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Abstract
The visual disorder myopia (short-sightedness) is brought about by a mismatch between the
optical power of the eye and its axial length. This is due most commonly to excessive elongation
of the eye which causes objects viewed at a distance to appear blurred as the focal plane falls
in front of the neural layer of the eye (the retina) instead of on it. Myopia is now recognised as
the leading cause of visual impairment and low vision world-wide, with some estimates
indicating that half of the world’s population may be myopic by 2050. Although our
understanding of this visual disorder has dramatically improved over the past three decades,
several critical questions remain. Central to this, and forming the basis of this thesis, is to
understand the biological pathways controlling eye growth and how such pathways are
modulated by external cues.
Animal models have demonstrated that a diverse array of treatments, broadly categorised as
optical, pharmacological and environmental, can inhibit the excessive growth associated with
experimental myopia. Although diverse in their mechanisms of action, each of these treatments
leads to a common set of biological outcomes when inhibiting myopia development, that of
choroidal expansion and reduced scleral growth. Therefore, this thesis tests the hypothesis that,
irrespective of the means by which growth is inhibited, such common physiological changes
are driven by a conserved set of retinal signals. One retinal molecule that is consistently reported
to be associated with the modulation of growth across several species is the immediate early
gene (IEG) early growth response-1 (Egr-1). Therefore, this thesis explored if Egr-1 represents
a conserved component of the growth regulatory pathway emanating from the retina by
investigating whether its expression is consistently altered across a wide variety of growth
modulating paradigms (Aim 1). Expanding on this, using whole-transcriptome analysis, this
thesis investigated what other molecules, in addition to Egr-1, show a conserved response
across five well-characterised growth inhibitory paradigms also investigated in Aim 1 (Aim 2).
Following this, and expanding on Aim 1, this thesis investigates if the unexpected differences
seen in the expression of Egr-1 between the two forms of myopic defocus (growth suppression),
that of positive lens-wear and recovery from experimental myopia, could suggest mechanistic
differences (Aim 3). This thesis tests if such differences may be explained by the previous state
of eye growth and/or the initial size of the eye at treatment onset. Finally, this thesis examines
whether the two primary forms of experimental myopia, namely form-deprivation myopia
(FDM) and lens-induced myopia (LIM), are affected in a similar manner by the external
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environmental cue of light, and tests whether this response is driven by the same underlying
mechanism, that of retinal dopamine release (Aim 4).
This thesis reports the following major findings:
Aim 1 - The retinal expression of Egr-1 showed a robust bi-directional response to a
wide range of growth modulating paradigms. Specifically, its expression was downregulated in response to enhanced growth, while being up-regulated in response to
suppressed growth.
Aim 2 - In addition to Egr-1, at the transcriptome level, significant overlap was observed
in the expression profiles seen across the five diverse growth inhibitory treatments
investigated. This overlap was even greater at the pathway level, with a distinct
enrichment in processes associated with cell signalling and circadian entrainment. More
broadly, the molecular profile of the retina during the onset and prevention of FDM was
indicative of IEG activity, particularly the activity of Egr-1.
Aim 3 - The unexpected down-regulation of Egr-1 mRNA levels seen following
positive lens-wear remained even after adjusting for differences in the state of the eye
before treatment onset. Instead, it appears that the retinal expression of Egr-1, although
a powerful biomarker of changes in growth rates, may be insensitive to the direction of
growth. Therefore, this aim will test whether a down-regulation in Egr-1 levels is the
default response to any initial stimulus that alters ocular growth rates, irrespective of
the direction of growth.
Aim 4 - Exposure to bright light inhibits the development of LIM in a similar intensitydependent manner as that seen for FDM, with this protective effect abolished by
blocking the dopaminergic system using a pharmacological antagonist.

iv

Acknowledgements
To my supervisor Regan – thank you. No words will be able to describe how grateful I am for
all your help, support, guidance, patience, and above all, your mentorship throughout my years
in your lab. Thank you for never doubting my abilities and always believing in me. Having you
as my mentor made the whole process of a PhD journey that much easier and enjoyable. During
my time in your lab, you exposed me to skills that have not only allowed me to grow as a
researcher, but also as a person. It has been an unforgettable experience I will always treasure
and one I could not have done without you. Thank you.
A mes parents, merci pour toute votre aide et patience au cours de ces longues années. Thank
you for being there unconditionally, and for your love and encouragement even during times I
must not have been easy to deal with. To Jeremy, I wish you all the best in your own PhD
adventures and I look forward to sharing our experiences.
“Team Vision”, it has been great to work alongside all of you and thank you for the many
discussions. A special thank you goes out to my lab buddy Kate Thomson for your continued
experimental help and making the hours spent in the basement go by faster.
To my friends, especially Lara, Heidi and Varaidzo, I look forward being able to see you all
more often. Thank you for your continued support and friendship throughout my PhD.
Thank you to Dr Kristine Hardy for all her bioinformatics help and to Amanda Denniss for
agreeing to proofread my thesis and sticking with what I am sure was a long and hard process.
AND
Last, but by no means least, thank you to all the chickens as without you little guys this thesis
would not have been possible.

vii

Table of Contents
Abstract .................................................................................................................................... iii
Certificate of Authorship ......................................................................................................... v
Acknowledgements ................................................................................................................. vii
Table of Contents .................................................................................................................... ix
List of Figures ......................................................................................................................... xv
List of Tables.......................................................................................................................... xix
Abbreviations List ............................................................................................................... xxiii
Chapter 1: General Introduction ............................................................................................ 1
1.1

General overview ..................................................................................................... 1

1.2

Anatomy of the eye .................................................................................................. 2

1.2.1 Fibrous layer .............................................................................................................. 3
1.2.2 Vascular layer ............................................................................................................ 3
1.2.3 Retinal Pigment Epithelium (RPE) ............................................................................ 4
1.2.4 Neural layer ............................................................................................................... 5
1.3

Emmetropisation ..................................................................................................... 7

1.4

Epidemiology and pathology of myopia ................................................................ 9

1.5

Experimental paradigms of ocular growth ........................................................... 9

1.5.1 Form-deprivation ..................................................................................................... 10
1.5.2 Negative lens-wear .................................................................................................. 10
1.5.3 Recovery from form-deprivation and negative lens-wear ....................................... 11
1.5.4 Positive lens-wear .................................................................................................... 11
1.5.5 Growth inhibition is the dominant state................................................................... 12
1.6

Eye growth is visually guided by local signals emanating from the retina ...... 14

1.7

Environmental influences on ocular growth ....................................................... 15

1.7.1 Near work ................................................................................................................ 15
1.7.2 Time outdoors .......................................................................................................... 18
1.8

Pharmacological interventions ............................................................................. 20

1.8.1 Acetylcholine ........................................................................................................... 21
1.8.2 Dopamine ................................................................................................................. 22
ix

1.8.3 Gamma-Aminobutyric acid (GABA) ...................................................................... 23
1.8.4 Nitric Oxide ............................................................................................................. 24
1.9

Molecular pathways involved in ocular growth ................................................. 25

1.9.1 Early growth response-1 (Egr-1) ............................................................................. 26
1.10

Study aims .............................................................................................................. 27

Chapter 2: General Methods ................................................................................................. 29
2.1

Animal housing ...................................................................................................... 29

2.2

Experimental conditions ....................................................................................... 29

2.2.1 Induction of form-deprivation myopia .................................................................... 29
2.2.2 Induction of lens-induced myopia (LIM) and lens-induced hyperopia (LIH) ......... 29
2.2.3 Recovery from FDM, LIM and LIH ........................................................................ 30
2.2.4 Fitment of optical devices ........................................................................................ 30
2.2.5 Administration of pharmacological agents .............................................................. 30
2.3

Measurements of ocular parameters ................................................................... 30

2.3.1 Refraction ................................................................................................................ 30
2.3.2 Axial length ............................................................................................................. 31
2.4

Molecular analysis of changes in retinal gene expression by semi-quantitative

Real Time-Polymerase Chain Reaction (sqRT-PCR) .................................................... 34
2.4.1 Tissue preparation .................................................................................................... 34
2.4.2 Preparation of total RNA and reverse transcription to cDNA ................................. 34
2.4.3 Semi quantitative Real Time-Polymerase Chain Reaction (sqRT-PCR) ................ 34
2.5

Primer Specificity .................................................................................................. 35

2.6

Statistical Analysis ................................................................................................. 40

Chapter 3: The expression of Egr-1 as a biomarker for ocular growth ............................ 41
3.1

Introduction ........................................................................................................... 41

3.2

Methods .................................................................................................................. 43

3.2.1 Experimental Design ............................................................................................... 43
3.3

Results..................................................................................................................... 47

3.3.1 Retinal Egr-1 levels show a bi-directional response to myopia induction (formdeprivation and negative lens-wear) and suppression (recovery from experimental
myopia) ......................................................................................................................... 47

x

3.3.2 Retinal Egr-1 expression is consistently down-regulated by pharmacological agents
that maintain elevated growth levels ............................................................................ 47
3.3.3 Injection of pharmacological compounds that suppress ocular growth consistently
enhances Egr-1 expression ........................................................................................... 55
3.3.4 Intravitreal injection of the vehicle solution does not alter the expression of Egr-1
mRNA levels ................................................................................................................ 65
3.4

Discussion ............................................................................................................... 68

3.4.1 Egr-1 mRNA levels were consistently suppressed by pharmacological agents that
maintained elevated growth rates ................................................................................. 68
3.4.2 Egr-1 mRNA levels faithfully indicate growth suppression in response to
pharmacological treatment ........................................................................................... 69
3.4.3 Immunolocalization of Egr-1 ................................................................................... 70
3.4.4 Possible implications of the current findings........................................................... 71
3.4.5 Other possible ocular biomarkers ............................................................................ 71
3.5

Conclusions ............................................................................................................ 72

Chapter 4: Elucidating the molecular signals underlying the regulation of ocular growth
.................................................................................................................................................. 73
4.1

Introduction ........................................................................................................... 73

4.2

Methods .................................................................................................................. 75

4.2.1 Experimental Design ............................................................................................... 75
4.2.2 Library preparation for Next Generation Sequencing ............................................. 76
4.2.3 Mapping of sequencing reads and transcriptome analysis ...................................... 78
4.3

Results..................................................................................................................... 84

4.3.1 Gene expression profile during myopia induction................................................... 84
4.3.2 Distinct commonalities are seen in the gene expression profile in all growth
inhibitory treatments..................................................................................................... 86
4.3.3 Limited overlap in the expression profile is observed across timepoints for the growth
inhibitory treatments..................................................................................................... 94
4.3.4 Hierarchical clustering of treatment effect .............................................................. 94
4.3.5 Gene Ontology (GO)– myopia induction and its prevention both strongly modulate
developmental processes .............................................................................................. 96

xi

4.3.6 Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis– myopia
induction and its prevention strongly modulate cell signalling, circadian entrainment
and metabolic processes but in opposite directions ...................................................... 99
4.3.7 Pathways of interest ............................................................................................... 102
4.3.8 Conserved changes validated by RT-PCR ............................................................. 106
4.3.9 Numerous down-stream targets of Egr-1 were found to be differentially expressed
suggesting a critical role for this immediate early gene in ocular growth regulation ......
............................................................................................................................... 106
4.4

Discussion ............................................................................................................. 108

4.4.1 Similar to previous reports, myopia induction and prevention were associated with a
limited number of gene changes of small magnitude ................................................. 109
4.4.2 Myopia induction and prevention are strongly linked with the modulation of
pathways associated with cell signalling and circadian entrainment ......................... 110
4.4.3 Conserved changes in response to growth inhibition ............................................ 111
4.4.4 As is common, limited overlap is seen with other animal studies of myopia ....... 112
4.4.5 RNA-sequencing data from chickens shows overlap with human refractive error
studies ......................................................................................................................... 112
4.4.6 Immediate early genes appear to play a significant role in ocular growth regulation .
............................................................................................................................... 113
4.4.7 Hierarchical clustering of expression data illustrates commonality between
pharmacological treatments ........................................................................................ 115
4.4.8 Although a significant number of conserved changes were observed, each of the
growth inhibitory treatments showed unique effects on retinal gene expression ....... 116
4.4.9 Limitations in whole retinal analysis ..................................................................... 117
4.5

Conclusions .......................................................................................................... 117

Chapter 5: The effect of imposed myopic defocus by positive lenses on the expression of
Egr-1 ...................................................................................................................................... 119
5.1

Introduction ......................................................................................................... 119

5.2

Methods ................................................................................................................ 120

5.2.1 Experimental Design ............................................................................................. 120
5.2.2 Retinal Collection .................................................................................................. 123
5.2.3 Ocular Measurements ............................................................................................ 123
5.3

Results................................................................................................................... 124

xii

5.3.1 Refractive changes in response to translucent diffusers, myopic and hyperopic
defocus........................................................................................................................ 124
5.3.2 Axial length changes in response to translucent diffusers, myopic and hyperopic
defocus........................................................................................................................ 124
5.3.3 The expression of Egr-1 in response to translucent diffusers, myopic and hyperopic
defocus........................................................................................................................ 130
5.3.4 The effect of the eye being in a state of enhanced ocular growth prior to positive lenswear on retinal Egr-1 expression................................................................................ 133
5.3.5 The effect of prior eye size on the expression of Egr-1 in response to positive lenswear ............................................................................................................................ 136
5.3.6 The effect of positive lens removal on the expression of Egr-1 ............................ 139
5.3.7 The expression of Egr-1 in the central versus peripheral retina in response to positive
lens-wear..................................................................................................................... 145
5.4

Discussion ............................................................................................................. 148

5.4.1 The effect of increased ocular growth and size prior to positive lens-wear on the
expression of Egr-1 .................................................................................................... 148
5.4.2 The effect of opposing growth stimuli on the expression of Egr-1 ....................... 149
5.4.3 The effect of lens design on the expression of Egr-1 following myopic defocus .......
............................................................................................................................... 149
5.4.4 Other differences and similarities exist between positive lens-wear and recovery from
experimental myopia .................................................................................................. 150
5.4.5 Are the differences seen at the transcription level also seen at the peptide level and
could this be a cell-specific response?........................................................................ 151
5.5

Conclusions .......................................................................................................... 151

Chapter 6: Correlation between light levels and the rate of compensation to negative
lenses ...................................................................................................................................... 153
6.1

Introduction ......................................................................................................... 153

6.2

Methods ................................................................................................................ 155

6.2.1 Experimental Design ............................................................................................. 155
6.2.2 Light source ........................................................................................................... 156
6.3

Results................................................................................................................... 157

6.3.1

The effect of bright light on refractive changes in response to negative lens-wear ....
............................................................................................................................... 157
xiii

6.3.2

The effect of bright light on axial length changes in response to negative lens-wear.
............................................................................................................................... 157

6.3.3 The role of dopamine on the effect of bright light during negative lens compensation
............................................................................................................................... 158
6.3.4 Refractive and axial length variability in response to bright light......................... 162
6.4

Discussion ............................................................................................................. 169

6.4.1 The effect of high light intensities on the development of experimental myopia . 169
6.4.2 Similar protection is afforded by high light against lens compensation in tree shrews
and guinea pigs to that seen in chicks ........................................................................ 170
6.4.3 Bright light appears not to affect lens compensation in primates (rhesus monkeys) ..
............................................................................................................................... 171
6.4.4 The role of dopamine as a mechanism underlying the protective effects of high light
............................................................................................................................... 171
6.5

Conclusions .......................................................................................................... 172

Chapter 7: General Discussion............................................................................................ 173
7.1 Egr-1 is a powerful biomarker for ocular growth rates and appears to form part of a
conserved retinal response to external cues that drive eye growth ............................ 173
7.2 Transcriptome analysis reveals commonality between growth inhibitory treatments 174
7.3 The effect of bright light on compensation to negative lenses ................................... 176
Chapter 8: Appendix ............................................................................................................ 179
References ............................................................................................................................. 185

xiv

List of Figures
•

Figure 1.1. Morphology of a vertebrate retina ............................................................... 6

•

Figure 1.2. Refractive development ............................................................................... 8

•

Figure 1.3. Growth enhancing and suppressing paradigms ......................................... 13

•

Figure 1.4. The accommodation theory ....................................................................... 17

•

Figure 2.1. The fitment of lenses and translucent diffusers on chicks ......................... 32

•

Figure 2.2. Example of an A-scan ultrasonography measurement .............................. 33

•

Figure 2.3. RT-PCR melt (dissociation) curve for each primer pair ............................ 38

•

Figure 2.4. Gel electrophoresis imaging of primer pairs.............................................. 38

•

Figure 2.5. Determination of primer efficiency through a serial dilution series .......... 39

•

Figure 3.1. Experimental timeline ................................................................................ 46

•

Figure 3.2. Retinal Egr-1 mRNA levels in response to myopia induction and
suppression following 4 hours of treatment ................................................................. 50

•

Figure 3.3. Refraction and axial length following five days of intravitreal injection of
spiperone or muscimol into diffuser (FDM) and negative lens-wearing (LIM) eyes .. 54

•

Figure 3.4. Retinal Egr-1 mRNA levels in response to 4 hours of pharmacological or
optical inhibition of form-deprivation myopia (FDM) ................................................ 57

•

Figure 3.5. Retinal Egr-1 mRNA levels in response to 4 hours of pharmacological or
optical inhibition of lens-induced myopia (LIM) ......................................................... 58

•

Figure 3.6. Refraction following five days of pharmacological treatment to prevent the
development of form-deprivation myopia (FDM) and lens-induced myopia (LIM) ... 63

•

Figure 3.7. Axial length following five days of pharmacological treatment to prevent
the development of form-deprivation myopia (FDM) and lens-induced myopia (LIM)
...................................................................................................................................... 64

•

Figure 3.8. Retinal Egr-1 mRNA levels, relative to contralateral control values, in
response to 4 hours of diffuser- (FDM) or negative lens-wear (LIM) following the
administration of the vehicle solution .......................................................................... 67

•

Figure 4.1. Experimental timeline ................................................................................ 77

•

Figure 4.2. Principal component analysis (PCA) for all replicates per condition ........ 80
xv

•

Figure 4.3. Volcano plots following 4 hours of treatment ........................................... 81

•

Figure 4.4. Volcano plots following 24 hours of treatment ......................................... 82

•

Figure 4.5. Flowchart showing the categories of differentially expressed genes ........ 83

•

Figure 4.6. Venn diagrams for all differentially expressed genes per condition following
4 and 24 hours of treatment .......................................................................................... 88

•

Figure 4.7. Flowchart of differentially expressed genes in response to treatment ....... 89

•

Figure 4.8. Heatmap plotting fold change of differentially expressed genes ............... 92

•

Figure 4.9. Heatmap plotting batch corrected and logged counts per million (CPM)
values of differentially expressed genes....................................................................... 93

•

Figure 4.10. Hierarchical clustering of the five growth inhibitory treatments investigated
...................................................................................................................................... 95

•

Figure 4.11. Histograms from GO enrichment following 4 hours of treatment........... 97

•

Figure 4.12. Histograms from GO enrichment following 24 hours of treatment......... 98

•

Figure 4.13. Histograms from KEGG pathway analysis following 4 hours of treatment
.................................................................................................................................... 100

•

Figure 4.14. Histograms from KEGG pathway analysis following 24 hours of treatment
.................................................................................................................................... 101

•

Figure 4.15. Regulation of the JAK-STAT pathway following 4 hours of growth
inhibitory treatment .................................................................................................... 103

•

Figure 4.16. Regulation of the JAK-STAT pathway following 24 hours of treatment
.................................................................................................................................... 104

•

Figure 4.17. Regulation of the Circadian Entrainment pathway ................................ 105

•

Figure 5.1. Experimental timeline .............................................................................. 122

•

Figure 5.2. Schematic diagram representing possible differences in the imposed focal
plane at different retinal eccentricities with positive lens-wear ................................. 123

•

Figure 5.3. Changes in refraction and axial length over a five-day period in response to
form-deprivation myopia (FDM), lens-induced myopia (LIM), recovery from FDM and
LIM, and lens-induced hyperopia (LIH) .................................................................... 129

xvi

•

Figure 5.4. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, in response to form-deprivation myopia (FDM), lens-induced myopia (LIM),
recovery from FDM and LIM, and lens-induced hyperopia (LIH) ............................ 132

•

Figure 5.5. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, in response to enhanced ocular growth rates prior to the fitment of positive lenses
.................................................................................................................................... 135

•

Figure 5.6. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, in eyes enlarged prior to the fitment of positive lenses.................................. 138

•

Figure 5.7. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, in response to recovery from lens-induced hyperopia (LIH) ......................... 141

•

Figure 5.8. Changes in refraction and axial length in response to recovery from lensinduced hyperopia (LIH) ............................................................................................ 144

•

Figure 5.9. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, within the central and peripheral retina in response to lens-induced hyperopia
(+10 D), lens-induced myopia (-10 D), and recovery from -10 D lens-wear following 4
hours of treatment....................................................................................................... 147

•

Figure 6.1. The effect of bright light on the relative change in refraction and axial length
in response to lens-induced myopia (LIM; -10 D) ..................................................... 161

•

Figure 6.2. Refractive variability in response to bright light exposure following negative
lens-wear (-10 D) ....................................................................................................... 163

•

Figure 6.3. Refractive variability in response to bright light exposure following negative
lens-wear (-10 D) over three experimental repeats .................................................... 167

•

Figure 6.4. Axial length variability in response to bright light exposure following four
days of negative lens-wear (-10 D) ............................................................................ 168

xvii

List of Tables
•

Table 2.1. Gene accession number, primer sequences and expected product sizes
(nucleotide base-pairs (bp)) for gene-specific primers used for sqRT-PCR assays ..... 37

•

Table 2.2. Slope, efficiency (E) and R2 correlation for each primer pair..................... 39

•

Table 3.1. Retinal Egr-1 mRNA levels in response to myopia induction and suppression
following 4 hours of treatment ..................................................................................... 49

•

Table 3.2. Refraction following five days of intravitreal injection of spiperone or
muscimol into diffuser (FDM) and negative lens-wearing (LIM) eyes ....................... 51

•

Table 3.3. Axial length following five days of intravitreal injection of spiperone or
muscimol into diffuser (FDM) and negative lens-wearing (LIM) eyes ....................... 52

•

Table 3.4. Ocular parameters following five days of intravitreal injection of spiperone
or muscimol into diffuser (FDM) and negative lens-wearing (LIM) eyes ................... 53

•

Table 3.5. Retinal Egr-1 mRNA levels in response to pharmacologically induced growth
suppression following 4 hours of treatment ................................................................. 56

•

Table 3.6. Refraction following five days of pharmacological treatment to prevent the
development of form-deprivation myopia (FDM) and lens-induced myopia (LIM) ... 59

•

Table 3.7. Axial length following five days of pharmacological treatment to prevent the
development of form-deprivation myopia (FDM) and lens-induced myopia (LIM) ... 60

•

Table 3.8. Ocular parameters following five days of pharmacological treatment to
prevent the development of form-deprivation myopia (FDM) and lens-induced myopia
(LIM) ............................................................................................................................ 62

•

Table 3.9. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, in response 4 hours of diffuser- (FDM) or negative lens-wear (LIM) following
administration of the vehicle solution (1x PBS, pH 7.4) ............................................. 66

•

Table 4.1. Number and direction of differentially expressed transcripts per condition at
each timepoint .............................................................................................................. 85

•

Table 4.2. List of genes conserved across all five growth inhibitory treatments following
4 hours .......................................................................................................................... 90

•

Table 4.3. List of genes conserved across all five growth inhibitory treatments following
24 hours ........................................................................................................................ 91
xix

•

Table 4.4. Validation by real-time RT-PCR of the expression profile of Egr-1, cFos and
PLEKHO2 across all treatment groups ...................................................................... 107

•

Table 5.1. Changes in refraction in response to form-deprivation myopia (FDM), lensinduced myopia (LIM), recovery from FDM and LIM, and lens-induced hyperopia
(LIH)........................................................................................................................... 126

•

Table 5.2. Changes in axial length in response to form-deprivation myopia (FDM), lensinduced myopia (LIM), recovery from FDM and LIM, and lens-induced hyperopia
(LIH)........................................................................................................................... 127

•

Table 5.3. Changes in ocular parameters in response to form-deprivation myopia
(FDM), lens-induced myopia (LIM), recovery from FDM and LIM, and lens-induced
hyperopia (LIH).......................................................................................................... 128

•

Table 5.4. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, in response to form-deprivation myopia (FDM), lens-induced myopia (LIM),
recovery from FDM and LIM, and lens-induced hyperopia (LIH) ............................ 131

•

Table 5.5. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, in response to enhanced ocular growth rates prior to the fitment of positive lenses
.................................................................................................................................... 134

•

Table 5.6. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, in eyes enlarged prior to the fitment of positive lenses.................................. 137

•

Table 5.7. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, in response to recovery from lens-induced hyperopia (LIH) ......................... 140

•

Table 5.8. Changes in refraction in response to recovery from lens-induced hyperopia
(LIH)........................................................................................................................... 142

•

Table 5.9. Changes in axial length in response to recovery from lens-induced hyperopia
(LIH)........................................................................................................................... 143

•

Table 5.10. Changes in retinal Egr-1 mRNA levels, relative to contralateral control
values, within the central and peripheral retina in response to lens-induced hyperopia
(+10 D), lens-induced myopia (-10 D), and recovery from -10 D lens-wear following 4
hours of treatment....................................................................................................... 146

•

Table 6.1. Changes in refraction in response to lens-induced myopia (LIM; -10 D) over
different light intensities............................................................................................. 159

xx

•

Table 6.2. Changes in ocular parameters in response to lens-induced myopia (LIM; -10
D) over different light intensities ............................................................................... 160

•

Table 6.3. The effect of bright light on changes in refraction in response to lens-induced
myopia (LIM; -10 D) over three experimental repeats .............................................. 164

•

Table 6.4. The effect of bright light on changes in axial length in response to four days
of lens-induced myopia (LIM; -10 D) over three experimental repeats .................... 166

•

Table 8.1. Mean Normalised Expression of Egr-1 from age-matched untreated and
contralateral control eyes following 4 hours of treatment.......................................... 180

•

Table 8.2. List of genes in the common state following 4 and 24 hours of treatment .....
.................................................................................................................................... 181

•

Table 8.3. Overlap between transcriptome data and published chromatin
immunoprecipitation deep sequencing (ChIP-seq) data for Egr-1 binding sites ....... 182

•

Table 8.4. Combined data set of published animal transcriptome, proteome and
microRNAome studies associated with the modulation of ocular growth ................. 183

xxi

Abbreviations List
ACD:

Anterior chamber depth

ADTN:

2-amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene hydrobromide

AL:

Axial length

ANOVA:

Analysis of variance

BMP:

Bone morphogenetic protein

cDNA:

Complementary deoxyribonucleic acid

cFos:

FBJ osteosarcoma oncogene

ChIP-seq:

Chromatin immunoprecipitation deep sequencing

CPM:

Counts per million

Ct:

Cycle threshold

D:

Dioptres

DNA:

Deoxyribonucleic acid

DOPAC:

3,4-dihydroxyphenylacetic acid

Egr-1:

Early growth response-1

ERG:

Electroretinogram

FDM:

Form-deprivation myopia

FDR:

False discovery rate

FGF:

Fibroblast growth factor

GABA:

Gamma-Aminobutyric acid

GAG:

Glycosaminoglycans

GO:

Gene ontology

GWAS:

Genome-wide association studies

IEG:

Immediate early gene

IGF-1:

Insulin like growth factor-1
xxiii

IOP:

Intraocular pressure

ipRGC:

Intrinsically photosensitive retinal ganglion cells

KEGG:

Kyoto encyclopedia of genes and genomes

LIH:

Lens-induced hyperopia

LIM:

Lens-induced myopia

L-NAME:

L-NG-Nitroarginine methyl ester

L-NNMA:

N(G)-monomethyl L-arginine

MANOVA:

Multivariate analysis of variance

MNE:

Mean normalised expression

mRNA:

Messenger ribonucleic acid

MT3:

Muscarinic toxin 3

NAB2:

NGFI-A binding protein 2

PCR:

Polymerase chain reaction

PLEKHO2:

Pleckstrin homology domain containing O2

RNA:

Ribonucleic acid

RPE:

Retinal pigment epithelium

sqRT-PCR:

Semi quantitative real time polymerase chain reaction

TGFβ:

Transforming growth factor beta

TPMPA:

(1,2,5,6-Tetrahydropyridin-4-yl) methylphosphinic acid

UBAP2:

Ubiquitin associated protein 2

UV:

Ultraviolet

VCD:

Vitreous chamber depth

VIP:

Vasoactive intestinal peptide

ZENK:

ZIF268, Egr-1, NGFI-A, or Krox-24

xxiv

Chapter 1: General Introduction
1.1 General overview
Myopia (short-sightedness) is a visual disorder brought about by a mismatch between the
optical power of the eye and its axial length due most commonly to excessive elongation of the
eye. This causes objects viewed at a distance to appear blurred as the focal plane falls in front
of the neural layer of the eye, the retina, instead of on it. Myopia has emerged as a major public
health concern due to the rapid increase in prevalence rates across the world, most notably in
areas of urban East and Southeast Asia1, 2. Although the visual blur associated with myopia can
be easily corrected, available treatments do not address the underlying, and sight-threatening,
pathological changes associated with excessive ocular growth. These include; retinal
detachment, myopic maculopathies and staphyloma, as well as an increased risk of glaucoma
and cataracts (for review see 3). While there is no safe threshold with regards to the development
of such pathologies, the odds increase with the severity of myopia4.
Critical to preventing the pathological changes associated with excessive elongation of the eye
is to understand the signalling pathways underlying the regulation of ocular growth. Animal
work has indicated that the control of eye growth is locally driven in response to visual stimuli
by pathways that originate in the retina, which ultimately bring about a change in the rate of
scleral growth/remodelling. With the advent of large-scale screening technologies, animal
models have identified over 5,000 molecules that may be part of these growth regulatory
pathways5-22. The challenge comes in determining which of these molecular changes have a
causal relationship with the development or prevention of myopia and which simply share a
correlative link with changes in the rate of eye growth.
While the development of experimental myopia can be inhibited by a diverse array of
treatments, broadly categorised as optical, pharmacological and environmental interventions,
all lead to a common set of biological outcomes, that of choroidal expansion and reduced scleral
growth, two physiological changes that may or may not be interlinked. This would suggest that,
irrespective of the mechanism by which growth rates are modulated, a conserved set of
regulatory pathways, emanating from the retina, may underlie these physiological responses.
By defining those molecular changes that are conserved across experimental paradigms of
growth inhibition, we can begin to understand which of the 5,000 molecules postulated to play
a role in growth regulation may in fact have a causal link. One molecule that is consistently
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reported to be associated with the modulation of growth across several species is the immediate
early gene (IEG) early growth response-1 (Egr-1). This thesis will further characterise how
robust retinal changes in the expression of Egr-1 are in response to a diverse range of treatments
that induce or prevent the development of experimental myopia. In doing so, this work will help
to establish whether Egr-1 represents a conserved component of the growth regulatory pathway
emanating from the retina. Expanding on this work, using whole-transcriptome analysis, this
thesis will elucidate what retinal signals, in addition to Egr-1, show a conserved response across
the same growth modulating paradigms and may therefore also form an essential part of the
growth regulatory pathway.
This thesis also looks at discrepancies seen between the different growth modulating paradigms
and examines whether this suggests differences in the underlying pathways. Specifically, this
thesis investigates if the unexpected differences seen in the expression of Egr-1 between the
two forms of myopic defocus, that of positive lens-wear and recovery from experimental
myopia, could suggest mechanistic differences. Finally, this thesis looks more closely at
whether the two primary forms of experimental myopia, that of form-deprivation myopia
(FDM) and lens-induced myopia (LIM), are inhibited in a similar manner by bright light
exposure, an environmental cue which has been found to play a critical role in the regulation of
ocular growth. This thesis will also examine if light manipulates the development of FDM and
LIM through a similar mechanism, that of retinal dopamine release.
1.2 Anatomy of the eye
This section generally describes the anatomy of the human eye with additional information
provided about anatomical differences with the primary animal species used in this thesis,
namely the chicken. The eyeball is a slightly irregular hollow spheroid that sits within a bony
socket (orbit) of the skull. The interior of the eye can be divided into two distinct regions; the
large posterior or vitreous chamber, which contains the gelatinous vitreous body, and the
smaller fluid-filled anterior chamber. The spherical shape of the eye is maintained by the
intraocular pressure (IOP) generated by the movement of fluid (aqueous humour) through the
anterior chamber. Aqueous humour enters the chamber from the ciliary epithelium, where it is
produced, and drains largely through the trabecular meshwork and the canal of Schlemm. The
two chambers are anatomically separated by the lens and its supporting structures. The wall of
the eye is composed of the outer fibrous layer (sclera and cornea). The interior of the eye is
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composed of three additional layers, namely the intermediate vascular layer (uvea), the retinal
pigment epithelium (RPE) and the inner neural layer (retina).
1.2.1

Fibrous layer

The outer-most layer of the eye, the fibrous layer, consists of two distinct regions: the sclera
and cornea. The white opaque sclera forms the posterior portion and bulk of the fibrous layer.
The mammalian sclera is a tough coat of connective tissue, composed of an interwoven
meshwork of collagen fibrils of varying diameters, glycosaminoglycans (GAG) and matrix
proteins, which gives the sclera its light-scattering opaque properties23, 24. The sclera provides
a degree of protection to the delicate intraocular structures beneath, serves as an attachment site
for muscles involved in accommodation and eye movement, helps withstand the outward force
of IOP and allows vascular and neural access to underlying intraocular tissues through
specialised structures such as the lamina cribrosa25-27. Myopia is associated with an increase in
the size of the eye through expansion of the fibrous sclera, primarily in the axial direction. This
is achieved by thinning and/or remodelling of the extracellular matrix of the sclera28-31. In
chicks, the species studied in this thesis, the sclera contains an additional cartilaginous layer32.
During periods of increased growth, the fibrous layer thins as noted above for mammals, while
the cartilaginous layer demonstrates thickening associated with an increase in the synthesis and
accumulation of GAGs33, 34.
Anteriorly, the sclera is continuous with the cornea and forms a closed shell around the eye27.
The cornea is a transparent avascular collagenous tissue that allows light to enter the eye and
forms its principle refractive surface accounting for two thirds of the optical power26. Unlike in
mammals, changes in the corneal radius of curvature forms part of the natural accommodative
system in birds including chicks. Accommodation is the ability of the eye to change its
refractive power to allow near objects to remain in focus, a process discussed in greater detail
below (section 1.7.1). In chicks, of the roughly 17 dioptres (D) of accommodative range
available, approximately 8 D are provided by changes in corneal radius of curvature35, 36.
1.2.2

Vascular layer

The intermediate vascular layer, or uvea, consists of three structures; the choroid, the ciliary
body and the iris. The choroid contains an extensive vascular and lymphatic network that
supplies nourishment and oxygen for the retina and RPE37, while also playing a role in light
absorption, thermoregulation and modulation of IOP38, 39. The choroid also appears to be part
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of the physiological response to changes in the rate of eye growth via rapid modulation of its
thickness39-41. Specifically, in all species studied (chicks40,

42, 43

, rhesus monkeys44,

marmosets45, tree shrews46 and guinea pigs47) the choroid thins during periods of increased
growth and thickens during periods of reduced growth.
1.2.3

Retinal Pigment Epithelium (RPE)

The RPE is a monolayer of highly specialised polarised pigmented cells that lies between the
photoreceptors of the retina and the vascular choroid. Basally, it is firmly attached by
microfilaments to Bruch’s membrane, while apically it loosely adheres to the neural retina23.
The RPE maintains and nourishes the photoreceptors (i.e. renewal and phagocytosis of
photoreceptor discs and regeneration of visual pigment), and forms part of the blood-retinal
barrier, allowing selective transport of nutrients and ions. The RPE also contains black pigment,
composed of melanin, which absorbs stray light, thereby preventing image degradation26, 48.
Due to its location between the retina and choroid, the RPE has been implicated in the regulation
of ocular growth as a critical relay point for signals emanating from the retina38, 49. In agreement
with this hypothesis, receptors for several molecules released by the retina that are postulated
to be involved in the regulation of ocular growth are found within the RPE, including;
dopamine50-52, acetylcholine53-57, vasoactive intestinal polypeptide (VIP)58, glucagon58-60,
retinoic acid61, 62, insulin63, 64 and serotonin65, 66. The RPE also synthesises and releases, along
with the retina, several growth factors and cytokines that have been implicated in growth
regulation, including; insulin-like growth factor-1 (IGF-1)67, transforming growth factor beta
(TGFβ)67-70, fibroblast growth factor (FGF)67, 68, 70, vascular endothelial growth factor (VEGF)71
and bone morphogenetic protein (BMP)67, 72, 73. The RPE also shows distinct morphological
changes during the development of myopia in humans and animals74-80. In animal models,
enlargement of the eye during the development of experimental myopia is associated with an
increase in the overall surface area of the RPE layer as a result of the expansion of individual
RPE cells across the entire epithelium74-76. There also appear to be active changes in fluid
dynamics in the RPE during altered growth rates, with increased fluid retention and oedema
observed following recovery from experimental myopia in chicks77. These physiological
changes may be associated with active alterations in fluid movement through the tight junctions
of the RPE that regulate the exchange of ions and water between the sub-retinal space and the
choroid. Crewther and colleagues81-83 have suggested that such ionically-driven fluid exchange
may underlie the significant changes in choroidal thickness observed during periods of altered
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eye growth as discussed above. However, choroidal swelling may also be explained by
exchanges of fluid between the choroidal vasculature and the neighbouring suprachoroidea77.
1.2.4

Neural layer

The neural layer is the inner-most layer of the eye and consists of the retina48, which will be the
focus of this thesis. The role of the retina is to capture and convert light (photon) into electrical
messages that are communicated to the brain, via the optic nerve, for further processing and
visual perception84. The retina is a heterogeneous neuronal tissue that contains five major cell
types; the light-responsive rod and cone photoreceptors, bipolar cells, horizontal cells, amacrine
and/or interplexiform cells, and ganglion cells. As can be seen in Figure 1.1, the retina is
composed of five distinct layers. Three of these layers contain the neural cell bodies (the outer
nuclear layer, inner nuclear layer and ganglion cell layer), while the remaining two layers, the
outer and inner plexiform layers, contain the cell processes and synapses that occur between
the different neuronal cells. The outer most layer (outer nuclear layer) abuts the RPE and
contains the cell bodies of the photoreceptor cells. The inner nuclear layer contains the cell
bodies of the interneurons (bipolar, horizontal and amacrine cells), while the ganglion cell layer,
as the name suggests, contains the ganglion cell bodies. The outer plexiform layer (positioned
between outer and inner nuclear layers) contains the synaptic connections of the photoreceptors
with bipolar and horizontal cells, while the inner plexiform layer (located between the inner
nuclear layer and ganglion cell layer) contains the synaptic connections between bipolar,
amacrine and ganglion cells48.
As discussed below, animal models have indicated that ocular growth is regulated by signals
emanating from the retina in response to external visual cues. Although several valid models
have been put forward, it remains unclear how the retina uses visual cues, such as defocus, to
modulate eye growth. Several retinal cell-types and their pathways have been implicated in the
response to visual cues, including ON-bipolar cells85-88, intrinsically photosensitive retinal
ganglion cells (ipRGCs)89-91, as well as some subpopulations of amacrine cells6, 92-94. This thesis
aims to better understand the growth signals released by such cell types. By understanding the
molecular markers of growth, we can begin to isolate and label those retinal cell-types critical
to growth regulation.
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Figure 1.1. Morphology of a vertebrate retina; the outer nuclear layer and ganglion cell layer
contain the neural cell bodies, while the outer plexiform layer and the inner plexiform layer
contain the cell processes and synapses that occur between the different cell types. The pigment
epithelium lies between the photoreceptors and the choroid, providing nutrients to the
photoreceptors.
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1.3 Emmetropisation
To achieve normal vision, light rays from a viewed object are bent (refracted) by the two optical
components of the eye, the cornea and lens, to a focal point that falls on the retina. To achieve
this, during development, the eyes grows so that the axial length is matched to the optical power
of its cornea and lens in a process called emmetropisation95-98 (Figure 1.2 B). Emmetropisation
is actively regulated by vision-dependent processes, so that the rate of eye growth is
continuously adjusted to match the natural reduction in optical (refractive) power seen during
development (early flattening of the cornea and the longer process of lens thinning)96, 97, 99, 100.
The growth of the eye needs to be extremely precise, as a mismatch of as little as a fraction of
a millimetre relative to the optical power of the eye can lead to a detectable refractive error
(ametropia). This leads to an individual experiencing blurred vision as the focal plane is not
falling on the retina when the eye is at rest (no accommodation). The two major forms of
ametropia are myopia and hyperopia. Myopia (short-sightedness) refers to a refractive
condition in which the axial length of the eye is too long for the optical powers, causing the
focal plane to fall in front of the retina (Figure 1.2 C). This is most commonly due to excessive
axial elongation of the eye rather than alterations in the optical power of the cornea and lens.
Conversely, hyperopia (long-sightedness) refers to a refractive condition in which the axial
length of the eye is too short for the optical powers, causing the focal plane to fall behind the
retina (Figure 1.2 A). Again, this is most commonly associated with the rate of axial elongation
being too little, rather than a decrease in the optical power of the eye.
Humans, like most vertebrates, are more hyperopic. During development, the cornea flattens,
and the lens thins. This leads to a loss of optical power which pushes the focal plane backwards.
As discussed, to compensate, the eye elongates over this period, which occurs most rapidly
during the first three years of life101, allowing the retina to be drawn backwards towards the
focal plane. In humans, the eye does not appear to reach emmetropia, but rather stabilises when
slightly hyperopic102. Following the cessation of corneal flattering and lens thinning, continued
elongation of the eye past emmetropia leads to the development of myopia.
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Figure 1.2. Refractive development; (A) Hyperopia - the axial length of the eye is too short
for its optical powers leading to the focal point falling behind the retina (dashed line) when the
eye is at rest (no accommodation). This is most commonly caused by insufficient elongation of
the eye; (B) Emmetropia - the axial length of the eye is matched to its optical powers allowing
the focal point to fall on the retina (dashed line) when the eye is at rest; (C) Myopia - the axial
length of the eye is too long relative to its optical powers and therefore the focal point falls in
front of the retina (dashed line) when the eye is at rest. This is most commonly caused by
excessive elongation of the eye.
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1.4 Epidemiology and pathology of myopia
Myopia has emerged as a major public health concern due to the rapid increase in prevalence
rates across the world, leading to what has been described as ‘The Myopia Boom’ (for review
see 2). Some estimates predict that up to one-third of the world’s population could be affected
by short-sightedness by the end of this decade1. This epidemic is most evident in educationally
developed areas of East and Southeast Asia, specifically urban areas of mainland China103-105,
Hong-Kong106, 107, Taiwan108-110, Singapore111, Japan110, 112, and the Republic of Korea (South
Korea)113, 114. In these locations, the prevalence of myopia in children completing 12 years of
school education has risen from 20-30% to 80-85% in the course of one to two generations2, 115,
116

. Over the same period, the prevalence of high myopia (≤ -6 D) in these locations has

increased from 1-2% to 10-20%103-111, 113, 114. Significant, though less pronounced, changes have
also been observed in Europe117, 118, North America119-121 and Australasia122.
Although the visual blur associated with myopia can be easily corrected by glasses, contact
lenses or refractive surgery, these corrections do not address the potential sight-threatening
pathological changes associated with excessive elongation of the eye. Such pathologies include
retinal detachment, myopic maculopathies and staphyloma, as well as an increased risk of
glaucoma and cataracts3, 123-126. The risk of developing such pathologies is greater in those with
high myopia, however, there is no safe threshold4. For example, an individual with high myopia
(-6 to -9 D) has a 21.5-fold greater likelihood of a retinal detachment, however, a low myope (0.75 to -3 D) still has a 3.1-fold greater chance of developing the same pathological changes
relative to non-myopes4.
1.5 Experimental paradigms of ocular growth
Four experimental paradigms have been extensively used to study eye growth in animal models
by altering their visual experience, and will all be utilised within this thesis using the animal
model of the chicken:
1- Form-deprivation
2- Negative lens-wear
3- Recovery from form-deprivation and negative lens-wear
4- Positive lens-wear
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1.5.1

Form-deprivation

Normal ocular development appears to be visually guided. If a clear visual image is obscured
(loss of higher spatial frequencies (form-vision)) through the attachment of a translucent
diffuser over the eye, or through suturing the eye lids closed, excessive axial elongation occurs
in all species studied127-138. This results in the development of form-deprivation myopia (FDM;
Figure 1.3 A). During the development of FDM, the eye appears to go into a “default” mode of
excessive growth139, in what appears to be an attempt to compensate for the visual blur by
moving the retina backwards. This is achieved by rapid thinning of the choroid and a slower
increase in the rate of scleral growth and/or remodelling. As the visual blur associated with the
translucent diffusers is not compensated for by increased axial growth (i.e. no end-point,
creating an open-loop system), the eye will continue to elongate for as long as the loss of formvision remains and developmental plasticity allows140. In chicks, the primary species used
throughout this thesis, physiological changes in the choroid (thinning) are detectable within one
hour of diffuser-wear41,

139

, while axial elongation and changes in the refractive state are

measurable within 24 hours in our laboratory.
1.5.2

Negative lens-wear

The rate of eye growth can be modulated by the fitment of lenses over the eye. The lenses
change the optical power of the eye, causing the focal plane to be moved either in front of
(myopic defocus) or behind (hyperopic defocus) the retina. Negative lenses push the focal plane
of viewed images behind the retina by reducing the relative optical power of the eye causing
hyperopic defocus141, 142 (Figure 1.3 B). In all species studied, this induces increased axial
growth and a rapid thinning of the choroid in attempt to pull the retina backwards towards the
new focal plane to compensate and regain emmetropia41, 47, 96, 131, 143-153. This paradigm is
referred to as lens-induced myopia (LIM) as, once the lens is removed, the eye will experience
myopic defocus. LIM is referred to as a closed-looped system as, unlike with FDM, a specific
endpoint (target refraction) exists.
Both FDM and LIM have provided valuable insights into the biochemical changes and
regulatory pathways that underlie ocular growth154. Although both paradigms share the same
ultimate

biological

outcomes,

that

of

choroidal

thinning

and

increased

scleral

growth/remodelling, several differences have brought into focus the possibility of
dissimilarities in their underlying regulatory mechanisms. These differences include: constant
light exposure was found to be effective at blocking the development of FDM but not LIM155;
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brief periods of stroboscopic illumination retarded the development of FDM but had no effect
on the development of LIM41; at the retinal level, electroretinogram (ERG) oscillatory
potentials are reduced during FDM, but not during LIM, even though the other components of
the ERG are similar between both forms156; and, finally, interrupting the parasympathetic inputs
to the eye reduces the axial myopia associated with diffuser-wear157-159 but does not alter the
rate of compensation to negative lens-wear157,

160

. It should however be noted that many

similarities have also been reported161. It may be that any mechanistic differences seen between
these two paradigms are only subtle and simply represent a distinction between an ‘open’ and
‘closed’ loop response. It is unclear which of these paradigms, if either, better represents the
development of human myopia as there are valid arguments for each161. Therefore, where
possible, both paradigms were investigated within this thesis.
1.5.3

Recovery from form-deprivation and negative lens-wear

Following the induction of FDM or LIM, if the diffusers or negative lenses are removed,
myopic blur is experienced (the image falls in front of the retina; Figure 1.3 D) due to the
induced elongation in the eye. This leads to rapid thickening of the choroid and cessation of
axial elongation44, 46, 135, 140, 151-154, 162-166. Such physiological changes, in conjunction with the
continual loss of refractive power during development, primarily due to lens thinning,
ultimately corrects for the new focal plane and associated refractive error.
1.5.4

Positive lens-wear

Similar to that seen during recovery from FDM or LIM, the fitment of a positive lens in front
of the eye induces myopic defocus leading to reduced ocular growth rates40, 44, 47, 146, 147, 153, 167169

. Specifically, positive lenses increase the relative optical power of the eye causing the image

plane to be moved in front of the retina143, 145 (Figure 1.3 C). As with the recovery paradigms,
the eye compensates by reducing the rate of axial elongation and by pushing the retina forward
through rapid choroidal thickening. As noted for the recovery paradigms, these processes,
combined with the natural reduction in the eye’s refractive power over time, allow the image
plane to once again fall on the retina42,

167

. This paradigm is referred to as lens-induced

hyperopia (LIH) as hyperopic defocus would be experienced if the lenses were to be removed.
Both forms of myopic defocus, that of positive lens-wear and recovery from experimental
myopia, lead to the same biological outcomes, that of choroidal expansion and reduced scleral
growth/remodelling. However, subtle molecular92, pharmacological170-172 and age-based148
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dissimilarities in the response seen between these two forms of myopic defocus (discussed in
Chapter 5), suggest possible differences in the underlying regulatory mechanism. Such
differences may be explained by the previous state of eye growth and/or the initial size of the
eye at treatment onset, both of which will be investigated in this thesis. Specifically, prior to
recovering from experimental myopia, the eye has become abnormally enlarged, with the retina
signalling a state of increased growth in response to the fitment of translucent diffusers or
negative lenses. Conversely, positive lenses are fitted to otherwise untreated, normal sized eyes,
in which the retina is signalling a normal state of ocular growth. One of the goals of this thesis
is to understand if these prior differences account for dissimilarities seen at the molecular level
between these two forms of myopic defocus.
1.5.5

Growth inhibition is the dominant state

One of the interesting findings from animal models is that myopic and hyperopic defocus are
not treated equally. Specifically, positive lenses have a dominant effect when positive and
negative lenses are worn for equal periods of time173. This suggests that myopic defocus results
in a stronger growth response than hyperopic defocus and, therefore, that eye growth may be
more susceptible to stimuli producing a “STOP” growth signal. However, this raises an
important conundrum. If myopic defocus provides a powerful “STOP” growth signal, shouldn’t
the development of myopia act as its own inhibitor?
Similar to the dominance of myopic defocus over hyperopic defocus, the development of FDM
can be retarded by the removal of diffusers to provide normal vision for short periods of time
each day140, 174-176. In chicks, it has been shown that the daily removal of diffusers, for as little
as 30 minutes per day, reduced the development of experimental myopia by 50% over a two
week period175, 176. This retardation is enhanced when diffusers are removed while the animals
are exposed to higher ambient illumination174. This suggests that short periods of normal vision
can provide a strong “STOP” growth signal and can outweigh longer periods of enhanced
growth associated with a loss of form-vision.
To understand why “STOP” signals may dominate, we must better understand how the retina
processes myopic and hyperopic defocus. We also need to understand how such visual cues are
translated into growth signals. Therefore, this thesis examines the molecular changes
underlying the “STOP” growth signal, irrespective of the means by which growth is inhibited.

12

Figure 1.3. Growth enhancing and suppressing paradigms; (A) fitment of translucent
diffusers results in loss of form-vision. The eye attempts to compensate by thinning the choroid
and increasing the rate of axial elongation (moving away from the dashed line which represents
the original position of the retina); (B) fitment of negative lenses pushes the focal point behind
the retina when the eye is at rest by reducing the relative refractive power of the eye causing
hyperopic defocus. In attempt to compensate, increased axial elongation and choroidal thinning
occurs to push the retina back, therefore regaining sharp focus (moving from the dashed line,
representing the original position of the retina, to the solid line); (C) fitment of positive lenses
causes the focal point to fall in front of the retina by increasing the relative refractive power of
the eye causing myopic defocus. To compensate, the rate of eye growth is decreased, and
choroidal thickening occurs. These two processes, combined with the natural loss of refractive
power over time, allows the image plane to once again fall on the retina (dashed line represents
the original focal plane, while the solid line represents the induced change in focal length); (D)
the removal of diffusers or negative lenses results in myopic defocus due to previous elongation
of the eye (solid line). The focal point now falls in front of the retina (dashed line) and the eye
attempts to compensate through rapid choroidal expansion and a reduction in the rate of axial
elongation. These two processes, combined with the natural loss of refractive power over time,
allows the image plane to once again fall on the retina.
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1.6 Eye growth is visually guided by local signals emanating from the retina
As outlined above, the compensatory responses seen to imposed defocus in animal models have
demonstrated that eye growth is actively adjusted during development in response to visual
experience, ensuring that the image plane remains focused on the retina. If visual cues are lost,
such as that seen during diffuser-wear or rearing in constant dark, uncontrolled elongation of
the eye appears to occur in what is assumed to be an attempt to re-establish the focal plane127,
129, 130, 132, 133, 177

. Similar visual guidance of ocular growth has been observed in humans, in

which children with obstructions in the visual plane arising from eyelid complications (ptosis,
or scarred corneas) have been observed to develop FDM178, 179.
Animal models have shown that visually guided growth does not require the higher visual
cortices in the brain, but rather is locally driven by pathways that emanate from the retina. The
clearest evidence for local retinal control of eye growth comes from studies in which the optic
nerve has been severed or its action potentials have been pharmacologically blocked, or by
destruction of the Edinger-Westphal nucleus (nucleus of the oculomotor nerve innervating the
eye muscles)43, 128, 160, 167, 180. In such studies the onset of and recovery from FDM can still be
induced128, 181, lens compensation can still occur, although not with the same degree of precision
as those subjects with an intact optic nerve43, 182. Further evidence for local control of eye
growth comes from the way in which localised occlusion of the eye leads to localised changes
in ocular growth. That is, when only the nasal or temporal region of the eye is exposed to
diffusers or negative lenses, only that region shows compensatory changes in ocular growth in
chicks140, monkeys183, 184, and guinea pigs185, 186, with these changes persisting following optic
nerve sectioning187. Together, these findings are indicative of a very localised response that is
not easily explained by a centrally driven mechanism such as accommodation187.
It should be noted, however, that although local ocular mechanisms can regulate gross changes
in the rate of ocular growth in response to visual blur, higher visual input appears to be required
to fine tune the emmetropisation process. Specifically, Troilo and colleagues128 have reported
that, following sectioning of the optic nerve, the avian eye shows a hyperopic shift due to a
reduction in the depth of the vitreous chamber. A later study by McBrien and colleagues180
reported that blockade of ganglion cell action potentials using tetrodotoxin also induces a
hyperopic shift in normal avian eyes, but that this shift was due to a thinning of the anterior
chamber rather than a reduction in the depth of the vitreous chamber. Wildsoet and Wallman
167

have reported that, if the optic nerve is severed or the action potentials of the ganglion cells
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are blocked, chickens are no longer able to compensate properly for hyperopic defocus. Finally,
Troilo and colleagues128 have also shown that the loss of central communication causes the eye
to over-shoot emmetropia during recovery from FDM.
1.7 Environmental influences on ocular growth
1.7.1

Near work

A number of epidemiological studies have reported a correlation between years of schooling,
educational achievement and the development of myopia188-191. This link was first believed to
be associated with the accommodative demand associated with near-work tasks such as reading.
This hypothesis was supported by two lines of evidence. First, a number of studies demonstrated
a correlation between educational achievement and myopia prevalence191-193, with young adult
populations that undertake intense study (e.g. medical students) showing a rapid increase in
myopia prevalence over their study period193-196. However, a consistent correlation between
near-work and the development of myopia was not seen in a study that attempted to specifically
quantify the hours of near-work undertaken197. Secondly, native populations that previously
lived an outdoor life style, such as the Inuit or native American Indians, have experienced a
dramatic increase in the prevalence of myopia after the introduction of compulsory education
within one generation198. It should however be noted that this lifestyle change has also
dramatically reduced their time spent outdoors, a potential protective environmental influence
discussed below. It has been hypothesised that the high levels of near-work associated with
periods of intensive study could place excessive strain on the accommodative system, as the
ciliary muscles must be continuously contracted during near-work tasks. Such accommodative
strain could be reduced through elongation of the eye (myopia development) (Figure 1.4). This
excessive accommodation theory has been supported by the finding that fitting negative lenses,
which induce continuous hyperopic defocus and a large accommodative load, results in
elongation of the eye143-145, 160, 167, 199. However, findings from animal studies have suggested
that the accommodative system is not required for visually-guided emmetropisation, as
compensation for lens-wear can still occur without an active accommodative system43, 182.
Additionally, administration of atropine (a well-known growth suppressing agent discussed in
section 1.8.1), which initially was believed to block myopia development by manipulation of
the accommodative system, has since been shown to work through a, yet unknown, nonaccommodative mechanism200. Finally, in animal models, if diffusers or lenses provide defocus
to only one half of the retina, only that half of the eye shows changes in growth rates184-187, a
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response difficult to explain via a global accommodative system. Alternatively, the link
between near-work and myopia has been hypothesised to be associated with accommodative
lag (under-correction). Such under-accommodation would expose the retina to periods of
hyperopic defocus, which based on the animal literature discussed earlier, can drive myopic
growth. To-date, only a small number of studies have looked at the effect of accommodative
lag on myopia onset in children, reporting mixed results201-203.
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Figure 1.4. The accommodation theory; when undertaking a near-work task (i.e. reading), the focal plane naturally falls behind the retina inducing
hyperopic defocus. To compensate for this, the refractive power of the eye is increased by altering the shape of the lens in a process known as
accommodation (Scenario A). However, if an individual were to regularly undertake large periods of near-work tasks (i.e. sizable study loads), this
would place excessive demand on the accommodative system. This demand could be overcome by elongating the eye (myopic growth), thereby
resetting the focal length to match near-work tasks, removing the need for accommodation (Scenario B).
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1.7.2

Time outdoors

Epidemiological studies have reported a negative correlation between time spent outdoors
during childhood and the development of myopia. First reported by Parssinen and colleagues204,
and since replicated by a number of epidemiological studies but not all197, 205-214, children that
spend a greater amount of time outdoors have a less myopic refraction. This observation has
been supported by two separate clinical trials in China215 and Taiwan216. In China, the onset of
new cases of myopia was reduced by roughly 25% when increasing the time children spent
outdoors by 40 minutes per day over a 3-year period215. The Taiwanese intervention trial
doubled the amount of time spent outdoors to 80 minutes per day and reported a roughly 50%
drop in new onsets216.
The protective effect of time outdoors has been hypothesised by Rose and colleagues197 to be
driven by the greater light intensities experienced outside, a hypothesis that has, to some extent,
been supported by animal studies217, 218. For example, in chicks, the normal emmetropisation
process appears to be sensitive to light98. Specifically, over a period of 90 days, chicks reared
under high light levels (10,000 lux) remain mildly hyperopic compared to those reared under
‘normal’ indoor lighting levels (500 lux). In contrast, animals kept under low light (50 lux)
show a myopic shift, an observation seen in a number of other studies219, 220.
With respect to myopia development, rearing animals under bright light has been shown to
inhibit the development of FDM in chicks174, mice85, tree shrews89 and rhesus monkeys221.
Expansion of this work in chicks has shown a strong negative correlation between the
development of FDM and the intensity of light to which animals are exposed, and importantly,
high light not only prevents the onset of FDM but it also halts further progression in already
myopic eyes222.
Elevated light levels have also been shown to delay the rate of compensation to negative lenses
in chicks223, tree shrews224, and guinea pigs225, but not in rhesus monkeys226. However, a
subsequent, although much smaller study suggested a small effect when monkeys were exposed
to higher light levels by rearing them outdoors relative to animals reared indoors under 200 lux
illumination227. The positive effect observed in the later study may however be due to
differences in the spectral composition of sunlight and indoor halogen lights. If so, this would
suggest that both intensity and chromatic cues play an important role in growth regulation, a
hypothesis supported by studies on colour cues228-241. However, it should be noted that the
bright light used to delay the rate of compensation to negative lenses in other species had the
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same spectral composition to the lighting systems used for animals reared under ‘normal’
laboratory lighting levels (~500 lux). Therefore, for these experiments, the intensity of light
was the primary driver of the protective effects observed against compensation to negative
lenses.
Unlike FDM, bright light does not prevent the development of LIM, but rather delays the rate
of progression, with full compensation still occurring. Specifically, in chicks, compensation to
negative lenses was delayed by 20% (24 hours) when reared under bright light (15,000 lux) for
five hours per day compared to control animals223. In tree shrews, the rate of compensation was
halved in the high light group (15,000 lux for 7.5 hours per day)224. In guinea pigs, animals
were not followed to compensation225. The authors, however, reported a significantly smaller
myopic shift in animals reared under bright light (10,000 lux) for three weeks relative to that
seen under normal illumination levels225. This differential effect of light on FDM and LIM
brings back into focus the possibility of dissimilarities in the underlying mechanisms161. This
possibility is addressed in Chapter 6 of this thesis. Specifically, it will be investigated whether
the development of LIM, as seen with FDM, is inhibited in an intensity-dependent manner.
Less work has been done on the influence of light intensity on myopic defocus. In chicks, bright
light was shown to enhance the rate of compensation to positive lens-wear and, in so doing,
reduced the rate of axial elongation beyond that already seen under ‘normal’ lighting levels
(500 lux)223. Similarly, in chicks, the protection afforded by brief periods of diffuser-free vision
(myopic defocus) against the development of FDM is enhanced by bright light exposure174.
The protective effect of bright light can be influenced by several factors. Firstly, exposure for
a minimum of two hours per day is required to show a meaningful effect against FDM in chicks,
with the maximum effect seen with five hours of exposure242. It was also found that greater
protection is afforded when bright light is presented with a temporal pattern containing a 50%
duty cycle for a period of between one and seven minutes, relative to that seen with continuous
exposure over the same total duration242. One area that needs further investigation is whether
the time of day in which bright light is presented influences the degree to which experimental
myopia is inhibited. This is an important area of investigation, as growth suppression in
response to myopic defocus is known to be more prominent when applied in the afternoon or
evening and less effective in the morning243.
Several factors have been proposed to explain the protective effects of bright light89, 122, 222, 244.
First, exposure to bright light leads to pupil constriction and hence greater depth of focus,
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bringing about reduced image blur. However, this does not explain the ability of high light to
retard the development of FDM, as pupil constriction will be unable to alter the image blur
associated with the attached diffusers. Secondly, increased optical flow rates, previously shown
to retard the development of FDM245, could be associated with greater movement/activity under
bright light. However, chickens were found not to change their rate of activity (movement)
under high lights174. A role for ultraviolet (UV) induced changes in Vitamin D levels has also
been proposed, with two studies reporting Vitamin D levels to be slightly lower in myopes than
non-myopes246,

247

, while an association between Vitamin D receptor polymorphisms and

myopia has also been observed248. However, the lighting systems used to retard the
development of experimental myopia in animal models do not produce light in the UV
spectrum89, 174, 221-224 and Vitamin D3 supplementation does not affect the development of FDM
or LIM in tree shrews249.
Instead, as hypothesised by Rose and colleagues197, evidence from animal studies suggests that
the protective effects afforded by bright light, at least against the development of FDM, are
driven in part by increased retinal dopamine levels. Specifically, in chicks, the protective effects
afforded by bright light against the development of FDM can be abolished by the daily
administration of the dopamine D2 receptor antagonist spiperone223, with similar findings
observed in mice with the D1 receptor antagonist SCH3916685. Furthermore, the ability of brief
periods of normal vision to retard the development of FDM in chicks174, 175, a process enhanced
by exposure to bright light174, is also abolished by the administration of spiperone. These
findings suggest a clear role for dopamine in the development of FDM in chicks. However, as
a number of pharmacological agents targeting the dopaminergic system are effective against
FDM but are ineffective at modulating LIM250, 251, it is less clear if dopamine plays the same
critical role in the ability of bright light to retard the rate of compensation to negative lens-wear,
a question addressed in this thesis (Chapter 6).
1.8 Pharmacological interventions
A diverse array of treatments, which can be broadly categorised as optical, pharmacological,
and environmental, can inhibit experimental myopia. Of these treatments, the greatest
mechanistic diversity is seen within the category of pharmacological interventions, with drugs
targeting nearly all major transmitter groups shown to be effective at altering ocular growth
rates. This includes drugs targeting the systems of acetylcholine21, 200, 252-271, dopamine170, 172,
250, 257, 272-284

, gamma-aminobutyric acid (GABA)285-291, nitric oxide292, insulin64,

293, 294

,
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glucagon93, 94, 294, retinoic acid295, serotonin296, melatonin172, 297, 298, as well as neuropeptides
such as VIP299, prostaglandins300 and adenosine301-304. However, although diverse in their
receptor targets, like all treatments that inhibit ocular growth, pharmacological agents lead to a
common set of biological outcomes, that of choroidal expansion and reduced scleral growth.
This suggests that, irrespective of the mechanism (i.e. optical, pharmacological or
environmental) by which changes in growth rates are induced, a conserved set of regulatory
pathways, emanating from the retina, may underlie these physiological responses. The
elucidation of any such conserved regulatory pathways is a major aim of this thesis. To achieve
this, retinal signalling in response to several well-established growth inhibitory
pharmacological agents, targeting the cholinergic (atropine and pirenzepine), dopaminergic (2amino-6,7-dihydroxy-1,2,3,4-tetrahydronaphthalene hydrobromide (ADTN)), GABAergic
(bicuculline, CGP46381, (1,2,5,6-Tetrahydropyridin-4-yl) methylphosphinic acid (TPMPA)
and cis-and-trans-4-ACPBPA) and nitric oxide (L-Arginine) systems, will be analysed in detail.
For this reason, each of these pharmacological agents and their target systems are discussed in
more detail below.
1.8.1

Acetylcholine

Acetylcholine is released from autonomic axon terminals on vascular smooth muscle, iris and
ciliary muscles, and from intrinsic interneurons that synapse within the retina305. Innervation to
the choroid, iris and ciliary muscles mainly arises from parasympathetic neurons that stem from
the ciliary ganglion. Parasympathetic stimulation of these tissues results in choroidal blood
vessel dilation as well as the contraction of the iris and ciliary muscle305. In the retina,
acetylcholine is found to be synthesised and released by a subpopulation of amacrine cells
whose cell bodies lie in both the inner nuclear layer (with processes ramifying in lamina 2 of
the inner plexiform layer) and ganglion cell layer (with processes ramifying in lamina 4 of the
inner plexiform layer) in chicks306-309, rhesus monkeys310, tree shrews311, mice312, rabbits313,
cats314, pigs315 and fish316. Acetylcholine acts through two major receptor families, that of the
G-protein coupled muscarinic (m1-m5) receptors and the ionotropic nicotinic (alpha, beta,
gamma and omega) receptors. Of note for this study, chickens lack the receptor homolog of the
mammalian m1 but express the remaining subtypes305.
Acetylcholine was one of the first neurotransmitters to be implicated in ocular growth after the
non-selective muscarinic-cholinergic antagonist atropine was shown to inhibit the development
of myopia in animal models (chicks200, 252-257, 317, 318, rhesus monkeys258-260, tree shrews261,
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guinea pigs262, and mice21, 263, 264) and humans319-328. Currently, atropine is the most extensively
used pharmacological treatment for human myopia, slowing progression by between 4070%326. Its use has been heavily adopted in many parts of Asia where the prevalence rates of
myopia and its associated pathological changes are highest329. Atropine was originally thought
to prevent myopia by inhibiting accommodation through binding of muscarinic receptors within
the ciliary muscles. This supported the prevailing hypothesis at the time that myopia was
associated with excessive accommodation, as discussed earlier, due to an increase in near-work
activities in school (i.e. reading). However, the ability of atropine to prevent the development
of experimental myopia in chicks, in which accommodation is mediated by nicotinic rather than
muscarinic receptors, does not support the accommodative theory200, with researchers focusing
on other muscarinic targets within the retina, choroid and sclera330.
Several other muscarinic-cholinergic antagonists have since been shown to also inhibit the
development of experimental myopia, including oxyphenonium (non-selective) (chicks)253,
himbacine (partially selective m2/m4) (chicks)253, the muscarinic toxins 3 (MT3; selective m4)
and 7 (MT7; selective m1) (tree shrews)271, and most notably the partially selective m1/m4
antagonist pirenzepine (chicks265-268, rhesus monkeys259, tree shrews269, and guinea pigs270).
Like atropine, pirenzepine has been shown to slow myopia progression in humans, although it
requires much higher doses than its non-selective counterpart331-334. Though pirenzepine is
partially selective for m1/m4 receptors, there is evidence it also reacts with the m3 receptor as
it induces increased pupil size in rhesus monkeys335 and tree shrews269.
1.8.2

Dopamine

Dopamine, the major catecholamine of the retina, is synthesised and released from the
dopaminergic amacrine and/or interplexiform cells. Dopamine acts through G-protein coupled
receptors that can be divided into five major subtypes (D1-like (D1 and D5 receptors) and D2like (D2, D3, and D4 receptors)). Dopamine release is strongly affected by light levels and
spatiotemporal properties of visual inputs. Its release shows a diurnal rhythm, being high during
the day and lower at night (by ~30% in chicks)336-338. In the chicken, this rhythm is primarily
light-driven, but with a minor circadian component339. The rate of retinal dopamine release is
intensity dependent340, 341, with work in chicks indicating that release increases linearly with the
log of lighting intensity over 4-5 log units217, 342. This process appears to be modulated by
excitatory input from ON bipolar cells341, 343.
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Dopamine plays a key role in light adaptation, through modulation of cell coupling, and
implementation of diurnal and/or circadian rhythms. Importantly for this thesis, dopamine also
appears to play a critical role in the regulation of ocular growth (for review see 344-346). Such a
role was first postulated based on the finding that FDM was associated with a reduction in
retinal levels of dopamine and its primary metabolite 3,4-dihydroxyphenylacetic acid (DOPAC)
in chicks273 and rhesus monkeys347. This finding has since been replicated in tree shrews348 and
guinea pigs349. Similar reductions in retinal dopamine/DOPAC levels are also seen in response
to LIM in chicks350 and DOPAC levels in guinea pigs250, although not as consistently as those
reported for FDM155. The effect of LIM on dopamine levels in other species has not been
investigated.
Consistent with a role for dopamine in the regulation of ocular growth, dopaminergic agonists
have been shown to inhibit the development of experimental myopia across all species
investigated. These agents include the non-selective dopamine receptor agonist apomorphine
(chick255, 273, 274, 276, guinea pig250, 351, rhesus monkey278 and mice282), the dopamine D2 agonists
ADTN (chick)170, 257 and quinpirole (chick170, 276 and tree shrew279), the dopamine D1 agonist
SKF-38393 (guinea pig351) and the dopamine D4 agonist PD168077 (tree shrew279). Similarly,
treatment with synthetic dopamine in rabbits283, 284, or its precursor levodopa in guinea pigs280
has been shown to inhibit the development of FDM. Furthermore, retina-specific tyrosine
hydroxylase knockout mice, or mice treated with 6-hydroxydopamine to selectively destroy
dopaminergic neurons, show a myopic shift in refraction352, 353.
In chicks170, 172, 223, 273, 274, 276 and tree shrews279, dopamine appears to modulate growth via the
D2-receptor subfamily, while in guinea pigs351 and mice354 (both of which are members of the
rodentia family) dopamine appears to modulate growth through the D1-receptor subfamily.
Interestingly, in mice, not only does D1 activation appear to inhibit myopia, but activation of
D2 receptors has been postulated to be involved in myopic growth354. This suggests opposing
actions of dopamine through the two receptor subtypes, a phenomenon not seen in other species
to-date.
1.8.3

Gamma-Aminobutyric acid (GABA)

GABA is the most prominent inhibitory neurotransmitter found in the body287, 290. GABAergic
receptors can be broadly categorised into three groups, GABAA, GABAB and GABAA0r
(formerly GABAC). GABAA receptors are found in cone photoreceptors, bipolar, and ganglion
cells and are thought to mediate synaptic feedback between cones and horizontal cells287.
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GABAB receptors are G-protein coupled receptors located on photoreceptor terminals, bipolar
and ganglion cells and regulate intracellular messengers as well as interact with voltage-gated
calcium channels285,

287

. Finally, GABAA0r receptors are ionotropic receptors found in

horizontal and bipolar cell axon terminals and are thought to mediate GABAergic synaptic
functions in the inner and outer plexiform layers287. Based on GABA’s colocalization and/or
functional interactions with dopamine355, 356 and acetylcholine357, 358, the role of this inhibitory
neurotransmitter in ocular development became of interest290.
Animal studies have revealed that antagonists against all three GABA receptor subtypes are
capable of retarding the development of experimental myopia285-291. Specifically,
administration of bicuculline (GABAA receptor antagonist)291, SR95531 (GABAA receptor
antagonist)290, CGP46381 (GABAB receptor antagonist)290, and TPMPA (GABAA0r receptor
antagonist)287,

290, 291

retards the development of FDM in chicks. Administration of

CGP46381285 and TPMPA286 have also been found to significantly inhibit the development of
FDM in guinea pigs. The effect of GABAergic antagonists on negative lens-wear has only been
investigated in chicks with cis-and-trans-4-ACPBPA (GABAA0r receptor antagonist),
inhibiting the development of LIM in a dose-dependent manner289. In accordance with a role
for increased GABAergic activity in myopia, administration of the GABAA agonist muscimol
and the GABAB agonist baclofen have been shown to abolish the protective effect of brief
periods of normal vision287, 290. Interestingly, this effect is enhanced by co-treatment with the
dopaminergic antagonist spiperone and inhibited by the dopaminergic agonist quinpirole287,
suggesting that interactions between the GABAergic and dopaminergic systems may underlie
the protective effects of normal vision.
1.8.4

Nitric Oxide

Nitric oxide, a gaseous neuromodulator found throughout the eye, is produced from L-Arginine
and appears to help mediate light-adaptive changes in the retina292, 359, 360. Several animal
studies have indicated a possible role for nitric oxide in the regulation of ocular growth. Early
findings in chicks indicated that administration of the nitric oxide synthase inhibitor L-NGNitroarginine methyl ester (L-NAME), which reduces the synthesis of nitric oxide, was
protective against the development of FDM361 and LIM362. This suggested that a decline in
nitric oxide synthesis was protective against the development of experimental myopia. Later
studies, however, found the opposite effect, with L-NAME abolishing the growth suppression
associated with diffuser removal or positive lens-wear363, 364, suggesting that increased nitric
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oxide levels are in fact protective against experimental myopia. Supporting the later findings,
introduction of nitric oxide sources (L-Arginine and sodium nitroprusside), which increase
nitric oxide levels, have been shown to retard the development of FDM in chickens, while this
protection is abolished with the co-administration of the nitric oxide synthase inhibitor N(G)monomethyl L-arginine (L-NNMA)292. Although contradictory results have been observed,
later findings would suggest that elevated levels of nitric oxide are linked with growth
inhibition.
1.9 Molecular pathways involved in ocular growth
With the increasing use of large-scale screening technologies, over 5,000 molecules have been
observed to be associated with the development or prevention of experimental myopia and
therefore postulated to play a role in the regulation of ocular growth5-21, 365. The challenge comes
in determining which of these molecular changes have a causal relationship with the
development or prevention of myopia and which simply share a correlative link with changes
in the rate of eye growth. This challenge is magnified by the limited overlap that has been
observed in the molecular changes reported between studies and across species5-21, 365. To help
elucidate which of these molecules are vital components of the retinal pathways regulating
ocular growth, this thesis investigates which of these changes are conserved across several welldocumented growth inhibiting paradigms introduced throughout this chapter. These paradigms
include diffuser removal from already myopic eyes, and the pharmacological administration of
atropine (cholinergic agent), pirenzepine (cholinergic agent), ADTN (dopaminergic agent) or
TPMPA (GABAergic agent) into diffuser-treated eyes to inhibit the development of FDM. The
hypothesis is that although each of these five inhibitory treatments may work through a different
retinal target, each method leads to the same set of defined biological changes (modulation of
choroidal thickness and scleral growth rates). Therefore, it is likely that these conserved
physiological changes are driven by a set of shared retinal signals. Defining these shared signals
will help identify those molecules that are critical to the regulation of ocular growth.
Although limited follow up work has been carried out on the vast majority of the 5,000 or more
molecules found to be associated with experimental myopia, a critical few have been
investigated in greater detail based on their consistent association with growth changes. These
include dopamine273, Egr-192, FBJ osteosarcoma oncogene (cFos)92, glucagon94, 366, insulin293,
294

, VIP133, 367, retinoic acid368, nitric oxide361, sonic hedgehog (Shh)369, basic fibroblast growth

factor (bFGF)370,

371

and TGFβ372-375. The most consistent of these findings is the altered
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expression of the IEG Egr-1, discussed in detail below, which forms a primary focus of this
thesis.
1.9.1

Early growth response-1 (Egr-1)

Egr-1, known as ZENK (ZIF268, Egr-1, NGFI-A, or Krox-24) in the chicken, is an IEG that
codes for a short-lived nuclear transcription protein with a zinc finger-binding domain. IEGs
are best characterised by their rapid and transient response to a wide variety of stimuli. In the
nervous system, IEGs have been strongly associated with translating environmental cues into
molecular signals that allow rapid and dynamic changes in neuronal activity and synaptic
plasticity, as well as longer-term neuronal adaptation376. Based on this role, retinal IEGs are
well placed to translate visual cues into dynamic molecular signals that modulate eye growth.
Egr-1 has been implicated in the modulation of ocular growth due to its bi-directional response
to opposing growth stimuli, with its expression reduced during periods of increased ocular
growth, and elevated during periods of reduced ocular growth92, 257, 377. Specifically, early work
in the chicken retina observed that the number of glucagonergic-immunoreactive amacrine cells
positively labelled for the Egr-1 peptide decreased within two hours of FDM or LIM, and
increased within two hours of positive lens-wear or removal of diffusers from previously formdeprived eyes92. As with the reported peptide changes, Egr-1 mRNA levels show a rapid bidirectional response to opposing growth stimuli in chickens6, 92, 257, 378, rhesus monkeys379 and
guinea pigs380. Furthermore, in chicks, Egr-1 mRNA levels appear to remain down-regulated
throughout periods of elevated growth, only returning to baseline levels once growth rates have
reverted to normal (i.e. full compensation to lens-wear)377. The only caveat to this bi-directional
response appears to be the changes seen at the RNA level during positive lens-wear, a topic that
will be discussed and investigated in detail within Chapter 5.
Together, these results indicate that alterations in the expression of Egr-1 represent a conserved
response to experimentally induced changes in ocular growth rates. Consistent with this,
administration of pharmacological agents that block the development of experimental myopia,
such as atropine and ADTN, reverses the down-regulation in Egr-1 mRNA levels normally
observed in response to FDM and LIM and, in fact, elevates transcript levels to above those
seen in control eyes257, 377. The question remains, is Egr-1 directly involved in the regulation of
ocular growth, or is it simply a biomarker for growth rates? Evidence for a causal link comes
from work in mice381. Specifically, a transient myopic shift in refraction and increased axial
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elongation is observed in Egr-1 knockout mice relative to wild-type control animals during the
first few weeks of life.
As Egr-1 expression appears to show a consistent and robust bi-directional response across
species, it may form part of an evolutionarily conserved pathway that regulates the biological
changes seen during growth modulation, a topic that will be investigated in this thesis.
1.10

Study aims

The overarching goal of this thesis was to better define the biochemical pathways that regulated
ocular growth and to understand how such pathways are modulated by external growth cues.
To achieve this, using the animal model of the chicken, this thesis had the following three aims:

Aim 1: To determine those molecular changes that are conserved across different forms of
growth manipulation. This will help to differentiate between those biochemical changes that
are causally involved in ocular growth regulation as opposed to those changes that simply
show a non-causal (correlative) relationship.
Specifically, although there are numerous optical, pharmacological and environmental
approaches to manipulate eye growth, each method leads to the same set of defined biological
changes (modulation of choroidal thickness and scleral growth rates). It is likely that,
irrespective of the method by which growth is manipulated, a conserved set of signals,
emanating from the retina, underlies the consistent biological outputs seen. As noted, by
defining these conserved biochemical changes, this thesis will help differentiate between those
molecules causally involved in growth regulation and those that simply show a non-causal
(correlative) link. To achieve this aim, Chapter 3 investigates whether Egr-1, one of the most
consistent growth biomarkers reported across species, could form part of a conserved retinal
response that underlies the regulation of ocular growth. To determine this, the retinal expression
of Egr-1 will be investigated in response to several well-characterised optical and
pharmacological methods for manipulating ocular growth rates. Chapter 4 continues with this
theme, by determining what other molecular changes, in addition to Egr-1, show a conserved
retinal response, at the transcriptome level, across these same growth-manipulating paradigms.
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Aim 2: To understand if the pathways underlying the response to positive lens-wear and
recovery from experimental myopia, two forms of myopic defocus, are fundamentally
different based on dissimilarities in the molecular changes observed.
Specifically, the retinal expression of Egr-1 is consistently seen to be up-regulated in response
to a number of growth suppressing paradigms, including recovery from experimental myopia.
The only caveat to this statement is the expression of Egr-1 mRNA levels in response to positive
lens-wear, which shows an unexpected down-regulation that would normally be associated with
enhanced growth rates. Chapter 5 investigates whether this discrepancy can be explained by
distinct physiological differences in the state of the eye before the commencement of positive
lens-wear, or whether this represents a true mechanistic difference in how these two forms of
myopic defocus are processed.

Aim 3: To investigate whether bright light can inhibit the development of LIM in a similar
manner to that of FDM, and whether this response is driven by the same underlying
mechanism in both paradigms of experimental myopia.
Specifically, Chapter 6 investigates whether the development of LIM is inhibited in an
intensity-dependent manner like that seen for FDM. Furthermore, this chapter will clarify
whether, as is the case for FDM, light inhibits LIM through modulation of retinal dopamine
levels as previous studies suggest that this catecholamine may not influence LIM in the same
manner.
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Chapter 2: General Methods
2.1 Animal housing
One-day-old male White Leghorn chickens were obtained from Barter and Sons hatchery
(Horsley Park, NSW, Australia). On arrival, chickens were housed in temperature-controlled
rooms and kept under a 12:12 hour light:dark cycle, with normal laboratory lighting of ~500
lux at cage level (lights on at 7 am and off at 7 pm), as measured by an IL-1700 Research
Radiometer (International Light, Inc., Chula Vista, CA, USA), using normal ceiling-mounted
triphosphor fluorescent lights (400-800 nm, peaking at 530 and 620 nm; Philips, Amsterdam,
The Netherlands), with a viewing distance of 5 metres. Chickens had access to unlimited
amounts of food and water and were given six days to become accustomed to their environment
before the initiation of experiments. Authorisation to conduct experiments using animals was
approved by the University of Canberra Animal Ethics Committee under the ACT Animal
Welfare Act 1992 (Project Number: CEAE 13-03 and CEAE 16-05) and conformed to the
ARVO Resolution for the Use of Animals in Ophthalmic and Vision Research.
2.2 Experimental conditions
2.2.1

Induction of form-deprivation myopia

Form-deprivation myopia (FDM) undertaken in Chapters 3, 4 and 5 was induced monocularly
by the fitment of a translucent diffuser over the left eye of chickens (see 2.2.4 for full
methodology regarding attachment; Figure 2.1), with the right eye left untreated and serving as
an internal contralateral control.
2.2.2

Induction of lens-induced myopia (LIM) and lens-induced hyperopia (LIH)

Experimental myopia (LIM), undertaken in Chapters 3, 5 and 6, or hyperopia (LIH), undertaken
in Chapter 5, was induced monocularly by placing a negative (-5 D or -10 D) or positive (+5 D
or +10 D) powered poly (methyl methacrylate) (PMMA) contact lens (Australian Contact
Lenses, Victoria) over the left eye of chickens (see 2.2.4 for full methodology regarding
attachment; Figure 2.1). The right eye of each animal was left untreated and served as an
internal contralateral control. Lenses were removed daily for a brief period (<1 minute),
allowing them to be cleaned with a soft cotton bud to prevent blurring due to the build-up of
debris.
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2.2.3

Recovery from FDM, LIM and LIH

For the recovery from FDM (undertaken in Chapters 3, 4 and 5), LIM (undertaken in Chapters
3 and 5), and LIH (undertaken in Chapter 5), chicks were monocularly fitted with translucent
diffusers, negative, or positive powered lenses (respectively) over the left eye for a period of
three days prior to removal. The right eye of each animal was left untreated and served as an
internal contralateral control.
2.2.4

Fitment of optical devices

For the fitment of all optical devices, on the day prior to the fitting of either a diffuser or lens,
a Velcro mount with a 1.3 cm central hole was glued around the experimental (left) eye using
Loctite® super glue (Henkel, Kilsyth, VIC, Australia). On the following day, the translucent
diffuser, negative lens, or positive lens, was fitted to a matching Velcro ring with a 1 cm central
hole and placed onto the mount with the right eye left untreated, serving as an internal
contralateral control.
2.2.5

Administration of pharmacological agents

In Chapters 3, 4 and 6, ocular growth was also modulated through administration of known
pharmacological agents. For administration of these agents, chickens were anaesthetised under
light isoflurane (5% in 1L of medical grade oxygen per minute, Veterinary Companies of
Australia, Kings Park, NSW, Australia) using a vaporiser gas system (Stinger Research
Anaesthetic Gas Machine (2848), Advanced Anaesthesia Specialists, Payson, Arizona, USA).
A single intravitreal injection of 10 µL was given using a 30-gauge needle (Terumo) fitted to a
Hamilton syringe (100 µL capacity) to the left eye of animals, entering at the temporal limbus
(cornea/sclera border) in the morning (~10 am). For the frequency and compounds used for
intravitreal injections, please refer to the specific experimental structure outlined in Chapters 3,
4 and 6.
2.3 Measurements of ocular parameters
2.3.1

Refraction

Refraction, undertaken in Chapters 3, 5 and 6, was measured daily by automated infrared
photoretinoscopy (system provided courtesy of Professor Frank Schaeffel, University of
Tuebingen, Germany) over the experimental period. Measurements were taken from both the
experimental (left eye), contralateral control (right eye), and from age-matched untreated
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control eyes (both left and right eye). Refraction represents the mean spherical equivalent of 10
measurements per eye. For a myopic eye, the camera predominantly detects light rays emerging
from the lower part of the pupil, while for a hyperopic eye it predominantly detects light rays
emerging from the upper part of the pupil. The degree of defocus can be calculated by the height
of the light crescent in the pupil382. For a correct refractive value to be obtained, the Purkinje
image was centred within the pupil (correct refractive axis). The illumination levels within the
room were kept to less than 5 lux to prevent aberrant light reflections in the pupil, which can
cause erroneous estimates of the Purkinje image leading to incorrect refractive values being
reported. To account for possible accommodation, the most consistent hyperopic value was
recorded382.
2.3.2

Axial length

For all experimental paradigms, the anterior chamber depth, lens thickness, vitreal chamber
depth and axial length (cornea to retina) was measured at the start, middle and end of the
experimental period for treated, contralateral control and age-matched untreated control eyes
of anaesthetised animals (isoflurane, 5% in 1L of medical grade oxygen per minute) using Ascan ultrasonography (Biometer AL-100, Tomey Corporation, Nagoya, Japan). Before
ultrasonography, a drop of Allergan Tears Plus eye drops was placed on the eye to allow better
contact to be made and to prevent the eyes from drying out.
For the measurement of ocular parameters undertaken in Chapters 3, 5 and 6, an immersion
attachment probe (Tomey Corporation, Nagoya, Japan), filled with medical grade ultrasound
gel (Conductive gel, Medical Equipment Services, Keilor Park, VIC, Australia), was used to
allow optimal contact with the eye. As noted, ocular parameters measured included: anterior
chamber depth (ACD; anterior surface of the cornea to the anterior surface of the lens), lens
thickness (anterior to posterior surface of the lens), vitreous chamber depth (VCD; posterior
surface of the lens to vitreal surface of the retina), and overall axial length (anterior surface of
the cornea to the vitreal surface of the retina). Ten measurements were made for each eye and
was averaged to determine the ocular parameters listed above. An example of output from Ascan ultrasonography is shown in Figure 2.2. For full details regarding experiments involving
ultrasound measures, please refer to the specific method sections in Chapters 3, 5 and 6.
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Figure 2.1. The fitment of lenses and translucent diffusers on chicks; for the induction of
lens-induced myopia (LIM) or lens-induced hyperopia (LIH), chickens were fitted with either
negative or positive lenses (left chick), while for the induction of form-deprivation myopia
(FDM), chicks were fitted with translucent diffusers (right chick).

32

Figure 2.2. Example of an A-scan ultrasonography measurement; all values are given in
millimetres. Anterior chamber depth (ACD; anterior surface of the cornea to the anterior surface
of the lens) was measured from marker 1 to marker 2; lens thickness (anterior surface to
posterior surface of the lens) was measured from marker 2 to marker 3; vitreous chamber depth
(VCD; posterior surface of the lens to the vitreal surface of the retina) was measured from
marker 3 to marker 4; and the overall axial length of the eye (anterior surface of the cornea to
the vitreal surface of the retina) was measured from marker 1 to marker 4.
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2.4 Molecular analysis of changes in retinal gene expression by semi-quantitative Real
Time-Polymerase Chain Reaction (sqRT-PCR)
2.4.1

Tissue preparation

For the molecular analysis of changes in retinal gene expression undertaken in Chapters 3, 4
and 5, retinal tissue was collected at the end of the experimental period. For this, chickens were
anaesthetised using isoflurane (5% in 1L of medical grade oxygen per minute) and sacrificed
by decapitation. Each eye was rapidly removed and hemisected equatorially, with the anterior
portion of the eye discarded. The posterior eye cup was floated in phosphate-buffered saline
(NaCl, 137mM; KCl, 2.7mM; Na2HPO4, 11.3mM; KH2PO4, 1.5mM; pH 7.4) (Sigma-Aldrich,
Castle Hill, NSW, Australia), allowing removal and collection of retinal tissue, free of retinal
pigment epithelium (RPE), scleral and choroidal tissue. Upon collection, retinal tissue was
immediately frozen on dry ice, before being stored at -80˚C until use.
2.4.2

Preparation of total RNA and reverse transcription to cDNA

Total RNA was extracted from retinal tissue using the Trizol®/ chloroform protocol following
the manufacturer’s instructions (Invitrogen Life Technologies, Mulgrave, VIC, Australia).
Retinal tissue was homogenised in 500 µL Trizol reagent (3:1 Trizol to sample ratio). One
hundred microlitres of chloroform were added and allowed to incubate at room temperature for
3 minutes, before centrifugation of samples at 12,000 g for 10 minutes at 4°C. Following
centrifugation, the upper phase was collected, and total RNA precipitated using an equal
volume of 100% isopropanol (~300 µL). The pellet was briefly washed in 75% ethanol after
centrifugation (12,000 g for 10 minutes at 4°C) and dissolved in 50 µL nuclease-free water by
incubating at 50°C for 2-3 minutes. RNA integrity was determined by gel electrophoresis and
quantified using a Nano-Drop spectrophotometer (Invitrogen Life Technologies, Mulgrave,
VIC, Australia). Total RNA (1.5 µg/µL) was reverse-transcribed to first strand cDNA in a 20
µL reaction using Maxima First Strand cDNA Synthesis Kit for sqRT-PCR following the
manufacturer’s instructions (Invitrogen Life Technologies, Mulgrave, VIC, Australia), and
used as a template for sqRT-PCR reactions.
2.4.3

Semi quantitative Real Time-Polymerase Chain Reaction (sqRT-PCR)

One-and-a-half microlitres of first strand cDNA template was used in a 15 µL sqRT-PCR
reaction. RT-PCR was undertaken using a Fast SYBR green kit following the manufacturer’s
instructions (Applied Biosystems, Invitrogen Life Technologies, Mulgrave, VIC, Australia).
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All reactions were run on a Stratagene Mx 3005P RT-PCR system (Agilent Technologies,
Mulgrave, VIC, Australia). The PCR cycling conditions included an initial denaturing phase at
95˚C for 10 minutes, followed by 35 cycles of denaturation at 95˚C for 20 seconds, annealing
at 60˚C for 1 minute, finishing with an extension phase at 95˚C for 1 minute.
For determination of changes in transcript (mRNA) levels, the mean normalised expression
(MNE) of each target gene was calculated separately for each condition (treated and
contralateral control) by using the following adapted formula383:
(Etarget)Ct target gene
MNE =
(Ereference)

Ct reference gene

The MNE was calculated from the efficiency (E) of the target gene to the power of its average
threshold cycle (Ct) value (ECt, target), divided by the efficiency (E) of the reference gene (βActin) to the power of its average Ct value (ECt, reference). The Ct value represents the PCR
cycle at which point the fluorescence signal from a sample rises above background noise and
crosses a pre-set threshold mark during the exponential phase of the reaction. The calculated
MNE was converted into a fold change value for ease of representation (e.g. no change in gene
expression is represented by a fold change of zero, a 100% increase in gene expression is
represented by a fold change of 1, etc.). The appropriateness of β-Actin as a reference gene was
determined by analysing the expression levels of the gene under all treatment and control
conditions. The MNE values for β-Actin were unaffected by the experimental treatments (data
not shown).
2.5 Primer Specificity
The primers used for sqRT-PCR to investigate the expression of genes of interest are shown in
Table 2.1 and were validated by melt-curve analysis (Figure 2.3) and gel electrophoresis (Figure
2.4). All primers produced a single PCR product of expected size (Figure 2.4). Primer efficiency
(E) was determined from the slope of the curve generated through a cDNA dilution series
(cDNA dilutions: 80 ng, 8 ng, 0.80 ng and 0.08 ng) (Figure 2.5), using the formula of Pfaffl383,
E = 10(-1/slope) (Table 2.2).
Gel electrophoresis was carried out using a 2% agarose gel (2 grams of agarose dissolved in a
final volume of 100 mL of 1x Tris-Borate- EDTA (TBE) buffer, pH= 8.3). For each primer
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pair, 15 µL of amplified PCR product (containing nucleic acid sample buffer (Bio-Rad,
Gladesville, NSW, Australia)) was loaded to each lane, with the control lane containing 5 µL
of Hyperladder I (200-10,000 base pairs (Bioline, Alexandria, NSW, Australia)) for size
determination and run for one hour at 100 V.
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Gene
Symbol

GenBank Acc.

Forward Sequence (5’-3’)

Reverse Sequence (5’-3’)

Expected Product
size (bp)

Egr-1

NM_204136.2

ACTAACTCGTCACATTCGCA

TGCTGAGACCGAAGCTGCCT

241

cFos

NM_205508.1

AGGAGGAGGAAAAGAGGAG

CTTCAGCAGGTTGGCTATC

161

CTAATCGCAGGATACCATCT

136

PLEKHO2 XM_003641823.4 GTGAAAGTAGATGAGAGCCT
β-Actin

NM_205518.1

TAAGGATCTGTATGCCAACACAGT GACAATGGAGGGTCCGGATTCATC

241

Table 2.1. Gene accession number, primer sequences and expected product sizes (nucleotide base-pairs (bp)) for gene-specific primers
used for sqRT-PCR assays.
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Figure 2.3. RT-PCR melt (dissociation) curve for each primer pair.
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Figure 2.4. Gel electrophoresis imaging of primer pairs; all investigated primer pairs
displayed a single product of expected size (nucleotide base-pairs (bp)).
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Figure 2.5. Determination of primer efficiency through a serial dilution series; cycle
crossing points are shown as a function of the logarithm of mRNA template added.

Gene product

Slope

Efficiency (E)

Correlation

Egr-1

-3.41

1.96

0.99

cFos

-3.37

1.98

0.91

PLEKHO2

-3.23

2.04

0.93

β-Actin

-3.45

1.95

0.98

Table 2.2. Slope, efficiency (E) and R2 correlation for each primer pair.
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2.6 Statistical Analysis
Refractive and axial length measurements are presented as means ± standard deviations of the
mean, with the data representing the difference between the experimental (left) eye relative to
age-matched untreated control eyes. Statistical analysis for the effect of individual paradigms
was undertaken using a repeated measures ANOVA followed by student t-test with Bonferroni
correction for multiple testing. Analysis of the effect of treatment over time was analysed by a
multivariate analysis of variance (MANOVA) followed by student t-test with Bonferroni
correction for multiple testing. All analyses were undertaken in the statistical software program
SPSS (IBM, Armonk, NY, USA) with a cut-off of 0.05 for statistical significance.
For statistical analysis of mRNA transcript expression, the MNE of the target genes was
calculated for each condition (treated, contralateral as well as age-matched untreated control
tissue). All results are presented as the mean (converted to fold change (average MNE of treated
eyes divided by the average MNE of control eyes)) ± standard deviation of the mean. A fold
change of zero indicates no change, with a negative value indicating a decrease in expression
and a positive value indicating an increase in expression. Analysis of differential gene
expression was undertaken by post hoc testing using a student t-test, with Bonferroni correction
for multiple testing and a statistical cut-off of 0.05. All analyses were undertaken in the
statistical software program SPSS (IBM, Armonk, NY, USA) with a statistical cut-off of 0.05.
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Chapter 3: The expression of Egr-1 as a biomarker for ocular
growth
3.1 Introduction
As outlined in Chapter 1, animal work has indicated that the control of eye growth appears to
be locally driven, in response to visual stimuli, by pathways originating in the retina128, 167, 181,
182

. The signalling cascade initiated in the retina ultimately brings about a change in the rate of

scleral growth/remodelling by sending signals through or to the retinal pigment epithelium
(RPE) and choroid. Several retinal molecules have been postulated to be part of this signalling
cascade, and as such, to play a role in the regulation of ocular growth and the development of
myopia (recently reviewed in 384). As discussed in Chapter 1, one of the most consistent findings
observed during periods of experimentally induced changes in ocular growth rates is the altered
expression of the immediate early gene (IEG) early growth response-1 (Egr-1). Egr-1 was the
first molecule shown to have a bi-directional response to opposing growth stimuli in multiple
species (chicks6,

92, 257, 378

, monkeys379, tree shrews67,

385

, guinea pigs386, and mice387).

Specifically, either its mRNA or protein expression have been found to be reduced during
periods of increased ocular growth in response to either translucent diffusers (form-deprivation
myopia (FDM); chicks92, 257, monkeys379, tree shrews385, and mice387) or negative lenses (lensinduced myopia (LIM); chicks6, 378, tree shrews67, and guinea pigs386) and elevated during
periods of reduced ocular growth associated with the removal of either diffusers (chicks92, 257,
and tree shrews385) or negative lenses (guinea pigs386). A direct causal link between Egr-1 and
growth regulation is supported by work in mice in which a significant but transient myopic shift
is seen in Egr-1 knockout animals381.
The expression of Egr-1 appears therefore to be a robust marker of ocular growth rates between
species and across those growth conditions investigated, suggesting that it may represent a
conserved retinal response in the signalling cascade underlying growth modulation. This
chapter wished to expand on this and investigate if Egr-1 expression shows a predictable and
conserved response to additional groups of growth modulating paradigms associated with
optical and pharmacological interventions. These findings will begin to address whether,
irrespective of the method by which growth is manipulated (i.e. optical, pharmacological or
environmental), a conserved set of retinal signals underlies the consistent biological outputs
seen during growth modulation (changes in choroidal thickness and scleral growth rates).
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To test the robustness of Egr-1’s response, this chapter investigates its retinal expression
following enhanced or suppressed ocular growth in response to well-established, but diverse,
pharmacological agents known to be implicated in the modulation of growth. Specifically, Egr1 levels were investigated during growth enhancement induced by spiperone (dopamine D2
antagonist)170, 388 as well as the GABAA agonist muscimol290. Both these drugs were used in
this chapter to block the protective effects of brief periods of normal vision against the
development of both forms of experimental myopia (FDM and LIM) and, in so doing, maintain
enhanced rates of ocular growth. If Egr-1 expression is conserved and sign-dependent, both
compounds should maintain the down-regulation in Egr-1 expression normally observed during
the development of experimental myopia and, accordingly, block the up-regulation in Egr-1
expression which would otherwise occur during brief periods of normal vision.
To examine the expression of Egr-1 during growth suppression, the injection of eight
compounds known to inhibit experimental myopia were investigated. These compounds
targeted four major transmitter systems of the retina, namely cholinergic (non-selective
muscarinic-cholinergic antagonist atropine21,

200, 252-264

, and the partially selective m1/m4

muscarinic-cholinergic antagonist pirenzepine259, 265-270), dopaminergic (dopamine D2 agonist
ADTN170,

257

), GABAergic (GABAA receptor antagonist bicuculline291, GABAB receptor

antagonist CGP46381285, 290, and the two GABAA0r receptor antagonists TPMPA286, 287, 290, 291
and cis-and-trans-4-ACPBPA289), and nitric oxide (nitric oxide source L-Arginine292). Again,
if Egr-1 is a conserved and directionally selective marker of growth, each of these
pharmacological agents should block and reverse the down-regulation in the expression of this
gene that is normally associated with FDM and LIM.
The retinal mRNA expression of Egr-1 will be examined, using semi-quantitative real-time
PCR (sqRT-PCR), four hours post-pharmacological treatment with the compounds listed
above. This timepoint was chosen based on the robust response normally seen in Egr-1
expression by four hours257, 377.
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3.2 Methods
Details on animal housing, induction and recovery from FDM and LIM, tissue collection, and
tissue preparation for sqRT-PCR are given in the general methods section (Chapter 2).
3.2.1

Experimental Design

To further elucidate the degree to which the mRNA expression of Egr-1 within the retina is
conserved in terms of its bi-directional response to opposing growth stimuli, its expression was
investigated in response to several growth modulating paradigms. Myopia was induced by
either form-deprivation, or negative lens-wear (-10 D). Chicks were split into the following
groups (n=5 per condition; Figure 3.1):
Growth enhancing paradigms:
•

Paradigm 1, myopia induction: chicks were fitted with translucent diffusers or -10 D
lenses (Figure 3.1 A);

•

Paradigm 2, inhibition of the dopaminergic system during recovery from experimental
myopia to block growth suppression: immediately prior to the removal of either
translucent diffusers or -10 D lenses, following three days of wear, an intravitreal
injection of the dopamine D2 receptor antagonist spiperone was given (Figure 3.1 C);

•

Paradigm 3, stimulation of the GABAergic system during recovery from experimental
myopia to block growth suppression: immediately prior to the removal of either
translucent diffusers or -10 D lenses, following three days of wear, an intravitreal
injection of the GABAA agonist muscimol was given (Figure 3.1 C);

•

Paradigm 4, inhibition of the dopaminergic system during myopia induction:
immediately prior to the fitment of either translucent diffusers or -10 D lenses, an
intravitreal injection of the dopamine D2 receptor antagonist spiperone was given
(Figure 3.1 D);

•

Paradigm 5, stimulation of the GABAergic system during myopia induction:
immediately prior to the fitment of either translucent diffusers or -10 D lenses, an
intravitreal injection of the GABAA agonist muscimol was given (Figure 3.1 D).
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Growth suppressing paradigms:
1. Paradigm 6, recovery from experimental myopia: removal of the translucent diffusers
or -10 D lenses following three days of wear (Figure 3.1 B);
2. Paradigm 7, prevention of myopia induction through inhibition of the muscariniccholinergic system: immediately prior to the fitment of either translucent diffusers or 10 D lenses, an intravitreal injection of the non-specific muscarinic-cholinergic
antagonist atropine or the partially selective m1/m4 muscarinic-cholinergic antagonist
pirenzepine was given (Figure 3.1 D);
3. Paradigm 8, prevention of myopia induction through stimulation of the dopaminergic
system: immediately prior to the fitment of either translucent diffusers or -10 D lenses,
an intravitreal injection of the dopamine D2 receptor agonist ADTN was given (Figure
3.1 D);
4. Paradigm 9, prevention of myopia induction through inhibition of the GABAergic
system: immediately prior to the fitment of either translucent diffusers or -10 D lenses,
an intravitreal injection of one of the following GABA agents was given (bicuculline
(GABAA antagonist), CGP46381 (GABAB antagonist), TPMPA (GABAAOr antagonist),
or cis-and-trans-4-ACPBPA (GABAAOr antagonist)) (Figure 3.1 D);
5. Paradigm 10, prevention of myopia induction through stimulation of the nitric oxide
system: immediately prior to the fitment of either translucent diffusers or -10 D lenses,
an intravitreal injection of the nitric oxide source L-Arginine was given (Figure 3.1 D).
For all groups, chicks were monocularly treated (left eye), with their right eye left untreated
and serving as an internal contralateral control. Retinal tissue was collected (detailed in Chapter
2, section 2.4.1) 4 hours after the fitment or removal of translucent diffusers and -10 D lenses,
which resulted in a consistent 2 PM collection timepoint for all experimental groups.
For Paradigms 2 and 3, a single intravitreal injection, under light anaesthesia (detailed in
Chapter 2, section 2.2.5), was made into the diffuser- or negative lens-wearing eye immediately
prior to the removal of the optical device, with retinal tissue collected 4 hours later.
For Paradigms 4-10, a single intravitreal injection, under light anaesthesia, was made into the
diffuser- or negative lens-wearing eye immediately prior to the attachment of the optical device,
with retinal tissue collected 4 hours later. A representative compound from each of these
paradigms (spiperone (Paradigm 4), muscimol (Paradigm 5), atropine (Paradigm 7), ADTN
(Paradigm 8), TPMPA (Paradigm 9), and L-Arginine (Paradigm 10)) was administered daily
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via intravitreal injection to determine its effects on refraction and axial length over a five-day
treatment period.
For all drug administration, a single intravitreal injection of 10 µL was given at the following
doses:
-

Spiperone- 500 µM solution (2 µg) (S7395- Sigma-Aldrich, Castle Hill, NSW,
Australia). Spiperone was dissolved in a vehicle solution of 0.1% ascorbic acid
(dissolved in 1x PBS) with the pH adjusted to 7.4 with 1 M NaOH. The solution was
then gently heated at 37°C until spiperone was completely dissolved;

-

Muscimol- 4.38 mM solution (5 µg) (0289- Tocris Bioscience, Bristol, UK). Muscimol
was dissolved in a vehicle solution of 0.1% ascorbic acid (dissolved in nuclease free
water);

-

Atropine- 25 mM solution (173.7 µg) (A10236- Thermo Fisher Scientific, Scoresby,
VIC, Australia). Atropine was dissolved in a vehicle solution of 1x PBS (pH 7.4);

-

Pirenzepine- 170 mM solution (721 µg) (P7412- Sigma-Aldrich, Castle Hill, NSW,
Australia). Pirenzepine was dissolved in a vehicle solution of 1x PBS (pH 7.4);

-

ADTN- 10 mM solution (26 µg) (ab120150- Abcam, Melbourne, VIC, Australia).
ADTN was dissolved in a vehicle solution of 1% ascorbic acid (dissolved in 1x PBS)
with the pH adjusted to 7.4 with 1 M NaOH;

-

Bicuculline- 4.08 mM solution (15 µg) (14340- Sigma-Aldrich, Castle Hill, NSW,
Australia). Bicuculline was dissolved in a vehicle solution of 0.1% ascorbic acid
(dissolved in nuclease free water);

-

CGP46381- 2% solution (200 µg) (1247- Tocris Bioscience, Bristol, UK). CGP46381
was dissolved in a vehicle solution of 0.1% ascorbic acid (dissolved in nuclease free
water);

-

TPMPA- 18.6 mM solution (29 µg) (T200- Sigma-Aldrich, Castle Hill, NSW,
Australia). TPMPA was dissolved in a vehicle solution of 1x PBS (pH 7.4);

-

cis-and-trans-4-ACPBPA- 35 nM solution (7.8 µg) (Assoc. Prof. Katrina Schmid,
Queensland University of Technology, Brisbane, Australia). cis-and-trans-4-ACPBPA
was dissolved in a vehicle solution of 0.1% ascorbic acid (dissolved in nuclease free
water);

-

L-Arginine- 30 mM solution (50 µg) (A5006- Sigma-Aldrich, Castle Hill, NSW,
Australia). L-Arginine was dissolved in a vehicle solution of 1x PBS (pH 7.4).
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Figure 3.1. Experimental timeline; chicks were given six days to become accustomed to their
surroundings prior to the commencement of experiments. Retinal tissue was collected 4 hours
after the commencement of each treatment (dashed arrows). (A) For the development of
experimental myopia, chicks were fitted with either translucent diffusers or -10 D lenses on day
7; (B) for recovery from experimental myopia, chicks were fitted with either translucent
diffusers or -10 D lenses on day 7 for a period of three days to induce myopia, prior to their
removal on day 10; (C) for the effect of growth enhancing agents, immediately prior to the
removal of either translucent diffusers or negative lenses, an intravitreal injection of spiperone
or muscimol was given; (D) for the effect of drug treatment on FDM and LIM, pharmacological
agents (atropine, pirenzepine, ADTN, bicuculline, CGP46381, TPMPA, 4-ACPBPA, LArginine, spiperone and muscimol) were administered immediately prior to the fitment of
diffusers or negative lenses.
46

3.3 Results
For all treatments, Egr-1 mRNA levels from contralateral control eyes were not biologically or
statistically different to those values seen in age-matched untreated control eyes (ANOVA(F
(28, 117) = 0.64, p=0.81); Appendix Table 8.1). Therefore, for all statistical analyses below,
experimental values are compared against contralateral control values.
3.3.1

Retinal Egr-1 levels show a bi-directional response to myopia induction (form-

deprivation and negative lens-wear) and suppression (recovery from experimental myopia)
As previously reported257, 377, 378, 386, following 4 hours of diffuser- and negative lens-wear
(Paradigm 1), Egr-1 mRNA levels were significantly down-regulated compared to contralateral
control values (p<0.001 and p<0.01 for FDM and LIM respectively; Table 3.1; Figure 3.2).
In contrast, and as previously reported257, 386, following the removal of translucent diffusers or
negative lenses from chickens which had developed FDM and LIM (-10 D lenses) for a period
of three days (Paradigm 6), the expression of Egr-1 mRNA levels was significantly upregulated compared to that seen in contralateral control eyes following 4 hours of normal vision
(p<0.001 and p<0.001 for the recovery from FDM and LIM respectively; Table 3.1; Figure
3.2).
3.3.2

Retinal Egr-1 expression is consistently down-regulated by pharmacological agents

that maintain elevated growth levels
Several pharmacological agents are known to block the growth suppression normally associated
with exposure to myopic defocus following diffuser or negative lens removal170, 251, 276, 287 and
in so doing maintain elevated ocular growth rates. Consequently, this chapter investigated if
such compounds therefore inhibited the up-regulation in Egr-1 mRNA levels normally seen
during recovery from experimental myopia. This was indeed the case, with the intravitreal
injection of spiperone (Paradigm 2, dopamine D2 receptor antagonist) and muscimol (Paradigm
3, GABAA receptor agonist), abolishing the up-regulation in Egr-1 expression normally
associated with diffuser (ANOVA(F (2, 13) = 37.23, p<0.001)) or negative lens (ANOVA(F
(2, 13) = 20.44, p<0.001)) removal (Table 3.1; Figure 3.2).
Although both agents can block the protective effect afforded by brief periods of normal vision,
they have not been found to enhance the excessive growth associated with FDM and LIM170,
290, 388

. Therefore, if Egr-1 is a sensitive marker for the absolute rate of growth, combining
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diffuser- or negative lens-wear with pharmacological treatment should not elicit an additive
effect in the associated down-regulation of Egr-1 mRNA levels (Paradigms 4 and 5). In line
with this, although the expression of Egr-1 mRNA levels were significantly down-regulated
following administration of spiperone and muscimol into diffuser- or negative lens-treated eyes,
no further down-regulation was observed compared to FDM (ANOVA(F (2, 13) = 3.04,
p=0.10)) and LIM (ANOVA(F (2, 13) = 0.93, p=0.43)) alone (Table 3.1; Figure 3.2).
To confirm that administration of spiperone and muscimol into a form-deprived or negative
lens-wearing eye does not further enhance growth, as suggested by stable Egr-1 levels,
refraction (Table 3.2; Figure 3.3 A) and axial length (Table 3.3 and 3.4; Figure 3.3 B) were
measured over a five-day treatment period. Neither drug enhanced growth above those levels
already seen in deprived or negative lens-wearing eyes alone when measured by refraction
(FDM, ANOVA(F (2, 13) = 1.73, p=0.22); LIM, ANOVA(F (1, 9) = 1.33, p=0.28)) and axial
length (FDM, ANOVA(F (2, 13) = 0.37, p=0.70); LIM, ANOVA(F (1,9) = 0.02, p=0.89)).
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Drug

Family

No drug

Spiperone

Dopamine D2 receptor antagonist

Muscimol

GABAA receptor agonist

Form-deprivation
myopia (FDM)
-2.09 ± 0.00

Recovery from
FDM
+1.10 ± 0.02

Lens-induced
myopia (-10 D; LIM)
-1.23 ± 0.01

Recovery from
LIM
+1.09 ± 0.02

p<0.001

p<0.001

p<0.01

p<0.001

-1.71 ± 0.01

+0.07 ± 0.00

-1.32 ± 0.00

+0.29 ± 0.02

p=0.06

p<0.001

p=0.63

p<0.05

-2.24 ± 0.00

-0.26 ± 0.01

-1.20 ± 0.02

+0.06 ± 0.01

p=0.12

p<0.001

p=0.18

p<0.01

Table 3.1. Retinal Egr-1 mRNA levels in response to myopia induction and suppression following 4 hours of treatment; values represent
the mean fold change of Egr-1 ± standard deviation of the mean relative to contralateral control values following 4 hours of treatment (n=5 per
condition). For statistical analysis, p-values for row one, which represent optical manipulation without concurrent drug treatment, are calculated
based on treated versus contralateral control values. For spiperone and muscimol treatment, p-values are calculated based on the drug treated eye
versus the ‘no drug’ equivalent within the same column.
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Figure 3.2. Retinal Egr-1 mRNA levels in response to myopia induction and suppression following 4 hours of treatment; plotted data is
drawn from Table 3.1 to provide a visual representation. Form-deprivation myopia (FDM) and lens-induced myopia (LIM) induced a significant
down-regulation in the expression of Egr-1 levels relative to contralateral control values (black bars), while recovery from FDM and LIM induced
a significant up-regulation in Egr-1 levels (white bars). Administration of spiperone and muscimol immediately prior to the removal of translucent
diffusers or negative lenses abolished the associated up-regulation of Egr-1 seen in response to normal vision (grey bars). Neither drug, however,
enhanced the down-regulation in Egr-1 which occurred in response to diffuser- or negative lens-wear (diamond line bars). Asterisks for the
induction and recovery from experimental myopia represent a statistically significant difference between treated and contralateral control values
(** p<0.01, *** p<0.001), while for spiperone and muscimol treatment, triangles represent a statistically significant difference between the drug
treated eye and the ‘no drug’ equivalent value (Δ p<0.05, ΔΔ p<0.01, ΔΔΔ p<0.001).
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Treatment
Form-deprivation myopia (FDM)
Contralateral control
Relative refraction
Lens-induced myopia (LIM)
Contralateral control
Relative refraction
FDM with concurrent Spiperone treatment
Contralateral control
Relative refraction
LIM with concurrent Spiperone treatment
Contralateral control
Relative refraction
FDM with concurrent Muscimol treatment
Contralateral control
Relative refraction

Day 5 (dioptres)
-2.52 ± 0.41
+2.46 ± 0.34
-4.98 ± 0.64
-1.68 ± 0.66
+2.80 ± 0.45
-4.48 ± 0.22
-1.92 ± 0.43
+2.48 ± 0.37
-4.40 ± 0.34
-1.40 ± 0.65
+2.44 ± 0.52
-3.84 ± 0.75
-1.52 ± 0.37
+2.82 ± 0.30
-4.34 ± 0.59

Table 3.2. Refraction following five days of intravitreal injection of spiperone or
muscimol into diffuser (FDM) and negative lens-wearing (LIM) eyes; results are presented
as the mean refraction (dioptres) ± standard deviation of the mean (n=5 per condition). Relative
refraction represents the difference in refraction between the experimental and contralateral
control eyes. Spiperone (dopamine D2 receptor antagonist); muscimol (GABAA receptor
agonist).
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Treatment
Form-deprivation myopia (FDM)
Contralateral control
Relative axial length
Lens-induced myopia (LIM)
Contralateral control
Relative axial length
FDM with concurrent Spiperone treatment
Contralateral control
Relative axial length
LIM with concurrent Spiperone treatment
Contralateral control
Relative axial length
FDM with concurrent Muscimol treatment
Contralateral control
Relative axial length

Day 5 (mm)
+9.21 ± 0.07
+8.73 ± 0.08
+0.48 ± 0.06
+8.94 ± 0.21
+8.54 ± 0.16
+0.40 ± 0.08
+9.12 ± 0.11
+8.68 ± 0.09
+0.45 ± 0.10
+9.02 ± 0.08
+8.63 ± 0.05
+0.39 ± 0.09
+9.10 ± 0.11
+8.67 ± 0.03
+0.43 ± 0.10

Table 3.3. Axial length following five days of intravitreal injection of spiperone or
muscimol into diffuser (FDM) and negative lens-wearing (LIM) eyes; results are presented
as the mean axial length (as measured from the front of the cornea to the vitreal surface of the
retina (millimetres)) ± standard deviation of the mean (n=5 per condition). Relative axial length
represents the difference in axial length between the experimental and contralateral control
eyes. Spiperone (dopamine D2 receptor antagonist); muscimol (GABAA receptor agonist).
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Treatment
Form-deprivation myopia (FDM)

Contralateral control

Lens-induced myopia (LIM)

Contralateral control

FDM with concurrent Spiperone treatment

Contralateral control

LIM with concurrent Spiperone treatment

Contralateral control

FDM with concurrent Muscimol treatment

Contralateral control

Ocular measure
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD

Day 5 (mm)
1.46 ± 0.05
2.44 ± 0.06
5.31 ± 0.08
1.44 ± 0.06
2.44 ± 0.11
4.85 ± 0.11
1.46 ± 0.05
2.27 ± 0.07
5.21 ± 0.26
1.41 ± 0.06
2.30 ± 0.06
4.83 ± 0.13
1.39 ± 0.05
2.30 ± 0.06
5.44 ± 0.11
1.39 ± 0.05
2.27 ± 0.07
5.02 ± 0.10
1.46 ± 0.05
2.30 ± 0.06
5.26 ± 0.12
1.44 ± 0.06
2.30 ± 0.06
4.89 ± 0.07
1.44 ± 0.06
2.30 ± 0.06
5.36 ± 0.18
1.44 ± 0.06
2.27 ± 0.07
4.96 ± 0.13

Table 3.4. Ocular parameters following five days of intravitreal injection of spiperone or
muscimol into diffuser (FDM) and negative lens-wearing (LIM) eyes; results are presented
as the mean value for anterior chamber depth (ACD), lens thickness, or vitreous chamber depth
(VCD) (millimetres) ± standard deviation of the mean (n=5 per condition). Spiperone
(dopamine D2 receptor antagonist); muscimol (GABAA receptor agonist).
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Change in refraction (dioptres) relative
to contralateral control values

A.

Change in axial length (mm) relative to
contralateral control values

B.
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0.20
0.10
0.00
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Spiperone
Muscimol
Figure 3.3. Refraction and axial length following five days of intravitreal injection of
spiperone or muscimol into diffuser (FDM) and negative lens-wearing (LIM) eyes; plotted
data is drawn from Tables 3.2 (refraction) and 3.3 (axial length) to provide a visual
representation. (A) Relative change in refraction between treated and contralateral control eyes
for each group. As can be seen, a relative myopic shift was observed in diffuser- and negative
lens-treated eyes when compared to those values seen in contralateral control eyes. This
relative myopic shift was not enhanced by the daily administration of spiperone and muscimol
with no difference observed when compared to the diffuser- or lens-only group; (B) in
concordance with refraction, axial elongation was not enhanced by the daily administration of
spiperone and muscimol when compared to the diffuser- or lens-only group. Black squares
represent mean values, while open circles represent individual data points per condition.
54

3.3.3

Injection of pharmacological compounds that suppress ocular growth consistently

enhances Egr-1 expression
Previously, retinal Egr-1 mRNA levels have been found to be significantly elevated following
recovery from experimental myopia257, 386. Therefore, the current chapter investigated whether
this elevation is conserved in response to additional growth suppressing paradigms involving
pharmacological agents that target the muscarinic-cholinergic (atropine and pirenzepine;
Paradigm 7), dopaminergic (ADTN; Paradigm 8), GABAergic (bicuculline, CGP46381,
TPMPA, and 4-ACPBPA; Paradigm 9), and nitric oxide (L-Arginine; Paradigm 10) systems.
Intravitreal injection of each agent blocked the down-regulation in retinal Egr-1 mRNA
expression normally associated with the fitment of translucent diffusers (ANOVA(F (8, 37) =
19.66, p<0.001); Table 3.5; Figure 3.4) or -10 D lenses (ANOVA(F (8, 37) = 3.28, p<0.01);
Table 3.5; Figure 3.5) after 4 hours.
To confirm that growth had indeed been suppressed by these paradigms, a representative
compound from each pharmacological category was assessed to determine its effects on
refraction (Table 3.6; Figure 3.6) and axial length (Tables 3.7 and 3.8; Figure 3.7) development
over a five-day treatment period. Specifically, ocular measures were made in response to
recovery from experimental myopia, as well as following administration of atropine, ADTN,
TPMPA, and L-Arginine into diffuser- and negative lens-treated eyes. Each of these paradigms
effectively inhibited the relative myopic shift associated with FDM (ANOVA(F (5, 25) =
24.69, p<0.001)) and LIM (ANOVA (F (5, 25) = 13.60, p<0.001)), and reduced the associated
axial elongation (FDM, ANOVA(F (5, 25) = 9.54, p<0.001); LIM, ANOVA (F (5, 25) = 18.89,
p<0.001)).

55

Drug

Family

No drug
Atropine
Pirenzepine
ADTN
Bicuculline
CGP46381
TPMPA
4-ACPBPA
L-Arginine

Non-specific muscarinic
antagonist
Partial m1/m4 muscarinic
antagonist
Dopamine D2 receptor
agonist
GABAA receptor
antagonist
GABAB receptor
antagonist
GABAAOr receptor
antagonist
GABAAOr receptor
antagonist
Nitric oxide source

Form-deprivation
myopia (FDM)

Recovery from FDM

Lens-induced myopia
(-10 D; LIM)

Recovery from LIM

-2.09 ± 0.00, p<0.001

+1.10 ± 0.02, p<0.001

-1.23 ± 0.01, p<0.01

+1.09 ± 0.02, p<0.001

+0.24 ± 0.02, p<0.01

+0.09 ± 0.03, p<0.01

+0.56 ± 0.01, p<0.001

-0.15 ± 0.01, p<0.01

+0.48 ± 0.03, p<0.001

+0.40 ± 0.01, p<0.01

+0.09 ± 0.01, p<0.01

+0.29 ± 0.02, p<0.01

+1.13 ± 0.03, p<0.001

+0.31 ± 0.02, p<0.01

+0.13 ± 0.01, p<0.01

+0.56 ± 0.02, p<0.01

+2.02 ± 0.03, p<0.001

+0.50 ± 0.01, p<0.01

+0.37 ± 0.00, p<0.01

+0.55 ± 0.01, p<0.01

Table 3.5. Retinal Egr-1 mRNA levels in response to pharmacologically induced growth suppression following 4 hours of treatment; values
represent the mean fold change of Egr-1 ± standard deviation of the mean relative to contralateral control values following 4 hours of treatment
(n=5 per condition). Data for form-deprivation myopia (FDM) and lens-induced myopia (LIM), with no drug treatment, are displayed to illustrate
the significant down-regulation in Egr-1 expression observed without administration of pharmacological agents. For statistical analysis, p-values
for row one, which represent optical manipulation without concurrent drug treatment, are calculated based on treated versus contralateral control
values. For all pharmacological treatment, p-values are calculated based on the drug treated eye versus the ‘no drug’ equivalent within the same
column.
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Figure 3.4. Retinal Egr-1 mRNA levels in response to 4 hours of pharmacological or optical inhibition of form-deprivation myopia (FDM);
plotted data is drawn from Table 3.5 to provide a visual representation. The induction of FDM (black bar) induced a significant down-regulation
in retinal Egr-1 mRNA levels following 4 hours of treatment relative to contralateral control values. In contrast, recovery from FDM (white bar),
as well as administration of pharmacological agents known to inhibit the development of experimental myopia (atropine (light grey bar),
pirenzepine (checker bar), ADTN (square line bar), bicuculline (dark grey bar), CGP46381 (vertical line bar), TPMPA (diagonal line bar), 4ACPBPA (dotted bar), and L-Arginine (diamond line bar)) reversed the down-regulation in Egr-1 mRNA levels seen in response to diffuser-wear.
Asterisks for the induction and recovery from FDM represent a statistically significant difference between treated and contralateral control values
(*** p<0.001), while for pharmacological treatment, triangles represent a statistically significant difference between treated and the ‘no drug’
equivalent values (ΔΔ p<0.01, ΔΔΔ p<0.001).
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Figure 3.5. Retinal Egr-1 mRNA levels in response to 4 hours of pharmacological or optical inhibition of lens-induced myopia (LIM);
plotted data is drawn from Table 3.5 to provide a visual representation. The induction of LIM (black bar) induced a significant down-regulation in
Egr-1 mRNA levels following 4 hours of treatment relative to contralateral control values. In contrast, recovery from LIM (white bar), as well as
administration of pharmacological agents known to inhibit the development of experimental myopia (atropine (light grey bar), pirenzepine (checker
bar), ADTN (square line bar), bicuculline (dark grey bar), CGP46381 (vertical line bar), TPMPA (diagonal line bar), 4-ACPBPA (dotted bar), and
L-Arginine (diamond line bar)) reversed the down-regulation in Egr-1 mRNA levels seen in response to negative lens-wear. Asterisks for the
induction and recovery from LIM represent a statistically significant difference between treated and contralateral control values (** p<0.01, ***
p<0.001), while for pharmacological treatment, triangles represent a statistically significant difference between treated and the ‘no drug’ equivalent
values (ΔΔ p<0.01).
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Treatment
Form-deprivation myopia (FDM)
Contralateral control
Relative refraction
Lens-induced myopia (LIM)
Contralateral control
Relative refraction
Recovery from FDM
Contralateral control
Relative refraction
Recovery from LIM
Contralateral control
Relative refraction
FDM with concurrent Atropine treatment
Contralateral control
Relative refraction
LIM with concurrent Atropine treatment
Contralateral control
Relative refraction
FDM with concurrent ADTN treatment
Contralateral control
Relative refraction
LIM with concurrent ADTN treatment
Contralateral control
Relative refraction
FDM with concurrent TPMPA treatment
Contralateral control
Relative refraction
LIM with concurrent TPMPA treatment
Contralateral control
Relative refraction
FDM with concurrent L-Arginine treatment
Contralateral control
Relative refraction
LIM with concurrent L-Arginine treatment
Contralateral control
Relative refraction

Day 5 (dioptres)
-2.52 ± 0.41
+2.46 ± 0.34
-4.98 ± 0.64
-1.68 ± 0.66
+2.80 ± 0.45
-4.48 ± 0.22
+0.08 ± 0.42
+2.80 ± 0.17
-2.72 ± 0.29
+1.98 ± 0.96
+2.74 ± 0.19
-0.76 ± 1.02
+0.14 ± 0.24
+2.54 ± 0.30
-2.40 ± 0.30
+0.78 ± 0.82
+2.06 ± 0.42
-1.28 ± 0.91
-0.38 ± 0.23
+2.12 ± 0.28
-2.50 ± 0.36
+0.14 ± 0.74
+2.40 ± 0.47
-2.26 ± 0.81
+0.22 ± 1.15
+2.70 ± 0.11
-2.48 ± 0.53
+1.06 ± 0.61
+2.86 ± 0.19
-1.80 ± 0.67
+0.16 ± 0.79
+2.92 ± 0.32
-2.76 ± 0.56
+0.66 ± 0.75
+2.82 ± 0.21
-2.16 ± 0.84

Table 3.6. Refraction following five days of pharmacological treatment to prevent the
development of form-deprivation myopia (FDM) and lens-induced myopia (LIM); results
are presented as the mean refraction (dioptres) ± standard deviation of the mean (n=5 per
condition). Relative refraction represents the difference in refraction between the experimental
and contralateral control eyes. Atropine (non-specific muscarinic-cholinergic antagonist);
pirenzepine (partially selective m1/m4 muscarinic-cholinergic antagonist); ADTN (dopamine
D2 receptor agonist); TPMPA (GABAAOr antagonist); L-Arginine (nitric oxide source).
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Treatment
Form-deprivation myopia (FDM)
Contralateral control
Relative axial length
Lens-induced myopia (LIM)
Contralateral control
Relative axial length
Recovery from FDM
Contralateral control
Relative axial length
Recovery from LIM
Contralateral control
Relative axial length
FDM with concurrent Atropine treatment
Contralateral control
Relative axial length
LIM with concurrent Atropine treatment
Contralateral control
Relative axial length
FDM with concurrent ADTN treatment
Contralateral control
Relative axial length
LIM with concurrent ADTN treatment
Contralateral control
Relative axial length
FDM with concurrent TPMPA treatment
Contralateral control
Relative axial length
LIM with concurrent TPMPA treatment
Contralateral control
Relative axial length
FDM with concurrent L-Arginine treatment
Contralateral control
Relative axial length
LIM with concurrent L-Arginine treatment
Contralateral control
Relative axial length

Day 5 (mm)
+9.21 ± 0.07
+8.73 ± 0.08
+0.48 ± 0.06
+8.94 ± 0.21
+8.54 ± 0.16
+0.40 ± 0.08
+8.89 ± 0.07
+8.76 ± 0.08
+0.13 ± 0.07
+8.72 ± 0.08
+8.69 ± 0.07
+0.03 ± 0.03
+8.71 ± 0.14
+8.61 ± 0.06
+0.10 ± 0.13
+8.68 ± 0.12
+8.64 ± 0.11
+0.04 ± 0.09
+8.93 ± 0.16
+8.74 ± 0.08
+0.19 ± 0.05
+8.80 ± 0.10
+8.65 ± 0.08
+0.15 ± 0.05
+8.85 ± 0.07
+8.72 ± 0.05
+0.13 ± 0.06
+8.77 ± 0.11
+8.65 ± 0.10
+0.12 ± 0.06
+8.80 ± 0.10
+8.66 ± 0.09
+0.14 ± 0.08
+8.72 ± 0.10
+8.68 ± 0.09
+0.04 ± 0.10

Table 3.7. Axial length following five days of pharmacological treatment to prevent the
development of form-deprivation myopia (FDM) and lens-induced myopia (LIM); results
are presented as the mean axial length (as measured from the front of the cornea to the vitreal
surface of the retina (millimetres)) ± standard deviation of the mean (n=5 per condition).
Relative axial length represents the difference in axial length between the experimental and
contralateral control eyes. Atropine (non-specific muscarinic-cholinergic antagonist);
pirenzepine (partially selective m1/m4 muscarinic-cholinergic antagonist); ADTN (dopamine
D2 receptor agonist); TPMPA (GABAAOr antagonist); L-Arginine (nitric oxide source).
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Treatment
Form-deprivation myopia (FDM)

Contralateral control

Lens-induced myopia (LIM)

Contralateral control

Recovery from FDM

Contralateral control

Recovery from LIM

Contralateral control

FDM with concurrent Atropine treatment

Contralateral control

LIM with concurrent Atropine treatment

Contralateral control

FDM with concurrent ADTN treatment

Contralateral control

Ocular measure
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD

Day 5 (mm)
1.46 ± 0.05
2.44 ± 0.06
5.31 ± 0.08
1.44 ± 0.06
2.44 ± 0.11
4.85 ± 0.11
1.46 ± 0.05
2.27 ± 0.07
5.21 ± 0.26
1.41 ± 0.06
2.30 ± 0.06
4.83 ± 0.13
1.44 ± 0.06
2.39 ± 0.07
5.06 ± 0.09
1.46 ± 0.05
2.33 ± 0.09
4.97 ± 0.14
1.41 ± 0.06
2.27 ± 0.07
5.04 ± 0.13
1.41 ± 0.06
2.24 ± 0.07
5.04 ± 0.16
1.39 ± 0.05
2.21 ± 0.06
5.11 ± 0.14
1.36 ± 0.00
2.27 ± 0.07
4.98 ± 0.09
1.39 ± 0.05
2.21 ± 0.06
5.08 ± 0.14
1.39 ± 0.05
2.27 ± 0.07
4.98 ± 0.17
1.44 ± 0.06
2.30 ± 0.06
5.19 ± 0.15
1.41 ± 0.06
2.27 ± 0.07
5.06 ± 0.10
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LIM with concurrent ADTN treatment

Contralateral control

FDM with concurrent TPMPA treatment

Contralateral control

LIM with concurrent TPMPA treatment

Contralateral control

FDM with concurrent L-Arginine treatment

Contralateral control

LIM with concurrent L-Arginine treatment

Contralateral control

ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD

1.39 ± 0.05
2.21 ± 0.11
5.20 ± 0.15
1.44 ± 0.06
2.27 ± 0.07
4.94 ± 0.13
1.44 ± 0.06
2.30 ± 0.06
5.11 ± 0.05
1.44 ± 0.06
2.40 ± 0.13
4.88 ± 0.10
1.41 ± 0.06
2.24 ± 0.07
5.12 ± 0.18
1.46 ± 0.05
2.27 ± 0.07
4.91 ± 0.09
1.39 ± 0.05
2.24 ± 0.07
5.17 ± 0.12
1.41 ± 0.06
2.30 ± 0.06
4.95 ± 0.16
1.39 ± 0.05
2.27 ± 0.07
5.06 ± 0.08
1.41 ± 0.06
2.27 ± 0.07
4.99 ± 0.09

Table 3.8. Ocular parameters following five days of pharmacological treatment to
prevent the development of form-deprivation myopia (FDM) and lens-induced myopia
(LIM); results are presented as the mean value for anterior chamber depth (ACD), lens
thickness, or vitreous chamber depth (VCD) (millimetres) ± standard deviation of the mean
(n=5 per condition). Atropine (non-specific muscarinic-cholinergic antagonist); pirenzepine
(partially selective m1/m4 muscarinic-cholinergic antagonist); ADTN (dopamine D2 receptor
agonist); TPMPA (GABAAOr antagonist); L-Arginine (nitric oxide source).
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Figure 3.6. Refraction following five days of pharmacological treatment to prevent the development of form-deprivation myopia (FDM)
and lens-induced myopia (LIM); plotted data is drawn from Table 3.6 to provide a visual representation. Relative change in refraction between
treated and contralateral control eyes for each group. As can be seen, a relative myopic shift was observed in diffuser- and negative lens-treated
eyes when compared to those values seen in contralateral control eyes. In contrast, removal of translucent diffusers or negative lenses, or the daily
administration of atropine, ADTN, TPMPA and L-Arginine into diffuser or negative lens treated eyes induced a relative hyperopic shift when
compared to the diffuser- or lens-only group. Black squares represent mean values, while open circles represent individual data points per condition.
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Figure 3.7. Axial length following five days of pharmacological treatment to prevent the development of form-deprivation myopia (FDM)
and lens-induced myopia (LIM); plotted data is drawn from Table 3.7 to provide a visual representation. Relative change in axial length between
treated and contralateral control eyes for each group. In concordance with refraction, axial elongation was observed in diffuser- and negative lenstreated eyes when compared to those values seen in contralateral control eyes. In contrast, removal of translucent diffusers or negative lenses, or
the daily administration of atropine, ADTN, TPMPA and L-Arginine diffuser or negative lens treated eyes reduced the rate of axial elongation
when compared to the diffuser- or lens-only group. Black squares represent mean values, while open circles represent individual data points per
condition.
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3.3.4

Intravitreal injection of the vehicle solution does not alter the expression of Egr-1

mRNA levels
To examine whether the intravitreal injection protocol used throughout this chapter influenced
the expression levels of Egr-1, the vehicle solution (1x PBS, pH 7.4) was administered into
form-deprived and negative lens-wearing eyes (as outlined in section 2.2.5). It was found that
following 4 hours of treatment, administration of the vehicle solution did not significantly alter
the down-regulation of Egr-1 mRNA levels associated with FDM (p=0.86) and LIM (p=0.65)
(Table 3.9; Figure 3.8).
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Treatment

4 hours

Diffuser-wear (FDM)

-2.09 ± 0.00
p<0.001

Vehicle solution with FDM

-2.04 ± 0.02
p<0.001

Negative lens-wear (-10 D, LIM)

-1.23 ± 0.01
p<0.01

Vehicle solution with LIM

-1.28 ± 0.02
p<0.01

Table 3.9. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values,
in response 4 hours of diffuser- (FDM) or negative lens-wear (LIM) following
administration of the vehicle solution (1x PBS, pH 7.4); values represent the mean fold
change of Egr-1 ± standard deviation of the mean relative to contralateral control values (n=5
per condition).
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Egr-1 mRNA expression (fold change)
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Figure 3.8. Retinal Egr-1 mRNA levels, relative to contralateral control values, in
response to 4 hours of diffuser- (FDM) or negative lens-wear (LIM) following the
administration of the vehicle solution; the down-regulation of Egr-1 mRNA levels normally
associated with form-deprivation myopia (FDM) and lens-induced myopia (LIM) was not
affected following administration of the vehicle solution (1x PBS, pH 7.4).
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3.4 Discussion
As outlined in Chapter 1, the expression of the IEG Egr-1 was first postulated to play a critical
role in growth regulation due to its bi-directional response to opposing growth stimuli at the
peptide level. Specifically, the number of glucagonergic-immunoreactive amacrine cells
positively labelled for the Egr-1 peptide were shown to decrease during periods of elevated
ocular growth associated with diffuser-wear, while increasing in response to reduced growth
levels associated with positive lens-wear or diffuser removal92. Following this, a similar bidirectional response has been shown at the mRNA level across all species studied6, 10, 257, 377379, 386, 389

. Together, these findings suggest that Egr-1 may represent a conserved retinal

response in the signalling cascade underlying growth regulation, with work in mice supporting
a direct causal role in growth regulation381. To further test the robustness of Egr-1 as a
biomarker for the direction and state of ocular growth, this chapter investigated the expression
of this IEG in response to several additional growth modulating paradigms involving
pharmacological agents that each targeted a distinct receptor family diverse from each other.
3.4.1

Egr-1 mRNA levels were consistently suppressed by pharmacological agents that

maintained elevated growth rates
A number of pharmacological agents are capable of blocking the growth inhibition associated
with recovery from experimental myopia170,

251, 276, 287

. Two of the most studied of these

compounds are the dopamine D2 receptor antagonist spiperone and the GABAA receptor
agonist muscimol. If Egr-1 is a faithful marker of the state and direction of ocular growth, one
would expect the normal up-regulation in response to diffuser or negative lens removal to be
reversed by the administration of both compounds. Accordingly, this was the pattern observed
in the current study, further demonstrating Egr-1’s ability to faithfully signal the state of eye
growth. This suggests that although there are a small number of distinct biochemical
differences between FDM and LIM161, ultimately, the retinal pathways that underlie both
paradigms may well be the same. What differences there are between these two paradigms may
simply be associated with the type of blur being presented (i.e. loss of form-vision vs hyperopic
defocus) or the target endpoint of growth (i.e. an open- vs closed-loop system), rather than
differences in the regulatory pathways governing axial elongation.
Although spiperone can block the growth inhibition associated with recovery from
experimental myopia, when injected into otherwise normal eyes spiperone has been reported
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not to affect growth rates170, nor does it enhance the rate of growth associated with the
development of FDM170, 388. Accordingly, in this study, co-treatment with spiperone in formdeprived and negative lens-treated eyes did not show a further down-regulation in Egr-1
mRNA levels compared to FDM and LIM alone. Interestingly, muscimol has been reported to
induce myopic growth when administered to otherwise untreated eyes290. However, as is seen
with spiperone, muscimol does not appear to enhance the development of FDM290. Fittingly,
co-treatment with muscimol did not further reduce Egr-1 mRNA levels in diffuser or negative
lens-wearing eyes. The molecular findings, with respect to retinal Egr-1 levels, support
physiological measures which indicate neither drug enhances the development of experimental
myopia. This further demonstrates that Egr-1 can be used as a powerful molecular marker for
screening the effect of optical, pharmacological or environmental treatments on the rate of
ocular growth, especially for studies involving co-treatments which can be complex to analyse
at the physiological level. Importantly, the use of such a molecular marker allows one to know
the effect of a treatment on the state of ocular growth, specifically the state of retinal signalling,
within a very short timeframe (~ 1 hour), well before physiological changes are detectable
within the choroid or sclera.
3.4.2

Egr-1 mRNA levels faithfully indicate growth suppression in response to

pharmacological treatment
Animal studies have revealed a large and diverse array of pharmacological agents that can
block the excessive axial elongation normally associated with diffuser- or negative lens-wear.
This includes agents that target the muscarinic-cholinergic21, 200, 252, 253, 256, 258, 259, 264-267, 269-271,
390, 391

, dopaminergic170, 250, 255, 273, 274, 276, 278-280, 282, 283, GABAergic285-287, 289-291 and nitric oxide

systems292, to name just a few. If Egr-1 is a faithful biomarker for ocular growth rates, its downregulation in response to the development of experimental myopia should be reversed by these
growth suppressing agents. In line with this, work by Ashby and colleagues has previously
shown that the muscarinic antagonist atropine and the dopamine agonist ADTN reverse the
down-regulation of Egr-1 normally associated with the development of FDM257 and LIM377.
This chapter has built on these earlier findings, not only confirming the previously reported
effects of atropine and ADTN on Egr-1 expression, expanding the timepoints investigated, but
also demonstrating that pirenzepine (partially selective m1/m4 muscarinic antagonist),
CGP46381 (GABAB receptor antagonist), TPMPA (GABAA0r receptor antagonist), cis-andtrans-4-ACPBPA (GABAA0r receptor antagonist), and L-Arginine (nitric oxide synthase
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substrate) similarly reverse the down-regulation in Egr-1 expression normally associated with
both FDM and LIM.
The GABAA receptor antagonist bicuculline was also found to reverse the down-regulation in
Egr-1 mRNA levels associated with FDM and LIM. The effect of bicuculline on eye growth,
however, is less clear than the other compounds investigated. Specifically, an earlier study
reported that bicuculline had no effect on the development of FDM in chicks290, while a later
study reported it to be effective in the same species291. Supporting the later finding, the ability
of muscimol (GABAA receptor agonist) to block recovery from FDM is reduced when coadministered with bicuculline287. Taken together with its ability to reverse the down-regulation
of Egr-1 normally observed during the development of experimental myopia, this suggests
bicuculline is an effective growth suppressing agent.
Together, findings of this chapter suggest that no matter the target pathway of these
compounds, be it the cholinergic, dopaminergic, GABAergic or the nitric oxide system, a
reduction in ocular growth rates is associated with an up-regulation in retinal Egr-1 expression.
The mechanism by which such a diverse set of agents could lead to a change in Egr-1
expression is not yet clear. Glucagonergic amacrine cells have not been reported to express
receptors for each of these compounds, suggesting Egr-1 expression is not modulated through
direct cell binding. Instead, it is more likely that this diverse array of compounds modulates
pathways that converge on Egr-1 expressing cells within the retina.
3.4.3

Immunolocalization of Egr-1

A critical question that is yet to be resolved is which retinal cells and neural pathways are
involved in detecting and responding to visual inputs associated with growth regulation. As
part of this, it is therefore critical that we understand which retinal cells are associated with the
bi-directional expression in Egr-1 that is observed in response to opposing growth stimuli. As
noted, although expressed by numerous retinal cell-types (i.e. glucagonergic amacrine cells92
and bipolar cells92, 387), in the chick retina, growth associated changes in Egr-1 peptide levels
occur within a specific subpopulation of amacrine cells (mainly the glucagonergic amacrine
cells)92. Unfortunately, glucagonergic cells have not been detected in mammalian retina (rhesus
monkeys379 or mouse392), suggesting species differences in the localization of retinal Egr-1.
Instead, a study by Zhong and colleagues379 localized Egr-1 immunoreactivity in rhesus
monkeys to a subpopulation of GABAergic amacrine cells (including the glutamic acid
decarboxylase-65 (GAD65) immunoreactive amacrine cells) as well as in a subpopulation of
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ON-bipolar cells. In line with this, Egr-1 immunolocalization in guinea pigs appears to be in
displaced GABAergic amacrine cells386. However, it is unclear which of these retinal neurons
may show modulation in Egr-1 levels in response to growth stimuli in the mammalian retina.
3.4.4

Possible implications of the current findings

With Egr-1 showing a conserved bi-directional response, this raises the question whether it
could act as a clinical biomarker for the state of ocular growth. Such a molecular biomarker
would allow investigators to obtain an immediate snapshot of the state of eye growth rather
than having to wait for slower biological changes to manifest (i.e. choroidal thickness and
scleral growth). This would be especially advantageous when screening for the effectiveness
of preventive treatments, as changes in Egr-1 expression are detectable within minutes of the
growth rate of the eye being altered9, 16. Importantly, with work in mice showing a direct
causative link with ocular growth381, one area that needs to be investigated is whether Egr-1
could be a viable pharmacological or gene therapy target for the treatment of myopia. Although
Egr-1 is a potential biomarker for ocular growth rates, whether its altered expression can be
detected outside of the retina (i.e. in blood), providing a more feasible testing scenario, is not
yet known.
3.4.5

Other possible ocular biomarkers

Like Egr-1, several other molecules have been reported to show a bi-directional response to
opposing growth stimuli and warrant further investigation of their possible role in growth
regulation. These molecules include FBJ osteosarcoma oncogene (cFos)7, 67, 92, 385, 393, another
member of the IEG family like that of Egr-1 that will be investigated further in Chapter 4, as
well as glucagon93, 377, 394 and bone morphogenic protein-2 (BMP-2)72, 395, 396.
Transcriptome studies have reported a significant down-regulation in cFos mRNA levels
following the fitment of translucent diffusers (mice7) and negative lenses (tree shrew67), while
Fos-immunoreactivity is elevated following diffuser removal (chicks92 and tree shrews385).
Supporting a causal role for cFos in the regulation of ocular growth, inhibition of cFos
expression in the retina of untreated guinea pigs, by injection of a specific cFos antisense
oligonucleotide, induces significant levels of myopia (~ -5 D)393.
Glucagon, a 29-amino-acid-long peptide, first came to focus following the observation that the
number of glucagonergic amacrine cells positively labelled for Egr-1 was modulated bidirectionally to opposing growth stimuli92. Glucagon peptide and mRNA levels in the chick
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retina have since been reported to be down-regulated in periods of increased ocular growth
(translucent diffusers377 and negative lenses60, 93, 377), while choroidal peptide93 and retinal
mRNA394 levels are elevated in periods of reduced growth (positive lens-wear). Importantly,
in chicks, pharmacological evidence supports a role for glucagon in growth regulation, with
administration of glucagon or glucagon agonists inhibiting the development of experimental
myopia93, 94, 294, while glucagon antagonists inhibit compensation to positive lens-wear93, 94, 294.
It is still unclear, however, whether the mammalian retina harbours glucagonergic neurons as
such cells have not been detected in mice

392

or monkeys379 by immunohistochemistry.

Although glucagon itself has not been detected, the precursor to glucagon (preproglucagon), as
well as the glucagon receptor have been detected at the mRNA level in the mouse retina397.
The expression of BMP-2 mRNA levels in the RPE of chicks have been reported to show a bidirectional response, being down-regulated during negative lens-wear, and up-regulated
following the attachment of positive lenses72. Although no changes in BMP-2 mRNA
expression have been observed within the chick retina395, a bi-directional retinal response is
seen at the peptide level in the guinea pig396.
It should be noted that while molecules that show a bi-directional response to opposing growth
stimuli are of immediate interest, this assumes that the same pathways are modulated during
the induction and prevention of myopia, but in opposing directions. However, it may well be
that different pathways underlie myopia induction (increased growth) and prevention
(decreased growth). For this reason, caution should be taken in discounting a role for a specific
molecule in growth regulation simply because they do not show a bi-directional response.
3.5 Conclusions
The robustness of Egr-1 as a biomarker for ocular growth rates was investigated across a wide
range of growth modulating paradigms. These paradigms represented a diverse array of
modalities, with pharmacological agents that targeted acetylcholine, dopamine, GABA and
nitric oxide, as well as optical interventions involving the induction and recovery from FDM
and LIM. For all paradigms, Egr-1 faithfully indicated the direction of eye growth, with
expression levels decreasing in response to enhanced growth, while rising above those seen in
myopic eyes in response to suppressed growth. Therefore, this chapter has demonstrated the
ability of Egr-1 to faithfully signal the state of eye growth and act as an accurate and reliable
biomarker in the chicken retina.
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Chapter 4: Elucidating the molecular signals underlying the
regulation of ocular growth
4.1 Introduction
As outlined in Chapter 1, a diverse array of pharmacological compounds, targeting a wide
variety of receptors, have been shown to inhibit the development of experimental myopia in
animal models. These agents target systems as diverse as acetylcholine21,

200, 252-271

,

dopamine170, 172, 250, 257, 272-284, GABA285-291, nitric oxide292, adenosine301-304, glucagon93, 94, 294,
retinoic acid295, melatonin172,

297, 298

, serotonin296, neuropeptides such as VIP299, and

prostaglandins300. This suggests that ocular growth can be modulated through multiple retinal
pathways that may or may not be interrelated. Despite this complexity, each of these
pharmacological agents leads to a common set of biological outcomes, namely choroidal
expansion and reduced scleral growth. Such a well-defined set of physiological changes would
suggest that, irrespective of the method by which growth is manipulated, a conserved set of
signals, emanating from the retina, may ultimately underlie these processes. As shown in
Chapter 3, in agreement with this hypothesis, the retinal expression of the immediate early gene
(IEG) early growth response-1 (Egr-1) faithfully indicates the direction of eye growth in
response to a diverse array of growth modulating paradigms. This chapter expands on this work
by examining, at the transcriptome level, whether the retina shows other conserved molecular
changes critical to growth regulation.
To address this question, the transcriptional profile of the retina will be investigated in response
to five well-established growth suppressing paradigms to determine the degree of overlap in
molecular signalling observed. These paradigms include recovery from form-deprivation
myopia (FDM)143,

145

, as well as the injection of the non-selective muscarinic-cholinergic

antagonist atropine21,

200, 252-264

, the partially selective muscarinic-cholinergic antagonist

pirenzepine259, 265-270, the dopamine D2 agonist ADTN170, 257, 377, and the GABAAOr receptor
antagonist TPMPA286, 287, 290, 291 into form-deprived eyes. In so doing, this chapter hopes to
better define those changes that are critical to modulating choroidal thickness and scleral growth
rates, and hence, regulating ocular growth. Such definition is essential as, with the increasing
use of large-scale screening technologies, the list of possible growth modulators has
significantly expanded5-22, 365, 398. Specifically, enrichment analysis at the transcriptome and
proteome level has implicated over 5,000 molecules in the development of experimental
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myopia. Unfortunately, limited overlap is observed in the molecular changes reported between
studies, making it difficult to determine which of these molecules may have a causal
relationship with the development or prevention of experimental myopia. This lack of
concordance was one of the driving factors for undertaking this study. Specifically, by
determining those changes that are conserved across a wide spectrum of growth-modulating
paradigms, we may better define the molecules critical for regulating the physiological changes
underlying ocular growth.
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4.2 Methods
Details on animal housing, induction and recovery from FDM, tissue collection, and tissue
preparation for semi quantitative Real Time Polymerase Chain Reaction (sqRT-PCR) are given
in the general methods section (Chapter 2).
4.2.1

Experimental Design

To study the retinal transcriptome changes in response to different forms of myopia inhibition,
chicks were split into one of the following six experimental groups;
1. Age-matched untreated controls (Figure 4.1 A);
2. Myopia induction: chicks were fitted with translucent diffusers (Figure 4.1 B);
3. Prevention of myopia induction through inhibition of the muscarinic-cholinergic
system: immediately prior to the fitment of translucent diffusers, intravitreal injection
of the non-selective muscarinic-cholinergic antagonist atropine or the partially selective
m1/m4 muscarinic-cholinergic antagonist pirenzepine was given (Figure 4.1 C);
4. Prevention of myopia induction through stimulation of the dopaminergic system:
immediately prior to the fitment of translucent diffusers, intravitreal injection of the
dopamine D2 receptor agonist ADTN was given (Figure 4.1 C);
5. Prevention of myopia induction through inhibition of the GABAergic system:
immediately prior to the fitment of translucent diffusers, intravitreal injection of the
GABAAOr receptor antagonist TPMPA was given (Figure 4.1 C);
6. Recovery from experimental myopia: removal of translucent diffusers following three
days of wear (Figure 4.1 D).
For each of the six experimental groups, retinal samples were collected 4 and 24 hours after the
commencement of treatment (n=4 per condition, per time-point). As can be seen in Figure 4.1,
the totality of the experimental period is 28 hours, with the 24-hour timepoint representing the
time since the last collection. For pharmacological treatment (groups 3-5), a single intravitreal
injection was made into the form-deprived (left) eye, under light anaesthesia (detailed in
Chapter 2, section 2.2.5), immediately prior to the attachment of a translucent diffuser. For the
24-hour timepoint, a second intravitreal injection was given the following day, 4 hours prior to
retinal tissue collection.
For all drug administration, a 10 µL intravitreal injection was given at the following doses:
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-

Atropine- 25 mM solution (173.7 µg) (A10236 – Thermo Fisher Scientific, Scoresby,
VIC, Australia);

-

Pirenzepine- 170 mM solution (721 µg) (P7412 – Sigma-Aldrich, Castle Hill, NSW,
Australia);

-

ADTN- 10 mM solution (26 µg) (ab120150 – Abcam, Melbourne, VIC, Australia);

-

TPMPA- 18.6 mM solution (29 µg) (T200 – Sigma-Aldrich, Castle Hill, NSW,
Australia).

Drug concentrations were chosen based on previously reported data on effectiveness257, 265, 287,
377

.

4.2.2

Library preparation for Next Generation Sequencing

Prior to library construction, to ensure all tissue to be sequenced originated from male chickens,
sqRT-PCR was undertaken against the Ubiquitin associated protein 2 (UBAP2) gene
(NM_001277104.1; Forward sequence: 5’ – TGTAATGGGGATGTGAACAG – 3’ and
reverse sequence 5’ – GATCTGTCCACTCCATTCTC – 3’). For male chicks, UBAP2 mRNA
expression should not be detected as it is located on the female W chromosome (males are
homogametic, containing two copies of the Z chromosome, while females are heterogametic
containing chromosomes Z and W)399, 400. As determined by RNA-sequencing data obtained
from the National Center for Biotechnology Information (NCBI) gene database, UBAP2 is
consistently expressed by all tissue types in female chickens, but not males.
Following RNA extraction from retinal tissue using the protocol outlined in Chapter 2 (sections
2.4.1 and 2.4.2), RNA integrity was determined by gel electrophoresis and quantified using a
Nano-Drop spectrophotometer as well as a 2100 Bioanalyser (Agilent Technologies, Australia),
using an RNA 6000 Nano LabChip to obtain the RNA Integrity Number (RIN). Only samples
with a RIN greater than 7.0 were used for library construction.
For Illumina high throughput next-generation sequencing, RNA libraries were prepared
following the manufacturer’s instructions (NEBNext® Ultra Directional RNA Library Kit for
Illumina (E7420L), New England BioLabs). Libraries were prepared from total RNA extracted
from four biological replicates per timepoint per condition. Libraries were validated on a 2100
Bioanalyser (Agilent Technologies, Australia), using a DNA 1000 LabChip. Sequencing was
carried out at the Ramaciotti Centre for Genomics (Faculty of Science, University of New South
Wales, Sydney, Australia) on an Illumina NextSeq 500 platform.
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Figure 4.1. Experimental timeline; chicks were given six days to become accustomed to their
surrounding (salmon bars) prior to the commencement of experiments. (A) For age-matched
untreated controls, retinal tissue was collected 4 or 24 hours from the beginning of the light
phase on day 7 (dashed arrows); (B) for the development of form-deprivation myopia (FDM),
chicks were fitted with translucent diffusers at the commencement of the light phase on day 7,
with retinal tissue collected 4 or 24 hours following diffuser attachment (dashed arrows); (C)
for the intravitreal administration of atropine, pirenzepine, ADTN or TPMPA, each compound
was administered immediately prior to the fitment of translucent diffusers on day 7. For the 24hour timepoint, a second intravitreal injection was given on day 8, 4 hours prior to retinal tissue
collection (dashed arrows); (D) for recovery from FDM, chicks were fitted with translucent
diffusers, on day 7, for a period of three days to induce myopia. Following this, diffusers were
removed for a period of 4 or 24 hours at which point retinal tissue was collected (dashed
arrows).
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4.2.3

Mapping of sequencing reads and transcriptome analysis

Reads were adapter stripped using the Trimmomatic software v0.36 (ILLUMINACLIP:
TruSeq3-PE.fa:2:30:10 LEADING:3 TRAILING:3 MINLEN:37) and mapped onto the
ENSEMBL chicken genome (GalGal5) using the program HISAT2 (v2.1) with the following
parameters: --no-unal --rna-strandness RF --no-mixed. Counts for ENSEMBL transcripts
(GTFv5.0.91) were obtained using analyzeRNA.pl (HOMER package) with the following
parameters: -noadj -pc 3 -count exons -strand +, and raw counts were used for differential gene
expression after normalisation (EdgeR) and the removal of batch effect as a factor (Limma)
(Bioconductor release 3.6). The range of reads that uniquely mapped to each gene was 7988.5%.
For differential expression analysis, genes with multiple transcripts were limited to the one with
the highest counts. Only transcripts with at least five counts per million (CPM) in at least three
of the four biological replicates across all treatments and timepoints were considered. Four
replicates per condition were sequenced, however after removing libraries with low counts, two
conditions (4 hours diffuser removal and 24 hours untreated control) were left with three
biological replicates. To visualise the outcome of each treatment on gene expression, a principle
component analysis (PCA) was undertaken (Figure 4.2). PCA is a statistical procedure that
allows gene expression data to be transformed into a two-dimensional representation based on
what best accounts for the variability/differences (principle components (PC)) observed
between treatments. Samples that show similar patterns of change in their expression profile
(variability) will cluster, thus allowing a visual representation of treatment effect. PCA was
undertaken on expression data that was normalised, batch corrected and converted to log CPM
for each treatment.
Differentially expressed genes were called at a false discovery rate (FDR) of 15% and a fold
change of ± 0.5, with a fold change of zero indicating no change. Volcano (scatter) plots, which
display statistical significance (y-axis, -log10 FDR) versus the magnitude of expression change
seen for each gene (x-axis, fold change), are shown in Figures 4.3 and 4.4 for 4 and 24 hours
of treatment respectively. Volcano plots aided in the visual representation of significant changes
in such large datasets.
To determine which biological pathways are associated with those genes found to be
differentially expressed, gene set enrichment analyses in Gene Ontology (GO) terms and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathways were obtained using findMotifs.pl
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script (HOMER package) with a human promoter set as an argument. Enriched human
pathways, using hypergeometric distribution, were called against a background file containing
all genes, with a P value cut-off of less than 0.05.
For the ease of analysis, differentially expressed genes were categorised according to Figure
4.5. For FDM, differential expression was determined relative to age-matched untreated control
values, while for the five growth inhibiting treatments, differential expression was determined
relative to FDM values. For analysing the overlap in the gene expression profile between
growth inhibitory treatments, a gene found to be differentially expressed in the same direction
within the majority of treatments (≥ 3 out of 5 treatments) was classed as the ‘common state’,
while differential changes that were observed in all five treatments was classed as the
‘conserved state’.
To determine how the expression profile from each of the five growth inhibitory treatments
clustered together, hierarchical clustering was performed by using the heatmap.2 function in
EdgeR. The heatmap, produced from all differentially expressed genes (fold change), contained
a column dendrogram illustrating how the growth inhibitory treatments clustered according to
a defined distance (Pearson correlation).
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Figure 4.2. Principal component analysis (PCA) for all replicates per condition; a principle
component analysis (PCA) is a statistical procedure that transforms gene expression data into a
two-dimensional representation based on what best accounts for the variability/differences
(principle components (PC)) observed between treatments. Samples that show similar patterns
of change in their expression profile (variability) will cluster allowing a visual representation
of treatment effect. PCA was undertaken on expression data that was normalised, batch
corrected and converted to log counts per million for each treatment at (A) 4 hours and (B) 24
hours. As can be seen, each replicate per condition clusters strongly.
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Figure 4.3. Volcano plots following 4 hours of treatment; volcano plots, which display statistical significance (-log10 false discovery rate)
relative to fold change, were undertaken on normalised and batch corrected data following 4 hours of: (A) induction or (B) recovery from formdeprivation myopia (FDM), or the administration into diffuser-treated eyes of (C) atropine; (D) pirenzepine; (E) ADTN; and (F) TPMPA. Black
dots represent non-differentially expressed genes; grey dots represent genes that made the fold change cut-off of ± 0.5 but were not statistically
significant (FDR ≥ 15%); orange dots represent differentially expressed genes (FDR ≤ 15%, fold change ± 0.5); while blue triangles represent
those genes that showed a conserved statistically significant change across all five growth inhibitory treatments (31 in total). As can be seen, FDM
was mainly associated with a down-regulation in gene expression, while the five inhibitory treatments were primarily associated with an upregulation in gene expression.
81

24 hours FDM vs FDM Recovery

E.

Fold change

C.

24 hours FDM vs Atropine

-log10 (FDR)

Fold change
24 hours FDM vs ADTN

F.
D

Fold change
24 hours FDM vs TPMPA

-log10 (FDR)

-log10 (FDR)

Fold change
24 hours FDM vs Pirenzepine

-log10 (FDR)

D.

B.
D

-log10 (FDR)

24 hours Untreated vs FDM

-log10 (FDR)

A.

Fold change

Fold change

Figure 4.4. Volcano plots following 24 hours of treatment; volcano plots, which display statistical significance (-log10 false discovery rate)
relative to fold change, were undertaken on normalised and batch corrected data following 24 hours of: (A) induction or (B) recovery from formdeprivation myopia (FDM), or the administration into diffuser-treated eyes of (C) atropine; (D) pirenzepine; (E) ADTN; and (F) TPMPA. Black
dots represent non-differentially expressed genes; grey dots represent genes that made the fold change cut-off of ± 0.5 but were not statistically
significant (FDR ≥ 15%); orange dots represent differentially expressed genes (FDR ≤ 15%, fold change ± 0.5); while blue triangles represent
those genes that showed a conserved statistically significant change across all five growth inhibitory treatments (6 genes in total). A roughly equal
distribution between up- and down-regulated genes was seen across all investigated conditions.
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Figure 4.5. Flowchart showing the categories of differentially expressed genes; myopia
induction by form-deprivation myopia (FDM) either resulted in a significant up- or downregulation in retinal gene expression relative to age-matched untreated controls or remained
statistically unchanged. The five growth inhibitory treatments either resulted in a significant
up- or down-regulation in gene expression levels relative to FDM or remained statistically
unchanged relative to FDM.
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4.3 Results
4.3.1

Gene expression profile during myopia induction

Following 4 hours of diffuser-wear (form-deprivation myopia (FDM)), 136 transcripts, of a
possible 10,361 transcripts detected, were found to be differentially expressed within the retina
relative to age-matched untreated control birds (Table 4.1). Of these differential changes, 110
transcripts were observed to be down-regulated during FDM and 26 were observed to be upregulated relative to untreated expression values.
After 24 hours of diffuser-wear, 142 transcripts, of a possible 10,182 transcripts detected, were
differentially expressed relative to age-matched untreated control values, with 63 transcripts
observed to be down-regulated and 79 up-regulated (Table 4.1). Limited overlap was seen in
the expression profile across timepoints during the development of FDM, a trend observed for
all treatments (see below), with only 26 of the 136 transcripts observed to be differentially
expressed at 4 hours (~19%), still showing differential expression at 24 hours (Table 4.1). At
first glance, the dissimilarity in the molecular profile seen at each timepoint would suggest
distinct difference in the retinal pathways active at the earlier (4 hours) and later stage (24 hours)
of growth modulation. However, as detailed below, this was not the case, with considerable
overlap seen at the pathway level.
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Treatment

Compared
against

No. of downregulated transcripts
4 hours
24 hours

No. of up-regulated
transcripts
4 hours 24 hours

Range
(fold change)
4 hours
24 hours

Overlap between
timepoints

FDM

Control

110

63

26

79

-3.53 to +1.65

-1.26 to +9.29

26 (9%)

Atropine

FDM

96

139

278

113

-1.99 to +5.63

-2.48 to +2.36

67 (11%)

Pirenzepine

FDM

128

58

217

158

-1.71 to +2.94

-2.27 to +2.62

108 (19%)

ADTN

FDM

44

27

130

43

-1.34 to +2.84

-2.06 to +1.63

23 (9%)

TPMPA

FDM

29

144

196

134

-1.18 to +3.16

-5.39 to +1.76

41 (8%)

Recovery from FDM

FDM

35

94

137

156

-0.96 to +3.20

-2.14 to +2.10

42 (10%)

Table 4.1. Number and direction of differentially expressed transcripts per condition at each timepoint; a fold change of zero indicates no
change in expression levels, with a negative value indicating a decrease and a positive value indicating an increase in expression. Most differential
changes for both timepoints were small in magnitude (column 7 and 8), with limited overlap in the expression profile observed between timepoints.
FDM (form-deprivation myopia). n=4 per treatment per timepoint.
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4.3.2

Distinct commonalities are seen in the gene expression profile in all growth inhibitory

treatments
As outlined in the methods, for the analysis of overlap in the gene expression profile between
growth inhibitory treatments, a gene found to be differentially expressed in the same direction
within the majority of treatments (≥ 3 out of 5 treatments) was classed as the ‘common state’
observed while differential changes that were observed in all five treatments was classed as the
‘conserved state’.
Following 4 hours of treatment, there was significant overlap in the expression profile seen in
response to the growth inhibitory treatments (Figure 4.6 A). Specifically, of the 607 genes that
showed differential expression in response to one or more growth inhibitory treatments relative
to FDM, 201 genes were common to three or more treatments, representing 33% of the
expression profile (Appendix Table 8.2). Of this, 107 were seen in three out of the five
treatments (53%), 63 were seen in four out of the five treatments (31%), while 31 were
conserved across all five treatments (15%) (Table 4.2). Within the remaining differentially
expressed genes that were not classed as representing the common state, 156 genes were
observed to be differentially expressed in only two treatments (26%), while 250 genes were
unique to a single treatment (41%).
Interestingly, it was hypothesised that the growth inhibitory treatments would predominantly
act to reverse or block changes in gene expression seen in response to FDM. Instead, most of
the genes common to three or more treatments were unaffected during FDM (148 genes, 74%),
and therefore represented a unique response to the treatment paradigms (Figure 4.7 A; Figure
4.8 A; Figure 4.9 A). Most of these unique genes (112 of 148 genes, 76%) showed an increased
expression level in response to treatment. Of the smaller group of genes that were affected by
both FDM and the inhibitory treatments (53 genes, 26%), treatment primarily reversed the
down-regulation in expression seen in response to FDM (48 out of the 53 genes, 91%).
Unlike what was seen at 4 hours, the overlap in the expression profile seen in response to the
growth inhibitory treatments was much less at 24 hours (Figure 4.6 B). Specifically, only 80 of
762 differentially expressed genes detected across all paradigms showed a consistent
differential expression profile in three or more treatments, representing a common gene set of
only 8% compared to 33% at 4 hours (Appendix Table 8.2). Importantly, only the differential
expression profile of 6 genes was conserved across all five treatments relative to 31 genes at 4
hours (Table 4.3). Of the remaining 80 genes that were common but not conserved in their
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expression, 10 were seen in four out of five treatments (12%), while 64 were seen in three out
of five treatments (80%).
As was observed at 4 hours, the vast majority of the genes common to growth inhibition at 24
hours represented a unique response (58 of 80 genes, 73%), with their expression unaltered in
retinal tissue during the development of FDM (Figure 4.7 B; Figure 4.8 B; Figure 4.9 B). Again,
most of these genes were up-regulated in response to the growth inhibitory treatments (39
genes). As seen at 4 hours, within the smaller group of genes affected by both FDM and
treatment (22 genes, 27%), growth inhibitory treatments primarily reversed the downregulation in expression seen in response to FDM (14 out of the 22 genes, 64%).
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Figure 4.6. Venn diagrams for all differentially expressed genes per condition following 4 and 24 hours of treatment; Venn diagrams were
prepared to visualise overlap in the expression profile (differentially expressed genes) for all five growth inhibitory treatments following (A) 4
hours or (B) 24 hours. Numbers in grey represent those genes found to be differentially expressed in only one or two of the conditions, therefore
not representative of the common state. Those numbers in bold indicate differentially expressed genes that were common to three or more inhibitory
treatments (common state), while the underlined numbers in the centre of the diagram, where all five circles intersect, represent genes that were
differentially expressed in all five conditions and therefore represented a conserved change (conserved state).
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Figure 4.7. Flowchart of differentially expressed genes in response to treatment; the flowcharts are divided into (A) 4 hours, and (B) 24 hours
of treatment. The first number at the end of each arrow represents the total number of genes found to be differentially expressed in response to one
or more of the growth inhibitory treatments. The second number, displayed in brackets, represents the number of these genes in the common state
(genes differentially expressed in the same direction in three or more of the five inhibitory treatments). The final numbers, given after the dash
line, indicates the number of genes conserved to all five inhibitory treatments (conserved state).
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Transcript ID

Gene
Name

Gene Description

FDM relative
to Control

Treatment
relative to FDM

ENSGALT00000057421

CNGA3

Cyclic nucleotide-gated channel
cone photoreceptor subunit alpha

Unchanged

Down-regulated

ENSGALT00000078589

CPLX4

Complexin 4

Unchanged

Down-regulated

Uncharacterised protein

Unchanged

Down-regulated

Aryl hydrocarbon receptor nuclear
translocator like
Cytokine-inducible SH2containing protein
Cyclic nucleotide gated channel
beta 1
Endonuclease/exonuclease/phosph
atase family domain containing 1

Down-regulated

Up-regulated

Down-regulated

Up-regulated

Down-regulated

Up-regulated

Down-regulated

Up-regulated

ENSGALT00000043589
ENSGALT00000078497

ARNTL

ENSGALT00000003543

CISH

ENSGALT00000060338

CNGB1

ENSGALT00000055028

EEPD1

ENSGALT00000065042

EGR1

Early growth response 1

Down-regulated

Up-regulated

ENSGALT00000043488

FOS

Proto-oncogene c-Fos

Down-regulated

Up-regulated

ENSGALT00000040292

G0S2

G0/G1 switch 2

Down-regulated

Up-regulated

ENSGALT00000078277

GLI1

GLI family zinc finger 1 (GLI1)

Down-regulated

Up-regulated

ENSGALT00000040572

MYCL

MYCL proto-oncogene, bHLH
transcription factor

Down-regulated

Up-regulated

ENSGALT00000054494

NAB2

NGFI-A binding protein 2

Down-regulated

Up-regulated

ENSGALT00000024541

NFIL3

Nuclear factor, interleukin 3
regulated

Down-regulated

Up-regulated

ENSGALT00000066852

NPAS2

Neuronal PAS domain protein 2

Down-regulated

Up-regulated

ENSGALT00000024824

PRDM1

PR/SET domain 1

Down-regulated

Up-regulated

ENSGALT00000063785

PXDNL

Peroxidasin like

Down-regulated

Up-regulated

ENSGALT00000004154

SRRL

Serine racemase-like

Down-regulated

Up-regulated

ENSGALT00000031945

TGFB2

Transforming growth factor beta 2

Down-regulated

Up-regulated

ENSGALT00000055651

TNS1

Tensin 1

Down-regulated

Up-regulated

ENSGALT00000089849

TPH1

Tryptophan hydroxylase 1

Down-regulated

Up-regulated

Uncharacterised protein

Down-regulated

Up-regulated

ENSGALT00000085844
ENSGALT00000005611

BAIAP2L1

BAI1 associated protein 2 like 1

Unchanged

Up-regulated

ENSGALT00000009017

F3

Coagulation factor III

Unchanged

Up-regulated

ENSGALT00000005663

FN1

Fibronectin 1

Unchanged

Up-regulated

ENSGALT00000011730

PLEKHO2

Pleckstrin homology domain
containing O2

Unchanged

Up-regulated

ENSGALT00000056620

SHC1

SHC adaptor protein 1

Unchanged

Up-regulated

ENSGALT00000031579

WDCP

Unchanged

Up-regulated

ENSGALT00000058315

WD repeat and coiled coil
containing
Uncharacterised protein

Unchanged

Up-regulated

ENSGALT00000076912

Uncharacterised protein

Unchanged

Up-regulated

ENSGALT00000084719

Uncharacterised protein

Unchanged

Up-regulated

Table 4.2. List of genes conserved across all five growth inhibitory treatments following 4
hours; differentially expressed genes (with a false discovery rate (FDR) of ≤15% and a fold
change ± 0.5) were in the conserved state if they were expressed in the same direction in all
five growth inhibitory treatments (atropine, pirenzepine, ADTN, TPMPA and recovery from
form-deprivation myopia (FDM)) relative to FDM. Following 4 hours of treatment, 31 genes
were conserved across the inhibitory treatments.
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Transcript ID

Gene
Name

Gene Description

FDM relative
to Control

Treatment
relative to FDM

ENSGALT00000060767

SYNPO2L

Synaptopodin 2 like

Unchanged

Down-regulated

ENSGALT00000016132

COCH

Cochlin

Up-regulated

Down-regulated

ENSGALT00000065042

EGR1

Early growth response 1

Down-regulated

Up-regulated

ENSGALT00000043488

FOS

Proto-oncogene c-Fos

Down-regulated

Up-regulated

ENSGALT00000054494

NAB2

NGFI-A binding protein 2

Unchanged

Up-regulated

ENSGALT00000011730

PLEKHO2

Pleckstrin homology domain
containing O2

Unchanged

Up-regulated

Table 4.3. List of genes conserved across all five growth inhibitory treatments following
24 hours; differentially expressed genes (with a false discovery rate (FDR) of ≤15% and a fold
change ± 0.5) were in the conserved state if they were expressed in the same direction in all
five growth inhibitory treatments (atropine, pirenzepine, ADTN, TPMPA and recovery from
form-deprivation myopia (FDM)) relative to FDM. Following 24 hours of treatment, 6 genes
were conserved across the inhibitory treatments.
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Figure 4.8. Heatmap plotting fold change of differentially expressed genes; genes differentially expressed in response to each condition
investigated following (A) 4 hours and (B) 24 hours of treatment. A down-regulation in gene expression is denoted in red, while an up-regulation
is denoted in blue. Differential gene expression in diffuser-wear (form-deprivation myopia (FDM)) is calculated relative to untreated controls while
all five growth inhibitory treatments are relative to FDM. As can be seen, at both timepoints, the majority of differentially expressed genes were
unaffected by FDM. Of the smaller group of genes that were affected by both FDM and the inhibitory treatments, the treatments primarily reversed
the down-regulation in expression seen in response to FDM.
92

Figure 4.9. Heatmap plotting batch corrected and logged counts per million (CPM) values of differentially expressed genes; individual
replicates are plotted for each investigated condition following (A) 4 hours and (B) 24 hours of treatment. A down-regulation in gene expression
is denoted in red, while an up-regulation is denoted in blue. Diffuser-wear (form-deprivation myopia (FDM)) is relative to untreated controls while
all five growth inhibitory treatments are relative to FDM. This figure complements Figure 4.8 by showing the expression profile for all individual
replicates per condition.
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4.3.3

Limited overlap in the expression profile is observed across timepoints for the growth

inhibitory treatments
Of the 201 genes observed to show a common differential expression profile following 4 hours,
only 29 of these genes remained common at 24 hours in response to growth inhibition,
representing only a 14% overlap. This followed a similar trend to that seen in response to FDM,
or in response to each of the treatments individually, with distinctly different expression profiles
seen at 4 and 24 hours (Table 4.1). This suggests distinct differences in the retinal pathways
active at the earlier (4 hours) and later stage (24 hours) of growth regulation in the eye.
With respect to conserved changes (those seen in all five inhibitory treatments), only four genes
showed preserved differential expression across both timepoints (Egr-1, cellular FBJ murine
osteosarcoma (cFos), NGFI-A binding protein 2 (NAB2), and pleckstrin homology domain
containing O2 (PLEKHO2)). Each of these genes displayed increased retinal expression at 4
and 24 hours in response to treatment. In myopic eyes, three of these genes were downregulated at 4 hours relative to control values (Egr-1, cFos and NAB2), with PLEKHO2
remaining unchanged. At 24 hours, Egr-1 and cFos both remained down-regulated in myopic
eyes, while NAB2 and PLEKHO2 showed no difference in their expression relative to control
values.
4.3.4

Hierarchical clustering of treatment effect

At 4 hours, hierarchical clustering illustrated that the pharmacological agents atropine,
pirenzepine and ADTN were more closely aligned in their profile, with the GABAergic agent
TPMPA and the optical method of diffuser removal (recovery from FDM) showing distinctly
different profiles. As expected, the muscarinic antagonists atropine and pirenzepine clustered
most strongly at 4 hours of treatment (Figure 4.10 A).
At 24 hours, each of the four drug treatments cluster separately from recovery from FDM.
Interestingly, although atropine and pirenzepine were still derived from the same branch of the
dendrogram, the dopamine D2 receptor agonist ADTN clustered more closely with atropine
than did pirenzepine (Figure 4.10 B). At both 4 and 24 hours, the GABAergic antagonist
TPMPA and the optical method of diffuser removal showed the lowest clustering, with a profile
more distinct from that seen with the other pharmacological paradigms (Figure 4.10).
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Figure 4.10. Hierarchical clustering of the five growth inhibitory treatments investigated;
(A) 4 hours and (B) 24 hours of treatment. Atropine and pirenzepine, both muscariniccholinergic antagonists, cluster together at 4 hours, while at 24 hours, ADTN, a dopamine D2
agonist, clusters greater with atropine. TPMPA, a GABAergic antagonist, showed the lowest
clustering of the pharmacological agents studied, while recovery from form-deprivation myopia
(FDM), the only optical prevention paradigm investigated, showed a distinctly different profile
at both timepoints.
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4.3.5

Gene Ontology (GO)– myopia induction and its prevention both strongly modulate

developmental processes
GO analysis, which groups genes into predefined categories based on their broad biological
roles, was undertaken for those genes showing a common expression profile in three or more
of the growth inhibitory treatments and for those genes differentially expressed in retinal tissue
from myopic eyes. The top twenty GO terms, based on a p-value cut-off of less than 0.05,
returned from the categories of ‘biological processes’ and ‘molecular function’ are shown in
Figure 4.11 and Figure 4.12 for both 4 and 24 hours respectively.
At 4 hours, the top 20 GO terms for FDM indicated gene enrichment in developmental
processes, kinase and phosphatase activity and amino acid metabolism and transport (Figure
4.11 A). By 24 hours, enrichment was still seen in developmental processes, with the remaining
top 20 categories representing receptor binding and visual functions (visual perception and
photoreceptor activity) (Figure 4.12 A).
At 4 hours, the inhibitory treatments also showed enrichment in developmental processes and
visual function. The remaining top 20 categories were associated with transcription factor
binding and activity, as well as insulin-like growth factor binding, a category that has previously
been implicated in myopia development64, 293, 294, 401 (Figure 4.11 B). By 24 hours, transcription
factor binding and activity were still within the top 20 enriched GO terms, with the remaining
categories representing metabolic processes and guanylate and adenylate cyclase activity
(Figure 4.12 B).
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Figure 4.11. Histograms from GO enrichment following 4 hours of treatment; statistical
significance of enrichment of GO terms (Biological Processes and Molecular Function) from
differentially expressed genes following (A) myopia induction (form-deprivation myopia
(FDM)) and (B) myopia inhibition after 4 hours of treatment. GO terms for myopia inhibition
have been obtained from the differentially expressed genes that were common to three or more
of the treatments. The black vertical lines indicate the significance cut-off (p<0.05).
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Figure 4.12. Histograms from GO enrichment following 24 hours of treatment; statistical
significance of enrichment of GO terms (Biological Processes and Molecular Function) from
differentially expressed genes following (A) myopia induction (form-deprivation myopia
(FDM)) and (B) myopia inhibition after 24 hours of treatment. GO terms for myopia inhibition
have been obtained from the differentially expressed genes that were common to three or more
of the treatments. The black vertical lines indicate the significance cut-off (p<0.05).
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4.3.6

Kyoto Encyclopaedia of Genes and Genomes (KEGG) pathway analysis– myopia

induction and its prevention strongly modulate cell signalling, circadian entrainment and
metabolic processes but in opposite directions
As with GO terms, KEGG pathway analysis was undertaken for those genes showing a common
expression profile in three or more inhibitory treatments (common state) and for those genes
differentially expressed in FDM eyes. The top 20 returns for KEGG pathways analysis, using
a cut-off of p<0.05, for FDM and inhibitory treatments are shown in Figure 4.13 and 4.14 for
both 4 and 24 hours respectively.
KEGG analysis of retinal samples from myopic eyes after 4 hours of treatment illustrated
significant enrichment in genes involved in cell signalling (JAK-STAT, MAPK, AGE-RAGE,
PI3K-Akt, TGFβ, Hedgehog, cAMP, and HIF-1), with the majority of pathways showing strong
interlinking with phototransduction, macromolecule biosynthesis (steroid and amino acids) and
circadian entrainment/rhythm (Figure 4.13 A). At 24 hours, enrichment remained within
pathways associated with cell signalling (PI3K-Akt, MAPK, AGE-RAGE, Hedgehog, cGMPPKG, Apelin, Ras and TGFβ) and circadian entrainment. In addition, gene enrichment was
observed in focal adhesion, metabolic processes, and actin cytoskeleton regulation (Figure 4.14
A).
With respect to the growth inhibitory treatments, KEGG analysis indicated significant overlap
with pathways seen during FDM (70% overlap at 4 hours (Figure 4.13 B) and 45% overlap at
24 hours (Figure 4.14 B)). The primary difference was the direction of change, with FDM
leading to a general down-regulation in gene expression, while the opposite was observed
during myopia inhibition.
At 4 hours, myopia inhibition was associated with gene enrichment in those pathways
associated with cell signalling (JAK-STAT, Hedgehog, cAMP, HIF-1, PI3K-Akt and MAPK),
phototransduction, and circadian entrainment/rhythm (Figure 4.13 B). This pattern remained at
24 hours (Figure 4.14 B), with additional cell signalling pathways observed, including AGERAGE, Apelin, TGFβ, and cGMP-PKG. Circadian entrainment also remained enriched, as were
additional pathways associated with metabolic processes (retinol metabolism).
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Figure 4.13. Histograms from KEGG pathway analysis following 4 hours of treatment;
KEGG pathways for myopia inhibition were obtained from the differentially expressed genes
common to three or more of the treatments (common state). The vertical white lines indicate
the significance cut-off (p<0.05), while the pathway names indicated in red are those that
overlap between (A) myopia induction (form-deprivation myopia (FDM)) and (B) myopia
inhibition following 4 hours of treatment.
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Figure 4.14. Histograms from KEGG pathway analysis following 24 hours of treatment;
KEGG pathways for myopia inhibition were obtained from the differentially expressed genes
that were common to three or more of the treatments (common state). The vertical white lines
indicate the significance cut-off (p<0.05), while the pathway names indicated in red are those
that overlap between (A) myopia induction (form-deprivation myopia (FDM)) and (B) myopia
inhibition following 24 hours of treatment.
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4.3.7

Pathways of interest

One of the strongest KEGG outputs associated with both FDM and its prevention was the
regulation of JAK-STAT and its associated cell signalling pathways (cAMP, HIF-1, PI3K-Akt
and MAPK). Following 4 hours of FDM, 26 genes were differentially expressed within JAKSTAT and its associated pathways, with the majority of these genes (23) being down-regulated
(Figure 4.15 A). In contrast, 4 hours of growth inhibition saw the differential expression of 39
genes within the same pathway network, but this time, the majority (29) were up-regulated
(Figure 4.15 B). A similar trend was seen at 24 hours for both FDM (Figure 4.16 A) and its
prevention (Figure 4.16 B), although a more even split in the direction of differential expression
was observed.
Another grouping of biological pathways, previously implicated in ocular growth, that currently
showed gene enrichment through KEGG analysis are those associated with circadian
entrainment. Specifically, following 4 hours of growth inhibitory treatment, 23 genes were
differentially expressed within this pathway network, with most of these genes (15) being upregulated (Figure 4.17 A). A similar trend was seen following 24 hours, with 14 genes
differentially expressed, the majority of which (9) showed increased levels (Figure 4.17 B).
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Figure 4.15. Regulation of the JAK-STAT pathway following 4 hours of growth inhibitory
treatment; KEGG analysis of gene enrichment in JAK-STAT and interconnected pathways
following 4 hours of (A) myopia induction (form-deprivation myopia (FDM)) or (B) myopia
inhibition. FDM was generally associated with a down-regulation in gene expression within the
JAK-STAT pathway, with the opposite seen for genes common to three or more of the five
inhibitory treatments.
Adapted from KEGG map04630 (https://www.genome.jp/kegg/pathway/hsa/hsa04630.html).
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Figure 4.16. Regulation of the JAK-STAT pathway following 24 hours of treatment;
KEGG analysis of gene enrichment in JAK-STAT and interconnected pathways following 24
hours of (A) myopia induction (form-deprivation myopia (FDM)) or (B) myopia inhibition. In
contrast to 4 hours, in which FDM lead to a general down-regulation in gene expression in the
JAK-STAT pathway while myopia inhibition induced the opposite effect (Figure 4.15), by 24
hours, there is a roughly equal distribution of up- and down-regulated genes in response to both
FDM and its inhibition (genes common to three or more of the five inhibitory treatments).
Adapted from KEGG map04630 (https://www.genome.jp/kegg/pathway/hsa/hsa04630.html).
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Figure 4.17. Regulation of the Circadian Entrainment pathway; KEGG analysis of gene
enrichment in the common state (three or more of the five inhibitory treatments) in pathways
associated with circadian entrainment following (A) 4 or (B) 24 hours of myopia inhibition.
Adapted

from

KEGG

map04713

(https://www.genome.jp/kegg-

bin/show_pathway?map04713).
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4.3.8

Conserved changes validated by RT-PCR

The expression profile of three of the most interesting genes that were conserved in their
expression across treatments (Egr-1, cFos and PLEKHO2) were further validated by sqRTPCR. Each candidate was chosen based on having an FDR of less than 15% and a fold change
of greater than ± 0.5 in all five inhibitory treatments at both timepoints investigated (4 and 24
hours). Gene expression was validated using the original four samples collected per condition
for sequencing.
Confirming the transcriptome data, all three genes showed statistically significant upregulation in retinal tissue at both 4 and 24 hours across all five growth inhibitory treatments
relative to those values seen in FDM eyes (4 hours, MANOVA(F (5,18) = 2.60, p<0.01); Table
4.4 A, and 24 hours, MANOVA(F (5,19) = 4.08, p<0.001); Table 4.4 B). The down-regulation
of Egr-1 and cFos in response to FDM was also confirmed following 4 (p<0.001) and 24 hours
(p<0.05 and p<0.01 respectively) of treatment, again illustrating their bi-directional response
to opposing growth stimuli.
4.3.9

Numerous down-stream targets of Egr-1 were found to be differentially expressed

suggesting a critical role for this immediate early gene in ocular growth regulation
In light of Egr-1’s highly conserved expression and potential role in ocular growth, current
transcriptome data was screened against published chromatin immunoprecipitation deep
sequencing (ChIP-seq) data for this IEG402, 403 in order to better understand its down-stream
genomic targets. Following 4 hours of FDM, 71 of the 136 differentially expressed genes have
been reported to be bound by Egr-1 based on ChIP-seq data, and 96 of the 201 differentially
expressed genes associated with growth inhibition are bound (Appendix Table 8.3). At 24 hours
of treatment, of the 142 genes showing differential expression following FDM, 58 are reported
to be bound by Egr-1, while following growth inhibition, 40 of the 80 genes that showed
differential expression are reported to be bound by Egr-1 (Appendix Table 8.3).
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High Throughput Sequencing – Fold change

A.
Gene

FDM

Atropine Pirenzepine

sqRT-PCR – Fold change

ADTN

TPMPA

Diffuser
Removal

FDM

Atropine Pirenzepine

ADTN

TPMPA

Diffuser
Removal

Egr-1

-1.36
±0.08

1.58
±0.08

2.05
±0.03

1.23
±0.04

2.86
±0.27

2.51
±0.07

-1.07
±0.00

1.51
±0.02

2.39
±0.01

1.67
±0.01

5.63
±0.18

3.23
±0.03

cFos

-1.70
±0.12

1.67
±0.05

2.29
±0.11

1.37
±0.07

3.16
±0.29

2.31
±0.08

-2.29
±0.00

1.07
±0.00

2.70
±0.00

0.72
±0.00

4.44
±0.01

1.97
±0.00

PLEKHO2

0.37
±0.04

1.84
±0.07

1.88
±0.12

1.29
±0.11

1.72
±0.07

1.32
±0.06

-0.11
±0.00

3.00
±0.02

3.61
±0.02

1.49
±0.02

0.90
±0.01

0.57
±0.01

ADTN

TPMPA

Diffuser
Removal

High Throughput Sequencing – Fold change

B.
Gene

FDM

Atropine Pirenzepine

sqRT-PCR – Fold change

ADTN

TPMPA

Diffuser
Removal

FDM

Atropine Pirenzepine

Egr-1

-0.70
±0.05

1.35
±0.05

1.56
±0.05

1.42
±0.07

1.15
±0.06

2.10
±0.08

-0.87
±0.01

4.07
±0.15

2.74
±0.03

1.89
±0.04

1.47
±0.04

4.26
±0.02

cFos

-1.18
±0.02

0.72
±0.05

2.19
±0.15

1.09
±0.03

1.49
±0.03

1.29
±0.02

-1.35
±0.00

0.87
±0.00

4.98
±0.00

1.43
±0.00

1.70
±0.00

1.45
±0.00

PLEKHO2

-0.92
±0.11

2.36
±0.20

2.36
±0.18

1.63
±0.19

1.76
±0.20

0.95
±0.06

-0.76
±0.00

3.03
±0.01

5.43
±0.02

3.21
±0.01

2.83
±0.02

0.67
±0.00

Table 4.4. Validation by real-time RT-PCR of the expression profile of Egr-1, cFos and PLEKHO2 across all treatment groups; validation
of the candidate genes following (A) 4 hours and (B) 24 hours of treatment. Gene expression is presented as fold change ± standard deviation (n=4
per condition, per timepoint), with a value of zero representing no change in gene expression, a negative value representing a reduction in gene
expression, and a positive value representing an increase in gene expression. Fold change values for form-deprivation myopia (FDM) are relative
to untreated control values, while fold change values for the five growth inhibitory treatments are relative to FDM. Red shading indicates a
statistically significant decrease in mRNA expression (p<0.05), blue shading indicates a statistically significant increase in mRNA expression
(p<0.05), while no shading indicates no statistical significance.
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4.4 Discussion
With the increasing use of large-scale screening technologies, over 5,000 molecules have been
reported to be associated with the development of experimental myopia and therefore
postulated to play a role in the regulation of ocular growth (recently reviewed in384). This list
has been further expanded by the vast array of pharmacological treatments, targeting a diverse
range of pathways, that have been shown to retard the development of experimental myopia in
animal models. The challenge comes in determining which of these molecular changes have a
causal relationship with the development or prevention of myopia and which simply share a
correlative link with changes in the rate of eye growth.
At first glance, the large array of treatments capable of inhibiting experimental myopia appear
to share little commonality in their underlying mechanism of action. However, each treatment
shares the same fundamental biological outcome, to induce choroidal expansion and to reduce
the rate of scleral growth, and hence, inhibit myopia. It is therefore plausible that, underlying
each of these treatments, a highly conserved set of regulatory pathways exists within the retina.
This chapter therefore examined whether there was significant conservation at the
transcriptome level in response to five well established, but diverse, protective paradigms. The
findings of this chapter provide greater characterisation of which molecular changes are
fundamental to growth regulation and, in so doing, begins to narrow down the list of 5,000
potential candidates.
This study represents the first analysis of the retinal transcriptome profile from animals
undergoing growth inhibition through diffuser removal or pharmacological interventions. As
postulated, transcriptome analysis showed significant overlap in the observed expression
profiles seen across the five growth inhibitory treatments. This overlap was most evident at the
earlier timepoint of 4 hours, with 201 genes showing a common expression profile in three or
more treatments. Importantly, 31 of these genes showed a conserved expression profile across
all five treatments. Greater diversity was seen between treatments at the later timepoint of 24
hours, with only 80 genes showing a common expression profile, of which 6 were conserved
across all treatments. This suggests that much of the conservation in signalling occurs early in
the retinal response to treatment.
Interestingly, of the genes that showed a differential expression profile common to three or
more growth inhibitory treatments, the vast majority (74%) were unique to treatment alone
and were unaffected during the development of FDM. At first glance, this suggests that
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distinctly different pathways underlie myopia induction and prevention in chicks. However,
gene enrichment analysis indicated that both growth enhancement and suppression were
associated with the modulation of similar biological pathways. Therefore, while unique at the
individual gene level, at a pathway level FDM and its prevention appear to modulate similar
retinal processes/signals, but in opposing directions.
4.4.1

Similar to previous reports, myopia induction and prevention were associated with a

limited number of gene changes of small magnitude
Diffuser-wear lead to a relatively small number of molecular changes within the retina, with
the differential expression of 136 of a potential 10,361 transcripts at 4 hours, and 142 of a
potential 10,182 transcripts at 24 hours. This relatively small number of changes is consistent
with previous screening studies across several species5-21. Most differential changes were also
small in magnitude, again similar to previous findings (4 hours of FDM: fold change of 0.5-1
= 75%; fold change of 1-2 = 22%; fold change of 2-3 = 2.3%, fold change >3 = 0.7%. 24 hours
of FDM: fold change of 0.5-1 = 50%; fold change of 1-2 = 34%; fold change of 2-3 = 3.5%;
fold change >3 = 12.5%). At the early timepoint of 4 hours, FDM was primarily associated
with a down-regulation in gene expression, which accounted for 81% of the expression profile.
By the later timepoint, a more even split was seen in the direction of change observed (44%
down-regulated, 56% up-regulated).
Like that seen during the development of FDM, each of the five growth inhibitory treatments
was associated with a relatively small number and magnitude of transcriptional changes (4
hours of treatment: fold change of 0.5-1 = 77%; fold change of 1-2 = 22%; fold change of 2-3
= 1%, fold change >3 = 0%. 24 hours of treatment: fold change of 0.5-1 = 74%; fold change
of 1-2 = 24%; fold change of 2-3 = 2%; fold change >3 = 0%). In stark contrast to FDM,
myopia inhibition was associated with a strong up-regulation in gene expression, which
accounted for 79% of the retinal profile at 4 hours. This bias remained at 24 hours, with upregulated genes accounting for 65% of the retinal expression profile.
As was a repeating trend for both myopia induction and prevention, limited overlap was seen
in the expression profile between both timepoints investigated. Specifically, during FDM, only
26 genes of a possible 278 showed differential expression at 4 and 24 hours. Only 11 of these
genes showed the same direction of response across time, further limiting the overlap seen.
However, of the 26 genes that were consistent across time, a number have previously been
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implicated in ocular growth regulation or visual function in animal models, including: Egr-16,
10, 14, 16, 67, 92, 257, 386, 404

PDE4C406, G0S29,

17

, cFos67, 92, 393, VIP9, 14, 16, 67, 367, NOS216, DUSP46, 9, 10, 16, NR4A1405,

, TGFBI67,

404, 407

, GPNMB21, FGFR2407, ANPEP365 and ADTRP9. In

contrast, although myopia prevention only showed 29 of a possible 281 genes common
between 4 and 24 hours, all but one of these 29 genes showed the same direction of change and
were therefore consistent in their response across time. As with FDM, several of these genes
have previously been implicated in ocular growth regulation or visual function in animal
models and included: Egr-16, 10, 14, 16, 67, 92, 257, 386, 404, cFos67, 92, 393, VIP9, 14, 16, 67, 367, GLI2408, 409,
STAT3410, CREM16, 365, GPR137B16, PADI316, 411, HYAL69, FABP7411, 412, HEY1413 and FST16.
4.4.2

Myopia induction and prevention are strongly linked with the modulation of pathways

associated with cell signalling and circadian entrainment
At first glance, the limited overlap observed in the expression profile between timepoints for
each of the paradigms investigated suggests that there are distinct differences in the retinal
pathways active at earlier and later stages of the growth response. However, based on KEGG
analysis, at the pathway level, significant overlap was observed across time. Specifically, for
FDM, 70% of pathways that showed enrichment at 4 hours were common to 24 hours, while
for growth inhibition, 55% of pathways were common to both timepoints.
Similar to that seen across time, at a gene level, limited overlap (26%) in the expression profile
was observed between myopia induction and prevention, suggesting little commonality in the
pathways that regulate increased and decreased growth rates. This was unexpected, as it was
assumed that each of the growth inhibiting treatments would primarily reverse changes in gene
expression observed during myopia induction, as each act to block the retinal response to
diffuser-wear. This assumption was indeed seen at the pathway level, where significant overlap
was observed between myopia induction and prevention. Specifically, at 4 hours, 14 of the top
20 pathways that showed enrichment were shared by both, while 9 of the top 20 were common
at 24 hours. These enriched pathways were overwhelmingly associated with cell signalling
(PI3K-Akt, MAPK, TGFβ, cGMP-PKG, Hedgehog, Apelin, AGE-RAGE, cAMP, HIF1, JAKSTAT and TNF). Several of these pathways have previously been implicated in the regulation
of ocular growth (PI3K-AKT64, 414, 415, MAPK9, 64, TGFβ416 and Hedgehog417-420) or postulated
to play a role in normal visual function (cGMP-PKG421 and JAK-STAT422, 423). The other major
KEGG category that showed enrichment was that of circadian entrainment, an area that has
re-entered the spotlight with respect to growth regulation (for review see 89, 139, 228, 244, 424).
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Together, the results suggest that the induction and prevention of myopia involves similar
retinal pathways, although the direction of individual gene changes, and most likely the activity
state of each pathway, was for the most part modulated in the opposite direction to each other.
4.4.3

Conserved changes in response to growth inhibition

Of particular interest in elucidating the pathways underlying myopia prevention are the 33
genes that showed conserved expression across all five growth inhibitory treatments, of which
28 are annotated in the chicken genome and could be further investigated. Crucially, a large
percentage of this list (43%) have previously been implicated, at some level, in growth
regulation, including: Egr-16,

92, 257, 386

, cFos67, 92, NPAS2425, G0S29, NFIL317, CNGB1412,

ARNTL425, TGFβ267, 68, 372-375, 426, CPLX4427, CISH17, CNGA317, 365, and COCH17, 411. Such
overlap with the literature gives further confidence in the results, and importantly, demonstrates
how this data can be used to narrow down the list of 5,000 potential candidates.
Most of the conserved genes (64%) sat within those pathways that showed the greatest
enrichment (activity) based on KEGG analysis. These pathways included those associated with
cell signalling (cFos, Egr-1, TGFβ2, NFIL3, CNGB1, NAB2, GLI1, MYCL, CISH, CNGA3,
SHC1, BAIAP2L1 and FN1), circadian processes (cFos, NPAS2, ARNTL, TPH1 and NFIL3)
and phototransduction (G0S2, CNGB1, CNGA3 and BAIAP2L1). Transcription factors
represented the largest functional grouping of these conserved genes (Egr-1, cFos, NAB2,
NPAS2, MYCL, NFIL3, ARNTL, GLI1 and PRDM1).
The genes of greatest interest with respect to understanding the retinal pathways underlying
ocular growth, were those that were not only conserved across growth inhibitory treatments,
but also over time. This included the genes Egr-1, cFos, NAB2 and PLEKHO2. During myopia
prevention, all four of these genes showed increased expression at 4 and 24 hours. Conversely,
within myopic retinae, Egr-1 and cFos were down-regulated at both timepoints, thus exhibiting
a bi-directional response to opposing growth stimuli. NAB2, on the other hand, only showed a
bi-directional response at the earlier timepoint, with a down-regulation observed in myopic
retinae at 4 but not 24 hours. In contrast to the others, PLEKHO2 was unaffected by FDM,
making its response unique to prevention. Little is known about the function of PLEKHO2 in
the visual system428, or more broadly429, 430.
Two of these highly conserved genes, Egr-1 and cFos, have already been implicated in growth
regulation, with Egr-1 extensively reviewed in the previous chapter. cFos is a light-driven IEG
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that belongs to the same family of nuclear transcription factors as Egr-1. Fos-immunoreactivity
in the chicken retina has previously been reported to be elevated following diffuser removal92
and studies have reported a significant down-regulation in cFos mRNA levels in diffuser- and
negative lens-treated eyes7, 67. This would suggest that, like Egr-1, cFos shows a bi-directional
response to opposing growth stimuli, a finding replicated presently. Importantly, injection of
an antisense oligonucleotide for cFos has been shown to induce myopia in the guinea pig393
demonstrating a direct causal relationship between cFos and ocular growth.
A role for NAB2 in the regulation of ocular growth has not been previously postulated.
However, based on its regulatory association with Egr-1, a plausible link exists. This family of
NGFI-A binding proteins functions within the nucleus to repress transcription induced by
several members of the early growth response (EGR) family of trans-activators, including Egr1431.
4.4.4

As is common, limited overlap is seen with other animal studies of myopia

As noted earlier, with the expanded use of large-scale screening technologies, a significant
number of molecules (>5,000 and counting) have been implicated in the regulation of ocular
growth from animal studies6, 7, 9, 10, 12-14, 16-22, 67, 365, 398, 404, 407, 411, 412, 427, 432-439 (Appendix Table
8.4). Limited overlap has been observed in the molecular changes reported between studies,
most likely due to differences in the species utilised, screening techniques employed,
timepoints examined, and experimental conditions investigated. In line with this, of the 136
genes found in the current chapter to be differentially expressed following 4 hours of FDM,
only 50 have previously been implicated in ocular growth regulation, representing 37% of the
retinal expression profile. At 24 hours, this falls to 30% concordance with previous studies. Of
the 201 genes that showed a conserved change in three or more growth inhibitory treatments
at 4 hours, 67 genes (33%) have been previously implicated in ocular growth, while at 24 hours
only 28 genes (35%) have previously been reported. This lack of concordance observed in the
literature was one of the driving forces for undertaking this study.
4.4.5

RNA-sequencing data from chickens shows overlap with human refractive error studies

To further establish which of the genes implicated in this chapter may be critical for growth
regulation, the current transcriptome data was compared with findings from genome-wide
association studies (GWAS) on human refractive error365, 440-443. This comparison revealed that
after 4 hours of treatment, of the 136 differentially expressed genes identified during the
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induction of FDM, five have also been detected in GWAS analyses of human refractive error
(FLT1, COL4A1, BMP2, ZWILCH and NOG). Two of these genes, BMP29, 16, 67, 72 and NOG16,
have been implicated in the regulation of ocular growth in animal models, making them prime
candidates for further analyses. A further ten genes reported via GWAS analyses were amongst
the common changes seen in response to the growth inhibitory treatments at 4 hours (FLT1,
ZWILCH, DUT, HSPG2, OCA2, SPATA13, AQP1, ARR3, GNB3 and SFRP1). Two of these
genes, FLT1 and ZWILCH, also show a bi-directional response to opposing growth stimuli in
the current chapter.
By 24 hours, of the 142 differentially expressed genes identified during the induction of FDM,
12 have been reported in GWAS analyses (FLT1, COL4A1, CTSH, FGFR3, KIF11, RDH5,
RGR, PRKG2, RRH, DUT, COL18A1 and EFEMP1), with a further two (ADCY1 and CNGB3)
amongst the common changes seen in response to myopia prevention in chicks.
Interestingly, two genes which overlapped between chicken RNA-sequencing data and human
refractive error studies (FLT1 and COL4A1) showed differential expression at both timepoints
of myopia induction in chicks. FLT1, also known as vascular endothelial growth factor (VEGF)
receptor-1, is of interest based on previous evidence from animal studies suggesting a role for
VEGF in ocular growth regulation and myopia71, and several other ocular disorders444-446.
Although overlap was found between the current transcriptome data and findings from GWAS
on human refractive error, it should be noted that due to the design of GWAS studies, that of
the analysis of blood samples, one cannot determine if detected genes are expressed within the
retina.
4.4.6

Immediate early genes appear to play a significant role in ocular growth regulation

As noted above, of the 33 genes that showed conserved expression at one of the two timepoints
investigated, transcription factors represented the largest functional grouping (Egr-1, cFos,
NAB2, NPAS2, MYCL, NFIL3, ARNTL, GLI1 and PRDM1). Furthermore, of the four genes that
showed conserved expression across both treatment and time, two (Egr-1 and cFos) belonged
to the IEG family of nuclear transcription factors, while a third, NAB2, functions as a
transcriptional repressor of IEGs, including Egr-1431. This suggests that the conserved retinal
response to the induction or prevention of FDM in chicks revolves around the expression and
modulation of IEG family members. More broadly, the molecular profile of the retina during
the onset and prevention of FDM was indicative of IEG activity, and specifically Egr-1 activity.
For example, the promoter region of the Egr-1 gene contains binding sites (regulatory response
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elements) for several well-characterised growth and transcription factors that modulate its
expression and which were found to be differentially expressed in this chapter. These include
NAB2, cAMP response element binding protein (CREB) and nuclear factor kappa B (NFƘB),
as well as members of the histone deacetylase complex (mSin3, HDAC4 and N-CoR), which,
in part, mediate transcriptional repression447, 448. More broadly, Egr-1 expression is modulated
by several intracellular signalling pathways presently observed to be significantly enriched
during myopia induction and prevention, including MAPK, PI3K, ERK and p38. Many of these
pathways are themselves regulated by Egr-1 binding376.
Little is known about the down-stream targets of Egr-1 in the retina, a critical gap in our
knowledge if we are to understand the pathways underlying ocular growth. In other tissues, the
down-stream targets of Egr-1 are normally numerous and organ specific. From the ~24,000
genes in the chicken genome, approximately 4,000 contain Egr-1 binding elements402, while
Egr-1 can form complexes with other transcription factors such as cFos generating the ability
to bind to additional elements. This creates a large list of potential Egr-1 gene targets. Although
tissue specific, Egr-1 commonly targets genes associated with cell to cell communication376,
402

, such as MAPK, PI3K, ERK and p38, which, as noted, were found to be highly enriched

during myopia induction and prevention in this current study. Differential expression of several
genes commonly reported to be modulated by Egr-1 was also observed, including CREB,
insulin-like growth factor 2 (IGF2), platelet derived growth factor (PDGF) and transforming
growth factor beta (TGFβ). However, to try and get a better understanding of retinal specific
targets of Egr-1 during growth modulation, the current transcriptome data was screened against
published chromatin immunoprecipitation deep sequencing (ChIP-seq) data for Egr-1. ChIPseq provides a powerful method for analysing direct physical interactions between proteins (i.e.
Egr-1) and DNA. This technology has allowed the detailed mapping of transcription factor
binding sites throughout the genome. To undertake this analysis, the current transcriptome
output was blasted against two data sets; Egr-1 ChIP-seq data from chicken connective tissue
for a species-specific comparison402, and the comprehensive ChIP-seq dataset generated from
numerous human cell-types published by the Encyclopedia of DNA Elements (ENCODE)
project403. At 4 hours, of the 201 genes that showed a common profile across the five growth
inhibitory treatments, 96 (48%) have been reported to be bound by Egr-1 from ChIP-seq data.
Similarly, of the 136 genes differentially expressed during FDM at 4 hours, 71 (52%) show
Egr-1 binding in ChIP-seq data. This illustrates a greater enrichment in Egr-1 gene targets
during both induction and prevention of myopia than would be expected by statistical chance.
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Specifically, data from chicken connective tissue reported roughly 1,400 of a possible 24,000
genes in the chicken genome are bound by Egr-1 following overexpression, giving a target
ratio of roughly 1:17 genes402. In contrast, the present study observed that roughly 1:2 of the
differentially expressed genes have been reported to show binding by Egr-1, indicating greater
enrichment in Egr-1 targets. As one might expect, most of these target genes sat within the cell
signalling pathways noted above which are commonly modulated by Egr-1 (MAPK, cAMP,
PI3K, HIF1, AGE-RAGE, JAK-STAT and TGFβ). There was also gene enrichment in amino
acid biosynthesis, as well as two categories strongly associated with ocular growth, that of
circadian entrainment and phototransduction. At 24 hours, of the 80 genes that showed
differential expression in three or more growth inhibitory treatments, 40 (50%) have been
reported to be bound by Egr-1, while during myopia induction, 58 (41%) genes were indicated
to be targets by ChIP-seq. These genes were primarily associated with the same cell signalling
pathways observed at 4 hours.
4.4.7

Hierarchical clustering of expression data illustrates commonality between

pharmacological treatments
Hierarchical analysis indicated that the four pharmacological interventions, for the most part,
shared more in common with each other than with the fifth inhibitory paradigm, that of diffuser
removal. This may not be surprising as, prior to treatment onset, the retina is in two
fundamentally different states when comparing pharmacological interventions versus diffuser
removal. Specifically, in pharmacological interventions, the retina is in a state of normal
growth prior to treatment. Then, with the administration of each drug, a play-off occurs
between the “GO” growth signal associated with the fitment of translucent diffusers and the
“STOP” growth signal associated with each pharmacological agent. In contrast, for the removal
of diffusers, the retina is in a state of elevated growth prior to the commencement of treatment
due to three days of diffuser-wear. When the diffuser is removed following three days, a
“STOP” growth signal dominates, with no countervailing “GO” signal.
At 4 hours of treatment, as one might expect, the two muscarinic agents grouped the tightest.
This was followed closely by the dopamine D2 receptor agonist ADTN, which links well with
previous findings of cross-talk between the cholinergic and dopaminergic pathways with
respect to ocular growth regulation254, 271, 388. Specifically, in chicks, atropine stimulated the
synthesis and release of dopamine in the retina when injected into form-deprived eyes254, while
co-administration of spiperone, a dopamine D2 receptor antagonist, prevented the protective
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effects of the muscarinic receptor antagonists MT3 against the development of FDM271, 388. At
24 hours, the similarity between the cholinergic and dopaminergic expression profile was yet
more pronounced, with ADTN, rather than pirenzepine, grouping tightest with atropine.
At both timepoints, the GABAergic antagonist TPMPA had a profile that was distinctly
different from the other three pharmacological agents, with TPMPA sharing more in common
with diffuser removal at 4 hours. This is somewhat surprising as proteomic analysis has
indicated that atropine treatment modifies GABAergic signalling when injected into negative
lens-treated eyes21, suggesting cross-talk between the cholinergic and GABAergic pathways
during growth modulation. Similarly, intravitreal injection of GABAergic agents have been
shown to influence dopamine synthesis in the chick retina356, indicating a further cross-talk
between these two major transmitter systems of the retina.
4.4.8

Although a significant number of conserved changes were observed, each of the growth

inhibitory treatments showed unique effects on retinal gene expression
As expected, while common changes were observed across the five growth inhibitory
paradigms, each treatment also showed components of their expression profile that was unique
to them alone. Atropine, pirenzepine, TPMPA and diffuser removal showed a very similar
trend, with between 15-25% of their expression profile unique to them alone at 4 hours, with
this expanding to between 45-65% at 24 hours. The vast majority of these unique genes were
unaffected during the onset of FDM, indicating their response was exclusive to one of the
growth inhibitory regimes. Although this would suggest each growth inhibitory treatment has
a unique element to its response, these genes ultimately sat within those pathways already
implicated in the onset and prevention of FDM (cell signalling (MAPK, Hippo, VEGF, mTOR,
PI3K-Akt, FoxO, AMPK, Insulin, cGMP-PKG, Glucagon, Notch and TGFβ); metabolism
(biotin, taurine, tyrosine, phenylalanine, tryptophan, histidine, retinol, nitrogen, galactose and
glyoxylate); circadian entrainment). This suggests that although individual treatments may
show unique components to their gene profile, the pathways that show enrichment appear to
be conserved.
Unlike the other growth inhibitory treatments, for ADTN, only a small fraction of genes were
unique to this dopaminergic agonist at either the early (13 genes (7%)) or late (11 genes (16%))
timepoints. Interestingly, and in contrast to the other treatments, these unique genes showed
enrichment in pathways not implicated in the onset or prevention of FDM. Instead, they were
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associated with the digestion and absorption of vitamins and fats, and the formation of
spliceosomes, carbon metabolism and melanogenesis.
4.4.9

Limitations in whole retinal analysis

As described by Ashby and Feldkaemper6, the heterogeneous nature of the retina may mask
differential gene expression within specific subpopulations of retinal cells when investigated
at the whole retinal level. Specially, if expression of a gene is down-regulated in one
population, but up-regulated in another, when examined at the whole retinal level, the two may
cancel each other out, with gene expression appearing unchanged. This may therefore mask
possible important cell-specific changes. A second limitation of understanding retinal signals
associated with eye growth through transcriptome analysis is the lack of information given on
changes in the activity state of molecules not derived directly from gene expression or that are
driven by post-translational modifications (discussed in detail within Chapter 7).
4.5 Conclusions
This chapter represented the first analysis of genome-wide transcriptional changes in response
to five well-established methods of growth inhibition. Although diverse in their mechanism of
action, each of these treatments lead to a defined set of biological outcomes when inhibiting
growth, suggestive of a conserved set of retinal signals that drives this response. Accordingly,
significant overlap was observed in the expression profiles seen across treatments, with even
greater overlap evident at the pathway level. Myopia induction and prevention were associated
with the modulation of similar biological pathways, although in opposing directions, with a
distinct enrichment in processes associated with cell signalling and circadian entrainment.
Within these pathways, the gene profiles observed were indicative of IEG activity, with an
over-representation of genes bound and regulated by the IEG Egr-1. Furthermore, of the four
genes that showed conserved differential expression across all growth inhibitory treatments
and at both timepoints, two of these, Egr-1 and cFos, belonged to the IEG family of nuclear
transcription factors, while NAB2 functions as a transcriptional repressor of IEGs. Therefore,
the results of this chapter suggest that a set of conserved retinal responses may underlie the
physiological changes seen during ocular growth modulation, and that such pathways are
orientated around the activity of IEG family members.
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Chapter 5: The effect of imposed myopic defocus by positive
lenses on the expression of Egr-1
5.1 Introduction
As illustrated in Chapters 3 and 4, the retinal expression of the immediate early gene (IEG)
early growth response-1 (Egr-1) appears to be a powerful biomarker of ocular growth rates.
Retinal Egr-1 mRNA levels are found to be consistently up-regulated in response to a variety
of growth suppressing paradigms including optical, pharmacological and environmental. The
intriguing exception to this rule is the expression of Egr-1, at the mRNA level, in response to
positive lens-wear (myopic defocus). Specifically, in contrast with other growth inhibiting
paradigms, positive lenses have been reported to induce a significant down-regulation in retinal
Egr-1 mRNA levels6,

10, 389

, a molecular signature normally associated with growth

enhancement.
This finding is particularly unusual as other forms of myopic defocus, namely recovery from
form-deprivation myopia (FDM) and lens-induced myopia (LIM), induce the expected upregulation in Egr-1 mRNA levels257,

386

seen in all other forms of growth suppression.

Furthermore, IEGs such as Egr-1 are known to show a strong positive correlation between
changes in mRNA expression and peptide levels449-451. This further deepens the mystery as, at
the peptide level, Egr-1 has been reported to show the expected up-regulation in response to
positive lens-wear92. This chapter therefore looks to explain why Egr-1 mRNA levels show an
unexpected opposing response to two forms of myopic defocus, that of positive lens-wear and
recovery from experimental myopia. Although ultimately both forms of myopic defocus bring
about the same physiological changes, that of choroidal expansion and reduced scleral growth,
there are several distinct differences that may explain the opposing effects they have on Egr-1
expression. For example, the size and growth rate of the eye prior to the commencement of
treatment is significantly different between these two forms of myopic defocus. Specifically,
prior to recovering from experimental myopia, the eye has become abnormally enlarged and is
in a state of increased growth due to the fitment of a translucent diffuser or negative lens. In
contrast, positive lenses are fitted to otherwise untreated, normal-sized eyes, in which the retina
is signalling a normal state of ocular growth. Alternatively, although Egr-1 expression shows a
bi-directional response to opposing growth stimuli, its response to positive lens-wear may
indicate it is insensitive to the direction of growth, instead being sensitive only to a change in
growth rates, irrespective of direction.
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5.2 Methods
Details of animal housing, induction of FDM, LIM and lens-induced hyperopia (LIH),
measurement of ocular parameters, tissue collection, and tissue preparation for semi
quantitative Real Time-Polymerase Chain Reaction (sqRT-PCR) are given in the general
methods section (Chapter 2).
5.2.1

Experimental Design

To determine whether the unexpected down-regulation of retinal Egr-1 mRNA levels observed
during positive lens-wear is due to 1) the prior growth state of the eye, 2) the prior physical size
of the eye, 3) whether Egr-1 is simply insensitive to the direction of growth, or 4) whether there
are differences in the defocus signal received across retinal eccentricities, chicks were split into
the following experimental paradigms and groups (n=5 per condition, per timepoint):
Paradigm 1 – How does the previous state of eye growth influence the retinal response to
positive lens-wear?
a) Chicks fitted with a translucent diffuser over their left eye for three days to induce
increased ocular growth rates and experimental myopia before the fitment of +10 D
lenses for a period of 4 or 24 hours (Figure 5.1 A);
b) Chicks were fitted with a -10 D lens over their left eye for three days to induce increased
ocular growth rates and experimental myopia before the fitment of +10 D lenses for a
period of 4 or 24 hours (Figure 5.1 A).
Paradigm 2 – How does the physical size of the eye influence the retinal response to
positive lens-wear?
a) Chicks were fitted with a -5 D lens over their left eye until full compensation (four days)
to induce ocular enlargement before the fitment of +10 D lenses for a period of 4 or 24
hours (Figure 5.1 B);
b) Chicks were fitted with a -10 D lens over their left eye until full compensation (ten days)
to induce ocular enlargement before the fitment of +5 D lenses for a period of 4 or 24
hours (Figure 5.1 C).
To test the effect of different scales of ocular enlargement on the positive lens response, two
different powered negative lenses were tested (-5 D and -10 D). Furthermore, to test if the power
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of the positive lenses applied to the eye played a factor in the retinal response, two different
powers were examined (+5 D and +10 D).
Paradigm 3 – Is Egr-1 sensitive to a change in growth rates but insensitive to the direction
of growth?
If Egr-1 is sensitive to the direction of growth, following removal of positive lenses, in which
the eye is exposed to hyperopic defocus (growth enhancing), Egr-1 mRNA levels should remain
down-regulated. If, however, Egr-1 is simply an activity marker for changes in ocular growth
rates, but is insensitive to the direction of growth, Egr-1 levels should show their normal bidirectional response, with increased retinal expression following positive lens removal.
To test this, chicks were fitted with a +10 D lens over their left eye for a period of three days
before the lens was removed for a period of 4 or 24 hours (Figure 5.1 D).
Paradigm 4 – Are there differences in the defocus signal received across retinal
eccentricities?
The positive lenses used throughout this study are a commercial product designed for the human
eye. Therefore, one must exclude that chicks may experience hyperopic rather than myopic
defocus in their periphery due to anatomical differences in the shape of their eye relative to
humans that could influence the pattern of retinal Egr-1 expression (Figure 5.2). A similar
argument could be made for the commercially obtained negative lenses used throughout this
thesis. To address these possibilities, chicks were split into the following groups:
a) LIH - chicks were fitted with a +10 D lens over their left eye for 4 hours;
b) LIM - chicks were fitted with a -10 D lens over their left eye for 4 hours;
c) Recovery from LIM- chicks were fitted with a -10 D lens over their left eye for a period
of three days before the lens was removed for 4 hours.
Following treatment, the central retina was collected, which included the area centralis (found
superior and nasal to the pecten452-454), by means of a 6 mm biopsy punch (Kai, Seki, Japan).
The remaining retina outside of the biopsy (7 mm) was collected and formed the peripheral
retina for analysis.
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Figure 5.1. Experimental timeline; chicks were given six days to become accustomed to their
surroundings (salmon bars) prior to the commencement of experiments. Retinal tissue was
collected 4 or 24 hours after the commencement of each paradigm (dashed arrows). (A) For
Paradigm 1, chicks were fitted with either translucent diffusers or -10 D lenses for a period of
three days to increase ocular growth rates. At day 10, diffusers or -10 D lenses were removed
and replaced with +10 D lenses; (B-C) for Paradigm 2, chicks were fitted with either a -5 D or
-10 D lens until full compensation was reached (four and ten days respectively). Following full
compensation, the -5 D lens was replaced with a +10 D lens (Paradigm 2a), and the -10 D lens
was replaced with a +5 D lens (Paradigm 2b); (D) for Paradigm 3, to investigate if Egr-1 is
directionally sensitive, chicks were fitted with +10 D lenses on day 7 for a period of three days
prior to their removal on day 10 to provide normal vision.
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5.2.2

Retinal Collection

For all groups, retinal tissue was collected for the analysis of Egr-1 mRNA levels following the
methodology outlined in Chapter 2 (section 2.4). Chickens were monocularly treated on their
left eye, with their right eye left untreated and serving as an internal contralateral control. As
mentioned in Chapter 4, and as can be seen in Figure 5.1, the totality of the experimental period
is 28 hours, with the 24-hour timepoint representing the time since the last collection.
5.2.3

Ocular Measurements

To ensure chickens responded correctly to the imposed myopic and hyperopic defocus,
refraction and axial length were monitored over the experimental period following the
methodology outlined in Chapter 2 (section 2.3).

Figure 5.2. Schematic diagram representing possible differences in the imposed focal
plane at different retinal eccentricities with positive lens-wear; the blue dashed line
represents a possible scenario in which the imposed defocus from a positive lens, fitted on a
chick eye, induces myopic defocus centrally, but hyperopic defocus peripherally due to the
design of the lens. Red arrows indicate localised differences in the growth signal received by
the retina at different eccentricities based on the imposed focal plane.
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5.3 Results
5.3.1

Refractive changes in response to translucent diffusers, myopic and hyperopic defocus

As consistently reported, chicks fitted with translucent diffusers (FDM) or negative lenses (-10
D; LIM) showed a large myopic shift in refraction following five days of treatment relative to
the refractive change seen in contralateral control eyes (relative myopic shift in deprived eyes
compared to contralateral controls Δ -5.73 ± 0.20 D, p<0.001 and relative myopic shift in
negative lens-treated eyes compared to contralateral controls Δ -6.38 ± 1.12 D, p<0.001; Table
5.1; Figure 5.3 A). In contrast, removal of the translucent diffuser or -10 D lens for two days
(following three days of wear) inhibited further development of FDM or LIM. Specifically,
recovery from FDM or LIM induced a less myopic refraction relative to contralateral control
values (Table 5.1) and brought about a relative hyperopic shift when compared to their
refractive values before removal of the optical devices (relative hyperopic shift following
diffuser removal Δ +2.76 ± 0.43 D, p<0.001 and relative hyperopic shift following negative
lens removal Δ +3.18 ± 0.69 D, p<0.001; Figure 5.3 A). Similarly, the fitment of positive lenses
(+10 D; LIH), which like the recovery paradigms imposes myopic defocus, induced a relative
hyperopic shift in refraction compared to contralateral control values over a five-day treatment
period (relative hyperopic shift in refraction Δ +2.70 ± 0.45 D, p<0.01; Table 5.1; Figure 5.3
A).
5.3.2

Axial length changes in response to translucent diffusers, myopic and hyperopic defocus

In concordance with the refractive changes observed above, the fitment of translucent diffusers
or -10 D lenses induced significant ocular elongation relative to that seen in contralateral control
eyes (difference in axial length between treated (FDM) and control eyes Δ +0.84 ± 0.07 mm,
p<0.01 and difference in axial length between treated (LIM) and control eyes Δ +0.91 ± 0.17
mm, p<0.01; Table 5.2; Figure 5.3 B). The axial length changes seen represented elongation of
the vitreous chamber, with no effect seen on anterior chamber depth (p=0.30 and p=0.24 for
FDM and LIM respectively) or lens thickness (p=0.97 and p=0.54 for FDM and LIM
respectively) (Table 5.3).
Following two days of recovery from FDM or LIM, further elongation was inhibited, with axial
length values becoming similar to those seen in contralateral control eyes at the end of the
experimental period (difference in axial length between treated (FDM) and control eyes Δ +0.03
± 0.05 mm, p=0.79 and difference in axial length between treated (LIM) and control eyes Δ
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+0.03 ± 0.03 mm, p=0.61; Table 5.2; Figure 5.3 B). Similar to recovery paradigms, fitment of
positive lenses inhibited axial elongation, with lens-treated eyes being significantly shorter than
contralateral control eyes following five days of treatment (relative change in axial length Δ 0.44 ± 0.05 mm, p<0.01; Table 5.2; Figure 5.3 B).
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Days
Treatment

0

1

2

3

4

5

Diffuser-wear (FDM)
Contralateral control
Relative refraction
Negative lens-wear (LIM)
Contralateral control
Relative refraction

+3.10 ± 0.06
+3.10 ± 0.26
+0.00 ± 0.24
+3.30 ± 0.13
+3.00 ± 0.17
+0.30 ± 0.10

+2.70 ± 0.37
+3.00 ± 0.27
-0.30 ± 0.51
+2.80 ± 0.48
+3.02 ± 0.12
-0.22 ± 0.44

+0.40 ± 0.65
+2.80 ± 0.19
-2.40 ± 0.54
+0.32 ± 0.60
+2.91 ± 0.19
-2.59 ± 0.67

-1.12 ± 0.30
+2.75 ± 0.21
-3.87 ± 0.23
-0.64 ± 0.82
+2.80 ± 0.18
-3.44 ± 0.78

-2.37 ± 0.09
+2.67 ± 0.47
-5.04 ± 0.20
-1.36 ± 0.14
+2.73 ± 0.49
-4.09 ± 0.39

-3.13 ± 0.25
+2.60 ± 0.10
-5.73 ± 0.20
-3.70 ± 1.11
+2.68 ± 0.60
-6.38 ± 1.12

Recovery from FDM
Contralateral control
Relative refraction

+2.86 ± 0.16
+2.90 ± 0.12
-0.04 ± 0.23

+1.76 ± 0.36
+2.86 ± 0.12
-1.10 ± 0.30

+0.66 ± 0.60
+2.80 ± 0.19
-2.14 ± 0.49

-0.77 ± 0.91
+2.76 ± 0.20
-3.53 ± 0.93

+0.73 ± 0.82*
+2.40 ± 0.32*
-1.67 ± 0.13*

+1.93 ± 0.94*
+2.70 ± 0.19*
-0.77 ± 0.13*

Recovery from LIM
Contralateral control
Relative refraction

+3.10 ± 0.12
+3.30 ± 0.16
-0.20 ± 0.10

+2.70 ± 0.30
+3.10 ± 0.10
-0.40 ± 0.20

+0.44 ± 0.61
+3.20 ± 0.07
-2.76 ± 0.39

-0.62 ± 0.35
+3.10 ± 0.16
-3.72 ± 0.25

+1.24 ± 0.34*
+2.90 ± 0.24*
-1.66 ± 0.44*

+2.36 ± 0.75*
+2.90 ± 0.12*
-0.54 ± 0.81*

Positive lens-wear (LIH)
Contralateral control
Relative refraction

+2.90 ± 0.23
+3.00 ± 0.08
-0.10 ± 0.26

+4.38 ± 0.41
+2.58 ± 0.28
+1.80 ± 0.39

+4.90 ± 0.42
+2.63 ± 0.35
+2.28 ± 0.19

+4.54 ± 0.24
+2.28 ± 0.54
+2.27 ± 0.51

+4.98 ± 0.82
+2.65 ± 0.25
+2.33 ± 0.75

+5.40 ± 0.57
+2.70 ± 0.30
+2.70 ± 0.45

Table 5.1. Changes in refraction in response to form-deprivation myopia (FDM), lens-induced myopia (LIM), recovery from FDM and
LIM, and lens-induced hyperopia (LIH); results are presented as the mean refraction (dioptres) ± standard deviation of the mean (n=5 per
condition, per timepoint). Relative refraction represents the difference in refraction between the experimental eye and contralateral control eyes on
each day. For recovery experiments, optical devices were removed at the end of day 3, with day 4 and 5 representing recovery measurements (*).
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Treatment

Day 0

Day 3

Day 5

Diffuser-wear (FDM)

+8.66 ± 0.05

+9.35 ± 0.06

+9.67 ± 0.14

Contralateral control

+8.72 ± 0.05

+8.77 ± 0.13

+8.83 ± 0.14

Relative axial length

-0.05 ± 0.08

+0.58 ± 0.11

+0.84 ± 0.07

Negative lens-wear (LIM)

+8.53 ± 0.04

+9.08 ± 0.06

+9.53 ± 0.14

Contralateral control

+8.61 ± 0.06

+8.56 ± 0.05

+8.62 ± 0.04

Relative axial length

-0.08 ± 0.05

+0.52 ± 0.11

+0.91 ± 0.17

Recovery from FDM

+8.80 ± 0.04

+9.34 ± 0.09

+8.88 ± 0.06*

Contralateral control

+8.74 ± 0.03

+8.74 ± 0.03

+8.85 ± 0.06*

Relative axial length

+0.06 ± 0.05

+0.59 ± 0.07

+0.03 ± 0.05*

Recovery from LIM

+8.66 ± 0.04

+9.03 ± 0.07

+8.72 ± 0.08*

Contralateral control

+8.66 ± 0.04

+8.52 ± 0.01

+8.69 ± 0.03*

Relative axial length

+0.00 ± 0.05

+0.51 ± 0.07

+0.03 ± 0.03*

Positive lens-wear (LIH)

+8.66 ± 0.05

+8.39 ± 0.12

+8.26 ± 0.08

Contralateral control

+8.75 ± 0.06

+8.62 ± 0.05

+8.70 ± 0.05

Relative axial length

-0.08 ± 0.03

-0.23 ± 0.10

-0.44 ± 0.05

Table 5.2. Changes in axial length in response to form-deprivation myopia (FDM), lensinduced myopia (LIM), recovery from FDM and LIM, and lens-induced hyperopia (LIH);
results are presented as the mean axial length (as measured from the front of the cornea to the
vitreal surface of the retina (millimetres)) ± standard deviation of the mean (n=5 per condition,
per timepoint). Relative axial length represents the difference in axial length between the
experimental eye and contralateral control eyes on each day. For recovery experiments, optical
devices were removed at the end of day 3, with day 5 measures representing the response to
recovery measurements (*).
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Treatment
Diffuser-wear (FDM)

Contralateral control

Negative lens-wear (LIM)

Contralateral control

Recovery from FDM

Contralateral control

Recovery from LIM

Contralateral control

Positive lens-wear (LIH)

Contralateral control

Ocular measure
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD
ACD
Lens
VCD

Day 0
1.41 ± 0.00
2.23 ± 0.07
5.02 ± 0.04
1.39 ± 0.06
2.18 ± 0.00
5.15 ± 0.04
1.33 ± 0.05
2.18 ± 0.03
5.02 ± 0.05
1.22 ± 0.12
2.33 ± 0.00
5.06 ± 0.04
1.36 ± 0.04
2.18 ± 0.06
5.26 ± 0.03
1.49 ± 0.00
2.33 ± 0.03
4.92 ± 0.02
1.49 ± 0.02
2.18 ± 0.09
4.99 ± 0.04
1.27 ± 0.07
2.16 ± 0.05
5.23 ± 0.04
1.38 ± 0.06
2.21 ± 0.06
5.07 ± 0.04
1.36 ± 0.07
2.18 ± 0.05
5.21 ± 0.06

Day 3
1.46 ± 0.06
2.33 ± 0.00
5.56 ± 0.11
1.44 ± 0.07
2.33 ± 0.00
5.04 ± 0.19
1.36 ± 0.00
2.21 ± 0.07
5.09 ± 0.12
1.36 ± 0.00
2.21 ± 0.07
4.89 ± 0.11
1.46 ± 0.06
2.33 ± 0.00
5.55 ± 0.21
1.46 ± 0.06
2.33 ± 0.00
4.95 ± 0.06
1.39 ± 0.06
2.18 ± 0.00
5.20 ± 0.08
1.36 ± 0.00
2.18 ± 0.00
4.98 ± 0.03
1.41 ± 0.07
2.18 ± 0.00
4.80 ± 0.12
1.39 ± 0.06
2.21 ± 0.07
5.02 ± 0.16

Day 5
1.49 ± 0.00
2.36 ± 0.02
5.82 ± 0.27
1.49 ± 0.00
2.40 ± 0.12
4.94 ± 0.23
1.46 ± 0.06
2.27 ± 0.08
5.25 ± 0.08
1.41 ± 0.07
2.30 ± 0.07
4.91 ± 0.13
1.49 ± 0.00
2.44 ± 0.06
4.95 ± 0.10
1.49 ± 0.00
2.44 ± 0.06
4.92 ± 0.10
1.41 ± 0.07
2.27 ± 0.08
5.04 ± 0.13
1.41 ± 0.07
2.24 ± 0.08
5.04 ± 0.16
1.44 ± 0.07
2.24 ± 0.08
4.58 ± 0.26
1.41 ± 0.07
2.27 ± 0.08
5.02 ± 0.18

Table 5.3. Changes in ocular parameters in response to form-deprivation myopia (FDM),
lens-induced myopia (LIM), recovery from FDM and LIM, and lens-induced hyperopia
(LIH); results are presented as the mean value for anterior chamber depth (ACD), lens
thickness, or vitreous chamber depth (VCD) (millimetres) ± standard deviation of the mean
(n=5 per condition, per timepoint).

128

Figure 5.3. Changes in refraction and axial length over a five-day period in response to
form-deprivation myopia (FDM), lens-induced myopia (LIM), recovery from FDM and
LIM, and lens-induced hyperopia (LIH); plotted data is drawn from Tables 5.1 (refraction)
and 5.2 (axial length) to provide a visual representation. (A) Relative change in refraction
between treated and contralateral control eyes for each group. As can be seen, a relative myopic
shift was observed in diffuser- (FDM) and negative lens- (LIM) treated eyes. In contrast, the
removal of diffusers or negative lenses after three days, or the fitment of positive lenses for a
period of five days (LIH), induced a relative hyperopic shift; (B) relative change in axial length
between treated and contralateral control eyes for each group. In concordance with refraction,
increased axial elongation was observed in diffuser- and negative lens-treated eyes. In contrast,
a reduction in axial elongation was observed following recovery from FDM or LIM, or by the
fitment of positive lenses. The vertical dashed line represents the day on which the translucent
diffusers or -10 D lenses were removed.
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5.3.3

The expression of Egr-1 in response to translucent diffusers, myopic and hyperopic

defocus
Retinal Egr-1 mRNA levels showed a statistically significant down-regulation at all three
timepoints examined (4, 24 and 72 hours) in response to the fitment of translucent diffusers
(FDM), -5 D or -10 D lenses (LIM) relative to contralateral control values (FDM, MANOVA(F
(2, 13) = 74.45, p<0.001); -5 D lenses, MANOVA(F (2, 13) = 20.54, p<0.01); -10 D lenses,
MANOVA(F (2, 13) = 58.75, p<0.001); Table 5.4; Figure 5.4 A). In contrast, following the
removal of translucent diffusers or negative lenses (-5 D and -10 D) from chickens which had
developed FDM and LIM for a period of three days, the expression of Egr-1 mRNA levels was
significantly up-regulated compared to contralateral control eyes following 4 and 24 hours
(recovery from FDM, MANOVA(F (1, 9) = 12.23, p<0.01); recovery from -5 D, MANOVA(F
(1, 9) = 5.97, p<0.05); recovery from -10 D, MANOVA(F (1, 9) = 37.70, p<0.001); Table 5.4;
Figure 5.4 B).
In response to fitment of +10 D lenses, retinal Egr-1 mRNA levels were unexpectedly decreased
compared to contralateral control values at both 4 and 24 hours (MANOVA(F (1, 9) = 173.88,
p<0.001); Table 5.4; Figure 5.4 B). The same effect was seen in response to the fitment of a
weaker +5 D lens, with retinal Egr-1 levels reduced at each timepoint, indicating this was not
simply a response to the stronger (+10 D) lens (MANOVA(F (1, 9) = 49.14, p<0.001); Table
5.4; Figure 5.4 B).
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Treatment

4 hours

24 hours

72 hours

Diffuser-wear (FDM)

-2.09 ± 0.00
p<0.001

-1.06 ± 0.01
p<0.01

-1.00 ± 0.01
p<0.01

Negative lens-wear (-5 D, LIM)

-1.06 ± 0.02
p<0.01

-1.07 ± 0.02
p<0.01

-0.84 ± 0.01
p<0.01

Negative lens-wear (-10 D, LIM)

-0.82 ± 0.001
p<0.01

-0.69 ± 0.01
p<0.01

-1.18 ± 0.00
p<0.001

Recovery following 3 days of FDM

+1.07 ± 0.02
p<0.001

+1.09 ± 0.00
p<0.01

Recovery following 3 days of -5 D lens-wear

+0.61 ± 0.00
p<0.01

+0.45 ± 0.03
p<0.05

Recovery following 3 days of -10 D lens-wear

+1.09 ± 0.02
p<0.001

+0.50 ± 0.03
p<0.05

Positive lens-wear (+5 D, LIH)

-1.25 ± 0.01
p<0.001

-0.78 ± 0.01
p<0.01

-0.51 ± 0.01
p<0.05

Positive lens-wear (+10 D, LIH)

-0.88 ± 0.01
p<0.001

-0.85 ± 0.02
p<0.001

-0.71 ± 0.02
p<0.01

Table 5.4. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values, in response to form-deprivation myopia (FDM),
lens-induced myopia (LIM), recovery from FDM and LIM, and lens-induced hyperopia (LIH); values represent the mean fold change of
Egr-1 ± standard deviation of the mean relative to contralateral control values at each timepoint investigated (n=5 per condition, per timepoint).
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Egr-1 mRNA expression
(fold change)

A.

24 hrs
FDM

72 hrs
FDM

4 hrs
-5 D

24 hrs
-5 D

72 hrs
-5 D

4 hrs
-10 D

24 hrs
-10 D

72 hrs
-10 D

***

**

**

**

**

**

**

**

***

***

**

**

*

***

*

***

**

*

***

***

**

4 hrs
+5 D

24 hrs
+5 D

72 hrs
+5 D

4 hrs
+10 D

24 hrs
+10 D

72 hrs
+10 D

0.00
-0.50

-1.00
-1.50
-2.00
-2.50

B. 1.50

Egr-1 mRNA expression
(fold change)

4 hrs
FDM

1.00
0.50
0.00
-0.50
-1.00
-1.50

4 hrs
24 hrs
4 hrs
24 hrs
4 hrs
24 hrs
FDM
FDM
-5 D
-5 D
-10 D
-10 D
Removal Removal Removal Removal Removal Removal

Figure 5.4. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values, in response to form-deprivation myopia (FDM),
lens-induced myopia (LIM), recovery from FDM and LIM, and lens-induced hyperopia (LIH); plotted data is drawn from Table 5.4 to
provide a visual representation. (A) The induction of FDM (black bars) and LIM (either by fitment of -5 D (white bars) or -10 D lenses (grey bars))
induced a significant down-regulation in retinal Egr-1 mRNA levels following 4, 24, and 72 hours of treatment; (B) recovery from FDM (black
bars), -5 D (white bars), and -10 D lenses (grey bars) reversed the associated down-regulation in Egr-1 following 4 and 24 hours of normal vision.
In contrast, fitment of positive lenses (either +5 D (diamond line bars) or +10 D (vertical line bars)) induced a significant down-regulation in Egr1 following 4, 24, and 72 hours of treatment. Asterisks represent a statistically significant difference between treated and contralateral control
values. (* p<0.05, ** p<0.01, *** p<0.001).
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5.3.4

The effect of the eye being in a state of enhanced ocular growth prior to positive lens-

wear on retinal Egr-1 expression
To test how the prior state of eye growth influences the response to myopic defocus, growth
rates were first enhanced by the fitment of translucent diffusers (FDM) or negative lenses (LIM)
for a period of three days before the fitment of positive lenses for 4 or 24 hours (Paradigm 1).
The expression of Egr-1 mRNA in the retina remained significantly down-regulated following
4 or 24 hours of +10 D lens-wear on previously form-deprived eyes (MANOVA(F (1, 9) =
28.36, p<0.001; Table 5.5; Figure 5.5 (black bars)). A similar pattern was observed in the
expression of Egr-1 when eyes were fitted with -10 D lenses for a period of three days prior to
fitment of +10 D lenses for 4 or 24 hours (MANOVA(F (1, 9) = 14.43, p<0.01; Table 5.5;
Figure 5.5 (white bars)).
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Treatment

4 hours

24 hours

72 hours of FDM prior to +10 D lens-wear

-1.02 ± 0.01
p<0.001

-1.19 ± 0.01
p<0.001

72 hours of LIM (-10 D) prior to +10 D lens-wear

-0.59 ± 0.01
p<0.05

-1.38 ± 0.01
p<0.001

Table 5.5. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values,
in response to enhanced ocular growth rates prior to the fitment of positive lenses; values
represent the mean fold change of Egr-1 ± standard deviation of the mean at each of the two
timepoints investigated relative to contralateral control values (n=5 per condition, per
timepoint). FDM (form-deprivation myopia); LIM (lens-induced myopia).
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Egr-1 mRNA expression
(fold change)

0.50
0.00
-0.50
-1.00
-1.50
***

-2.00

***

*

***

4 hrs +10 D
24 hrs +10 D
4 hrs +10 D
24 hrs +10 D
(72 hrs FDM) (72 hrs FDM) (72 hrs -10 D) (72 hrs -10 D)

Figure 5.5. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values,
in response to enhanced ocular growth rates prior to the fitment of positive lenses; plotted
data is drawn from Table 5.5 to provide a visual representation. Retinal Egr-1 mRNA levels
were down-regulated in response to fitment of positive lenses (+10 D) in eyes previously formdeprived (form-deprivation myopia (FDM); black bars) or fitted with -10 D lenses (white bars)
to enhance growth rates for three days. Asterisks represent a statistically significant difference
between treated and contralateral control values. (* p<0.05, *** p<0.001).
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5.3.5

The effect of prior eye size on the expression of Egr-1 in response to positive lens-wear

To investigate the role of prior eye size in the response to myopic defocus, treated eyes were
first enlarged by allowing full compensation to either -5 D or -10 D lenses (Paradigm 2). As
noted in the methodology, to further test if the power of the positive lenses applied to the eye
play a role in the retinal response, two different powers were examined (+5 D and +10 D).
Following compensation to the imposed hyperopic defocus, growth rates, as well as Egr-1
expression, had returned to baseline levels. Specifically, following compensation to -5 D or 10 D lenses, which took four and ten days respectively, refraction (-5 D lens-wear, change over
24 hours (day 4 to 5) -0.03 ± 0.15 D, p=0.43; -10 D lens-wear, change over 24 hours (day 10 to
11) -0.07 ± 0.28 D, p=0.69) and axial length (-5 D lens-wear, change over 24 hours (day 4 to
5) +0.05 ± 0.03 mm, p=0.36; -10 D lens-wear, change over 24 hours (day 10 to 11) +0.08 ±
0.06 mm, p=0.24) had stabilised. In line with this, retinal Egr-1 mRNA levels were no longer
significantly different relative to contralateral control values following compensation to -5 D
(p=0.46) and -10 D lenses (p=0.68) (Table 5.6; Figure 5.6 (black bars)).
In a second group of chickens, following compensation and enlargement of the eyes, the
negative lenses were replaced with +5 D or +10 D lenses. Theoretically, the induced myopic
defocus on enlarged eyes should mimic that of diffuser or negative lens removal (Figure 5.6
(dashed bars)). However, once again, retinal Egr-1 mRNA levels were found to be significantly
down-regulated compared to contralateral control values (Table 5.6). Specifically, the
attachment of +10 D lenses on eyes that had previously compensated to -5 D lenses induced a
down-regulation in retinal Egr-1 mRNA levels following 4 and 24 hours of treatment
respectively relative to contralateral control values (fold change of -0.69 and -0.38 for 4 and 24
hours respectively; MANOVA(F (1, 9) = 77.95, p<0.001); Table 5.6; Figure 5.6 (white bars)).
A similar down-regulation in Egr-1 mRNA levels relative to contralateral control values was
induced following the addition of +5 D lenses to eyes that had previously compensated to -10
D lenses (fold change of -1.10 and -0.69 for 4 and 24 hours respectively; MANOVA(F (1, 9) =
14.41, p<0.01); Table 5.6; Figure 5.6 (grey bars)).
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Treatment

0 hours

4 hours

24 hours

Compensation to -5 D lenses (four days) prior to +10 D lens-wear

-0.09 ± 0.04
p=0.46

-0.69 ± 0.00
p<0.001

-0.38 ± 0.01
p<0.05

Compensation to -10 D lenses (ten days) prior to +5 D lens-wear

-0.12 ± 0.03
p=0.68

-1.10 ± 0.01
p<0.001

-0.69 ± 0.00
p<0.01

Recovery following compensation to -5 D lenses (four days)

+0.48 ± 0.02
p<0.01

+0.62 ± 0.03
p<0.001

Recovery following compensation to -10 D lenses (ten days)

+1.19 ± 0.02
p<0.001

+0.59 ± 0.03
p<0.001

Table 5.6. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values, in eyes enlarged prior to the fitment of positive
lenses; values represent the mean fold change of Egr-1 ± standard deviation of the mean at each timepoint investigated relative to contralateral
control values (n=5 per condition, per timepoint). The 0-hour timepoint represents the expression of Egr-1 following compensation to a -5 D or 10 D lens, with mRNA levels returning to baseline relative to contralateral control values.
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Egr-1 mRNA expression (fold change)

1.20

0.70

0.20

-0.30

-0.80

-1.30

***

-5 D comp.
(4 days)

-10 D comp.
(10 days)

4 hrs +10 D
(Comp. to -5 D)

*

***

**

24 hrs +10 D
4 hrs +5 D
24 hrs +5 D
(Comp. to -5 D) (Comp. to -10 D) (Comp. to -10 D)

Figure 5.6. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values, in eyes enlarged prior to the fitment of positive
lenses; plotted data is drawn from Table 5.6 to provide a visual representation. Retinal Egr-1 mRNA expression returned to baseline levels upon
compensation to -5 D (four days) or -10 D lenses (ten days) (black bars). Following compensation, removal of the negative lenses to allow normal
vision (recovery paradigm) induced the expected up-regulation in Egr-1 mRNA levels at both 4 and 24 hours (dashed bars) relative to contralateral
control values. In contrast, following compensation, replacement of the negative lenses with positive lenses (+5 D (grey bars) or +10 D (white
bars)) induced a significant down-regulation in the expression of Egr-1 mRNA levels relative to contralateral control values at both timepoints.
Asterisks represent a statistically significant difference between treated and contralateral control values. (* p<0.05, ** p<0.01, *** p<0.001).
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5.3.6

The effect of positive lens removal on the expression of Egr-1

As Egr-1 is unexpectedly down-regulated in response to positive lens-wear, this suggest the
possibility that its expression is insensitive to the direction of growth (Paradigm 3). To test
whether its expression may simply decline in response to any form of imposed defocus, and
then simply rises in response to a change in the original defocus condition, positive lenses (+10
D) were removed following three days of wear. In accordance with being directionally
insensitive, recovery from positive lens-wear led to an up-regulation in Egr-1 mRNA levels at
both 4 and 24 hours relative to contralateral control values (MANOVA(F (1, 9 ) = 61.46,
p<0.001); Table 5.7; Figure 5.7 (white bars)).
To confirm that growth had indeed been enhanced by the removal of positive lenses, refraction
and axial length were measured over a period of five days. As expected, following positive lens
removal (day 3), a relative myopic shift in refraction was observed when compared to refractive
values before lens removal (difference in refraction between day 3 and 5 Δ -2.50 ± 0.25 D,
p<0.01; Table 5.8; Figure 5.8 A), with a concordant increase in the rate of axial elongation
(difference in axial length between day 3 and 5 Δ +0.54 ± 0.06 mm, p<0.001; Table 5.9; Figure
5.8 B).
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Treatment
Recovery following 3 days of +10 D lens-wear

0 hours

24 hours

72 hours

-0.71 ± 0.023
p<0.01

+0.79 ± 0.027
p<0.01

+0.40 ± 0.023
p<0.05

Table 5.7. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values, in response to recovery from lens-induced
hyperopia (LIH); following three days of +10 D lens-wear, classed as zero hours (i.e. immediately prior to lens removal), Egr-1 mRNA levels
were significantly down-regulated relative to contralateral control values (data replotted from Table 5.4). Following removal of these lenses after
three days, Egr-1 mRNA levels became significantly up-regulated at both 4 and 24 hours relative to contralateral control values. Values represent
the mean fold change of Egr-1 ± standard deviation of the mean at each timepoint investigated relative to contralateral control values (n=5 per
condition, per timepoint).
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Egr-1 mRNA expression (fold change)

1.20

**

*

***

**

***

*

1.00
0.80
0.60
0.40
0.20
0.00
-0.20
-0.40
-0.60
-0.80
-1.00
-1.20
**

72 hrs
+10 D

**

4 hrs +10 D 24 hrs +10 D
Removal
Removal

72 hrs
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***

4 hrs FDM 24 hrs FDM
Removal
Removal

72 hrs
-10 D

4 hrs -10D 24 hrs -10 D
Removal
Removal

Figure 5.7. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values, in response to recovery from lens-induced
hyperopia (LIH); plotted data is drawn from Tables 5.4 and 5.7 to provide a visual representation. Following three days (72 hours) of reduced
ocular growth associated with positive lens-wear (+10 D), retinal Egr-1 mRNA levels were significantly down-regulated relative to contralateral
control values (black bar). Such a down-regulation is normally seen in response to increased ocular growth, as seen following three days of diffuser
(form-deprivation myopia (FDM)) or -10 D lens-wear (black bars). Removal of +10 D lenses following three days of wear, which stimulates
increased ocular growth, induced a significant up-regulation in Egr-1 mRNA levels at 4 and 24 hours (white bars). In contrast, removal of diffusers
(grey bars) or -10 D lenses (diamond line bars) from already myopic eyes, which induces growth suppression, leads to an up-regulation in Egr-1
expression at both timepoints. Asterisks represent a statistically significant difference between treated and contralateral control values. (* p<0.05,
** p<0.01, *** p<0.001).
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Days
Treatment

0

1

2

3

4

5

Recovery from LIH

+3.00 ± 0.12

+3.63 ± 0.19

+3.90 ± 0.29

+4.20 ± 0.11

+2.64 ± 0.39*

+1.70 ± 0.54*

Contralateral control

+3.10 ± 0.23

+3.00 ± 0.20

+3.03 ± 0.12

+3.00 ± 0.08

+2.90 ± 0.14*

+2.90 ± 0.11*

Relative refraction

-0.10 ± 0.12

+0.63 ± 0.40

+0.87 ± 0.19

+1.20 ± 0.11

-0.26 ± 0.09*

-1.20 ± 0.63*

Table 5.8. Changes in refraction in response to recovery from lens-induced hyperopia (LIH); results are presented as the mean refraction
(dioptres) ± standard deviation of the mean (n=5 per condition, per timepoint). Relative refraction represents the difference in refraction between
the experimental eye and contralateral control eyes on each day. The positive lenses (+10 D) were removed at the end of day 3, with day 4 and 5
measures representing the response to recovery measurements (*).
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Treatment

Day 0

Day 3

Day 5

ACD

+1.41 ± 0.06

+1.41 ± 0.07

+1.44 ± 0.07*

Lens

+2.24 ± 0.07

+2.18 ± 0.00

+2.24 ± 0.08*

VCD

+4.93 ± 0.11

+4.67 ± 0.12

+5.12 ± 0.26*

AL

+8.58 ± 0.06

+8.26 ± 0.06

+8.80 ± 0.03*

Contralateral control ACD
Lens

+1.39 ± 0.05

+1.39 ± 0.06

+1.41 ± 0.07*

+2.21 ± 0.06

+2.21 ± 0.07

+2.27 ± 0.08*

VCD

+4.98 ± 0.05

+5.01 ± 0.16

+5.06 ± 0.18*

AL

+8.58 ± 0.03

+8.61 ± 0.03

+8.74 ± 0.03*

Relative AL

+0.00 ± 0.05

-0.34 ± 0.06

+0.06 ± 0.04*

Recovery from LIH

Ocular measure

Table 5.9. Changes in axial length in response to recovery from lens-induced hyperopia
(LIH); results are presented as the mean anterior chamber depth (ACD), lens thickness, vitreous
chamber depth (VCD), or axial length (AL, as measured from the front of the cornea to the
vitreal surface of the retina) (millimetres) ± standard deviation of the mean (n=5 per condition,
per timepoint). Relative AL represents the difference in AL between the experimental eye and
contralateral control eyes on each day. Positive lenses (+10 D) were removed at the end of day
3, with day 5 measures representing the response to recovery measurements (*).
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Change in refraction (dioptres) relative
to contralateral control values

A.

4.00
2.00
0.00
-2.00
-4.00
-6.00
-8.00
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4

5

Days
Positive lens-wear (LIH)
Recovery from FDM

Recovery from LIH
Recovery from LIM

Change in axial length (mm) relative to
contralateral control values

B.
1.00
0.80
0.60
0.40
0.20
0.00
-0.20
-0.40
-0.60
0

1

2

3

4

5

Days
Positive lens-wear (LIH)
Recovery from FDM

Recovery from LIH
Recovery from LIM

Figure 5.8. Changes in refraction and axial length in response to recovery from lensinduced hyperopia (LIH); plotted data is drawn from Tables 5.8 (refraction) and 5.9 (axial
length) to provide a visual representation. (A) Three days of +10 D lens-wear induced a
significant hyperopic shift in refraction relative to contralateral control eyes. Removal of these
lenses for a period of two days induced a relative myopic shift in refraction in treated eyes
relative to their contralateral controls; (B) as with refraction, three days of positive lens-wear
induced a significant reduction in axial elongation, while removal of these lenses for two days
induced axial elongation relative to contralateral control values. The vertical dashed line
represents the day on which the translucent diffuser (form-deprivation myopia (FDM)), -10 D
(lens-induced myopia (LIM)), or +10 D (lens-induced hyperopia (LIH)) lenses were removed.
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5.3.7

The expression of Egr-1 in the central versus peripheral retina in response to positive

lens-wear
Differences in the Egr-1 response to the two forms of myopic defocus may be explained by
variability in the defocus signal across retinal eccentricities. Specifically, the positive lenses
used are designed based on the peripheral optics and shape of the human eye rather than the
chick eye. Therefore, it is possible that in the central region, the chick retina receives myopic
defocus from the positive lenses used, but peripheral eccentricities may receive hyperopic
defocus. This may mean that when retinal expression is examined globally, an up-regulation in
Egr-1 levels centrally in response to myopic defocus may be masked by a larger downregulation in Egr-1 levels within the periphery in response to hyperopic defocus (Paradigm 4).
However, Egr-1 was down-regulated in both the central (collected by means of a 6 mm biopsy
punch including the area centralis) and peripheral retina in response to +10 D lenses after 4
hours, with no significant difference between the two areas (p=0.07; Table 5.10; Figure 5.9).
Fitment of -10 D lenses also resulted in a significant down-regulation of Egr-1, although no
difference was seen between the central and peripheral retina (p=0.06; Table 5.10; Figure 5.9).
Similarly, there was no difference between central and peripheral retina in respect to the upregulation of Egr-1 mRNA levels seen in response to recovery from LIM following 4 hours of
treatment (p=0.54); Table 5.10; Figure 5.9).
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Treatment

Central retina

Peripheral retina

Positive lens-wear (+10 D)

-0.70 ± 0.04

-0.78 ± 0.02

Negative lens-wear (-10 D)

-0.88 ± 0.01

-0.80 ± 0.03

Recovery from 3 days of -10 D lens-wear

+1.20 ± 0.02

+1.15 ± 0.04

Table 5.10. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values,
within the central and peripheral retina in response to lens-induced hyperopia (+10 D),
lens-induced myopia (-10 D), and recovery from -10 D lens-wear following 4 hours of
treatment; values represent the mean fold change of Egr-1 ± standard deviation of the mean
relative to contralateral control values (n=5 per condition). Tissue from the central retina,
including the area centralis, was collected by means of a 6 mm biopsy punch, while the
peripheral retina was comprised of the remaining tissue.
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Figure 5.9. Changes in retinal Egr-1 mRNA levels, relative to contralateral control values,
within the central and peripheral retina in response to lens-induced hyperopia (+10 D),
lens-induced myopia (-10 D), and recovery from -10 D lens-wear following 4 hours of
treatment; plotted data is drawn from Table 5.10 to provide a visual representation. Following
4 hours of each treatment, retinal Egr-1 mRNA levels showed no significant difference
between central (6 mm central biopsy punch including the area centralis; black bars) and
peripheral (white bars) zones of the retina in response to +10 D lens-wear, -10 D lens-wear, or
recovery from -10 D lens-wear (-10 D removal).
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5.4 Discussion
Although fitment of positive lenses achieves the same biological outcome as recovery from
experimental myopia, that of choroidal expansion and reduced ocular growth, subtle
distinctions between these two forms of myopic defocus, outlined below, may suggest
differences in their underlying regulatory mechanisms. This chapter investigated one such
molecular dissimilarity, the expression of the retinal IEG Egr-1. Specifically, this chapter
investigated if the opposing changes observed in Egr-1 mRNA expression in response to these
two forms of myopic defocus represented a distinct difference in retinal processing, or whether
this disparity could instead be explained by the prior state of the eye with respect to size and
growth rate. This chapter also investigated whether differences in Egr-1 expression in response
to the two forms of myopic defocus may indicate that, while sensitive to changes in growth
rates, Egr-1 is insensitive to the direction of growth.
5.4.1

The effect of increased ocular growth and size prior to positive lens-wear on the

expression of Egr-1
As noted above, one of the fundamental differences that might explain the disparity in Egr-1
expression between the two forms of myopic defocus is the prior state of ocular growth and,
accordingly, the prior state of retinal signalling. However, as highlighted in Figure 5.5, the
previous growth state of the eye did not affect, and therefore cannot explain, the downregulation in retinal Egr-1’s expression in response to positive lens-wear. Specifically, positive
lenses still induced a down-regulation in Egr-1 expression in chicks fitted with translucent
diffusers or negative lenses, to induce enhanced growth rates, for three days prior to lens-wear.
So, if not explained by the previous state of eye growth, could the size of the eye prior to
treatment underlie the unexpected down-regulation in Egr-1 expression in response to positive
lenses? The current findings do not support this hypothesis. Specifically, eyes allowed to
compensate to negative lenses to induce ocular enlargement still showed a down-regulation in
Egr-1 mRNA levels following the attachment of positive lenses.
Together, the current findings do not support the hypothesis that differences in the size and
growth rate of the eye prior to the commencement of treatment can explain the disparity in Egr1 expression observed between the two forms of myopic defocus.
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5.4.2

The effect of opposing growth stimuli on the expression of Egr-1

As the previous size or growth state of the eye does not appear to explain the unexpected downregulation in retinal Egr-1 expression, the question arises as to whether its expression is truly
sensitive to the sign of defocus. Specifically, is the down-regulation of Egr-1 a generic response
to any applied stimulus that alters normal growth rates, rather than a directional signal for
increased growth? Conversely, is the up-regulation in Egr-1 expression observed during
recovery from experimental myopia, or inhibition of experimental myopia by pharmacological
treatment, simply a generic response to indicate that growth rates have again been altered,
rather than a directional signal for growth suppression? If Egr-1 is sensitive to the sign of
defocus, one would expect that following removal of positive lenses, in which the eye is
exposed to growth-stimulating hyperopic defocus, Egr-1 expression should remain downregulated, similar to that seen in response to FDM or LIM. If instead Egr-1 generically signals
only a change in the state of growth, but not the direction, one would expect its expression to
be up-regulated in response to positive lens removal (i.e. the opposite state to that seen during
positive lens-wear). Accordingly, as seen in Figure 5.7, following removal of positive lenses,
Egr-1 expression was up-regulated, showing a bi-directional, but not sign directional response
to opposing growth stimuli. This is an unexpected result and therefore more work is needed.
To further test this, other possible bi-directional markers identified in Chapter 4 (i.e. cFos,
NAB2 and PLEKHO2) should be comprehensively investigated in the positive lens paradigm.
5.4.3

The effect of lens design on the expression of Egr-1 following myopic defocus

The positive lenses used in this chapter were designed based on the peripheral optics and shape
of the human eye. As they are presently used in chicks, could the differences in Egr-1’s
response between the two forms of myopic defocus also be explained by varying defocus
signals across retinal eccentricities? That is, as illustrated in Figure 5.2, could the central retina
be experiencing myopic defocus, but the peripheral retina be experiencing hyperopic defocus?
If so, could the unexpected down-regulation of Egr-1 following positive lens-wear be due to
the peripheral response (down-regulation in response to hyperopic defocus) masking a smaller
central response (up-regulation in response to myopic defocus)? However, this chapter reported
no significant differences between the centre (6 mm region around the area centralis) and
periphery of retinae treated with either positive or negative lenses, suggesting that the retinal
response to lens-wear was uniform at a molecular level. However, this work cannot exclude
that a larger and opposing peripheral signal may have modulated and reversed the signal
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emanating from the smaller central region of the retina. This is, however, unlikely, as if such
an overpowering signal was generated in the periphery due to hyperopic defocus, one would
expect the eye to respond by enlarging in response to positive lens-wear, rather than showing
the reduced growth patterns currently observed. This is especially true as previous findings
have indicated that if an opposing peripheral signal is received it can dominate central
refractive development455-457.
5.4.4

Other differences and similarities exist between positive lens-wear and recovery from

experimental myopia
Although further work is needed, the current findings may indicate that Egr-1 is insensitive to
the sign of defocus, explaining the dissimilarity seen in its response to the two forms of myopic
defocus. Several other dissimilarities have been reported between these two forms of myopic
defocus that may suggest further differences in how the eye responds to positive lens-wear.
Firstly, at a molecular level, as is the case with Egr-1, the IEG cFos shows a highly conserved
bi-directional response to opposing growth stimuli, with its expression increased in response
to a number of growth suppressing paradigms, including recovery from experimental myopia
(Chapter 4). In contrast, positive lens-wear has been found not to affect cFos levels92. At an
anatomical level, in tree shrews, the age of animals appears to differentially affect these two
forms of myopic defocus. Specifically, young tree shrews compensate well to positive lenses,
while older animals show less of a response with greater variation148. In contrast, the rate and
robustness of the response to recovery to negative lens-removal is unaffected to the same
degree by age148, 458. Finally, in chicks, pharmacological manipulation of the dopaminergic
system alters the response of the eye to the recovery from experimental myopia170 but does not
prevent compensation to positive lenses171, 172. This suggests that compensation to positive
lenses may occur independently of the dopaminergic system, although further work is required.
Despite these fundamental differences between positive lens-wear and recovery from
experimental myopia, there are also various similarities between these paradigms with respect
to pharmacological and visual manipulations. Firstly, in chicks, exposure to bright light (15,000
lux) enhances both the protective effect induced by the removal of translucent diffusers174 and
the rate of compensation to positive lenses223. Secondly, choroidal thickening associated with
recovery from FDM and positive lens-wear is retarded by administration of two
pharmacological agents known to enhance ocular growth rates, namely the nitric oxide
synthase inhibitor NG-nitro-L-arginine methyl ester (L-NAME)363, and the glucagon
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antagonist des-His1-Glu9-glucagon-amide93, 94, 294. Together, these findings would suggest that
both forms of myopic defocus are driven, to some extent, by similar retinal pathways.
5.4.5

Are the differences seen at the transcription level also seen at the peptide level and

could this be a cell-specific response?
As mentioned earlier in this chapter, the finding that Egr-1 mRNA levels are down-regulated
following positive lens-wear is unusual as, at the peptide level, Egr-1 has been reported to show
the expected up-regulation in response to positive lens-wear92. This is puzzling as IEGs such
as Egr-1 are known to show a strong positive correlation between changes in mRNA expression
and peptide levels449-451. Given that the analysis of this chapter covers the whole retina, it is
possible that different retinal cells show opposing Egr-1 expression levels, which could mask
important changes within subpopulations of retinal cells. However, this is unlikely as this
would indicate that those retinal cells that respond to myopic defocus induced by positive
lenses do not respond to the myopic defocus induced by the removal of diffusers or negative
lenses.
5.5 Conclusions
This chapter investigated the discrepancy observed in the response of Egr-1, at the mRNA
level, between the two forms of myopic defocus, that of positive lens-wear and recovery from
experimental myopia. Specifically, while Egr-1 mRNA levels are normally observed to be upregulated during growth suppression, as is seen in recovery from experimental myopia, positive
lens-wear leads to an unexpected down-regulation in the expression of this IEG. This chapter
examined whether this discrepancy could be explained by differences in the state of the eye,
with regards to size and growth rate, prior to positive lens treatment. However, positive lenswear still induced a down-regulation in Egr-1 mRNA levels irrespective of the eye’s prior size
or growth rates. Instead, the findings suggest that the retinal expression of Egr-1, although bidirectional, may be insensitive to the sign of defocus, being sensitive only to a change in growth
rates, irrespective of the direction. However, further work is required to definitively answer
whether Egr-1 expression is, contrary to what was originally thought, directionally insensitive.
Consequently, although retinal Egr-1 mRNA levels are a faithful biomarker for changes in
growth rates, caution may need to be taken when interpreting the direction of growth from
alterations in its expression.
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Chapter 6: Correlation between light levels and the rate of
compensation to negative lenses
6.1 Introduction
As introduced in Chapter 1, the role of light intensity in the regulation of ocular growth became
an area of significant interest after epidemiological studies reported a strong negative
correlation between time spent outdoors and the development of myopia (for review see
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These studies revealed that those children spending greater amounts of time outdoors were less
likely to become myopic. As noted earlier, this evidence was further supported by positive
findings from two clinical trials associated with increased time spent outdoors at school in
China215 and Taiwan216. Bright light, which has been postulated to underlie the protective
effects of time outdoors, has been shown to be effective at retarding the development of formdeprivation myopia (FDM) in all animal models investigated (chicks174, 217, 222, 223, 242, 425, rhesus
monkeys221, tree shrews89, and mice85). Studies in chicks have shown a strong logarithmic
correlation (R2 = 0.95) between the development of FDM and the intensity of the light to which
animals are exposed, with FDM almost abolished when exposed to 40,000 lux for a period of
six hours per day222. As hypothesised by Rose and colleagues197, this protection appears to be
mediated by the dopaminergic system, with the injection of the dopamine D2 receptor antagonist
spiperone abolishing the ability of daily bright light exposure to protect against the development
of FDM in chicks223.
Bright light exposure has also been shown to slow the rate of compensation to negative lenswear (lens-induced myopia (LIM)) in chicks223, tree shrews224, and guinea pigs225, although full
compensation eventually occurs. Unexpectedly, the rate of compensation to negative lenses
appears to be unaffected by bright light exposure in rhesus monkeys226. Specifically, daily
exposure to 25,000 lux for six hours per day during the middle of the day was reported to have
no effect on the rate of compensation to monocularly fitted -3 D lenses. The discrepancy
between the effect of bright light exposure on FDM and LIM in primates again raises the
question of whether these two forms of experimental myopia are regulated by different
underlying mechanisms161. The lack of a consistent effect across all experimental paradigms of
myopia in a primate model also raise the question of how translatable the protective effects of
bright light are to human myopia.
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Besides the discrepancy observed in the response to bright light against the development of
LIM, several other lines of evidence in chicks point towards differing mechanisms underlying
FDM and LIM. These include; constant light exposure was found to be effective at blocking
the development of FDM but not LIM155; brief periods of stroboscopic illumination retarded
the development of FDM but had no effect on the development of LIM41; at the retinal level,
oscillatory potentials of an electroretinogram (ERG) are reduced during FDM, but not during
LIM, despite the other components of the ERG being similar in both forms156; and finally,
interrupting the parasympathetic inputs to the eye reduces the axial myopia associated with
diffuser-wear157-159, but does not alter the rate of compensation to negative lens-wear157, 160.
Therefore, this chapter wished to look more closely at whether there are distinct differences in
the effects of bright light exposure on the development of FDM and LIM in the chick model.
Specifically, this chapter sought to address whether the development of LIM is inhibited in an
intensity-dependent manner as seen with FDM. Furthermore, this chapter investigated whether
the same underlying mechanism is involved, that of increased retinal dopamine release, as
previous reports have indicated discrepancies in the role of dopamine in the development of
LIM. Specifically, even though a reduction in retinal dopamine release is seen in response to
LIM350, it is not as consistent as that reported for FDM155. Pharmacological evidence also
supports underlying differences between both forms of experimental myopia as the nonselective dopamine agonist apomorphine was found to block the development of FDM, but not
LIM in guinea pigs250. Furthermore, the ability of spiperone to block the protective effect of
brief periods of normal vision on the development of LIM has given conflicting results, since
one study reported it to be partially effective276, while a subsequent study by the same authors
reported it to be ineffective251.
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6.2 Methods
Details of animal housing, induction of LIM, and measurement of ocular parameters can be
found in the general methods section (Chapter 2).
6.2.1

Experimental Design

Six-day-old chickens were monocularly fitted with -10 D lenses over their left eye to induce
experimental myopia (LIM) and reared under one of the following four conditions until lens
compensation occurred (n=6 per experimental group):
1. Normal laboratory light (500 lux);
2. 20,000 lux;
3. 40,000 lux;
4. 40,000 lux with daily intravitreal injections of the dopamine D2 antagonist spiperone
(2 µg per daily injection).
Chickens in the high light groups (20,000 and 40,000 lux) were exposed to these intensities for
a period of 6 hours per day (11 AM – 5 PM) and reared under normal light levels (500 lux) for
the remainder of the light period.
To examine if bright light consistently inhibits the development of LIM, chickens were fitted
with -10 D lenses for a period of five days and raised either under 500 or 40,000 lux on a further
three occasions using a separate batch of chickens for each repeat (n=5 per condition, per
experimental repeat).
For the daily intravitreal injections of spiperone (S7395, Sigma-Aldrich, Castle Hill, NSW,
Australia) chickens were anaesthetised under light isoflurane (detailed in Chapter 2, section
2.2.5). A single intravitreal injection of 10 µL (500 µM solution (2 µg)) was given to the left
eye of lens-treated animals each morning during lens cleaning (~10 AM) shortly before the
commencement of the high light period each day.
Refraction was measured daily, while axial length was measured at the start, middle and end of
the treatment period. Data are presented as the mean ± standard deviation of the mean, with the
data representing the difference between the experimental (left) eyes relative to contralateral
control eyes. Similar to what has been reported previously in our laboratory222, over the range
of light intensities investigated, no effect on refractive development (Table 6.1) or axial length
(Table 6.2) was observed over the experimental period in contralateral control eyes.
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6.2.2

Light source

Illumination of the cages at all intensities investigated was produced by a custom-made system
composed of 10 banks of light-emitting diode (LED) lamps, with an illumination angle of 60°
for each individual LED (Electronics Department, Research School of Biology, Australian
National University). The illumination output was adjustable by a dimmer system on a linear
scale between 0 and 45,000 lux. Each LED bank was composed of an equal mix of cool (400650 nm, peaking at 450 nm) and warm (430-700 nm, peaking at 630 nm) LED modules,
generating minimal to no heat load, even at maximum intensity. The final spectral composition
was similar to that produced by quartz-halogen bulbs, which have previously been used to
generate high light levels174, 223. The lighting system did not emit in either the infrared (IR) or
ultraviolet (UV) spectrum. Illumination levels were uniform across the cage area (1.6 x 0.8
meters), as measured by an IL-1700 Research Radiometer (International Light, Inc., Chula
Vista, CA, USA), with the lighting system sitting 1.5 meters above the cage roof. Cages were
placed against a single wall, allowing a viewing distance of five meters in three directions.
Luminance measurements were made at cage floor level, with lighting levels continuously
monitored within cages by an automated system using HOBO data loggers (Onset HOBO Data
Loggers, Bourne, MA, USA).

156

6.3 Results
6.3.1

The effect of bright light on refractive changes in response to negative lens-wear

Light intensity had a significant effect on refractive development in negative lens-treated eyes
over the experimental period, showing a slower rate of change in refraction with increasing
light intensities (MANOVA(F (2, 16) = 20.71, p<0.05); Table 6.1; Figure 6.1 A). Specifically,
chickens reared under normal indoor lighting levels (500 lux) showed an average rate of change
in refraction of -1.48 ± 0.52 D per day in response to -10 D lenses, leading to full compensation
to the imposed defocus by day 6. In contrast, daily exposure to 20,000 lux for a period of six
hours per day reduced the average rate of change in refraction from -1.48 D per day under 500
lux to -0.89 ± 0.45 D per day (MANOVA(F (1, 11) = 79.94, p<0.05), with full compensation
delayed by 4 days relative to that seen under 500 lux. This effect was further enhanced by daily
exposure to 40,000 lux for a period of six hours which reduced the average rate of change in
refraction from -1.48 D per day under 500 lux to -0.65 ± 0.42 D per day (MANOVA(F (1, 11)
= 9577.41, p<0.01), with full compensation delayed by 8 days relative to that seen under 500
lux.
6.3.2

The effect of bright light on axial length changes in response to negative lens-wear

In concordance with the refractive changes observed, illumination levels had a significant effect
on axial length in negative lens-treated eyes, with the rate of elongation significantly reduced
with increasing light intensities (MANOVA(F (2, 16) = 12.70, p<0.001); Table 6.2; Figure 6.1
B). Specifically, by the midpoint measure (day 6), chicks kept under 500 lux, in which full
refractive compensation had been achieved, showed a change in axial length of +0.57 ± 0.03
mm relative to contralateral controls (p<0.001). In contrast, at the same timepoint, chicks
exposed to 20,000 lux for six hours per day showed a reduced change in axial length of only
+0.35 ± 0.07 mm (MANOVA(F (1, 11) = 21.68, p<0.001), while those chicks kept under 40,000
lux showed the smallest change (+0.13 ± 0.07 mm; MANOVA(F (1, 11) = 80.78, p<0.001).
The observed changes in axial length were due to increased vitreous chamber depth, as the
anterior chamber depth and lens thickness remained unaltered across all groups at each of the
three timepoints investigated (anterior chamber depth, MANOVA(F (2, 16) = 2.07, p=0.13);
lens thickness, MANOVA(F (2, 16) = 0.85, p=0.75); Table 6.2).
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6.3.3

The role of dopamine on the effect of bright light during negative lens compensation

As seen during the development of FDM, the protective effect of bright light on the rate of lens
compensation was abolished by the dopamine D2 antagonist spiperone (MANOVA(F (1, 11) =
22.50, p=0.16). Specifically, the rate of refractive change, and thus the rate of compensation to
the -10 D lenses, was similar between chicks exposed to 40,000 lux, but who received a daily
dose of spiperone, and those animals reared under 500 lux (40,000 lux with spiperone
administration, average rate of change -1.47 ± 0.49 D per day; 500 lux, average rate of change
-1.48 ± 0.52 D per day). By day 6, full compensation to the -10 D lenses had occurred in both
groups (Table 6.1; Figure 6.1 A).
Accordingly, the reduced rate of axial elongation associated with daily exposure to 40,000 lux
was abolished by the treatment with spiperone (MANOVA(F (1, 11) = 1.84, p=0.22). Instead,
spiperone treated animals showed the same elevated rate of axial elongation (due to increased
vitreous chamber depth) to that seen in animals reared under 500 lux following 6 days of
treatment (40,000 lux with spiperone administration, +0.59 ± 0.08 mm; 500 lux, +0.57 ± 0.03
mm; Table 6.2; Figure 6.1 B).
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Days
Treatment
LIM (500 lux)
Contralateral
Relative refraction
LIM (20,000 lux)
Contralateral
Relative refraction
LIM (40,000 lux)
Contralateral
Relative refraction
LIM (40,000 lux +
Spiperone)
Contralateral
Relative refraction

0

1

2

3

4

5

6

7

8

9

10

11

12

13

14

3.35
±0.10
3.33
±0.10
-0.02
±0.17
3.35
±0.15
3.38
±0.07
-0.03
±0.19
3.25
±0.12
3.30
±0.28
-0.05
±0.13
3.38
±0.13
3.35
±0.21
0.03
±0.19

1.58
±0.42
3.44
±0.09
-1.86
±0.48
2.69
±0.39
3.30
±0.17
-0.61
±0.48
2.99
±0.17
3.45
±0.17
-0.46
±0.21
2.17
±0.36
3.40
±0.18
-1.23
±0.43

0.42
±0.40
3.40
±0.11
-2.99
±0.51
2.04
±0.17
3.35
±0.11
-1.31
±0.24
2.56
±0.32
3.35
±0.09
-0.79
±0.33
1.07
±0.33
3.38
±0.09
-2.31
±0.33

-1.02
±0.60
3.33
±0.16
-4.35
±0.69
1.11
±0.13
3.29
±0.24
-2.18
±0.28
1.65
±0.50
3.30
±0.09
-1.65
±0.53
-0.31
±0.53
3.40
±0.08
-3.71
±0.56

-2.41
±0.69
3.28
±0.15
-5.69
±0.78
0.22
±0.33
3.32
±0.14
-3.10
±0.53
1.19
±0.50
3.25
±0.07
-2.06
±0.54
-1.18
±0.45
3.33
±0.15
-4.48
±0.50

-4.22
±0.57
3.17
±0.11
-7.39
±0.60
-0.70
±0.58
3.31
±0.18
-4.01
±0.68
0.52
±0.43
3.20
±0.17
-2.68
±0.44
-4.05
±0.68
3.20
±0.12
-7.25
±0.66

-5.55
±0.29
3.21
±0.14
-8.76
±0.35
-1.52
±0.60
3.30
±0.20
-4.82
±0.73
0.04
±0.23
3.15
±0.17
-3.11
±0.32
-5.43
±0.43
3.22
±0.09
-8.65
±0.41

-5.70
±0.22
3.12
±0.12
-8.82
±0.28
-2.30
±0.63
3.25
±0.08
-5.55
±0.69
-0.28
±0.42
3.18
±0.10
-3.46
±0.49
-5.49
±0.33
3.20
±0.18
-8.69
±0.37

-5.61
±0.25
3.13
±0.14
-8.74
±0.19
-3.15
±0.65
3.21
±0.13
-6.36
±0.60
-0.69
±0.32
3.15
±0.15
-3.84
±0.33
-5.71
±0.26
3.18
±0.12
-8.89
±0.18

-5.65
±0.26
3.12
±0.08
-8.77
±0.27
-4.42
±0.54
3.19
±0.05
-7.61
±0.50
-1.32
±0.38
3.10
±0.09
-4.42
±0.42
-5.64
±0.22
3.21
±0.15
-8.85
±0.25

-5.67
±0.25
3.02
±0.04
-8.69
±0.24
-5.53
±0.35
3.12
±0.15
-8.65
±0.45
-2.04
±0.46
3.06
±0.08
-5.10
±0.53
-5.62
±0.31
3.05
±0.15
-8.67
±0.27

-5.84
±0.31
3.01
±0.11
-8.85
±0.30
-5.52
±0.33
3.15
±0.09
-8.67
±0.34
-2.93
±0.56
3.02
±0.14
-5.95
±0.61
-5.77
±0.34
3.00
±0.09
-8.77
±0.29

-5.74
±0.38
3.00
±0.10
-8.74
±0.47
-5.87
±0.47
3.18
±0.10
-9.05
±0.53
-3.93
±0.55
3.00
±0.16
-6.93
±0.64
-5.91
±0.33
2.99
±0.05
-8.90
±0.29

-6.00
±0.21
2.97
±0.15
-8.97
±0.25
-6.02
±0.29
3.11
±0.14
-9.13
±0.28
-4.84
±0.48
2.95
±0.08
-7.79
±0.53
-6.05
±0.22
2.96
±0.07
-9.01
±0.17

-6.16
±0.20
2.95
±0.18
-9.11
±0.22
-6.12
±0.25
3.12
±0.07
-9.24
±0.28
-5.84
±0.41
2.95
±0.12
-8.79
±0.41
-6.18
±0.27
2.97
±0.11
-9.15
±0.23

Table 6.1. Changes in refraction in response to lens-induced myopia (LIM; -10 D) over different light intensities; results are presented as
the mean refraction (dioptres) ± standard deviation of the mean (n=6 per condition, per timepoint). Relative refraction represents the difference in
refraction between the experimental eye and contralateral control eyes on each day.
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Treatment
LIM (500 lux)

Contralateral

LIM (20,000 lux)

Contralateral

LIM (40,000 lux)

Contralateral

LIM (40,000 lux
+ Spiperone)

Contralateral

Ocular measure
ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL
ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL
ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL
ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL

Day 0

Day 6

Day 14

1.39 ± 0.05
2.20 ± 0.03
4.77 ± 0.12
8.36 ± 0.05
1.34 ± 0.03
2.23 ± 0.07
4.79 ± 0.10
8.36 ± 0.03
+0.00 ± 0.05
1.41 ± 0.06
2.21 ± 0.06
4.72 ± 0.15
8.34 ± 0.06
1.46 ± 0.06
2.33 ± 0.00
4.57 ± 0.04
8.36 ± 0.08
-0.02 ± 0.08
1.36 ± 0.00
2.18 ± 0.00
4.80 ± 0.02
8.34 ± 0.05
1.39 ± 0.06
2.18 ± 0.00
4.79 ± 0.12
8.36 ± 0.20
-0.02 ± 0.06
1.36 ± 0.00
2.26 ± 0.08
4.71 ± 0.02
8.33 ± 0.05
1.49 ± 0.00
2.44 ± 0.06
4.41 ± 0.12
8.34 ± 0.17
-0.01 ± 0.04

1.46 ± 0.06
2.33 ± 0.00
5.39 ± 0.10
9.18 ± 0.07
1.45 ± 0.06
2.33 ± 0.12
4.83 ± 0.12
8.61 ± 0.04
+0.57 ± 0.03
1.40 ± 0.06
2.33 ± 0.00
5.21 ± 0.07
8.94 ± 0.04
1.44 ± 0.06
2.30 ± 0.07
4.85 ± 0.10
8.59 ± 0.06
+0.35 ± 0.07
1.49 ± 0.00
2.33 ± 0.00
4.91 ± 0.02
8.73 ± 0.03
1.36 ± 0.00
2.21 ± 0.07
5.03 ± 0.07
8.60 ± 0.09
+0.13 ± 0.07
1.49 ± 0.00
2.33 ± 0.00
5.38 ± 0.05
9.20 ± 0.04
1.49 ± 0.00
2.41 ± 0.12
4.71 ± 0.05
8.61 ± 0.07
+0.59 ± 0.08

1.45 ± 0.06
2.38 ± 0.07
5.43 ± 0.10
9.26 ± 0.04
1.49 ± 0.00
2.33 ± 0.00
4.89 ± 0.02
8.71 ± 0.03
+0.55 ± 0.05
1.41 ± 0.06
2.36 ± 0.06
5.53 ± 0.05
9.30 ± 0.05
1.37 ± 0.04
2.29 ± 0.07
5.14 ± 0.06
8.80 ± 0.07
+0.50 ± 0.05
1.51 ± 0.03
2.38 ± 0.07
5.36 ± 0.13
9.25 ± 0.02
1.41 ± 0.07
2.27 ± 0.08
5.10 ± 0.15
8.78 ± 0.17
+0.47 ± 0.04
1.43 ± 0.06
2.29 ± 0.06
5.59 ± 0.12
9.31 ± 0.02
1.44 ± 0.07
2.33 ± 0.00
5.01 ± 0.05
8.78 ± 0.11
+0.53 ± 0.04

Table 6.2. Changes in ocular parameters in response to lens-induced myopia (LIM; -10
D) over different light intensities; results are presented as the mean anterior chamber depth
(ACD), lens thickness, vitreous chamber depth (VCD), or axial length (AL) (millimetres) ±
standard deviation of the mean (n=6 per condition, per timepoint). Relative AL represents the
difference in AL between the experimental eye and contralateral control eyes on each day.
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Change in refraction (dioptres) relative
to untreated control values
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Change in axial length (mm) relative
to untreated control values

B.
0.75
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LIM (40,000 lux)
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Figure 6.1. The effect of bright light on the relative change in refraction and axial length
in response to lens-induced myopia (LIM; -10 D); plotted data is drawn from Tables 6.1
(refraction) and 6.2 (axial length) to provide a visual representation. (A) Relative change in
refraction between treated and contralateral control eyes. As can be seen, the rate of
compensation to negative lens-wear was significantly delayed the greater the light intensity to
which animals were exposed (20,000 and 40,000 lux). The protection provided by bright light
exposure (40,000 lux) was, however, abolished by the daily administration of the dopamine D2
antagonist spiperone; (B) relative change observed in axial length between treated and
contralateral control eyes. As with refraction, bright light inhibited the rate of elongation
associated with LIM. This growth suppression, however, was lost with the daily administration
of spiperone.
161

6.3.4

Refractive and axial length variability in response to bright light

To investigate how consistent the effects of bright light were against the development of LIM,
the experiment was repeated a further three times using a different batch of chickens for each
repeat. The results demonstrated a significant level of variability in the response seen to 40,000
lux (average rate of refraction per day was -0.61 ± 0.62 D, -0.88 ± 0.45 D, and -0.76 ± 0.33 D
for the three experimental repeats respectively; Figure 6.2). Although the rate of compensation
to negative lens-wear was significantly retarded in all experimental repeats relative to that seen
under 500 lux, the degree to which this was observed was significantly different between each
run for refraction (MANOVA(F (2, 13) = 4.05, p<0.01); Table 6.3; Figure 6.3 A) and axial
length (ANOVA(F (2, 13) = 3.87, p<0.05); Table 6.4; Figure 6.4 A). In contrast, chicks raised
under 500 lux with -10 D lenses did not show significant variation between repeats for
refraction (MANOVA(F (2, 13) = 3.66, p=0.07); Table 6.3; Figure 6.3 B) or axial length
(ANOVA(F (2, 13) = 3.22, p=0.09); Table 6.4; Figure 6.4 B).
For all experimental repeats, axial length measurements were taken following four days of
treatment to ensure the animals had not yet compensated to the -10 D lenses. As noted above,
the observed changes in axial length were due to enlarged vitreous chamber depth rather than
changes in anterior chamber depth (ANOVA(F (5, 25) = 1.60, p=0.20)) or lens thickness
(ANOVA(F (5, 25) = 0.91, p=0.49)) (Table 6.4).
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Change in refraction (dioptres)
relative to contralateral control values

0.00

-2.00

-4.00

-6.00

40,000 lux
500 lux

0

1

2

3

4

5

Days
Figure 6.2. Refractive variability in response to bright light exposure following negative
lens-wear (-10 D); between three experimental repeats, but not within each experiment,
significant variability in the rate of compensation to -10 D lenses was observed in chicks
exposed to 40,000 lux for six hours per day. The same level of variability between experimental
repeats was not seen for compensation to -10 D lenses under normal laboratory light (500 lux).
The coloured lines indicate the average refraction across the three experimental repeats, with
the shading representing the range per timepoint (n=5 per condition, per timepoint).
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Days
Treatment
LIM 500 lux
Treated repeat 1
Contralateral repeat 1
Relative refraction
Treated repeat 2
Contralateral repeat 2
Relative refraction
Treated repeat 3
Contralateral repeat 3
Relative refraction
LIM 40,000 lux
Treated repeat 1
Contralateral repeat 1
Relative refraction
Treated repeat 2
Contralateral repeat 2
Relative refraction
Treated repeat 3
Contralateral repeat 3
Relative refraction

0

1

2

3

4

5

+3.10 ± 0.07
+3.28 ± 0.09
-0.18 ± 0.16
+3.06 ± 0.10
+3.20 ± 0.11
-0.14 ± 0.20
+2.92 ± 0.07
+3.16 ± 0.13
-0.24 ± 0.07

+1.64 ± 0.08
+3.30 ± 0.08
-1.66 ± 0.17
+1.58 ± 0.39
+3.18 ± 0.23
-1.60 ± 0.68
+1.62 ± 0.33
+3.02 ± 0.18
-1.40 ± 0.37

-0.50 ± 0.20
+3.26 ± 0.20
-3.76 ± 0.09
-0.24 ± 0.35
+3.24 ± 0.21
-3.48 ± 0.49
-0.46 ± 0.31
+3.06 ± 0.12
-3.52 ± 0.41

-1.00 ± 0.12
+3.24 ± 0.10
-4.24 ± 0.16
-0.94 ± 0.42
+3.06 ± 0.24
-4.00 ± 0.55
-1.34 ± 0.07
+3.08 ± 0.04
-4.42 ± 0.12

-1.86 ± 0.15
+3.28 ± 0.14
-5.14 ± 0.19
-1.48 ± 0.13
+2.96 ± 0.30
-4.44 ± 0.42
-1.82 ± 0.22
+3.02 ± 0.12
-4.84 ± 0.16

-3.32 ± 0.23
+2.96 ± 0.05
-6.28 ± 0.26
-3.42 ± 0.43
+2.98 ± 0.32
-6.40 ± 0.34
-3.22 ± 0.38
+3.06 ± 0.10
-6.28 ± 0.47

+3.00 ± 0.09
+3.02 ± 0.07
-0.02 ± 0.11
+3.08 ± 0.06
+2.92 ± 0.11
+0.16 ± 0.08
+3.04 ± 0.12
+2.94 ± 0.10
+0.10 ± 0.08

+1.94 ± 0.22
+2.92 ± 0.12
-0.98 ± 0.23
+1.76 ± 0.26
+2.80 ± 0.24
-1.04 ± 0.17
+1.94 ± 0.18
+3.00 ± 0.11
-1.06 ± 0.18

+1.04 ± 0.35
+2.88 ± 0.09
-1.84 ± 0.88
+0.10 ± 0.21
+2.80 ± 0.11
-2.70 ± 0.32
+0.60 ± 0.22
+3.10 ± 0.09
-2.50 ± 0.26

+0.00 ± 0.23
+2.84 ± 0.16
-2.84 ± 0.58
-0.56 ± 0.13
+2.82 ± 0.11
-3.38 ± 0.21
-0.20 ± 0.21
+2.96 ± 0.23
-3.16 ± 0.16

+0.04 ± 0.22
+2.86 ± 0.08
-2.82 ± 0.33
-1.16 ± 0.20
+2.94 ± 0.08
-4.10 ± 0.12
-0.56 ± 0.22
+3.10 ± 0.10
-3.66 ± 0.22

+0.06 ± 0.17
+2.90 ± 0.07
-2.84 ± 0.34
-1.54 ± 0.15
+3.08 ± 0.11
-4.62 ± 0.25
-0.74 ± 0.22
+3.12 ± 0.17
-3.86 ± 0.21

Table 6.3. The effect of bright light on changes in refraction in response to lens-induced myopia (LIM; -10 D) over three experimental
repeats; results are presented as the mean refraction (dioptres) ± standard deviation of the mean (n=5 per condition, per timepoint). Relative
refraction represents the difference in refraction between the experimental eye and contralateral control eyes on each day.
164

Treatment
LIM 500 lux
Treated repeat 1

Contralateral repeat 1

Treated repeat 2

Contralateral repeat 2

Treated repeat 3

Contralateral repeat 3

Ocular measure

Day 4

ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL
ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL
ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL

1.41 ± 0.06
2.30 ± 0.06
5.86 ± 0.12
9.57 ± 0.05
1.44 ± 0.06
2.36 ± 0.06
5.11 ± 0.12
8.91 ± 0.06
+0.66 ± 0.09
1.36 ± 0.00
2.24 ± 0.07
5.92 ± 0.10
9.52 ± 0.09
1.49 ± 0.06
2.33 ± 0.10
5.05 ± 0.06
8.90 ± 0.10
+0.62 ± 0.08
1.36 ± 0.00
2.24 ± 0.07
5.95 ± 0.17
9.55 ± 0.11
1.36 ± 0.10
2.33 ± 0.00
5.18 ± 0.18
8.91 ± 0.12
+0.64 ± 0.08

ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL
ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL

1.39 ± 0.05
2.30 ± 0.06
5.43 ± 0.06
9.12 ± 0.05
1.36 ± 0.02
2.33 ± 0.12
5.21 ± 0.10
8.90 ± 0.09
+0.22 ± 0.06
1.46 ± 0.05
2.30 ± 0.06
5.52 ± 0.09
9.28 ± 0.12
1.49 ± 0.00
2.36 ± 0.07
5.08 ± 0.05
8.90 ± 0.18
+0.38 ± 0.18

LIM 40,000 lux
Treated repeat 1

Contralateral repeat 1

Treated repeat 2

Contralateral repeat 2
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Treated repeat 3

Contralateral repeat 3

ACD
Lens
VCD
AL
ACD
Lens
VCD
AL
Relative AL

1.44 ± 0.06
2.30 ± 0.06
5.42 ± 0.10
9.16 ± 0.05
1.49 ± 0.05
2.33 ± 0.06
5.08 ± 0.09
8.90 ± 0.12
+0.26 ± 0.14

Table 6.4. The effect of bright light on changes in axial length in response to four days of
lens-induced myopia (LIM; -10 D) over three experimental repeats; results are presented
as the mean value for anterior chamber depth (ACD), lens thickness, vitreous chamber depth
(VCD), or axial length (AL) (millimetres) ± standard deviation of the mean (n=5 per condition).
Relative AL represents the difference in AL between the experimental eye and contralateral
control eyes on day 4.
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to contralateral control values
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Figure 6.3. Refractive variability in response to bright light exposure following negative
lens-wear (-10 D) over three experimental repeats; plotted data is drawn from Table 6.3 to
provide a visual representation. (A) Although the rate of compensation to negative lens-wear
(lens-induced myopia (LIM)) was delayed by exposure to 40,000 lux relative to that seen under
500 lux, significant variability in the rate of compensation was observed across the three
experimental repeats; (B) unlike that seen under bright light, chicks raised under 500 lux with
-10 D lenses did not show a significant variation across repeats.
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Change in axial length (mm) relative
to untreated control values

A.
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Figure 6.4. Axial length variability in response to bright light exposure following four days
of negative lens-wear (-10 D); plotted data is drawn from Table 6.4 to provide a visual
representation. (A) Relative change in axial length between exposure to 40,000 lux and
contralateral control values across three repeats. As can be seen, following four days of lenswear (lens-induced myopia (LIM)), prior to full compensation, significant variability is
observed in the rate of compensation to -10 D lenses in response to 40,000 lux across the three
experimental repeats; (B) relative change in axial length between treated and contralateral
control values when exposed to normal laboratory light intensity (500 lux) across three repeats.
Unlike that seen under bright light, following four days of lens-wear, prior to full compensation,
chicks raised under 500 lux with -10 D lenses did not show significant variation across the three
experimental repeats. Open circles represent individual animals.
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6.4 Discussion
As noted, daily exposure to bright light has been shown to retard the development of FDM in
chicks174, 222, 223, 242, rhesus monkeys221, tree shrews89, and mice85. Work in chicks has shown a
strong logarithmic correlation (R2 = 0.95) between the development of FDM and the intensity
of light to which animals are exposed, with FDM almost abolished at intensities at or above
40,000 lux222. Importantly, as hypothesised by Rose and colleagues197, this protection appears
to be mediated by the dopaminergic system, with the injection of the dopamine D2 receptor
antagonist spiperone abolishing the ability of bright light exposure to protect against the
development of FDM in chicks223.
Exposure to elevated light levels also affects the rate of compensation to negative lenses in
chicks223, tree shrews224, and guinea pigs225. Although full compensation to the lenses
eventually occurs, bright light significantly reduces the rate of axial growth and hence the rate
of compensation. Surprisingly however, in primates, while bright light is effective at inhibiting
the development of FDM221, light appears not to affect compensation to negative lenses226.
Along with previous reports suggesting that dopamine may play less of a role in the response
to LIM to that of FDM, this chapter investigated whether light exposure affects LIM in the same
fundamental ways as it does FDM. Specifically, this chapter tested whether the axial growth
associated with LIM is affected by bright light in an intensity-dependent manner (as seen with
FDM), and whether the dopaminergic system underlies the ability of bright light to inhibit the
rate of compensation to LIM. As discussed below, the findings of this chapter suggest that, in
at least the chick model, FDM and LIM show significant similarities with regards to the effects
of light intensity on their development.
6.4.1

The effect of high light intensities on the development of experimental myopia

As noted in Chapter 1, the normal emmetropisation process appears to be sensitive to the
intensity of light in which animals are reared, with a more hyperopic refraction maintained in
chicks the higher the luminance level98. This suggests that light intensity plays a critical role in
ocular development.
Taken together with the ability of bright light to reduce the development of FDM85, 89, 174, 221,
222

, the current chapter observed that the rate of compensation to negative lenses can

significantly be delayed in an intensity-dependent manner, although full compensation still
occurs. Specifically, compensation to -10 D lenses was slowed by 4 days with exposure to
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20,000 lux and by 8 days in chicks reared under 40,000 lux for six hours per day relative to that
seen under ‘normal’ laboratory lighting levels (500 lux). These findings indicate that, at least
in chicks, the development of both forms of experimental myopia (FDM and LIM) shows a
negative correlation with light intensity. However, there are still subtle differences between
FDM and LIM which may be associated with FDM being an ‘open-loop’ condition without a
defined refractive endpoint, while LIM is a ‘closed-loop’ condition with a defined endpoint.
Specifically, daily exposure to 40,000 lux has been shown to almost abolish the development
of FDM222. In contrast, although exposure to 40,000 lux was most effective at inhibiting the
excessive growth associated with LIM, chicks still compensated to the -10 D lenses at a rate
that was roughly two and a half times slower than that seen under ‘normal’ lighting levels, even
though the intensity of light was 80 times brighter. This suggests that bright light is less
effective at inhibiting the excessive growth associated with a defined endpoint (closed-loop),
such as that seen in LIM, relative to its effectiveness against the open-loop system of FDM.
There also appears to be greater variability in the effects of bright light on LIM relative to FDM.
Although seasonal variations are seen in our laboratory with regards to the effectiveness of light
on FDM (greater protection observed during the summer months relative to winter (data not
shown)), within a specific season, results are highly repeatable222. In contrast, a large amount
of variability was observed across repeats with respect to the effects of 40,000 lux against LIM.
As noted within the results (section 6.3.4), although the rate of compensation to negative lenswear was significantly retarded in all experimental repeats relative to that seen under 500 lux,
the degree to which this was observed was significantly different between each run (average
rate of refraction per day was -0.61 ± 0.62 D, -0.88 ± 0.45 D, and -0.76 ± 0.33 D for the three
experimental repeats respectively). This finding suggests that caution must be taken when
interpreting the results obtained from a single experiment regarding the influence of light on
the development of LIM, as it would be easy to over- or under-estimate the effect size. Further
work is needed to investigate the underlying cause of this noise as such variability was not
observed under ‘normal’ light levels (500 lux; Figure 6.3 B). This indicates it is not simply a
case that LIM displays greater noise in its response.
6.4.2

Similar protection is afforded by high light against lens compensation in tree shrews

and guinea pigs to that seen in chicks
As seen with FDM, the ability of increased illumination levels to alter the rate of compensation
to negative lenses appears to be conserved across several species, including, chicks223, tree
shrews224 and guinea pigs225. In tree shrews, compensation to -5 D lenses occurred within 9
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days when reared under ‘normal’ lighting levels (300 lux), while time-to-compensation nearly
doubled (17.5 days) in animals exposed daily to 7.5 hours of 15,000 lux224. Guinea pigs exposed
to 10,000 lux for 12 hours per day show a similar reduction in the rate of compensation to -4 D
lenses when compared to those exposed to ‘normal’ indoor lighting levels (500 lux)225. Based
on the findings of this chapter and together with the similarities in the response of chicks, tree
shrews and guinea pigs to changes in illumination levels, one assumes that a similar intensitydependent effect on LIM would be seen in these species.
6.4.3

Bright light appears not to affect lens compensation in primates (rhesus monkeys)

One of the largest conundrums that currently exists with respect to light intensity and the
development of experimental myopia, is the inability of bright light to alter the rate of
compensation to negative lenses in rhesus monkeys226. This result is somewhat surprising as
the effect of bright light on FDM has been shown to be conserved across chicks174, 222, rhesus
monkeys221, tree shrews89, and mice85. Interestingly, as discussed in Chapter 1, a smaller study
by Wang and colleagues227 reported light-induced protection against the development of LIM
in a small population of rhesus monkeys. Here the authors compared fitting the animals
monocularly with -3 D lenses and either exposing them to normal artificial lighting (500 lux)
or exposing them to higher light levels by rearing them outdoors. As the spectral composition
of sunlight and indoor halogen lights would be significantly different, this positive protection
observed against LIM, not seen in earlier studies, may suggest that a combination of intensity
and chromatic cues was critical to the reported protective effect. In line with this, chromatic
cues have been shown to significantly influence normal ocular development and the
compensatory response to imposed optical defocus229, 230, 234-237, 239, 240, 459-465. However, the
spectral composition of bright light used to inhibit the rate of compensation to negative lenses
in other species was similar as that used to generate normal lighting levels, suggesting that the
protective effects observed in other species were not spectrally driven.
6.4.4

The role of dopamine as a mechanism underlying the protective effects of high light

The protective effect afforded by bright light has been hypothesised to be associated with lightinduced increases in retinal dopamine release197 based on four major points of evidence. Firstly,
the release of dopamine from dopaminergic amacrine and interplexiform cells increases in a
log-linear fashion in response to increasing light intensity217. Secondly, retinal dopamine levels
are reduced during the development of experimental myopia in chicks273, rhesus monkeys347,
tree shrews348, and guinea pigs466, with dopamine receptor agonists capable of inhibiting
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experimental myopia170, 172, 250, 255, 257, 272-284, 467. Thirdly, the ability of brief periods of normal
vision to retard the development of FDM in chicks174, 175, a process which is enhanced by
exposure to bright light174, is abolished by the administration of the dopamine D2 receptor
antagonist spiperone170. Finally, the protective effects afforded by bright light against the
development of FDM in chicks are abolished by the daily administration of spiperone223.
However, although a clear role for dopamine has been demonstrated in the development of
FDM, it is less clear if this neuromodulator plays the same critical role in LIM. Specifically,
the well-established dopamine agonist apomorphine was found to effectively block the
development of FDM, but not LIM in guinea pigs250, although, in chicks, it can inhibit the
excessive ocular elongation associated with negative lens-wear255, 276. Similarly, spiperone has
been reported to block the protective effect associated with brief periods of normal vision on
the development of FDM but not LIM251, although conflicting results have been reported by the
authors276. The findings of this chapter, however, as that seen in FDM, support a role for
dopamine in negative lens-wear, as daily administration of spiperone abolished the protective
effect of bright light (40,000 lux) on the rate of lens compensation.
6.5 Conclusions
The rate of compensation to -10 D lenses was inhibited by bright light exposure in an intensitydependent manner. The greatest effect was seen at 40,000 lux, with lens compensation delayed
by 8 days compared to chicks reared under normal laboratory light. Unlike that seen during
FDM, however, bright light did not prevent the development of LIM, but rather reduced the
rate of compensation. Daily injections of the dopamine D2 receptor antagonist spiperone
blocked the effects of bright light exposure, suggesting that, as with FDM, compensation to
negative lenses is inhibited by light-induced changes in retinal dopamine levels. Together, these
results indicate fundamental similarities in the underlying mechanisms between the
development of FDM and LIM in chicks.
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Chapter 7: General Discussion
As noted throughout this thesis, with the increasing use of large-scale screening technologies,
the list of possible growth modulators has expanded rapidly and continues to expand.
Unfortunately, limited overlap is observed in the molecular changes reported between studies,
making it difficult to determine whether the changes observed have a causal relationship with
eye growth. The list of potential regulators is further expanded by the numerous
pharmacological agents, targeting nearly all major transmitter families, that are capable of
manipulating growth. However, although diverse in their receptor targets, each of these agents
leads to a common set of biological outcomes when modulating myopia development, that of
altering both scleral growth and choroidal thickness. This thesis tested the hypothesis that,
irrespective of the means by which growth is modulated (i.e. pharmacological, optical or
environmental), such a common set of physiological responses are driven by a conserved set of
signals emanating from the retina that are essential for growth regulation.
This thesis also looked at discrepancies seen between different growth modulating paradigms
and examined whether this suggested differences in the underlying pathways. Specifically, do
the physiological changes seen in response to the two major forms of myopic defocus, that of
positive lens-wear and recovery from experimental myopia, work through similar retinal
pathways? This question was addressed by examining what may underlie the differences seen
in the expression of the immediate early gene (IEG) early growth response-1 (Egr-1) in
response to these two forms of myopic defocus. Finally, this thesis examined if the two primary
forms of experimental myopia, that of form-deprivation myopia (FDM) and lens-induced
myopia (LIM), are affected in a similar manner by the external environmental cue of light.
7.1

Egr-1 is a powerful biomarker for ocular growth rates and appears to form part of a

conserved retinal response to external cues that drive eye growth
One of the most consistent molecular changes reported across studies and between species is
the altered expression of the IEG Egr-1, which shows a bi-directional response to opposing
growth stimuli. In Chapters 3 and 4 of this thesis, Egr-1 mRNA levels were found to faithfully
indicate the state of eye growth in response to a diverse range of optical and pharmacological
manipulations. Specifically, Egr-1’s expression was reduced during periods of increased ocular
growth (development of FDM and LIM as well as by administration of pharmacological agents
that maintain enhanced growth rates) and elevated during periods of reduced ocular growth
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(recovery from FDM and LIM as well as by administration of growth suppressing
pharmacological agents).
The only caveat to this conserved response is the expression of Egr-1 during positive lens-wear
(lens-induced hyperopia (LIH)). As with recovery from experimental myopia, LIH induces
myopic defocus and is a well-established growth suppressing paradigm in all animal models
studied44, 47, 141-146, 148, 152, 153, 169, 272. However, rather than stimulating Egr-1 expression, as is
normally associated with growth suppression (Chapter 3), positive lens-wear results in an
unexpected down-regulation6, 10, 389 (Chapter 5). As both forms of myopic defocus lead to
suppressed growth, why is the expression of Egr-1 not conserved? Chapter 5 examined whether
two distinct differences between these two forms of myopic defocus, namely the size and state
of eye growth prior to treatment, could explain this discrepancy. However, positive lenses
induced a down-regulation in Egr-1 mRNA levels even after adjusting for these differences.
Instead, it appears that the retinal expression of Egr-1 may be insensitive to the sign of defocus,
being sensitive only to a change in growth rates, irrespective of the direction. Specifically, it
appears that a down-regulation in Egr-1 levels is the default response to any initial stimulus
that alters ocular growth rates, irrespective of the direction of growth. If growth is then further
altered, again irrespective of the direction, Egr-1 expression appears to become elevated to
indicate a new state. This finding, however, must be investigated further to confirm that Egr-1
is indeed directionally insensitive. To achieve this, other paradigms in which the initial stimulus
is growth suppression will need to be investigated to determine if a down-regulation in Egr-1
is similarly observed. If such paradigms were, however, to show an increase in Egr-1
expression, supporting the original hypothesis that this IEG is a directionally selective marker
of growth, we land back at the original question – why is the retinal response to positive lenswear different?
Whether Egr-1 does, or does not, faithfully indicate the direction of growth, a critical question
is whether the changes seen have a direct causal relationship with ocular growth? Evidence for
a causal link comes from work in mice381. Specifically, a transient myopic shift in refraction
and increased axial elongation is observed in Egr-1 knockout mice relative to wild type control
animals during the first few weeks of life.
7.2

Transcriptome analysis reveals commonality between growth inhibitory treatments

As noted above, due to the lack of concordance in the molecular changes observed between
animal studies of experimental myopia using high throughput techniques6, 7, 9, 10, 12-14, 16-21, 67, 365,
174

404, 407, 411, 412, 427, 432-439

, one of the driving forces of this thesis was to try and refine the list of

molecules plausibly involved in growth regulation by looking for commonality across
treatments. The lack of concordance between studies was again exemplified in this thesis, with
only 33% of those genes found to be differentially expressed during the development of
experimental myopia across both timepoints being reported by previous studies. As noted in
Chapter 4, this lack of concordance is somewhat expected due to the array of differences in the
experimental designs employed by each study, including the species utilised, molecular level
examined (i.e. RNA or protein), screening technologies employed (i.e. microarray versus nextgeneration sequencing), timepoints examined and experimental conditions investigated (i.e.
FDM versus LIM). Therefore, the goal of this study was to concurrently analyse the molecular
changes common to multiple paradigms that ultimately lead to the same biological outcome,
and in so doing, hopefully better define those changes that are critical for growth regulation.
As postulated, several retinal molecules, in addition to Egr-1, showed a common expression
profile across the five growth inhibitory paradigms investigated, with the overlap being greatest
at the earlier timepoint of 4 hours (33% of the expression profile) with less conservation seen
following 24 hours of treatment (8% of the expression profile). Modulation of several IEGs,
including Egr-1, cFos and the IEG regulator NAB2, appeared to be central to this conserved
response to growth suppression at both timepoints. This was supported by pathway analyses,
which indicated a gene profile indicative of IEG activity and, more specifically, Egr-1 activity
as significant enrichment was seen in genes that are bound and regulated by this transcription
factor. Importantly, gene enrichment analysis indicated modulation of pathways previously
implicated in ocular growth296, 344, 345, 468-473, including those associated with cell signalling,
circadian entrainment and phototransduction. As was the aim, this study has therefore better
defined those molecular changes and pathways critical to the suppression of ocular growth.
Interestingly, several genes and pathways previously postulated to play a critical role in the
regulation of ocular growth did not show statistically significant alterations in their expression
profile in this study. For instance, the role of the dopaminergic pathway in response to the
development of experimental myopia is well-established, with retinal levels of dopamine and
its primary metabolite 3,4-dihydroxyphenylacetic acid (DOPAC) reported to be reduced during
FDM273, 347, 348, 466. However, dopamine’s rate limiting enzyme tyrosine hydroxylase, as well as
the dopaminergic receptors, have rarely been found to be differentially expressed across a large
number of transcriptome, proteome, and microRNAome studies6, 7, 9, 10, 12-14, 16-21, 67, 365, 404, 407,
411, 412, 427, 432-439

. Instead, the dopaminergic pathway is primarily regulated at the post175

translational level345, 474, 475 and therefore one would not expect to detect changes in such
pathways from an analysis of the transcriptome. This is true for all pathways in which their
activity state is driven by post-translational modifications, such as cleavage, phosphorylation,
acetylation and ubiquitination, or for molecules not derived directly from gene expression (i.e.
lipid and carbohydrate-based signalling molecules). This is a weakness of all large-scale RNA
and protein screening studies. They will, for the most part, only detect changes in absolute
levels, but are unable to give information on changes in the activity state of a molecule/pathway
that is driven by post-translational modifications or other such alterations (i.e. dimer formation,
binding with a larger active complex, transport of a molecule to a new intracellular location,
modulation of the cellular release or metabolism of an active molecule, etc.).
7.3

The effect of bright light on compensation to negative lenses

Although able to inhibit the rate of compensation to negative lenses in chicks223, tree shrews224
and guinea pigs225, based on the inability of higher illumination levels to inhibit LIM in rhesus
monkeys226, the role of bright light in the development of human myopia has been duly
questioned. But the question remains, why does bright light not affect the development of LIM
in primates? This is puzzling, as the ability of light to retard the development of FDM appears
to be highly conserved across species (chicks174, 217, 222, 223, 242, 425, rhesus monkeys221, tree
shrews89 and mice85), and with the exception of primates, appears to be conserved across species
for LIM as well (chicks223, tree shrews224 and guinea pigs225). Furthermore, the current findings
indicate that light inhibits both FDM and LIM through a similar mechanism, that of increased
dopaminergic activity. We know that FDM can by inhibited in primates through administration
of a dopaminergic agonist278, and that FDM is abolished in primates by bright light exposure221.
Therefore, one would expect that if LIM is also associated with changes in dopaminergic
activity in primates, bright light should be able to inhibit its development. Instead, the inability
of higher illumination levels to affect LIM in rhesus monkeys suggests that this form of
experimental myopia is driven, surprisingly, through a non-dopaminergic mechanism in
primates. However, as noted in Chapter 6, a later study by Wang and colleagues227 reported
light-induced protection against the development of LIM in a small population of rhesus
monkeys, although this protective effect may have been driven by chromatic cues rather than
being intensity-dependent.
It should be noted that although LIM is inhibited in an intensity-dependent manner, bright light
does not prevent full compensation to the negative lenses, but merely slows the rate of
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compensation. It should also be noted that the current findings illustrate that the effect of bright
light on LIM shows large variability relative to that observed under ‘normal’ lighting levels
(500 lux) or relative to that seen for FDM. This is an important point if running a single
experiment looking at the effects of light on ocular development. Based on the current findings,
a single experiment may significantly under- or over-estimate the protective effects afforded by
light. Further work is required to understand what generates this variability and whether it is
only associated with LIM.
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Chapter 8: Appendix
Please note that some of the supplementary material found within this Chapter can only be accessed
through the online PDF version provided by the University of Canberra Library.
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Condition
Age-matched untreated controls

Mean Normalised Expression
(MNE)
0.0512 ± 0.0063

Contralateral controls- Form-deprivation myopia (FDM)

0.0733 ± 0.0123

Contralateral controls- Lens-induced myopia (-10 D; LIM)

0.0778 ± 0.0037

Contralateral controls- Recovery from FDM

0.0488 ± 0.0095

Contralateral controls- Recovery from LIM

0.0551 ± 0.0095

Contralateral controls- Recovery from FDM + Spiperone

0.0469 ± 0.0071

Contralateral controls- Recovery from LIM + Spiperone

0.0865 ± 0.0212

Contralateral controls- FDM + Spiperone

0.0726 ± 0.0049

Contralateral controls- LIM + Spiperone

0.0804 ± 0.0109

Contralateral controls- Recovery from FDM + Muscimol

0.0459 ± 0.0129

Contralateral controls- Recovery from LIM + Muscimol

0.0678 ± 0.0091

Contralateral controls- FDM + Muscimol

0.0509 ± 0.0152

Contralateral controls- LIM + Muscimol

0.0520 ± 0.0206

Contralateral controls- FDM + Atropine

0.0683 ± 0.0159

Contralateral controls- LIM + Atropine

0.0682 ± 0.0159

Contralateral controls- FDM + Pirenzepine

0.0670 ± 0.0240

Contralateral controls- LIM + Pirenzepine

0.0767 ± 0.0045

Contralateral controls- FDM + ADTN

0.0584 ± 0.0038

Contralateral controls- LIM + ADTN

0.0611 ± 0.0121

Contralateral controls- FDM + Bicuculline

0.0549 ± 0.0077

Contralateral controls- LIM + Bicuculline

0.0588 ± 0.0154

Contralateral controls- FDM + CGP46381

0.0417 ± 0.0135

Contralateral controls- LIM + CGP46381

0.0707 ± 0.0297

Contralateral controls- FDM + TPMPA

0.0952 ± 0.0338

Contralateral controls- LIM + TPMPA

0.0463 ± 0.0226

Contralateral controls- FDM + 4-ACPBPA

0.0605 ± 0.0147

Contralateral controls- LIM + 4-ACPBPA

0.3963 ± 0.1668

Contralateral controls- FDM + L-Arginine

0.0774 ± 0.0135

Contralateral controls- LIM + L-Arginine

0.0684 ± 0.0099

Table 8.1. Mean Normalised Expression of Egr-1 from age-matched untreated and
contralateral control eyes following 4 hours of treatment; values represent the mean
normalised expression (MNE) of Egr-1 ± standard deviation of the mean following 4 hours of
treatment (n=5 per condition). The MNE is presented instead of fold change, the value normally
presented, as fold change represents the difference in expression between the treated and
contralateral control eye.
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Common genes
after 4 and 24 hrs

Table 8.2. List of genes in the common state following 4 and 24 hours of treatment;
differentially expressed genes (with a false discovery rate (FDR) of ≤15% and a fold change ±
0.5) were in the common state if they were expressed in the same direction in three or more of
the five growth inhibitory treatments (atropine, pirenzepine, ADTN, TPMPA and recovery
from form-deprivation myopia (FDM)) relative to FDM. Following 4 hours of treatment, 201
genes were common across the inhibitory treatments, while following 24 hours, 80 genes were
common. Please double click the paperclip icon for the document to open in Excel.
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ChIP-seq Egr-1
target sites

Table

8.3.

Overlap

between

transcriptome

data

and

published

chromatin

immunoprecipitation deep sequencing (ChIP-seq) data for Egr-1 binding sites; in order to
obtain a better understanding of retinal specific targets of Egr-1 during growth modulation, the
current transcriptome data (Chapter 4) was screened against ChIP-seq data for known gene
targets of Egr-1. Please double click the paperclip icon for the document to open in Excel.
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Transcriptome and
proteome studies

Table 8.4. Combined data set of published animal transcriptome, proteome and
microRNAome studies associated with the modulation of ocular growth; please double
click the paperclip icon for the document to open in Excel.
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