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Abstract

The prirnary function of the ocular lens is as a light-focusing structure. To this end the

lens is avascular. with a highly ordered arrangement of cells that acts to reduce light
scattering. However, the avascular nature of the lens presents the problem of
supplying cells deep within the lens with nutrients and removing waste products of
cellular metabolism, i.e. maintaining cellular homeostasis, To solve this problem the

lens possesses intercellular channels, called gap junctions, that facilitate cell-to-cell

communication and are regulated by changes in the subcellular distribution and age-

dependent processing of the gap junction protein subunits, called connexins. The lens

expresses three types of connexins (Cx): Cx43 in the anterior surface epithelial cells

and connexins 46 and 50 in the fibre cells. Therefore, to fully examine the role of GJs

in lens homeostasis, regional difflerences in GJ structure and function need to be

quantified.

In this thesis I present the results of experiments designed to map the differentiation-

dependent changes to subcellular distribution and posttranslational processing of
Cx46 and Cx50 in mouse and rat lenses. My results quantitatively show for the first

time that Cx50 undergoes two discrete cleavage events in a similar manner to that

previously shown for Cx46, and that qualitatively Cx46 does the same in the mouse

lens' Such posttranslational processing has important effects on the proposed lens

circulation model (Mathias et al., 1997) that accounts for lens homeostasis. In

addition, I have examined the functional contribution of gap junctions to localised

intercellular communication in different regions of wildtype and Cx46-KO mouse

lenses, using highly localised uncaging of fluorescein with Two-Photon Excited Flash

Photolysis (TPEFP) in half lenses, The results of these experiments have provided the

first supporting evidence for a macromolecule-permeable pathway, previously

suggested by Shestoplaov and Bassneft (2000, 2003), that acts in conjunction with gap

junctions to facilitate intercellular communication in the lens core. My results show

that this pathway acts at a localised level to confer cell-to-cell communication that is

as effective as that mediated by gap junctions, and therefore a re-evaluation of current

models of lens homeostasis is now required.

ll



Acknowledgements

First and foremost I would like to thank my two main supervisors: Associate
Professor Paul Donaldson for all of his support, encouragement, enthusiasm, and
constant flow of ideas and suggestions throughout my PhD, and Dr Christian Soeller
for his patience and help when I struggled to communicate with the computer via IDL,
and on the many occasions when I struggled to .drive' the two-photon setup.

Thank you also to Dr Marc Jacobs for teaching me the ways of the cryosectioner and

the secret arts of lens immunolabelling and IDL processing. His advice and tips were

vital for my work and were greatly appreciated. Thank you to Dr Denis Loiselle for
lending his statistical expertise in the final countdown, above and beyond the call of
duty. It was greatly appreciated and hopefully his marriage is still intacr!

A big thank you to my fellow phD students and

Grey. Always there to commiserate with and

scientific and 'real world'!

friends: Dr's Kevin Webb and Gus

a great source of discussion, both

For all the fun times and friendships I woulcl like to thank the many people of the

Molecular Vision Lab who I have had the pleasure of knowing: Dr Kaa-Sandra Chee,

Dr Julie Lim, Dr Rachel Memiman-Smith, and the 'kids' that have joined us for
projects over the years - Heneu, Jo, Jonelle. Karen, Anja, Ling, Haruna, Nancy and

Morgan.

Thank you to Jacqui Ross and Hilary Holloway for help with the BIRU confocal

setups and discussions on irnaging and protocols.

Thank you to all my family and friends for all the encouragement and support you

have given me. To Mum - Keep fighting and be persistent. One thing that this phD

has taught me is that you have to give something a real go before you can disrniss it as

something that won't work! To Dacl - Your patience and commitment to looking after
Mum has been unbelievable. I will always be grateful for that and I know that things
will get better.

lll



Finally, a huge thank you to Anna. Your support, especially during the final write-up
phase was phenomenal. Without your love, support, and encouragement I may never

have made it throush!

iv



Table of Contents

Chapter 1 : Introduction

1.1. The Eye: Structure and Function .'...-.......-..'--2

l.l.l. The Path of Light Through the Eye ....'.....'......'...6

I .2. The Lens: Structure and Function ...'....'.."...' I
1.2.1. Lens Transparency '.'..."' """""""" I I

1.2.2. Loss of Lens Transparency: Cataracts.... ...."'..""'12
l.3. The Lens Circulation Model '..','14
L4. Intercellular Communication in the Lens...'..... ..'.""""'21

| .4.I . Gap Junction Structure and Function """""""""21
f .4.2. Connexin lsoforms Expressed in the Lens "' """'26

Connexin 43 ................ ""'27
Connexin 46 ................ ""'28
Connexin 50................ ""' 30

1.4.3. Functional Properties of Connexin lsoforms in the Lens """"' 33

t.4.4. Mouse Models of Gap Junction Function....... """ 35

L5. The Lens Core Syncytium """"'42
1.6. Thesis Objectives. """""""""""45

Chapter 2: General Methods

2.1. General Procedures...'.'.....'.... """""""""""48
2.1 .1 . Lab Technique.... """" 48

2.1.2. Chemical and Experimental Solutions """"""""' 49

2.1.3, Animals .................. """"""""""""' 50

2.1.4. Lens Extraction..... """ 5l
2. f .5. R/A as a Measure of Location within the Lens ............. """""" 52

2.2. Structural Imaging """"""""""'53
2.2.1. Darkfield Photography ...........'...... """"""""""" 53

2.2.2. Immunohistochenristry..............'. """"""""""""' 54

Fixation and Cryoprotection...'..'.... """' 54

Cryosectioning.................. """""""""" 54

lmmunolabelling............,. """"""""""' 55

Prirnary Antibodies.,.. """' 56

Secondary Antibodies.... """""""""""" 58

2.2.3.lmage Acquisition """ 59

Microscopes """"""""""' 59

lmaging Procedure """""' 59

2.2.4.lmage Processing.... """"""""""""' 6l
Maximum Projecrions and Tiling'... """ 6l
Connexin Profile Plotting....'... """""""62

2.3. Functional Imaging............. """'64
2.3.1. Half Lens Preparation................. ""'64



2.3.2. Two-Photon Excited Flash Photolysis (TPEFP) Microscope Setup....................................65

2.3.3. TPEFP Procedure .......67

2.3.4. Data Analysis ............. 70

Graphing Raw Fluorescence Profiles ......................... 70

Cell Counting Procedure ...,,.................. 70

Graphing and Statistical Analysis of Data......... .........74

Chapter 3: Mapping Connexin Distribution in Rodent
Lenses

3.1 . Regional Differences in Lens Connexins ...,..... .'........'..77
3.t.1 The Subcellular Distribution and Processing of Cx46..... ...........77

3.1.2 The Subcellular Distribution and Processing of Cx50..... ...'...... 80

3.2. Mapping Connexin Distributions: Technical Considerations .....".'.............'....81
3.2.1. Antibody Performance ................ ...."'....'...',.....'.. 8l
3.2.2. lmaging Protocols... '..'..."................ 84

3.3. Qualitative Mapping of Cx46 and Cx50 in the Mouse Lens.'....'...'.........'.'.....'86
3.4. Quantitative Mapping of Cx50 in the Rat Lens... ........'.95

3,4.1. Subcellular Distribution of Cx50. ..'.....'.'..".'.'.."., 95

3.4.2. Identification of Cx50 Cleavage Site(s) ..'...".......98

Chapter 4: Gap Junction and Connexin Isoform Function in
the Mouse Lens

4.1. Use of TPEFP to Measure Intercellular Communication...... ........1l0
4.1.l. Theoretical Basis of TPEFP """"" I 1 1

4.1.2. Using TPEFP to Measure Regional Differences in Gap Junctional Communication........ I l5
4.2. Developing the TPEFP Technique in the Mouse Lens.......... ....""122

4.2.1. Optimisatiott of Lens Cuuing ."""'123
Outer Cortex Morphology ..'...."..."""'125

Inner Cortex Morphology. ..............'...' 125

Deep Inner Cortex./Nuclear Morpho|ogy................'.. ....'.'.....'.."..' 125

4.2.2.Preliminary TPEFP in Wildtype Mouse Lenses..'....... ...'.'.""'127

4.2.3. Depth of Focus Optimisation ....'."' 138

4.2.4.Evaluation of Fluorescence Intensity and Caged Fluorophore Loading........................'... l4l
4.3. Validation and Quantification of Gap Junctional Communication Using TPEFP

r45
4.3. I . Discriminating Between Cap Junctional and Non-Cap Junctional Intercellular

Communication ............... ...146

4.3.2. Developing a Method of Quantilying Intercellular Communication................................. l5l
4.4. Regional Differences in Intercellular Communication in the Mouse Lens..... 154

vi



Chapter 5: The cx46-KO Lens - Morphology, cataract
Development, and Function

5.1. Connexin Knockout Mice as Tools for Lens Research .................162
5.2. Characterising the Cx46-KO Mouse phenotype .........165

5.2.1. Cx46-KO phenotype 
....................166

5.2.2. Cataract Morphology and progression............... .....................167
5.2.3. Cataract Formation During Fibre Cell Differentiation .................. ...............174

5.4. Intercellular Communication in the Cx46-Knockout.......... .......... l g0

Chapter 6: General Discussion

6.1. Intercellular Communication in Rodent Lenses ..........1g4
6.1.1. The Gap Junction-Mediated Pathway of lntercellular Communication............................194
6'l'2. The Macromolecule-Permeable Pathway of lntercellular Communication............. ..,.......197
6.1.3. Two Intercellular communication pathways Acting in parallel ..................204

6.2. Cx46-KO Cataract Formation and the Lens Core Syncytium .......206

Appendix A: confocal/Two-Photon Laser Alignment........ 208
Laser Alignment Procedures .................

Two-Photon Alignrnent in the X and y-Axes

Two-Photon Alignment in the Z-Axis

Appendix B: Fluorescence Artifact Correctiofl ................... 213

Appendix C: Statistical AnalySis.........................,........... ......216

Appendix D: Jacobs et fl|., 2004..........................,...,........... .., 2lg

Appendix E: AbstractS ..........oo............o......................r..o. .......229

List of References.....o....o....o.....o..........o............r..o..o..r............. 235

209
211

vrl



List of Tables

Table l.l. Nutrient Transporters in the Lens. ....."..'19

Table 1.2. Connexins in Different Species. ..........27

Table 1.3. Connexin 46 Human Gene Mutations. ...-......'29

Table 1.4. Connexin 50 Human Gene Mutations. ....'31

Table 1.5. Normalised Coupling Conductance in Connexin Knockouts and Knockins

38

Table 1.6. Phenotypic Consequences of Connexin Knockouts and Knockins. ..........40

Table 2.1. Experimental Solutions. ""'49

Table 2.2.p|AValues Correspond to Different Depths in Experimental Animals-....52

Table 2.3. Primary Antibody Dilutions. """""57
Table 2.4. Classification of Cell Position. ' ' ' "68

Table 3.1. Antibodies for Immunohistochemical Labelling of Cx46 and Cx50.....'.'82

Table 3.2: Summary of Connexin Antibody Labelling in the Mouse Lens. " "'88

Table 4,1. Techniques Used to Study Intercellular Communication in the

Lens.......... 116-l 17

Table A1. Class Statement. """216

Table 42. ANOVA..... ....2r7

Table A.3. Statistical Significance.. "'218

vlll



List of Figures

Figure 2.1. Schematic Diagram of Confocal/Two-Photon Microscope Setup used for
Two-Photon Excited Flash Photolysis (TpEFp).............. ........66
Figure 2.2. Rainbow Lookup Table, ......................69

Figure 3.1. Mapping Zones of Cx46 Cleavage in the Rat Lens. .......,........7g
Figure 3.2. Cx46 and cx50 Distribution in the wildtype Mouse Lens cortex...........g7
Figure 3.3. Subcellular Distribution of Cx46 and Cx50 in the Wildtype Mouse Lens
Outer Cortex....... .............,..g9
Figure 3.4. Qualitative Mapping of Cx46 Cleavage in the Wildtype Mouse Lens......92
Figure 3.5. subcellular Distribution of Mp20 in the wildtype Mouse Lens. ......... .....94
Figure 3.6. Subcellular Distribution of Cx50 in the Rat Lens. ..................97
Figure 3.7. Alignment and Processing of Antibody Labetling profiIes.....................100
Figure 3.8. Tail- and Loop-specific cx50 Antibody Labelling profiles. ..................102
Figure 3.9. comparison of cx50 and cx46 Labelling in the Rat Lens ...105

Figure 4.1. Caged ATP Photolysis.......... .............1I I
Figure 4.2. CMNB-Caged Fluorescein .................l 12
Figure 4.3. confocal (one-Photon) vs. Two-Photon Excitation. ............1l4
Figure 4.4. Schematic Diagram of Two-Photon Excited Flash Photolysis (TPEFP) in
the Cut Lens Preparation........ ............119
Figure 4.5. Correlation Between Cx46 Gap Junction Plaque Subcellular Expression
and Fluorescein Spread............... .......120
Figure 4.6. Fibre Cell Morphology in the Cut Mouse Lens.......... .......,.,.126
Figure 4.7. TPEFP in Bathing Solution. .........,....127
Figure 4.8. Representative TPEFP Time Series................ .....127
Figure 4.9, Qualitative Evaluation of Fluorophore Spread. ...131
Figure 4.10. Image Analysis of Average projections .............132
Figure 4' I I ' TPEFP in the Mouse Lens Inner Cortex: Temporal and Spatial Uncaged
Fluorophore Spread. .........134
Figure 4.12. Typical Time courses of rpEFp-lnduced Fluorophore spread.... ........137
Figure 4.13. Fluorescein Spread at Differenr Focal Depths...... ...............140
Figure 4.l4.Uncaged Fluorescein Intensity and Spread Decreases in the LensNucleus. .........142
Figure 4.15. Fluorescein Loading Drops in the Lens Nucleus. ............ ,..144

tx



Figure 4'16. Temporal Spread of Uncaged l0kDa-Dextran Linked Fluorescein in
Mouse Lens Outer Cortex. .................150
Figure 4.17. Cell Counting procedure. ................ 152
Figure 4.18. Mean Cell Size. ,............153
Figure 4' 19. Spatial Spread of Uncaged Fluorophore in the Wildtype Mouse Lens
Outer and lnner Conex. ... 155
Figure 4.20. Intercellular communication in the wildtype Mouse Lens. ................, 157

Figure 5.1. The Cx46-KO Mouse. .....166
Figure 5.2. Comparison of Lens Size and Transparency in Wildtype and Cx46-KOLenses. 

',..,.,,...|67
Figure 5.3. Age-Dependent Progression of the cx46-Ko cataract.... .....169
Figure 5.4. Classification of opacities in the cx46-Ko Mouse Lens. ...................... 170
Figure 5.5. Refractive Discontinuity l in the cx46-Ko Mouse Lens. ........ ............,.171
Figure 5'6. Relationship of Cataract Formation to Fibre Cell Differentiation...,. .....,176
Figure 5.7. Membrane Architecture of Cx46-Ko Mouse at lg Months of Age.... ....17g
Figure 5.8. Cx46 and Cx50 Subcellular Localisation in the Cx46-KO Mouse Lens
Outer Cortex....... ..............1g1
Figure 5.9. Spatial Spread of Uncaged Fluorophore in the Cx46-Ko Mouse Lens
Outer and Inner Cortex. ... l g3
Figure 5.10. Intercellular Communication in the cx46-Ko Mouse Lens. ................1g6
Figure 5.1 I . Temporal Spread of Uncaged Fluorophore in the Cx46-KO Mouse Lens
Outer Cortex....... .............. l gg
Figure 5.12. Temporal Spread of Uncaged Fluorophore in the Cx46-KO Mouse Lens
Inner Cortex. .............. ...... 190

Figure 6. I . A Model of Connexin Cleavage and Gap junction Redistribution in the RatLens.......... ......196
Figure 6.2. A Model of Non-Gap Junctional Macromolecule-Permeable Intercellular
communication in Different Regions of the Mouse Lens......... .............. 199
Figure 6'3. A Model of the Two Pathways of Intercellular Communication in the
Mouse Lens.......... ............205

Figure A1. X-Y Alignment of the Two-photon Laser. .........,21I
Figure A?.X-Z Alignment of the Two-photon Laser. ....,.....212
Figure ,{3. slope correction of Raw Maximum projection profile Data.......... .,.,....21s



Abbreviations

xl



xtl



xll I




