at 42oC ovemight. Slides were stored in this manner

until used for sections.

2.28.2. Preparation of Solutions

A. 0.2M HCl: 5ml of HCl in to 300ml DEPC ultrapure water

B. Proteinase K treatment 500u1 EDTA + 500u1 Tris-HCl in 4 ml DEPC water

pre \MaÍned solutions and container with wet paper tissue (DEPC) 37"C

C.02% Glycine: 0.69 glycine powder into 275 ml DEPC water + 15 ml 20 X

PBS pre cooled to 4oC

D. 0.lM triethanolamine (TEA) 15u1/ml and + 2.5u1 acetonitrile in 1 ml DEPC water

E. Pre/hybridisation solution: 25 ml deionised formamide (DIF)+ 7 .5ml 20 X SSC +

1ml 50 X Denhardts : 16.5 ml 200mM phosphate buffer, pre-warnedto 42-55oC (250ulDIF,

75ul 2Txssc, l7ul 50 x D, 165 ut 0'2M Ph Buffer :500u1 : 2-3 slides)

Hybridisation buffer: take 10 ml of above mix and add 19 dextran sulphate (\0%) 200u1

herring sperm and 200ul tRNA pre-warmedto 42-55'C

2 X SSC: 30 ml 20 X SSC + 270 mI DEPC water

1 X SSC: 15m120 X SSC + 270 ml DEPC water

0.1 X SSC 1 .5m120 X SSC + 270 ml DEPC water

Anti DIG antibody dilute in blocking solution 1:1000

2.28.3. Procedure

The method used for in situ hybridisation was adapted from that supplied by Roche

Applied sciences. Slides were cleaned and prepared and sections cut. The sections were then
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de-waxed in2 X 10 min changes of safsolvent or equivalent. Following this the sections were

rehydrated to DEPC water through 700o/o,95o/o,70Yo DEPC/ethanol water dilution series' The

sections were then washed in 0.2M HCI for 20 min with shaking. This done they were rinsed

\12XDEPC water 5min and incubated with proteinase K 30 min 37oC. Washing the sections

for 10 min2 X 5 min DEPC water at room temperature stopped the reaction. The sections

were rinsed in 0.1M triethanolaminel 0.25o/o acetic anhydride 5 min with shaking and given

two further washes in DEPC water. The pre-hybridisation buffer (150u1) was then added to

the slide to cover the section and covered with cover slip and incubated in a damp chamber th

at 42 - 55oC depending on the probe. Incubation temperature for probes HAS 1 and HAS 3

were 50oC and 47oC for HAS 2. Following this incubation appropriate probe concentrations

were prepared and the probe activated by placing it at 80oC 5 min. The probe was then

applied to the section and allowed to hybridise under cover slips in damp chamber ovemight

(HAS 1 and HAS 3, 55 oC HAS 2 47'C).

The following day the sections were washed in2X SSC 15 min before treatment with a

2}uglml RNase A in 20 X SSC for 30 min. The sections were then washed in 2 X SSC>I X

SSC>g.1 X SSC for 15 mins each 37oC. Visualisation of the hybridised probe was achieved

using a sheep anti-DIG alkaline phosphatase antibody (Roche# 1093274) according to the

manufacturers instructions. Briefly, the sections were washed with buffer 1 (9.8.1.2) (2x

10min), blocked with DIG blocking solution I (lbrl37"C) (# 1096176 Boehringer), and then

incubated with 1/5000 dilution of sheep anti-dig alkaline phosphatase in buffer 1 (1hr/37"C)'

Following the DIG antibody treatment the sections were washed 2 X 15 min in Buffer 1 and

then buffer 2 (g.5.1.3)(2 X 15min). Alkaline phosphatase was measured as a colour reaction

with NBT/BCIP/levamisole for 30 min - overnight in a light tight humidified chamber, the

degree of the reaction being checked every hour for the first 3 hours (6.5u1 MBT/3.5u1

BCIP/1pM levamisole/ml). The reaction was stopped by rinsing the slides with water 2 X 5

min. Sections were not counterstained but mounted in glycerol amyl alcohol aqueous

mounting solution Zymed (#00-8000).

2.29. Northem Analysis

Samples of RNA prepared above were cleaned using the RNEasy mini protocol for

RNA clean up from Qiagen according to the manufacturers instructions. Briefly, 20 ug of

RNA sample, which had previously been treated with DNase I, was adjusted to a volume of

100 pl with RNase-free water. 350 pl Buffer RLT containing B-mercaptoethanol (10 u1/m1)

was added and mixed thoroughly.250 ¡t"l of 100% ethanol was added to the diluted RNA, and

mixed thoroughly by pipettin g. 700 pl of this sample was then applied to the RNeasy Mini
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Elute Spin Column in a2 ml collection tube and centrifuged for 15 s at 10,000 rpm. The flow-

through was discarded.

The spin column was then transferred in to a new 2 ml collection and 500 pl of Buffer

RPE pippetted onto the spin column before centrifugation for 15 s at 10,000 rpm. Again the

flow-through was discarded. 500 ¡rl of 80% ethanol was then added to the column and the

column was centrifuged for 2 min at 10,000 rpm to dry the silica-gel membrane. The flow-

through was again discarded. The spin column was then transferred to in to a new 2 ml

collection tube and centrifuged in a microcentrifuge at full speed for 5 min. The flow through

was discarded along with the collection tube. The column was then places in a new 1.5 ml

collection tube and 14 ¡rl RNase-free water pippetted directly onto the centre of the silica-gel

membrane. The column was then centrifuged for 1 min at maximum speed to elute the RNA.

The RNA sample (1Opg) was then separated on a lo/o agarose denaturing gel containing

lX MOPS and 1.8 % formaldehyde in 10pl was incubated with RNA cocktail l500ul : lX

MOPS; formaldehyde (87.5p1); deionised formamide (250p1); ethidium bromide (0.01mg/m1)

in DEPC waterl 65 'C/10 min and snap cooled on ice for 10 min. Sample running dye (2pl)

was added to the samples before loading on to the gel. The running buffer used was lX

MOPS in DEPC water. The gel was run at 80-100V. 1¡rl of marker was run per gel, which

generates9-11bands(501/489bp,404 bp,331 bp,242 bp, 190bp,147 bp, 111/110bp,67bp

and34 bp) on an agarose gel with ethidium bromide staining and UV fluorescence.

2.29.1. RNA Transfer

RNA from the gel was transferred to Hybond N+ membrane via caplllary transfer in

20X SSC 9.9.7.1 1 ovemight. The RNA was bound to the membrane by baking at 80'Cl2h.

2.29.2. Northern Blot Protocol

The membranes were then pre-hybridised with DIG easyhyb (#I-796-895 Roche

GmbH, Mannheim, Germany)(10m1, 68'C for 30 min), this was removed and 5ug of DIG

labelled probe added to fresh Easyhyb (Roche) and hybridised (68"C overnight). Following

hybridisation the membrane was washed twice in2X SSC at room temperature for 5 min then

stringency washed (2 washes [2X SSC/ 0.1%SDS 68"C for 15 min] 2 washes 10.lX SSC/

0.1% SDS 68'C for 15 minl) and then washed with maleic acid wash buffer (9.9.1.I2) and

blocked with blocking reagent made up in maleic acid buffer (Roche # 1096-176) and the

probe binding visualised using the DIG wash and block buffer set from Roche according to

the manufacturers instructions. Briefly, the membrane was washed in maleic acid washing

buffer (5 min) and blocked in blocking solution (25'C130 min) before adding antiDIG-
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alkaline phosphatase antibody in blocking solution (1:5,000, 25'Cl3O min). The membrane

was then washed twice in washing buffer (25'Cll5 min) before washing in 5ml of detection

buffer followed by detection of the alkaline phosphatase using detection buffer (0.lM Tris -
HCl, 0.1M NaCl, pH9.5) plus 1:100 CDP-star@ a chemiluminescent substrate for the alkaline

phosphatase reaction (25'Cl3 min). The membrane was sealed in an acetate bag and exposed

to chemiluminescent f,tlm or analysed on the Alpha Innotech Fluorchem@ 8800 gel

documentation system using the chemiluminescence filter. Following exposure to film the

membranes were then stripped to remove bound probe and re-used for the next probe. The

membrane stripping protocol used was that provided by Roche 2X SSC room temperature 15

min followed by (2 x 150% formamide/ 5% SDS/ 50mM Tris-HCl pH 7.5 80"C for t hl)

followed by a second wash in2X SSC room temperature 15 min.

2.29.3. One-TubeRT-PCR

Since the Northern blots were variable one tube RT-PCR was used to assess levels of
HAS isoforms and inhibin alpha in granulosa and theca cell samples. The Titan One Tube

RT-PCR System from Roche (# 1l-855-476-001) is designed for sensitive, and reproducible

analysis of RNA by high fidelity RT-PCR in a one-step reaction. It uses AMV reverse

transcriptase for first strand oDNA synthesis and the Expand High Fidelity enzyme of Taq

DNA polymerase and Tgo DNA polymerase for amplification of cDNA by PCR. Tgo DNA
pol¡rmerase possesses proof reading activity leading to an increased PCR fidelity. RT-pCR is

a highly sensitive method of determining gene expression at the RNA level and for

quantifying the strength of that expression. The same primers described for PCR earlier were

employed here. The fact that identical amounts of RNA are in the starting mix allows relative

quantification of resulting products.

The method was carried out according to the manufacturers instructions. The method

involves setting up two master mixes.

Master mix 1:

1.

2.

J.

4.

5.

6.

Nuclease free sterile water

dNTP mix at 0.2mM each

DTT solution at 5mM

Forward primer at0.4 ¡t}r4
Reverse primer at0.4 ¡tilr4

RNA template 0.5 ttg

1

tp to 25 ¡.tl

4 ttl
2.5 ¡t"l

I t+l

I ttl
I trl

Master mix2:

Nuclease free sterile water up to 25 ¡tI
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2. 5 X RT-PCR bufferAvIgCl2 at 1.5mM10 ¡rl

3. Titan enzyrne mix I ttl
Add 25 ¡,ll of each master mix to a 0.2 mI nuclease free PCR tube, mix and centrifuge

briefly and place in thermocycler.

RT-PCR program was:

1. 50oC for 30 min

2. 94oC for 2 min

3. 60oC for 30 oC sec for HAS 2 and 3 and inhibin alpha 62 oC for 30 sec

for HAS 1

4. 68oC for I min

5. Repeat stages 2 - 410 times

6. 94oC for 2min

7 . 60oC for 30 oC sec for HAS 2 and 3 and inhibin alpha 62oC for 30 sec

for HAS 1

8. 68oC for 75 sec

9. Repeat stages 6 - 8 25 times

10. 68 oC for 7 min

11. 4"C hold

The resulting products were separated on a 2o/o agarose gel and stained with ethidium

bromide before photo graphing.

2.30. StatisticalAnalysis

2.30.1. Follicular Fluid Colloid osmotic pressure Data

Statistical analyses were performed by one-way ANOVA using Statistics Package for

the Social Sciences (SPSS) software.

2.30.2. In Situ Hybridisation Data

Statistical analyses were performed by chi squared analysis and or general linear

modelling using Genstat software (6.2)
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Chapter 3 Determination of the Colloid Osmotic Pressure of Follicular Fluid

3.1 . Introduction

In order to obtain a detailed understanding of the mechanisms behind fluid

accumulation within the follicle and subsequent follicular expansion the assumption will be

made that the drivers of fluid accumulation within the follicle are similar to those elsewhere

within the body. Fluid accumulates in the body as cysts or blisters, or in response to wounds

or irritation caused by allergens. In the case of cysts, as in the follicle, growth occurs by

epithelial proliferation and basement membrane growth and these are believed to be absolute

requirements. V/hether the forces for fluid accumulation precede or follow the stimuli for cell

growth has not been determined (V/elling & Welling, 1988). During ovarian follicular

development in mammals a fluid-filled antrum develops in the avascular centre of the follicle.

Follicular granulosa cells of the membrana granulosa do not have a network of tight junctions

as present in some other epithelia. This suggests that it may be permeable to water and other

solutes. Because of this small molecules, such as sodium, are unlikely to establish an osmotic

gradient across the membrana granulosa such as occurs in the renal tubules. However, for

larger molecules the establishment of a differential gradient is possible. If the composition of

follicular fluid is similar to that of serum with respect to low molecular weight components,

with most electrolytes being at similar concentrations in fluid and serum (Shalgi et a1.,I972b,

Shalgi et a\.,1973), it is unlikely that a osmotic potential could exist without the presence of

larger molecules in one or other fluid. In follicular fluid it has been determined that for

increasing sizes above 100 kDa, plasma proteins are found at progressively lower

concentrations than in plasma. Andersen et al found that mean protein concentration for small

proteins was 86% that of serum with the larger proteins greater than 500 kDa at

concentrations <15% (Andersen et al., 1916). This suggests that there is a diffuse "blood-

follicle barrier" at this level. The fluid accumulation process has been reported to occur at

different rates throughout the development of the follicle (Marion et al., 1968b) and it is

possible that different colloid osmotic pressures exist in follicles at different stages of

development, which may control the fluid accumulation process.

This chapter focuses on the investigation of the hypothesis that follicular fluid can

create a sufficient osmotic differential using large molecular weight molecules, to move fluid

from the surrounding vascularised stroma in to the antrum.

We use the term'potential'rather than'pressure'. Pressure is the net result of the

production of osmotic molecules and their concentration. Thus if their production is counter

balanced by net movement of fluid into the follicle no net gain in pressure can be measured,

even if the production of such molecules was responsible for the recruitment of the fluid. ln

93



the current experiments we are not monitoring pressure but rather identifying molecules

whose production could be expected to generate osmotic forces during follicular growth. It is

not the potential produced by the solution itself.

The osmometer used in the following experiments measured the colloid osmotic

differential between a solvent and a solution held in 2 chambers separated by a semi-

permeable membrane, permeable to the water and electrolytes of the solvent. When

equilibrium was achieved between the two chambers of the osmometer containing the sample

and solvent the electronic potential measuring system it transduced the potential reading into

an electric signal, which was displayed on the instrument panel as an osmotic potential

reading (http : //www. eonotec. com).

In biological systems water flows from a position of high potential to one of low

potential. This potentíal can be defined in terms of concentration, pressure, height or charge.

Osmotic pressure equates to osmotic potential since osmotic pressure is equal to osmotic

potential when the forces driving the water in to a system are in equilibrium with those

driving it out. When discussed, the two terms are used interchangeably but in real terms one

carries a negative score þotential) and the other a positive score (pressure) (Comper, 1994,

1996, Comper et al., 1990). All results here are discussed in terms of potential i.e. it is the

ability of the follicular fluid to drive water/fluid in to the follicular antrum that is being

evaluated.

The objectives of the experiments conducted in this chapter were to

1. Identify whether large molecules aÍe excluded from the

follicular antrum and therefore establish that molecules larger than this in the

fluid must have been made locally.

2. Design a reliable method for the removal of electrolles and

low molecular weight components from follicular fluid and serum such that the

effect of any large molecules on the colloid osmotic pressure can be measured.

3. Determine a reliable method for measuring differences in

colloid osmotic pressure between follicular fluids from different sized follicles

and serum.

4. Isolate and collect fluids from individual follicles and record the

differences in colloid osmotic pressure between follicular fluids from healthy

and atretic pools and serum.

5. Determine the classes of molecules responsible for the colloid

osmotic pressure of follicular fluids from healthy and atretic follicles.
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3.2. ExperimentalDesign

Successful isolation and collection of follicular fluid from individual follicles was

crucial to the success of the experiments. Isolation of whole individual follicles from the

whole ovary before aspiration had previously been determined as the most efficient way of

obtaining follicular fluid free of contaminating blood and stroma tissue. Dissected follicles

were given several washes in isotonic Earle's balanced salt solution (EBSS) prior to

experimentation and it was these clean follicles that were used in molecular exclusion

experiments.

In order to determine whether large molecules could enter the follicle across the

follicular wall follicles were immersed in dextran solutions of different molecular weight.

Dextran is a freely available molecule that can be synthesised in alarge range of sizes and has

been used by several investigators for similar exclusion/permeability assays (Dembczynski &

Jankowski, 2001 , Dong Z. et al. , 1 998, Johnson A. et al. , 2003, Koster et al. , 2003) therefore,

it was used here to determine whether there were differences in the permeability of the

follicular wall of different sizes of follicle to different sizes of molecule. Time courses were

determined for each size category of follicle and for each size of dextran molecule by

measuring weight gain or loss of the follicle following immersion. At equilibrium o/o gain or

loss was recorded as aYo of total follicle weight.

Early studies by Edwards, Shalgi and Zacbariae to determine the colloid osmotic

pressure of follicular fluid (Edwards, 1974, Shalgi et al., L972a, ZachaÀae,1958) were unable

to clarify whether the follicular fluid of unstimulated follicles was lower than that of plasma

or pre-ovulatory follicles (Smith J.T & Ketteringham, 1937) or higher. Any differences

between these fluids may result from changes that occur in the permeability of the follicle

wall during antrum formation and the ability of larger molecules (proteoglycans) to cross a

membrane that might previously have been impervious (Hess et a|.,1998). The differences in

reported colloid osmotic pressures in the literature may also lie in the method of assessment

and the developmental stage of the follicle at the time of assessment. This thesis aimed to

resolve some of these differences by providing fluid osmotic pressure dataincreasing sizes of

follicle from a single species.

To determine the colloid osmotic pressure of follicular fluid, fluid was collected by

methods outlined below, found previously to cause the least contamination of the sample.

Follicular fluid was collected by needle punch and centrifuged to remove particulate matter

and then used for determination of colloid osmotic pressure. Bovine serum was treated in the

same manner and was used as a reference, Initial experiments were carried out to determine

whether there were any differences in the colloid osmotic pressures of untreated follicular
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fluid from different sizes of follicle and bovine serum. These experiments were conducted on

follicular fluid collected from follicles of 2 - 16 mm diameter.

The determination of a reliable method for excluding electrolytes and low molecular

weight molecules from follicular fluid was required in order to remove molecules of sizes

known to be able to cross the follicular basal lamina. In order to achieve this a series of

experiments were designed to find efficient exclusion/dialysis membranes for dialysis.

Undigested fluids were diluted 1 :10 with EBSS and placed in each of the dialysis test systems

and dialysed against ultrapure water (containing sodium azide (0.1o/o)) for 24h at 4oC. Protein

concentrations of samples before and after dialysis were measured and samples run on 10%

SDS PAGE to confirm the removal of dialysed molecules.

Once an efficient membrane had been identified, experiments, which would dictate the

dialysis protocol for subsequent colloid osmotic pressure measurements were designed. These

included tests of the effect of temperature and salt on the effective removal of large and small

molecules following digestion with specific enzymes. Follicular fluid samples were dialysed

against ultrapure water andlor 2M NaCl at 4 oC and 37 oC before and after digestion with

Streptomyces hyaluronidase. This was done to test the stability of the pore size of the

membranes at both temperatures and to test the efficiency of dialysis of hyaluronan

degradation products. Following earlier findings and data from Turner (1988) it appeared that

low NaCl concentrations cause self-association of hyaluronan fragments which impede their

escape from membranes at dialysis (Tumer et a1.,1988).

Once a reliable dialysis membrane had been chosen and a method for efficient removal

of molecules established an experiment was designed to measure the colloid osmotic pressure

of follicular fluid from healtþ and atretic follicles. Follicular fluid from healthy and atretic

follicles, as determined by histology, was dialysed against membranes of different molecular

weight cut off (MV/ cut off). These membranes allowed removal of low molecular weight

molecules and electrolytes (10 kDa), molecules known to be able to traverse the basal lamina

freely (100 kDa), molecules of a size unlikely to be able to enter the follicle from the

vasculature and are therefore likely to be made locally or present in greatly reduced

concentrations (500 kDa) and molecules between the last two groups which might have

restricted movement (300 kDa). Colloid osmotic pressure was measured at room temperature

with an osmometer.

The results obtained in the size exclusion dialysis experiment suggested that there were

some differences between the colloid osmotic pressures of follicular fluid obtained from

healthy and atretic follicles. An experiment was therefore designed to identify the classes of

molecules present in these two fluid types and clarify this difference. Follicular fluid is known

to contain many molecules common to serum and some produced by the granulosa cells (Ax
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& Ryan, 7g7g, Shalgi et al., lg73). Thus it is likely that proteins; DNA, collagens and

molecules such as heparin, albumin, thrombin, small proteoglycans such as inter alpha trypsin

inhibitor (ITI) and hormones are present. To determine which if any of these contribute to

follicular fluid colloid osmotic pressure, follicular fluid was treated with enzymes known to

digest some of the above molecules, and these included DNase, collagenase, proteinase K,

and enzyrnes known to digest proteoglycan side chain components such as chondroitinase

ABC, heparanase, Streptomyces hyaluronidase and keratanase. Untreated follicular fluid held

at the same temperatures for the same period of time as those undergoing digestion was used

as a controls.

3.2.1. Statistical AnalYses

Statistical analyses were performed by one-way ANOVA using Statistics Package for

the Social Sciences (SPSS) software, followed by Bonferroni's post-hoc test to determine

significance between specific treatment For all figures, error bars indicate the SEM from at

least four independent experiments

3.3. Results

3.3.1. Isolation of Follicles

Isolation of follicles from whole ovaries was performed successfully using a scalpel

blade.

Follicles identified with arrows were isolated by crude dissection using a scalpel blade

in to clean EBSS (Figure 9 and Figure 10) and these follicles were then cleared of visibly

attached excess stroma using innox forceps and used in the permeability assays investigating

the abiiity of molecules of known molecular weight to cross the basal lamina' Previous

studies have shown that follicles isolated in the manner above contain an intact theca cell

layer (Mar avei et al.,lggT,Matikainen et a\.,2001). Follicular fluid from follicles isolated in

this manner was aspirated with a needle and used in all experiments of the determination of

colloid osmotic pressufe of that fluid and for subsequent experiments in this and other

chapters.
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Figure 9 Bovìne ovary wíth smøll and large antralfollicles marked by anows. Image taken

from M.McArthur BSc (Hons) thesis, Flìnders University 1998.

Figure l0 Isolated follicles 5 - I mm cleaned using innox forceps. Image taken from M.
McArthur BSc (Hons) thesis, Flínders University 1998.
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3.3.2. Determination of the Size of Molecule Able to Cross the Follicular V/all

This experiment was carried out in order to test a system for determining the size of

molecules able to pass across the follicle wall of the follicle. Here the follicles were placed in

0.1 mM dextran solutions of differing molecular weight until no net flux was recorded i.e.

there was no net weight gain or loss. The percentage weight gain or loss of the follicle was

plotted against the width of follicle for each molecular weight of dextran. The results can be

seen in (Figure 11).

Unfortunately this method did not prove to be reliable and the variation in readings was

very large. General trends were observed across the treatments whereby follicles of size 2 - 4

mm and 13 - 15 mm showed a net loss in weight and follicles 5 - 6 mm had alarge gain in

weight and those 7 - 12 mm and 3.6 mm had small weight gains. However it was decided not

to pursue this avenue of investigation further since reliable data could not be obtained.
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3.3.3. Follicular Fluid Volume

prior to fluid collection the isolated follicles were observed to be turgid and clear on

transillumination. Follicular fluid was aspirated from follicles as previously described in the

methods. The volumes collected were recorded to assess whether there was any biased

sampling occurring and whether sampling was more or less efficient from any particular size

of follicle. On aspiration little or no fluid was lost through bleeding at the aspiration site. No

obvious difference in viscosity or colour was noted between fluids of healtþ and atretic

follicles, excepting where the follicle was in advanced stages of atresia or close to ovulation'

In these cases the fluid appeared to contain more blood. The diameter of the follicle and

volume of the fluid collected was recorded. A graph of recovered volume of follicular fluid

(¡^r,l) was plotted against follicular diameter (-m) and the expected total follicular volume

(Figure l2). The total follicular volume does not take account of the volume taken up by the

internal structures such as the granulosa cells, theca cells and oocyte' The volume these

structures occupy as a proportion of the whole changes with follicular growth becoming

smaller with respect to the total volume.

Follicular fluid volume recovered ranged from 285 p"l and24l ¡t"l (+ SEM 84 and 37) in

healthy and atretic follicles of 9 mm diameter to 5468 p"l and7699 ¡.+l from follicles of 30 mm

diameter respectively. The graph (Figure 13) shows that the volume recovered from each of

these follicle tlpes was similar and reflected an unbiased sampling of fluid across the size

range and health status of follicles used. The graph shows that the recovered follicular volume

increases steadily until 12.5 mm to 13 5 mm in diameter when the rate of fluid accumulation

appears to increase in order to fill the increase in follicular volume assuming a proportion of

follicular space is filled by the granulosa cells and oocyte'

The graph in (Figure 12) shows pooled data from both healthy and atretic follicles.
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3.3.4. Colloid Osmotic Pressure of Follicular Fluid Components in Relation to

Follicle Size

As mentioned above, there has been much controversy over the mean colloid osmotic

pressure of follicular fluid. To date, few people have measured the mean potentials of

follicular fluid and all of these measurements have been obtained from fluid collected from

super-ovulated follicles. Prior to this work the mean colloid osmotic pressure of follicular

fluid had not been tested from classified unstimulated follicles of cows.

In this investigation fluid was aspirated from unclassified follicles of sizes fuom2 - 16

mm. The fluid was diluted 1:10 with EBSS because it was impossible to collect suff,rcient

sample volume to fill the osmometer and conduct subsequent digestion experiments. EBSS

was used because it maintains the conect physiological balance of ions. A sample of bovine

serum diluted similarly and the colloid osmotic pressures of the serum and fluid samples

measured using an osmometer fitted with a 10 kDa MW cut off reference membrane. EBSS

closely mimics ionic conditions in vivo as well as maintaining high ionic strength to minimise

molecular charge interactions. The colloid osmotic pressure of the follicular fluid samples

was plotted as a percentage of the serum potential against the diameter of the source follicle.

It should be noted at this point that measured pressure changes with temperature and that this

change has been calculated tobe 0.33o/o per oC (Tombs & Peacocke, 1974). Measurements

here were carried out at room temperature and so the real fluid pressure at 39 oC, the

temperature within the bovine ovary, would be 5.58% greater than recorded here. Since all

measurements are reported as a o/o of serum potential or of untreated sample the relative

results remain unchanged. The results from this experiment are presented in (Figure 14).

103



250
o

9o.É 
= 

200

Ëi
E ärso
5()o..=
E9äã roo
9O
EE
ãb 50oo
s

0

2to 4 6 to g 7 to 9 10 to 12 13 to l5 16+ serum

Follicular Diameter (mm)

Figure 14 Colloid osmotic pressure of unclassìJìed follicles of increasing size (colloid
osmotic pressure cølculøted øs s oÁ of Bovíne serum potential). (n:4).

I

104



The measurement of fluid colloid osmotic pressure indicated that the fluid from follicles

Z - l¡mm was greater (135.7 + SEM 3.27 % - I93 o/o + 0.8 % p <0.001) than that of serum

and that of pre-ovulatory follicles was less than (660/o + SEM 14 o/o p<0.001) that of serum.

Fluid from follicles of 13 - 15 mm (106% + SEM 10.9% p:0.15) was similar to that of

serum.

3.3.5. Membrane Tests

A search was conducted of dialysis and membrane products that provided a range of

molecular weight cut offs (MV/ cut offs) of between 10 and 500 kDa for the reasons described

earlier. The membranes tested for efficiency at dialysis were:

1. Dispo-dialysers Range 10 - 300 kDa from Spectrum Inc. Rancho

Dominguez, Califomia USA (Cat: 135550, 135552, 135554). This product is a

dialysis tubing device with sealable top, further information can be obtained from

http ://www. spectraPor. com

Z. Micron spin columns range 10 - 300 kDa from Millipore (Cat: 68010)

further information can be obtained from htþ://www.millipore.com/

3. Flat membranes from Millipore folded and glued with Superglue@ in to

small pockets range, 10 - 500 kDa (Cat: PBGC, PBHK, PBMK, PBVK) (Figure 15).
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Samples of bovine follicular fluid diluted 1:10 with EBSS were placed in the test

product and either dialysed against water, or in the case of the Micron spin columns fluid was

diluted 1:10 with EBSS and centrifuged through the column according to the manufacturers

instructions. Samples of the residual fluid were then subjected to electrophoresis on 10 %

SDS PAGE in non reducing buffer and protein concentrations measured using the Bradford

assay (Bradford, 1976) to determine the efficiency of removal of molecules below the

nominal MW cut off stated by the manufacturer.

Protein concentrations following dialysis with the dispo-dialysers at 10, 100, 300 kDa

showed that the dialysers had removed 1.2 o/o, 4.9 o/o and 17o/o of the original protein

concentration respectively. SDS gels confirmed that no proteins below the nominal MW cut

off had been completely removed and so this product was dismissed as an option for dialysis.

Similar data were achieved for the micron spin columns and this product was not used further

(data not shown).

Dialysis using the Millipore membrane pockets gave good removal of the products

below the nominal MV/ cut off of all the membranes following dialysis (Figure 16) which

shows clearance of products from follicular fluid below 100 kDa and below 500 kDa. Protein

concentrations \Mere reduced by 80% following dialysis at 300 kDa.

The Millipore membrane pockets were chosen for the dialysis experiments.
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3.3.6. Temperature- and Salt-DependentDialysis

Pilot experiments measuring the colloid osmotic pressure of follicular fluid following

enzqe digestion and subsequent dialysis against water showed that the colloid osmotic

pressure recorded was greater than the original potential measured. Specifically, these results

were recorded in the hyaluronidase treated samples. Since in theory some of the large

molecules had been digested in to components that should have been free to escape the

membrane on dialysis, the results appeared incorrect at first glance. Thus it appeared likely

that multiple degraded hyaluronan units were re-aggregating as proposed by Turner et al

(1998) and/or not escaping the membranes during dialysis because of low temperature as

suggested by Lord (1999). Therefore it was decided that a test to determine the effect of salt

and temperature on the clearance of follicular fluid products should be performed. To test

whether the results obtained were being compromised by the dialysis conditions, follicular

fluid was digested with Streptomyces hyaluronidase and either dialysed or not dialysed at 4oC

and 37oC. If they were not dialysed the samples were held at the same temperature as its

dialysis counterpart. Following dialysis the samples were snap frozen and lyophilised and

then resuspended in their original start volume in EBSS prior to colloid osmotic pressure

measurement. The results can be seen in (Figure 17).
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Results showed that fluid and serum colloid osmotic pressures were not compromised

when untreated or held at 4oC or 37oC for comparable time periods, suggesting that there was

no degradation of the sample as a result of the treatment regimen. The decrease in colloid

osmotic pressure recorded for the undigested but dialysed fluid at 37oC was greater than that

for the 4oC treatment being 39 % and 31 % respectively (Figure 1.7). This indicated that the

dialysis was more efficient at the higher temperature. The results of the colloid osmotic

pressure readings following these changes indicated that the dialysis was much improved but

still did not show a complete removal of the total increase in potential recorded. The increase

in colloid osmotic pressure following digestion with Streptomyces hyaluronidase and dialysis

were in agfeement with Tumer's comments on the occurrence of re-aggregation under

conditions of no or low salt conditions (Turner et aL.,1988). The percentage change between

the colloid osmotic pressures pre and post digestion and dialysis were 61 o/o and 29 o/o fot the

4oC and 37oC treatments respectively and this shows that the 37oC treatment appears to have

dialysed more efficiently but that there was still aggregation occurring. This prompted us to

re-visit the comments made by Turner et al and to change the dialysis condition to one where

dialysis occurred firstly against 2M NaCl and then against decreasing salt concentrations to

water containing 0.Ol% sodium azide.It was decided to conduct the dialysis at 37oC since

this was seen to be the more successful protocol indicated in the results above. The results

from this experiment (Figure 18) showed that salt dialysis did indeed remove the degradation

products of hyaluronan as suggested by Turner et al (1988). This protocol was adopted for

subsequent enzpe digestion and dialyses.

Finally conditions were established that allowed complete removal of digested products

with no apparent degradation of the fluid samples and these were determined as being:

dialysis overnight against 2M NaCl at 37oC followed by dialysis at 4oC through decreasing

NaCl concentrations to water.
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3.3.7. Colloid Osmotic Pressure of Follicular Fluid

To determine the contribution of different sized molecular components to the colloid

osmotic pressure of follicular fluid, pools of fluid were collected from healtþ and atretic

follicles and dialysed using "sealed pouches" constructed from a range of MV/ cut off

membranes (10, 100, 300 or 500 kDa). Following dialysis, the colloid osmotic pressure of the

dialysed samples was measured using the 10 kDa dialysate as the standard (Figure 19 and

Figure 20). All dialysis was conducted under conditions previously established in this thesis;

dialysis overnight against 2M NaCl at 37oC followed by dialysis at 4oC through decreasing

NaCl concentrations to water. The colloid osmotic pressures, measured as units of cm of

v/ater, of the healthy (1:10 dilution,2.45 + SEM 0.45 cm water, n: 4) and atretic 2.35 + 0.40,

n : 4) were similar. A reduction in colloid osmotic pressures of approximately 8o/o and lYo

were observed in fluid from healthy and atretic follicles respectively following dialysis with

100 kDa membrane. A 35% and 29o/o reduction in pressure was observed following dialysis

of healthy and atretic fluids against 300 kDa membrane respectively. Dialysis against a 500

kDa MV/ cut-off membrane resulted in a 60o/o reduction in colloid osmotic pressure in fluid

from healthy follicles and 80%o reduction in fluid from atretic follicles. This data clearly

indicated that large molecular weight molecules or aggregates of molecules contributed to the

overall colloid osmotic pressure of follicular fluid of both healtþ and atretic follicles.
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3.3.1.1. Specific Enz¡rme Digests

Specific components of follicular fluid were digested with the enzymes listed in Table

8, and the digested fluids dialysed against 100 kDa or 300 kDa MW cut-offs and the resultant

colloid osmotic pressure measured (Figure 21, and Figure 22). All digestion conditions

resulted in some reduction of colloid osmotic pressure of follicular fluid compared to the

undigested controls. Following dialysis against 100 kDa, results indicated that in fluid from

healthy follicles, 43% t SEM 6% of the potential was attributed to DNA sensitive molecules,

and 43o/o t SEM 2o/o and 53% t l4o/o to hyaluronan and chondroitin sulphateldermatan

sulphate (CS/DS). In fluid from atretic follicles DNA sensitive molecules contributed 34% t
I.9"/o of the fluid potential while collagen sensitive molecules contributed 38o/o + 4.8%.

Removal of heparan sulphate (HS) and keratan sulphate (KS) had no significant effect on

colloid osmotic pressure of either healthy or atretic fluid. The major difference between

follicular fluid from healthy and atretic follicles was that hyaluronan and CS/DS did not

contribute significantly to the colloid osmotic pressure in atretic follicles.

Enzynre digestion and removal of a number of fluid components less than 300 kDa

reduced the colloid osmotic pressure in fluids from both healthy and atretic follicles (Figure

23 and Figure 24). Iî fluids from healthy follicles, 58olo I SEM 9Yo of the potential was

attributed to hyaluronan. In fluid from atretic follicles, DNA sensitive molecules contributed

5l% ! SElr4 2% of the potential and hyaluronan contributed 57o/o with protein contributing

32%o.Removal of HS by heparanase followed by dialysis resulted in some reduction in colloid

osmotic pressure while KS removal had no significant effect on the colloid osmotic pressure

of either healthy or atretic fluids. Removal of hyaluronan resulted in the greatest reduction in

colloid osmotic pressure of fluid from healthy follicles and atretic follicles.
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Figure 24 Elþct of the removøl of speci!ìc components >300kDa on colloid osmotic
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3.3.8. ProteinConcentration

Protein concentrations of the two follicular fluid pools were determined to be 52 + 0.3

(sEM) mglml in healthy fluid pools and 2l .5 L 0.25 mg/ml in atretic pools.

3.3.9. Effect of Enzymatic Digestion and Subsequent Dialysis

SDS PAGE was carried out to confirm successful ervpe digestion of the fluid specific

components. The gels were stained with GelCode@ Blue and dried before photographing'

Observation of the gel after staining showed distinct changes in the fluid sample band

patterns had occurred between enzyme treatments. Some of some proteins and

glycosaminoglycans greater than 200 kDa had been removed by the S. hyaluronidase,

chondroitinase ABC and keratanase treatments. The pattern of bands in the region of 80 - 200

kDa was significantly different following the collagenase digestion and this was investigated

further. The results are shown in chapter 4. Proteinase K digested all protein components

although it appeared that some residual protein of a size that indicated that it might be

albumin that remained. Since the sensitivity of GelCode@ Blue is in the nanogram range it

was determined that greater thanggo/o of the protein component of fluid had been digested.
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BS : undigested bovine serum. 0.5 ¡tl of follicular fluid loaded in eøch løne.
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3.4. Discussion

The development of the ovulatory follicle is primarily distinguished by the acquisition

of a fluid_filred antrum. Increase in the diameter of the forlicre during the antral stage is

characterised by the increase in the size of the antral cavity (Hirshfreld, 1991). The increase in

antral vorume noted forlowing the gonadotrophin surge is rapid with pre-ovulatory follicular

volume expansion occurring at arate 50 - fold higher than earrier stages of antral growth

(GosdenR.G.etal.,19ss).Follicularturgidityismaintainedduringtherapidgrowthphase

of the follicle, and suggests a massive transport of fluid in to the antrum is required'

Granulosa cells have previously been characterised as a leaky epithelia and therefore it is

reasonable to assume that water can move from the blood supply in to the antrum via

pericellular spaces between the granulosa cells (Gosden R' G' & Hunter' 1938)' Shalgi et al

did not find rarge proteins> g50 kDa in fo[icular fluid (shalgi et al., 1973). However,

macromolecules including large proteoglycans, some of which are produced by the granulosa

cellswerefoundbyAxandRyanwithintheantrum(Ax&Ryan,1979).

The literature to date pertaining to follicular pfessuÏe has focussed on the role of

follicular fluid in the rupture of the follicular wall at ovulation (Espey &' Lipnet, 1963,

Matousek et a1.,2001, Rondell P, 1964, Schochet, 19!6, zachatiae, 1958' Zachatiae &'

Jensen, 195g). In this regard most research has concentrated on the intrafollicular hydrostatic

pressure resulting from the accumulation of follicular fluid not the osmotic potential of the

fluid.

This chapter was directed at determining whether an osmotic differential existed

between circulating serum and folricurar fluid and whether this difference was sufficient to

cause an osmotically driven flow of fluid in to the antrum of the follicle'

Shalgi ln 1972 (Shalgi et al.,1972a) showed that follicular fluid proteins werc 99o/o L

2.2o/o tdentical to those of serum but relative proportions were vastly different to those

measured in serum from the same individual. This data led to the hypothesis that a diffuse

,,b100d follicle" barrier exists between the vasculature and the follicle, which acts as a

molecular sieve, with the suggestion that this may be sensitive to molecular weight and not

physical size (Shalgí et al.,Ig73)' Later Hess and Powers showed that this barrier was also

sensitive to ions and that selectivity and permeability of the basal lamina \Mas dependent on

the charge carriedbythe molecule. (Hess et al',1998, Powers et al'' 1995)' Theproperties of

this so-called sieve are likely to be determined by the capillary wall, the theca intema and

basement membrane and the membrane granulosa. It is possible that the selective

permeability of any of these will affect the flow of fluid in to the antrum' The granulosa cells'

a type of epitheliai cell, separated by 20nm wide channels which allow some molecules of up

to M,500000 to pass in to the antrum (Albertini & Anderson,l974'Zacharíae' 1958)'
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Early investigation of the chemical composition of follicular fluid reported that, while

small molecules (<100 kDa) were able to move freely from the surrounding thecal blood

supply in to the follicular antrum (and presumably vice versa),large macromolecules such as

proteoglycans were not readily able to cross this "blood-fo11ic1e" barrier. Zachatiae and

Jensen (1958) commented on the presence of these macromolecules in fluid and made

reference to their colloid osmotic potential in their studies of the mechanisms of ovulation,

suggesting that these macromolecules were mucopolysaccharides and that in theory

enzqatic degradation of the mucopolysaccharides might result in an elevation of the

intrafollicular potential of the fluid however; they did not test their hypothesis (Albertini &

Anderson, 1974, Zachaliae, 1958, Zachariae &' Jensen, 1958)'

Together this information implied that the production of large osmotically active

molecules produced within the follicle, presumably by granulosa cells, could generate an

osmotic differential between the fluid and the circulating blood supply, either by virtue of

their size and charge or by their degradation. There has been no investigation of this

hypothesis until now.

The series of experiments in this chapter \Mere designed to resolve issues of the relative

osmotic potentials of follicular fluid to serum and to determine whether the follicle has the

ability to create and utilise an osmotic gradient as a means of accumulating fluid' By

determining a method of measuring the differences between fluid and serum while negating

the effect of molecules common to both, it appears this goal has been achieved'

Initial experiments aimed at determining the permeability of the follicular wall by the

immersion of isolated follicles in to solutions of increasing molecular weight of dextran were

a type of test mimicking those of micro-dialysis assays used in the monitoring of the

movement of large molecules in an extracellular matrix (Dong Z' et al., 1998). The

experiments \¡/ere unsuccessful; possibly due to the difficulty in achieving complete removal

of the stroma from the isolated follicle without causing some damage to the whole follicle.

The data may have been more significant had it been possible to characterise the health status

of the follicle prior to immersion in dextran and then relate health status to results obtained.

Since this was not a possibility no further experiments were carried out.

During the collection of follicular fluid for use in subsequent experiments the aspirated

fluid volumes were recorded to determine whether the fluid collection procedures were

efficient. The average volume collected was then plotted against the total follicular volume.

Calculations of the follicular volume of follicles of 8 - 20mm in diameter, showed that the

volumes of fluid collected from 8 - 20mm follicles were 60-100% of the total volume of the

follicle. Allowing for internal structures within the follicle the data indicated that the majority

of fluid was collected and was representative of the follicular fluid present in the follicle at
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that time. It was interesting to note that follicular volume collected increased steadily with

increasing diameter and matched the predicted volume increase within the follicle' In order to

fill the predicted increase in follicular volume the rate of fluid accumulation in pre-ovulatory

follicles must be very rapid. Given the short time period over which the pre-ovulatory stage of

growth is known to occur (Marion et a1.,1968b) the rate of fluid accumulation at this time

must be greatlyincreased over the previous 30-day accumulation period' The data here shows

that the amount of recovered fluid increased dramatically with increased follicular diameter

and hence stage of development and is therefore appeals to support the claims of Marion et al

(Marion et a1.,1968b). One further consideration that must be made is that of follicular

surface area ratio to follicular volume, as this too will affect the fluid uptake' 'while the

relationship shows an exponential the rate of area to volume ratio is greatly reduced from a

3:1 ratio to that of 0.15:1. Given this large difference it is likely a positive force such as

osmosis is required to drive fluid accumulation in the follicle.

The next series of experiments focussed solely on the question of colloid osmotic

pressure determination. In order to expand on data produced by Smith, Edwards' Zachariae

and Jensen and Shalgi (Edwards, 1974, Shalgi et al',1972a, Smith J'T & Ketteringham' 1937 
'

Zachaiae & Jensen, 195g), all of who measured osmotic pressure of follicular fluid but none

of whom assessed fluid from characterised follicles at different developmental stages, the

colloid osmotic pressures of fluid from sized and characterised follicles was determined and

related to their relative potential with respect to serum'

The initial experiments determining the colloid osmotic pressrre of follicular fluid from

uncharacterised follicles of different sizes showed that the colloid osmotic pressure from early

stage follicles was significantly greater than that of serum while that of preovulatory follicles

was similar to that of serum (Edwards, I974, Shalgi et al.,1972a, Zachatiae,1958)' The data

pertaining to the colloid osmotic pressure of preovulatory follicles was in agreement with that

of Smith and Shalgi who determined the osmotic pressure to be less than or equivalent to that

of serum. The colloid osmotic pressure of the smaller growing follicles has not previously

been reported. It is interesting to note that it is far greater than that recorded from the fluid of

pre-ovulatory follicle since it is during this latter stage that the growth of the foliicle is at its

greatest and therefore one might expect the potential to be at its highest. One explanation for

this lies in some research carried out by McConnell in rats (McConnell et al', 2002)'

Transcellular water transport occurs by a number of methods, firstly the slower methods of

simple diffusion through the hydrophobic interior of the membrane, pericellular transport and

lastly via a far more rapid method through proteinaceous water channels termed aquaporins,

which support large volumes of water flow (Preston et a\.,1992)' McConnell's data showed

that j0 %o of waþrtransport in to the follicle occurred via the transcellular aquaporins and just
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3oo/o viapericelrurar diffusion. Given these data, it is reasonable to hypothesise that initial

slow phases of growth occur via a different mechanism to that of the rapid growth phase'

slow growth may be driven by the established osmotic gradients within the follicle' which

must exist according to the data shown here, while rapid growth may be initially driven by the

same method but then is aided by a change in the permeability of the follicle caused by the

aquaporins.

The next series of experiments were designed to identify the size and class of molecule

responsible for the greatest proportion of the measured potential' In order to achieve this'

membranes were chosen with nominal MV/ cut offs. These allowed for removal 0f low

molecular weight molecules and electrolytes, molecules known to be able to traverse the basal

lamina freely, molecules of a size able to enter the follicle in reduced concentrations and

morecules whose movement would be severery restricted and rikery to be synthesised locally.

Since in similar work carried out by Tombs and Peacocke (Tombs & Peacocke' 1974) there

was much criticism of nominal Mw cut off membranes produced by manufacturers' it was

decided that severar membranes shourd be tested and a series of tests devised that would

evaluate their accuracy and efficiency under diarysis conditions. Results revealed that despite

claims made in the manufacturers literature, only the membranes supplied by Millipore were

reliable and these products were used in subsequent experiments.

once a membrane system had been approved, follicular fluid was collected from

follicres of known health status and subjected to dialysis against membranes of increasing

MW cut off. The results from size exclusion experiments showed that iittle or no change

occurred in the measured colloid osmotic pressures of either fluid type on the removal of

molecules less than 100 kDa. Molecules greater than 300 kDa in healthy and atretic follicles

provided 65o/o and TlYo of the fluid potential respectively' Molecules greater than 500 kDa

contributed 40o/o ofthe colloid osmotic pressure in healthy follicles and 20%o of that from

atretic follicles. In addition, the data demonstrated that molecules in the range of 300-500 kDa

contributed 15% or the potential in healtþ follicre and 5ro/o of the potential in atretic

follicles. This implied that there were differences in molecular constitution of healtþ and

atretic follicles and these differences became apparent on determining the classes of

molecules, contributing to the colloid osmotic pressure'

In order to determine which classes of molecules contribute to the colloid osmotic

pressure enzytnes known to degrade different classes of molecules were used' This was

followed by dialysis to remove their digestion products from the follicular fluids' Dialysis was

carried out at two MW cut offs 100 and 300 kDa, as this would remove the smarler molecules

unlikely to be osmotically active and al1ow us to observe two gloups of larger molecules'
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Initial experimental data showed that the colloid osmotic pressure increased after

digestion with streptomyces hyaruronidase. A review of the riterature indicated conditions of

low or no salt caused these effects. This in turn results in concentration-dependent

intermolecular association of short segments of hyaluronan, a capabllity for intramolecular

association (hairpin formation) by larger hyaluronan segments. Such effects can occur with as

few as 10-13 disaccharide units (Turner et a\.,1988). This issue was resolved by sequential

dialyses first in salt then to water as suggested by Tumer in order to break these associations

by reducing the relative charges of the adjacent anti-parallel disaccharides'

In this chapter, follicular fluid protein levels between 52 + 0'3 (SEM) and 27'5 + 0'25

mglml were recorded for healthy and atretic follicles respectively' The protein content of

bovine serum had previously been determined at 71.9 mg/ml. These data indicated that the

protein concentration of healthy follicles was 72o/o that of serum while protein content of

atretic follicles was just 30%. The data for healtþ follicles is consistent with that recorded by

Leroy et al (LeroY et a1.,2004).

Removal from follicular fluid of healthy follicles of the glycosaminoglycans, hyaluronic

acid, chondroitirVdermatan sulphates, and DNA resulted in the gteatest reduction in colloid

osmotic pressure at both MW cut offs. Removal from follicular fluid of atretic foilicles of the

hyaluronan and DNA made the greatest reduction in colloid osmotic pressure at both MW cut

offs with contributions from proteins and collagenase I sensitive molecules' The results

indicated that there are differences in the osmotic potentials of fluid and suggest that the

molecular reasons for this are associated with the hyaluronan, chondroitin and dermatan

sulphates and DNA.

Hyaluronan has a variety of physiological functions in the extracellular matrix, as

mentioned in chapter 1. Its osmotic effects provide a sensitive mechanism for volume

buffering in the interstitium via the formation of highly entangled networks of flexible

polysaccharide molecules in the extracellular matrices within the body' Hyaluronan is

slmthesised by one of three hyaluronan synthases. unlike proteoglycans it does not have a

core protein. However, there are a number of cell surface proteins (CD44, RRHAM and lyve-

1) or other proteins (link protein, versican, ITI), which can bind to hyaluronan to make a mofe

organised three-dimensional matrix (Jackson D. G., 2003). Here hyaluronan was observed to

contribute substantially to the colloid osmotic pressure of follicular fluid, and at a sufficiently

large sizeto exert osmotic potential in vivo. It is interesting to note that the overall reduction

in colloid osmotic pressure caused by removing chondroitirVdermatan sulphates and DNA has

resulted in what appears to be a total or ß9% of the potential. This phenomenon can be

explained by research conducted by Dick (Dick, 1966) and Laurent and ogston (Laurent T' C'

& Ogston, 1963).
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The former showed that in ideal systems osmolarity is independent of the nature of the

solute species but this is only true for simple solutions and of extreme dilutions. In real

solutions, solution - solvent interactions occur and result in osmotic potentials greater or less

than that predicted by the van't Hoff Equation (van't-Hoff, 18s7). In practice a pronounced

deviation from ideal behaviour is observed when the osmotic coefficient, defined as a

deviation in the behaviour of a solute from ideal behaviour, ís at 2-3 instead of unity (Dick,

1966). The osmotic coefficient of proteins and related proteoglycans can change rapidly and

nonlinearly with concentration. The result of this is that the contributions of hyaluronan,

proteoglycans and collagen to the follicular fluid colloid osmotic pressure cannot be

considered as mutually exclusive contributions, since each is known to interact with the other

and as such removal of one may result in a reduction in the effective pressure of the other,

thereby creating the illusion of a greater than 100% contribution effect overall.

Laurent et al (Laurent T. C. & Ogston, 1963) showed that hyaluronan can interact with

proteoglycans and albumin resulting in an osmotic potential far in excess of that predicted by

addition of their individual potential components. An exclusion volume created by the

albumin around the macromolecules causes this. For albumin found within serum this

exclusion volume has been calculated to be 25m1l g hyaluronan. That glycosaminoglycans in

follicular fluid exert osmotic activity is not surprising. Proteoglycans and their

glycosaminoglycan side chains are thought to be partially responsible for the osmotic forces

active during a number of fluid accumulation processes in the body (Buschmann &

Grodzinsky, 1gg5, Comper & Laurent, 1978, Comper & Zampato, 1989, Gu et al', 1993,

Ishihara et al. , 1997 , Khalsa & Eisenber g, 1997 , Kovach, 1995 , Laurent T' C', 1987 , Zamparo

& Comper, 1989)

The colloid osmotic pressure of hyaluronan has been recorded on many occasions and is

known to markedly affect the partition of diffusible molecules. This effect is caused by steric

exclusion of macromolecular solutes containing randomly coiled hyaluronan' This

phenomenon, in tum exerts a significant effect on the thermodpamics of the solution

(Comper, lgg4,Milas et a\.,2001). It may well be that the hyaluronan and proteoglycans in

fluid are also responsible for maintenance of follicular cooling in the follicle reported by Luck

et al (Luck et a1.,2001) since secretion of such molecules in to the follicle and their

subsequent hydration would result in a constant uptake of heat from surrounding tissues'

In the ovary hyaluronan production by cumulus cel1s has been studied extensively

(Chen H. L. et al., 1993a, Chen L. et al., tgg3b, Chen L. et al', 1996, Hess et al', 1999'

Hirashima et a1,,1997, Kobayashi et a1.,1999). However, the production of hyaluronan by

cumulus cells is tailored to the release of the cumulus-oocyte complex at ovulation. For

hyaluronan to be involved in follicular fluid formation it would need to be produced at a much
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earlier stage than that produced prior to ovulation. Hyaluronan levels of human follicular fluid

have been measured at 50.0 + 2.6 nglml and it has been localised by immunohistochemistry

adjacent to and including the spaces between antral granulosa cells (Saito et al., 2000)'

Follicular hyaluronan has been reported as being at sufficiently large sizes for it to be retained

in the follicular antrum, and recently low levels of hyaluronan synthase expression and

hyaluronan production were observed in granulosa cells in culture following stimulation with

FSH (Schoenfelder & Einspanier, 2003). Thus clearly hyaluronan has all the credentials to be

a key player in the formation of follicular fluid.

Earlier research in a number of species has identified glycosaminoglycans DS and CS in

follicular fluids, and has revealed that glycosaminoglycans and proteoglycans are synthesised

by the granulosa cells in vitro if stimulated (Ax & Ryan, 1979,P,ellín et al',1983, Eriksen e/

al., 1997,Yanagishita et aL., 1981).

Hyaluronan and chondroitirldermatan sulphates are strongly hydrophilic and highly

negatively charged and this negative charge is responsible for the osmotic activity of the

molecules with which they are associated (Schultz & G, 2005).

Essentially this means that water is drawn into proteoglycan molecules as a result of the

charges on their glycosaminoglycan side chains, provided that the water can flow, an osmotic

gradient can exist. Since this phenomenon is dependent on charge, it is molecular weight

independent. Zampato and Comp et (Zamparo & Comper, 1989) have shown that the

hydraulic conductivity of proteoglycans and their attached chondroitin sulphate side chains is

high, leading to high osmotic pressures being created and indicate as above that it is the

positioning and number of side chains along the protein core and not the chondroitin sulphate

chains themselves that are responsible for this phenomenon. This implies that the osmotic

pressure component delivered by the chondroitin sulphate proteoglycan in fluid is dependent

on the proteoglycan present and not free chondroitin sulphate chains, which may be in the

fluid.

In addition proteoglycans create hydration layers (excluded volumes) around

themselves in solution this is because the electrical potential of proteoglycans create a

strongly charged electrical field, this field potential extends beyond the physical boundary of

the molecule itself and so it is therefore able to interact with other molecules without coming

in to physical contact with them. These charges are also very important in relation to

macromolecular recognition and adhesion (Gu et al',1993)'

Glycosaminoglycans have previously been identif,red in follicular fluid and this study

demonstrates that they contribute to the osmotic potential of follicular fluid and at sizes too

large to leave the follicular antrum (Andrade-Gordon et al., 1992, Bellin & Ax, 1987a, b,

Bellin et a|.,1986, Boushel'ri et al., 1996, Bushmeyer et a\.,1985, Edwards, l974,Eppig &'
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Ward-Bailey, 1984, Grimek et a1.,1984, Parillo et a1.,1998, Sato et al', 1987a,Sato et al.,

1988, Shimada et al.,2O0l, Tadano &.Yamada, 1978, Tsuiki et a1.,1988, Vamet et al.' 1991,

Wise & Maurer, 1994).

With respect to the DNA osmotic pressure measurements, the osmotic pressure of

deoxyribonucleic acids, which are intensely hydrophilic biopolymers, has been measured by a

number of authors and it has been shown that nucleic acids have osmotic coefficients as high

as proteins of comparable molecular weights. The DNA found in follicular fluid is likely to be

derived from granulosa cells that line the follicular antrum, which upon their death release

DNA in to the fluid. These cells do not appear to die by apoptosis but rather a process more in

common with terminal differentiation (Van 'Wezel et a1.,1999). This DNA may be entangled

with larger molecules such as hyaluronan as suggested by several authors; this too would

serve to increase the osmotic effect of the DNA by minimizing the loss of DNA or hyaluronan

from the follicular fluid (Turner et al., 1983). Experiments in chapter 4 investigate this

phenomenon. However, the DNA content of follicular fluid is probably not regulated and

potentially it could easily be degraded by release of cellular DNase' Thus DNA, whilst

contributing to the osmotic pressure of follicular fluid as observed here and possibly in vivo,

is probably not a regulated component'

The reduction in osmotic pressure by collagenase was interesting. Collagenase I (MMP-

1), used in the digestion of the fluid samples cleaves al1 three strands of the intact native

collagen, it is known to degrade fibrillar collagens. Studies on the osmotic potential of

Vy'harton's jelly (Snashall, 1977), a gelatinous intercellular substance, which is the primitive

mucoid connective tissue of the umbilical cord, showed that hyaluronan was stearically

excluded from a proportion of interstitial water by fibrous matrices. This fibrous matrix was

in most part made up of collagen and resulted in an effective increase in the concentration of

hyaluronan in these areas. Collagen despite its insolubility exhibits pronounced volume

exclusion effects and can increase the osmotic potential of fluids, which contain it, especially

when macromolecules such as hyaluronan and chondroitin sulphate proteoglycans are present'

plasma proteins were also significantly excluded by collagen to similar effect. The end result

was that the measured colloid osmotic pressure was above that predicted. Since chondroitin

sulphate can associate with collagen in extracellular matrices a certain amount of chondroitin

sulphate may have been removed on digestion and dialysis of the collagens by collagenase.

Although a significant reduction in colloid osmotic pressure was observed in fluid from

healthy follicles the greatest reduction was seen in fluid from atretic follicles. The apparent

increase in free collagen present may result from the breakdown of the basal lamina and

invasion of the thecal cells which can deposit collagen or from the production of collagen in
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the membrana granulosa during atresia (Bagavandoss e/ al., 1983, Iluet et al., 1997 , Huet et

al.,1998).

Whilst most of the discussion presented here has focused on fluid from healthy follicles

fluid from atretic follicles was also examined. Not all the processes leading to atresia are

understood, but the final result is resorption of the follicular fluid and death of the granulosa

and thecal cells. The follicular basal lamina, a possible site of the 'blood-follicle barrier', does

not appear to be degraded in early atresia but can be breached by the theca and macrophages

in the later stages (lrving-Rodgers et al., 2002). For resorption to occur degradation of the

osmotically active molecules must also occur, but in follicles examined during the process of

atresia the measured colloid osmotic pressure was not significantly different to healthy

follicles.

However, whereas molecules of 300-500 kDa contributed 25Yo of the potential in

healthy follicles they contributed 5lo/oin atretic follicles, implying that there were differences

in the molecular constitution of healtþ and atretic follicular fluids. The contribution of

different classes of molecule to colloid osmotic pressure at the molecular weight cut offs

observed here showed where these differences lay.

In atretic follicles fluid colloid osmotic pressure was reduced following the removal of

DNA, protein and hyaluronan. The contribution made by DNA was not surprising given that

considerable cell death occurs during atresia. However, the fact that chondroitin/dermatan

sulphates were not major contributors to the colloid osmotic pressure in atretic follicles was

interesting. Chondroitin sulphate concentrations in atretic fluids have been reported as higher

than those of healthy fluids (Bellin & Ax, 1984). These molecules may still be present,

however, more of them exist in an unbound form. The unbound sulphates may arise from the

pafüal breakdown of large chondroitin sulphate containing proteoglycans, that may have

previously contributed to the higher colloid osmotic pressure seen in the >500 kDa dialysate

from healthy follicles. These degraded or partially degraded molecules may also be the cause

of the higher fluid potential recorded by the 300 - 500 kDa dialysate of atretic fluid. Loss or

degradation of these molecules could be an important step in follicular atresia.

3.5. Summary

In summary, the colloid osmotic pressure of bovine follicular fluid is different to that of

bovine semm and therefore an osmotic gradient must exist between the follicle and the serum

of the circulating vasculature. The osmotic pressure of fluid relative to serum changes from

being greater than to less than during antrum growth and fluid accumulation (Figure 14).

During the slow growth phase of the follicle, osmosis probably drives fluid movement via a

positive osmotic differential between fluid and serum. In the latter stages it is possible that
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other mechanisms assist fluid accumulation such as greater permeability of the follicular wall

and increased blood flow as well as the expression of aquaporins by thegranulosa cells. The

major contributors to the colloid osmotic pressures of follicular fluid from healtþ follicles

are hyaluronan CS and DNA. These molecules or their aggregates >500 kDa contribute 40 %

of the overall potential recorded. The contributors to the colloid osmotic pressure from atretic

follicles are DNA and collagen. Molecules of 300 - 500 kDa in size contribute the majority of

the fluid potential. These data indicate that molecules of a size not easily able to escape the

follicle can contribute to the osmotic pressure of follicular fluid.
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Chapter 4 Proteoglycans and Glycosaminoglycans in Follicular Fluid

4.1. Introduction

In Chapter 3 it was determined that the colloid osmotic pressure of bovine follicular

fluid was different to that of bovine serum and therefore that there was potential for an

osmotic gradient to exist between the follicle and the serum of the circulating vasculature. The

data showed that the major contributors to the colloid osmotic pressure of follicular fluid from

healthy and atretic follicles were hyaluronan, chondroitirVdermatan sulphate, DNA and

collagen.

The contribution of the chondroitin sulphate component identified in Chapter 3 was

probably derived from chondroitirVdermatan sulphate proteoglycans (CS proteoglycans)'

Proteoglycans, hyaluronan and collagen are key constituents of the extracellular matrix

(ECM). During ovarian growth and development the follicular ECM undergoes significant

structural changes in response to external stimuli that signal changes in gene regulation, cell

growth or differentiation. General properties associated with the ECM are the ability to bind

growth factors, provide rigid or elastic mechanical support and to act in the fluid d¡mamics of

tissues around the body providing osmotic forces and filtering capabilities (Culav et al.,1999,

Iwata & Carlson, 1993,Iwata et al.,1993,Netti e/ a\.,2000, Rodgers R. J' e/ a\.,2003).

During follicular development a fluid filled cavity forms in the extracellular space

surrounding the granulosa cells at the centre of the follicle. In the previous chapter it was

determined that osmotically active molecules capable of retaining fluid such as

chondroitirldermatan sulphate glycosaminoglycans and hyaluronan were responsible for the

increase in osmo-reactivity of the fluid over that of the circulating serum'

Chondroitin/dermatan sulphate proteoglycans, collagen and hyaluronan have been

implicated in osmotic regulation in several regulated fluid systems (Aukland et al., 1997,

Comper &, Zamparo, 1989, Culav et a|.,1999, Ehrlich et aL.,1998, Ghosh et aL.,1990, Iwata

& Carlson, lgg3,Iwata et a\.,1993, Khalsa & Eisenberg,1997, Laurent T. C., 1987, Netti e/

a1.,2000, Ostgaard & Reed, i994, Rodgers R. J. et a1.,2003, Wiederhielm & Black, 1976,

Zamparo & Comper, 1989). ChondroitirVdermatan sulphates and hyaluronan are the osmotic

drivers in wound repair and the maintenance and regulation of fluid movement through

connective tissues such as the trabecular meshwork of the eye and the arachnoid of the brain.

Both the eye and the brain "outflow" pathways contain chondroitin sulphate and hyaluronan

in their biological filtration barriers. Glycosaminoglycans act to maintain the unidirectional

character, low-flow fluid movement, and potential gradient between the trabecular lamellae

and the drainage channels of the eye and the brain (Knepper & Mclone, 1985), and it is
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conceivabl e that similar processes are responsible during the slow phase of follicular growth

and fluid accumulation.

The role of collagen in the maintenance of osmotic potential has been linked to its

binding of proteoglycans and entanglement with hyaluronan. The roles and content of

proteoglycans and hyaluronan in the follicle, specifically the cumulus oocyte complex and

ECM, have been studied extensively in humans and mice (Carrette et al', 2001, Eppig &

Ward-Bailey, 1984, Eriksen et al., 1997, Eriksen et al., 1994, Eriksen et al.' 1999,

Franchimont et a1.,1990, Gotting et a\.,2002, Sakata et a\.,2000, Sato e/ al.,1987b, Shimada

et aI.,2001). The composition of follicular fluid from humans and pigs has been analysed for

glycosaminoglycans while other studies have been directed at the synthesis of

glycosaminoglycans by stimulated granulosa cells (Andrade-Gordon et al., 1992, Bellin &

Ax,1987a, b, Bellin et a\.,1986, Hamamah et al.,1996, Sato et a\.,1990, Yanagishita et al.,

lgTg). Relative follicular fluid glycosaminoglycan concentrations have been shown to affect

oocyte viability and fertilisation rates (Bellin et a\.,1986, Hamamah et al', 1996)'

proteoglycans have been reported in bovine follicular fluid and linked to the

enhancement of the acrosome reaction by positively affecting spelm velocity and retention

during fertilisation (Eriksen et al., 7994, Grimek et al.,1984,Lenz et al.,1982, McArthur er

al., 2000, Parillo et al., 1998, Reyes et al., 1984, Rodgers R. J . et al., 1995b)' In most cases

the proteoglycans and glycosaminoglycans involved have not been characterised.

In order to determine the size and identity of the chondroitin/dermatan sulphate

molecules in bovine, classic laboratory protocols were utilised. A review of the literature

suggested that extraction of the soluble proteoglycans from the fluid was necessary

(Boushehri et a1.,1996, Eriksen et a1.,7999, McArthur et a1,,2000, Schneyer et al., 1996,

Shimada et a1.,200I, yanagishita et al., 1979). Following extraction and identification

localisation within the follicle was achieved using immunohistochemistry and molecular

biology.

In Chapter 3 results indicated that atretic fluid contained more osmotically active

molecules in the 300-500 kDa range than the healthy follicles however; the total colloid

osmotic pressure of fluid from healthy and atretic follicles were not statistically different from

one another. Therefore in order to obtain sufficient fluid for analysis the two fluid types were

pooled.

This chapter focuses on the characterisation, identification and localisation of the

chondroitirVdermatan sulphate proteoglycans present in follicular fluid. In addition, the sizes

of hyaluronan present were identified and an attempt made to identify its interactions and its

localisation within the foliicle. I¡ addition, the identification of the collagenase sensitive
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molecules revealed in Chapter 3 was sought using protein sequencing and with further

investigation of the DNA present in the follicular fluid.

4.2. ExperimentalDesign

The study of proteoglycans from cartilage and synovial fluid has resulted in a plethora

of proteoglycan extraction methods. The methods reported to date have been designed to

provide the most effective extraction method for the particular tissue being studied'

Proteoglycans within follicular fluid are derived from ECM debris or are in the form of

soluble proteoglycans. In this thesis a method of extraction for soluble proteoglycans was

derived from an original method described by (Savolainen, 1999) in order investigate the fluid

proteoglycans. Fluids were collected from follicles as describedin2.3.4 of this thesis' Briefly,

fluids were obtained by puncture of the follicle with a needle. The fluids from healthy and

atretic follicles were pooled in order to provide sufficient sample for analyses. The method

employed 4 M urea and sodium acetate followed by separation of proteoglycans by ion

exchange chromatography. The use of urea ensured that denaturing conditions were

maintained, while also preventing protein macromolecule interactions and protein

precipitation events that might have resulted in a decrease in yield, Extraction at 4 oC also

reduced the chance of degradation of the urea and of the sample. Ion exchange

chromatography using DEAE sepharose was selected as a method of separation since it is a

high capacity exchange product. Ion exchange chromatography can be used to separate

chondroitin/dermatan sulphate and keratan sulphate and hyaluronan by gradual increase in salt

concentrations. Sample fractions from this column tlpe could also be subsequently analysed

for protein and uronic acid content.

Proteoglycans are highly variable in their size and this makes estimation of their exact

size difficult. Estimation of proteoglyc an size can be carried out by a number of methods,

which include centrifugation, column separation, light scattering and viscosity. Follicular

fluid proteoglycans and hyaluronan have been identified in the previous chapter; the most

common method used for the determination of the structural characteristics of the extracted

proteoglycan samples is size exclusion chromatography. The proteoglycans were secondarily

extracted using 4M-guanidine hydrochloride (GnHCl); this was done to ensure release of their

non-covalent bonds (Sajdera & Hascall, 1969). Following this the sample was separated over

a size exclusion column of CL - 2B sepharose which traps and releases globular proteins from

70,000 to 40,000,000 and dextrans from 100,000-20,000,000 in size. The collected fractions

were then dialysed free of GnHCl prior to further analyses.

The protein content of the fluid fractions collected was measured by the Bradford

method (Bradford, I97 6).
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Total uronic acid content was measured by the metadihydroxyphenyl-borate-sulphuric

acid method of Blumenkrantz and Asboe - Hansen (1973). The total amount from pooled

follicular fluid from follicles < 10 mm in size was measured and compared to that of bovine

serum. Prior removal of protein from the sample, which interferes with the reaction, was

achieved by pre-treatment with sodium hydroxide ovemight. ELISA using antibodies to

specific glycosaminoglycan epitopes or proteoglycans, with or without prior enzìflr:'e

digestion, were then used to identify the proteoglycans and glycosaminoglycans present.

Since a spectrum of relevant antibodies were available for use it was decided that

Western blot analyses of fluids separated by SDS PAGE and agarose gel electrophoresis

would be an appropriate method to employ for identification of some proteoglycan and

hyaluronan components, these methods allowed the fluid to be separated on charge and size or

by size alone. In the case of hyaluronan, agarose gels were used in order to allow full

penetration of the large hyaluronan molecule in to the gel. Following identification of the

molecules involved, their localisation within the follicle was achieved using

immunohistochemical techniques on Bouin' s fixed tissues.

Digestion of follicular fluid with collagenase I in Chapter 3 identified a significantly

different banding pattern to that seen following glycosaminoglycan, DNA or protein

digestion. Identification of the collagenase sensitive molecules was necessary since there were

no previous reports pertaining to this phenomenon in bovine follicular fluid. The method

chosen to analyse these molecules was protein sequencing. Identification of the digestion

products was done using the proteomics tool PROV/L to search protein databases

(http://prowl.rockefeller.edu/prowl). Analysis of the size and interactions of DNA within the

fluid was analysed using EtBr and stainsAll@ stained agarose gels.

4.3. Results

4.3.1. ProteinConcentration

Measurement of protein concentration from pooled fractions collected after

proteoglycan extraction and separation by chromatography can be seen in (Figure 26). The

concentration within the fractions ranged from 20 - 80 mglml

4.3.2. IonExchange Chromatography

The proteoglycans were extracted from follicular fluid and isolated by anion-exchange

chromatography. Twenty fractions (2.5 ml) were collected from the DEAE column and200 ¡t"l

ofeach fraction assayed for uronic acid content. The uronic acid concentration recorded from

a sequential series of collected fractions ranged from 0'5 - 1.2 mglml
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4.3.3. Size Exclusion Chromatography and ELISA

The proteoglycans isolated from follicular fluid, as determined by uronic acid assay of

the collected fractions were then pooled and fractionated by size exclusion chromatography

on Sepharose CL-2B. The results of assay by ELISA of 4-sulphated CS/DS and 6-sulphated

CS/DSproteoglycansareshownin(Figure27^andB).ELISAtomoleculesknownto

interact with hyaluronan and/or known to be present in foilicurar fluid of other species are

shownin(Figure2TC-I).TheseareversicanGAGp,inter.alphatrypsininhibitor,biglycan,

decorin, TSG6 (not shown), perlecan and aggrecan. The glycosaminoglycan content for each

fraction can be seen in (Figure 27 r). The chondroitin-containing materiar as determined by

the C-4-S peak shows that the majority of the chondroitin sulphate proteoglycan eluted in the

region of low protein content and as a synmetrical peak' A small peak of chondroitin

containing material eluted in the void volume of the column indicating the presence of very

high molecular weight proteoglycans of aggregates These data arc similar to those reported by

Grimek,BellinanAx(1984).Therestoftheproteoglycanswereelutedfromfurtherdownthe

column indicating that they were of smarler size. The slow incline of the glycosaminoglycan

peak indicated that there were low levels of large glycosaminoglycans or proteoglycans

present in the follicular fluid sampled'

Theglycosaminoglycanpoly-dispersepeakoverlappedthatoftheproteinandthe4-

sulphated csrDs. versican was detected in a pory-disperse peak that overrapped the peak

containing 4_sulphated cs/Ds. No reactivity was detected against 6-sulphated cs/Ds. Inter-

aþhatrypsinwasrecordedinfractions23-65,thesefractionsalsoshowedreactivitywith

protein.

No reactivity was seen with aggrecan or decorin, biglycan' perlecan' The TSG 6

antibody gave variable results in a number of samples and the data could not be verified and is

therefore not shown here
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Figure 26 PGs ßolated from u pool of follicular Jtuid by DEAE sePharose were

chromatograPhed on CL-28 size exclusion column with 2 M guanidine-HCl buffer. The

eluted fractíons (9-65) were ønølysed for their concentralions of protein. The elution

volume of the proteins occurs between the voìd volume (Vo) and the bed volume (V). The

fraction number is dísplayed on tþe x-axis.
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4.3.4. Uronic Acid Levels of Bovine Serum and Follicular Fluid

After the removal of proteins the uronic acid content, measured by absorbance at520

nm of the chromogen product of meta-hydroxy diphenyl, of whole bovine serum was 0.45

mglml. The uronic acid content of follicular fluid following the same treatment was 1.04

mglml. hyaluronan and chondroitin sulphate contributions to the total uronic acid measured

was achieved by digestion and removal of hyaluronan or chondroitin sulphate with

chondroitinase ABC and hyaluronidase respectively, prior to assay. The results are

represented in Figure 28 and29.The hyaluronan and chondroitin sulphate contributions were

0.72 and 0.66 mglml respectively.

139



0.5

Eço(\¡
ro
Ø
.c¡

0.4

0.3

.2

1

0

0

0.

0 2

UA content

46
Goncentration (ug)

I 10

Figure 28 Uronic øcid standørd curve'

1.2

0.8

0.6

0.4

0.2

0

1

HAGS

Figure 29 Graph showíng uronic acid content (mg/ml) of bovíne seruttt (cleør box) and
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4.3.5. Proteoglycans and DNA in Follicular Fluid

The pools of follicular fluid from healthy and atretic follicles collected in Chapter 3

\Mere separated on a 0.8 o/o agarose gel and stained with Stains-All@ or ethidium bromide' The

Stains-All@ stained gel (Figure 30) showed proteoglycan smears of 157 bases or 5 kDa to >

400 kDa (purple) with a concentrated red spot indicating the presence of protein between

1000 and 3000 bp equivalent to 108 kDa. Digestion with proteinase K resulted in the removal

of the majority of the protein spot and visualisation of very small digested protein fragments

aï the bottom of the Stains-All@ gel. A gteatly reduced residual proteoglycarV

glycosaminoglycan smear remained. Nucleotidase digestion using DNase free RNase showed

little change in the original profile, while digestion with RNase free DNase revealed a smear

at the top of the gel (dark blue).

The ethidium bromide stained gel (Figure 31) showed a smear of material from 500

bases ro > zx 106 bases of DNA with a large brightly stained region at 1953 - 3000 bp. Since

ethidium bromide is known to stain protein components, a digestion of the fluid with

proteinase K was carried out (lane 2) this resulted in a clear visualisation of the DNA smear

and removal of the region believed to be protein. DNase I digestion (lane 3) revealed that the

DNA component was removed and the reduction in intensity of the protein "spot" suggested

some of the DNA may have been entangled or that DNA of the same size as the protein

existed in this region.

In summary digestion of the follicular fluid samples with proteinase K and DNase or

RNase and subsequent separation demonstrated the presence of DNA and RNA components

in the fluid as well as proteogrycans. The DNA component of healthy follicular fluid ranged

in size rrom2799bases to > 9000 bases with some DNA remaining in the well suggesting it is

of a very large size > 2 x 106 bases. The DNA component of atretic follicular fluid, ranged

from 500 bases to 9000 bases.
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Figure 30 FotlicutarJtuidfrom healtþ and atreticfollicles separøted on 0.8 9ó øgarose

and stained wíth Staínsøll@ Lane 1, SSPl/EcoRl mw DNA marker, løne 2, follículør
ltuid from heatthy follicles, løne 3, follícular fluìd digested wíth proteínøse k, lane 4,

DNA'se free RNase, løne 5, RNA'se free DNase løne, 6, follicular flaid from atretic

follicles, løne 7, follícular fluíd digested with proteinøse k, lane 8, DNase free RNøse,

lane 9, RNasefree DNøse. Three micro litres were loøded in each lane.
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Fígure 31 Pooled follicular Jtuid from unchøracterßed follícles was separated by

electrophoresis on non-denaturing agarose (1%) gel and stained wíth ethídíum bromíde.

Size mørker rs Ec¿RI digested SPP-I phage DNA marker. Follicular fluid treated wíth

Lane 7, no enzyme; lane 2, proteinase K,løne 3, DNøse 1. Three micro litres were loaded ìn

each lane.
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4.3.6. Westem and Ligand Blots

pooled, uncharacterised follicular fluid was separated on 0.8 % agarose gels and

immuno-blotted against the antibodies, which had given a positive result in the fraction

ELISA. The results obtained from these blots showed that the majority of the proteoglycan

smear was derived from versican and ITI. Since both versican and ITI are known to interact

with hyaluronan, an HABP ligand blot was also performed on the same membrane, following

the identification of versican and ITI. The results revealed that hyaluronan or its associated

molecules with the hyaluronan-binding motif were also present. The sizes of hyaluronan or

molecules with the binding motif ranged from approximately 400kDa to 2 x 106 Da as

determined by markers of hyaluronan of known size (Figure 32).

Confirmation of the presence of versican in follicular fluid samples was provided by

Westem immunoblot using the versican GAGP antibody supplied by Dr Zimmermarl^t,

Department of Pathology, University of Zurich, Switzerland (Zimmermawt et al', 1994)

(Figure 33) in which two immunoreactive bands were observed, probably coffesponding to V6

and V1. Fractions from the size exclusion chromatography were treated with chondroitinase

ABC and subjected to Westem immunoblotting using an antibody to ITI (Figure 34)' Heavy

chains of ITI and bikunin were identified, though the intensity of the bikunin band was weak

as observed previously by others in human serum samples (Rouet et a\.,1992). Since ITI was

unexpectedly found in fluid collected from follicles of this size, based upon reports in rodents

(Chen L. et al.,Ig94), follicular fluid from follicles (2 mmto 15 mm) was examined' A repeat

of the analysis using these samples showed that the follicular fluid of follicles 2 - 15 mm

contained ITI (Figure 35). ITI and or its heavy chain components, pre-alpha inhibitor and

inter-alpha like inhibitor were identified by Westem blot analysis to be present in fluid from

all follicle sizes examined. Perlecan, decorin and aggrecaî were not detected by ELISA or

with Western blotting of the chromatography fractions (data not shown).
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Fígure 32 Fotticular fluids sepørated by electrophoresis on non-denaturíng ugúrose (0.8%)

geis ønd immuno-blotted to ìdentífy HA, versican and ITI. (A) HA wøs visualised using
-bíotinylated 

HABP. (B) Versican GAGß (C) followed by re-probing for ITI. Lønes 1,4 and

6, follicular fluid from a pool of folticte 2 - I mm. Lønes 2,5,and 7, follicular fluid from a

piol of fotlicles >10 mm. Lane 3 follícular tluid digested wíth Streptomyces hyaluronidøse

þrior to hlotting. Three mícro titres of follìculør fluid were loaded in eøch lane. Ml/'
ìndícators for all three gels are shown on the left and rìght hand sÍdes of the iìgure.
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Fígure 33 lnestern blot anølysß oÍ versícan. Løne 1, Btoad runge molecalat weight

*-*krr, lane 2, and follícuiar lin fteøted with chondroitinase ABC wíth versìcøn

vìsualísed using tne C,lCß antiiody. Three miuo litres of pooled follícular fluíd were

loøded ín each løne.
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Fígure 34 lVestern analysis of ITI. Folliculør fluid was subiected to ønìon exchange ønd

size exclusíon chromøtography, treated with chondroitinase ABC, sepørøted' hy 10% sDs

LAGE and visuølised. using the rabbit anti-humøn ITI antíbod.y. Løne 1, Broød rq'nge

molecular weight markers, løne 2, bovine serum, løne 3, fraction 28 from size exclusion

column, lane i, frøction 40, la.ne 5, fractìon 52, ft.ve micro litres of fraction were loaded in

eøch løne, Heavy chains HI, H2 or H3 ønd the HI + H2 complex bound by the

chondroítínq5e ABC resistant glycosamínoglycan hond are ìndicated based on a ptevíous

publícatíon (Rouet, Daveøu et ø1. 1992).
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Fígure 35 Folticular ltuíd from fotlicles (2-15 mm) separated on a 10% SDS PAGE' under

reducing conditions without prìor chondroitinøse ABC treatment, immuno-blotted øgainst

ITI. Lane I, Broad range murker,løne 2, 2-5 mm,lane 3, 6-8 mm,lane 4, 9-10 mm,lane 5,

11-12 mm, lane 6, 13-15 mm. The native molecules are indícated (Rouet, Døveau et ul.

1gg2). Five mícrolíters of sample was loaded in each lane. Hl, H2 and H3 are heøvy chaíns

1, 2 and 3 respectively, and pre-ølphø TI and l-alpha like TI øre pre-alphø trypsin inhihitor
ønd inter-ølphu like trypsin ínhibitor, respectively.
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4.3.7. ImmunohistochemistrY

Westem and ligand blots identified ITI, versican and hyaluronan in follicular fluid

samples collected from follicles < 10 mm. ln order to localise these molecules within follicles

(g - 10 mm), from which the fluid samples had been obtained immunohistochemical

techniques using fluorescene labelled secondary antibodies for ITI and versican were used to

visualise their localisation. Healthy and atretic follicles of 8 - 10 mm were isolated and fixed

with Bouins' fixative, before characterisation of health status and subsequent processing'

4.3.7.1.. ITI

Figure 36 A to D show ITI localisation at x 100 and x 400 magnification in healthy

follicles of g - l0 mm. ITI localised to the granulosa cell layer with some staining seen in the

fluid of the follicle (Figure 364). The staining appeared to be localised within the cytoplasm

of the granulosa cells with intense staining seen in the intracellular spaces of the more antrally

positioned cells (Figure 36 B). Staining was also noted within the cavities of the blood vessels

(Figure 37 A).

Figure 37 A - D showed ITI localisation within atretic follicles of 8 - 10 mm was still

primarily in the granulosa cells with no staining of the retained follicular fluid in the antra of

atretic follicles as noted in the healthy follicles. However, there was clear staining of the

fluid/serum within blood vessels. The intensity of staining observed in the atretic follicles was

approximately one tenth of that seen in the healthy follicles (Figure 37 C), as determined by

the confocal microscope. There was no staining seen in any of the primary antibody or

secondary antibody only controls (Figure 37 D).

4.3.1.2. Versican GAGP

The versican GAGB antibody used in 'Western blot and ELISA analyses was used to

detect versican within healthy and atretic follicles of 8 - 10 mm diameter. Versican localised

to the granulosa cells and follicular fluid of healthy follicles (Figure 3s B) with the staining

pattern being similar to that of inter-alpha trypsin inhibitor with the exception of the

intracellular staining which appeared to be more variable in intensity than that of ITI.

Additionally, there was some staining of the thecal cells in close contact with the basal lamina

in some follicles. The intensity of intra-cellular staining of versican was quite intense (Figure

38 C).

Versican localisation within atretic follicles 8 - 10 mm \Mas significantly reduced

compared to that of healtþ follicles with virtually no staining within the thecal layers noted

(Figure 39 C). Low levels of staining could be seen in the granulosa cells with stronger

147



staining noted in the epithelial layer around the blood vessels (Figure 39 B). A weak signal

was noted in the granulosa cells of the controls suggesting there may have been some trapped

secondary antibody in this area'

There was no staining seen in the primordial or pre-antral follicles of any sections

observed or any of the antibody only controls (Figure 39 D)'

NB: The images obtained from the Bio rad MRC 1000 confocal microscope were taken

in black and white as this was the only option available and using the highest resolution

option (8 bits/pixel).
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Figure 36 FITC løbelled inter-alphø trypsin in hib ito r lo c ali s øtio n to healthy follicles of I - l0 mm. Images xI
D.GC - Grønulosø cells, FF -Follicular fluid, Th - Thecø, St - Stroma- Posítive staining can be seen in the

follicular fluid (arrows). Bar : 150 pm images A and B,: 50 pm ímøges C and D. The imøges were tøken

conþcal imager.

0 plates A and B, x40 Plate C, X 40 Plate
granulosø cells, intracellular spøces ønd

in bløck and white on ø C1000 Bio-rad
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Figure 37 FITC tabelted inter-ølpha trypsin locølisation to øtretic follicles of I - 10 mm.

þllicles. Control x10 plate D. Granulosa cells, Th - Theca, St - Stroma- BV - Blood vessel,

pm image B and C. The images were tøken in btøck and white on ø C1000 Bio-rad confocøl imøger.

Images xI| pløte A, x40 plate B, x40 pløte C from atretic

FF - Follicular fluid. Bar : 150 pm images A and D, : 50
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Figure 38 FITC versican localisation to healthy follicles of 8 - l0 mm. Imøges xI| plates A ønd B, x100 Pløte C, Control plate x10 D- GC - Granulosa

cells, FF -Follicular fluid, Th - Thecø, St - Sttoma- Positive støining can be seen in the granulosø cells ønd folliculør fluid with some staining of the

thecu Bør 150 pm imøges A, B and Dr:25 ¡tm' The images were tøken in btack ønd white on ø CI 000 Bio-rad conþcøl imager.
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Figure 39 FITC versican localisation atretic folticles of 8- 10 mm. Imøges x10 plates A and B, x40 pløte C. Control xI| pløte D. BV - Blood vessel.

Positive staining cøn be seen in the blood vessels with weøk støining of the grøn ulosa cell layer. Bør = 150 pm images A, B and Dr: 50 ¡tm imøge C'

Grønulosa cells, FF -Follicular fluid, Th - Thecø, St - Stromø. The imøges were taken in black ønd white on q. cI000 Bio-rad confocøl imager.
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4,3.7,3. HABP

Hyaluronan or its associated molecules with the hyaluronan-binding motif was localised

within the follicle using the hyaluronan binding protein conjugated to biotin with visualisation

of the binding achieved with streptavidin conjugated to horseradish peroxidase. Sections were

then counterstained with heamatoxylin'

Immunohistochemical staining with HABP can be seen in Figure 40 A - F'

Immunohistochemical staining with HABP of healthy follicles of 8 - 10 mm resulted in

positive staining of the whole ovarian tissue section used, However, there v/as a proportional

increase in the intensity of staining in the granulosa and theca cell layers (Figure 40 A). Both

the nucleus and the cytoplasm of the granulosa cells were stained positively with the nuclei

within the granulosa and theca intema cells more closely aligned with the basal lamina being

more intensely stained (Figure 40 B). The nuclei of antrally situated granulosa cells were

stained more positively than the stroma cells of the same section but less than those

mentioned above. Atretic follicles had a similar staining pattern to that of healthy follicles but

the number of granulosa and theca cells stained and the intensity of nuclear staining in both

cell types was reduced.

Follicular fluid that had been trapped and fixed within the section had a strong positive

signal for HABP. Sections stained with no secondary antibody or with secondary antibody

only, had no staining (Figure 40 F). These results indicated that hyaluronan and or its

associated molecules were present throughout the ovary but are more concentrated in the

granulosa cells, theca intema and follicular fluid.
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Figure 40 Immunohßtochemúcul localßøtían of IIA u,ith biot¡nylated IIABP to heølthy follicles 8 - t0 mm using DAB as secondary antíbody ønd

sections counterstaíned wíth haematoxylin: A; .A; x5, B, C ønd D; x40, E; x100 F; negative control. GC - Grønulosø cells, FF -Folliculartluid, Th -
Theca, N: nucleus, St - Stromn Bar 300 pm image A, 150 pm ímage F, 50 images B, C and D,: 50 Fm image E.
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4.3.8. CollagenaseSensitiveMolecules

On digestion of the follicular fluids with collagenase I some higher molecular weight

proteins were degraded and new lower molecular weight molecules became apparent as

observed by SDS PAGE (Figure 41). Three new major bands were identified following

collagenase I digestion. To resolve what clearly was a mixture of bands the digested products

were separated on a 7o/o tris-acetate gel after which 9 bands were identified and processed for

N-terminal amino acid sequencing. Proteins identified in these bands and known to be

collagenase sensitive are shown in Table 9. Several other sequences not listed in the table

were identified as being present in the fluid samples, these were not known to be collagenase

sensitive but are known constituents of serum and might therefore be expected in follicular

fluid.
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Figure 41 Five mícro litres of pooled follicular fluid from uncharacterised follícles beþre
(tane 1) ønd after (tane 2) colløgenase I dígestion were separated by 10% SDS PAGE.
Three bønds (1, 2, and 3) were identíJìed in panel 2 as signitìcantþ dilferent to the general
proftte obtaíned in løne 1. These bands were resolved further by Tris-acetate PAGE (7%o)

lane 3. Bønds removed for sequence identilïcation are indícøted on the right hønd side of
the Trís-acetate gel (I-9). Løne M is the Bio-rad pre-støined broød-range moleculør weight
marker.
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LPEREGAR LPSIREGAR Secretin 076463
DQGVESPLF EQGCESPLF4 ypothetical

XP
uman

5 PTLVETAGR PTLVELAGR Serum albumin Bovine :229552

LKQEPKAQR
LTPSVKAGG

LKQEKAQR
LTPSVKALG

Involucrin
Agglutinin-like

Human g:^:124723

Human 9:5902760
3

Prothrombin
precursor
Coagulation factor
X

BovineRANTTLEEVRDANTFLEÆ(R6

Bovine 9;119759DANTFLEAXR DANTFLEEXR

RANTFLEAYR

DPGPPGLPAY

EPGPPPGALP

HVPEGLRVGE

precursor
Collagen IV aþha Human
2
Collagen XIII alpha Human
1

Alpha-2- Human

7

macro

Bovine gi:135806RANTFLEEVR Proth¡ombin

Table 9: sequence identity of collagenase I sensitive proteins ídentiJied ín folliculør

fluid.
Band numbers are identified in Figure 41. Sequence calls were made on the basis of

relative abundance of the amino acid present in that position and identified using PROWL

(90% similarity to mammalian sequence.
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4.4. Discussron

Most of the literature relating to colloid osmotic pfessufe' glycosaminoglycans and

proteoglycans in the body report on cartilage, vertebral discs and ocular tissue' In these cases

it has been determined that the colloid osmotic pressure is created by the relative

contributions of hyaluronan, proteoglycans and collagen and that the collagen provides tensile

strength and compression resistance while hyaluronan' proteoglycans and their

glycosaminoglycans provide large osmotically active, negatively-charged molecules that form

hydrated gels or fluids which have the ability to attach to collagen (Auckland 1'997)'

Aggregation and or interaction occur often in the extracellular space, the hydrated layers

formed allow rapid diffusion of nutrients, metabolites and hormones' It is possible that a more

fluid matrix of similar make-up exists in the follicle, which provides a capability for rapid

growth and fluid accumulation on demand'

Histochemical studies have shown that follicular s¡mthesis of glycosaminoglycans is

regulated by gonadotrophins (Mueller et a1.,1978). The proteoglycans are secreted by the

granulosa cells of a developing antrum and can be stimulated by FSH invitro (Yanagishita et

at.,l98l).similar effects have been achieved with oAMP. In a porcine model small follicles

produced more proteoglycan than large (schweitzet et a\.,1981) while in rat, FSH stimulated

the production of small cS proteoglycans but did not alter the production of large

proteoglycans in large follicles (Yanagishita et a1.,1931)' LH in contrast appears to inhibit

proteoglycansynthesisinlargefollicles(Gebaueretal''1978)'

In chapter 3 chondroitirvdermatan sulphate related molecules, hyaluronan' DNA and

collagen were identified as significant contributors to the colloid osmotic pressure of

follicular fluid. The maximum uronic acid concentration of fluid post extraction and

separation was 1 .2 mglmlas determined by ion exchange. Reports of chondroitin and heparan

sulphate concentrations exist however; there are no data relating to fluid uronic acid

concentration and therefore it is hard to assess this data in light of previous measurements

(Bellin & Ax, l98la,Bellin et a1.,1986, Bushmeyet et øl',1985, Eriksen et al'' 1997)'Data

available suggests that chondroitin and heparan sulphate concentrations in bovine fluid are

between 0.9 - 1.4 mglml and 0.2 - 1.1 mg/ml respectively depending on the size of the

follicle. The data presented here data came from a pool of fluid obtained from a range of sizes

of follicle and so cannot be easily compared however; the results obtained were within the

range given above'

Chondroitin 4-sulphated proteoglycans were identified as the main proteoglycan present

in follicular fluid samples. Using a combination of techniques versican and ITI were

identified in bovine follicular fluid. Perlecan, decorin, and aggfecaî were not present'

perlecan has been identified previously in extracts of whole small antral bovine follicles of 1
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- 3 mm and was localised by immunohistochemistry in the follicular basal lamina (McArthur

et a1.,2000, princivalle et a\.,2001). There was no evidence of it in bovine follicular fluid.

The presence of a perlecan like proteoglycan in human follicular fluid of hCG treated

ovulating follicles was reported by Eriksen et al (Eriks en et al., 1999), Eriksen's work of 1997

(Eriksen et al., 1gg7) measured proteoglycan syrthesised by the granulosa cells at a

concentration of 0.8 mglml, Seventy percent of this was contributed by large chondroitin

sulphate proteoglycans whilst 30% was attributed to HS proteoglycans' A decrease in

chondroitin sulphate proteoglycan was seen in larger follicles and was positively correlated

with IVF outcome. Eriksen suggested that the heparan sulphate side chains of a perlecan like

proteoglycan had an anticoagulation role in fluid during follicular expansion, since it is

known to bind antithrombin III (Hosseini er at,,1996).It has been shown in human follicular

fluid, aspirated at ovulation, that heparan sulphate proteoglycans are proteolytically cleaved

and heparan sulphate proteoglycan species are subsequently shed in to follicular fluid while

the remainder of the heparan sulphate proteoglycans are internalised and degraded in the

lysosomal compartment (Salustri et al., 1999). It is thought that chondroitin sulphate

proteoglycans are treated likewise. In the studies by Eriksen, fluid was aspirated at ovulation

during embryo transplant procedures, the follicular basal lamina was probably degrading or

had entered the fluid samples during sampling and the identification of perlecan in these

samples may have been a result of follicular wall contamination of the fluid. The presence or

absence of heparan sulphate proteoglycans such as perlecan in fluid from small antral foilicles

has not been explored to date and might provide a fuller explanation of the result seen here' It

is unlikely that perlecan is a component of follicular fluid during follicle growth.

McArthur et al (McArthur et at.,2000) had previously identified decorin from whole

follicles; however it was not observed in follicular fluid. Decorin was found to localise

outside of the follicular basal lamina only (H kving-Rodgers personal communication).

Hence it is not a component of follicular fluid.

Aggrecan was not detected in the follicular fluid fractions examined' Link protein, an

extra-cellular matrix protein in cafüIage, stabilises aggregates of hyaluronan and

proteoglycans, including aggrecan and ITI. Cartilage link protein associated with aggrecan

has been identified in the maturing rat and mouse ovary by immunohistochemistry. The

expression of cartilage link protein was selectively detected in the cells within the granulosa

compartment of the preovulatory dominant follicle (Sun e/ a\.,2002). Since the fluid sampled

here was not pre-ovulatory, the negative results obtained confirmed expectations.

Using the versican GAGP antibody of Schmalfeldt (Schmalfeldt et al., !998), which

recognises the GAGp, domain present in splice variants Vo and Vl, versican was identified in

follicular fluid. Versican is a CS proteoglycan hyalectan with a tri-domain structure. The first
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domain consists of one IgG repeat followed by two hyaluronan binding regions known as the

link modules or link protein mentioned above. The link module is very similar to that of the c-

tlpe lectin in the third domain except that the loop is smaller and it does not contain C**

binding residues. The second domain comprises a central glycosaminoglycan-binding region.

The hyaluronan-binding region is contained within an amino acid terminal globular domain

with tandemly repeated loops. The glycosaminoglycan attachment domain has two

alternatively spliced exons, which are termed GAGcv and GAGB (Dours-Zimmermann &

Zimmentann, 1994, Naso ¿/ al., 1994) and may hold up to 30 glycosaminoglycan chains as

well as O and N linked oligosaccharides. Finally, in the third domain, the carboxyl terminal

region of versican contains 2 EGF repeats, a c-type lectin-like domain and a CRP like motif.

Versican binds hyaluronan with a Kd of 4 nM (LeBaron et al., 1992) but can also bind

heparan sulphate and heparin (U1ita et aL.,1994). Versican is up regulated by several growth

factors including EGF (lung) (Potter-PeÅgo et al., 2004) and IL-l (lung) (Tufvesson &
'Westergren-Thorsson, 2000) and has been implicated in the regulation of neural crest

migration (Landolt et a1.,1995). Messenger RNA analysis has determined that 4 variants of

versican exist Vo, Vr, Vz and V¡. V6 and Vr are the largest variants and have a broad tissue

expression profile (Lemire et al., 2002) being present in both mesenchymal and epithelial

cells. The versican variant V¡ contains no glycosaminoglycan attachment sites and is

therefore considered a"part time" proteoglycan (Turley 1984)

Versican has been shown to be present in extracts of whole bovine follicles (McArthur

et a1.,2000), human follicular fluid of ovulating follicles (Eriksen et al., 1999), and in the

membrana granulosa (McArthur et a1.,2000) with V6, Vr and V¡ found in mouse ovary and

Vo and V1 expressed by the granulosa cells (Russell et al., 2003). V2 is the major isoform

found in the brain. The size of the versican core protein ranges from 80 kDa for V: to - 400

kDa for Vo, which contains both GAGa and GAGB.

Versican is involved in expansion of the cumulus oocyte complex (Camaioni et al.,

1996, Carrette et al., 2001), the heavy chains of ITI become covalently cross-linked to

hyaluronan, and versican becomes linked to this complex stabilising the expanding cumulus

matrix (Carrette et al., 2001, Eriksen et al., 1997 , Erlksen et al., 1994, Kimura et al., 2002,

Laurent T. C. et al., 1995b, Saito et a1.,2000). Many functional properties of versican are

determined by two glycosaminoglycan attachment domains, which are modified to allow

attachment of long chondroitin sulphate side chains. These chains are responsible for its large

molecular size and strong charge negativity as well as osmotic properties. Versican may

contribute directly to the colloid osmotic pressure of follicular fluid via the high sulphation

status of the chondroitin sulphate attached to its core protein. Versican may also contribute to

the colloid osmotic pressure of follicular fluid by cross-linking other elements like hyaluronan
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to form larger molecular weight components. By expressing particular splice forms of

versican, cells may control the hydration properties of their pericellular hyaluronan

environment (Dours-Zimmerrnann & Zimmermanrt, 1994) and thus could modulate

interactions with the extracellular matrix of neighbouring cells. Versican binds to hyaluronan

via the link protein this 45 kDa glycoprotein stabilises the structure. In vitreous gel Bishop et

al (Bishop, 2000) showed that versican and link protein are in a 1:1 molar ratio however; the

ratio of versican to hyaluronan was 1:150. Bishop determined therefore that versican link

stabilised the complex but did not in itself link hyaluronan chains together. A similar scenario

may occur in follicular fluid.

The immunohistochemical localisation of versican to follicles of 8 - 10 mm confirmed

previous reports of versican localisation within the follicle (McArthur et al',2000, Rodgers R'

J. et a1.,2003). The Vo and Vr isoforms recognised by the GAGP antibody show that one or

both of these isoforms exist in the bovine follicle. The staining profile in healthy follicles

showed localisation to the granulosa with minimal amounts detected in the theca cells' It was

noted that no staining was seen in the primordial or pre-antral follicles of sections used

indicating that the presence of versican may be stage dependent. The presence of versican

may be a sign for continuing health with the apparent reduction in levels observed in atretic

follicles reflecting loss due to versican degradation or decreased integrity of the follicular

wall. The strong versican signal to granulosa cells closely aligned with the basal lamina in

healthy follicles was interesting since it is known that proteoglycans are sorted and

transported to predetermined destinations by signalling molecules such as growth factors and

l interferon. Granulosa cells like other epithelial cells have two domains, an apical surface

and a basolateral surface. To maintain the polarised organisation, efficient sorting

mechanisms target newly synthesised and recycling molecules. Epithelial cells must ensure

that proteoglycans of the ECM and those that attach to the basolateral surface are transported

to the right side of a cell. Different sets of proteoglycans are secreted either apically or

basolaterally. The apical secretion of versican, in to follicular fluid is not a controversial

concept, since apical secretion of chondroitin sulphate proteoglycans has been reported in

MDCK cells by Kolset et al (Kolset et al., 1999). Kolset and colleagues suggested that

chondroitin sulphate chains contain sorting information, which allows directional secretion to

occur. In contrast, heparan sulphate chains are believed to have the opposite effect being

secreted basolaterally. It is therefore not surprising they were not found in fluid but as located

by others adjacent to the follicular basal lamina (McArthur et a1.,2000). Russell et al have

analysed pRNA and identified isoforms Vo, Vr, and V¡ versican in mouse and rat ovaries

throughout follicular development. In situ hybridisation localised versican mRNA most

specifically to the granulosa cells (RusseIl et at.,2003). Given the immunohistochemical
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results, the question remains as to whether versican is actively secreted in to the follicular

fluid.

ITI consists of two heavy chains linked by a chondroitin sulphate chain of bikunin' ITI

is produced by the liver and is found abundantly in serum. In mice ITI is not seen in the

follicular fluid until after the release of LH (Salustri et a\.,1990a). In mice, ITI appears to be

sequestered from the blood stream as it appears within the follicular fluid within minutes of

the LH surge (Chen L. et al.,lgg2). On entering the fluid it associates with hyaluronan being

synthesised by the cumulus cells, liberating free bikunin and producing a covalent bond

between the heavy chains and hyaluronan. In bovine follicular fluid ITI (bikunin and its heavy

chains) was observed in follicular fluids of earlier stages of growth. Its source is unknown at

this stage but it may be derived from serum there being no apparent barrier to the transfer of

ITI family molecules from the blood in cattle. The ITI identified here is unlikely to be a

contaminant from serum, as there was no contaminating perlecan, decorin or aggrecan in the

samples. ITI was detected in samples of fluid from follicles from 2 mm - 15 mm by Western

analysis. These data are contrary to those previously published for the mouse system and the

presence of ITI in follicles of a non-ovulatory size indicates that it may have additional roles

in the bovine system or that its exclusion from the mouse and human follicle is critical to the

normal development of those follicles. The recent discovery of ITI in follicular fluid from

medium sized porcine follicles indicates that the follicular fluid of cows is not the only

species in which ITI is found prior to the LH surge (Nagyova et aL.,2004).

The immunohistochemical localisation of ITI to healthy follicles 8 - 10 mm confirmed

the data from the 'Westem analysis and showed that ITI was present in follicles of earlier

developmental stages than previously described in humans. ITI localised strongly to the

granulosa cells and there was also positive staining of the follicular fluid' This pattern of

staining was different to that of the atretic follicles where the granulosa cells remained

positively stained, albeit to a lesser degree and the follicular fluid was not stained. These data

implied that the level of ITI in the fluid from atretic follicles was significantly less than that

from the healthy follicles. One of the reasons for this may be differential permeability of the

follicular basal lamina between healthy and atretic follicles.

The apparently low level of ITI observed in the follicular fluid from atretic follicles was

interesting considering that the versican levels were also extremely low in atretic follicles. It

is interesting to speculate whether versican andlor ITI are the limiting factors in the formation

of a hyaluronan matrix in fluid from these follicles and whether this was the cause of the

reduced colloid osmotic pressure recorded in the fluid from atretic follicles in Chapter 3' If so,

the level of versican andlor ITI in follicular fluid might be a useful indicator of atresia in

bovine follicles. Further investigation of this relationship would be required to validate this.
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In fluid from healthy follicles the chondroitin sulph ate attached to ITI and ITI itself is

uniikely to generate significant colloid osmotic pressure, especially since the basal lamina is

freely permeable to it. If the role of ITI is to bind to hyaluronan and cross-link it to form

largt aggregates, then by ensuring hyaiuronan does not escape the follicular aîIfl]drr,'' it will

have an indirect effect on the osmotic potential'

The indication from the agarose gel probed for hyaluronan, versican and ITI suggests

that the three components exist separately in the fluid from small 2 - 8 mm follicles since

there appears to be no apparent overlap of the bands identified by the antibodies or ligand'

versican and ITI were identified as positively stained areas at 200 - 400 kDa and hyaluronan

was detected in the application well and in the high molecular weight region of the gel (Figure

32 Al and A2). Hyaluronan was not detected when follicular fluid was pre-treated with

Streptomyces hyaluronidase (Figur e 32 A3). The faint diffuse band starting at 200 kDa was

probably degraded hyaluronan and not intact ITI, HABP does not bind to chondroitin sulphate

and therefore ITI bound to hyaluronan would not be detected by it. Panels Figure 32 B4 and

B5 show that free versican migrated in to the gel, and was subsequently transferred to the

immunoblot membrane, its presence \Mas confirmed with the GAGB antibody' The same was

true for ITI it being present as a single entity, its presence confirmed by the rabbit anti human

ITI antibody. Although the samples were loaded in an 1mM EDTA based loading buffer it is

unlikely that this would have disrupted the covalent bond that exists between hyaluronan and

ITI when they are bound and this fact is supported by data from odum et al (Odum L' &

Jessen, 2002),who were unable to dissociate the bond in 10 mM EDTA.

It can therefore be said with some confidence that some of the hyaluronan and free ITI

exist as free entities unlike the situation noted in the cumulus oocyte complex in humans and

mice. The coupling of ITI occurred in humans only after initiation of ovulation by hCG

(odum L. & Jesse n,2002).It is possible that in the bovine system that ITI and hyaluronan are

not covalently bonded since it is present in fluid from follicles of just 2 mm and therefore

present in fluid earlier than that in humans and mice. This suggests that the hyaluronan is

solely responsible for the fluid accumulation in the initial phases of antrum expansion and

fluid accumulation since unbound ITI can move freely across blood-follicle barrier and would

be unable to exert any osmotic force'

While versican and ITI were identified in fluid with a raîge of antibodies however,

there undoubtedly exist chondroitin/dermatan sulphate proteoglycans in follicular fluid that

are not identified without the possession of antibodies for their detection'

The DNA found in follicular fluid is likely to be derived from granulosa cells that do

not appear to die by apoptosis (van wezel et a1.,1999). The comet assay in Van wezels work

indicated that degradation of the DNA occurred randomly (Van Wezel et al', 1999)' The
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reason it was seen here and why it might affect the colloid osmotic pressure of follicular fluid

is that DNA can become entangled with larger molecules such as hyaluronan; in theory this

entanglement would increase the osmotic effect of the DNA by minimising the loss of DNA

and/or hyaluronan from the follicular fluid (Turner et al., 1938). The DNA content of

follicular fluid is not regulated since it could too easily be degraded by release of cellular

DNase. Thus DNA, whilst contributing to the colloid osmotic pressure of follicular fluid, is

probably not a regulated component that contributes to the colloid osmotic pressure of

follicular fluid.

The effects following follicular fluid collagen digestion and subsequent separation by

SDS PAGE were interesting. Collagen is the most abundant protein in mammals making up

25o/, ofthe total protein mass. Human collagenase (MMP-I) similar to that used to digest the

collagen in these experiments is secreted as a major 52\<Da and minor glycosylated 57 kDa

proenz)rrnes. Cleavage of the pro-peptide produces the active forms of 42 kDa and 47 l<Da

respectively. The nine residues RWTNNFREY (183-191) in the catalytic domain are essential

for collegenolytic activity (Borkakoti, 1998, Yong et aL.,1998). Collagenase I (MMP-1), used

to digest the fluid samples degrades type III collagen more efficiently than tlpes I and II and

degrades fibrillar collagens tlpes I, II, III, VII, VIII, X aggtecaî, serpins and a -
macroglobulin (Hasty et al., 1984, Mallya et al., 1990). The following molecules were

identified by N-terminal sequencing: secretin, serum albumin, involucrin, agglutinin like

protein precursor, prothrombin precursor, coagulation factor X, prothrombin precursor,

collagen 
.N a2, collagen XIII o1, and a2-macroglobulin. However, from this screen no

molecules able to contribute to the colloid osmotic pressure were identified, as al1 were of a

size able to traverse the follicular wall. It is likely therefore that the effect on colloid osmotic

pressure noted on the removal of collagen is solely related to the intact collagen itself and not

its digestion products.

The mobility and distribution of macromolecules in a number of tissues, including

tendon, occurs in the interstitium, and their mobility is restricted by hyaluronan,

proteoglycans and collagens (Aukland et al., 1997). A similar scenario occurs in synovial

fluid with the same molecules responsible. The exact contribution of each of these molecules

to this mobility is unknown but it is believed that fluid circulates between the collagen fibrils

within a matrix (Aukland et a\.,1997). Granulosa cells produce collagen in culture (Zhao}i4.

et a\.,1995) and whether this collagen is used in the same way is yet to be established.

Collagens are known to bind glycosaminoglycans and proteoglycans, in addition to

binding glycosaminoglycans they can also carry them, and are therefore referred to as part

time or facultative proteoglycans themselves (Dong S. et a|.,2003, Halfter et a\.,1998). The

negative charges associated with the attached proteoglycans and glycosaminoglycans increase
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the extra-fibrillar space surrounding the collagen by creation of an excluded volume' This

excluded volume increases with increased size of macromolecule (Aukland et al',1997)' Thus

in a case where proteoglycan, hyaluronan and collagen are present this excluded volume can

be quite large. The exclusion matrix resulting from this structure prevents large molecules

from entering this area but provides alarge area for water-based solutions to reside (Aukland

et al., lg97).In the vitreous of the eye, which in many ways is comparable to follicular fluid

in its matrix composition, collagen concentrations are not uniformly distributed. The highest

concentrations reside at the vitreous base; hyaluronan distribution is similarly non-uniform

and is polydisperse in molecular weight. These two phenomena and the local concentration of

proteoglycan allow fine control of excluded volume and maintenance of osmotic potential

within the ocular system (Bishop, 2000). The latter is interesting in light of the irregular

versican-staining pattern noted within the healthy follicle granulosa cell layers. Versican can

bind to hyaluronan and this irregular pattern may indicate that hyaluronan production is also

non-uniform. This could not be confirmed by the HABP immunolocalisation experiments

since hyaluronan is ubiquitous within the ovary and subtle deviances in local concentrations

cannot be visualised with this ligand (Girard et a\.,1986, Lindqvist et al', 1992)'

The effect of hyaluronan on osmotic potential has been discussed to some degree in

Chapter 3. The information gathered from data in this chapter suggested that hyaluronan in

follicular fluid may interact with many of the common matrix molecules to form large

hydrod¡mamic volumes. The molecular weight of hyaluronan was determined to be between

400 kDa and2 x 106 Da. The larger sizes of hyaluronan found here supports earlier findings

of fluid hyaluronan (Mueller et al., 1978, Salustri et al., 1999). Salustri et al proposed that

proteoglycan syrthesis was increased at the time of antrum formation and was the cause of

increased fluid viscosity and maintenance of the distended follicular volume (Salustri et al',

lggg) however; the precise molecules involved were not identified'

The 400 kDa hyaluronan present may be derived from degraded hyaluronan, which has

been degraded by the normal degradation pathway for hyaluronan, or synthesised at that size

by one of the three hyaluronan synthases. In addition, it may be linked to molecules such as

versican found in follicular fluid.

The immunohistochemical localisation of hyaluronan using HABP to follicle 8 - 10 mm

(Figure 40), showed that hyaluronan was present throughout the follicular and stromal tissue.

Since hyaluronan is a core component of the extracellular matrix of most tissues it was not

surprising to see this result. It was interesting to note that there was increased localisation to

the cytoplasm of granulosa and theca cells. The nuclear staining was confirmed in non-

counterstained sections (data not shown) indicating that the result seen in the counterstained

tissue was not caused by the counterstain or intensified by it. This showed that both cell types
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produce hyaluronan, and that it existed in higher concentrations in granulosa and theca cells

than the stroma. V/hile the localisation of hyaluronan to the granulosa cells supported a

hypothesis of hyaluronan extrusion in to the follicular antrum for provision of osmotic and

structural support there, it is unclear what role hyaluronan plays within the theca. In situ, (see

chapter 5) studies were aimed at clarifying this. Hyaluronan, although originally believed to

be extracellular, has been located in the nuclei of rat brain and liver (Hascall et al',2004)'

Hascall et al found that hyaluronan was localised to the rough endoplasmic reticulum, plasma

membrane and nucleus, showing a strong association with chromatin. Hascall et al were also

able to co-localise TSG-6 with hyaluronan in the nucleus. The results appear to be real since

pre-treatment with S. hyaluronidase removed all staining previously observed' It is thought

that intracellular hyaluronan may facilitate nuclear separation at cell division; its function here

is unknown.

Currently, most data available on follicular hyaluronan relates to its functions within the

expanding cumulus oocyte complex prior to ovulation. In this work hyaluronan was present in

bovine follicular fluid and located near the mural granulosa cells. Given its role in the fluid

regulation processes in the body it has potential to act in a similar role within the follicle. In

other systems hyaluronan swelling whether involving other molecules or not occurs at the site

of hyaluronan synthesis on the cell surface. Situated on the membrane surface, hyaluronan is

capable of displacing many cell surface components by exclusion. In vitreous gels hyaluronan

acts as a hydrated polyion, space filler, sieve and osmotic buffer capable of excluding other

large molecules and cells (Laurent U. B. & Granath, 1983). The space filling functions in

relation to its ability to bind and interlink with proteoglycans and collagen have been

discussed earlier. One other factor controlling hyaluronan volume, which is relevant to the

situation in the follicle, is serum cation level. Cations are small enough to cross in to the

follicle and so their effect on hyaluronan volume should be considered. Cations are known to

affect hyaluronan chain union, if the cation is bivalent the volume is greater than if it is

monovalent similarly hyaluronan volume is increased in acidic pH over alkali (Gomez-

Alejandre et a\.,2000), and it is this change in volume, which can affect osmotic potential. As

suggested previously, hyaluronan in dilute solutions creates an excluded volume. When this

hyaluronan solution contains f* lts osmotic potential increases by 7 % and when Ca 
2* or Mg

'* ar" present it can increase by lO% and 71%o respectively (Gomez-Alejandre et a1.,2000).

This data generates an interesting question as to whether the circulating serum cations affect

the exclusion volume of hyaluronan selectively throughout the oestrous cycle of cattle.

Exploring this question further, follicular fluid is known to derive from serum and that

serum cations are in follicular fluids (Shalgi et al., 1972b, Shalgi et al., 1973). An active

inward transport in to the follicle of cations occurs and differences in the cations present
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occur between small and large follicles (Leroy et a\.,2004), and it has been demonstrated that

metabolic changes in blood serum are replicated in follicular fluid composition (Gosden R. G.

et al., 1988). A question arises then as to whether variations in serum concentrations of

cations occur in a controlled and regular pattern throughout oestrous? It appears that they do.

Serum and fluid cations sampled daily throughout the bovine oestrous cycle (as determined

by progesterone concentration) and measured by flame atomisation and atomic absorption

spectroscopy (FAAAS) showed that while Mg2* and Na* were always higher and K* always

lower in serum with respect to oviductal fluid but Ca2* varied throughout the cycle (Grippo el

at., 1992). This is replicated in follicular fluid (Eissa,1996) and suggests that Ca2* is under

hormonal control and its regulation and transport are finely controlled (Grippo et al.,1992).

Cations are thought to be important in a number of fertilisation events that include

glycosaminoglycans such as spenn capacitation and acrosome reaction (Herz et al., 1985,

Stock C. E. & Fraser, 1989, Yanagimachi, 1984, Yoshimatsu et al., 1988). Their role in

follicular fluid has not been determined since follicular fluid cation measurement have only

been surveyed at static time points (Gosden R. G. et aL.,1988, Shalgi et aL.,1972b) and were

not measured by us. Research conducted by Powers and Hess has shown that the follicular

basal lamina is sensitive to ion transport (Hess et al., 1998, Powers et al., 1995) and hence

may also have a role in the control of calcium levels in the follicle. It is therefore interesting

to speculate whether variations in serum C** might be replicated in follicular fluid and if so

whether in addition to its role in the coupling of ITI and hyaluronan through the action of

TSG-6, Ca2* might also affect the conformational properties of hyaluronan in fluid during the

period of antrum formation in the oestrous cycle.

4.5. Summary

In 1999 Antoinetta Salustri suggested that the roles of proteoglycans in follicular fluid

might be related to their hydrodynamic properties. The data provided here and in Chapter 3

provide some evidence to suggest that this may indeed be the case. The identification of

versican, ITI, hyaluronan, collagen digestion products, and DNA has elucidated which

members of the chondroitin/dermatan sulphate molecules in Chapter 3 were able to affect

osmotic potential within the follicle. Further there has been discussion on how these

molecules have the potential to interact to provide fine control of the osmotic potential in the

follicle. The subtle changes in serum and fluid cations levels present throughout oestrous may

also influence these associations.
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Chapter 5 Hyaluronan Synthase Expression in the Bovine Follicle

5.1. Introduction

In Chapter 4 versican, inter-alpha trypsin inhibitor (ITI), hyaluronan, collagen, and

DNA were identified as the major contributors to the colloid osmotic pressure of bovine

follicular fluid. It was proposed that these molecules were not mutually exclusive with respect

to their contribution to fluid potential, although it appears that hyaluronan, ITI and versican

may exist to some extent as separate entities within the fluid and not in a complex as reported

in the cumulus oocyte complex of mice and cows (Carrette et al., 2001, Hess e/ al., 7999,

Odum L. et al., 2002, Zhto & Kimata, 2001). In addition it was suggested that the fluid

matrix was no doubt affected by transient changes in gonadotrophins, growth factors and

potentially serum cations during follicular growth, which control the production and

conformation of matrix molecules.

The roles of hyaluronan, ITI and versican are well known in the process of cumulus

oocyte expansion and have been much investigated in the follicle by other authors and

excellent reviews are available (Rodgers R. J. et a|.,2003, Salustri et a\.,1996, Salustri et al.,

1999, Zhto & Kimata, 2001), Their roles outside of the cumulus oocyte complex have not

been so well studied. Since the role of this thesis is to investigate the fluid accumulation

processes within the bovine ovarian follicle the focus of the thesis became the most

osmotically active of these as determined by earlier experiments conducted in this thesis,

hyaluronan. Hyaluronan is a highly osmotic and ubiquitous molecule of the ECM, with roles

in many fluid accumulation mechanisms in the body.

Hyaluronan has been found in human follicular fluid by several authors (Hamamah et

a1.,1996, Jessen & Odum, 2003, Jessen et a1.,1994, Saito et a1.,2000, Suchanek et a1.,1994),

and has been recorded in bovine fluids (Odum L. & Jessen,2002, Sato et aL.,1987a, Tempel

et a1.,2000), but no-one has examined the cellular origins of hyaluronan or recorded the

levels of expression of the enzyrnes responsible for its synthesis in bovine healthy and atretic

antr al follicles o f increasin g size.

Hyaluronan is an essential component of many extracellular matrices in mature tissues

(Laurent TC, 1998) and in some cases is the major constituent; e.g. vitreous of the human eye

(65 + 400 mg/ml), adult bovine vitreous (570 mglml) (Grimshaw et a\.,1994, Reardon et al.,

1998), s¡movial joint fluid (3-4 mglml) (Scott D. et aL.,2000(a)), the cumulus cell matrix,

(-0.5 mg/ml) (Salustri et al., 1992). Hyaluronan can also be present in minute quantities in

structural combination with proteoglycans e.g. cartilage (Hardingham and Fosang 1995).

Hyaluronan is not structurally diverse and as such it is believed that many of its functions are

related to chain length. Hyaluronan is a unique glycosaminoglycan in that it is unable to
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covalently link to proteins to form proteoglycans. One exception is the formation of an ester

link with the C-terminal aspartic acid of heavy chain 3 of pre-alpha trypsin inhibitor'

Hyaluronan can also bind proteins via the structural binding motif, the link module (Day'

2001). The function of hyaluronan in a system may vary greatly depending on whether it

interacts with proteins in tertiary or quaternary organisations or with water and ions in the

formation of viscous solutions or gels. In joint tissue, such as the lining cells of the joint

capsule of the knee, hyaluronan is synthesised and released in to the synovial fluid, where it is

the major contributor to the viscoelastic properties of the fluid (Balazs,1968, Seppala, 1969)'

In dilute physiological solution, hyaluronan is believed to form stiff random coils'

without specific chain interactions. This stiffrress is caused by the chemical structure and

results from the disaccharides and intemal hydrogen bonds interacting with the solvent, to

form a strong backbone. In addition to this, the axial hydrogen atoms form a non-polar

hydrophobic face while equatorial side chains give rise to a polar hydrophilic face' This

results in a twisted ribbon, which in physiological solution assumes an expanded random coil

capable of occupying very large domains (Weissman & Meyet, 1954)' The actual mass of the

hyaluronan in this form is very low at approximately 0.1 % (wt/vol), but its expanded

structure suggests that overlapping could occur between the domains of individual molecules

at concentrations above lmg/ml. At concentrations in which chains overlap, there is a change

in the measured d¡mamic viscosity (Gribbon et a1.,2000). The d¡mamics of hyaluronan make

it a perfect space-filling molecule since it can change shape within nanoseconds. This allows

it to fill voids, adjust to surfaces and impose a counteracting force when moved significantly

from its preferred extended state (Coleman et al., 1999, Scott D' et al',2000(a))'

The domain structure of hyaluronan is important since the structure allows small

molecules such as electrolytes, nutrients and water to diffuse freely through the solvent while

large molecules, such as proteins , arepafüally excluded because of their hydrod¡mamic size in

solution. The larger the hyaluronan molecule and hence its domain network, the less room

there is for other molecules. This reduction in space results in slower diffusion of other

macromolecules in a solution and hence reduces their concentration in the hyaluronan

network compared to surrounding hyaluronan-free compartments. Hyaluronan molecules

move constantly when in solution, therefore in a fluid matrix, the effective "pore" size

available for large molecules to pass through is also constantly changing size. At any one time

there will be a range of pore sizes present to pass through however; the ratios of large to small

will be in constant flux resulting small fluctuations in the concentrations of molecules present

(Choi-Miura et al.,z}Ol,Hardingham & Fosang, 1995)'

Hyaluronan is synthesised by a group of monomeric enzyrnes known as hyaluronan

synthases (HAS). The mode of synthesis is unique amongst macromolecules and it has been
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proposed that synthesis occurs at the plasma membrane with hyaluronan being extruded

directly in to the extracellular space (Prehm, 1984)'

Spicer et al (1998), using degenerative PCR isolated the cDNAs encoding putative

vertebrate hyaluronan s¡mthases. Hyaluronan synthases 2 and 3 (HAS 2 and HAS 3) have

been identified in a number of species including humans and mice and are highly conserved'

Expression cloning led to the identification of an additional putative syrthase hyaluronan

synthase 1 or HAS l, again in humans and mice. Later, identification of an invertebrate

hyaluronan syrthase indicated that biosynthesis of hyaluronan probably predated vertebrate

evolution (Spicer & McDonald, 1998).

Vertebrate hyaluronan synthase enzymes slmthesise large linear pol¡rmers of the

repeating disaccharide structure of hyaluronan by altemate addition of glucuronic acid and N-

acetyl glucosamine to the growing chain. The number of repeats of disaccharides, (n), in a

complete hyaluronan molecule may reach 10,000, with an implied molecular mass of up to 4

million Daltons. The average length of a disaccharide is lnm, which if a molecule of 10,000

repeats were produced would extend 10pm'

Sequence analysis indicates that eukaryotic hyaluronan synthases have a 25o/o identity

with Streptococci hyaluronan slmthases and that both encode a plasma membrane domain

with multiple transmembrane domains. In humans, mice and cattle there are three hyaluronan

synthases encoded by related genes. The encoded proteins share 5lo/o - 71% identity; with the

vertebrate HAS genes sharing the location of at least one intron. Recently, the first virally

encoded hyaluronan synthase was found in Paramecium bursaria chlorella virus (DeAngelis

et al.,lggT). This viral protein shares approximately 50o/o amino acid sequence identity with

the vertebrate HAS proteins.

Although each form of HAS protein catalyses hyaluronan biosynthesis in eukaryotic

cells, their enzymatic properties differ (Itano et al., 2004). The physiological function of

hyaluronan may be dependent on the associated enzymatic properties (Spicer & McDonald,

1998). HAS 3 is intrinsically more active than HAS 2, producing more product per enzyrne

unit at a greater rate, which is in tum more active than HAS 1. Analysis of hyaluronan

product size as generated by each HAS protein in vitro, shows that hyaluronan chain length is

controlled by the specific HAS protein s¡mthesising hyaluronan. HAS 1 and HAS 2 proteins

produce hyaluronan chains of similar lengths (up to 2 X 106 Da), whereas HAS 3 produces

hyaluronan chains, < 3 X 10s Da. Hyaluronan chains of different lengths have different effects

on cell behaviour, with short length hyaluronan involved in the stimulation of cell

proliferation and initiation of signalling cascades (Deed et al., t997). Short hyaluronan chains

can also be generated by degradation of extracellular hyaluronan, through the action of a

hyaluronidase or oxidants. High molecular weight hyaluronan chains on the other hand, have
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the opposite effect, causing the inhibition of cell proliferation. That HAS proteins synthesise

hyaluronan chains of differing average lengths, may be a key factor in ECM regulation and

fluid accumulation, although the functional significance of varying polymer length is not

known.

This Chapter aimed to determine where in the follicle and at what stage of follicular

development hyaluronan is being synthesised. In addition it aimed to identify which cells

were responsible for its production, prior to cumulus oocyte complex involvement' In doing

this support the data provided in Chapter 4 perlaining to hyaluronan protein production and

localisation within the follicle and to propose a role for hyaluronan in a general model of fluid

accumulation processes during the growth of the follicular antrum.

5.2. ExperimentalDesign

In order to determine which cells within the follicle were producing hyaluronan and at

what stage in their development, a combination of immunohistological, molecular and in situ

hybridisation methods were employed. Since no commercial probes were available to the

bovine HAS genes, primers were designed for PCR using known bovine sequences to HAS 1,

2 and 3 and to an identifier of follicular health, inhibirVactivin BA, with the view to preparing

digoxigenin (DIG) labelled probes for in situ hybridisation and Northem blot experiments.

Probes for the housekeeper genes 18S ribosomal RNA (18S rRNA) and glyceraldehyde-3-

phosphte dehydrogenase (GAPDH) were also made. In addition, a plasmid containing the

cytochrome P450 side chain cleavage (P450scc) was sourced as a control for follicular thecal

health. At the time of commencement of this work the available nucleotide sequences for the

bovine HAS genes were 48017803, (HAS 1), 48017804, (HAS 2) and 48017805 (HAS 3).

During the completion of this work a new set of sequence data was lodged in GenBank

(NM_174079 - HAS 2 and 4J293889 - HAS 3). There was no new sequence for HAS 1

(A8017803) and so primers as described by Schoenfelder and Einspanier were made

(Schoenfelder & Einspanier, 2003).

All primers were designed to provide probes that were bovine and HAS gene specific

and would span introns where possible.

Sequence alignments of hyaluronan synthases were performed using Clustal W 1.4 with

forward and reverse primers designed using Oligo program 4.0 or primer Express software.

The primer sets shown in Table 10 were selected based on published data as indicated and

were supplied by Sigma Genosys Castle Hill Australia Pty Ltd.

The housekeeper genes used were bovine 18S rRNA accession number: 4F17681i and

mouse GAPDH: XM284785
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InhibirVactivin BA was designed to the BA subunit of the inhibin/activin molecule as the

inhibin/activin BA subunit mRNA is only expressed by the granulosa cells of anÍal follicles

greater than 0.8 mm diameter (Tomey et al., 1989). Forward and reverse primers were

designed to exon I and 2 of the inhibin/activin BA gene respectively. The forward primer was

targeted to base 7652 to 1672 of exon 1 (accession: U76238,base 1743: base 1 of intron)

and the reverse primer targeted to bases 738 to 758 of exon2 (accession; Ul6239,base 339 is

the first base of exon 2).

The P450scc product obtained by amplification of the P450 side chain insert was from

plasmid pBSCC-4 (Figure 55). This plasmid was donated by Dr Raymond Rodgers of The

University of Adelaide and contained the M13 Universal (USP) and M13 Reverse sequence

primer (RSP). This plasmid was contained a 550 bp insert sub-cloned from pBSCC-2 (John et

aL.,1984).

Batches of cDNA were made from RNA extracted as described in 2.22 and 2.23 hom

several foetal tissues reported as having hyaluronan synthase activity, namely, eye, skin, lung,

brain, cartllage heart and colon. Following amplification of sequence and its confirmation by

Clustal W alignment to the GenBank sequence, the amplicons were cloned in to pGEM T

EasfM vectors by standard methods. Following successful cloning of the amplicons tissues

were collected from the local abattoir and processed for in situ hybridisation (see 2.3.5). DIG

labelled RNA probes were made as described in 2.27.2 and a second series of follicles from

mature ovaries were collected and processed for in situ assays. These follicles were collected

and classified in to six groups based on follicular diameter, three containing healthy follicles

and three of atretic follicles. The groups \Mere 2 - 4 mm, 6 - 8 mm and 12 - 15 mm. In

addition, whole ovaries were processed for in situ to allow assessment of hyaluronan

expression in primordial through to early antral follicles. These groupings were chosen in

order to provide data on hyaluronan production at different stages of follicular development

and to investigate changes in the level of expression of hyaluronan with respect to health

status. All follicles > 2 mm were classified for health by the same criteria applied in previous

Chapters. Control probes of inhibin/activin BA and P450scc were used in in situ and Northem

blot assays with the probe for GAPDH used solely for the Northem blots.

GAPDH is a common control gene expressed ubiquitously in the cell. GAPDH aids in

the assessment of relative amounts of transcript present in a tissue sample. The GAPDH

primers used in the PCR experiments were derived from the rabbit sequence, as these were

freely available. Since the sequence homology of GAPDH across species is very high (Figure

56) there were no difficulties foreseen in using it.

As mentioned above, lnhibin/activin B A was used as a control as it is a reliable marker

of granulosa cell integrity. P450scc was used as a control for theca cell integrity (John et al.,
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1984). Further information on these controls can be found in the material and methods

chapter of this thesis and excellent reviews of their role in the follicle are available (Bao &

Garverick, 1998, Campbell et al.,2003,Mihm & Bleach, 2003,Risbridger et al'' 1990' Ying'

1e87).

Followingtheinsituassaysthepercentageofpositivelystainedfolliclesfromdifferent

size categories and health status were calculated in order to provide insight in to the temporal

expression of the three HAS enzymes. Tissue controls were also assessed for expression'

InordertoconfîrmthefindingsfromtheinsituassaysNorthernblotswerecarriedout

using the RNA prepared from a pool of follicres of the same size categories used in the in situ

assays. The same tissues were also tested and where available additional tissues were assayed'

In addition to the above one-tube RTpcR using equar amounts of RNA starting material was

carried out in order to assess relative levels of product from each tissue tlpe'

5.3. Results

5.3.1. Sequence Data

In order to identify primers specific to the three HAS genes for use in PcR reactions

sequence data for the HAS genes and for housekeeping genes 18S rRNA and glyceraldehyde-

3-phosphate dehydrogenase (GAPDH) were soufced from the GenBank database' Sequence

alignments were performed using clustal v/ l'4 (htþ://www'ebi'ac'uk/clustalw/)' The

nucleotide sequence alignment for bovine HAS 1, 2 and 3 is shown in Figure 42 andthe

protein alignment can be seen in Figure 43' The sequence homology of the bovine HAS genes

at the nucleotide level was greater than 600/o' The plasmid maps' sequences used and position

of the HAS primers can be seen in Figure 51, Figure 52, andFigure 53' The amplicon sizes of

each product can be seen in Table 10'
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1
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57
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1,20
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** * *****
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240
2L6

HAS 1
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HAS 3
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HAS 1
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357
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HAS 1

HAS 2

HAS 3

411
480
456

HAS 1
HAS 2

HAS 3

540
516

HAS 1
rlAs 2
HAS 3

600
51 6

TIAS 1
HAS 2
HAS 3

609
586

Figure 42 Nucleotide sequence alignment for Bos taurus IIAS 1, 2 and 3. Totøl seqaence

homologt (red box), HAS 1,2 homologt (greY box), HAS 2, 3 homologt (blue box) HAS I'
3 homologt (yellow box). Sequence dats obtained from httn : //www. nc b L nlm- nih. eov.

Accession numbers for HAS 1, 2 and 3 øre A8017803 bases I - 517, A8017804 bases I -
609, ønd A8017805 bases I - 586 respectively. (Yamøshítø,H, (Is uí,7. ønd S uzuki'K. I 999).
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TIAS

HAS
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1
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MHCERELC I LRI f GTTLEGVSLLLGITAAYIVGYQF]QTDNYYFS FGLYGAFLASHLI IQ 6 O

SLFAELEHRKMKKSLETPIKLNKTVALCIAAYQEDPDYLRKCLQSVKRLTYPGIKWMVI 12 O

DGNSEDDLYMMDIFSEVI4GRDKSATYIWKNNYHVKGPGETDESHKESSQHVTQLVLSNKS 1 B O

tlAs 1
HAS 2
HAS 3

ICTMQKWGGKREVMYTAFRALGRSVDYVQVCDSDTMLDPAS SVEMVKVLEEDPMVGGVGG 2 4 O

HAS 1

HAS 2

HAS 3

DVQILNKYDSWISFLS SVR

33
300
26

HAS 1
HAS 2
HAS 3

93
360
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HAS 1
HAS 2
TIAS 3

153
420
I46

IIAS 1

HAS 2

HAS 3

e ]WNEIGLIP 48O

---------- 195

HAS 1

HAS 2

HAS 3

VSVWFT I LLGGVI FT f YKE SKKPFSE SKQTVLIVGTLLYACYüIVMLLTLYWLINKCGRR 5 4 O

HAS 1
IIAS 2
IIAS 3

KKGQQYDMVLDV 552

Figure 43 Bos taurus HAS 1, 2 and 3 proteín sequence ølìgnment. Conserved amino acid

homologt (red box), HAS 1,2 homologt (greY box), HAS 2,3 homologt (blue box) HAS 1'3

homologt (yellow box). Sequence data obtained from hlto : //www, nc b i nlm^ n íh, eov.

Accessíon numbers for HAS 1,2 and 3 are 8AA76546 amino øcid 1 - 172, 8A76547 ømíno

øcid 1 - 203, and 8A76548 amino acíd I - 195 respectively'

Suzuki,K.1999).

(Yamøshitø,H., Usui,T. and
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tdentification

o.

mer sequences 5t - 3t Tm

Bos l8S rRNA AF17681 I AGAAACGGCTACCACATCCAA Forward 60c 90 bp

ATTTTTCGTCACTACCTCCTGTATTGTT Reverse

Bos HAS I
AB017803 GGTACAACCAGAAGTTCCTGGG Forward

65.5

C

182 bp

CGGAAGTACGACTTGGACCAG Reverse

Bos HAS 2
gi:4586935 CTGGGAATGTACAGAAACTCCTTA Forward

63.8

C

3l0bp

GGAAGAACCCAGTG ATGACG Reverse

Bos HAS 3 gi:12049661 ACAGG Forward 70c 243bp

GCCCCGGTAGAAGAGCTGTA TG Reverse

Bos

Inhibin/Activin

pA

u16239 AGAGGACTGTGACGAGGTGTC

Forward 58C

449bp

u1623 8 TGGAGATAGAGGAC GACATCG Reverse

OL GAPDH L23961 AAGTATG Forward 60c 388 bp

Reve¡se

M13 UruSP-17 GTAAAACGACGGCCAGT Forward 55C

Ml3 R/RSP-25 TAGCTGTTTCCTGTGTG Reverse

Tøhte 10: Prímer sequences usedfor the amplificøtion of Bovine HAS 1, HAS 2, HAS

j, 1g,S 1RNA, GAÙDH and Inhibin/activítt BA and sequences oÍthe universøl primers used

for amptiJícat¡on of ínsert from the pGEM T Easy vector' The primer Tm ønd expected

ømplicon size (tre indicated

5.3.2. RT - PCR to Follicles and Tissues'

RNA was made from foetal tissues and from single follicles collected from the abattoir.

complementary DNA was then synthesised from RNA by standard methods and this oDNA

was used for RT - pCR to amplify HAS genes and control genes alike. RT - PCR amplified a

product from foetal tissue for each set of primers for bovine HAS 1, 2 and 3 and for bovine

inhibin/activin BA, GAPDH and 18S rRNA. The sizes of the amplicon were 182 bp, 310 bp

andZ43 bp for HAS 1, 2 and 3 respectively and 449 bp,388 bp and 90 bp for inhibirVactivin

pA, GAPDH and i8S rRNA.

5.3.2.1, Bovine HAS 1

Amplified DNA of the correct size was seen in all tissues tested' The size of the

amplified product was 182 bp (Figure 44). NB: in the images below 2 - 4 mm GC denotes
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granulosacellsobtainedfromafollicleof2-4mmdiameter,2-4mmthecadenotestheca

cells obtained from a follicle o12 - 4 mm

5.3.2.2. Bovine HAS 2

HAS 2 could be amplified in all tissues tested. The amplified product was 310 bp

(Figure 45)

5.3.2.3. Bovine HAS 3

HAS 3 could be amplified from all tissues tested. The amplified product was 243 bp

(Figure 46)

5.3.2.4. Bovine Inhibiilactivin BA

Bovine inhibirVactivin BA was only amplified from follicular tissue and skin. An

amplicon was seen in all tissues tested, with the amplified product being 449 bp (Figure 47)

5,3.2.5. GAPDH

All tissues tested amplified a product of 388 bp. The intensity of the band staining in

each case was equal in all tissues except the heart (Figure 48).

5.3.2.6. Bovine 18S rRNA

All tissues tested amplified a product of 90 bp. The intensity of the band staining in

each case was again equal in all tissues as expected (Figure 49).

The PCR fragments isolated from the RT PCR were sequenced by standard methods at

the John Curtin School Biomolecular Resource Facility, Australian National University,

Australia and aligned to the known bovine sequences reported in Table 10. All amplified

sequences had high homology > 98o/o with reported sequence.
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tr C!.*Õ <- 182 bn

1 2 g 4 5 6 7 8 9 10 11 ',12

Figure 44 HAS I PCR Løne 1: p(1C19 restrícted wíth HpaIll marker, 2: 2 -
- 8 mm GC, 4: 12 - 15 mm GC, 5: 2 - 4 mm theca, 6: 6 - I mm theca, 7: 12

4 mm GC,3:6
- 15 mm theca,

2:2-4mmGC,3:6
7: 12 - 15 mm theca,

n
,æ*ft ** '* ;6* +

a
<- 310 bp

1 2 3 4 5 6 7 I I 1011

8: eye, 9: skin, 10 hoof, 11 brain, 12 colon. PCR product size 182 bp, product separated on

a 2 % ügarose get. NB 2 - 4 mm GC denotes grønulosa cells obtainedfrom afollícle oÍ2 -
4 mm diameter, 2 - 4 mm theca denotes thecø cells obtained from a follícle ol2 - 4 mm.

Figure 45 HAS 2 PCR Lane 1: pUCl9 restrícted with Hpalll market, 2: 2 - 4 mm GC,3: 6

- 8 mm GC, 4: 12 - 15 mm GC, 5: 2 - 4 mm theca, 6: 6 - I mm theca, 7: 12 - 15 mm theca,

8: eye, 9: skin, 10 hoof, 11 colon. PCR product size 310 bp, product separøted on ø 2 oÁ

agarose gel.

5

* '!'Ì: ; ff* ,..,..; <- 243 bp

1 2 3 4 5 6 7 I 9 1011

Figure 46 HAS 3 PCR Lane 1: pUCl9 restricted with Hpølll marker,

- 8 mm GC, 4: 12 - 15 mm GC, 5: 2 - 4 mm theca, 6: 6 - I mm theca,

8: eye, 9: skin, 10 hoof, ll colon. PCR product size 243 bp, product separated on ø 2 ot6

øgarose gel.
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îrrilt
{:

;lt <- 449bn

12345678
Fìgure 47 Bovíne Inhìbín ßu PCR Lane 1: pUCl9 restrícted with Hpalll mørker, 2: 2 - 4

mm GC, 3: 6 - I mm GC, 4: 12 - 15 mm GC, 5: 2 - 4 mm theca, 6: 6 - I mm theca, 7: 12 -
15 mm theca, 8: skin. PCR product size 449 bp, product separated on ø 2 o/o agørose gel.

<- 388 bp

1 2 3 4 5 6 7 I I 10 1112

Fígure 48 GAPDH PCR Løne 1: p(1C19 restricted with Hpølll mørker, 2: 2 - 4 mm GC, 3:

6 - 8 mm GC, 4: t2 - 15 mm GC, 5: 2 - 4 mm thecø, 6: 6 - I mm thecø, 7: 12 - 15 mm theca,

8: eye, 9: skin, 10 hoof, 11 colon 12: Brain. PCRproduct size 388 bp, product sepørated on

a2%øgarosegel.

-¡ú,

, ì lâ.:i:t¡ :* <- 90 bp

1234S6789101112
Fígure 49 Bovine 185 nRNA PCR Lane 1: pUCl9 restrícted with Hpalll marker, 2: 2 - 4

mm GC, 3: 6 - I mm GC, 4: 12 - 15 mm GC, 5: 2 - 4 mm theca, 6: 6 - I mm theca, 7: 12 -
15 mm theca, 8: eye, 9: skin, 10 hoof, 11 colon, 12: Brain. PCR product size 110 bp'

prodact sepørated on a 2 oÁ øgørose gel.
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5.3.3. Sub-Cloning

Following successful amplification of the HAS 1, 2 and 3 and inhibin/activin BA genes

the PCR product was purified by phenol chloroform extraction and the product ligated

overnight and transformed in to pGEM T EasyrM vector using JM109 competent cells. Up to

20 positive colonies were picked and gror n up in 70 ml cultures. Plasmid DNA (100ng) was

then purified sent for sequencing to confirm the sequence of the insert. The vector maps and

sequences can be seen below (Figure 50, Figure 51, Figure 52, Figure 53, Figure 54, Figure

55 and Figure 56). Positive clones were then used to make DIG labelled probes for in situ

hybridisation and Northem blot assays by standard methods described inChapter 2.

5.3.3.1. pGEM T EasyVector System

The pGEM T Easyvector system multiple cloning site can be seen in Figure 50
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A

5

T7 3'
puc/Ml3 f sP6

3r'
Nae

Xmn I

Sca I

MCR
\l

3000

500

pBHAST

3197 bos' 1000

fl ori

1500

Amp r

2000

B

BosHÀS1
Hu HAS1

cgggcttgccagagctacttccactgcgtgtcctgcatcagtgggcccctaggcctatac
cgggcttgtcagagctacttccactgtgtatcctgcatcagcagtcctctaggectatat

5F'---+
aggaacaacc,tcctgcagcagttccttgaggcctggtacaaccagaagttcctg gg c,ac,c

cttgcagcagtttcÈtgaggcctggtacaaccagaagttcctgggtacc,

60
97L

BosHASl
Hu HAS1

L20
1031

BosHASl
Hu HÀSl

cactgcacctttggggatgaccatcacctcaccaaccacatgctcagcatgggctatgcc 1 I 0
cactgtacttttggggatgaccggcacctcaccaaccgcatgctcagcatgggÈtatgct 1 0 91

BosHASl
Hu HAS1

accaagtacacctcacAgtctcactgctactcAgagacArccctcAtccttcctg c,gct,gg 2 40
accaagtacacctccaggtcccActgctactcagagacgccctcgtccttcctgcggtgg 1 1 51

BosHASl
Hu HAS1

ctgagccagcagacgcgctggtccaagtcgtacttccgcgagtggctgtacaatgcgcÈc 3 0 0
c tgagccagcagacecgc tggtccaagÈcgtac,ttccatgagtggc tgtacaacacactc 1211

3R'

C
35 4026 2012 579 21s3 315 intron

exon

HASI

4 693 226 991

I
,l 2 3 4 5

5.3.3.2 pHAS 1

Figure 51 Imøge A: Pløsmìd møp for HAS 1, B: Alignment of Bos taurus HAS I sequence
with Human HAS 7 sequence, showíng sequence homologlt (yellow box) øndforward and
reverse pr¡mer sequence pos¡t¡ons, C: schemøtìc showíng pos¡t¡on of ømplffied HAS t
sequence spønn¡ng exons 4 ancl 5 of the known Humøn sequence. Expected ampl¡con size
was 182 hp. Størt posítìon bp 85 exon 4,ÍÍnìsh bp 268 exon 5 bovine sequence. Intron exon
boundøry mørked by dotted líne.
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A

5

T7 3'
puc/Ml3 f sP6

pUC/M13 r'

Naê

Xmn I

Sca I

f I ori

1000

Amp r

500

2000

1500

MCR
I

2500
pBHAS3

3258 bps

B

Bos HAS3
Hu HAS3

cggcacctcaccaaccgagÈcctgagtcttggctacaggactaagtâtacagctcattct
cggcacctcaccaaccgagtcctgagcct accgaac'taagÈataccacacgctcc

5F'
aaatgcctcecggagacccccaccaagtacctccggtggctcaaccagcagactcgctgg
aagtgcctcacegagacccccectaagtacctccagtggctcaaccagcaaacccactgg

180
LL67

Bos HÀS3
Hu HAS3

240
L227

Bos HAS3
Hu HÀS3

agcaagtcttacttccgggagtggctctacaactctctgtggttccacaagcaccacctc 3 0 0
agcaagtcttacttccAggagtggctctacaactctctgtggttccataagcac caq,ctuc L287

Bos HAS3
Hu HAS3

tggatgacctecgagtcagtggtcacaggtttcttccccttctÈcctcattgccacggtc 3 6 0
tggatgacctacaagtcagtggtcacAggtttcttccccttcttcc,tcattgcc aeggLt- L3 47

Bos HAS3
Hu HAS3

atacagctcttctaccggggccgcatctggaacattctcctctttctgctgaca gt-geag 42O
atacagcttttctaccagggccAcatctggaacattctcctcttcctgctgacg güg c,ag L 4 O7

\ 3R'

C

156 1700 3409 800 2402 intron

exonr56 636 3326

Has 3

1 2 3 4

3 4

5.3.3.4 pHAS 3

Figare 53 Image A: Pløsmid møpÍor HAS 3, B: Alignment of Bos taurus HAS 3 sequence
with Humøn HAS 3 sequence, showing seqaence homologt (yellow box) andforwørd and
reverse pr¡mer sequence pos¡t¡ons, C: schematíc showíng position of amplìJïed HAS 3
sequence spann¡ng exons 3 and 4 of the known Human sequence. Expected ømpl¡con s¡ze
was 143 bp. Start position bp749 exon 3,frnish bp894 exon 4. Probe position bp95 - 325 of
bovine sequence. Intron ercon boundary marked by dotted line.
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5.3.3.3 pHAS 2

Fígure 52 Image A: Plasmíd map for HAS 2, Image B Alignment of Bos tsurus HAS 2
sequence wìth Humøn HAS 2 sequence, showing sequence homologt (yellow box) and
forward and rcverse pr¡mer sequence positions, C: schemotìc showing position of ampffied
IIAS 2 sequence conta¡ned within exon 4 of the known lIuman sequence. Expected
ømpl¡con size was 310 bp. Start posítion bp53 exon 4, Íinßh bp325 exon 4 of bovine
sequence. Intron exon boundary mørked by dotted line.
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5.3.3.5 plnhibirì/Activin BA

Fìgure 54 A: Plusmìd mapÍor Bos tsurus ìnhibin/activìn fA, B: Bos taarus ínhibìn/activin

PA. Exon 1 sequence with S'reverse primer índicated and Bos tøurus ínhibin/øctivín þA
exon 2 sequence with 3forward primer índícated. C: schemalic showíng pos¡t¡on oÍ
ampl¡Íied Bos laurus inhíbin/øctivìn fA sequence spann¡ng exons 1 ønd 2 of the known
Bos taurus sequence. Amplìcon : bp 1652 to 1672 of exon I and bp 738 to 758 of exon 2.

Intron exon boundøry marked by dotted line.
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3R'

5.3.3.6 P450 Map and Sequence

Fìgure 55 A: oríginøl pBscc-4 plasmid containing 550 bp P450scc insert in the multiple
cloning reg¡on (MCR). B: Inserted region of P450scc with start ønd fi.nßh positions
mørked by anow. Amplicon size:550bp.
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5.3.3.7 pOLGAPDH Map and Sequence

Figure 56 A: Ptasmid map of pOLGAPDH used in the preparation of GAPDH probes. B:
sequence ølignment of Bos taurus GAPDH and Oryctolagus cuniculus GAPDH to show

high homologt of sequence (yellow box) used in probes for Bos tøurus sequence

amplitication and posítíon of prímers used.

187



Quantif,rcation of the DIG probes was done using a dot blot assay using an anti - DIG-

alkaline phosphatase antibody as described in the methods in Chapter 2. The quantitation of

the probes showed that 10- 100 pgl¡t"l of probe could be detected by this method.

5.3.4. In Situ hybridisation

5.3.4.1. Introduction

Tissues for in situ hybridisation assays were prepared as described in Chapter 2. The

tissues chosen for assay were those reported to have some reactivity to each of the probes

used (eye (Usui et al., 1999), skin (Rams den et al., 2000),lung (Underhlll et al., 1993), colon

(Wang et al.,1996), bone growth plate (V/addington et a\.,1994). HAS signals are generally

best observed in foetal tissues (Toole, 2001) and so tissues were sourced from a 100 - day old

bovine foetus as controls, In order to determine the expression levels of HAS, follicles from

primordial to 15 mm diameter were assessed for the message for HAS I, 2 and 3 with both

healthy and atretic follicles > 2 mm investigated. A full description of tissue and follicular

localisation of message for the three hyaluronan synthases and controls for thecal health

(P450scc) and granulosa cell health (inhibir/activin BA) can be seen below.

NB: Sense controls were not counterstained and were photographed with minimal phase

contrast to show the real degree of negative staining. Staining these negative sections would

have made distinction between positives and negatives more difficult when

photographed/printed in black and white as was done here.

5.3.4.2. Cytochrome P450 Cholesterol Side Chain Cleavage

No staining \Mas seen in either granulosa cell or theca cell layers of any of the

primordial, primary, secondary and early antral follicles (Figure 58). The first evidence of

staining was seen in the theca interna of the follicles of size 2 - 4 mm (Figure 57).In healthy

follicles there was clear staining of approximately 40Yo of the theca interna cell population.

This staining was localised to the cytoplasm and appeared to be more concentrated in those

layers of the theca interna close to the basal lamina. In atretic follicles there was staining of

the theca intema similar to that seen with the healthy follicles and this staining was slightly

weaker also there appeared to be some staining of the theca extema in some more advanced

atretic follicles. Once again the staining appeared to be localised within the cytoplasm

although there was also some staining of nuclear material.

In healthy follicles of size 6 - 8 mm (Figure 57) Ihe localisation of the p450scc signal

was to the theca interna with additional localisation seen in some of the granulosa cells. The

staining within the theca interna appeared strongest within the cells more closely aligned with
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the basal lamina with approximately 60 - 70% of cells were positive at this level. Once again

the staining was seen within the cytoplasm of the above cells.

In atretic follicles of size 6 - 8 mm (Figure 58) the staining was similar to that seen in

healthy follicles, with the exception of what appeared to be leakage in to those theca externa

layers closest to the theca intema. Again the staining was cytoplasmic with some apparent

nuclear staining. It was considered that the nuclear staining seen may have been an artefact of

the sectioning, in that the staining was in fact cytoplasmic but since it lay in section above, the

staining appeared to be nuclear in origin.

In large healthy follicles of size 12 - 15 mm (Figure 58) the localisation of the P450scc

appeared to be solely within the theca intema with approximately 40o/o of cells being positive.

No staining v/as seen in the granulosa cells within the follicular antrum. In these theca intema

cells the staining was clearly localised with the cytoplasm of the cells.

In atretic follicles of the 12 - 15 mm range the theca interna was stained most strongly

however; some of the granulosa cell population were also stained. In both these sets of cells

the localisation of the staining was mainly within the cytoplasm with some indication of

nuclear staining.
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Figure 57 In situ hybridísation to follicles using the P450scc probe and localisatíon of the
P450scc messøge. A and B show the results of in situ hybridísatìon ín healthy 2 - 4 mm

follicles. C: is the sense control. D ønd E show the locølisstion to 6 - I mm follicles. F:
sense control. Bør: 150 ¡tm for images A - F. A denotes the antrum, S denotes the stroma,
GC denotes granulosa cell, Th denotes the thecal layers, Th' denotes theca internø layer,
Th" denotes thecø externa løyer. NB: sense controls were not counterstaíned.
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Figure 58 In situ hybridisøtion to follícles of the P450scc probe. A and B show the results
of ín sítu hybrìdísatíon to heølthy 12 - 15 mmfollicles. C: sense control. D, E and F show
the results ohtained ín prímordial ønd prìmary follicles, øtretic follicle, and corporø luteø
respectively. Note no støining ís seen in the eørly stage follicles. Bar = 300 p"m images A
ønd B, = 150 ¡tm ímages C, E and F,: 25 ¡t"m image D. A denotes the antrum, S denotes
the stroma, GC denotes grønulosø cell, Th denotes the thecøl løyers, Th¡ denotes thecct

interna layer, Th" denotes theca exlerna layer, P denotes position of prímordial follicle.
NB: sense controls were not counterstøíned.
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5.3.4.3. Inhibin/Activin BA

The messenger RNA for Inhibin/Activin BA could not be detected within primordial

follicles (Figure 60). In primary follicles there was some weak staining noted within the

granulosa cells (Figure 60). This staining was cytoplasmic but it was noted that not all cells

were positive and as mentioned, the signal was weak. In secondary follicles the granulosa

cells showed some degree of message for inhibir/activin 0A but once again levels appeared

low with localisation to the cytoplasm. In secondary follicles the staining pattern resembled

that noted above with weak staining of the granulosa cells.

ln early anftal follicles staining was noted in the granulosa cells and thecal cells of the

follicles. This staining appeared strong with the strongest reactivity seen in the granulosa

cells. The staining in all cases was localised to the cytoplasm (Figure 60).

In healthy follicles of size 2 - 4 mm (Figure 59) the localisation of message for

inhibin/activin BA was similar to that noted within the early antral follicles. The staining

pattern appeared strongest within the cytoplasm of the granulosa cells and within this group

the stronger stain was noted within the granulosa cells closest to the basal lamina. Some

staining of red blood cells was also noted. Atretic follicles (Figure 60) of the same size (2 - 4

mm) also stained positive for inhibir/activin 04. In this case the antral granulosa cells were

most strongly stained within the basally atretic follicles while the basal granulosa cells were

the most strongly stained within the antrally atretic follicles. It is believed that this maybe an

artefacq and result from accumulation of stain in small acellular areas of the follicle.

Healthy follicles of 6 - 8 mm (Figure 59) in size exhibited staining solely within the

granulosa cells. This staining was distributed evenly between the granulosa cells although the

apparent increase in density of the granulosa cells in proximity to the basal lamina gave aÍr

overall appearance of the stain being greater in these cells. In atretic follicles of the same size

the staining was identical to that seen in the healthy follicles. In both cases the localisation of

staining seen was within the cytoplasm with some weaker stain seen within the nucleus.

In healthy follicles of 12 - 15 mm staining was localised within the granulosa cells.

Those granulosa cells associated with the oocyte were more weakly stained than antral

granulosa cells and those attached to the basal lamina. In all cells the nuclear staining

appeared stronger than noted previously. In comparison the cytoplasmic staining reduced. In

atretic follicles of the same size the granulosa cells were stained positively but to a lesser

degree than that seen within the healthy follicles. Additionally the staining within the nucleus

was more pronounced than that seen in the healthy follicles.
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Figure 59 In sítu hybrídisation to follicles using the Inhibin/Activín BA probe and
localisation of the Inhibin/Activin BA messøge. A and B show the localisation to healthy 2 -

4 mm follicles, C: sense control. D and E show the localísation to 6 - I mm. F: sense

control. Bar : 150 p.m ímages A, D, C ønd F, : 50 p"m imøges B and E. GC denotes

granulosø cell, Thi denotes thecø internø layer, Th" denotes theca externa layer. A denotes

the antrum, S denotes the stroma, Th denotes the thecal layers, NB: sense controls were not
counterstained.
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Fígure 60 In situ hybridisatìon to follicles of the Inhibin BA probe. A ønd B show the
localisation to 12 - 15 mm follicles. C: sense control. D, E ønd F show the result of in situ
hybridisatìon ìn prímordíal and primary follicles, øtretic follicle, and corpora luteø
respectìvely. Bar: 300 pm images A, B and C,: 150 p"m imøges E ønd F,: 25 ¡t"m imøge
D. A denotes the øntrum, S denotes the stromø, GC denotes grønulosa cell, Th denotes the
thecøl layers, Thi denotes thecø internø layer, Th" denotes theca externu løyer, P denotes
positíon of primordial follicle. NB: sense controls were not counterstained.
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5.3.4.4. Tissue Localisation of HAS 1, HAS 2 and HAS 3

The tissues examined were taken from adult bovine eye (ciliary process and comea) and

the bovine foetal tissues of skin, hoof and colon. These tissues were used as controls for the

HAS probes based upon previous reports in the literature (Nishida et a1.,2000, Sayo et al.,

2002, Sugiyama et a1.,1998, Usui e/ al., L999, Wang et al.,1996). HAS 1 was not localised

within the foetal eye but was positively located to the colonic epithelial cells, minimal areas

of the growth plate region of the hoof and epidermal layers of the skin (Figure 61 and Figure

62). HAS 2 was localised to the anterior ciliary process within the bovine eye and to the

epithelial cells of the foetal colon. The area of positive staining in the foetal hoof was again

within the growth plate region of that tissue. The area stained incorporated more of the growth

plate than was involved with the HAS 1 probe and the intensity of the staining approximately

3-fold greater. The localisation within the skin was to the epidermal layers and to the skin

sweat gland (Figure 63 and Figure 64).

Observations of the HAS 3 localisation patterns within the tissues showed that it was

similar to that seen with the HAS 2 probe in the ciliary area of the eye. In addition the comeal

endothelial cells were positively stained. In the foetal hoof the staining pattern again

resembled that of HAS 2 as it did with all other tissues examined (Figure 65 and Figure 66).

In situ hybridisation to tissues of inhibirVactivin BA and P450scc were also carried out and

localisation of message was consistent with that indicated in the literature (data not shown).

Since all probes gave positive signals in the cell types of the tissues indicated in the

literature the authors were therefore confident of their specificity.
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Figure 6I In situ hybrídìsation to bovine foetaltissue with the HAS I probe. Images A, B
ønd C show the localisation withín the foetalcolon (A, B) and the sense control (C). Images

D, E and F show the localísation within the foetalhoof or growth plate (A, B) and the sense

conlrol (F). Bør: 150 ¡tm images A, D, C ønd F,: 50 ¡tm image E, = 25 ¡tm image B. CV
denotes colonic víllus, GP denotes growth plate region.
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Figure 62 In s¡tu hybridisøtion to bovine foetaltissue wìth the HAS I probe. Images A, B
and C show localisøtìon within the foetaleye (A, B) and the sense control (C). Images D, E
and F show localisøtion within the foetølskín (A, B) and the sense control (F). Bør = 150

¡tm images A, D, C and F, = 25 ¡tm image B and E, R denotes posìtion of retina, showing
cones ønd rods of the eye contaínìng the retínoìd pigment. E shows the posítìon of the
epídermøl layer in the skin.
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Figure 63 In situ hybridisation to bovine foetaltissae with the HAS 2 probe. Images A, B
and C show locctlisation within the foetalcolon (A, B) and the sense control (C). Imøges D,
E and F show locølisatíon wíthin the foetulhoof or growth plate region (4, B) and the sense

control (F). Bør: 150 p"m ímages A, D, C and F,: 50 pm images B and E. F shows the
position of a fold in the tissue sectíon. CV denotes colonic villus, GP denotes growth pløte
region.
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Fígure 64 In situ hybridisøtion to bovine foetøltíssue with the HAS 2 probe. Images A, B

and C show locølisation within the foetaleye (A, B) and the sense control (C). Images D, E

and F show localiscttion h,ithín the foetalskin (A, B) and the sense control (F). Bør: 150

pm imøges A, D, C and F,: 25 y"m images B and E. R denotes positíon of retina, showing
'cones 

ind rods of the eye containíng the retinoid pigment. E shows the posítion of the

epídermal layer in the skin.
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Figure 65 In situ hybridisatíon to bovine foetaltissue with the HAS 3 probe. Images A, B
ønd C show localísøtion within the foetalcolon (A, B) ønd the sense control (C), Images D,
E ønd F show localisatíon wíthin the foetølhoof or growth plate regìon (A, B) and the sense

control (F). Bar: 150 ¡tm ímages A, D, C and F, = 50 ¡tm ímage E,: 25 ¡tm imøge B. CV
denotes coloníc villus, GP denotes growth pløte regíon. F shows the posítíon of afold in the
tissue section.
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Figure 66 In sítu hybridisatíon to bovine foetaltissue with the HAS 3 probe. Imøges A, B
ønd C show localisation withín the foetaleye (A, B and the sense control (C). Images D, E
ønd F show localisatíon wíthin the foetølskin (4, B) ønd the sense control (F). Bar = 150
p"m images A, D, C ønd F, : 50 p"m image B, = 25 ¡tm imøge E. R denotes position of
retínø, showing cones and rods of the eye containìng the retinoid pigment. E shows the
position of the epídermøl løyer in the skìn.
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5.3.4.5. Follicular Localisation of Hyaluronan Synthase 1 (HAS 1)

The localisation of message for HAS 1 in primordial follicles was seen in approximately

50% of follicles viewed (Figure 70). Close observation showed that this localisation was in

the cytoplasm of the granulosa cells. Primary follicles showed weak staining of granulosa

cells at approximately 3 times greater than background level and this was noted in 60 - 70%

of the follicles (Figure 70). This staining was restricted to the cytoplasm.

ln secondary follicles nearly all follicles showed strong positive staining within the

cytoplasm of the granulosa cells. In early antral follicles this positive staining pattern was

seen in both granulosa cells and theca cells present (Figure 70). It was noted that the

endothelial cells of associated blood vessels also stained positively for HAS 1. Healthy

follicles of 2 - 4 mm in diameter had very strong staining localising to the granulosa and

thecal layers of the follicle (Figure 67).In follicles defined as being healthy columnar, the

granulosa cells closest to the basal lamina of columnar appearance showed clear staining

within the cytoplasm with apparently no stain of the nucleus. In these cells and those in the

two layers above them the staining appeared at its most intense compared with that seen in the

rest of the granulosa cells. The basal lamina was clearly visible between the granulosa cell

and theca interna layers due to the intense staining pattern of the surrounds and complete

absence of stain in the basal lamina. Within the theca intema, patches of intense staining

appeared in layers closest to the basal lamina, overall the staining r¡/as very strong throughout

the theca interna. In the theca externa the pattem of staining was quite different to that of the

theca interna with only a proportion of cells (between 20 and 30%) being positively stained'

In late atretic follicles of 2 - 4 mm staining was either very weak or completely negative

within the theca interna cells. In the granulosa cells the staining remained positive although

the level was lower than that recorded in the healthy granulosa cell layers. In granulosa cell

layers aligned with the basal lamina the staining was reduced further when compared to that

seen in the more anftal cells. In early atretic follicles the theca remained positively stained

while the granulosa cell layer was weakly stained. Follicles identif,red as being basally atreTic

had positive staining within the theca interna and granulosa cells but it was of reduced

intensity when compared to that of the healthy follicles. In all cases mentioned above the

staining was localised to the cytoplasm with some light staining of the nuclei.

Healthy follicles of 6 - 8 mm in diameter showed staining in both the granulosa cells

and theca interna of follicles examined, with the intensity of stain being greatest in the

granulosa cell layers and thecal layers closest to the basal lamina and in the layers of the theca

intema closest to the theca externa, where it was more patchy (Figure 68). As in the 2 - 4 mm

follicles the basal lamina was clearly defined as a clear unstained line separating granulosa

from theca cells. In atretic follicles of 6 - 8 mm in diameter showed staining in both the
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granulosa cells and theca interna of follicles examined with the intensity of stain being

greatest by 2 - 3 fold in the granulosa cells than the theca where the staining appeared to be in

only half of cells present. Antral granulosa cell staining was of lower intensity than the more

basally situated granulosa cells.

In the healthy follicles of the 12 - 15 mm diameter range the healthy follicles displayed

varying patterns of localisation of message (Figure 69). In most follicles the 80 - 100%

granulosa cells were stained positively with the intensity of stain being markedly reduced

compared to that seen in the theca interna. However in some of these large follicles the

granulosa cells were completely devoid of stain while the theca interna remained strongly

stained. ln most cases approximately 50% of the theca extema also showed some degree of

staining. There appeared to be no difference in health status of the follicle between these two

types of staining pattem. In atretic follicles of the same size 100% of granulosa cells and

theca interna were stained strongly as seen in the healtþ follicles but the intensity of staining

within the theca interna was slightly less than that seen in their healtþ compatriots. Minimal

theca extema staining was noted. All localisation noted appeared cytoplasmic in nature.

Additionally it was noted that the endothelial cells of blood vessels were stained

positively as were corpora lutea.
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Figure 67 In situ hybridisation to follicles using the HAS 1 probe ønd localisation of the

HAS 1 message. A and B show the result of in sítu hybridisøtion to healthy 2 - 4 mm

follicles. C: sense control. D and E show the locølisation to atretic 2 - 4 mm follícles. F:
sense control. Bør = 150 ¡tm images A, D, C and F,: 25 p"m ímages B ønd E. A denotes the

antrum, S denotes the stromø, GC denotes granulosa cell, Th denotes the thecal layers, Thi

denotes thecø internct layer, Thn denotes theca externa løyer. NB: sense controls were not
counterstained.
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Figure 68 In situ hybrídísation to follicles using the HAS 1 probe. A ønd B show the

localísation to healthy 6 - I mm. C: sense control. D and E show the localìsation to atretic 6

- 8 mm. F: sense control. Bar: 150 p"m imøges A, D, C ønd F,:25 p'm images B ønd E. A
denotes the antrum, S denotes the stroma, GC denotes granulosø cell, Th denotes the thecal

layers, Thì denotes theca ínternø layer, Th" denotes thecø externø layer. NB: sense controls
were not counterstaíned.
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Figure 69 In situ hybridisøtion to follicles using the HAS I probe. A ønd B show the
localisation to healthy 12 - 15 mm follicles. C: is the sense control. D and E show the
locølisatíon to atretic 12 - 15 mmfollicles. F: sense control. Bør = 150 p"m images A, D, C
ønd F,: 25 p"m images B ønd E. A denotes the øntrum, S denotes the slroma, GC denotes
granulosa cell, Th denotes the thecal layers, Thi denotes theca ínternø layer, Th" denotes
theca externø løyer, NB: sense controls were not counterstøíned.
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Fìgare 70 In sìfa hybrídísation usíng the HAS 1 probe. A shows the localisation within
prímøry follícles. C shows the localisation to øn early øntrøI follicle. B and D øre the sense
controls. The bøsal løminø (BL) cøn be seen us ø cleør líne around the follicle between the
grønulosa and theca cells in C. Bar : 50 p,m imøges B, C ønd D = 25 p"m image A. A
denoles the antrum, S denotes lhe stromø, GC denotes granulosø cell, Th denotes the thecal
løyers, Thi denotes thecø internø layer, Th" denotes theca externø løyer, P denotes positíon
of prìmordíalfollícle. NB: sense controls were not counterstaíned,
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5.3.4.6. Follicular Localisation of Hyaluronan Synthase 2 (HAS 2)

The message for HAS 2 was assayed in the same group of follicles used in the HAS 1 in

situ hybridisations. In primordial follicles the message was present in the early granulosa cells

of only llo/o of follicles with the localisation being cytoplasmic (Figure 74). In primary

follicles, again just 1lo/o of follicles displayed a positive staining pattern, with 2 - 3 times

background staining seen in the granulosa cells. In large secondary follicles granulosa cells

were strongly stained in 42o/o of follicles examined, the localisation of the staining was

cloplasmic (Figure 74).

In early anlral follicles staining was located within the granulosa cell layers of 72Yo of

follicles with some weak staining noted in the theca intema of approxim ately 20Yo of follicles.

The intensity of the staining within the cloplasm was approximately two thirds of that seen

in later stage follicles (Figure 74). Healthy follicles of 2 - 4 mm in diameter were strongly

stained within both the granulosa cell layers and the theca interna, additional staining was

noted within approximately 30o/o of the theca externa cells in most follicles (Figure 71). The

staining of the granulosa cell layers was more evenly distributed than that seen with the HAS

1 probe, with the 2layers of granulosa cell closest to the basal lamina stained more strongly

than the more antral cells. ln the theca there was an even distribution of staining with no one

layer appearing more intense than another. The intensity of stain localised in the cytoplasm of

the theca extema was less than that observed in the other two cell types mentioned above.

In basal atretic follicles of 2 - 4 mm the granulosa cells were positively stained in a

similar pattern to that displayed by the healthy follicles however; the staining of the theca

interna was weaker than seen in healthy follicles with the staining in the layers furthest from

the basal lamina being more strongly stained than those aligning the basal lamina (Figure 71).

The theca externa had no apparent staining within the cells. In antral atretic follicles of the

same size the granulosa cell and theca cell layers were both positively stained to the same

degree and were more heavily stained than the equivalent cells within basal atretic follicles.

Healthy follicles 6 - 8 mm displayed positive staining within the granulosa and theca

cell layers, with the number of cells staining within the theca extema being approximately

50%o.In all cases the pattern of staining was cytoplasmic (Figure 72).

In atretic follicles 6 - 8 mm in diameter the pattem was similar to that noted with the 2 -

4 mm antral atretic follicles although the total number of positively stained cells within the

theca intema appeared reduced (Figure 72).

Large healthy follicles of 12 - i5 mm had very strong staining within the granulosa cell

layers with 80% of theca intema cells showing strong staining within the cytoplasm with the

localisation appearing to be within small "pockets" on the cell membrane (Figure 73).Inlarge

atretic follicles the granulosa and theca cell layers were again stained positively as seen in the
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healthy follicles though the theca signal was reduced with respect to that seen in the healthy

follicles
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Fígure 71 In situ hybrídisøtion to follictes using the HAS 2 probe and localisation of the

HAS 2 messuge. A ønd B show the localisatíon to heølthy 2' 4 mm follícles respectively. C:

sense control. D and E show the localisøtíon to utretic 2 - 4 mm follicles. F: sense control.

Bør: 150 p,m imøges A, D, C and F,:25 p"m images B and E. A denotes the anttum, S

denotes the stroma, GC denotes grønulosa cell, Th denotes the thecøl layers, Th' denotes

theca interna løyer, Th" denotes tlreca externa layer. NB: sense controls were not

counterstaíned.
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Fìgare 72 In sítu hybridisatíon to follicles using the HAS 2 probe. A and B show the

locølisation to heølthy 6 - I mm follicles respectively. C: sense control. D and E show the

localisation to atretic 6 - I mmfollicles respectively. F: sense control. Bør:150 pm images

A, D, C and F, = 25 pm images B ønd E. A denotes the antrum, S denotes the stroma, GC

denotes granulosø cell, Th denotes the thecal layers, Th¡ denotes theca internø layer, Th"

denoles theca externa layer. NB: sense controls were not coanterstained.
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Fìgure 73 In situ hybridÍsation to follícles using the HAS 2 probe. A and B show the
locølisation to heølthy 12 - 15 mmfollicles respectively. C: sense control. D and E show the
locølisation to atretíc 12 - 15 mm follicles. F: sense control. Bør : 300 ¡tm ìmage A, = 150
y"m imøges C, D and F, : 25 pm ìmøges B and E. A denotes the øntrum, S denotes the
stroma, GC denotes granulosa cell, Th denotes the thecøl layers, Th' denotes theca interna
layer, Th" denotes theca externa layer. NB: sense controls were not counterstained.
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Figure 74 In situ hybridisøtion using the HAS 2 probe. A ønd B show the result of ín situ
hybridisation to primary follicle and prímordiøl follicles. C and D result of in situ
hybridisation to øtt eørly antral follicle and the sense control respectively. Bør : 50 pm
images C ønd D:25 ¡tm imøges A and C. A denotes the antrum, S denotes the stromu, GC
denotes granulosa cell, Th denotes the thecal løyers, Thi denotes theca ínterna layer, Th"
denotes theca externø layer, P denotes position of primordiøl follicle. NB: sense controls
were not counterstaíned.

213



5.3.4.7. Follicular Localisation of Hyaluronan Synthase 3 (HAS 3)

Localisation of the message for HAS 3 was found in > 600/o of primordial follicles

examined (Figure 78). The level of the cytoplasmic staining observed was 2 - 3 times greater

than background staining. In primary follicles the number of follicles staining positively was

between 50o/o and,600/o again the staining was cytoplasmic (Figure 78). In secondary follicles

the granulosa cells were positively stained with the level of staining being very strong' In

early an1ral follicles again the staining observed was intense in the granulosa cells and this

was localised within the cytoplasm with weak nuclear staining observed (Figure 78).

In healthy 2 - 4 mm follicles the granulosa and theca cell layers were strongly stained

with the theca externa showing weak staining in 50 - 60o/o of cells examined (Figure 75). In

the antral granulosa cell layers of the follicle the intensity of stain was approximately 50o/" of

that seen throughout the rest of the layers, in the theca interna the staining was consistently

strong with small patches of accumulated stain noted throughout. In atretic follicles of the

same size the intensity of stain was reduced by approximately 20Yo compared to that of the

healthy follicles and the pattern of staining was more irregular, in that groups of granulosa

cells appeared positive next to other groups which were apparently negative (Figure 75). This

same pattern rwas observed in the theca layers'

In follicles 6 - 8 mm judged to be healthy all cell layers were strongly stained (Figure

76).Inthese follicles the most intense stain was observed within the granulosa and theca cell

layers closest to the basal lamina. In all cases the staining \Mas noted within the cloplasm

with some weaker localisation within the nucleus. In atretic follicles the theca interna and

theca externa layers remained positively stained (Figure 76). The staining noted in the

granulosa cell layers was much reduced in a small proportion of follicles, this resulted from

the fact that not all granulosa cells in some follicles were stained positively and these cells

were stained solely within the cloplasm with no obvious nuclear staining.

In large healtþ follicles of 12 - 15 mm the staining pattern was consistently strong in

both granulosa cells and cells within the theca interna, additionally some theca extema cells

appeared to be positively stained (Figure 77). This staining as with that of the granulosa and

theca interna cells was cloplasmic with some contribution from the nucleus. In atretic

follicles of 12 - 15 mm the staining within the theca extema had gone while that within the

theca interna was reduced (Figure 77). The granulosa cells of these follicles remained

positively stained. Interestingly the endothelial cells associated with capillary walls were also

stained positively as were the corpora lutea, which were very strongly positive for HAS 3

message (data not shown). As above the localisation appeared to be cytoplasmic and nucleic

although the staining within the nucleus was reduced compared to that seen in healthy

follicles of the same size.
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Figure 75 In sítu hybridisatiott to follicles usíng the HAS 3 probe and localisøtion of the

IIAS 3 messüge. A and B show the locølisatiott to heølthy 2 - 4 mm follicles. Note tlte dark
støining of ø corporø lutea to the right of the healthy follicle in A. C: sense control. D und
E show the locølisatíott to utretic 2 - 4 mm follicles. F: sense control. Bør = 150 p,m images

A, D, C und F, = 50 p"m images B and E. A denotes the ãntrum, S denotes tlte stromø, GC

denotes granulosa cell, Th denotes the thecal luyers, Th' denotes thecu interna layer, Tltn

denotes thecø externa layer, NB: sense controls were not counterstained. CL denotes

corpor& lutea. C/White urrows indicate cupíllaries.
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Figure 76 In situ hybridísation to follicles using the HAS 3 probe. A and B show the

localisatíon to heøtthy 6 - I mm follicles respectively. C: sense control. D and E show the

localísatìon to atretíc 6 - I mm follicles respectively' F: sense control. Bur: 150 P"m imøges

A, D, C und F, = 50 p"m imøges B ønd E' A denotes the øntrum, S denotes the stroma, GC

denotes grønulosa cell, Th denotes the thecøl løyers, Thi denotes theca interna layer, Th"

denotes theca externa layer. NB: sense controls wete not counterstøined.
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Figure 77 In situ lxybridisation to follícles usirtg the HAS 3 probe. A and B show the

localisatiott to healthy 12 - 15 mmfollicles respectively. C: sense control. D ønd E sltow the

localisutiott to atretic 12 - 15 mm follicles respectively. F: sense control. Bar:300 p'm

imøges A, D, C and F,: 50 þm B ønd E. A denotes the øntrum, S denotes the stroma, GC

denotes granulosa cell, Tlt clenotes the thecal løyers, Thi denotes theca internu layer, Th"

denotes theca extentct løyer. NB: sense controls were not counterstained.
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Figure 78 In situ hybridísøtion using the HAS 3 probe. A and B show the result of in sítu
hybridisation within primøry follicle and primordialfollicles. C and D show the locølisation
to an eørly antral follicle ønd the sense control. Bar = 50 y"m image C and D, : 25 p,m

ímages A and B, A denotes the øntrum, S denotes the stroma, GC denotes granulosa cell,
Th denotes the thecal løyers, Thì denotes theca internø layer, Th" denotes theca externø
layer, P denotes position of primordíalfollicle. NB: sense controls were not counterstained.
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5.3.4.8. Staining of Corpora Lutea for P450scc, Inhibin BA and HAS mRNA.

All the corpora lutea examined in this study had positive staining for all the hyaluronan

synthases (data not shown). The intensity of this staining varied between synthases with that

for HAS 3 being much higher than for HAS 2 and HAS 1 which were similar. P450scc

message was positively localised to the corpora lutea examined. Positive staining for the

inhibirVactivin BA message was noted in some corpora lutea with the level of intensity being

approximately 50Yo of that of P45Oscc

5.3.4.9. Analysis of the Hyaluronan Synthase In Situ Data

Analysis of the data obtained from the in situ assays was done by comparing total

numbers of positively stained follicles with the total number of follicles present in that size

range (see Table 11). The data showed that in>2 - 4 mm follicles there was no difference in

the percentage of follicles displaying a positive signal for any of the HAS isoforms indicating

that follicles of >2 - 4 mm were all producing hyaluronan synthesised by the three synthases.

Neither was there any difference between the number of positive follicles of healthy and

atretic status in the follicles of these sizes. There were though differences in number of

positive follicles seen with each hyaluronan synthase in the smaller developing follicles, late

stage corpora lutea and regressing follicles with HAS 2 having very few positively stained

follicles <2 - 4 mm. The staining in the corpora lutea was very low for HAS 1 and HAS 2 and

high for HAS 3.

Tøble 11 Number of follicles displøying a positive signal in tlte granulosa cells for

each HAS isoþrm, üs a proportion of the total number øssessed for that size of follicle with

% positíve stained follicles cølculøted.

Follicle type HAS 1(+)
granulosa
cells

% HAS1
positive
follicles

HAS 2 (+)
granulosa
cells

, IJLS¿
positive
follicles

HAS 3 (+)
granulosa
cells

% HAS3
positive
follicles

Primordial 595/1 158 51 .1 1,171t031 1 1.3 6891t077 64
Primary r6|244 66 19l162 tl.7 1261236 54

Secondary ssl64 85.9 631r47 42.8 70ltr2 62

Early antral 43152 82.7 7y98 72.4 54194 57

2-4mm 72174 97 72174 97 7317 s 97

6-8mm 28132 88 30132 94 42142 93

12-15mm 33t34 97 33134 97 33134 97

Total No
counted

1658 1 s78 t670
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Figure 79 % HAS I positive follicles wíth respect to støge of development øs determined by

follícular diømeter. Number of positive follicles / total number of follicles counted for that
sile rønge ís índicated ahove eøch box. Follicles with heølthy rounded grønulosø cells -
HR, healthy columnør grønulosa cells - HC, øntral øtretic granulosa cells - AA, basal

øtretic cells - Atretic -4.

Fígure 80 % HAS 2 positive follicles with respect to støge of development as determined by

follìculør diameter. Number of positive follicles / total number of follicles countedfor thctt

size range is indicated ahove each box. Follicles with healthy rounded grønulosø cells -
HR, heølthy columnør granulosa cells - HC, antral atretic grønulosa cells - AA, basøl
atretic granulosø cells - BA, Healthy follicle - H, Atretic follicle - A.
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Figure 81 % HAS 3 positivefollìcles wìth respect to stage of development as determined by

follìcular dìameter. Number of posítìve follícles / total number of follícles counted for that
size range is índícated sbove each box. Follicles with healthy rounded grønalosa cells -
HR, healthy columnør grønulosa cells - HC, antral atretíc grønulosa cells - AA, basal
atretíc grønulosø celß - BA,IIeølthyfollícle - H, Atreticfollicle -4.
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Statistical analysis was performed using a general linear model to analyse the mean Yo

of positive follicles with respect to stage of development. Results indicated that for follicles >

2 - 4 mm there was no significant difference between the numbers of positively stained

follicles obtained for the three-hyaluronan synthases. However, for the smaller follicles (< 2

mm) the results showed differences in the actual and predicted scores for a positive in situ

result. The results indicated that HAS 1 expression did not change significantly throughout

follicular development. HAS 2 data showed that when compared to the numbers of positively

stained follicles obtained with the HAS 1 and 3 probes the number of positively stained

follicles were significantly lower (p < 0.001) in the primordial through to primary stages of

development than those obtained with the other two probes and significantly different to those

of the secondary to early antral stages of growth. This indicated that HAS 2 expression varied

during follicular growth andthat this variation might be linked to stage of development. In the

case of HAS 3 the result suggested that HAS 3 expression might be weakly related to the

stage of development with its production reduced slightly at a time when HAS 2 production

was increased. The percentage of positively stained follicles at different developmental stages

for each of the HAS enz)¡mes can be seen in Figure 79, Figure 80 and Figure 81.

5.3.5. Northern Blots

Total RNA was used for Northern blot assays. RNA was prepared from pooled

granulosa cells and pooled theca cells taken from follicles of 2 - 4 mm,6 - 8 mm and 12 - 15

mm to mimic those used in the in situ experiments. The tissues used were collected from a

100-day foetus with the exception of the eye tissue, which was sourced from a 3-year old

heifer. The RNA preparation was purified using the RNeasy clean up kit from Qiagen and 10

pg of RNA sample was loaded per lane. The results obtained can be seen in Figure 82 through

Figure 88.
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28S (4.6kb)

rRNA (1.85kb)

Ml23456789
Figure 82 Typical RNA blot used for Northern blots, 1% agarose gel containing
formøldehyde staíned with ethidíum bromide (see materíals ønd methods), 10 ug of RNA
loaded ín each løne from left to right M: RNA míllennium molecular weight mørker, lane
l: 2 - 4 mm granulosø cells (gc), løne 2: 6 - I mm gc, lane 3: 12 - 15 mm gc, lane 4:2 - 4
mm theca, løne 5: 6 - I mm thecar lane 6: 12 - 15 mm theca, lane 7: eye, lane 8: colon,lane
9: heurt.

1.9kb

123456789
Fìgure 83 Northern blot usíng the P450scc probe from left to right lane l: 2 - 4 mm
granulosa cells (gc), lane 2: 6 - I mm gc, lane 3: 12 - 15 mm gc, løne 4:2 - 4 mm theca,
lane 5: 6 - I mm theca, lune 6: 12 - 15 mm theca, lane 7: eye, lane 8: colon, lsne 9: heart.

2.2kb

1.3kb

1 2 3 4 5 6 7I I
Figure 84 Northern blot using the inhibin/activin þA probefrom left to right lane 1: 2 - 4
mm granulosa cells (gc),lane 2: 6 - I mm gc, lane 3: 12 - 15 mm gc,lane 4:2 - 4 mm thecø,
lane 5: 6 - I mm thecar løne 6: 12 - 15 mm thecør lane 7: colon,lane 8: eye,løne 9: heart.

223



5.3.5.1. P450 Side Chain Cleavage (P450scc)

Expression levels of P450scc were confirmed by Northern blot analysis (Figure 83). A

1.9 kb transcript \Mas present in both the follicles and tissues examined. The amount of

detectable transcript seen in the granulosa cell preparations increased with increasing size of

follicle, with minimal transcript detected in the 2 - 4 mm follicles. In the thecal tissues

extracted, strong signals were noted in the 2 - 4 mm and 6 - 8 mm follicles with a reduction

in signal intensity noted in the 12 - 15 mm follicles. Strong signals were obtained from the

eye, colon and heart tissues.

5.3.5.2. InhibirVActivin BA

Expression levels of inhibin/activin BA were confirmed by Northern blot analysis

(Figure 84). Several transcripts were present in both follicles and tissue samples examined.

The transcript sizes were 1 .3 kb, 2.2 kb, 3 .3 kb and 6 .4 kb. The granulosa cells from 2 - 4 mm

follicles had 3 transcripts of 2.2 kb, 3.3 kb and 6.4kb, with the 3.3 kb transcript being the

most dominant. The 6 - 8 mm follicular granulosa cells had no apparent 6.4 kb transcript but

did exhibit the 2.2 kb and 3.3 kb forms with the 3.3 kb form again being the most abundant.

The granulosa cell preparation from 12 - 15 mm follicles indicated all four transcripts were

present. The theca cells from 2 - 4 mm follicles appeared to have a very weak signal for the

1.3 kb transcript and a weak signal for the 2.2kb size. The 3.3 kb and 6.4 kb transcripts were

both present with the 3.3 kb size the abundant one seen. Thecal cells from 6 - 8 mm follicles

showed a moderate signal for both the 2.2 kb and 3.3 kb transcripts. In addition to these a 1.3

kb transcript seen in the 12 - 15 mm follicular thecal cell blot. Colon tissue displayed the 1.3,

2.2 and 3.3 kb transcripts. No signal was obtained from the eye tissue, in this blot (lane 8),

and a sole transcript of 2.2 kb was obtained from heart tissue.

5.3.5.3. GAPDH

The GAPDH transcript obtained by Northem blotting to RNA from follicles and tissues

showed the GAPDH transcript to be 1.35 kb in the follicles and tissues selected (Figure 85).

The intensity of the band varied with tissue type with a very strong signal obtained in the

heart tissue and colon tissue and a slightly weaker one seen in the tissue from whole eye. The

intensity of the signal from each of the follicular preparations appeared approximately equal

with the exception of the 2 - 4 mm follicle result, which appeared weaker than expected.
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5.3.5.4. HAS 1

The expression of HAS 1 in follicles and selected tissues was confirmed by Northern

blot (Figure 86). Two transcripts were seen at 4.4 kb and 2.1kb. The signal from the theca

cells from the 2 - 4 mm follicle was weak compared to that of the larger follicles and this

supports the data seen with the in situ hybridisation results (see Image C Figure 67, Figure 68

and Figure 69). The HAS 1 transcripts were also seen in two of the three tissues tested (eye

and heart) although little signal was seen in the eye tissue examined by in situ the sample. The

RNA used in the Northern blots was derived from whole eye tissue and therefore would

contain reduced amounts of corneal and ciliary tissue known to contain this isoform compared

to a specific preparation of these tissues and so one might expect a reduced signal intensity.
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Figure 85 Northern blot using the GAPDH probe from W to ríght lane 1: 2 - 4 mm

granulosa cetls (gc), lane 2: 6 - I mm gc, løne 3: 12 - 15 mm gc, lane 4:2 - 4 mm thecø,

løne 5: 6 - I mm thecø, lane 6: 12 - 15 mm thecø, løne 7: q)e, løne 8: colon, løne 9: heart.

rRI\A
1.35kb

123456789

+ 4.4kb

+ 2.1kb

12 456789

<- 4.1kb

+ 2.4kb

123456789

1.4kb

123456789

Figure 86 Northern blot using the HAS I probe from left to right løne l:2-4mm
granulosa cetts (gc), løne 2: 6 - I mm gc, løne 3: 12 - 15 mm gc, lane 4:2 - 4 mm theca,

lane 5: 6 - I mm thecør lane 6: 12 - 15 mm thecar løne 7: qter lane 8: colon,lune 9: heørt.

Figure 87 Northern blot usíng the HAS 2 probe from left to right lane 1: 2 - 4 mm

grønulosa cetls (gc), lane 2: 6 - I mm gc, lane 3: 12 - 15 mm gc, løne 4:2 - 4 mm thecø,

lane 5: 6 - I mm theca,lane 6: 12 - 15 mm theca,lane 7: eye,lane 8: colon,løne 9: heart.

Figure 88 Northern blot using the HAS 3 probe from left to ríght løne 1: 2 - 4 mm

grønulosa celts (gc), løne 2: 6 - I mm gc, lane 3: 12 ' 15 mm gc, lane 4:2 - 4 mm theca,

lane 5: 6 - I mm theca, lane 6: 12 - 15 mm theca, lane 7: qle, Iane 8: colon, lane 9: hearl
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5.3.5.5. HAS 2

Two transcripts for HAS 2 were seen in the follicles and tissues examined (Figure 87).

They were 4.1 kb and2.4 kb respectively. The signal obtained with this probe was not very

strong when used for Northem blotting and no signal could be obtained from the heart tissue

tested. Since the expected signal from this tissue was much less than that for follicular tissue

and less than that expected in eye or colon, this was not surprising. The result observed in

follicular tissue showed that the signal for the smaller transcript was slightly greater than that

for the large. The signal obtained from the granulosa cell and thecal tissues showed an

increase in signal in the 6 - 8 mm follicles and a reduction in total signal in the 12 - 15 mm

follicles, specifically of the smaller transcript.

5.3.5.6. HAS 3

Northern blotting with the HAS 3 probe produced a single transcript in the tissues

examined of approximately 1.4 kb (Figure 88). The strongest signal obtained was seen in the

granulosa cell and thecal tissue of follicles 2 - 4 mm, and the weakest signal was given by the

colon tissue sample. The two transcripts seen in the colon and heart tissue appeared to be

slightly larger than those in follicular tissue.

5.3.6. HAS 2 Protein in the Follicle

The follicular localisation of the HAS 2 enzyme was achieved using the affinity purified

human anti-HAS 2 polyclonal antibody kindly provided by P Heldin Ludwig lnstitute for

Cancer Research, Uppsala, Sweden. This antibody showed the presence of the HAS 2 enzyme

in the whole of the ovary section used with higher levels of staining detected in the follicular

fluid, granulosa cells and theca intema cells of follicles, with the highest levels detected in the

granulosa cells and cumulus cells (Figure 89).
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Figure 89 Immuno-histochemicøl locølßøtíon of hyaluronan using the øtlinity puriJied

humøn antì-HAS 2 polyclonal øntibody at 10 ug/ml supplied by P Heldin coniugated to

showing localßøtion wìth ìncreased intensity of støìning to granulosø cell layers, theca

ínternø ønd folliculør fluid, with some sløiníng of the stromal tissue, Image B, D and F.

Images A, C and E øre negatíve controls obtained using a non-immunìsed serum IgG
control. Bar: 150 pm imøges A, B, C and D,: 50 pm images E ønd F. A denotes the

antrum, S the stromø, GC denotes granulosa cell, Thi denotes theca internø layer, Th"

denotes theca externs layer, Th shows the position of thecal cells.
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5.4. Discussion

Hyaluronan is a ubiquitous molecule of the mammalian body and its presence is

associated with matrix structure and plasma proteins. Its high negative charge results in an

ability to attract water and therefore rapidly hydrate tissues on demand' It has also been

associated with regulation of cell behaviour and has been linked with cell proliferation,

angiogenesis inflammation, cell recognition and migration (Laurent T. C. & Fraser, 1992).

Hyaluronan is exclusively synthesised at the plasma membrane by one of three

hyaluronan slmthases HAS 1, HAS 2 and HAS 3 (Prehm, 1984). The bovine HAS genes are

highly conseled and sequence alignment of the bovine HAS enzymes performed here

showed that amino acid and nucleotide homology is approximately 60 o/o wifh the homology

between HAS 2 and 3 being 84 %. Spicer et al (1999) suggested that the potential differences

in the function of each of the HAS proteins is related to the length of the hyaluronan chain

s¡mthesised, the rate of hyaluronan synthesis, the ability to interact with cell type-specific

accessory proteins, and whether or not the hyaluronan is preferentially secreted or retained by

the cell in the form of a pericellulat coat (Spicer & Nguyen, 1999).

In vitro, the catalytic stability of HAS 1, HAS 2 and HAS 3 has been estimated at I h, 4

h, and 8 h respectively. The size of the pericellular coat created by the three enzyrnes varies,

with that of HAS 1 being distinctly smaller than that created by HAS 2 and HAS 3 (Itano et

at., 1999) suggesting distinct roles and functions exist for each hyaluronan generated by the

respective HAS genes.

The majority of studies of HAS enzymes within the ovarian follicle, describe their roles

in the cumulus oocyte expansion process. This study was solely interested in the role of

hyaluronan in the osmotic regulation and fluid accumulation processes within the follicle and

its potential role in the control of antrum formation. It is accepted that this control is likely to

result from a delicate balance between hyaluronan production and matrix formation and its

degradation, since this system is common in the control of fluid influx in many other tissues

of the body (Fraser J. R. et al.,1997,Toole, 2001).

The understanding of fluid accumulation in the follicle becomes important when

considering what a fluid filled antrum provides to that follicle. A follicle requires the correct

amount of fluid be present in order to maintain follicular turgidity, whilst providing renewed

supplies of nutrients and buffers The granulosa cells of the cumulus oocyte complex have

been shown to produce HAS 2 and HAS 3 during the expansion process in response to FSH

and LH (Schoenfelder & Einspanier ,2003). Since antrum formation occurs well in advance of

cumulus ooclte complex expansion, the cumulus cells are unlikely to be the source of the

hyaluronan involved in antrum expansion. Thus it appears likely that since mural granulosa

can also produce hyaluronan (Elvin et al.,I999b) that they and/or thecal cells are responsible'
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It is hypothesised that the mural granulosa cells are responsible for hyaluronan production in

the follicle and this takes place under regulated control. If the hypothesis is true one would

expect to hnd that the expression of one or more of the HAS genes is increased at antrum

formation.

With this in mind RT PCR experiments were conducted using primers designed to the

known Bovine HAS 1, 2 and3 sequences and used these to amplify specific HAS DNA from

mural granulosa and theca cell preparations. These amplicons were then cloned in to the

pGEM T Eas1flM vector and sequenced to confirm their identity. Probes prepared from the

plasmids were subsequently used in in situ hybridisation assays and Northern blot analyses of

RNA extracted from non-follicular tissues known to contain one or more of the synthase

enzymes, controls, whole ovaries and granulosa and theca cells collected from follicles of 2

mm - 15 mm in diameter. In addition two probes for follicular tissue quality control were

prepared, these were inhibin/activin BA for the granulosa cells and cytochrome P450scc for

the theca cells.

One-tube RTPCR

experiments revealed that 18S rRNA and GAPDH could be amplified from the tissue samples

used. The amplification was consistent between the follicles and control tissues confirming

the integrity of the RNA used in the RT PCR and subsequent Northern blots. Northern blot

results obtained for these genes were also consistent with those reported for other tissues

(Spicer et al,, 1996) with an intense signal seen for GAPDH from heart tissue, which was

again consistentwiththe results of other authors (Kako et a1.,2000). These data confirmed

that the tissues used were in appropriate condition for the analyses to be performed'

RT pCR results obtained with the inhibin/activin BA, showed that inhibirVactivin pA

could be amplif,red from all granulosa and theca cell extracts and its presence ìn these tissues

\ilas supported by Northem blot and in situ data. The result obtained from the Northern blots

revealed multiple transcripts of inhibin/activin BA at 1.3 kb, 2.2kb,3'3 kb' and 6'4 and this

data is similar to that of Ireland and Ireland (1994), who found transcripts of similar sizes in

small medium and large bovine follicles (heland J.L. &.Ireland, 1994). The results achieved

with these probes therefore appear credible. Having provided proof of the credibility of the

inhibirVactivin BA probe the viability of the granulosa cells from the follicular tissues used in

the in situ assays was demonstrated. Inhibin/activin BA mRNA could not be detected in

primordial follicles and was only weakly positive in primary follicles. In follicles of larger

size the 'RNA could clearly be detected in the granulosa cells with the intensity being

reduced in atretic follicles. These localisation patterns are similar to those previously reported

(Braw-Tal, lg94) and the positive results obtained for the inhibin/activin BA Northern
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analyses and in situ hybridisation proved the integrity of the follicles used in insitu analyses

and granulosa cell RNA obtained.

P450scc was chosen as a control for theca cell integrity. RT PCR confirmed that

p45Oscc could be amplified from the selected tissues. Northem blotting confirmed expression

of the l.gkb p450scc transcript in granulosa cells and the theca intema of follicles of 2 - 15

mm and non-follicular tissues. The size of the transcript \Mas comparable to the transcript

described by pescador et al (Pescador et al.,1996). Confirmation of its expression within the

follicle was achieved by in situ hybridisation. P450scc was localised to the theca interna of

healthy and atretic follicles of 2 - 15 mm diameter. Expression varied with the developmental

stage of the follicle. That only a proportion of theca intema cells were stained positively was

no surprise, since the thecal layers also contain many non-steroidogenic cells such as

fibroblasts and endothelial cells. The expression pattern observed was comparable to that

obtained by others (Xu et at.,1995). Together these data provided evidence that the thecal

tissue quality was good.

Interestingly there were high levels of expression observed in the colon and heart

tissues. Localisation of p450scc has been previously reported in the primitive gut of rats and

the mitochondria of heart tissue (Keeney et al.,lggs,Novikova et al',1995)'

The positive results obtained in this study for the inhibirVactivin BA and cytochrome

p450scc probes demonstrated that the viability of the granulosa and theca cells was not

compromised by collection, fixation, handling or extraction of RNA from the tissue sections

and that RT PCR, Northern blot and in situ methodologies were reliable'

Hyaluronan has been localised previously in bovine reproductive tissue using

hyaluronic acid binding protein (Laurent c. et al., 1995a)' Their study showed that

hyaluronan could be detected in the theca of small and large follicles but made no comment as

to the localisation within the mural granulosa cells. This work used bovine HAS specific

primers and probes for use in RT PCR, Norlhern blots and in situ hybridisation to non-

follicular tissues and follicular tissues. The non-follicular tissues were used to provide

confidence in the bovine specihc HAS probes, and the follicular tissues were used to localise

HAS expression at known stages of follicular development. Amplicons of the expected size

for all the HAS genes of interest were obtained from all non-follicular and follicular tissues

and were subsequently cloned. Sequencing of the plasmid constructs conf,rrmed the HAS

specificity ofall probes used in subsequent analyses'

The transcripts observed with the HAS 1,2 and 3 probes were in agreement with those

previously reported for each of the non-follicular tissues tested and in situ localisation gave

further credence to the specificity of the probes'
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The non-follicular tissue blot had two transcripts at 2.1 kb and 4.4 kb and in situ

localisation showed that HAS 1 mRNA could be detected in the mucosal smooth muscle cells

of the colon, growth plate region of the hoof and epithelial cells of foetal skin' All these

tissues reportedly express HAS 1 (Kaya et al',2005, Laurich et al',2004'Sayo et al',2004'

yoshida M. et at., 2004). The HAS 2 Northem blot for non-follicular tissue identified

transcripts at 2.4 kb and 4.1 kb and in situ analyses showed localisation detected HAS 2

mRNA in the foetal growth plate and ciliary process of the eye, with weaker localisation to

mucin cells of the colon and skin epithelial cells. These tissues are documented to contain

significant hyaluronan and some reports have shown HAS 2 localisation in these areas

(Sugiyama et al., 1998, Usui et al., l9g9). Hyaluronan has also been localised to corneal

endothelium epithelium and conjunctiva (Rittig et a1.,1992, Usui et al., 1999, Usui et al',

2000, Usui et at., 2003). The HAS 2 localisation reported here within the mucus secreting

cells of the colon was not unexpected (Jacobson et al., 2002). The HAS 3 Northem blot

identified a single transcript at 1.4 kb in the non-follicular tissue samples, this was consistent

with the findings of other authors (Bullard 2003; Sayo 2002). In situ analysis of these same

tissues localised Has 3 in mucin cells of the colon and skin similar to that previously reported

by others (Kim et a\.,2004).

The data obtained from the non-follicular tissue Northern blots and in situ localisations

together with the inhibin/activin BA and cytochrome P450scc data gave credence to all data

obtained from subsequent investigations with good tissue quality, reliable techniques and

specific probes established.

RT pCR showed that HAS 7, 2 and 3 could be amplified from pooled extracts of

granulosa and theca cells obtained from follicles > 2 - 15 mm confirming their presence in

both cell types. While RT pCR showed that the HAS genes were present in these follicles it

did not give any indication of the relative abundance or activity of the enzpe present.

Reports by Spicer et al (1999) and Monslow et al (2003) have suggested that the relative

abundance of the HAS genes is related to the relative abundance of the protein produced

(Monslow etal.,Z0O3,Spicer&Nguyen,7999).Ifthisistruethenitcanbeassumedthatthe

expression level detected in the analyses of the follicular tissues, as detected by Northem blot

and in situ hybridisation, can be related to the actual production hyaluronan type produced by

that enz¡nne.
'With 

respect to the HAS 1 enzqq the HAS 1 Northem blots showed that the signal for

the transcript present in the granulosa cells of small antral follicles was increased over that of

the larger follicles. Assuming Monslow et al are correct, this indicated that the mRNA for the

least stable form of high molecular weight hyaluronan was being produced maximally in

smaller follicles and declined with follicular maturation. HAS 1 transcripts were also obtained
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from the thecal tissue suggesting that production of large amounts of unstable, high molecular

weight hyaluronan was also occurring in these cells.

In situ data revealed that the HAS 1 signal was present in half of all primordial follicles

examined. This number increased in the primary follicles and was approximately 90 Yo in

secondary and early anfial follicles. HAS 1 was localised in the granulosa and theca cells of

all follicle s > Z mm and this was most intense in the layers aligning the basal lamina of

healthy follicles suggesting that the synthesis of hyaluronan by HAS 1 was maximal in this

area. Not all cells within the theca intema were stained but in those that were, the staining was

intense. The HAS 1 negative cells may be steroidogenic cells within the theca interna, as in

hens, these produce only minimal amounts of matrix molecules for structural purposes and a

similar situation may be present here (Jackson R. J. et a1.,1998). As the follicle increases in

size the steroidogenic cells become more prevalent and this is presumably the cause of the

reduced HAS 1 message noted in the follicles examined.

Since HAS 1 expression could be detected in high numbers of pre-antral follicles and

hence not obviously temporally linked to the initiation of antrum formation, the authors feel

that it is unlikely to be directly linked to this process. In addition, its stability as an enzyne is

poor and thus it is unlikely to be under the tight intraovarian, autocrine and paracrine

regulatory control of folliculogenesis (Monniaux et a\.,1997, Monslow ¿/ aL.,2003). Hence

its role might be linked with another function of hyaluronan, rhat of facilitation of cell

division and follicular growth. During the early stages of antrum formation the follicle

undergoes rapid expansion requiring rapid cell division (Rodgers R. J. et al., 2001). The

intensity of the signal seen in the cells aligning the basal lamina indicated that maximal

production of hyaluronan was occurring in this area. In the follicle, hyaluronan synthesis has

been documented to increase during mitosis in the dividing cells of in vitro matured cumulus

oocyte complex (Salustri et a1.,1989). Specifically, HAS t has been identified as a critical

eîzyme for the increased hyaluronan synthesis seen in highly malignant cells, where

pericellular hyaluronan is critical for carcinoma cell invasion. This supports an active role

during cell division and migration, its invasive capability dependent on its interaction with

CD44 (Casey & Skubitz, 2000, Csoka et al.,1997,Itano et al.,2002,Kim et al',2004, Misra

et a1.,2003, Wang et al., 1996). HAS 1 is stimulated by growth factors such as TGFP1

(Knight & Glister, 2003, Magoff,rn et al., 1989, Morales & Roberts, 1988, Stuhlmeier &

pollaschek, 2004, Tanimoto et al., 2004, Usui e¿ al., 2003). TGFP1 may stimulate HAS 1

production of hyaluronan in the growing healthy follicle aiding the cell division, migration

and signalling processes. A second role for the hyaluronan produced by HAS i may lie in its

viscoelastic properties, These properties provide lubrication and structural support for organs

or structures during rapid growth or shape change such as that encountered with the rapidly

c)
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expanding follicle. Perhaps this secondary property allows a follicle to grow and change

shape as required by allowing cells to "slide over" one another without friction (Balazs,

196g). It is of interest to note that in atretic follicles HAS 1 signal was decreased in both the

granulosa and theca cells when compared to that of healthy follicles. If as HAS 1 were

involved in the facilitation of cell division and migration, then it would seem reasonable to

assume that a reduced signal would be observed in atretic follicles where these processes are

much reduced. The reduced levels of HAS 1 recorded in the atretic follicles would be

consistent with this hYPothesis.

HAS 2 could be amplified from pooled extracts of granulosa and theca cells from

follicles z - 15 mm indicating that the message was present in these tissues and confirms the

findings of Schoenfelder and Einspanier (2003) in whole ovarian follicle tissue (Schoenfelder

& Einspanier, 2003). HAS 2 Northem blot analyses identified transcripts in follicular tissues

examined at 2.4 kb and 4.1 kb. The bands appeared strongest in the granulosa cells and theca

cells collected from follicles of 6 - 8 mm implying that production was likely to be maximal

in these follicles.

Data from in situ hybridisation to follicular tissue showed HAS 2 mRNA could be

detected in the granulosa cells of few primordial and primary follicles and less than half of the

secondary follicles. However, a marked increase in the number of follicles displaying a

positive signal for HAS 2 mRNA was observed in follicles where antrum formation had just

begun. By the time fluid pockets had begun to merge to form a single antrum, a positive HAS

2 signal could be detected in the granulosa cells of the majority of follicles examined and in

follicles of > 2 mm diameTer, g6 o/o of follicles had a positive signal for HAS 2 in their

granulosa and theca cells. This indicated that an up regulation of HAS 2 message in these

cells had occurred at a time when antrum formation was beginning. The evenly distributed

HAS 2 staining seen among the granulosa and theca cells of smaller follicles indicated that

the message was similar in these cell types, this data was supported by the information from

the Northern blots. The increased intensity of signal detected in the mural granulosa cells of

small and medium healthy follicles of 2 - 8 mm diameter implied that there was further up

regulation of the message within the granulosa cells of these follicles. The strongest signal

was localised toward the apical surface of granulosa cells suggesting that the hyaluronan was

being made specifically within these cells for apical extrusion in to the antrum. The additional

information provided by the localisation of HAS 2 protein with the HAS 2 antibody

confirmed its presence in these cells. The antibody used appeared to have high background

staining regardless of pre-treatment of the sections for endogenous peroxidases' In retrospect

pre-digestion with hyaluronidase of the samples may have provided a more significant result
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although similar results have been achieved with this antibody in other trials (P. Heldin

personal communication).

The HAS 2 signalin the theca cells of large follicles was reduced indicating some down

regulation was occurïing here, this decrease was confirmed by the Northern data'

These data suggest that HAS 2 is the principle eîzpe driving hyaluronan synthesis

during antrum formation and fluid accumulation, since an apparent up regulation was detected

just prior to antrum formation and increased with increasing follicle size.

The HAS 2 signal in medium and large atretic follicles was much reduced while the

signal from the small follicles was only slightly less than that of the healtþ follicles. On close

inspection, the signal was diffusely located within the cytoplasm of the atretic follicles, unlike

the clear apical cytoplasmic membrane staining seen in the healthy follicles. This diffuse

staining pattem has been noted with a number of hyaluronan histochemical stains and has

been related to reduced hyaluronan synthesis and breakdown of the nuclear membrane

(Evanko & V/ight, 1999), known to occur during atresia. This is the first report of a diffuse

staining pattern following in situ localisation of HAS 2 message to atretic bovine follicles. If

the HAS 2 signal localisation and intensity are related to the production of the protein as

suggested by Monslow et al (2003) then these results are indicative of reduced hyaluronan

production in atretic follicles. If hyaluronan synthesised by the HAS 2 enzpe is responsible

for fluid accumulation, the reduction of HAS 2 expression seen in these dying follicles is not

unexpected. These follicles no longer undergo antrum expansion therefore there is no reason

for the hyaluronan levels to be maintained.

That HAS 2 appeared to be involved in antrum formation was not surprising. HAS 2 is

responsible for the production of stable, high molecular weight hyaluronan that can be

produced rapidly and its molecular structure suggests it is sensitive to cell specific effects and

hence likely to be a under tighter regulatory control than the other HAS genes (Monslow ef

aL.,2003).

In support of a regulated expression of HAS 2, Elvin et al reported that recombinant

GDF-9 was able to exert control on mural granulosa cells prior to antrum formation. They

found that recombinant GDF-9 stimulated the expression of HAS 2, cyclooxygenase 2, and

steroidogenic acute regulator protein mRNA (Elvin et al., 1999b). Granulosa cells produce

PGE2 and therefore have their own substitute for the FSH required for the stimulation seen in

the cumulus cells (Salustri et a1.,1990b). HAS 2 is known to be developmentally regulated

and to be regulated by a number of cytokines and growth factors. Recently, up-regulation of

HAS 2 has been recorded in response to gonadotrophins, cytokines and growth factors

including FSH, transforming growth factor (TGF) super-family members, platelet derived

growth factor (PDGF) epidermal growth factor (EGF), fibroblast growth factor (FGF) and
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insulin-like growth factor (IGF) (Fulop et a1.,1997a, Knight & Glister, 2003, Laitinen et al''

1998, McGrath et a:.,1995, Salustti et a\.,7999, Stock A.E. et al',2002)' oocyte granulosa

cell communication has been well established in recent years (Ackert et al',2001, Nagyova e/

a1.,2000, Vanderhyden et at., 1997) and an as yet unidentified signalling process may

stimulate the mural granulosa cells to up-regulate HAS 2 production of hyaluronan'

In 2001 Salamonsen et al suggested that production of hyaluronan might be steroid

dependent (S alamonse n et al. ,200 1). Steroidal regulation of transcription occurs when steroid

receptors mediate transcription effects by recruiting transcriptional co-regulators to target

promoters. Steroid receptor co-regulators are involved in RNA processing by binding target

DNA response elements and promoting recruitment of co-regulators involved in transcription,

ensuring co-ordination between RNA production and the final product' Depending on the

promoter and the cell context, it is possible that some transcription factors could recruit

different co-regulators in different cell t¡pes and thus mediate different effects on

transcription and processing. A great deal of data pertaining to the expression of HAS genes

has been provided by researchers in the ocular field. Usui et al (2000) have shown that both

TGFpI and PDGF are capable of stimulating HAS 2 expression and suggest some form of

steroidal regulation might be involved (usui et a\.,2000). HAS 2 is significantly more active

than HAS 1 and the production of large amounts of hyaluronan appears to have significant

effects ontissue structure andvolume inthe eye (Usui et al',I999,Usui e/ al',2000)' Thus,

HAS 2-dependent hyaluronan biosynthesis has already been demonstrated to affect fluid

accumulation within the eye and might be predicted to play important role in follicular tissue

expansion and growth. The results indicated that there was a difference in the temporal

activation of HAS 2 in mwal granulosa cells compared to that of HAS 1 and HAS 3 and

clearly it is activated at a different time to that in the cumulus oocyte complex. This suggests

that different co-regulators may exist or be recruited by mural cells, which provide fine

control of hyaluronan production and hence have the potential to affect follicular fluid

osmotic potential and fluid accumulation rates'

Since the results from the HAS 2 in situ results suggested that the signal for the

granulosa cells increased many fold during the initial stages of antrum formation, it would

have been advantageous to look at expression levels in pre-antral to early antral follicles via

Northem blot and RT pCR however; it was not possible to obtain sufficient tissue for these

analyses in the given time frame.

RT pCR of HAS 3 indicated that HAS 3 could be amplified in all follicular tissue

tested. The Northern blot of follicular tissue identified a single transcript of 1.4 kb and the

signal intensity obtained for this transcript was greatest in granulosa and theca cells from 2 -

4 mm follicles. The in situ localisation was similar to that of HAS I but with increased
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intensity of stain, The increased intensity of stain may have been a result of increased

specificity/sensitivity of the probe or indicative of the presence of increased amounts of HAS

3 present. Since the RNA probes used were all species and gene specific it is assumed that the

increase in intensity of stain indicated that there was increased amounts of HAS 3 present. In

atretic follicles the intensity of stain was marginally reduced. Since the timing of up

regulation was not obviously related to the onset of antrum formation, it is thought that again

the role of hyaluronan produced by HAS 3 is not primarily associated with this process and

that perhaps it may be involved in cell signalling and structural support. The reasons for this

are outlined below.

HAS 3 is the most active and stable of the three HAS proteins, synthesising short

hyaluronan chains of low-molecular-weight hyaluronan. This form of hyaluronan forms

pericellular matrices of comparable size to those created by HAS 2 and can interact with cell

surface hyaluronan receptors such as CD44 triggering signalling cascades which lead to

changes in cell behaviour (Brinck & Heldin, 1999, Schoenfelder & Einspanier, 2003, Ulbrich

et a1.,2004).ln studies on cell migration HAS 3 and HAS 2 were up regulated by the action

of EGF and down regulated by TGFp in cultured rat keratinocytes, the increase in hyaluronan

in these cultures was associated with increased cell migration rates. Down-regulation of

synthesis was achieved with hydrocortisone and a significant drop in cell mobility was

observed (Pasonen-Seppanen et al., 2OO3). This same work demonstrated tbat a similar

regulatory effect occurred with CD44 in line with the degree of hyaluronan production. CD44

is involved in the formation of a pericellular matrix, intemalisation of hyaluronan (Knudson

W. et a1.,2002, Tammi et a1.,2001), mediation of hyaluronan induced signals, proliferation

and migration (Ahrens et al.,z}}7,Ichikawa et al',1999).

As with HAS 1, the HAS 3 data do not support a primary role in fluid accumulation.

Cells with up-regulated HAS 3 expression assemble a cell surface hyaluronan matrix, which

can promote adhesion. Decreases in pericellular hyaluronan concentration have been reported

to promote the initiation of cell interactions essential for differentiation (Evanko 1999)' If

granulosa cells possess such a matrix then the decrease in pericellular concentration might

signal the differentiation process required after oocyte expulsion, namely that of the luteal

progression of the follicle and formation of a corpora lutea. A strong signal to the HAS 3

message was noted in early stage corpora lutea and this is perhaps indicative of the

differentiation processes occurring at this time. Hyaluronan is also known to facilitate cell

migration by creation of hydrated pathways. These pathways allow cellular barriers to be

penetrated by other cells (Casey & Skubitz,2000,Itano et aL.,2002, Karvinen et aL.,2003b)'

Formation of hydrated pericellular matrices may also facilitate cell rounding during mitosis

and perhaps the similar localisation patterns noted from the HAS 1 and HAS 3 in situ data

237



indicate the cooperation of these enzymes during follicular growth via facilitation of cell

division, migration and signalling. Further support for the role of HAS 3 in cellular migration

and proliferation roles comes from data relating to its up regulation in colon and prostate

cancers (Bullard et al.,2OO3,Itano et al.,2004,Itano et a1.,2002, Karvinen et a1.,2003b,

Kimura et a\.,2002, Monslow et a\.,2003, Tienthai et a\.,2003) where invasiveness of the

tumour can be reduced with inhibition of anti-HAS 3 constructs in vitro resulting in a

decrease of the pericellular matrix and inhibition of anchorage independence (Bullard et al.,

2003).

Since it is clearly being expressed at all stages of follicle development and in both

healthy and atretic follicles it is reasonable to assume that the role of HAS 3 within the

follicle is indeed related to cell division, proliferation and migration.

Hyaluronan is known to provide structural stability and elasticity to blood vessels

during the increased blood flow and is likely to be important in the control of perivascular

flux due to its osmotic buffering capabilities (Rosengren et aL.,2001, Sabaratnam et aL.,2003,

Scott D. et a1.,2000(a)). The localisation of all three HAS genes to the endothelial cells of the

blood vessels is interesting and appears to provide evidence to support the production of

hyaluronan in these areas and suggests that it may be performing these roles. It would be

interesting to observe whether changes in strength and localisation of signal occur during

follicular growth as this may indicate whether increased or decreased flow is occurring during

follicle expansion and following the FSH surge. A preliminary assessment of this within the

follicle collection indicated that an increase in the numbers of vessels was present but that

there was no increase in intensity of stain (data not shown). The role of hyaluronan

surrounding the blood vessels may be important with respect to the filtering effects of the

circulating serum.

The blood flow supplied by follicular circulation contains serum albumin. The

combination of hyaluronan and albumin has been reported to increase the fluid accumulation

capabilities of hyaluronan by synergistic action, forcing the opposition-versus-potential

relation upward (Scott D. et at., 2000(a)). If true this would reduce the total amount of

hyaluronan required.

A change in hyaluronan concentration will affect the size of molecules able to enter the

antrum. Any decrease in hyaluronan concentration such as that seen in the theca interna of

large follicles with HAS 2 may lead to decreased f,rltering capabilities and an increase in the

size of molecule able to enter a follicular space. If the molecules able to enter the follicle were

larger i.e. proteoglycans and if these were able to bind to hyaluronan, the follicular fluid

would have an increased exclusion space over and above that akeady proposed to occur with
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albumin alone leading to increased potential and renewed potential differential and fluid

influx to the follicle.

Despite the claims of Spicer and Monslow (Monslow et a1.,2003, Spicer & Nguyen,

1999) relating to signal intensity and hyaluronan production the results relating to increases

and decreases in hyaluronan production must be tempered by consideration of the as yet

unknown action of the hyaluronidases in the follicle. Yoshida et al (2004) reported that

decreased expression of the messages for HASl and2 and/or the increased expression of the

message for hyaluronidase 2 could be correlated with reduced concentration and decreased

average molecular weight of hyaluronan in the joint fluids of patients with osteoarthritis and

rheumatoid arthritis (Yoshida M. et al., 2004). Given this report one must expect similar

scenarios to occur within the follicle and that fluid accumulation and antrum expansion rely

on the interplay of both enzpe groups.

5.5. Summary

In summary HAS 2 production of hyaluronan appeared to produce large amounts of

hyaluronan at the start of antrum formation. It is assumed that this occurs in response to either

oocyte derived or circulating growth factors. Increased concentrations of hyaluronan would be

released in to the follicular fluid by the mural granulosa cells following this signal, where it

might be able to form matrices with proteoglycans and collagen. This in tum might lead to an

increase in internal follicular osmotic potential over that of the circulating serum causing fluid

to flow in to the follicle down a concentration gradient. In the theca similar mechanisms

although perhaps dictated by different signalling molecules appear to increase and then

decrease the production of hyaluronan. It is likely that this would have some effect on the

exclusion barrier firstly maintaining fluid within the follicle by blocking its escape in addition

to aiding structural integrity and turgidity, Then following the observed decrease in signal it

appears that this barrier is reduced allowing rapid fluid accumulation to occur as the follicle

tends towards ovulation.

It is suggested that the primary roles of HAS I in the mural granulosa cells and theca

are the maintenance of low levels of hyaluronan biosynthesis in order to provide structural

stability and hydrated layers for cell proliferation, it may also play some role in the exclusion

of larger molecules from the antrum. HAS 3 appears to have a similar role but its inherent

stability creates stable pericellular matrix around each cell promoting cellular proliferation,

migration and adhesion and perhaps interacting with hyaluronan binding proteins and

receptors involved in cell signalling in the ovary. Finally, the as yet unidentified actions of the

hyaluronidases must temper this data.
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Chapter 6 Final Discussion

The function of the ovary is to produce oocytes and hormones that communicate with

the organs involved in reproduction, ovaries control, or are at least an integral part of many

reproductive phases of life, in humans this includes puberty, menstruation, pregnancy and

parturition, and menopause (Coutts, 1976). Importantly ovaries do not always function

normally and this often results in infertility'

oocltes mature within ovarian follicles, which undergo complex processes of tissue

differentiation, growth and remodelling before ovulation.

During this maturation process follicular fluid accumulates (3-4 ml human, (Wittmaack

et al., Igg4)) within an antral cavity formed at the avascular centre of the follicle' The

functions of this fluid include provision nutrition and protection of the oocyte and follicular

cells, transport of the oocyte in to the oviduct at ovulation and structural support of the follicle

(Gosden R. G. ø/ a/., 1988).

The accumulation of fluid in follicles is thus very important. It comes as a surprise then

that there has been no investigation in to how follicular fluid forms.

In women the commonest cause of anovulation, polycystic ovarian disease (PCo),

results from the apparent halting of follicular growth at about 5mm diameter' The cause of

this is not known, but if the mechanism underlying fluid accumulation could be identified it

may be possible to determine the aetiology of Pco syndrome' The rapid expansion of the

follicle is considered the signal to ovulation, and yet despite several hypotheses there is no

absolute data or clear understanding of what the physical causes are and what molecules are

involved.

In the body, fluid movement is controlled by the hydrostatic pressure provided; by

active physical pumps (heart), chemical/ ionic pumps (kidney) and osmosis (vasculature)'

plasma proteins are aîimportant part of the osmotic regulation of this system' If the protein

levels are low then tissue oedema can occur (Negrini et al',2003)'

To cross from the plasma to the cells or vice versa, substances must either cross both

membranes of the endothelial cells or travel between the cells and then cross the basement

membrane. proteins that cannot cross the capillary walls exert an osmotic pressure in the

capillaries and it is this fluid potential that provides the majority of the forces driving fluid

accumulation.

Osmotic pressure equates to osmotic potential when the forces driving the water in to a

system are in equilibrium with those driving it out. In general the osmotic pressure of a

system is described in terms then of the potential of the fluid or the pressure caused by the

fluid.
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Current data on the colloid osmotic pressure of follicular fluid has been obtained from

studies conducted in human, cow and rat (Edwards, 1974, Shalgi et al'' 1972a'Zachariae'

1958). Due to the availability and ease of access to fluid samples the majority of these data

have been obtained from the fluid of artificially stimulated pre-ovulatory follicles, with no

studies considering the osmotic pressure of fluid from smaller follicles. There is a large

discrepancy in the literature as to the colloid osmotic pressure of follicular fluids ranging from

them being less than, to equal to, or greatet than that of serum (Edwards, 1974, Shalgi et al',

1972a,Zachaiae,1958) and hence a number of hypotheses have been generated as to how

fluid accumulation in the follicle may occur'

Additionally, the majority of these data were reported as secondary findings obtained

from experiments designed to investigate different primary research initiatives. Thus the

experiments were not specifically designed to identify the colloid osmotic pressure of the

fluids from different developmental stages or the molecules responsible for that potential'

Consequently, there is no data set available for the colloid osmotic pressure of fluid from a

raîgeof follicle sizes from a single species, nor has there been any attempt to identify the key

molecules responsible.

To understand antrum formation a detailed knowledge of changes in the physiology of

the follicle during maturation is required. Changes in the extracellular matrix, steroid and

cytokine signals and the structural and physiochemical properties of the molecules in

follicular fluid, are atl likely to impact on its movement and accumulation, and as such are all

critical factors involved.

Good reviews are available on cellular changes in the follicle (Armstrong et al',2003,

Fraser H. M. & Wulff, 2}}I,Moley & Schreiber, !995,Patino et al',2001) and there is some

limited research identifyng changes in basal lamina constitution and permeability throughout

follicular development. Similar data exists for the theca layers surrounding the follicle

(Rodgers R. J. e/ al.,2003,Rodgers R. J. e/ al.,l999a,Rodgers R. J. ¿/ a\.,7999b)'

Follicle stimulating hormone stimulates the formation of the antrum and follicular fluid

accumulation, (Edwards,lgT4,Fortune et al',200l,Ginther et al',1999, GosdenR' G' et al''

1988, RondellP,1964, Shalgi et al., 1972a, Wise & Maurer, 1994, Zachariae, 1958)' Fluid

accumulation rates are initially steady and then increase following the surge in LH (Kemeter

& Feichtin ger, Iggl,Marion et al.,196Sb) via increases in the number of blood vessels, the

permeability of the basal lamina and the arterial tension (Mattioli et a1.,2001).

The follicle is separated from the general circulation by a diffuse blood-follicle barrier

created by the granulosa cells, basal lamina and theca cell layers (Rodgers R. J' el al',2003)'

The basal lamina acts as a semi-permeable membrane with a nominal molecular weight cut

off at approximately 100 kDa, following the LH surge it becomes more perrneable. Follicular
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fluid accumulates as pockets between the granulosa cells, which coalesce to form the fluid

filled antrum (Gosden R. G. & Hunter, lggg). changes in the permeability of the blood-

follicle barrier provide some control over fluid movement and volume regulation in the

follicle. These changes will most likely also affect local concentrations of cell signalling and

expression, critical to oocyte development (Gosden R' G' & Hunter, 1988' Gosden R' G' ¿/

a/., 1988).

proteoglycans and glycosaminoglycans are large osmotically active molecules involved

in several fluid accumulation systems in the body such as wound healing, the

temporomandibular joint and the eye (Aukland et al',lggT,Brown et al',7991' Eriksen et al''

1994, Fraser J. R. et al., t9g7).It has been proposed by several authors that they are also

active in the follicle (Boushehri et al., 1996, Grimek et al., 1984, Monget & Monniaux , 1995,

Rodgers H.F. et al., 1995a, Yanagishita et al.,Ig7g), having been previously identified in

whole follicle extracts, follicular fluid and to be produced by granulosa cells (Boushehri et al',

1996, Grimek et al.,1gg4, McArthur et at.,2000). The available data on proteoglycan and

glycosaminoglycan activity in other fluid accumulation scenarios suggests they should be

considered as candidates involved in the osmo-regulation of the fluid in the antrum. However'

no one has attempted to demonstrate specific effects in the follicular fluid until now'

If the osmotic potential of follicular fluid can be demonstrated to be higher than serum,

it would appeffi reasonable to assume that directional flow would occur from the vascular

theca in to the avascular antrum along an osmotic gradient. So the principal driving force

behind follicular fluid accumulation could then be attributable in part to the osmotic potential

of the fluid itself.

The fine-tuning of the osmotic potential of follicular fluid controls this gradient.

At the outset of this work it was hypothesised that granulosa cells secrete large

macromolecules in to the fluid, where on being too large to escape the follicular basal lamina

they create an increase in osmotic potential of follicular fluid over that of semm' creating an

osmotic gradient. The ability of the follicular fluid to draw more fluid in to the follicular

antrum is dependent on the permeability of the follicular wal1 and the formation and

permeability of the vasculature. In addition directional flow was assumed to occur in order to

prevent stromal oedema on the appearance of the follicular vasculature'

The experiments carried out in this thesis were specifically designed to provide a data

set to demonstrate the existence of an osmotic gradient and identify some of the molecules

involved. In addition localisation of the time and point of synthesis of the most osmotically

active of these was assessed. Since existing data relates primarily to pre-ovulatory follicles

this thesis aimed to provide a dataset for araîge of developmental stages and health status. In



recognition of a void in the literature the studies described in this thesis form the basis of a

project designed to answer some of the following questions:

1. Does an osmotic gradient exist between serum and follicular fluid

above molecules 100 kDa ?

2. What sizes and class of molecule contribute the most to the colloid

osmotic pressure of follicular fluid and what is their identity?

3. Are these molecules synthesised within the follicle and if so by which

cells?

4. Is there sufficient evidence to suggest they have a significant role in

anttum development?

To begin with follicular fluid from individual follicles (8 - 30 mm) was collected and

the volumes of fluid aspirated from each follicle recorded. The results demonstrated that there

\Mas an unbiased sampling of fluid across the size range of follicles used. Increases in

follicular diameter and fluid volume indicated that in the early antral stages of growth fluid

accumulation rates are slow and this corroborated previous reports (Marion et al., 1968b,

Paesi, 1949(a), 1 949(b).

To ascertain whether the colloid osmotic pressure of follicular fluid from increasing size

of follicles was different to that of serum, the potential of pooled undiluted follicular fluids

from follicles of 2 - \6 mm diameter was measured and compared to that of whole serum.

The ratio of fluid colloid osmotic pressure to serum potential, changed during the period of

antrum growth, moving from a positive to a negative relationship. This indicated that the

colloid osmotic pressure of follicular fluid was indeed different to that of serum and supported

the osmotic gradient hypothesis. In addition it suggested that previous reports showing

contradictory data, might all have been correct, the contradictions arising from the different

developmental stages sampled and species variation and not necessarily from the

experimental regimen.

The differences between fluid and serum potentials observed were within the range

required to drive directed fluid movement along a gradient (+ 2 cm water) in to the follicle

(Miserocchi et al.,lggz,Miserocchi et al., Lg84,Negrini et a\.,1990). This gradient appeared

to be developmentally dependent since the measured potential changed with size of follicle.

These data suggested that fluid movement and accumulation is probably driven by

osmosis, caused by the osmotic differential between fluid and serum. The change in osmotic

potential from a positive relationship to a negative one that is from fluid osmotic potential

being greater than serum to less than serum coincided with the period when the rate of fluid
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accumulation was at its greatest. The reduction in potential may well have resulted from

hydrolysis and degradation of larger molecules (Zachariae, 1960) and although not within the

scope of this work, further investigation of this process may resolve this issue'

If hydrolysis occurs during the latter stages of antrum growth, one would expect to see

an initial increase in total colloid osmotic pressure, as noted in the 16mm follicles, caused by

an increase in a total number of molecules. As these molecules became degraded they would

be able to escape the basal lamina and the potential effect would be reduced.

It is probable that the rapid influx of fluid during the later pre-ovulatory stages occurs

by osmosis driven peri-cellular flux, but is assisted by the increased capacity for flow offered

by aquaporins (McCo nnell et al. , 2002, Sui e/ al. , 2O0l) and greatly increased permeability of

the follicle. Further investigation of the composition of fluid from the pre-ovulatory follicles

would be required to confirm this'

The identification of the molecules responsible for the greatest fluid potential measured

was achieved by a series of experiments designed to determine what size of molecules were

responsible, such that it could be determined with some degree of accuracy as to whether the

molecules had been s¡mthesised by granulosa cells in the follicle or imported from serum.

Dialysis removed the molecules, which might be prevented from entering or leaving the

follicle by the blood-follicle barrier, starting at 100 kDa and differences between the follicular

fluids from healthy and atretic follicles were identified. The results indicated that removal of

molecules <100 kDa had little effect on the total potential measured from either fluid source'

This indicated that salts and small molecules were free to cross the "barrier" and not likely to

regulate the osmotic potential in the ovarian follicle as in the kidney (Lever &' Ktiz, 1966),

suggesting difference in the mechanisms of fluid movement'

Molecules >300 kDa contributed 65o/o of healthy and 7l%o of atretic fluid potential.

Molecules >500 kDa contributed 40To of healthy and20o/o of atretic fluid colloid osmotic

pressure. Subtle differences between the constitutions of follicular fluid from each existed'

The subtle differences observed between the fluids of healthy and atretic follicles may be

reflective of a follicular progression to atresia. These differences perhaps result from an

inability of the cells of the atretic follicles to synthesise or an increased degradation of, these

larger molecules. The data obtained in subsequent in situ experiments suggested that

degradation of larger molecules might be occurring in the atretic follicles. This will be

discussed later.

This data indicated that molecules of a size not easily able to escape the follicle were

the main contributors to the colloid osmotic pressure of follicular fluid and of a size to suggest

they were synthesised locallY'
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The classes of molecule contributing to the colloid osmotic pressure of fluid from

healthy and atretic follicles was identified by differential eîzpe digestion followed by

dialysis at 100 kDa or 300 kDa.

Identification of the classes of molecule contributing to the colloid osmotic pressure of

fluid from healthy follicles revealed that hyaluronan, CS/DS proteoglycans, collagen and

DNA or their aggregates were responsible for the majority of the fluid potential. DNA,

protein and collagen were responsible for the colloid osmotic pressure recorded from the fluid

from atretic follicles. The identification of these classes of molecule in follicular fluid was not

unexpected since hyaluronan and proteoglycans have previously been isolated from pre-

ovulatory fluid (Boushehri et a\.,1996, Eriksen et al.,1999, Grimek et al.,l9S4,Yanagishita

et a\.,1979) and all these molecules are osmotically active in other fluid recruitment systems,

where hyaluronan and proteoglycans provide the negative charge required for osmotic

activity.

Terminal follicular maturation occurs by the action of FSH on the granulosa and theca

cells. Granulosa cells have been shown to synthesise proteoglycans and glycosaminoglycans

in response to FSH (Ax & Ryan, 1979,Ball et a\.,1982, Bellin et a1.,1983, Eppig & Ward-

Bailey, 1984, Schweitzer et a\.,1981, Yanagishita et al', 1981).

Evidence supplied by Bellin showed that small follicles were responsible for producing

the lager proteoglycans while the larger follicles produced smaller ones, with proteoglycan

production inhibited by the LH surge (Bellin et al., 1933). Individual modulation of the

components of the matrix that might be required to service follicular needs have been noted

i.e. bronchial wall, wound repair and certain tumours (Eikenes et al., 2004, Gapski et al.,

2004, Yuan et a\.,2003). In these cases differential control of matrix components alters the

amount of fluid present and the strength of the matrix. Similar control mechanisms might be

expected in follicular fluid.

DNA was observed to contribute to the colloid osmotic pressure of follicular fluid' The

contribution of DNA to the colloid osmotic pressure was interesting. DNA can create an

osmotic potential in its own right by entanglement with other macromolecules present in a

matrix, thus minimising the loss of DNA or macromolecule such as hyaluronan (Tumer et al.,

1938). The DNA found in follicular fluid was likely to be derived from granulosa cells

aligning the follicular antrum, which upon their death, release their DNA in to the follicular

fluid (Van Wezel et al., 19gg). DNA, whilst contributing to the colloid osmotic pressure of

follicular fluid, is unlikely to be a regulated contributor'

The osmotic data also revealed that collagen contributed to fluid colloid osmotic

pressure. That collagen contributed to fluid colloid osmotic pressure was worthy of note since

granulosa cells are known to produce collagen in culture (Zhao Y. & Luck, 1995)' Some
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collagens are known to bind and cary glycosaminoglycans and proteoglycans, and are

therefore referred to as part time proteoglycans (Dong S. et a1.,2003, Halfter et a1.,1998).

Increases in extra-fibrillar space result in excluded volumes and increased colloid osmotic

pressure. Analysis of the digestion products of collagen indicated that none were large or

osmotic enough to affect fluid osmotic potential. The extra-fibrillar space surrounding whole

collagen is increased by the negative charges associated with the glycosaminoglycan chains of

the attached proteoglycans surrounding the collagen. This increase would increase the

excluded volume and result in and raise the overall colloid osmotic pressure. Thus the effect

on colloid osmotic pressure noted by the removal of collagen was solely related to the

collagen itself and its effect on associated matrices and not its digestion products.

Finally, the colloid osmotic pressure data identified that hyaluronan contributed the

greatest proportion of the potential recorded. The hyaluronan species present ranged in size

from 400 kDA to 2 x 106 Da by gel electrophoresis. From the experiments conducted, enzyme

digestion and removal of molecules >300 kDa indicated that hyaluronan contributed 58% of

the measured colloid osmotic pressure in follicular fluid from healthy follicles. That

hyaluronan contributed so much to fluid osmotic potential was not surprising' One of the

effects of hyaluronan is that it can greatly increase the osmotic potential of a fluid or gel. This

is possible because hyaluronan can take on water of hydration resulting in a solvent domain

10, 000 times its original pol¡rmer volume (Scott J. 8., 1998). This results in the ability to

rapidly hydrate tissues if required (Fraser J. R. e/ al.,7997,Itano et aL.,1999, Knudson C. B'

& Knudson,lgg3,Laurent T. C. & Fraser, 1986,1992, Laurent T. C. et aL.,I995b, Scott D' e/

at., 1998b). Conversely, regulation of its production to produce low levels and or hyaluronan

fragmentation by hyaluronidases can result in slow and progressive hydration (Itano et al',

lggg). Interestingly, it has been reported that high levels of hyaluroîaî aïe present during

rapid cell proliferation and wound repair, while enhanced but lower levels are recorded during

swelling and wound fluid accumulation. This suggests that levels of hyaluronan required for

fluid accumulation processes need not be high.

In addition to their existence as separate entities that in the follicle, hyaluronan may

form some large complex matrices with proteoglycans and collagen such as those that occur

in the eye (Bishop, 2000). These matrices have the ability to significantly increase exclusion

volumes and osmotic potentials of any matrix without requiring large increases in

concentration of either proteoglycans or hyaluronan.

FSH stimulates the formation of the antrum (Johnson Martin H. & Everitt, 2000) and it

is likely that this signal also stimulates hyaluronan and proteoglycan s¡mthesis in the follicle.

The individual contributions to the colloid osmotic pressure, when added together of

hyaluronan (43%), CS/DS proteoglycans (53%) and collagen (20%) as a percentage of the
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total implied that the overall potential of follicular fluid was greater than 100%. The reason

for this is that if, some of these molecules are involved in matrices with each other, the

contribution of each of these molecules is not mutually exclusive. Removal of any one of

these molecules would affect the osmotic potential created by those that remain, since its

removal may also disrupt aîy ag1regate or matrix of which it is a part. An example of this

occurs in arthritis, In arthritis, hyaluronan and albumin act together at normal concentrations

to conserve synovial fluid in the presence of raised drainage potentials. Hyaluronan acts

osmotically by concentration polarisation of the boundary layer. Attenuation of this effect by

degradation of the hyaluronan affects the albumin structure within the matrix causing

degradation of the whole matrix. This affects the osmotic capabilities of that matrix by a

greater amount than removal of hyaluronan alone (Scott D. et al., 1997).

Specific identification of some of the chondroitin sulphate proteoglycans and

characterisation of hyaluronan present was required to determine the constituents and nature

of the fluid matrix. Since the colloid osmotic pressures of healthy and atretic fluids were not

statistically different and hyaluronan was the major contributor to the potential of both fluids,

the analysis of follicular fluid was continued using pooled fluids from healthy and atretic

follicles of comparable size to those used in previous analyses. CS/DS proteoglycans were

isolated and anumber were identified using a bank of antibodies to proteoglycans previously

reported in the ovary.

The proteoglycans identified were versican Vo and Vr, the inter-alpha trypsin inhibitor

heavy chains and bikunin. The hyaluronan present was found in a range of sizes from 400

kDa to > 2 x 106 Da the latter being present in the fluid collected from follicles 10 - 14 mm

from which the measured colloid osmotic pressure was highest. The existence of other

chondroitirVdermatan sulphate proteoglycans is acknowledged but they could not be detected

without specific antibodies or further exhaustive testing.

The identification of versican confirmed previous reports from extracts of whole bovine

follicles (McArlhur et a1.,2000, Russell et al., 2003), human follicular fluid of ovulating

follicles (Eriksen et al., 1999), and follicular membrana granulosa (McArthur et a1.,2000).

Versican and ITI are involved in expansion of the cumulus oocyte complex (Camaioni et al.,

1996, Carrette et a\.,2001), whereby the heavy chains of ITI become covalently cross-linked

to hyaluronan, stabilising the expanding cumulus matrix (Carrette et a1.,2007, Eriksen et al.,

1997, Kimura et a1.,2002, Laurent C. et a1.,I995a, Saito ¿r a1.,2000).In the case of follicular

fluid a similar but more fluid matrix exists and that the versican contributes to the potential of

the fluid via its chondroitin sulphate side. Differential expression of versican splice variants is

believed to control the hydration properties of the pericellular hyaluronan environment

(Dours-Zimmennann & Zimmermaw¡ 1994). If true, variation in the isoforms expressed in
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the matrix of the mural granulosa cell might also modulate the interactions with the

extracellular matrices of neighbouring cells during maturation. Further investigation of splice

variant expression in mural and cumulus associated granulosa cells would be required to

establish this.

Of particular interest was the apparent uneven distribution of versican localisation noted

by immunohistochemistry. If some of it is linked in a matrix with hyaluronan then this

suggests an uneven distribution of hyaluronan might also exist. Schoenfelder and Einspanier

(Schoenfelder & Einspanier, 2003) have reported sporadic distribution of hyaluronan in

granulosa cells previously. The in situ hybridisation data supported that report, as hyaluronan

s¡mthase expression was not detected in a uniform pattem in some follicles.

IJneven tissue distribution of chondroitin sulphate proteoglycans and

glycosaminoglycans in some matrices has also been noted. This non-uniform distribution has

been linked to the provision of migratory pathways for growth factors with non-uniform

binding to molecules providing a local distortion of otherwise helical glycosaminoglycans, in

order to present specific motifs to protein for binding (Perissinotto et a|.,2000, Soto-Suazo e/

al., 2002). rù/hether versican is providing cell migratory pathways or presenting specific

binding motifs as either a primary or secondary role in this matrix is unknown.

In bovine follicular fluid ITI was observed in follicular fluids prior to the LH surge and

this is in direct contradiction to the data reported by Chen et al (Chen L. et al., 1992) who

observed it in fluid only after the LH surge in mice. The data although contradictory to that

published in the mouse, was in agreement with that of the porcine data reported by Nagyova

et al (Nagyova et al.,2004). The presence of ITI in follicles of a non-ovulatory size indicated

that it might have additional roles in the bovine and porcine systems.

This may be related to the need to form an extended hyaluronan matrix early in

follicular development. If, follicular hyaluronan binds to ITI, hyaluronan would have an

increased capacity to raise the osmotic potential of the fluid to provide a sufficient osmotic

differential between serum and fluid, to drive the osmotic recruitment of increased fluid

volumes required by the significantly larger follicles of these animals. In this thesis the data

has shown that the colloid osmotic pressure of follicular fluid in small follicles is greater than

that of serum and sufficiently different to create an osmotic gradient.

Since ITI is not seen in the mouse prior to cumulus oocyte expansion one might assume

that it is not necessary for the small amounts of fluid accumulated in the mouse follricle (20%

fluid to follicle ratio as opposed to 90Yo in the cow (Rodgers R. J. et a1.,2001) and that

hyaluronan alone is not sufficient to recruit the larger fluid volumes required by the bovine

follicle.
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Western blotting and immunohistochemistry revealed that ITI was in high

concentrations in the fluid of healthy follicles and could be co-localised around the granulosa

cells with versican, while atretic follicles had reduced levels of both and no staining was

observed in the fluid. These data suggested that the granulosa cells might also be a source of

the ITI in the fluid, in addition to that sequestered from the serum. The reduction noted within

the atretic follicles was interesting. Since it is unlikely that the atretic follicle could physically

exclude ITI and ITI were free to cross the follicular barrier from serum to follicle it would

have been detected in equal amounts in the atretic follicles. Why then is ITI not seen in the

same high levels in atretic follicles? The answer may lie in the fact that in healthy follicles it

is either developmentally regulated or actively destroyed, and that expression studies of ITI

components may solve this dilemma'

Hyaluronan, versican and ITI were identified as significant contributors to the

maintenance of follicular fluid colloid osmotic pressure. It is interesting to note that the same

molecules appear to be active in both fluid accumulation in the follicular antrum and cumulus

oocyte expansion process however, the timing and location of their appearance and fluidity of

the matrix formed is quite different and therefore are probably differentially regulated.

There are several gïoups worldwide investigating the roles of ITI and versican in the

cumulus oocyte matrix in the mouse and pig and it is tikely their control mechanisms will be

elucidated in the future. The focus of this thesis was to provide information on the molecule

with the greatest effect on osmotic potential of follicular fluid and evaluate whether its

production was developmentally regulated, Thus the investigations continued in to the

production of hyaluronan.

Hyaluronan has been identified in follicular fluid (Hamamah et al., 1996, Jessen &

Odum, 2003, Jessen et al., 1994, Odum L. & Jessen,2002, Saito ef al',2000,5a1o et al',

1987a, Suchanek et al.,lgg4, Tempel et a\.,2000) but the cellular origin, characterisation of

the nature of the hyaluronan produced and the timing of its production had not been

investigated.

The sizes and stabilities of the hyaluronan produced by the three HAS enzymes, the

cells in which the synthesis occurs, environmental conditions present and hyaluronan

clearance mechanisms are key to the actual levels and functions of hyaluronan in the follicle.

Hyaluronan s¡mthesis is triggered by gonadotrophins, cytokines and growth factors

(Fulop et al., I997a, Knight & Glister, 2003, Laitinen et al., 1998, McGrath et al', 1995,

Salustri et a1.,1.999, Stock A.E. et a\.,2002) and it is likely a delicate balance between these

and hyaluronan degradation and clearance mechanisms control local follicular hyaluronan

levels. The size of hyaluronan produced and its ability to interact with proteins in solution

provide hyaluronan with the opportunity to change its conformation and thus the physicality
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of any hyaluronan rich matrix of which it is a part. This is probably the key to its functional

diversity within a matrix.

A series of experiments was designed to characterise hyaluronan expression in the

follicle and investigate whether its s¡mthesis could be correlated with antrum formation.

In order to determine where and by which cells in the follicle the hyaluronan \Mas being

produced, and whether this was developmentally linked, existing molecular and histochemical

technologies were used. Bovine specific, HAS specific RNA probes to the three synthases

were made and ovaries with healthy and atretic follicles collected for in situ hybridisation

analysis. The follicles used in these analyses incorporated the sizes of follicle, which had

previously recorded significant changes in colloid osmotic pressure. At the same time three

pools of granulosa and theca cells from uncharacterised small medium and large follicles were

collected and RNA extracted for PCR and Northern blot analyses for detection of the levels of

the HAS forms present.

The in situ hybridisation, Northem blotting and RT PCR data showed that HAS 2

expression was linked to the visualisation of an antrum. HAS 1 and HAS 3 were expressed in

all follicles in the granulosa and theca cells throughout follicular development. Roles for each

of the HAS genes is proposed below.

HAS 1 was present in the granulosa cells of up to 70o/o of primordial and primary

follicles and in both cell types of approximately 90"/o of secondary and eatly anttal follicles.

HAS 1 was present in both cell types of nearly all healthy antral follicles examined. The

signal from the atretic follicles examined was noticeably reduced. Whether this reduction was

indicative of the atretic process is not known. The reduced signal for hyaluronan in atretic

follicles supported the data obtained by immunohistochemistry. If hyaluronan is a key

contributor to either the cell or fluid matrices, that reduced presence or absence would be

detrimental to follicular health and viability.

The detection of HAS 1 and HAS 3 expression by granulosa cells was interesting in the

light of the work published by Schoenfelder and Einspanier (Schoenfelder & Einspanier,

2003). V/hile there is no data on cumulus cell synthesis presented here, we disagree with their

report stating that HAS 1 mRNA was "not detectable" in granulosa cells and that HAS3

expression was limited. There were clear differences between that work and this.

Schoenfelder and Einspanier used FSH and LH stimulated granulosa cell cultures. They

showed that HAS 1 expression could not be induced by either of the above whereas HAS 3

expression could be increased. They also reported that cultured gtanulosa cells expression of

HAS 2 and 3 could not be maintained beyond 24hwith either FSH or LH. These data suggest

that stimulation of HAS 1 in cultured granulosa cells may require a different factor to that of

HAS 2 and 3 and that granulosa cells cultures are not good models for long-term studies of
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hyaluronan s¡mthesis. It is interesting to note that in their control tissues (whole ovary

extracts) HAS 1 and 3 were clearly detectable, while perhaps considered derived from stromal

tissue, Schoenfelder and Einspanier make no comment on their presence'

In several body systems hyaluronan is the key regulator of fluid accumulation' In the

follicle, the data obtained here did not suggest that HAS 1 production of hyaluronan was

temporally linked to antrum formation, despite evidence suggesting HAS 1 is active in

synovial fluid production (rabbit) (Tanimoto et at.,2004) and known to be stimulated by

TGFB, present in the developing follicle (McNatty et al., 2000). HAS1 expression was

detected in advance of antrum formation and its expression level did not change in line with

expected increases in fluid requirements. Thus, it is necessary to consider some of the other

functions of the polymer produced by this eîzqa As mentioned earlier, hyaluronan levels

are high in tissues undergoing proliferation, migration (Tempel et al., 2000) and those

involved in fluid accumulation. As such it is not unreasonable to expect that the synthases

responsible for these processes show equivalent elevations of their expression. The Northern

blot data indicated that the expression of both HAS 1 and HAS 3 was greater than that of

HAS 2. It is more likely therefore that the primary role of HAS 1 in the follicle is related to

cell division and migration and the creation of cell migration "highways" by the hyaluronan

rich extracellular space (Ichikawa et al., 1999). Such a matrix would allow granulosa and

theca cells to migrate and or pass over one another during follicular growth. One study has

shown that the size of the hyaluronan pericellular coat produced by HAS 1 is small and that

this promotes cell growth (Itano et a1.,2002). Moreover, HAS 1 is known to be critical in the

disease progression of cancer, having an active role in migration and cell division (Yabushita

et a1.,2004). The reduced HAS 1 signal detected in atretic follicles supports the cell division

premise, since cell division and migration are reduced in these follicles and the requirement

for migration highways in these follicles is reduced.

The signal for HAS 3 was strong in the granulosa cells of the small healtþ follicles and

granulosa and theca cells of large healthy follicles. Approximately 65"/o of primordial to early

antral follicles expressed HAS 3. The signal was also detected in the majority of follicles > 2

mm diameter and these data were confirmed by Northern blot and RT-PCR. The data showed

that HAS 3 expression was occurring in most of the follicles prior to antrum formation but

was expressed in all follicles only after the antrum had already formed. As such it could not

be temporally linked to antrum formation and is unlikely to be directly involved in fluid

accumulation at this time.

Studies in inflammatory migratory cells have shown that HAS 3 does not contribute to

the fluid of the synovium since the hyaluronan it spthesises is retained in a pericellular
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matrix and does not diffuse in to the joint cavity (Yoshida M. et aL.,2004)' Again, alternative

reasons must be suggested for the presence of HAS 3 in granulosa cells.

HAS 3 is known to promote cell adhesion, proliferation and migration and to be

involved in tumour invasion in the colon and prostate and therefore it is not unreasonable to

suppose it might facilitate cell division, proliferation and migration in the follicle' During the

rapid growth phase associated with the expanding antntm, the granulosa and theca cells

replicate rapidly in order to accommodate the expanding antrum (Rodgers R. J' ¿/ a1.,2001).

This process would require maximal production of the molecules assisting these processes to

occur. If the primary roles of HAS 3 are to assist cell division and proliferation, a maximal

signal for this synthase located in these cells would be expected. The data obtained from the

in situ analyses appears to support this proposal, with the most intense staining observed in

those cells aligning the basal lamina. V/ith HAS 1, where support of division and migration

appear to be the primary roles, a similar staining pattem to that of HAS 3 would be expected.

The results obtained for HAS 2 appear to provide the greatest insight in to the role of

hyaluronan in fluid accumulation. The HAS 2 enzpe is responsible for the rapid production

of high molecular weight hyaluronan that has the ability to rapidly hydrate tissues. This

function alone would suggest that it is a suitable candidate for a role in fluid accumulation in

the follicle, being able to provide rapid increases in fluid hyaluronan levels and hence osmotic

potential and fluid uptake.

In situ hybridisation data showed that HAS 2 expression could be correlated with the

visualisation of a follicular antrum. The HAS 2 signal was noticeably reduced in the atretic

follicles observed and the contribution of hyaluronan to atretic fluid colloid osmotic pressure

was also reduced. The lower levels of HAS 2 detected in the smaller follicles by in situ

hybridisation appeared to provide some explanation of why fluid accumulation is slow in

small follicles even though the surface area to volume ratio is higher than at later stages.

'Whether a lower fluid potential is created by hyaluronan alone in these small follicles or

whether there is a reduced hyaluronan matrix or increased hyaluronan degradation is not

known at this stage. The presence of ITI in the fluid from follicles of 2 mm suggests that

some of the components for an extended hyaluronan matrix do exist.

Fluid from follicles < 2 mm was not collected, as it was not feasible to collect the

volumes required for colloid osmotic pressure measurement. If a method of potential

measurement could be devised whereby minute volumes of fluid could have been tested it

would be interesting to see whether the change in HAS 2 expression at antrum formation

could be detected by a concurrent change in colloid osmotic pressure of the fluid. Since fluid

could not be collected this phenomenon could not be investigated further.

252



In situ hybridisation and Northem blot data showed that maximal expression of HAS 2

occurred in 6 - 8 mm diameter and some smaller follicles of the 12 mm - 15 mm group. The

fluid colloid osmotic pressure data recorded for this group was also the maximum recorded.

Maximal hyaluronan production by HAS 2 is reportedly responsible for rapid wound fluid

accumulation in burns victims and appears to be the standard mechanism used by the body

when large fluid volumes are required. In these cases hyaluronan represented an entirely

separate entity where it acted purely as a volume expander (Onarheim et aL.,1991).

The decrease in HAS 2 expression observed in the granulosa cells of large preovulatory

follicles (16 mm diameter - general observation - data not shown) corresponded with the drop

in measured colloid osmotic pressure of that fluid. It is not surprising that a decreased

production, in conjunction with probable degradation of hyaluronan and increased fluid flow

in to the follicle would result in a lowered colloid osmotic pressure of the fluid.

The molecular structure of HAS 2 gene suggests it is sensitive to cell specific effects

and under tight regulatory control from steroids or growth factors (Monslow et al', 2003).

Regulatory control of hyaluronan syrthesis has been shown in the past by several authors and

suggested by many, but results from the few experiments conducted have indicated that more

than one factor is capable of stimulating production depending on the cell type, location and

signal received (Dragovic et a1.,2005, Juengel & McNatty,2005, McNatty et al',2005a,b,

Thomas et a\.,2005). The recent suggestion by Salamonsen et ai (Salamonsen et al',200I)

that differential steroid signalling controlled hyaluronan s¡mthesis certainly appears an

attractive hypothesis. Promoters and cell dependency are the probable keys to transcription

factor recruitment of co-regulators and the mediation of transcription and processing of the

HAS 2 gene. The expression of each HAS enzyme in mural granulosa cells was temporally

different and this suggests that different co-regulators exist. In order to complete this

preliminary study and elucidate the complete mechanism behind fluid accumulation in the

follicle it will be necessary to conduct a full investigation in to the regulatory control of HAS

2 inlhe follicle. At the very least an evaluation of the regulation of transcription of HAS 2 by

each of the growth factors and cytokines known to be involved in its stimulation i.e. FSH,

TGF super-family members, PDGF, EGF, FGF and IGF must be completed in mural

granulosa and theca cells (Fulop et al.,1997a, Knight & Glister, 2003, Laitinen et al.,1998,

McGrath et al.,Igg5, Salustri et a\.,7999, Stock A.F ' et al.'2002).

The diffuse signal for hyaluronan obtained from some atretic follicles during in situ

hybridisation experiments may be indicative of hyaluronan degradation and breakdown of the

nuclear membrane (Evanko 1999; Evanko 2004). Degradation of hyaluronan results in an

increase in the number of smaller fragments of hyaluronan (300 kDa to 500 kDa) and may
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partially explain the slight increase in the proportion of this size of molecule detected in fluid

from atretic follicles.

HAS expression in the theca was interesting since its presence in this tissue does not

appear to result in any oedema of the stroma. Hence, different roles for hyaluronan may exist

in the theca to those of the granulosa cells. Northem blot and in situ hybridisation data using

the HASI and HAS 3 probes showed their expression in the theca was strong and that

localisation changed over time. A role for HAS I in the theca may be linked to the provision

of structural stability and elasticity to the blood vessels, required in conditions of increased

blood during antrum formation (Balazs, 1968, Rondell P., 7970, Swartz et al., 1999). The

intense staining found in the endothelial cells surrounding the blood vessels supports this

hypothesis. The hyaluronan produced by HAS 1 in this location may have some filtering

capability by increasing the resistance to flow (McDonald & Levick, 1994, Rosengren et al.,

2001) and aid in the regulation of blood flow around the follicle.

Any degradation of the hyaluronan in this area would create a more open structure,

allowing freer flow of molecules in to and out of the follicle depending on their size and

charge.

Monslow et al (Monslow, Williams et al. 2003) showed that HAS expression levels

could be directly linked to hyaluronan production. If this is true the higher levels of

expression of all the HAS genes detected in the granulosa cells over that of the theca cells in

small follicles may be representative of a higher concentration of hyaluronan in granulosa

cells over that of theca cells. If the degradation of hyaluronan was equal in both cell types, the

data might represent a visualisation of a hyaluronan gradient. Assuming this exists it would

provide a means of directional flow of fluid in to the follicle, although whether hyaluronan

gradients exist in the interstitium, as have been proposed for electrolyte gradients is yet to be

determined (Schwartz, Kaipainen et al 1999).

The decrease in HAS 2 expression seen in the theca cells of the large follicles

corresponded with the drop in measured colloid osmotic pressure of the fluid. It is likely that

this drop was assisted by the proposed decrease in filtering capabilities of the follicle at this

time. This reduction would result in a decreased resistance to flow in to the follicle. An

increase in fluid flux would result from the initial increase in colloid osmotic pressure

differential caused by probable hydrolysis of the proteoglycans and hyaluronan in the fluid

(Saito et a\.,2000, Salustri et a\.,1990b, Salustri et aL.,1992, Salustriet aL.,1999, ScottD. e/

ø1., 2000(a), Zachariae, 1 95 8).

Hyaluronan appears to be the most osmotically active molecule in follicular fluid. The

turnover of hyaluronan in the follicle is no doubt a key factor in the regulation of fluid

osmotic potential. Hyaluronan degradation or depolymerisation is achieved by two

254



mechanisms, eîzymatic and non-enz)anatic. Hyaluronidases, chondroitinases and

hexosaminidases degrade hyaluronan (Laurent U. B. et al., 1992). The six mammalian

hyaluronidases like the hyaluronan syrthases are presumed ancient genes. The major

hyaluronidase found in serum is a 57kDa protein, hyaluronidase 1 (Hyal-l). Degradation of

hyaluronan occurs by sequential endolyic cleavage, which generates increasing numbers of

smaller fragments of hyaluronan within a solution or fluid. The different sized fragments have

differential effects on the behaviour of certain cell types. In vitro these effects have included

inflammatory gene expression, cell migration and proliferation and angiogenesis (Ahrens e/

al.,20Ol, McKee et al., 1996, Noble et al., 1996, West et a1,,1985), with the function of

fragmented hyaluronan proven to be different to different to that of the native molecule.

It is believed that the hyaluronidases reside in an inactive form in many cell/fluid

matrices because if they were active, the matrix would break down. Efficient in vivo

activation provides a more rapid response mechanism for altering local levels of hyaluronan,

than relying on its synthesis alone.

A second method of modulating hyaluronan concentrations is provided by receptor-

mediated pathways, which facilitate hyaluronan removal from the ly-ph and vasculature. The

local receptor for such activity is CD44. It is thought that CD44 aids in the clearing of small

fragments of hyaluronan by binding it at the cell surface and internalising it delivering it to

the lysosomes however; the mechanism for this is as yet unknown (Aguiar et al., 1999,

Knudson W. et a1.,2002). The structure and function of CD44 are covered in some excellent

reviews (Lesley & Hyrnan, 1998, Lesley et a1.,1993).

Of particular relevance to this study and the comments made on hyaluronan tumover

above is the work of Yoshida et al in 2004 (Yoshida M. et al., 2004) who found that the

expression of HAS genes and hyaluronidases in arthritic knee joint synovium changed with

disease status. Yoshida et aI (2004) showed that reduced fluid in diseased slmovium could be

correlated with decreased expression of hyaluronan synthases and increased expression of

hyaluronidases, compared to that of controls. This resulted in a reduced concentration of

hyaluronan and decreased amount of joint fluid. It appeared that hyaluronan turnover in the

knee was regulated in part by a differential expression of the two enzyme types. It is possible

therefore that the osmotic potential of the follicular fluid and resultant fluid accumulation in

the antrum is controlled by the regulation of a hyaluronan rich matrix synthesised in the

granulosa cells and the action of hyaluronidases in the antrum.

In relation to follicular fluid in the follicle, in addition to the steroid/growth factor

stimulation of the HAS enzymes, fluidity, accumulation and volume are also controlled by the

depolymerisation of hyaluronan by the hyaluronidases.
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In order to shed more light on the process of follicular fluid accumulation, detailed

studies of hyaluronan turnover in the follicle are required. The regulation of this HA-rich

matrix should be examined by studying the effects of differential signalling or receptor

activity of one or more of the cytokines and growth factors mentioned earlier on HAS 2

stimulation. In addition thorough investigation of the regulation of hyaluronan tumover by the

hyaluronidases is warranted.

In summary it appears that in the growing follicle, the primary roles of HAS 1 in the

mural granulosa and theca cells might be linked to maintenance of low levels of hyaluronan

biosynthesis for the provision of structural stability and hydrated layers for cell proliferation

and migration. It may also play some role in the exclusion of larger molecules from the

antrum by increasing the filtering capabilities of the theca. HAS 3 appears to play a similar

role but its inherent stability provides conditions of low molecular weight hyaluronan

environment, which may promote cellular proliferation, migration and adhesion. In addition it

may interact with hyaluronan binding proteins and receptors involved in cell signalling in the

ovary. Finally, the high molecular weight pol¡rmer synthesised by HAS 2 in response to either

oocyte derived or circulating growth factors is responsible for an increased concentration of

hyaluronan being released in to the follicular antrum by the mural granulosa cells. ln

follicular fluid some of this hyaluronan appears to form hyaluronan-rich matrices with

versican, ITI heavy chains and collagen providing a fluid matrix with an osmotic potential

greater than that of circulating serum. This leads to the creation of an osmotic gradient down

which fluid flows in to the follicle. Regulation of hyaluronan is probably achieved by

differential syrthesis by the HAS genes and degradation by the hyaluronidases.

The HAS data obtained in these experiments may or may not support the hypothesis

that a hyaluronan gradient is the driving force behind fluid accumulation in the follicle.

Without real-time PCR data of hyaluronan synthesis and degradation, the HAS data obtained

cannot support the hypothesis. They do not disprove it.
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Concluding Remarks

The studies described in this thesis have attempted to address the issue of how follicular fluid

forms and accumulates during folliculogenesis. Using bovine follicles it was identified that

the fluid contains large osmotic molecules that have the capacity to exert an osmotic potential.

These were sufficiently larger than the reported cut off in size of molecules that can cross the

nominal blood follicle barrier. Enzymatic digestion identified which classes of compounds

these were from, and then went on to identify some individual components in these classes.

Hyaluronan and the hyaluronan binding proteins versican and ITI were some of the molecules

in follicular fluid that could contribute to its colloid osmotic pressure. If one or all of these

were to contribute to colloid osmotic pressure inside a follicle and then attract the flow of

fluid in to the follicle across the follicular basal lamina it would be expected that one or other

of these compounds be made locally by the granulosa cells during the time of follicular

antrum formation. Since hyaluronan is well known to be an osmotically active molecule the

three enzyrnes that slmthesise hyaluronan, namely HAS 1-3 were investigated further. HAS

enzqe expression was observed in granulosa cells, but the expression was not confined to

the antral stage of folliculogenesis, nor was it confined to the membrana gtanulosa.

Expression also occurred in the thecal layers. Thus the studies of the HAS expression do not

negate our hypothesis but they do not provide any definitive support for it either. If
hyaluronan production by granulosa cells is involved in generating osmotic potential at the

time of antrum formation and expansion, then for us to demonstrate this would require a full

examination of its production and net destruction in both thecal and granulosa cell layers.

This was not possible during the course of this PhD project. However, this is the hrst viable

hypothesis on how follicular fluid accumulates and some evidence to supporl that hypothesis

has been provided.
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8. Appendix A

8.1. Chemical and Supplier details

Products

10mM dNTPs

Aff-Gel Blue Gel

Amersham hyPerfilm

Amplitaq gold

Anti DIG antibodY

APES

Biotin-16-dUTP

CDP-star

DIG RNA labelling kit

DIG wash buffer kit

DNA free

Gel code blue stain reagent

HEPES

Oligonucleotides

Polyacrylamide gels

PCR clean-up kit

pGem-T EasY vector sYsteml

Plasmid midi-kit

Precision stained Protein

markers

Primers

Protein assay reagent

Puc 1 9/HpaII DNA markers

Random hexamers

RNA Bee

RNA later

RNA milennium markers

RNAsin (RNAse inhibitor)

Siver stain kit

SP6 RNA polYrnerase

Supplier

Invitrogen

Biorad

Amersham

Applied biosystems

Roche

Sigma

Roche

Roche

Roche

Roche

Geneworks

Pierce chemicals

Sigma

Sigma

Gradipore

Mo Bio laboratories

Promega

Qiagen

Biorad

Sigma

Biorad

Geneworks/Ambion

Geneworks/Ambion

Geneworks/Ambion

Geneworks/Ambion

Geneworks/Ambion

Promega

Biorad

Roche

Catalog No.

280-00

153-7301

RPN 3103K

4311806

t093274

A3648

1093070

t685627

1277073

1585762

AM-1906

24950

}l3662

NG21-010

r25-250

1360

t2243

161-0318

s00-0006

DMV/-P1

RP.6

BL-104

AM-7020

778s

N2511

t6t-0449

810274

18064-041

881767

Sup erscript revers e transcriptas e lnvitro gen

T7 RNA pol¡rmerase Roche
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Taq pol¡rmerase

Transfection kit

Trizol@-LS reagent

X-gal

SDS gels

Slowfade

Uronic acid standards

Hybond N (PVDF)

Hybond C+

Scintillation fluid Wallac

optiphase Hisafe3

Paraplast

8.2. Supplier Details

Supplier

AmbiorVGeneworks

Amersham Pharmacia Biotech

Amrad Pharmacia Biotech

Analar

BDH/AnalaR/Merck

BIO-RAD laboratories,

Boehringer Mannheim

Brunswick Co

Crown Scientific

Developmental Studies HYbridoma

Bank

Difco

Dr. Larry Fisher,

Geneworks/Ambion

Gonotec

Gradipore

ICN Biomedicals,

Interpath

Invitro gen Life Technolo gies

Invitrogen

Qiagen

GibcoBRL

Roche

Gradipore

Molecular Probes

Sigma

Amersham

Amersham

Perkin - Elmer Life

Sciences

Brunswick Co

t0342-020

10296-010

6s1745

NG21-010,NG21-0420

RPN 2O3N

RPN 3O3E

Address

Adelaide, Australia,

Piscataway, NJ, USA.

Melboume, Vic, Australia

Merck Pty Ltd, Kilsflh, Vic, Australia

Merck Pty Ltd, Kilsyth, Vic, Australia

Hercules, CA,

Mannheim, GermanY,

St Louis, MO

SA, Australia

The University of lowa,Iowa CitY, IA,

USA

Detroit, Michigan, USA

Bone Research Branch, NIH, Bethesda,

MD

Adelaide, Australia,

GmbH, Berlin, GermanY.

Frenchs Forest, NS'W, Australia

Seven Hills, NSW, Australia.

W. Hiedelberg, Vic, Australia

Mt'Waverley, Vic, Australia
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Millipore Corporation,

Mo Bio laboratories Inc.

Molecular Probes

Pierce chemicals

Progen

Promega

Qiagen

Perkin - Elmer Life Sciences

Roche

Siekagaku America,

Sigma chemical Company

Silenus Laboratories

Spencer American Optical Co.

Unilab

Univar

8.3. Enzyme Details

Enzyme Supplier

Streptomyces hyaluronidase Seikagaku

Chondroitinase ABC Seikagaku

Keratanase Seikagaku

Proteinase K Sigma

Collagenase 1 Sigma

DNase 1 Sigma

Heparinase Sigma

8.4. Kits

Bedford, USA.

Solana Beach, C1^92075

Eugene Oregon, USA

Rockford, MA, USA

Darra, QLD, Australia

Annadale, NSW, Australia

Clifton Hill, Vic, Australia
'Walac OY Turku Finland

GmbH, Mannheim, Germany.

MA, USA.

St Louis, MO.

Victoria, Australia

Buffalo, Colorado, USA

Ajax Chemicals Pty Ltd, Auburn, NSW

Ajax Chemicals Pty Ltd, Sydney, NSW

Catalog No.

t00740

100332

100810

P2308

M1802

AMP-D1

51534

Kit

BCA protein assay

Superscript reverse

transcriptase

Supplier

Pierce,

Invitrogen

Catalog No.

r8064-04r
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8.5. Film

Hyperfilm ECL

Supplier

Amersham

Catalog No.
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9. Appendix B: ReciPes

9.1. Tissue Collection and Processing

9.1.1. Tissue Collection

9.1.1.1. Earles Balanced Salt Solution (EBSS)

p}J7.4 Sigma #F,6132

EBSS

Sodium hydro gen carbonate

Sodium azide

Make up to 1L with distilled water

9.1..2. Processrng

9.1..2.L Buffered Formalin

Formaldehyde

Disodium hydrogen phosphate (anhydrous)

Sodium dihydro gen phosphate (hydrated)

Distilled HzO

9.1.2.2. Bouin's Fixative

Saturated picric acid

Formaldehyde

Glacial acetic acid

Mix ingredients to gether overnight

9.2. Proteoglycan and Glycosaminoglycan analysis

9.2.1. ProteoglycanExtractionBuffer

4M Guanidine -HCl

50mM sodium acetate

10mM disodium EDTA

0.lM aminocaproic acid

pH 6.0

8.7e

1)o-.'Þ
1:1000

100 ml

6.5 g

4.0 g

900 ml

300 ml

100 ml

20 ml
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9.2.2. CL-28-300 Size Exclusion Column Buffer

Sigma cross linke d, 2% beads fraction range globular proteins 70,000-40,000,000 wet bead

diameter 60-200 pm

2M Guanidine 191.069

0.1M Sodium acelale 8-29

0.05M Tris 6.059

pH 7.5 make up to 1 litre

9.2.3. DEAE Column Buffers

9.2.3.1. DEAE ColumnBufferPH 5

4M Urea

0.05M sodium acetate

Make up to lL with distilled water

9.2.3.2. DEAE Column Elution Buffer

4M Urea

0.05M sodium acetate

2M sodium chloride

Make up to 1L with distilled water

9.2.4. Dyes and Stains

9.2.4.1. Stains-All@

0.0l25gin 250m1 of 50%o Methanol

9.2.4.2. CoomassieStain

Coomassie blue 1250 1g (0.1%)

Methanol 400m1 (40%)

Acetic acid 100m1 (10%)

Make up to 1L with distilled water

Stir ingredients together until dissolved and filter through a'Whatman No 1 filter paper.

9.2.4.3. Tracking Dye (Agarose gels)

2M Sucrose

0.02% bromophenol blue
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Dissolve in 10 ml 1 X TAE

9.2.5. Enzyrnes

9.2.5.1. Chondroitinase ABC

0.01M Tris acetate pH 7.5-8.0

0.lU Chondroitinase ABC/100 ¡lg uronic acid in sample

9.2.5.2. Streptomyces Hyaluronidase

0.1M Sodium acetate pH5.0

0. 1U streptomycin hyaluronidase/ 1 00¡rg hyaluronic acid

9.2.5.3. Streptomyces HyaluronidaseBuffer

0.lM sodium phosphate

0.15M sodium chloride pH5.3

9.3. ELISA

9.3.1. ELISA solutions

9.3.1.1. ABTS Substrate

Acetate buffer

0.1M sodium acetate

0.05M Sodium dihydrogen orthophosphate

pH 4.0

9.3.1.2. Citrate Buffer

5.25mg sodium citrate

50 ml distilled water

Use 10ml of citrate buffer

20 0 ¡tl 2,2' - azino- di - (3 - ethylb enzthio azol ine - 6 - s ulphoni c ac i d) (AB T S )

20 ¡tl hydrogen peroxide

9,3.1.3. ABTS

ABTS

Make up to 10 ml with distilled water

0.2799
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9.3.1.4. 10 X ELISA Wash Buffer

Disodium hydrogen phosphate I0'7g

Sodium dihydrogen phosphate 3'99

Sodium chloride 85g

Tween 20 500 ¡t'l

Make up to 1L with distilled water

NB: ELISA Sample Diluting Buffer 1 X Elisa wash buffer containing l% non-fat milk

powder

9.3.1.5. ELISA Coating Buffer

Final substrate:

Acetate buffer

Hydrogen peroxide

ABTS

I 4mM Disodium carbonate

35mM Sodium hydrogen carbonate-

Make up to lL with distilled water

9.3.1.6. Carbonate Buffer pH 9'8 (1L)

0.lM Sodium hydrogen carbonate

0.001M Magnesium chloride

Make up to 1L with distilled water

9.4. Agarose Gels, PAGE and Western Blotting

9.4.I. Gels

9.4.1.1. Agarose

Diluted in TAE or TBE (see 9.4.3'3 or 9.8.1'4)

9.4.2. Tris/GlycineSDS-PAGE

g.4.2.L Separating Gel (10% gelll0m1)

Water

30o/o Acrylamide mix

1.5M Tris pH 8.8

2ml

20 ¡rl

100 ¡rl

1.5g

?QO-.' ë

4.0 ml

3.30 ml

2.50 ml
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10% Sodium dodecyl sulPhate

1 0% Ammonium persulPhate

N',N',N',N, tetramethylethylenediamine (TEMED) Sigma #9128

9.4.2.2. Stacking Gel (2 ml)

Water 1'4 ml

30% Acrylamide mix 0'33 ml

1.5M Tris pH 8.8 0'25 ml

10% Sodium dodecyl sulphate 0'02 ml

10% Ammonium persulPhate 0'02 ml

N',N',N',N, tetramethyletþlenediamine (TEMED) 0' 002 ml

9.4.3. Buffers

9.4.3.1. SDS glycine Running Buffer (10X)

125mM Trisma Base 29g

0.96M Glycine l44g

0.2s% sDS 10g

Distilled water 1.01

9.4.3.2. Tris/Glycine Running Buffer for PAGE (10 X)

Tris-HCl 29e

Glycine 1449

SDS 1Og

Make up to 1L with distilled water

9.4.3.3. TAE Buffer (50X)

0.10 ml

0.10 ml

0.0040 ml

Tris base

Glacial acetic acid

O.O5M EDTA

Make up to lL with distilled water

Tris ultra pure

Glycine

)A)o

57.1ml

100 ml

9.4.3.4. 'Western Transfer Buffer

6.069

28.8g
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Methanol

Make up to lL with distilled water

200 ml

9.4.3.5. 10 X Tris Buffered Saline (TBS) pH 8.0

0.1M Tris-HCl 12.719

1.5M Sodium chloride 87 '669

Make up to lL with distilled water

NB for blocking buffer add 5% skim milk, for washing add 0.1% Tween 20 (TBST)

9.4.3.6. Phosphate Buffered Saline (PBS) lX

NaCl 16e

NazHPO¿ 1.159

KCl 0.2e

KHzPO+ 0.2e

HzO to lL
NB: for washing membranes or plates 0.1% Tween 20 (PBST)

9.5. 2X CHAPS extractionbuffer

1OmM benzamidine

lmM Phenyl methyl sulphonyl fluoride (PMSF)

10mM CHAPS

Make up to 10 ml with 40mM Tris 6.8

9,6. 2% SDS extraction buffer

1OmM benzamidine

lmM Phenyl methyl sulphonyl fluoride (PMSF)

2% Sodium dodecyl sulphate

Make up to 10 ml with 40mM Tris 6.8

9.7. Gel Drying Solution (PAGE and Agarose)

Water

Glycerol

Methanol

Acetic acid

47%

3%

40%

10%
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9.8. Molecular Analyses

9.8.1. Buffers

9.8.1.1. RNAse Buffer

0.5M NaCl

10mM tris-HCl pH 7.5

lmM EDTA pH 8.0

DEPC H2O

9.8.1.2. Bufferl

100mM tris-HCl pH 7.5

150mM NaCl

DEPC H2O

58.44g1200m1 of 5M

20ml lM
4ml0.5M

to 2L (autoclave)

100m1 lM

30ml 5M

to 1L

9.8.1.3. Buffer2

100mM tris-HCl pH 9.5

100mM NaCl

50mM MgCl2

DEPC H2O

50ml lM
10ml5M

25ml 1M

to500ml

9.8.1.4. 5 X TBE

Tris

Boric acid

50mM EDTA pH8.0

Make up to lL with distilled water

Use at /zX concentration

Bacto-tryptone

Yeast extract

55g

27.5g

20ml

9.8.1.5. 1 X Tris/EDTA (1OmM: lmM) (TE) Buffer

lM Tris-HCl pH 8.0 20ml

0.5M EDTA pH 8.0 4mI

Make up to 2L with distilled water

9.8.2. L-Broth

1og

5g
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Sodium chloride

Make up to 1L with distilled water

9.S.3. L-Broth Agar

Bacto-tryptone

Yeast extract

Sodium chloride

Agar

Make up to lL with distilled water

Add 1:1000 of 100ug/ml ampicillin to 100ng/ml

1og

1og

5g

1og

15g

9.8.4. RNA Gels and Northem Blot

9.8.4.1. 10 X MOPS ((3-[N-Morpholino] propanesulphonic acid)

MOPS 41.86

Sodium acetale(anhydrous) 4'1

EDTA pH 8.0 DEPC treated 20 ml

Dissolve in 800m1DEPC water, adjust to pH 7.0 with sodium hydroxide, Add 1.0 ml DEPC.

Make up to 1 litre. Autoclave

9.8.4.2. Non-Reducing Loading Buffer (for PAGE)

0.5M tris pH 6.8

Glycerol

10% sodium dodecyl sulphate (SDS)

Mix well in 10 ml tube and add0.7%bromophenol blue (in ethanol)

Distilled water

1.0 ml

0.8 ml

1.6 ml

0.2 ml

4.4mL

9.8.4.3.

6XSSC

0.5%SDS

5 X Denhardts

Water

Pre-hybridisation Solution (Northern blot)

15 ml

2.5 ml

5ml

27.5 ml

9.8.4.4. Nitro-blue tetrazolium (NBT)

Dissolve 50mg NBT in 1.0 ml 70o/o dimethyl fluoride
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9.8.4.5.

Glycerol

EDTA

Bromophenol blue

Xylene cyanol FF

RNA Loading Dye (prepare with DEPC water)

50%

lmM

0.25%

0.25%

9.5.4.6. RNA Agarose Denaturing Gel

Agarose

DEPC water

10 X MOPS

Formaldehyde

9.8.4.7. RNA Cocktail

1OX MOPS

Formaldehyde

Deionised formamide

Ethidium bromide

DEPC water

lM Tris-HCl

lM potassium chloride

0.25M magnesium chloride

1M (dithiothreitol) DTT

Make up to 100p1with distilled water

9.8.5. Reverse TranscriptionBuffer

50pl

87.5pl

250p,\

50pl

62.5¡tl

2.oe

l44ml

20 ml

36 ml

25 ¡:,1

37.5 ¡:,1

6pl

26.5 p,l

9.8.6. 20 X SSPE

Sodium chloride 173.59

Disodium hydrogen orthophosphate 26.79

EDTA 7.48

Dissolve in 800 ml adjust plH7.4 with 10M sodium hydroxide add 1.0 mI DEPC make up to 1

litre and autoclave
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9.9. In situ Hybridisation

9.9.7. In Situ Buffers and Solutions

9.9.1.1. 10X Salts

3M NaCl

100mM tris-HCl pH7.5

50mM EDTA pH 8.0

0.2%oFicoll4}}

0 .2o/o p olyvinyl pyro lidone

0.2% BSA

17532g

100m1 lM
100m10.5M

20ml l0%

l00ml2%o

I00ml2o/o

BSA cannot be autoclaved, therefore following DEPC treatment add the BSA just before the

solution is required, make up to 0.2o/o solution. Make 2%B.SA stock in DEPC H2O and freeze

aliquots.

DEPC H2O is 0.05% diethyl pyrocarbonate (Sigma) (lml in to 2L) @ 37'C for 2 hrs then

autoclave.

9.9.1.2.  o/oFormaldehyde

Parafomaldehyde powder

DEPC treated water

Sodium hydroxide

Phosphate buffer (*)

20gl 500mI

200mL|500 ml

15 drops/ 500 ml

250 mll 500 ml

*Heat to 60C to dissolve paraformaldehyde cool and add phosphate buffer

02M phosphate buffer:

NaHzPO¿ 1.799

NazHPO+ 5.489

9.9.1.3. Proteinase K

1Omg/ml stock diluted in distilled water

9.9.1.4. 100 X Denhardts

2Yo ftcoIl (type 400)

2Yo p olyv inylp ynolidine (si gma PVP -40)

2%obovite serum albumin
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Make up to 100m1with distilled water

Filter through a'Whatman no 54 paper and store at20C

9.9.1.5. Proteinase K Buffer

50mM tris-HCl pH 7.5

5mM EDTA pH 8.0

DEPC H2O

12.5m1 1M

6.25m10.2M

231.25m1

9.9.1.6. Formamide Wash Buffer

100m1 10X salts

400m1DEPC H2O

500m1 formamide (not deionized)

500pl triton-X 100

9.9.1.7. 0.5M EDTA pH8.0

EDTA

Ultrapure water

Adjust pH 8.0

DEPC

Make up to 500m1with distilled water and autoclave

93.05g

200 ml

0.5m1

9.9.1.8. Hydrolysis NeutralisationBuffer

200mM Sodium acetate

7o/o wlv Acetic acid

pH 6.0

9.9.1.9. Alkaline Phosphatase Buffer

0.lM Tris -HCl
lM NaCl

pH 9.5

9.9.1.10. BCIP Stock Solution

5 -bromo-4-chloro-3 -indolyl pho sphate p-toluidine salt (B CIP)

Dimethy fluoride

15 mg

1ml
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Colour development uses 1¡ll BCIP stock + I ¡ll NBT in carbonate buffer (see appendix 1.9)

9.9.L11. 20 X SSC pH 7.0

3M Sodium chloride

0.3M Sodium citrate

Adjust pH with concentrated HCI

Make up to lL with distilled water

9.9.1.12. Maleic Acid V/ash Buffer

100mM maleic acid

150mM sodium chloride

pH 7.5

9.9.1.13. lM Tris HCI

Tris

Buffer to pH 8.0 with HCl

9.9.1.14. 20 X SCC

175.3g

88.2g

3M NaCl

300mM Na¡citrate

DEPC H2O

pH 7.0

Dilute 1:10 to obtain2X

600ml5M

300m1 lM
100m1

303




