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Abstract 

Myopia, a chronic progressive condition arising from excessive elongation of the eye during 

development, is the leading cause of visual impairment and low vision world-wide. Over the 

past 50 years, myopia rates have increased dramatically, with estimates predicting that half of 

the world’s population may be affected by 2050. Consequently, understanding both the 

aetiology and the biochemical processes underlying myopia is critical to facilitate the continual 

development of novel treatments. 

Through work in animal models, the retinal neuromodulator dopamine has been heavily 

implicated in the regulation of ocular growth, and therefore myopia development. This thesis 

builds on this knowledge by addressing several questions regarding dopamine’s role in the 

prevention of experimental myopia, with a view towards developing dopaminergic 

interventions for human treatment. Specifically, using the chick model, this thesis investigates: 

whether the two major forms of experimental myopia are similarly inhibited by dopaminergic 

stimulation; if topically applied levodopa can form a potential treatment for myopia based on 

pre-clinical safety and efficacy data; whether or not topically applied dopamine can penetrate 

the cornea and inhibit experimental myopia; and, if modulation of the dopaminergic system 

underlies the anti-myopic effects of the muscarinic cholinergic antagonist atropine. This thesis 

reports several major findings: 

1. Both form-deprivation myopia (FDM) and lens-induced myopia (LIM) are similarly 

inhibited by pharmacological stimulation of the dopaminergic D2-like receptor family, 

suggesting that dopamine’s role is indeed universal across these paradigms. 

2. The dopamine precursor levodopa significantly inhibits the development of FDM and 

LIM in a dose dependent manner when applied as a reformulated topical eye drop 
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solution. Therefore, levodopa may represent a novel pharmacological intervention for 

human myopia. 

3. The protective effects of topically applied levodopa can be significantly enhanced by 

co-administration with carbidopa, which increases levodopa’s bioavailability within the 

retina. In this formulation, topical levodopa becomes approximately 30% more 

effective than atropine or levodopa alone at inhibiting both forms of experimental 

myopia. 

4. Neither topically formulated levodopa, nor levodopa/carbidopa alters normal ocular 

development or ocular health when administered for chronic treatment periods in chicks 

or mice. Furthermore, no significant systemic distribution of levodopa is observed 

following topical application, reducing the potential for known off-target effects. 

Therefore, topically applied levodopa appears to be both safe and effective at inhibiting 

experimental myopia.  

5. Unexpectedly, topical administration of dopamine and deuterium labelled dopamine 

can inhibit the development of FDM in a dose-dependent manner, with a similar 

efficacy to that of atropine and levodopa alone. This is surprising as due to its polar 

nature, dopamine would be assumed not to cross the corneal epithelium when applied 

as eye drops. Thus, topical administration of the natural ligand dopamine may be a 

clinically effective treatment for myopia.  

6. Although high doses of atropine can increase retinal dopamine release, stimulation of 

the dopamine system is not required for atropine to elicit its growth inhibitory effects.  

7. While investigating the role of dopamine in the anti-myopic effects of atropine, 

muscarinic and nicotinic cholinergic agonists, which were assumed to enhance myopia, 
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were unexpectedly found to inhibit the development of FDM. This would suggest that 

cholinergic hyperactivity does not underly myopic growth and questions whether 

atropine inhibits myopia via cholinergic antagonism. This finding also indicates a novel 

drug family for the pharmacological treatment of myopia, that of nicotinic agonists, 

which are unlikely to suffer from the anterior segment side-effects associated with 

muscarinic treatment. 

8. Unlike atropine or nicotinic cholinergic agonists, muscarinic cholinergic agonists elicit 

their anti-myopic effects through increasing retinal dopamine release. 
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Chapter 1 – General Introduction 

1.1 Overview 

Myopia (short-sightedness) is a refractive disorder arising from a mismatch between the optical 

power of the eye and its axial length. This mismatch is most commonly due to excessive 

elongation of the eye during development which can lead to a number of sight-threatening 

pathological complications1. Over the past half century, the prevalence of myopia has increased 

dramatically and is now the leading cause of low vision world-wide2, with estimates predicting 

that half of the world’s population may be affected by 20503.  

Based on animal findings, one molecule heavily implicated in the regulation of ocular growth, 

and therefore myopia development, is the retinal neuromodulator dopamine4, 5. During the 

development of experimental myopia, dopamine synthesis and release within the retina is 

markedly reduced across all species investigated6-16. When this reduction is countered by 

pharmacological stimulation of the dopaminergic system6, 17-27, experimental myopia is 

inhibited4, 5.  

This thesis builds on this knowledge and addresses several questions regarding the essential 

nature of dopamine in the prevention of experimental myopia, with the aim of developing 

dopaminergic treatments for human use. Firstly, this thesis examines how fundamental 

dopaminergic stimulation is to the inhibition of both forms of experimental myopia. Although 

dopamine plays a clear role in the aetiology of form-deprivation myopia (FDM)6-22, 25, 28, 29, its 

role in the other major form of experimental myopia, that of lens-induced myopia (LIM), is 

less clear13, 16, 19, 28-30. Understanding the degree to which dopaminergic activity is fundamental 

to the inhibition of all forms of experimental myopia is critical when addressing the 

translatability of such findings to the human situation. Therefore, this thesis examines whether 



2 

 

FDM and LIM are inhibited to a similar degree through pharmacological stimulation of the 

dopaminergic system (Chapters 2 and 4), and whether protection is driven through the same 

subfamily of dopamine receptors.  

This thesis then proceeds to investigate the pre-clinical effectiveness of several ophthalmic 

preparations, which pharmacologically stimulate the dopaminergic system, against the 

development of experimental myopia. The most obvious means by which to target the 

dopaminergic system is through application of the natural ligand (dopamine), as investigated 

in Chapter 6. However, due to the polarity created by its amine and hydroxyl groups, dopamine 

does not easily cross epithelial barriers, which may limit its therapeutic activity when applied 

as topical eye drops. In the treatment of neurological disorders, this is circumvented by 

administering the dopamine precursor levodopa, which readily moves across such barriers31, 

32. Therefore, this thesis looks at the pre-clinical safety and efficacy of topically applied 

levodopa in animal models (Chapters 3–5), with a view towards its potential use as an 

ophthalmic treatment for human myopia.  

Finally, this thesis investigates whether atropine, the primary pharmacological treatment for 

myopia in humans, inhibits growth by downstream modulation of dopamine levels, a 

mechanism postulated to underly its anti-myopic effects33, 34. Specifically, Chapter 7 examines 

whether atropine, investigated at several concentrations, affects retinal dopamine release in 

chicks. Concurrently, this thesis investigates the role of cholinergic hyperactivity, and its 

interactions with the dopaminergic system, in the anti-myopic effects of atropine (Chapter 7).  
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1.2 Normal ocular function 

1.2.1 Structures of the eye 

Prior to discussing myopia, its pathological outcomes, and the role of dopamine in ocular 

growth, the structures of the eye are outlined below. The overarching role of the anatomical 

structures of the eye is to focus light rays emanating from viewed objects onto a neural layer – 

the retina. Here, the retina converts photons of light into electrical signals through the process 

of phototransduction. Such signals are transmitted to higher order centres in the brain to allow 

us to perceive images of the world around us35. As will be discussed later, a mismatch between 

the focal plane of an image and the retina can lead to refractive disorders, such as myopia 

(short-sightedness), which is the core of this thesis.  

The eye 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 chambers (Figure 1-1): the large posterior or 

vitreous chamber, which contains the gelatinous vitreous body, and the smaller fluid-filled 

anterior chamber, which sits directly behind the cornea. The spherical shape of the eye is 

maintained by the intraocular pressure (IOP) generated by movement of fluid (aqueous 

humour) through the anterior chamber36. Such fluid also delivers nutrients to the avascular 

central cornea and the lens36. Separating the anterior chamber from the posterior chamber is 

the iris, which forms the pupil37, and the lens. Together, the lens and cornea form the refractive 

surfaces of the eye38, 39. The lens is an elastic, somewhat spherical, tissue held in place within 

the eye by ciliary ligaments attached to ciliary muscles. Changing the tension applied by the 

ciliary ligaments to the lens allows us to change the focal distance by altering the shape of this 

biconvex optical structure in a process called accommodation1, 38.  

At the back of the vitreous chamber are the four layers of the posterior eye cup (Figure 1-1): 

the retina (innermost), retinal pigment epithelium (RPE), choroid, and sclera (outermost)36. The 
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retina forms the primary subject matter of this thesis and will be discussed last. The RPE is a 

monolayer of highly specialised polarised pigmented cells that lies between the photoreceptors 

of the retina and the vascular choroid40. The RPE is firmly attached by microfilaments to 

Bruch’s membrane (on the choroidal side), while apically it adheres to the neural retina40. The 

RPE is responsible for maintaining and nourishing the retinal photoreceptor cells, forming part 

of the blood–retinal barrier, allowing selective transport of nutrients and ions and preventing 

image degradation by absorbing stray light35, 41-43. Due to its location, the RPE is likely to play 

a critical role in relaying growth signals emanating from the retina (discussed below) to the 

choroid and sclera during the development of myopia43. Accordingly, the RPE possesses 

receptors for many signalling molecules which are implicated in ocular growth regulation, 

including dopamine44-46, acetylcholine47-51, vasoactive intestinal peptide (VIP)52, glucagon52-54, 

retinoic acid (RA)55, 56, insulin57, 58, and serotonin59, 60.  Along with the retina, the RPE also 

synthesises and releases several growth factors and cytokines that have been implicated in 

growth regulation, including insulin-like growth factor-1 (IGF-1)61, transforming growth factor 

beta (TGFβ)61-64, fibroblast growth factor (FGF)61, 62, 64, vascular endothelial growth factor 

(VEGF)65, and bone morphogenetic protein (BMP)61, 66, 67. Morphological changes have also 

been observed within the RPE during the development of myopia in humans and animals68-74, 

indicative of an active response during growth modulation. 

The choroid, which along with the ciliary body and iris make up the uvea (vascular layer), sits 

between the sclera (outermost layer) and the RPE75. The choroid contains an extensive vascular 

and lymphatic network that supplies nourishment and oxygen for the retina and RPE75. It also 

plays a role in light absorption, thermoregulation, and modulation of IOP43, 75. In all species 

studied, the choroid is capable of rapidly altering its thickness through what appears to be 

changes in the amount of fluid retained and/or smooth muscle activity5, 75. Alterations in 

choroidal thickness are among the earliest physiological changes observed in all species studied 
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during modifications in the rate of ocular growth, such as that observed during the development 

of myopia (discussed below)75.  

The outermost layer of the eye, the fibrous layer, consists of two distinct regions: the sclera 

and the cornea36, 39. The white opaque sclera forms the posterior portion and bulk of the fibrous 

layer. The sclera provides an anchor-point for the ocular muscles involved in accommodation 

and the movement/rotation of eye; it is also an entry route for blood vessels and nerves, 

provides protection to the delicate underlying intraocular structures, and affords resistance 

against the eye’s IOP  (which maintains its shape and size)76. In mammals, the sclera is 

composed of fibrous connective tissue – an interwoven meshwork of collagen fibrils of varying 

diameters, glycosaminoglycans (GAG), and matrix proteins40, 77. In chicks, the primary species 

studied in this thesis, the sclera contains an additional cartilaginous layer78. The growth of the 

sclera, which in humans can continue up to approximately 18 years of age, determines the size 

of the eye76. As discussed in detail below (Section 1.3.1), the elongation of the eye during 

myopia is associated with an increase in scleral growth and/or remodelling. 
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Figure 1-1: Anatomical structures of the eye39  
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1.2.2 Structure and function of the retina 

The innermost layer of the posterior eye cup is composed of the retina (a neural outgrowth of 

the central nervous system, Figure 1-2)79. The retina consists of six distinct layers: three nuclear 

layers containing neural cell bodies (outer nuclear layer, inner nuclear layer, and ganglion cell 

layer) and three synaptic or axonal layers (outer plexiform layer, inner plexiform layer, and 

retinal nerve fibre layer)35, 79, 80. These retinal layers are bordered by the outer limiting 

membrane (which divides the photoreceptors’ inner segments and cell bodies within the outer 

nuclear layer) and the inner limiting membrane (which separates the nerve fibre layer from the 

vitreous chamber)79. Within these layers, following a high degree of organisation, lie five major 

neural cell types (photoreceptors, horizontal cells, bipolar cells, amacrine/interplexiform cells, 

and ganglion cells), as well as support cells (Müller cells, astrocytes, and microglia)80. The cell 

bodies and inner segments of the photoreceptors, which are the light-sensitive neurons of the 

retina, are found within the outer nuclear layer80. Their outer segments, which are composed 

of membranous discs containing photosensitive pigment, sit within the photoreceptor layer80. 

The cell bodies of the interneurons (horizontal cells, bipolar cells, amacrine/interplexiform 

cells) are found within the inner nuclear layer, while the ganglion cell bodies, as suggested by 

the name, sit within the ganglion cell layer80. The outer plexiform layer contains synaptic 

communication between photoreceptors, horizontal cells, and bipolar cells of the retina; while 

the inner plexiform layer contains synaptic communication between bipolar, amacrine, and 

ganglion cells80. Finally, the axons of the ganglion cells travel within the nerve fibre layer, 

exiting the eye at the optic disc, where they form the optic nerve, to transmit visual information 

back to the brain80. Visual information is passed through the retina, with the simplest pathway 

being photoreceptor to bipolar cell to ganglion cell. The movement of this information within 

the retina is closely regulated by horizontal and amacrine cells80.  
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The most diverse type of retinal neuron is the amacrine cell, with approximately 40 different 

cell types discovered thus far35, 81. Typically lacking axons, amacrine cells reside at the 

boundary between the inner nuclear layer and inner plexiform layer and synapse with bipolar 

cells, retinal ganglion cells, and other amacrine cells35, 81. Several populations of amacrine cells 

are also found within the ganglion cell layer, referred to as displaced amacrine cells, with 

processes extending into the inner plexiform layer82. Amacrine cells appear to be critically 

involved in regulating ocular growth, expressing and/or releasing numerous biochemical 

markers that have been implicated in ocular development5, 83. Furthermore, key 

pharmacological agents  found to influence ocular growth specifically target neurotransmitter 

systems expressed by these cells (for review see 5), while neurotoxins which target amacrine 

cells have also been found to alter ocular growth84-88. For this thesis, the most critical of these 

amacrine cells are the dopaminergic amacrine cells89, 90 and starburst amacrine cells (which 

produce acetylcholine)91. The functions and retinal localisations of these cells will be discussed 

further in Sections 1.5 (starburst amacrine cells) and 1.6 (dopaminergic amacrine cells). 
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Figure 1-2: Organisation of the retina 

The innermost layer of the posterior eye cup is the retina. It consists of seven distinct layers: 

the photoreceptor layer, three nuclear layers containing neural cell bodies (outer nuclear layer, 

inner nuclear layer, and ganglion cell layer), and three synaptic or axonal layers (outer 

plexiform layer, inner plexiform layer, and nerve fibre layer) 79. Key: ‘C’ cone receptors; ‘R’ 

rod receptors; ‘HC’ horizontal cells; ‘BP’ bipolar cells; ‘AC’ amacrine cells; ‘GC’ ganglion 

cells. Figure courtesy of Regan Ashby.  
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1.2.3 Normal refractive development 

During development, the eye progresses towards a state of emmetropia, where the axial length 

of the eye matches its optical power92, 93. This ensures that light rays from distant objects are 

focused on the retina when the eye is at rest (no accommodation), providing a clear image. 

When emmetropia is not reached, a person will experience ametropia (refractive error). The 

two main forms of spherical (i.e., non-astigmatic) ametropia are hyperopia and myopia (Figure 

1-3A&C respectively)1, 94. Hyperopia occurs when the eye is too short for its optical power. 

Thus, when the eye is at rest, light rays from distant objects are focused behind the retina 

causing the image to appear blurred. This is referred to as a positive refractive error, indicating 

that the optical power of the eye needs to be increased to pull the focal plane forwards to where 

the retina is located39. Conversely, myopia occurs when the eye is too long for its optical power. 

In this case, when the eye is at rest, light rays from distant objects are focused in front of the 

retina, again causing blurring. This is referred to as a negative refractive error, indicating that 

the optical power of the eye needs to be reduced to push the image back towards the retina39. 

Refractive development is guided by a number of processes, including proportional growth 

with the rest of the head, genetic guidance, and external (visual) cues92, 93. Most vertebrates are 

born hyperopic and grow towards emmetropia over the early years of development. During this 

period, the cornea flattens and the lens thins. This leads to a loss of optical (refractive) power 

which pushes the focal plane backwards. Over the same period the eye elongates, drawing the 

retina back towards the focal plane. Ocular growth progresses rapidly towards emmetropia over 

the first 3 years of age, at which point the eye stabilises at a slightly hyperopic value (1 to 1.5 

dioptres)95-98.  The eye can continue to grow until approximately 18 years of age when it is 

considered fully developed, stabilising at around 24 millimetres in length (measured from the 

anterior surface of the cornea to the retina)1, 95, 99, 100.  
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Normal ocular growth shows distinct diurnal and/or circadian patterns (for review see5, 101-105). 

Specifically, axial elongation occurs faster during the day than during the night106-113, while the 

choroid is thicker during the night than during the day – growing in an approximate antiphase 

(9 hours apart) to scleral growth106-108, 114, 115. In animal models, ocular growth is significantly 

altered when the entrainment of these rhythms is disrupted by modifying the lighting cycle5, 

101, 102, 116. These rhythms are also disrupted during the development of experimental myopia, 

in which there is a phase shift in axial elongation, bringing it into exact antiphase with choroidal 

thickness84, 106, 107. Dopamine, one of the primary molecules investigated in this thesis, appears 

to play an important role in establishing the diurnal growth rhythms of the eye105, 117, with 

disruptions in dopamine cycling leading to abnormal ocular growth117, 118. 
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Figure 1-3: Emmetropia and ametropia (myopic and hyperopic refractive errors) 

A) Hyperopic refractive error. The axial length of the eye is too short for its optical power, 

therefore images from distant objects fall behind the retina instead of upon it. 

B) Emmetropia. The axial length of the eye is matched with its focal power, resulting in clear 

vision. 

C) Myopic refractive error. The axial length of the eye is too long for its optical power, leaving 

images from distant objects focused in front of the retina. 

Figure courtesy of Regan Ashby.  
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1.3 Myopia 

1.3.1 Biological manifestation 

Myopia arises from excessive elongation of the vitreal chamber during development, with no 

accompanying changes observed within the anterior segments (i.e., corneal curvature, lens 

thickness, or anterior chamber depth)5, 119. In eutherian mammals (which possess a single 

fibrous collagen-dominated layer of sclera), vitreal elongation occurs via thinning and 

remodelling of the fibrous sclera at the posterior pole120-122. There is a net decrease in the 

amount of type I collagen and unsulfated GAGs, resulting in a loss of the scleral extracellular 

matrix77, 120, 123-125. In other vertebrates (such as birds) which possess a second, cartilaginous 

scleral layer, increased synthesis and accumulation of proteoglycans facilitates growth of the 

cartilaginous layer126-128. In most myopic individuals, this enhanced scleral growth and 

remodelling occurs following thinning of the choroid119. As discussed earlier, the choroid thins 

by decreasing the amount of fluid retained and/or smooth muscle contraction5, 75. Together, 

scleral remodelling and choroidal thinning pull the retina backwards, away from the natural 

focal  plane, leading to the development of myopia119.  

The degree to which excessive axial elongation occurs defines the magnitude of the refractive 

error that develops and thus the severity of myopia. In general, myopia can be classified as low 

to moderate myopia (–0.5 to –6 dioptres (D)) or high myopia (more negative than –6 D)129. 

The refractive error associated with myopia can be corrected through the use of lenses or laser 

surgery; however, such corrections do not address the underlying pathology of myopia – that 

is, excessive ocular growth. Such growth places myopes at a significantly higher risk of 

developing sight-threatening complications such as retinal detachment, staphyloma, and 

myopic maculopathy1, 130-134.  Although there is no safe level of myopia in terms of developing 

such complications, the risk is dramatically higher for those individuals with high myopia135. 
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For instance, the development of just 0.75 to 3 D of myopia places an individual at a three 

times greater risk of retinal detachment than a non-myopic individual, while when the severity 

of myopia reaches –6 to –8 D, an individual is 21 times more likely to develop the same 

pathology135. As the prevalence of myopia increases (discussed below), it is accompanied by 

an exponential increase in the prevalence of high myopia129. This puts an even larger proportion 

of myopes at risk of developing such pathologies. 

1.3.2 Prevalence and current interventions 

The prevalence of myopia has increased dramatically over the past 60 years1, with myopia now 

recognised as the leading cause of low-vision worldwide2. Moreover, current models have 

predicted that over 50% of the global population may be myopic by 20503. This epidemic of 

myopia is seen to its greatest degree in urban areas of East Asia – specifically in China136-139, 

Singapore140-144, Taiwan145, 146, Hong Kong147, Japan148, and Korea149, 150. In parts of these 

countries, over the last half century the prevalence of myopia in children of school leaving age 

has risen from around 30%147 to 80–90%, while high myopia rates have risen from 1-2% to 

10–20%1, 2. Marked, albeit less severe, increases in the prevalence of myopia in young adults 

have been seen in the US (40% in 2009151), Europe (35% as analysed via meta-analysis in 

2015152), and Australia (30% in 2013153).  

For a small proportion of these myopes, familial inheritance plays a clear role, with such 

individuals normally showing early onset (prior to schooling) and significant progression154. 

However, in the majority of cases, myopia appears to be an acquired rather than inherited 

disorder, with its onset associated with the educational environment154. The age of onset in 

these myopes is largely dictated by the prevalence of myopia in that geographical location: that 

is, areas in which myopia prevalence is highest also have an earlier average age of myopia 

onset2. This earlier age of onset is associated with higher severities of myopia, and therefore 
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greater risks of complications, because of the longer timeframe over which myopia can 

develop155, 156. 

The rise in the prevalence of myopia is placing a significant burden on public health systems 

worldwide157. The costs associated with correcting refractive errors by spectacles, contact 

lenses, or laser eye surgery alone are a significant economic burden157. For instance, the annual 

cost of correction in Singapore in 2007 was estimated to be US$246–755 million per year158, 

159. Similarly, in the US the annual cost of refractive corrections (of which myopia is the most 

heavily represented) in 2002 was estimated to be approximately US$3.8 billion per year160.  

There are a number of therapies currently available to slow myopia progression in humans, 

these include atropine eye drops161-181, orthokeratology182-187, dual focus lenses (such as DIMS 

(defocus incorporated multiple segments) and MiSight)188-197, and increasing the amount of 

time spent outdoors198-200. In addition, there are a number of myopia control strategies currently 

under investigation in humans, including red light therapy (ClinicalTrials.gov Identifier: 

NCT04073238), ultraviolet light therapy201, 7-methylxanthine treatment202, and timolol 

treatment203-205. Each of these interventions has its own advantages and disadvantages, with 

most also having some level of non-responders. Therefore, the field continues to investigate 

and develop novel therapeutic interventions for myopia. Chapters 3–5 of this thesis investigate 

one such novel treatment for myopia. Specifically, these chapters investigate the use of 

levodopa, applied as an ophthalmic solution, to pharmacologically stimulate the retinal 

dopamine system to inhibit the onset and progression of myopia. 
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1.4 Animal models of myopia 

1.4.1 Experimental paradigms of ocular growth 

Work in animal models has significantly advanced our understanding of the mechanisms 

underlying normal ocular growth and the development of myopia. Such models have made use 

of several well-documented experimental paradigms that induce changes in ocular growth rates 

by altering the visual experience of animals. With respect to studying myopia, the two primary 

methods used to induce excessive ocular growth, both of which were used in this study, are 

form-deprivation myopia (FDM) and lens-induced myopia (LIM)206, 207. During the 

development of both FDM and LIM, the eye responds by rapidly thinning the choroid208-210 

and later by increasing the rate of scleral growth and/or remodelling at the posterior pole of the 

eye120, 123, 128.  

FDM is induced by either eyelid suture211 or by placing frosted/translucent diffusers over the 

eye212 (Figure 1-4A). In both instances, light is still able to reach the retina, albeit at slightly 

reduced intensities, but the eye is deprived of form vision213. Specifically, although vague 

shapes, colours, and movement can be seen, the eye is unable to perceive fine detail. In all 

species studied to date212, 214-222, this defocus causes the eye to enter a default state of growth, 

in what is believed to be an attempt to clear the visual blur. As the blur signal remains for as 

long as the diffuser is over the eye, there is no defined end point (an open-loop system). Thus, 

the excessive growth continues until it is no longer physiologically possible or until form 

deprivation is removed223.  

In LIM (Figure 1-4B), a negatively (minus) powered concave lens is placed in front of the 

cornea, decreasing the overall refractive power of the eye to induce hyperopic defocus224, 225. 

This pushes the image plane behind the retina by an amount proportional to the power of the 

lens. To compensate, the eye elongates until the image plane once again falls on the retina224, 
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225. Once compensation is achieved, ocular growth rates return to normal224, 225.  LIM is referred 

to as a closed-loop system as, unlike FDM, a specific endpoint (target refraction) exists206, 207, 

226.  

Although not used in this thesis, ocular growth can also be inhibited through optical means by 

moving the image plane in front of the retina to induce myopic defocus. This can be achieved 

in two ways. Firstly, a convex (positive) lens can be placed in front of the eye, bringing about 

lens induced hyperopia (LIH)225, 227 (Figure 1-4C). Alternatively, a diffuser or negative lens 

can be removed from an eye that is developing experimental myopia, bringing about recovery 

from experimental myopia (Figure 1-4D)224, 225. In response to this new defocus state, the eye 

will induce choroidal thickening and will reduce its rate of ocular growth207. Such physiological 

changes, in conjunction with the gradual loss of refractive power during development, 

ultimately correct for the new focal plane and the associated refractive error. 
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Figure 1-4: Experimental paradigms of altered ocular growth 

A) Form-deprivation myopia (FDM). A loss of form-vision causes the eye to elongate (moving 

away from the dashed line, the original position of the retina).  

B) Lens-induced myopia (LIM). The eye elongates to compensate for the imposed hyperopic 

defocus (moving away from the dashed line, the original position of the retina). 

C) Lens-induced hyperopia (LIH). The rate of eye growth is decreased in an attempt to 

compensate for the imposed myopic defocus (dashed line represents the focal plane in a 

normally developing eye, while the solid line represents the slowly developing eye). 

D) Recovery from FDM or LIM. 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 by reducing its growth rate. 

Figure courtesy of Regan Ashby. 

  

A. Form-deprivation myopia (FDM) B. Lens-induced myopia (LIM) 

C. Lens-induced hyperopia (Lill) D. Recovery from FDM or LIM 
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1.4.2 Animal species used in the study of eye growth 

The above experimental paradigms have been used to manipulate the rate of ocular growth in 

a number of species. These include chickens212, mice214, tree shrews215, guinea pigs216, 

marmosets217, rhesus monkeys218, zebrafish219, rabbits220, kestrels221, and squirrels222. This 

thesis makes use of two of these species, chickens and, to a lesser extent, mice. Specifically, 

chicks were used for those studies which examined myopia development  

(Chapters 2–7), while mice were used for additional studies into ocular safety when 

investigating novel therapeutic treatments (Chapter 3).  

Chickens, the most commonly used model in myopia research, are a diurnal species with a 

rapid rate of ocular development5 (the rate of ocular development of chicks used in this project 

is demonstrated in Figure 1-5). Chickens possess considerable similarities to the human ocular 

system, with only a few notable differences (a faster rate of development, corneal 

accommodation, striated rather than smooth ciliary muscle, an avascular rather than vascular 

retina, an area centralis rather than foveal pit, violet and double cone photoreceptors, and two 

scleral layers (one cartilaginous and one fibrous))5.  

The use of mouse models in the field is steadily growing due to the ability to undertake complex 

genetic manipulations5. Mice show hallmark scleral and choroidal changes in response to visual 

manipulation, but with greater variability due to their lower visual acuity228. However, several 

differences exist between the rodent and human visual system that must be considered when 

translating findings from mice. These include the presence of a visual streak rather than a fovea, 

the limited accommodative system and lack of long wavelength cones, and their classification 

as a nocturnal, non-visually dominant species5. Furthermore, as discussed in Section 1.6.2 and 

critical for this thesis, mice demonstrate differences in dopaminergic responses to growth 

regulatory stimuli when compared to non-rodent, diurnal animal models22, 229, 230.  
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Figure 1-5: Normal and myopic development in chicks over a four-week period 

A) Axial length of chicks undergoing form-deprivation (FDM only) or normal ocular 

development (age-matched untreated controls) in this project, beginning at 5 days post-

hatching. Measured using a-scan ultrasonography, with data displayed as means ± standard 

error of the means (n=18). 

B) Refraction of chicks undergoing form-deprivation (FDM only) or normal ocular 

development (age-matched untreated controls) in this project, beginning at 5 days post-

hatching. Measured using infrared photoretinoscopy, with data displayed as means ± standard 

error of the means (n=18).  
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1.4.3 Evidence for local and visual control of eye growth 

The very methods used to modulate ocular growth rates (FDM, LIM, LIH, recovery from 

experimental myopia) show that eye growth is visually driven and/or modifiable93. Such 

visually-induced changes in ocular development have also been observed in humans. For 

instance, children have been observed to develop FDM when they have obstructions in the 

visual plane which degrade the visual image (e.g., scarred cornea231 or ptosis232). Furthermore, 

although not heavily studied, when myopes are over-corrected with glasses, causing the image 

plane to fall behind the retina, the rate of eye growth has been observed to be enhanced233. 

However, under-correction of myopia in children shows less consistent results. In some studies, 

bringing the image plane in front of the retina has been associated with a reduction in ocular 

growth rates234, 235, while in others this has been associated with an increase in myopia 

progression236. 

Animal studies have also shown that ocular growth does not require input from higher visual 

cortices in the brain. Rather, it appears to be locally driven by pathways emanating from the 

retina. This has been demonstrated in studies in which communication with the brain has been 

blocked by surgically severing or pharmacologically blocking the optic nerve, or through the 

destruction of the Edinger-Westphal nucleus (autonomic nuclei associated with 

accommodation, pupillary responses, and convergence)207, 237-244. On most occasions, with no 

communication with the brain, FDM, recovery from FDM, and lens compensation still occur, 

although without the same degree of precision207, 237-244. However, in some cases, compensation 

to lenses has not been observed when communication to the brain has been lost207. Local control 

is further shown in experiments where only part of the eye has been occluded by diffusers or 

lenses. Specifically, in chicks245, 246, monkeys247, 248, and guinea pigs249, 250, if only the nasal or 

temporal region of the eye is exposed to form-deprivation of hyperopic defocus, only that 

region demonstrates a compensatory change in ocular growth, with these changes persisting 
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following optic nerve sectioning in chicks239, 251. As the retrograde neural pathways from the 

higher visual centres to the eye carry only basic and gross information, such localised growth 

changes do not support a role for a centrally driven mechanism such as accommodation. 

Instead, findings from animal models indicate that eye growth is regulated by pathways 

emanating from the retina, the only ocular tissue capable of detecting defocus92. 

However, it should be noted that although local mechanisms regulate gross changes in the rate 

of ocular growth, input from higher visual centres appears to be required to fine tune the 

compensation process. For example, a hyperopic shift, associated with a reduction in vitreal 

chamber depth, is observed in chicks following optic nerve sectioning239. A similar hyperopic 

shift is observed following tetrodotoxin induced blockade of ganglion cell action potentials in 

chicks; however, this appears to be due to a reduction in anterior, not vitreal, chamber depth237. 

Finally, loss of central communication has been reported to lead to an overcorrection to the 

myopic defocus experienced during recovery from FDM239. 

Nevertheless, these findings indicate that the retina, as the site of blur detection, plays a key 

role in the regulation of ocular growth. Therefore, through the use of animal models, studies 

have attempted to elucidate the retinal molecules critical to growth signalling5. Two of the most 

heavily implicated molecules, which are the focus of this thesis, are acetylcholine and 

dopamine. 

 

1.5 Acetylcholine 

Acetylcholine is synthesised from acetyl coenzyme A and choline by the enzyme choline 

acetyltransferase252, 253 (Figure 1-6). It is released in the eye from parasympathetic neurons, 

which stem from the ciliary ganglion, as well as from intrinsic interneurons within the retina254. 

In all species studied, cholinergic innervation of the choroid, iris, and ciliary muscles is driven 
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through parasympathetic neurons, leading to choroidal blood vessel dilation (as mediated by 

nitric oxide) and contraction of the iris and ciliary muscles254, 255. In the retina, acetylcholine is 

synthesised and released by the starburst amacrine cells (Figure 1-7). Such cells also release 

gamma-aminobutyric acid (GABA (inhibitory)), allowing them to modulate direction-sensitive 

ganglion cells. This may also facilitate the interaction between the cholinergic and GABAergic 

systems observed during pharmacological manipulation of the cholinergic system in myopia 

(discussed below).
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Figure 1-6: Acetylcholine synthesis and metabolism 

Acetylcholine is synthesised from choline and acetyl coenzyme A (CoA) by choline acetyltransferase252, 253. Upon release, acetylcholine is broken 

down into choline and acetic acid by the enzyme acetylcholinesterase252, 253, which is commonly found embedded in the plasma membrane in close 

proximity to cholinergic receptors on the postsynaptic membrane256. Choline is then taken back up into the presynaptic cholinergic terminals by 

the high affinity choline transporter and is then reused in acetylcholine synthesis257, while acetic acid diffuses into the surrounding extracellular 

space and is eventually used to synthesise acetyl coenzyme A. Figure courtesy of Regan Ashby.
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Figure 1-7: Starburst amacrine cell localisation within the retina 

In the retina, acetylcholine is synthesised and released by a subpopulation of cholinergic 

amacrine cells whose cell bodies lie in both the inner nuclear layer (OFF starburst amacrine 

cells, with processes ramifying in sublamina 2 of the inner plexiform layer) and displaced 

within the ganglion cell layer (ON starburst amacrine cells, with processes ramifying in 

sublamina 4 of the inner plexiform layer) in all species studied258-268. Acetylcholine is released 

through two primary methods. Firstly, ON starburst amacrine cells release acetylcholine at light 

onset while the OFF starburst cholinergic amacrine cells release acetylcholine at light 

cessation269, 270. The second release mechanism involves a constant tonic release of 

acetylcholine resembling acetylcholine “leakage” at neuromuscular junctions269. Although the 
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role of acetylcholine release in the retina is not fully understood, it has been observed to play 

a role in direction sensitivity271, and appears to be involved in retinal and blood–retinal barrier 

development272, ganglion cell neuroprotection273, and the propagation of retinal waves274. Key: 

‘RPE’ retinal pigment epithelium, ‘ONL’ outer nuclear layer, ‘OPL’ outer plexiform layer, 

‘INL’ inner nuclear layer, ‘IPL’ inner plexiform layer, ‘GCL’ ganglion cell layer, ‘NFL’ nerve 

fiber layer, ‘S1-S5’ sublamina 1-5, ‘CPR’ cone photoreceptor, ‘ON-BC’ ON bipolar cell, 

‘OFF-BC’ OFF bipolar cell, ‘OFF-SAC’ OFF starburst amacrine cell, ‘ON-SAC’ ON starburst 

amacrine cell, ‘DS-GC’ direction sensitive ganglion cell. Figure courtesy of Regan Ashby.  
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1.5.1 Cholinergic receptors 

Cholinergic stimulation is elicited through two major receptor families, muscarinic and 

nicotinic receptors. Muscarinic receptors are a family of G-protein coupled receptors named 

for their selective activation by the drug muscarine. In mammals275, muscarinic receptors can 

be classified into five receptor subtypes (m1–m5), while chickens, which lack a homologous 

receptor to m1, possess four muscarinic receptor subtypes (cm2–cm5)254.  In the chick retina, 

the primary model in this thesis, cm2 is expressed on amacrine and ganglion cells, cm3 is 

expressed on bipolar and subsets of amacrine cells, and cm4 is expressed on amacrine and 

ganglion cells (including the dopaminergic amacrine cells), while the localisation of cm5 is yet 

to be determined254.  

Nicotinic receptors, named for their selective activation by nicotine, are a family of ionotropic 

receptors permeable to sodium, potassium, and, in some cases, calcium273, 276. Nicotinic 

receptors are constructed, in the case of neuronal tissues, from a selection of alpha and beta 

subunits273, 276. In the mammalian and avian retina, nicotinic receptors have been localised on 

ganglion cells, GABAergic and glycinergic amacrine cells, and ON bipolar cells273, 276. In avian 

and amphibian retinas, nicotinic receptors have also been observed in the outer plexiform 

layer273, 276. 

One notable difference between mammalian and avian species is the cholinergic receptor 

distribution in the ciliary muscle277. In mammals, the ciliary muscle is innervated by muscarinic 

cholinergic receptors277. In contrast, birds possess a striated ciliary muscle, innervated by 

nicotinic cholinergic receptors277. 

1.5.2 Acetylcholine and myopia 

Acetylcholine was one of the first neurotransmitters to be implicated in the regulation of ocular 

growth after the non-specific muscarinic cholinergic antagonist atropine was shown to inhibit 
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the development of myopia in animal models (chicks18, 33, 278-284, rhesus monkeys240, 285, 286, tree 

shrews287, guinea pigs288, and mice289-291) and humans161, 167, 168, 170, 174-176, 292-294. Since then, a 

number of other muscarinic cholinergic antagonists have also been shown to inhibit the 

development of experimental myopia, including oxyphenonium (non-specific; chicks279), 

himbacine (partially m2/m4 specific; chicks279), muscarinic toxins 3 (MT3; m4 specific; 

chicks295 and tree shrews296) and 7 (MT7; m1 specific; tree shrews296), and pirenzepine 

(partially m1/m4 specific; chicks297-300, rhesus monkeys285, tree shrews301, and guinea pigs302). 

Like atropine, pirenzepine has been shown to slow myopia progression in humans, but much 

higher doses are required to elicit protection303-306. Although not as heavily studied, nicotinic 

receptor antagonists have also been shown to inhibit experimental myopia in chicks307. 

Manipulation of muscarinic receptor expression has further implicated a role for cholinergic 

signalling in myopia development and prevention. For example, mice lacking the gene for the 

m2 muscarinic receptor are less susceptible to the development of LIM308. Muscarinic receptor 

levels are also reported to change during the prevention of experimental myopia, with mRNA 

levels of the m1, m3, and m4 muscarinic receptors upregulated in mouse sclera when LIM is 

inhibited by atropine treatment289. However, no significant change in muscarinic receptor gene 

expression was observed during the development of LIM in mice289, or FDM in tree shrews287. 

1.5.2.1 Does cholinergic hyperactivity underly myopia? 

The ability of atropine, and other muscarinic and nicotinic antagonists, to inhibit experimental 

myopia suggests that cholinergic hyperactivity underlies myopia development. This provides 

a clear mechanism by which they may elicit their anti-myopic effects. However, there is 

growing evidence that cholinergic hyperactivity may not be critical to ocular growth regulation. 

For instance, retinal levels of acetylcholine have been reported to show no change from control 

levels during the development of FDM in chicks and tree shrews9. Due to the abundance of 
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choline acetyltransferase within the retina254, it is possible that fluctuations in cholinergic 

activity may not be accompanied by a detectable change in total retinal levels of acetylcholine. 

However, when cholinergic amacrine cells in the chick retina are ablated through the 

intraocular administration of ethylcholine mustard aziridinium ion or quisqualic acid, FDM is 

still able to develop260. This suggests that acetylcholine is not required for myopia 

development. Pharmacological studies have reported mixed results with respect to cholinergic 

stimulation and ocular growth. Instead of enhancing growth as expected, the administration of 

the non-specific cholinergic agonist carbachol has been observed to show a small, but not 

significant, inhibitory effect on the development of experimental myopia in chicks299. A similar 

anti-myopic effect is seen with the administration of acetylcholine esterase inhibitors which 

should lead to an increase in acetylcholine levels309, 310. In contrast, an increase in ocular growth 

rates has been reported when the non-specific cholinergic agonist oxotremorine was 

administered to normally developing chick eyes281. This increase in ocular growth rates was 

not observed during administration of the cholinergic agonists pilocarpine, carbachol, or 

arecaidine281. However, choroidal thinning was observed in eyes treated with oxotremorine, 

carbachol, or arecaidine281. 

Overall, these findings would indicate that cholinergic hyperactivity in the retina may not 

underly myopia development. This is investigated further in Chapter 7, which studies the 

effects of cholinergic agonists on normal ocular growth and the development of FDM. If 

cholinergic hyperactivity is critical to myopia development, such agonists should oppose 

atropine’s effects and, potentially, enhance myopic growth. If cholinergic hyperactivity is not 

critical to myopia development, this calls into question the mechanism by which cholinergic 

antagonists inhibit myopic growth, a topic discussed in Chapter 7.  
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1.5.2.2 Atropine may function through downstream modulation of other key molecules 

implicated in growth regulation 

Regardless of which receptor family it may be binding to, atropine has been postulated to elicit 

its protection by downstream modulation of other pathways implicated in ocular growth. These 

include dopamine4-6, 33, 34, 296, 311, nitric oxide312-316, and GABA291, 317-323. Given the co-

expression of acetylcholine and GABA by starburst amacrine cells discussed earlier, an 

interaction between these two systems is especially plausible. However, the most investigated 

of these potential downstream pathways is dopamine. In chicks, high doses of atropine have 

been shown to stimulate the synthesis and release of dopamine in the retina during FDM33, 34. 

Therefore, Chapter 7 investigates whether changes in dopamine release underly the anti-

myopia effects of atropine. Specifically, Chapter 7 examines the effects of multiple doses of 

atropine on dopamine release within the eye, and whether pharmacological blockade of 

dopamine signalling inhibits atropine’s anti-myopic effects. By understanding atropine’s 

mechanism of action, we can begin to develop more targeted treatment methods (with fewer 

off-target effects). Furthermore, by understanding what pathways atropine is modulating, we 

can better predict how atropine use is likely to affect the long-term health of the eye, an area 

not heavily investigated. 

 

1.6 Dopamine 

Dopamine is synthesised (Figure 1-8) and released from the dopaminergic amacrine cells 

(and/or in some species, from interplexiform cells) of the retina (Figure 1-9)89 in a log–linear 

response to light intensity15, 324, 325. As a consequence of this light-dependency, dopamine levels 

in the retina undergo strong diurnal fluctuations – up during the day and down during the 

night326-329.  
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Retinal dopamine synthesis and release are commonly measured by quantifying the levels of 

dopamine and DOPAC in either the retina or the vitreous330. In the field, dopamine and DOPAC 

levels are commonly measured by high performance liquid chromatography (HPLC) coupled 

with electrochemical detection (ECD)6, 13, 23, 34, 325, 330-333. However, instead of coupling to an 

ECD, this thesis made use of a HPLC system coupled with tandem mass spectrometry (LC-

MS-MS)334. Unlike HPLC-ECD, the newer technology of LC-MS-MS offers the ability to 

confirm each analyte’s identity. However, less comparative data is currently available for the 

field.  
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Figure 1-8: Dopamine metabolism pathways 

A) L-tyrosine (synthesised from phenylalanine by phenylalanine hydroxylase (PAH)) is 

converted to levodopa (L-DOPA) by tyrosine hydroxylase (TH), which is then decarboxylated 

by aromatic L-amino acid decarboxylase (AAAD) to form dopamine335. Dopamine can be 

further metabolised to synthesise noradrenaline (by dopamine beta hydroxylase (DBH)) and 

then adrenaline (by phenylethanolamine N-methyltransferase (PNMT))335.   

B) Following release, dopamine is broken down to its primary metabolites: 3,4-

dihydroxyphenylacetic acid (DOPAC; by monoamine oxidase (MAO) and aldehyde 

dehydrogenase (ADH)) or 3-methoxytyramine (3-MTA; by catechol O-methyltransferase 

(COMT)), before eventually being converted to homovanillic acid (HVA)335.  

Figure courtesy of Regan Ashby.
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Figure 1-9: Dopaminergic amacrine cell localisation in the retina 

Dopaminergic amacrine cells lie in the inner nuclear layer at its border with the inner plexiform layer. They possess dendritic processes that 

primarily arborise in sublamina 1 of the inner plexiform layer89, 336. They make up only a small percentage of the amacrine cell population (less 
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than 1%337), with their density ranging between 10 and 130 cells per square millimetre90. Dopamine is primarily released in a paracrine manner, 

except where dopaminergic amacrine cells directly synapse onto other amacrine cell types, including AII, A8, and A17 amacrine cells338. There 

are two mechanisms through which dopamine is released in response to light: by stimulation of dopaminergic amacrine cells by ON bipolar cells 

or by intrinsically photosensitive retinal ganglion cells338. Dopamine is understood to play a variety of regulatory roles within the retina. It decreases 

horizontal cell coupling and AII amacrine cell coupling, which decreases the size of rod-generated responses in the retina during the day338. It also 

regulates photoreceptor retinomotor movements, inducing cone contraction and RPE pigment dispersion, which promotes light adaptation339. 

Importantly, dopamine appears to play a critical role in regulating ocular growth4, 5, 338, 340.  Key: ‘RPE’ retinal pigment epithelium, ‘ONL’ outer 

nuclear layer, ‘OPL’ outer plexiform layer, ‘INL’ inner nuclear layer, ‘IPL’ inner plexiform layer, ‘GCL’ ganglion cell layer, ‘NFL’ nerve fiber 

layer, ‘S1-S5’ sublamina 1-5, ‘CPR’ cone photoreceptor, ‘RPR’ rod photoreceptor, ‘HC’ horizontal cell, ‘OFF-BC’ OFF bipolar cell, ‘RBC’ rod 

bipolar cell, ‘ON-BC’ ON bipolar cell, ‘AII-AC’ AII amacrine cell, ‘DA-AC’ dopaminergic amacrine cell, ‘OFF-GC’ OFF ganglion cell, ‘ON-

GC’ ON ganglion cell, ‘ipRGC’ intrinsically photosensitive retinal ganglion cell. Figure courtesy of Regan Ashby.  
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1.6.1 Dopamine receptors 

Dopaminergic receptors are grouped into two classes: D1-like receptors (D1, D5) and D2-like 

receptors (D2, D3, D4)
4, 341. They are widely distributed across the retina341, with similar 

patterning in chicks and mammals342. D1-like receptors stimulate the enzyme adenylyl cyclase, 

thus increasing the production of the second messenger molecule cyclic adenosine 

monophosphate (cAMP)4. Within the mammalian retina, D5 receptors are usually found upon 

RPE cells46, and most other D1-like receptors are found on horizontal cells, bipolar cells, 

amacrine cells, some Müller cells, and ganglion cells341, 343. D1-like receptors regulate a 

number of processes, including horizontal cell coupling338 and AII amacrine cell coupling344.  

D2-like receptors either decrease, or have no effect on, the production of cAMP and are 

predominantly found on rod and cone photoreceptors345 as well as on amacrine cells343. In 

accordance with their location, D2-like receptors have been reported to mediate photoreceptor 

coupling338, retinomotor movements339, melatonin synthesis346, and auto receptor mediated 

dopamine release347. As discussed below, in chicks, dopaminergic protection against myopia 

appears to be driven through a D2-like receptor mechanism. 

1.6.2 Dopamine in myopia 

Dopamine was first implicated in the regulation of eye growth by the work of Stone et al.6. The 

authors reported that in chicks, retinal dopamine and DOPAC levels were reduced during the 

development of FDM when compared to their contralateral control eyes, a phenomenon which  

was also observed in rhesus monkeys in the same year7.  Since then, decreased dopamine levels 

have been observed during the development of FDM – in guinea pigs8, tree shrews9, and mice10-

12 (although with some variability in mice348), as well as being replicated in chicks9, 13-16. 

In accordance with a role for dopamine dysregulation in the development of myopia, the 

administration of various dopamine receptor agonists has been shown to inhibit the 
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development of FDM in chicks6, 17-19, 25, 282, guinea pigs29, mice21, tree shrews26, and primates20 

(Table 1-1). These dopaminergic agonists include ADTN (6-Amino-6,7-dihydroxy 1,2,3,4-

tetrahydronapthalene)25, apomorphine25, and quinpirole25, as well as the natural ligand 

dopamine23. In contrast, blocking dopamine signalling through the administration of 

dopaminergic antagonists abolishes the protective effects associated with brief periods of 

normal vision associated with diffuser removal25, 28, as well as the protective effects of bright 

light exposure (15,000 lux, to be discussed below) against FDM349, 350. Similarly, retina-

specific tyrosine hydroxylase knockout mice and mice treated with 6-hydroxydopamine, which 

depletes the retina of dopaminergic neurons, show a myopic shift in refraction11, 351. However, 

such a myopic shift is not seen in otherwise untreated chicks when administering 6-

hydroxydopamine352. 
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Table 1-1: Summary of effects of dopaminergic agonists on myopia development in animal models. 

Compound Action Paradigm Species 

Dopamine Natural ligand FDM Rabbits23, 24 

Levodopa Dopamine precursor 
FDM Guinea pigs353, 354 & mice355 

SM Guinea pigs356 

Apomorphine Nonspecific agonist 

FDM Chicks6, 17-19, guinea pigs29, primates20 & mice 21, 22 

LIM Chicks18, 19 

SM Guinea pigs357 (high doses) 

LIM (no inhibition) Guinea pigs29 

SM (no inhibition) Guinea pigs357 (low doses) 

ADTN Nonspecific agonist FDM Chicks25 

Quinpirole D2-like specific agonist 

FDM Chicks19, 25, mice358 (low doses) & tree shrews359 

LIM Chicks19 

FDM (no inhibition) Guinea pigs360 & mice358 (high doses) 

SM (no inhibition) Guinea pigs357 

PD168077 D4 specific agonist FDM Tree shrews359 

SKF38393 D1-like specific agonist 

FDM Guinea pigs360 & mice361 

SM Guinea pigs357 

FDM (no inhibition) Chicks25 & tree shrews359 

LIM (no inhibition) Chicks 19 

FDM: form-deprivation myopia, LIM: lens-induced myopia, SM: spontaneous myopia, ADTN: 6-Amino-6,7-dihydroxy 1,2,3,4-

tetrahydronapthalene.  
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In chickens and tree shrews, dopamine prevents experimental myopia through a D2-like 

receptor mechanism6, 17, 19, 25, 26, 349. Specifically, agonists of D2-like receptors inhibit 

experimental myopia significantly more than those of D1-like receptors19, 25, 359. Moreover D2-

like, but not D1-like, dopamine receptor antagonists can significantly inhibit dopaminergic 

protection against myopic growth6, 17, 19, 25, 28, 310, 311, 362, which is further confirmed in Chapters 

2–6 of this thesis.  

In contrast to chicks and tree shrews, stimulation of D1-like receptors appears to inhibit myopia 

in members of the Rodentia family (mice and guinea pigs)360, 361, 363. Furthermore, 

pharmacological and receptor knockout studies in mice suggest that activation of D2-like 

receptors in fact facilitates myopia development22, 229, 230. Therefore, it has been proposed that, 

in mice, growth is modulated through a playoff between D1-like and D2-like receptor 

stimulation340. Such playoff between receptor families does not appear to be a feature in the 

non-rodent species studied5 which, unlike mice (nocturnal) and guinea pigs (crepuscular), are 

diurnal. Therefore, an important question is what role these D1-like and D2-like responses play 

in models that are more closely related to humans, such as higher order primates. Specifically, 

are they more reflective of the D2-like driven mechanism observed in chicks and tree shrews, 

or of the D1-like and D2-like playoff mechanism observed in mice and guinea pigs? 

1.6.2.1 What role does dopamine play in LIM? 

While dopamine clearly plays a role in the development of FDM, how critical it is to the 

development and prevention of LIM is less clear, with conflicting results observed16, 28-30. For 

example, early studies observed no changes in dopamine levels during the development of LIM 

in chicks30 and guinea pigs29, while later studies have observed significant decreases in 

dopamine levels during LIM development in chicks13, 16. Such differing results are also 

observed at a pharmacological level. For example, FDM and LIM are both inhibited by the 
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administration of the dopaminergic agonists quinpirole and apomorphine in chicks19, 25, while 

apomorphine has been reported to inhibit FDM but not LIM in guinea pigs29. Furthermore, the 

D2-like dopamine antagonist spiperone has been reported to abolish the protective effects of 

brief periods of normal vision against FDM in chicks25, 28, but this is not consistently seen in 

LIM19, 28. Together, these findings suggest that the dopaminergic system does not play the same 

critical role in LIM as it does in FDM.  Understanding the degree to which dopaminergic 

activity is fundamental to the inhibition of all forms of experimental myopia is critical when 

addressing the translatability of such findings to the human situation. Therefore, Chapters 2 

and 4 investigate how consistently FDM and LIM are affected by pharmacological 

manipulation of the dopaminergic system. 

 

1.7 Levodopa 

If dysregulation of the dopaminergic system is a universal requirement for excessive growth in 

humans and animal models, pharmacological interventions that restore retinal dopamine levels 

may form an effective clinical treatment for myopia. The most obvious mechanism by which 

this can be achieved is through administration of dopamine itself (which is examined in Chapter 

6). However, due to the polarity created by its amine and hydroxyl groups, dopamine does not 

easily cross epithelial barriers, as seen for the blood–brain barrier, limiting the delivery avenues 

available. In contrast, the dopamine precursor levodopa (L-3,4-dihydroxyphenylalanine, L-

DOPA) is transported across the blood brain barrier via the large neutral amino acid transporter 

(LAT1)364. Levodopa has therefore been used with considerable success to treat and manage 

neurological disorders associated with reduced levels of dopamine within the substantia nigra 

pars compacta, such as in Parkinson’s disease (and other conditions with diminished 

dopaminergic activity)31, 32. Thus, with a view towards increasing dopamine levels in the eye, 
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the focus of Chapters 3–5 is the development of a topical levodopa formulation for the 

treatment of myopia.  

Levodopa is a polar hydrophilic amino acid synthesised from the hydroxylation of L-tyrosine. 

As discussed in Section 1.6, in its primary metabolic pathway, levodopa is a precursor to 

dopamine, and by extension, noradrenaline and adrenaline (Figure 1-8A). Although levodopa’s 

primary role is as a biological precursor to dopamine, levodopa itself appears to play a number 

of roles in the body. For example, stimulation of the GPR143 receptor by levodopa in RPE 

cultures leads to an increased secretion of pigment epithelial derived factor (PEDF) and 

decreased release of VEGF365. This may have implications for the future treatment of age-

related macular degeneration (AMD)365. 

In the treatment of neurological disorders, levodopa is administered systemically and therefore 

can be rapidly decarboxylated to dopamine by the enzyme AAAD before reaching the target 

tissue (the brain). As dopamine cannot cross the blood–brain barrier, conversion of levodopa 

to dopamine outside the central nervous system is disadvantageous. This can be overcome by 

co-administration of levodopa with carbidopa, an inhibitor of AAAD32. This prevents or limits 

the conversion of levodopa to dopamine before reaching the central nervous system, at which 

point carbidopa cannot cross the blood–brain barrier32. As discussed below (Section 1.7.1.3), 

co-administration with carbidopa may well enhance levodopa’s bioavailability when applied 

to the eye, as will be investigated in Chapter 5. 

Three small studies have examined the effects of systemic levodopa treatment on the 

development of FDM in guinea pigs and mice. When administered as an intraperitoneal 

injection, levodopa was reported to inhibit FDM by 55% in guinea pigs353 and elicited complete 

protection in mice355. Levodopa has also been reported to inhibit the development of 

spontaneous myopia in guinea pigs by approximately 30%356. In guinea pigs, this systemic 
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administration of levodopa was reported to significantly elevate the concentration of retinal 

dopamine in myopic eyes353. Similarly, levodopa significantly raises the dopamine content in 

cultured guinea pig retinas collected from form-deprived eyes366. Thus, levodopa may well be 

a clinically effective treatment for myopia, a question further addressed in Chapters 3–5. 

1.7.1 Considerations for levodopa as a treatment for myopia 

1.7.1.1 Systemic administration 

Systemic administration of levodopa for the treatment of myopia, as investigated in the studies 

noted above, has three primary drawbacks. Firstly, systemic administration would lead to 

increased levels of dopamine in the brain of neurologically normal children, which may 

potentiate adverse effects associated with hyperactivity of the dopaminergic system (e.g., mood 

dysregulation, delusions, and alterations in cognition)367-369. Due to limited distribution to the 

eye, systemic treatment would also require the administration of particularly high doses to 

prevent myopia. This would increase the likelihood of non-specific side-effects that have been 

reported in Parkinson’s patients at the upper dose limits (as discussed in Section 1.7.1.4)32. 

Finally, systemic distribution of levodopa leads to greater breakdown and metabolism before 

reaching target tissues, and therefore the half-life within the eye will be significantly reduced 

relative to other treatment avenues32.  

Therefore, direct application of levodopa to the eye would be preferable. This would enhance 

on-target delivery to the retina, limit the potential of distribution to the brain, minimise the 

dosages required, maximise the biological half-life, and minimise potential off-target effects. 

Hence, Chapters 3–5 examine the safety and effectiveness of levodopa, and levodopa/ 

carbidopa, against the development of FDM and LIM when applied to the eye via intravitreal 

injections or topical eye drops. 
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1.7.1.2 Intravitreal administration 

This thesis first studies the effectiveness of levodopa against the development of FDM and 

LIM when administered as an intravitreal injection, maximising its bioavailability to the retina 

as a proof-of-principle investigation (Chapters 3 and 4). However, any dopaminergic 

intervention would likely require a daily treatment schedule, especially if the goal is to re-

establish diurnal rhythms. Intravitreal injections would be inappropriate and not well tolerated 

for such a treatment frequency, with repeated intravitreal injections known to induce a number 

of complications (for review see 370). These include internal ocular bleeds, pressure-associated 

damage due to increased ocular volume, bacterial infection, ocular irritation, formation of 

cataracts, and dislodgement of the vitreous body370. Furthermore, repeated intravitreal 

injections have been reported to themselves have an inhibitory effect on myopia362, which may 

confound investigations into preventative interventions such as levodopa. 

1.7.1.3 Topical administration 

A preferable and more clinically relevant avenue for longer-term pharmacological treatment 

evaluated in this thesis is administration of levodopa via topical eye drops (Chapters 3–5). 

However, there are several significant biological impediments, discussed below, that preclude 

many drugs from being therapeutically effective when applied as an eye drop. It is for this 

reason that the number of clinically effective compounds administered as an ophthalmic 

solution is remarkably small. 

Firstly, before reaching the corneal surface, up to 90% of a topical solution is commonly 

drained from the eye, entering the systemic circulation via the nasolacrimal duct371, 372. This is 

due to the limited area of the precorneal surface371, 373, 374, restricted penetration of the tear 

film375, 376, as well as stimulation of tear production and the blink reflex371, 372.  
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Following these surface barriers, an instilled compound must penetrate the cornea. However, 

it is estimated that typically less than 5% of a topically applied drug is able to penetrate the 

cornea377. The corneal epithelium is predominantly hydrophobic in nature and serves as a 

permeation barrier for hydrophilic drug molecules such as levodopa371, 378, 379. In contrast, the 

corneal stroma is a water-rich layer, and therefore serves as a barrier for hydrophobic drugs376. 

However, mRNA for LAT1, levodopa’s primary transporter, has been isolated in both rabbit 

and human cornea380. Thus, there is evidence that levodopa may be transported across the 

corneal epithelium. 

If drug molecules can penetrate the cornea into the aqueous humour, they are still required to 

diffuse through the iris/ciliary body and across the large distance of the vitreous chamber381. 

Therefore, commonly less than 1/100,000th of the dose administered to the eye reaches the 

posterior segments and the retina377, 381. As LAT1 transporters are present in the cornea, but 

not the conjunctiva382, levodopa is most likely to penetrate the eye via these corneal routes of 

absorption. However, this does not discount that levodopa may also be absorbed through 

transconjunctival-scleral routes (for review see 371), such as that which occurs for atropine383.  

Therefore, in addition to examining whether topical application of levodopa can overcome 

these barriers and inhibit experimental myopia (Chapters 3 and 4), this thesis also investigates 

whether the addition of agents to enhance levodopa’s penetration and bioavailability can 

increase its anti-myopic effects. To address whether levodopa’s effects can be enhanced 

through the use of penetrating agents, Chapter 3 studies the effects of co-administration with 

dimethyl sulfoxide (DMSO) and benzalkonium chloride (BAK). DMSO is an organosulfur 

polar aprotic solvent that is known to enhance the movement of compounds across aqueous 

and fibrous layers, including the cornea384, 385. The cationic surfactant BAK was also tested due 

to its higher frequency of use in topical ophthalmic preparations as both an antimicrobial and 
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corneal penetrating agent386. As levodopa is likely to be transported across the cornea via 

LAT1, these penetrating agents are most likely to enhance levodopa’s movement through the 

tear film.  

To address whether levodopa’s bioavailability can be enhanced, and therefore its efficacy, 

Chapters 3 and 5 study the effects of co-administration with the AAAD inhibitor carbidopa. As 

discussed in Section 1.7, levodopa is commonly co-administered with carbidopa to prevent its 

premature metabolism before reaching the target tissue, enhancing its therapeutic effects.  

1.7.1.4 Safety of topically applied levodopa 

After evaluating the effectiveness of topical levodopa, its safety needs to be established 

(evaluated in Chapter 3). In Parkinson’s patients, several clinical side-effects have been 

reported. These include low blood pressure, headaches, nausea, confusion, fatigue, mood 

changes, hallucinations, nightmares, emesis, dyskinesia, dizziness, dry mouth, and a decreased 

appetite, as reported following long-term systemic administration of levodopa387. Similar side-

effects have been reported during the treatment of amblyopia following systemic 

administration of levodopa in children388.  

The adverse effects associated with the use of systemic levodopa in Parkinson’s and amblyopia 

treatment are more common at higher doses, well above those investigated in this thesis (30-

fold) and are due to the neuropharmacological activity of dopamine in the brain387. Since an 

ophthalmic formulation would provide significantly lower doses of levodopa to the body, with 

limited systemic distribution (evaluated in Chapters 3 and 5), such side-effects are less likely 

in the treatment of myopia, but are comprehensively investigated in Chapter 3.  

With respect to ocular safety, no ocular complications have been observed in patient 

populations during chronic systemic levodopa treatment at doses well above those required for 

the treatment of experimental myopia389-394. However, direct application of levodopa at higher 
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doses to cultured guinea pig retinas has been associated with apoptosis in the ganglion cell 

layer and inner nuclear layer. Interestingly, as Melamed and colleagues395 discuss, levodopa is 

frequently reported to cause apoptosis to neural tissue in vitro396-399, but when administered in 

vivo, no toxicity has been demonstrated in neurologically normal animals400-404. Nevertheless, 

the safety of topical levodopa eye drops to the retina, and to the eye more broadly, must be 

established. The safety of chronic levodopa treatment is evaluated in Chapter 3, with a 

particular focus on potential systemic distribution and ocular safety (IOP, biometry, refractive 

development, retinal histology, retinal apoptosis, and electroretinogram responses). 

 

1.8 Project aims 

The ultimate goal of this thesis, which will be addressed through the following aims, is to better 

understand the role of dopamine in growth inhibition, and to use this information to develop 

dopaminergic interventions for the treatment of myopia. 

Aim 1 – To establish whether LIM is inhibited in a similar manner to that of FDM by 

dopaminergic stimulation, and whether such protection also occurs through the dopamine D2-

like receptor family. 

Aim 2 – To examine the efficacy of a topical levodopa solution against the development of 

FDM, and to establish the safety of such an ophthalmic preparation. 

Aim 3 – To establish whether the above topical levodopa solution can also inhibit the 

development of LIM. 

Aim 4 – To investigate whether the anti-myopic effects of topical levodopa can be enhanced by 

co-administration with carbidopa. 
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Aim 5 – To investigate whether dopamine, or a deuterium-labelled analogue, which are 

assumed not to cross the corneal epithelium, can inhibit experimental myopia when applied as 

a topical eye drop. 

Aim 6 – To investigate whether cholinergic hyperactivity and increases in retinal dopamine 

release underly the protective effects of atropine. 
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Chapter 2 – Are form-deprivation and lens-induced 

myopia inhibited in a similar manner by pharmacological 

stimulation of the dopaminergic system?  

 

Sections 2.2–2.6 appear as published405 in Thomson K, Karouta C, Ashby R. Form-Deprivation 

and Lens-Induced Myopia Are Similarly Affected by Pharmacological Manipulation of the 

Dopaminergic System in Chicks. Invest Ophthalmol Vis Sci 2020;61:4. 

 

2.1 Preface 

Chapter 2 examines whether FDM and LIM are inhibited in a similar manner by dopaminergic 

stimulation, and whether this protection is elicited through the D2-like dopamine receptor 

family. Specifically, Chapter 2 first compares how FDM and LIM are affected by the 

administration of dopamine and the dopamine receptor agonist, ADTN, over an ascending 

dose-range. Chapter 2 also studies whether the protective effects of dopamine and ADTN are 

driven through the D1-like or D2-like dopamine receptor family through co-administration 

with the D1-like receptor antagonist SCH-23390 or the D2-like antagonist spiperone.   
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2.2 Abstract 

Purpose: Animal models have demonstrated a link between decreases in retinal dopamine 

levels and the development of form-deprivation myopia (FDM). However, the consistency of 

dopamine’s role in the other major form of experimental myopia, that of lens-induced myopia 

(LIM), is less clear, raising the question as to what extent dopamine plays a role in human 

myopia. Therefore, to better define the role of dopamine in both forms of experimental myopia, 

we examined how consistent the protection afforded by dopamine and the dopamine agonist 6-

Amino-5,6,7,8-tetrahydronaphthalene-2,3-diol hydrobromide (ADTN) is between FDM and 

LIM. 

Methods: Intravitreal injections of dopamine (0.002, 0.015, 0.150, 1.500µmoles) or ADTN 

(0.001, 0.010, 0.100, 1.000µmoles) were administered daily to chicks developing FDM or LIM. 

Axial length and refraction were measured following 4 days of treatment. To determine the 

receptor subtype by which dopamine and ADTN inhibit FDM and LIM, both compounds were 

co-administered with either the dopamine D2-like antagonist spiperone (0.005µmoles) or the 

D1-like antagonist SCH-23390 (0.005µmoles). 

Results: Intravitreal administration of dopamine or ADTN inhibited the development of FDM 

(ED50=0.003µmoles and ED50=0.011µmoles respectively) and LIM (ED50=0.002µmoles and 

ED50=0.010µmoles respectively) in a dose-dependent manner, with a similar degree of 

protection observed in both paradigms (p=0.471 and p=0.969 respectively). Co-administration 

with spiperone, but not SCH-23390, inhibited the protective effects of dopamine and ADTN 

against the development of both FDM (p=0.214, p=0.138 respectively) and LIM (p=0.116, 

p=0.100 respectively). 

Conclusions: Pharmacological targeting of the retinal dopamine system inhibits FDM and 

LIM in a similar dose-dependent manner through a D2-like mechanism. 
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2.3 Introduction 

Myopia (short-sightedness) is a refractive disorder arising from a mismatch between the axial 

length and optical power of the eye that generally results from excessive elongation of the eye 

during development and into early adulthood1. Work in animal models has implicated changes 

in retinal dopaminergic functions as being critical to the development of myopia (for review 

see4, 5, 340). Specifically, in chicks6, guinea pigs8, tree shrews9, primates7, and mice10-12 

(although with some variability in mice348), ocular levels of dopamine, and its primary 

metabolite 3,4-dihydroxyphenylacetic acid (DOPAC), are diminished during the development 

of form-deprivation myopia (FDM). Furthermore, the administration of dopaminergic agonists 

(chicks6, 17-19, 25, 282, guinea pigs29, mice21, tree shrews26, primates20), exogenous dopamine 

(rabbits23), or its precursor levodopa (chicks406, 407, mice355, guinea pigs353, 356), significantly 

inhibits the development of FDM. In contrast, blocking dopaminergic functions in chicks, 

through administration of dopaminergic antagonists, prevents the growth suppression 

associated with brief periods of normal vision (diffuser-25, 28 and, to an extent, negative lens-

removal19), as well as the protective effects of bright light exposure against FDM349, 350. 

Similarly, retina-specific tyrosine hydroxylase knockout mice and mice treated with 6-

hydroxydopamine, which depletes the retina of dopaminergic neurons, show a myopic shift in 

refraction11, 351. However, such a myopic shift is not seen in otherwise untreated chicks which 

were administered 6-hydroxydopamine352.  

What role dopamine plays in the other major form of experimental myopia, that of lens-induced 

myopia (LIM), is less clear with conflicting results observed16, 28-30. While an earlier study by 

Bartmann et al.30 observed no change in dopamine levels during the development of LIM in 

chicks, a finding also seen in guinea pigs29, a later study in chicks by Guo et al.16 did observe 

a significant decrease in dopamine levels in response to hyperopic defocus.  At a 

pharmacological level, although both FDM and LIM can be inhibited by the administration of 
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the dopaminergic agonist quinpirole19, 25 or the dopamine precursor levodopa406, 407 in chicks, 

another dopaminergic agonist, apomorphine, has been reported to inhibit FDM6, 18 but 

demonstrates inconsistent effects in LIM in chicks and guinea pigs18, 19, 29. Furthermore, 

administration of 6-hydroxydopamine, which depletes dopaminergic neurons, has been 

reported to unexpectedly inhibit rather than enhance the development of FDM352, 408, but 

appears to have no effect on the development of LIM352 in chicks. Finally, in chicks the D2-

like dopamine antagonist spiperone has been reported to abolish the protective effects of brief 

periods of normal vision against FDM25, 28, but not consistently in LIM19, 28. Together, these 

results suggest that, unlike what is seen in FDM6, 17, 19, 25, 26, 349, 362, the dopaminergic system 

may not play the same critical role in LIM and that any effect may not be generated through 

the dopamine D2-like receptor family.  

In addition to potential differences in the role of the dopaminergic system between the two 

major forms of experimental myopia, several other subtle mechanistic differences have been 

observed between FDM and LIM (for review see206). Such dissimilarities between the two 

experimental models may be driven by how the retina responds to these different optical 

approaches for inducing myopic growth. Specifically, FDM involves an open-loop system in 

which the loss of form-vision leads to increased ocular growth rates for as long as the diffuser 

remains attached and developmental plasticity remains218, 240. In contrast, LIM is a closed-loop 

system in which the eye elongates until compensation is achieved for the imposed defocus224, 

225. 

Therefore, to address whether dopamine does play a role in LIM, this study investigates 

whether pharmacological manipulation of the dopaminergic system has similar effects on the 

development of FDM and LIM. To this end, this study firstly compares the dose-dependent 

responses of FDM and LIM to two dopaminergic interventions previously shown to be 
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effective against the development of FDM, that of intravitreal administration of dopamine 

itself23 and intravitreal administration of the dopamine receptor agonist 6-Amino-5,6,7,8-

tetrahydronaphthalene-2,3-diol hydrobromide (ADTN)25. Secondly, this study investigates 

whether any inhibition of LIM by the above mentioned dopaminergic compounds occurs 

through modulation of the dopamine D2 receptor family, as seen for FDM in chicks6, 17, 19, 25, 

349, 362. To test this, dopamine and ADTN were co-administered with the D1-like dopaminergic 

antagonist SCH-23390 and the D2-like antagonist spiperone for both FDM and LIM. 

 

2.4 Methods 

2.4.1 Animals and housing 

Day-old male White-Leghorn chickens were obtained from Barter & Sons Hatchery (Horsley 

Park, NSW, Australia). Chicks were kept in temperature-controlled rooms and were kept under 

normal laboratory lighting (500 lux, fluorescent lights) on a 12:12 hour light:dark cycle with 

lights on at 9am and off at 9pm. Chicks were given access to unlimited amounts of food and 

water and given five days to adjust to their surroundings before experiments commenced. 

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 20-98) and conformed to the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research. 

2.4.2 Myopia induction and measurement of ocular parameters 

Myopia was induced by placing either a translucent diffuser (FDM) or negative lens (-10D, 

LIM) over the treated (left) eye as previously described406, 409, 410. In short, on the day prior to 

treatment, Velcro mounts were fitted around the left eye with Loctite® super glue (Henkel, 

Kilsyth, VIC, Australia). On the following day, immediately following the first drug treatment, 
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translucent diffusers or -10D lenses fitted to matching Velcro rings were placed onto the 

mounts, with the right eye remaining untreated to serve as a contralateral control.  

Axial length and refractive measurements were carried out prior to the start of treatment and 

on the day after the completion of the experimental period using A-scan ultrasonography 

(Biometer AL-100 (resolution: 0.01mm); Tomey Corporation, Nagoya, Japan) and automated 

infrared photoretinoscopy (system provided courtesy of Professor Frank Schaeffel, University 

of Tuebingen, Germany) as previously described406. In short, refraction was measured for 

treated (left) and contralateral control (right) eyes using automated infrared photoretinoscopy 

with refractive values representing the mean spherical equivalent of 10 measurements per eye. 

For axis alignment, the Purkinje image was centred within the pupil to obtain the correct 

refractive axis. Illumination levels within the room were held at less than 5 lux to avoid light 

reflections in the pupil arising from aberrant sources. Axial length was measured using A-scan 

ultrasonography with each scan representing the mean of 10 measurements and the average of 

three scans taken for each eye. For axial length measures, animals 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). 

2.4.3 Drug preparation and administration 

Dopamine hydrochloride (Sigma Aldrich, H8502), ADTN hydrobromide (Abcam, ab120150), 

SCH-23390 (Sigma Aldrich, D054), or spiperone (Sigma Aldrich, S7395) was dissolved fresh 

in a solution containing 0.1% w/v ascorbic acid in 1x phosphate-buffered saline (PBS), pH 6.0 

(Table 2-1).  Chicks were administered a 10μL intravitreal injection once daily (9am), using a 

30-gauge needle (Terumo) fitted to a Hamilton syringe (100µL capacity) to their treated eye 

on four consecutive days. For intravitreal administration, chicks were anaesthetised under light 
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isoflurane (as described above). For co-administration experiments, a dopaminergic antagonist, 

spiperone or SCH-23390, was added to the above dopamine or ADTN solutions and 

administered as a single 10µL intravitreal injection each day.   
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Table 2-1: Drug preparations 

Drug Drug action 

Volume 

Given 

Daily 

(μL) 

Amount 

Administered 

(µmoles/day) 

Concentration: Drug 

Solution (mM) 

Estimated Vitreal 

Concentration (µM) 

Dopamine Natural ligand 10 

1.500 150.00 7500 

0.150 15.00 750 

0.015 1.50 75 

0.002 0.15 10 

ADTN Non-specific agonist 10 

1.000 100.00 5000 

0.100 10.00 500 

0.010 1.00 50 

0.001 0.10 5 

Dopamine/ SCH-23390 Natural ligand/ D1-like antagonist 10 0.150/0.005 15.00/0.50 750/25 

Dopamine/ Spiperone Natural ligand/ D2-like antagonist 10 0.150/0.005 15.00/0.50 750/25 

ADTN/ SCH-23390 Non-specific agonist / D1-like antagonist 10 0.100/0.005 10.00/0.50 500/25 

ADTN/ Spiperone Non-specific agonist / D2-like antagonist 10 0.100/0.005 10.00/0.50 500/25 

Each drug preparation was administered to both FDM and LIM treated eyes. 0.150µmoles dopamine and 0.100µmoles ADTN were also 

administered to eyes receiving no other ocular treatment to examine their effects on normal ocular development. 
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2.4.4 Control paradigms 

Each of the following three experimental paradigms (outlined below) were undertaken in 

separate weeks alongside their own control groups, which included FDM only (n=10 per 

experiment), LIM only (-10D, n=10 per experiment), and age-matched untreated control 

animals (n=10 per experiment).  

2.4.5 Experiment 1: Dopamine dose-response curves for FDM and LIM 

To establish whether intravitreal administration of dopamine showed a similar dose-dependent 

protection against the development of FDM and LIM, chicks were allocated to treatment 

groups as outlined in Table 2-2. In short, chicks undergoing FDM or LIM were given a daily 

intravitreal injection of one of four doses of dopamine (0.002, 0.015, 0.150, 1.500µmoles) for 

a period of four days. At the end of the experimental period, the axial length and refractive 

measurements from these chicks were compared to those from the left eyes of FDM only, LIM 

only, and age-matched untreated control animals. This experiment also examined the effects of 

intravitreal injections of the vehicle solution (0.1% ascorbic acid in 1xPBS) on the development 

of FDM and LIM. As vehicle treatment had no effect on the development of FDM or LIM, 

vehicle treated groups were not included in subsequent experiments. Finally, this experiment 

examined the effects of dopamine treatment on normal ocular development by administering 

dopamine, at its highest dose (1.500µmoles), to chicks receiving no visual treatment. 
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Table 2-2: Allocation of animals across the three experimental paradigms investigated 

Drug Solution 

Dose 

administered 

(µmoles) 

Numbers fitted 

with translucent 

diffuser (FDM) 

Numbers fitted 

with negative 

lens (-10D, 

LIM) 

Numbers 

with no 

optical 

treatment 

Experiment 1 

None - 10 10 10 

Vehicle - 10 10 - 

Dopamine 0.002 6 8 - 

Dopamine 0.015 8 8 - 

Dopamine 0.150 9 9 - 

Dopamine 1.500 9 9 6 

Experiment 2 

None - 10 10 10 

ADTN 0.001 8 7 - 

ADTN 0.010 6 10 - 

ADTN 0.100 8 8 - 

ADTN 1.000 8 7 8 

Experiment 3 

None - 10 10 10 

Dopamine 0.150 9 9 - 

Dopamine/SCH-

23390 
0.150/0.005 8 8 - 

Dopamine/Spiperone 0.150/0.005 8 8 - 

ADTN 0.100 8 8 - 

ADTN/SCH-23390 0.100/0.005 8 8 - 

ADTN/Spiperone 0.100/0.005 8 8 - 

SCH-23390 0.005 - - 6 

Spiperone 0.005 - - 6 

Each of the three tested paradigms were investigated in separate weeks and therefore contained 

their own control groups (FDM only, LIM only, and age-matched untreated controls) which 

received no drug solution. In addition to examining the effect of each drug on FDM and LIM, 

1.500µmoles dopamine, 1.000µmoles ADTN, 0.005µmoles SCH-23390, and 0.005µmoles 

spiperone were also administered to eyes receiving no other ocular treatment to examine their 

effects on normal ocular development. Vehicle solution represents 0.1% w/v ascorbic acid in 

1xPBS (pH 6.0). ADTN: 6-Amino-5,6,7,8-tetrahydronaphthalene-2,3-diol hydrobromide, 

FDM: form-deprivation myopia, LIM: lens-induced myopia.  
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2.4.7 Experiment 2: ADTN dose-response curves for FDM and LIM 

Like the work undertaken for dopamine, to establish whether intravitreal administration of the 

dopamine agonist ADTN showed a similar dose-dependent protection against the development 

of FDM and LIM, chicks were allocated to treatment groups as outlined in Table 2-2. Like 

experiment 1, chicks undergoing FDM or LIM were given a daily intravitreal injection of one 

of four doses of ADTN (0.001, 0.010, 0.100, 1.000µmoles) for a period of four days. At the 

end of the experimental period, the axial length and refractive measurements from these chicks 

were compared to those from the left eyes of FDM only, LIM only, and age-matched untreated 

control animals. This experiment also examined the effects of ADTN treatment on normal 

ocular development by administering ADTN, at its highest dose (1.000µmole), to chicks 

receiving no visual treatment. 

2.4.8 Effects of dopaminergic antagonism 

To establish whether the protective effects of dopamine and ADTN against the development 

of FDM and LIM can be similarly disrupted by dopaminergic antagonism, and whether the 

same receptor family is responsible in both forms of experimental myopia, chicks were 

allocated to treatment groups as outlined in Table 2-2.  Dopamine (0.150µmoles) or ADTN 

(0.100µmoles) were co-administered as a single 10µL injection with either the D1-like receptor 

antagonist SCH-23390 (0.005µmoles) or the D2-like receptor antagonist spiperone 

(0.005µmoles) (based on doses used previously25, 407) to examine whether their protective 

effects against FDM and LIM can be pharmacologically disrupted by either family of 

antagonists. 
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2.4.9 Statistical analysis 

A power calculation was undertaken to determine the group sizes required to achieve 80% 

power in observing a 0.8D change in refraction when the standard deviation is approximately 

0.5D: 

𝑛1 =
(𝜎1

2 + 𝜎2
2 𝐾⁄ )(𝑧1−𝛼 2⁄  +  𝑧1−𝛽)

2

∆2
 

𝑛1 =
(0.52 + 0.52 1⁄ )(1.96 +  0.84)2

0.82
 

𝑛1 = 6 

To account for fluctuations in standard deviation, as well as potential dropouts due to diffuser- 

or lens-removal (at which point chicks were removed from the experiment and not reported), 

group sizes were set at n=10.  

All values reported represent the means ± the standard error of the means. Percent protection 

against the development of FDM or LIM was calculated by comparing the change in axial 

length or refraction in drug treated groups to the change in axial length or refraction in FDM 

or LIM only animals: 

% 𝑃𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 = 100 − (
∆ 𝑑𝑟𝑢𝑔 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

∆ 𝐹𝐷𝑀/𝐿𝐼𝑀 𝑂𝑛𝑙𝑦
× 100) 

Prior to statistical analysis, all data were first tested for normality and homogeneity of variance 

(Shapiro-Wilk test). Before analysing the effects of drug treatment, an analysis of the control 

paradigms across all experiments were undertaken. Firstly, ocular development in age-matched 

untreated control or contralateral control eyes was compared across all three experiments using 

a one-way univariate analysis of variance (ANOVA). To compare ocular development between 
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age-matched untreated control and contralateral control eyes across all three experiments, a 

multivariate analysis of variance (MANOVA) was undertaken.  

To evaluate the development of myopia across all three experiments, form-deprived or lens-

treated eyes were compared to age-matched untreated control eyes using a MANOVA. The 

degree of myopia development between experiments was then compared using an ANOVA. 

The effect of pharmacological treatment was analysed in each experiment using an ANOVA, 

followed by a student’s unpaired t-test with Bonferroni correction for multiple testing for 

analysis of specific between group effects. To compare FDM and LIM dose-response curves, 

or to compare dopamine and ADTN dose-response curves, a MANOVA was undertaken. All 

analyses were reviewed by a statistician and were undertaken using the program IBM SPSS 

Statistics package 25 (Armonk, NY, USA) with a statistical cut-off of 0.05. 

 

2.5 Results 

2.5.1 Analysis of control paradigms 

No differences in refraction or axial length were observed between groups or between eyes 

prior to the commencement of treatment. As summarised in Table 2-3 (ANOVA), there was no 

difference in age-matched untreated control or contralateral control values across the three 

experiments. Nor were there any difference between age-matched and contralateral control 

eyes (Table 2-3, MANOVA). Therefore, for ease of analysis, all statistical comparisons of 

treatment effect against normal ocular development in the following sections were made 

against age-matched untreated control animals only. 

Form-deprivation and negative lens-wear led to chicks developing significantly longer axial 

lengths and more myopic refractions relative to age-matched untreated control animals, with 
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no observed differences in the control groups across experiments (Table 2-4). Therefore, all 

comparisons of the effect of drug treatment on the development of experimental myopia were 

made to each experiment’s respective control groups (Table 2-5). In experiment 1, daily 

intravitreal treatment with the vehicle solution (0.1% ascorbic acid in 1xPBS), over a period of 

four days, did not alter the development of FDM or LIM (Figure 2-1, raw data – Table 2-6). 

As there was no effect, a vehicle treated group was not included in experiments 2 and 3.  

Finally, administration of dopamine (raw data – Table 2-6), ADTN (raw data - Table 2-7), 

SCH-23390 (raw data - Table 2-8), or spiperone (raw data – Table 2-8) into otherwise untreated 

eyes did not lead to any changes in axial length or refraction following four days of treatment 

relative to those values seen in age-matched untreated control animals. 
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Table 2-3: Statistical analysis of untreated control paradigms across experiments 1, 2, and 3 

Ocular Parameter Test Age-matched Contralateral Age-matched vs Contralateral 

Axial Length 

ANOVA F(2,28)=0.663, p=0.524 F(2,88)=0.146, p=0.932 - 

MANOVA - - 
Wilks’ Lambda=0.463, 

F(1,59)=1.221, p=0.359 

Refraction 

ANOVA F(2,28)=1.353, p=0.277 F(2,88)=2.155, p=0.121 - 

MANOVA - - 
Wilks’ Lambda=0.532, 

F(1,59)=1.763, p=0.284 

ANOVAs were undertaken to compare whether similar ocular biometry was seen in age-matched untreated control eyes across all three 

experimental groups. The same analysis was undertaken for contralateral control values across experiments. To expand on this, MANOVAs were 

undertaken to compare whether the ocular biometry observed between the two control groups (age-matched untreated controls and contralateral 

controls) were similar across all three experiments. 
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Table 2-4: Statistical analysis of myopia control paradigms across experiments 1, 2, and 3 

Ocular Parameter Test FDM LIM 

Axial Length 

MANOVA Wilks’ Lambda=0.165, F(1,59)=42.915, p<0.001 Wilks’ Lambda=0.212, F(1,59)=31.540, p<0.001 

ANOVA F(2,28)=0.407, p=0.670 F(2,28)=0.199, p=0.821 

Refraction 

MANOVA Wilks’ Lambda=0.015, F(1,59)=570.141, p<0.001 Wilks’ Lambda=0.046, F(1,59)=175.450, p<0.001 

ANOVA F(2,28)=0.022, p=0.978 F(2,28)=2.042, p=0.151 

MANOVAs were undertaken to determine whether form-deprivation and negative lens-wear induced ocular changes across all three experimental 

groups relative to age-matched untreated control values. ANOVAs were undertaken to compare whether the degree of myopia development was 

different across experiments. Statistically significant outcomes (p<0.05) are presented in bold. FDM: form-deprivation myopia, LIM: lens-induced 

myopia. 
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Table 2-5: Statistical analysis of the ability of dopamine and ADTN, across their full dose-range, to inhibit the development of experimental 

myopia 

  Dopamine ADTN 

  FDM LIM FDM LIM 

Axial Length (M) F(4,38)=4.740, p<0.01 F(4,40)=8.783, p<0.001 F(4,36)=6.020, p<0.01 F(4,38)=7.014, p<0.001 

Axial Length (U) F(4,38)=1.668, p=0.176 F(4,40)=1.281, p=0.296 F(4,36)=5.728, p<0.01 F(4,38)=1.332, p=0.276 

ACD (M) F(4,38)=0.789, p=0.539 F(4,40)=1.094, p=0.375 F(4,36)=0.553, p=0.699 F(4,38)=2.160, p=0.092 

Lens Thickness (M) F(4,38)=1.454, p=0.234 F(4,40)=1.669, p=0.179 F(4,36)=1.016, p=0.414 F(4,38)=1.564, p=0.204 

VCD (M) F(4,38)=3.871, p<0.01 F(4,40)=8.302, p<0.001 F(4,36)=4.391, p<0.01 F(4,38)=6.800, p<0.001 

Refraction (M) F(4,38)=12.309, p<0.001 F(4,40)=7.523, p<0.01 F(4,36)=14.977, p<0.001 F(4,38)=5.864, p<0.01 

Refraction (U) F(4,38)=18.170, p<0.001 F(4,40)=10.343, p<0.001 F(4,36)=20.784, p<0.001 F(4,38)=23.148, p<0.001 

ANOVAs were undertaken to compare the effect of dopamine and ADTN treatment on ocular biometry and refraction relative to FDM- or LIM-

only values (M) or age-matched untreated control values (U). ACD, lens thickness, and VCD were only compared to myopia treatment (M) to 

demonstrate that protection against axial elongation was driven by changes in VCD rather than ACD and lens thickness. Statistically significant 

outcomes (p<0.05) are presented in bold. FDM: form-deprivation myopia, LIM: lens-induced myopia, ADTN: 6-Amino-5,6,7,8-

tetrahydronaphthalene-2,3-diol hydrobromide, ACD: anterior chamber depth, VCD: vitreal chamber depth. 
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Table 2-6: Axial length and refractive measurements - intravitreal dopamine treatment 

  Axial Length Refraction 

Condition Left eye Right eye 
Compared to 

myopia 

Compared 

to untreated 
Left eye Right eye 

Compared 

to myopia 

Compared 

to untreated 

Untreated 8.66 ± 0.05 8.67 ± 0.04 p<0.001 - 2.66 ± 0.03 2.62 ± 0.12 p<0.001 - 

FDM Only 9.08 ± 0.04 8.68 ± 0.04 - p<0.001 -1.48 ± 0.24 2.68 ± 0.04 - p<0.001 

LIM Only 8.95 ± 0.05 8.61 ± 0.02 - p<0.001 -0.70 ± 0.25 2.60 ± 0.28 - p<0.001 

FDM Vehicle 9.13 ± 0.04 8.78 ± 0.05 p=0.729 p<0.001 -0.80 ± 0.11 2.73 ± 0.06 p=0.881 p<0.001 

LIM Vehicle  8.99 ± 0.04 8.69 ± 0.02 p=0.670 p<0.01 -1.09 ± 0.25 2.36 ± 0.12 p=0.650 p<0.001 

1.500µmoles 

Alone 
8.70 ± 0.06 8.77 ± 0.03 p<0.05 p=0.987 2.18 ± 0.22 2.18 ± 0.16 p<0.001 p=0.453 

FDM + Dopamine 

0.002µmoles 8.88 ± 0.08 8.65 ± 0.04 p=0.624 p=0.486 0.03 ± 0.24 2.68 ± 0.07 p<0.05 p<0.001 

0.015µmoles 8.85 ± 0.06 8.72 ± 0.03 p=0.130 p=0.473 0.08 ± 0.28 2.45 ± 0.20 p<0.01 p<0.001 

0.150µmoles 8.76 ± 0.07 8.65 ± 0.03 p<0.05 p=0.999 0.79 ± 0.31 2.58 ± 0.08 p<0.001 p<0.001 

1.500µmoles 8.76 ± 0.06 8.70 ± 0.04 p<0.01 p=0.999 0.96 ± 0.38 2.40 ± 0.18 p<0.001 p<0.001 

LIM + Dopamine 

0.002µmoles 8.62 ± 0.07 8.44 ± 0.07 p<0.01 p=0.999 -0.14 ± 0.21 2.04 ± 0.15 p=0.999 p<0.001 

0.015µmoles 8.64 ± 0.06 8.49 ± 0.04 p<0.01 p=0.999 0.54 ± 0.27 2.28 ± 0.15 p=0.219 p<0.01 

0.150µmoles 8.57 ± 0.05 8.46 ± 0.06 p<0.001 p=0.999 0.96 ± 0.11 2.30 ± 0.15 p<0.05 p<0.05 

1.500µmoles 8.48 ± 0.05 8.50 ± 0.02 p<0.001 p=0.999 1.77 ± 0.27 1.89 ± 0.21 p<0.01 p=0.355 

Data are presented as the means ± standard error of the means, statistics are presented as pairwise comparisons with Bonferroni correction of 

treated (left) eyes to myopia only or age-matched untreated groups, with significant comparisons (p<0.05) presented in bold. FDM: Form-

deprivation myopia, LIM: lens-induced myopia, Untreated: age-matched untreated controls. 
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Table 2-7: Axial length and refractive measurements - intravitreal ADTN treatment 

  Axial Length Refraction 

Condition Left eye Right eye 
Compared 

to myopia 

Compared 

to untreated 
Left eye Right eye 

Compared 

to myopia 

Compared 

to untreated 

Untreated 8.71 ± 0.04 8.66 ± 0.05 p<0.001 - 2.50 ± 0.11 2.52 ± 0.15 p<0.001 - 

FDM Only 9.03 ± 0.04 8.66 ± 0.05 - p<0.001 -1.81 ± 0.21 2.40 ± 0.11 - p<0.001 

LIM Only 9.08 ± 0.03 8.72 ± 0.03 - p<0.001 -1.39 ± 0.37 2.63 ± 0.17 - p<0.001 

1.000µmoles 

Alone 
8.68 ± 0.05 8.66 ± 0.04 p<0.05 p=0.816 2.10 ± 0.13 2.08 ± 0.11 p<0.001 p=0.274 

FDM + ADTN 

0.001µmoles 9.00 ± 0.04 8.73 ± 0.03 p=0.999 p<0.01 -0.71 ± 0.20 2.59 ± 0.07 p=0.082 p<0.001 

0.010µmoles 8.87 ± 0.06 8.69 ± 0.04 p=0.954 p=0.388 0.20 ± 0.35 2.50 ± 0.18 p<0.01 p<0.001 

0.100µmoles 8.84 ± 0.05 8.72 ± 0.06 p<0.05 p=0.222 0.09 ± 0.28 2.10 ± 0.10 p<0.001 p<0.001 

1.000µmoles 8.67 ± 0.07 8.66 ± 0.05 p<0.01 p=0.999 1.03 ± 0.32 2.26 ± 0.16 p<0.001 p<0.01 

LIM + ADTN 

0.001µmoles 8.89 ± 0.05 8.62 ± 0.04 p=0.412 p=0.811 -0.88 ± 0.34 2.39 ± 0.19 p=0.999 p<0.001 

0.010µmoles 8.77 ± 0.05 8.58 ± 0.03 p<0.01 p=0.999 -0.26 ± 0.21 2.14 ± 0.10 p=0.136 p<0.001 

0.100µmoles 8.73 ± 0.07 8.65 ± 0.05 p<0.01 p=0.999 0.41 ± 0.31 2.34 ± 0.17 p<0.01 p<0.001 

1.000µmoles 8.68 ± 0.08 8.62 ± 0.08 p<0.01 p=0.999 0.46 ± 0.24 2.32 ± 0.13 p<0.01 p<0.001 

Data are presented as the means ± standard error of the means, statistics are presented as pairwise comparisons with Bonferroni correction of 

treated (left) eyes to myopia only or age-matched untreated groups, with significant comparisons (p<0.05) presented in bold. ADTN: 6-Amino-

5,6,7,8-tetrahydronaphthalene-2,3-diol hydrobromide, FDM: form-deprivation myopia, LIM: lens-induced myopia, Untreated: age-matched 

untreated controls. 
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Table 2-8: Axial length and refractive measurements - co-administration of dopamine and ADTN with dopaminergic antagonists 

  Axial Length Refraction 

Condition Left eye Right eye 
Compared 

to myopia 

Compared 

to untreated 
Left eye Right eye 

Compared 

to myopia 

Compared 

to untreated 

Untreated 8.69 ± 0.03 8.67 ± 0.04 p<0.001 - 2.49 ± 0.11 2.67 ± 0.04 p<0.001 - 

FDM Only 9.03 ± 0.04 8.69 ± 0.04 - p<0.001 -1.54 ± 0.29 2.54 ± 0.09 - p<0.001 

LIM Only 9.05 ± 0.04 8.68 ± 0.03 - p<0.001 -1.44 ± 0.23 2.33 ± 0.19 - p<0.001 

FDM + Dopamine or Dopamine/Antagonist 

0.150µmoles 8.75 ± 0.07 8.65 ± 0.03 p<0.001 p=0.379 0.79 ± 0.30 2.58 ± 0.08 p<0.001 p<0.001 

0.150µmoles/D1 8.80 ± 0.08 8.66 ± 0.04 p<0.05 p=0.186 0.68 ± 0.24 2.50 ± 0.08 p<0.001 p<0.001 

0.150µmoles/D2 8.94 ± 0.06 8.68 ± 0.03 p=0.214 p<0.01 -0.75 ± 0.10 2.40 ± 0.11 p=0.108 p<0.001 

LIM + Dopamine or Dopamine/Antagonist 

0.150µmoles 8.57 ± 0.04 8.45 ± 0.04 p<0.001 p=0.108 1.00 ± 0.12 2.23 ± 0.15 p<0.001 p<0.001 

0.150µmoles/D1 8.61 ± 0.06 8.46 ± 0.05 p<0.001 p=0.298 0.90 ± 0.11 2.23 ± 0.13 p<0.001 p<0.01 

0.150µmoles/D2 8.94 ± 0.03 8.65 ± 0.07 p=0.116 p<0.001 -1.33 ± 0.33 2.28 ± 0.05 p=0.814 p<0.001 

FDM + ADTN or ADTN/Antagonist 

0.100µmoles 8.87 ± 0.05 8.74 ± 0.05 p<0.01 p=0.129 0.09 ± 0.28 2.10 ± 0.10 p<0.001 p<0.001 

0.100µmoles/D1 8.75 ± 0.03 8.63 ± 0.02 p<0.01 p=0.384 -0.05 ± 0.12 2.15 ± 0.04 p<0.01 p<0.001 

0.100µmoles/D2 8.94 ± 0.03 8.66 ± 0.04 p=0.138 p<0.001 -0.82 ± 0.07 2.58 ± 0.08 p=0.100 p<0.001 

LIM + ADTN or ADTN/Antagonist 

0.100µmoles 8.73 ± 0.07 8.65 ± 0.05 p<0.001 p=0.517 0.73 ± 0.30 2.30 ± 0.17 p<0.001 p<0.01 

0.100µmoles/D1 8.77 ± 0.05 8.65 ± 0.07 p<0.001 p=0.141 0.35 ± 0.15 2.23 ± 0.08 p<0.001 p<0.001 

0.100µmoles/D2 8.89 ± 0.06 8.63 ± 0.02 p=0.056 p<0.01 -0.57 ± 0.18 2.10 ± 0.05 p=0.089 p<0.001 

No Diffuser or Lens 
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Data are presented as the means ± standard error of the means, statistics are presented as pairwise comparisons with Bonferroni correction, with 

significant comparisons (p<0.05) presented in bold. ADTN: 6-Amino-5,6,7,8-tetrahydronaphthalene-2,3-diol hydrobromide, FDM: form-

deprivation myopia, LIM: lens induced myopia, Untreated: age-matched untreated controls, D1: SCH-23390 (D1-like antagonist), D2: spiperone 

(D2-like antagonist). 

  

0.005µmoles D1 8.58 ± 0.06 8.66 ± 0.04 - p=0.290 2.28 ± 0.25 2.30 ± 0.14 - p=0.947 

0.005µmoles D2 8.59 ± 0.04 8.65 ± 0.03 - p=0.253 2.28 ± 0.14 2.38 ± 0.11 - p=0.584 
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Figure 2-1: Dopamine dose-response curves for form-deprivation myopia (FDM) and lens 

induced myopia (LIM) following four days of treatment 
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Figure 2-1: (A) Axial length and (B) refraction measurements from FDM chicks; (C) axial 

length and (D) refraction measurements from LIM chicks; and percent protection against the 

(E) axial elongation and (F) shift in refraction associated with experimental myopia 

development. Data represents the means ± standard error of the means. VS: treatment with 

vehicle solution in FDM or LIM eyes. Sample sizes (min n=6 per group) can be found in Table 

2-2. Statistics denote difference of treated eyes relative to FDM or LIM only; * p<0.05, ** 

p<0.01, *** p<0.001.  
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2.5.2 Dopamine dose-response curves for FDM and LIM 

Daily intravitreal administration of dopamine significantly inhibited the excessive axial 

elongation and myopic shift in refraction associated with FDM and LIM (Figure 2-1, ANOVA 

analysis - Table 2-5, raw data – Table 2-6). This occurred in a dose-dependent manner that was 

best described by a logarithmic function (Figure 2-1E&F). As expected, there was a strong 

correlation between the changes seen in refraction and axial length in response to 

administration of dopamine into form-deprived (R2=0.61, Supplementary Figure 9-1A) or 

negative lens-treated eyes (R2=0.70, Supplementary Figure 9-1B).  

Based on the axial length data, dopamine showed a similar ED50 for both FDM 

(ED50=0.003µmoles) and LIM (ED50=0.002µmoles). In accordance, there was no statistically 

significant difference in the level of protection afforded against axial elongation (Wilks’ 

Lambda=0.775, F(1,65)=0.941, p=0.471; Figure 2-1E) and the myopic shift in refraction 

(Wilks’ Lambda=0.795, F(1,65)=0.579, p=0.686; Figure 2-1F) between FDM/dopamine and 

LIM/dopamine treated chicks when compared across all doses. 

2.5.3 ADTN dose-response curves for FDM and LIM 

Like that seen for dopamine, daily intravitreal administration of ADTN significantly inhibited 

the excessive axial elongation and myopic shift in refraction associated with FDM and LIM 

(Figure 2-2; ANOVA analysis – Table 2-5, raw data – Table 2-7). This occurred in a dose-

dependent manner that was best described by a logarithmic function (Figure 2-2E&F). As with 

dopamine, there was a strong correlation between the changes seen in refraction and axial 

length in response to the administration of ADTN into form-deprived (R2=0.70, Supplementary 

Figure 9-1C) or negative lens-treated eyes (R2=0.65, Supplementary Figure 9-1D).   
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Figure 2-2: ADTN dose-response curves for form-deprivation myopia (FDM) and lens 

induced myopia (LIM) following four days of treatment 

A 

C 

E 

-b 
.l!l 
111 
~ 

_:;E 
bOE 
C: -
QI 'iii 
~~ 
·- 111 >< -

111 111 
C: !:; 
·- C: 
QI 0 
~ u 
~ 

£ 
ci 

~ 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

-0.1 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

-0.1 

c: 120 
0 
:c; 
~ 100 
C: 
0 

<ii 80 
111 

-~ 60 ... 
Ill 
C: 
111 40 
1:10 
111 

5 20 
:c; 
u 

~ 0 
c.. 0 

** 

FDM 0.001 0.01 0.10 1.00 

ADTN (µmoles) 

•• •• •• 

LIM 0.001 0.01 0.10 1.00 

ADTN (µmoles) 

y = 10.581n(x) + 99.55, R2 = 0.98 

y = 9.961n(x) + 94.76, R2 = 0.99 

• LIM 
• FDM 

0.5 1 1.5 

Dose Administered (µmoles) 

B 

D 

F 

0 

-b 
2 
111 - -1 
~ Ill ~i 
C: Cl. 

E .Q -2 
u 'O 

~~ - ... ~ ~ 
C: 111 -3 
QJ ~ 
u 1= 
C: 0 
~ u -4 
£ 
ci 

-5 

0 

-b 
QI 

-:a - -1 
~ Ill 

;t:. t 
C: Cl. 

E .Q -2 
u 'O 
111 --... 111 - ... ~ .!¾ 
C: 111 -3 
'ai ~ 
u ... 
C: 5 
~ u -4 
£ 
ci 

-5 

~ 120 

-= 
~ 100 
QI 
> 'fl 80 
111 ... -~ 60 
t; 

-~ 40 
1:10 
111 

ADTN (µmoles) 

FDM 0.001 0.01 0.10 1.00 

** *** *** 

ADTN (µmoles) 

LIM 0.001 0.01 0.10 1.00 

** ** 

y = 6.681n(x) + 70.52, R2 = 0.96 

• y = 5.051n(x) + 58.56, R2 = 0.87 

• LIM 
• FDM -~ 2: 1 

~ -----.-------r-----, 
c.. 0 0.5 1 1.5 

Dose Administered (µmoles) 



73 

 

Figure 2-2: (A) Axial length and (B) refraction measurements from FDM chicks; (C) axial 

length and (D) refraction measurements from LIM chicks; and percent protection against the 

(E) axial elongation and (F) shift in refraction associated with experimental myopia 

development. Data represents the means ± standard error of the means. ADTN: 6-Amino-

5,6,7,8-tetrahydronaphthalene-2,3-diol hydrobromide. Sample sizes (min n=6 per group) can 

be found in Table 2-2. Statistics denote difference of treated eyes relative to FDM or LIM only 

animals; * p<0.05, ** p<0.01, *** p<0.001.  
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Like dopamine, ADTN showed similar ED50 values for both FDM (ED50=0.011µmoles) and 

LIM (ED50=0.010µmoles). As such, there was no statistically significant difference in the level 

of protection afforded against axial elongation (Wilks’ Lambda=0.962, F(1,61)=0.128, 

p=0.969; Figure 2-2E) and the myopic shift in refraction (Wilks’ Lambda=0.805, 

F(1,61)=0.787, p=0.554; Figure 2-2F) between FDM/ADTN and LIM/ADTN treated chicks 

when compared across all doses tested. 

2.5.4 Comparison of the protection provided by dopamine vs ADTN 

As the amount of dopamine and ADTN administered was similar across the dose range 

investigated (Table 2-1), their effectiveness relative to each other was compared via MANOVA 

analysis. When administered to form-deprived eyes, there was no statistically significant 

difference in the protection afforded against axial elongation (Wilks’ Lambda=0.869, 

F(1,61)=0.451, p=0.770; Figure 2-3A) or the myopic shift in refraction (Wilks’ Lambda=0.606, 

F(1,61)=1.949, p=0.167; Figure 2-3B) between dopamine and ADTN treated chicks. The same 

was seen for LIM, with both compounds eliciting similar protection across all doses tested 

(axial length: Wilks’ Lambda=0.646, F(1,65)=1.921, p=0.163, Figure 2-3C; refraction: Wilks’ 

Lambda=0.683, F(1,65)=1.511, p=0.256, Figure 2-3D). 
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Figure 2-3: Comparisons of dose-dependent protection elicited by dopamine and ADTN 
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Figure 2-3: Percent protection against the (A) axial elongation and (B) shift in refraction associated with form-deprivation myopia (FDM); percent 

protection against the (C) axial elongation and (D) shift in refraction associated with lens-induced myopia (LIM). Data are plotted as percent 

protection with respect to the log of the dose administered per day (µmoles/day). Data represents the means ± standard error of the means. ADTN: 

6-Amino-5,6,7,8-tetrahydronaphthalene-2,3-diol hydrobromide.  
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2.5.5 Effects of dopaminergic antagonism 

The protection elicited by dopamine (0.150µmoles) against the development of experimental 

myopia persisted when co-administered with the D1-like dopamine antagonist SCH-23390 

(0.005µmoles) with respect to the changes seen in both axial length and refraction (Figure 2-4, 

raw data – Table 2-8). In contrast, when dopamine was co-administered with the D2-like 

dopamine antagonist spiperone (0.005µmoles), the protective effects of dopamine were 

significantly inhibited (Figure 2-4, raw data – Table 2-8), with co-treated eyes no different to 

their FDM or LIM only counterparts in axial length and refraction. 

Similarly, the protective effects of 0.100µmoles of ADTN against the development of FDM 

and LIM remained when co-administered with SCH-23390 (Figure 2-4, raw data – Table 2-8). 

However, as with dopamine, when ADTN was co-administered with spiperone, these 

protective effects were significantly inhibited (Figure 2-4, raw data – Table 2-8), with co-

treated eyes no different to their FDM or LIM only counterparts in axial length and refraction. 
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Figure 2-4: Co-administration with dopaminergic antagonists 

(A) Axial length and (B) refraction measurements from chicks developing form-deprivation 

myopia (FDM); and (C) axial length and (D) refraction measurements from chicks developing 

lens-induced myopia (LIM). Data represents the means ± standard error of the means. ADTN: 

6-Amino-5,6,7,8-tetrahydronaphthalene-2,3-diol hydrobromide, Drug: the administration of 

dopamine or ADTN into FDM or LIM treated eyes, Drug+D1: dopamine or ADTN co-

administered with the D1-like antagonist SCH-23390 in FDM or LIM treated eyes, Drug+D2: 

dopamine or ADTN co-administered with the D2-like antagonist spiperone in FDM or LIM 

treated eyes. Sample sizes (min n=6 per group) can be found in Table 2-2. Statistics denote 

difference of treated eyes relative to FDM or LIM only; * p<0.05, ** p<0.01, *** p<0.001.  
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2.6 Discussion 

Several subtle differences have been reported in the biochemical changes observed between 

the two major forms of experimental myopia (for review see206), including suggested 

differences in the role of dopamine28-30. However, the findings of this current study indicate 

that FDM and LIM appear to be similarly influenced by pharmacological manipulation of the 

dopaminergic system. Specifically, intravitreal application of dopamine or the dopaminergic 

receptor agonist ADTN inhibited the development of both FDM and LIM. Importantly, each 

of these dopaminergic compounds inhibited both forms of experimental myopia in a similar 

dose-dependent manner that was best described by a logarithmic relationship. The current 

findings indicate that the protection afforded by both compounds was driven by stimulation of 

the dopamine D2-like receptor family in both FDM and LIM, demonstrating mechanistic 

similarities. 

2.6.1 The level of protection elicited by dopamine and ADTN is similar between 

FDM and LIM 

To be able to appropriately characterise the action of both dopaminergic compounds, their 

effect on the development of experimental myopia was investigated over multiple doses rather 

than a single dose (for review see411, 412). From this, we can see that the development of FDM 

and LIM were inhibited, in a dose-dependent manner, to the same degree by the daily 

intravitreal injection of dopamine or the dopaminergic agonist ADTN. This strongly suggests 

that the dopaminergic system is similarly important to both experimental paradigms. These 

dose-based analyses also demonstrated that the degree of protection offered by both 

dopaminergic compounds was very similar.  

2.6.2 Similarities in the role of dopamine in FDM and LIM 

Although a large range of dopaminergic compounds have been tested against the development 

of FDM, only a handful have also been tested against LIM. Of these, only the non-specific 
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agonist apomorphine has been concurrently tested against both paradigms. In the first of these 

studies, Schmid and Wildsoet18 reported that apomorphine inhibited the development of both 

FDM and LIM in chicks, with the effect against LIM seen over a greater dose-range. Similar 

findings have been reported by studies investigating the effect of apomorphine on either FDM 

(chicks6, 17, primates20, mice21) or LIM (chicks19) alone. In contrast, the only other concurrent 

study of both forms of experimental myopia reported that despite inhibiting FDM, 

apomorphine did not affect the development of LIM across five doses in guinea pigs29. This 

may suggest differences between birds and members of the Rodentia family with respect to the 

role of dopamine in LIM, or the effect of dopaminergic agents in LIM. This may not be 

surprising, as unlike that seen in chicks6, 17, 19, 25, 349, 362 and tree shrews26, in which dopamine 

appears to inhibit experimental myopia through a D2-like receptor mechanism, in rodents 

(guinea pigs363 and mice229) this protection appears to be driven through a D1-like mechanism, 

with D2 receptor activation reported to enhance myopia. Thus, apomorphine may have 

different effects in rodents with respect to eye growth.  

Other than apomorphine, the only other agonist tested against both forms of experimental 

myopia, although in separate studies, is that of the D2-like receptor agonist quinpirole. In both 

FDM (chicks25 and tree shrews26) and LIM (chicks19), daily administration of this agonist was 

shown to inhibit the development of both forms of experimental myopia. More recently, we 

have also shown that administration of the dopaminergic precursor levodopa inhibits FDM406 

and LIM407 in a similar dose-dependent manner when given either topically or intravitreally 

over a period of four days. Taken together with the current findings, the pharmacological data 

would suggest that stimulation of the dopaminergic system can similarly inhibit FDM and LIM, 

although with potential receptor sub-family differences in rodents. 
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Based on the suggested role of dopamine in inhibiting ocular growth, a small number of studies 

have also examined whether blocking dopaminergic signalling, through administration of 

antagonists, can prevent the protective effects of brief periods of normal vision against the 

development of FDM and LIM. Initial studies reported that administration of the dopamine 

D2-like receptor antagonist spiperone inhibited the protective effects of brief periods of normal 

vision against the development of both FDM25 and LIM28, although to a lesser extent in LIM. 

However, a later study by one of the groups was unable to replicate the initial report of 

spiperone’s ability to block the protective effects of normal vision against LIM19. Our current 

findings, although not looking at the paradigm of normal vision, indicate that dopaminergic 

protection against the development of FDM and LIM can be similarly blocked by the 

administration of spiperone, but not the D1-like antagonist SCH-23390, correlating with the 

expected D2-like receptor mechanism6, 17, 19, 25, 26, 349, 362. Similarly, we have previously reported 

that the ability of the dopamine precursor levodopa to inhibit both forms of experimental 

myopia can also be blocked by the co-administration of spiperone407.  Finally, the ability of 

bright light exposure, which increases retinal dopamine levels34, 325, 330, 413, to inhibit the 

development of both forms of experimental myopia can similarly be blocked by the 

administration of spiperone in chicks349(Karouta, C. et al. IOVS 2018; 59: ARVO E-Abstract 

676). Together, the majority of evidence would suggest, at least in chicks, that stimulation of 

the D2-like receptors underlies the ability of dopamine to inhibit the development of both forms 

of experimental myopia.   

The pharmacological evidence noted above would suggest that the dopaminergic system plays 

a role in both forms of experimental myopia; therefore, one would expect that retinal dopamine 

levels are similarly affected in both FDM and LIM. Although dopamine levels have 

consistently been shown to be reduced during the development of FDM in all species studied 

(chicks6, 14, 406, guinea pigs366, tree shrews9, primates7), this is not consistently seen in LIM. 
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Specifically, initial studies reported no change in dopamine levels during the development of 

LIM in chicks30 and guinea pigs29. However, more recent work in chicks has suggested that 

dopamine levels may well be reduced in LIM16(Sarfare, S. et al. IOVS 2019; 60: ARVO E-

Abstract 5883) which if confirmed would further indicate that the two myopia paradigms are 

similar with respect to the role of dopamine.  

Overall, the current literature ultimately supports a similar role for dopamine in the 

development of both forms of experimental myopia. However, as discussed above, members 

of the Rodentia family appear to show differences in receptor mechanism that must be taken 

into account when characterising the role of dopamine in eye growth. 

2.6.3 Conclusions 

Here we show that intravitreal injection of either dopamine or the dopaminergic agonist ADTN 

inhibits the development of FDM and LIM in a dose-dependent manner. Importantly, we show 

that the degree of protection elicited by each compound is similar between the two 

experimental paradigms and between drugs. We also report that the protection afforded by 

dopamine and ADTN is elicited through a D2-like receptor mechanism in both FDM and LIM. 

Together, these findings indicate that dopamine may well play a role in both forms of 

experimental myopia. 
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Chapter 3 – Safety and efficacy of topical levodopa in the 

treatment of form-deprivation myopia 

Sections 3.2–3.6 appear as published406 in Thomson K, Karouta C, Morgan I, Kelly T, Ashby 

R. Effectiveness and safety of topical levodopa in a chick model of myopia. Scientific reports 

2019;9:18345. 

3.1 Preface 

Chapter 3 commences the pre-clinical evaluation of topically applied levodopa as a potential 

myopia treatment by examining its safety and effectiveness against FDM. Specifically, Chapter 

3 examines whether levodopa can inhibit the development of FDM when applied directly to 

the eye as an intravitreal injection (proof of principle) or as a topical eye drop solution 

(clinically relevant treatment avenue) over an ascending dose range. The protective effects of 

levodopa are then compared to that of atropine when administered intravitreally or topically 

over a similar dose range. After topically applied levodopa was found to be effective against 

the development of FDM, Chapter 3 undertakes a preliminary analysis of whether this 

protection can be enhanced by the addition of DMSO, BAK, or carbidopa to the formulation. 

Chapter 3 also examines whether topical levodopa, levodopa/carbidopa, or levodopa/BAK 

sustains its anti-myopic effects over a chronic (1 month) treatment period. Finally, the ocular 

safety of topical levodopa and levodopa/carbidopa is studied over a chronic treatment period 

in both chicks (1 month) and, to establish levodopa’s safety in a mammalian model, mice (9 

months). This Chapter is a continuation and expansion of preliminary work undertaken during 

the candidate’s (Kate Thomson) honours studies414. Parts of the data, regarding the levodopa 

dose-response curve, presented in the honours thesis have been amalgamated into the larger 

data set generated as part of this thesis.   
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3.2 Abstract 

Animal models have demonstrated a link between dysregulation of the retinal dopamine system 

and the excessive ocular growth associated with the development of myopia. Here we show 

that intravitreal or topical application of levodopa, which is widely used in the treatment of 

neurological disorders involving dysregulation of the dopaminergic system, inhibits the 

development of experimental myopia in chickens. Levodopa slows ocular growth in a dose 

dependent manner in chicks with a similar potency to atropine, a common inhibitor of ocular 

growth in humans. Topical levodopa remains effective over chronic treatment periods, with its 

effectiveness enhanced by co-administration with carbidopa to prevent its premature 

metabolism. No changes in normal ocular development (biometry and refraction), retinal health 

(histology), or intraocular pressure were observed in response to chronic treatment (4 weeks). 

With a focus on possible clinical use in humans, translation of these avian safety findings to a 

mammalian model (mouse) illustrates that chronic levodopa treatment (9 months) does not 

induce any observable changes in visual function (electroretinogram recordings), ocular 

development, and retinal health, suggesting that levodopa may have potential as a therapeutic 

intervention for human myopia. 

 

3.3 Introduction 

Myopia, or short-sightedness, is a refractive disorder arising from a mismatch between the 

optical power of the eye and its axial length. This is due to excessive elongation of the eye 

during development and into young adulthood which leads to the focal plane of distant objects 

falling in front of the retina, instead of on it, causing the image to appear blurred. Myopia is 

now recognised as a leading cause of visual impairment and low vision world-wide415. Over 

the past 50 years, myopia rates have increased dramatically, with some estimates predicting 



87 

 

that half of the world’s population could be affected by short-sightedness by 2050415. The rapid 

rise in myopia prevalence is most evident in educationally developed areas of East and 

Southeast Asia (for review see1). In these locations, the prevalence of myopia in young adults 

has risen from 20-30% to 80-85% over one generation1, 416. Over the same period, the 

prevalence of high myopia has increased from 1-2% to 10-20%1. 

These changes in prevalence pose two main challenges. The first is the need to provide optical 

or other corrections for the associated refractive error for a large percentage of the population. 

Arguably an even greater challenge comes from the increased prevalence of high myopia, and 

its associated sight-threatening pathological changes129. Correction of the refractive error does 

not prevent the development of these conditions, the chances of which increase with the 

severity of myopia, as it does not address the excessive elongation of the eye129. Such 

pathologies include chorio-retinal changes including retinal detachments, myopic macular 

degeneration, and staphyloma, as well as an increased risk of other sight-threatening conditions 

such as glaucoma and cataracts (for review see417). The US National Eye Institute has estimated 

the annual cost for treating refractive disorders in the US alone at just under $14 billion in 2010 

and rising418, with considerable indirect costs such as lost productivity unaccounted for. The 

social returns to be obtained through myopia prevention are therefore significant.  For this 

reason, a deeper understanding of how ocular growth is regulated, and the development of 

preventive interventions to slow the onset or progression of myopia, are urgently needed.  

Animal studies have demonstrated that ocular growth is regulated locally in response to visual 

stimuli by pathways originating in the retina, with the retinal transmitter dopamine playing a 

key role (for review see4, 338). Dopamine release is strongly affected by light and the 

spatiotemporal properties of visual inputs, with dysregulation of the dopaminergic system 

heavily implicated in the development of experimental myopia (for review see4, 338). 
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Specifically, in multiple species, retinal dopamine synthesis and release has been shown to be 

significantly down-regulated during the development of experimental myopia6-9, 351, whilst 

pharmacological administration of dopamine agonists, which mimic the effects of dopamine, 

have been shown to inhibit the development of experimental myopia (for review see4). 

Furthermore, intravitreal administration of exogenous dopamine in rabbits23 and systemic 

administration of its precursor levodopa (L-DOPA) in guinea pigs353 inhibit the development 

of experimental myopia, while retina-specific tyrosine hydroxylase knockout mice and mice 

treated with 6-hydroxydopamine, which depletes the retina of dopaminergic neurons, show a 

myopic shift in refraction11, 351. Finally, dopaminergic activity appears to underly the 

mechanism by which bright light exposure, or exposure to brief periods of normal vision, 

prevents the development of experimental myopia, specifically form-deprivation myopia 

(FDM), in the chick25, 27, 103-105, 349, 350, 409, 410, 419, 420.  

Based on the potential role of dopamine in the regulation of ocular growth, this article 

investigates whether topical administration of levodopa, a drug widely used to treat 

neurological disorders involving dopaminergic disfunction387, can inhibit ocular growth and 

therefore prevent the development of experimental myopia in an animal model (chicken). Here 

we show that levodopa slows ocular growth and inhibits experimental myopia in a dose-

dependent manner in chicks with a similar potency to atropine, whilst not affecting ocular 

health across those parameters tested following chronic administration. For translational 

potential, this avian safety data was further complemented in a second, mammalian, model by 

analysing the effects of chronic levodopa treatment on ocular safety in mice. 
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3.4 Results 

3.4.1 Effectiveness of levodopa in preventing experimental myopia in chickens 

3.4.1.1 Intravitreal injections inhibit form-deprivation myopia in a dose dependent manner 

To investigate whether levodopa inhibits experimental myopia when introduced directly to the 

retina, levodopa was administered to chicks undergoing FDM as a daily intravitreal injection 

at one of four concentrations (0.15mM, 1.5mM, 15mM, and 75mM; Supplementary Table 9-

1) for four days. 

Ocular Biometry 

Ocular growth in untreated contralateral control eyes was not affected by intravitreal injection 

of levodopa, with no significant difference in axial length observed between contralateral 

control and age-matched untreated control eyes following 4 days of treatment (ANOVA, F(5, 

84)=0.284, p=0.921). As expected, form-deprivation (FD, myopia induction) induced a 

significantly greater rate of axial elongation in diffuser-treated eyes relative to that seen in 

contralateral control or age-matched untreated control eyes over the four-day treatment period 

(p<0.001, Figure 3-1A, Supplementary Table 9-6). This excessive elongation was, however, 

inhibited in a dose-dependent manner by the daily intravitreal injection of levodopa (ANOVA, 

F(4,68)=15.072, p<0.001; Figure 3-1A), with the protective effect best described by a 

logarithmic relationship (y=5.8816In(x) + 109.19, r2=0.9848; Figure 3-1B), with an EC50 of 

0.000043mg/day (0.0008 mM or 0.0007% w/v). All concentrations of levodopa tested induced 

a significant reduction in axial elongation relative to FDM alone (0.15 mM: p<0.02; 1.5 - 75 

mM: p<0.001, Figure 3-1B). 

At all concentrations tested, levodopa did not affect anterior chamber depth (ANOVA, 

F(5,84)=1.109, p=0.361) or lens thickness (ANOVA, F(5, 84)=0.563, p=0.728), but instead, 
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changes in axial length correlated solely with changes in vitreal chamber depth (ANOVA, F(5, 

84)=15.042, P<0.001). 

Daily intravitreal injection of levodopa over a four-day period did not affect normal ocular 

development when administered to otherwise untreated birds (p=1.000; Supplementary Table 

9-6), nor did it affect contralateral control eyes (ANOVA, F(5, 84)=0.353, p=0.879). 

Furthermore, intravitreal injection of the vehicle solution did not prevent the axial elongation 

associated with FD (p=1.000). 
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Figure 3-1: Dose response curve - levodopa intravitreal injections 
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Figure 3-1: (A) Axial length after four days of treatment for each of the tested conditions. (B) Percent protection against the axial elongation 

associated with diffuser wear (FD) relative to levodopa concentration administered. (C) Refractive values after four days of treatment for each of 

the tested conditions. (D) Percent protection against the myopic refractive shift associated with FD relative to levodopa concentration administered. 

Data represent mean ± standard error of the mean. FD: Form deprivation. Untreated controls: age-matched untreated controls. Statistics denote 

difference to FD Only; * p<0.05, ** p<0.02, *** p<0.001. 
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Refraction 

As with axial length, refraction in untreated contralateral control eyes was also not affected by 

intravitreal injection of levodopa, with no significant difference observed between contralateral 

control and age-matched untreated control eyes at cessation of treatment (ANOVA, F(5, 

84)=0.454, p=0.808). Form-deprivation induced a significant myopic shift in refraction relative 

to that seen in contralateral control and age-matched untreated control eyes (p<0.001, Figure 

3-1C&D, Supplementary Table 9-6). This myopic shift was inhibited in a dose-dependent 

manner by the daily intravitreal injection of levodopa (y=6.0164In(x) + 76.15, r2=0.9879); 

Figure 3-1D), with greater protection seen with increasing concentrations (Figure 3-1C, 

ANOVA, F(4,68)=21.654, p<0.001). At all concentrations, treated eyes showed a less myopic 

refraction compared to that observed in FD only chickens (0.15 mM: p<0.02, 1.5 - 75 mM: 

p<0.001; Figure 3-1C), however, all levodopa groups still showed a relative myopic shift when 

compared to age-matched untreated control animals (p<0.001 in all groups; Figure 3-1C). 

As with axial length, there was no effect on refractive development in contralateral control eyes 

(Supplementary Table 9-6; ANOVA, F(5, 84)=0.665, p=0.651). Similarly, daily intravitreal 

injection of levodopa did not affect normal refractive development when administered to 

otherwise untreated eyes (p=0.128). Intravitreal injection of the vehicle solution alone did not 

alter myopic refractive development in FD eyes compared to FD only chicks (p=0.093). 

3.4.1.2 Topical eye drops inhibit form-deprivation myopia in a dose dependent manner 

To examine whether levodopa is effective at inhibiting FDM when applied topically to the eye, 

as it is for intravitreal injections, twice-daily eye drops of levodopa were administered to chicks 

undergoing FD at one of four concentrations (0.15mM, 1.5mM, 15mM, and 45mM; 

Supplementary Table 9-2) for four days. 

Ocular Biometry 
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As with intravitreal injections, ocular growth in contralateral control eyes was not altered by 

levodopa eye drops, with no significant difference in axial length observed between 

contralateral control and age-matched untreated control eyes at the end of treatment (ANOVA, 

F(5,101)=0.454, p=0.810). Twice-daily topical application of levodopa significantly inhibited 

the excessive axial elongation associated with myopia induction in a dose-dependent manner 

(Figure 3-2A, Supplementary Table 9-7; ANOVA, F(4,85)=5.494, p<0.01). This effect was 

best described by a logarithmic function (y=7.0442In(x) + 67.381, r2=0.9899; Figure 3-2B), 

with an EC50 of 0.085mg/day (2.69 mM or 0.053% w/v). At the highest dose (45mM), there 

was no significant difference in axial length to those values seen in age-matched untreated 

control eyes (p=0.186). Like that observed for intravitreal injections, topical levodopa 

treatment, at all concentrations, did not affect anterior chamber depth (ANOVA, 

F(5,93)=0.990, p=0.428) or lens thickness (ANOVA, F(5,93)=0.741, p=0.594), but rather the 

changes in axial length observed were associated with changes in vitreal chamber depth 

(ANOVA, F(5,93)=9.420, p<0.001; Supplementary Table 9-7). Furthermore, analysis of 

levodopa at 15mM demonstrated no effects on corneal curvature (levodopa treated eyes 3.2 ± 

0.6mm radius of curvature vs contralateral control eyes 3.3 ± 0.4mm radius of curvature; n=5, 

p=0.501) or corneal thickness (levodopa treated eyes 215.9 ± 5.3 µm vs contralateral control 

eyes 214.5 ± 7.5 µm; n=5, p=0.400).   

Topical application of levodopa did not alter axial development compared to age-matched 

untreated controls (Supplementary Table 9-7) when administered to otherwise untreated 

chickens (p=1.000), nor did it affect ocular growth in contralateral control eyes (ANOVA, 

F(5,93)=1.294, p=0.273). Topical administration of the vehicle solution did not prevent or alter 

the excessive axial growth associated with FDM (p=0.285), indicating that the presence of 

levodopa was critical in inhibiting experimental myopia.   
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Figure 3-2: Dose response curve - levodopa topical eye drops 
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Figure 3-2: (A) Axial length after four days of treatment for each tested condition. (B) Percent protection against the axial elongation associated 

with form-deprivation (FD) relative to amount of levodopa administered. (C) Refractive values after four days of treatment for each tested 

condition. (D) Percent protection against the myopic refractive shift associated with FD relative to amount of levodopa administered. Data 

represents mean ± standard error of the means FD: Form deprivation. Untreated controls: age-matched untreated controls. Statistics denote 

difference to FD Only; * p<0.05, ** p<0.02, *** p<0.001. 
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Refraction 

Consistent with the data presented thus far, levodopa eye drops did not alter the refractive 

development of contralateral control eyes relative to age-matched untreated control eyes 

(ANOVA, F(5, 101)=1.438, p=0.223). Topical administration of levodopa significantly 

inhibited the negative shift in refraction associated with FD in a dose-dependent manner (0.15 

mM: p<0.02; 1.5 mM, 15 mM, 45 mM: p<0.001: Figure 3-2C & D, Supplementary Table 9-

7), with the protective effect best described by a logarithmic relationship (y=5.2266In(x) + 

41.475, R2=0.934; Figure 3-2D). However, as with intravitreal injections, topically treated 

eyes still showed a relative myopic shift relative to age-matched untreated chickens (ANOVA, 

F(4,64)=149.165, p<0.001). 

Refractive development (Supplementary Table 9-7) was unaffected in contralateral control 

eyes of animals treated with levodopa (ANOVA, F(5,93) = 0.959, p=0.448) or in otherwise 

untreated eyes (p=1.000). Eye drops containing only the vehicle solution did not alter the 

degree of myopic shift in diffuser-treated eyes (p=1.000). This once again indicates that 

levodopa, while not altering normal refractive development, was the factor responsible for 

inhibiting the myopic refractive changes generated by FD. 

3.4.1.3 Modification of bioavailability enhances the potency of topical eye drops 

To investigate whether the protective effects observed with topical application of levodopa 

could be enhanced by increasing bioavailability, levodopa eye drops were administered in the 

presence of carbidopa (4:1 levodopa:carbidopa ratio, to prevent premature metabolism), or 

10% dimethyl sulfoxide (DMSO, to increase corneal penetration) for a period of four days 

(Supplementary Table 9-2). 

The addition of carbidopa, at a 1:4 ratio to levodopa (3.75mM carbidopa:15mM levodopa), 

significantly enhanced the protective effects observed relative to levodopa alone against FD 
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for both axial length (94.6% ± 9.73 protection, p<0.001; 32.8% increase from levodopa alone, 

p<0.02; Figure 3-3A, Supplementary Table 9-7) and refraction (45.6% ± 6.89 protection, 

p<0.001; 12.8% increase from levodopa alone, p<0.001; Figure 3-3B, Supplementary Table 9-

7) over a four day period of treatment.  

Those animals treated with a levodopa/DMSO solution demonstrated slightly shorter axial 

lengths than those animals treated with levodopa alone (83.1% ± 8.39 protection, p<0.001; 

21.3% increase from levodopa alone, p<0.02; Figure 3-3A, Supplementary Table 9-7). 

However, there was no significant difference in the degree to which the myopic refractive shift 

was lessened between levodopa and levodopa/DMSO treated animals (Figure 3-3B, 

Supplementary Table 9-7). 
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Figure 3-3: Topical eye drops - modification of bioavailability 

(A) Axial length measurements following four days of treatment for each tested condition. (B) 

Refraction following four days of treatment for each tested condition. Data represents mean ± 

standard error of the mean. FD: Form deprivation. Untreated controls: age-matched untreated 

controls. DMSO: Dimethyl sulfoxide. Statistics denote difference to FD Only; * p<0.05, ** 

p<0.02, *** p<0.001. 
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3.4.2 Levodopa remains effective over chronic treatment periods 

To examine whether the protective effects of topical levodopa can be maintained over chronic 

treatment periods, levodopa, levodopa/carbidopa, and levodopa/0.1% benzalkonium chloride 

(BAK, a frequently used ophthalmic alternative to DMSO) solutions were topically 

administered (Supplementary Table 9-2) to chicks undergoing FD for four weeks 

(approximately one third of the ocular maturation period of chicks). At the end of the treatment 

period ocular samples were examined to assess the retina for changes in architecture or signs 

of apoptosis. 

The excessive axial elongation associated with FD was significantly inhibited by levodopa 

treatment over 4 weeks compared to FD-only animals (Wilks’ Lambda=0.425, F(3,32)=1.816, 

p<0.05; Supplementary Table 9-8; Figure 3-4A; 56.9% ± 1.09 protection). This protective 

effect was enhanced by the addition of carbidopa (levodopa: p<0.01, to levodopa/carbidopa 

(65.1% ± 1.19 protection): p<0.001, at week 4, Figure 3-4A), but was no more protective with 

the addition of 0.1% w/v BAK (levodopa: p<0.01, to levodopa/BAK (51.62% ± 1.31 

protection) p=0.14, Figure 3-4A).  Levodopa, levodopa/carbidopa, or levodopa/BAK did not 

alter anterior chamber depth (Wilks’ Lambda=0.602, F(3, 32)=0.938, p=0.517) or lens 

thickness (Wilks’ Lambda=0.579, F(3, 32)=1.638, p=0.126) over 4 weeks of treatment 

(Supplementary Table 9-8). Hence all ocular changes observed arose through changes in vitreal 

chamber depth (Wilks’ Lambda=0.453, F(3,32)=1.911, p<0.05). 

  



101 

 

 

Figure 3-4: Long-term effectiveness of 15mM levodopa drops 

(A) Weekly axial length measurements for form deprived, drug treated eyes. (B) Weekly 

refraction for form deprived, drug treated eyes. Data represents mean ± standard error of the 

mean. BAK: Benzalkonium chloride. FD: Form deprivation. Untreated controls: age-matched 

untreated controls. 
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In accordance with axial length changes, long-term topical treatment significantly inhibited the 

myopic shift in refraction seen in response to FD (Wilks’ Lambda=0.078, F(3,32)=7.569, 

p<0.001; Supplementary Table 9-9; Figure 3-4B), with all treated animals exhibiting 

significantly less myopic refractions than FD-only treated animals at week 4 (all groups: 

p<0.001), and no significant difference between treatment groups (levodopa (65.6% ± 5.36 

protection) vs levodopa:carbidopa (66.4% ± 8.36  protection): p=1.000; levodopa vs 

levodopa/BAK (45.5% ± 4.03 protection): p=0.530, levodopa/BAK vs levodopa:carbidopa: 

p=0.340).  

Administration of levodopa, levodopa/carbidopa, or levodopa/BAK drops to otherwise 

untreated eyes (unoccluded contralateral eyes were treated in long term experiments) did not 

result in any alteration in axial elongation (Wilks’ Lambda=0.350, F(3,25)=1.716, p=0.074; 

Supplementary Table 9-8) or refraction (Wilks’ Lambda=0.362, F(3,25)=1.650, p=0.090; 

Supplementary Table 9-9) relative to age-matched untreated controls. Similarly, treatment did 

not alter corneal thickness (ANOVA, F(3, 32)=1.189, p=0.339) or intraocular pressure 

(ANOVA, F(3, 32)=1.355, p=0.285; Supplementary Table 9-10).  

3.4.3 Levodopa treatment does not induce structural changes in retinal 

architecture or induce retinal cell apoptosis in chickens 

Daily treatment with levodopa (15mM; Supplementary Figures 9-2C & 9-3E), 

levodopa:carbidopa (15mM:3.75mM; Supplementary Figures 9-2D & 9-3F), or levodopa:BAK 

(15mM in 0.1%; Supplementary Figures 9-2E & 9-3G) drops over four weeks induced no 

observable changes in retinal structure or architecture (Supplementary Figure 9-2), or 

observable signs of apoptosis (Supplementary Figure 9-3), relative to that seen in FD or age-

matched untreated control eyes (Supplementary Figures 9-2A & 9-3C). 
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3.4.4 Levodopa increases dopamine synthesis and release within the eye 

To investigate whether levodopa administration increases dopamine synthesis and release 

within the eye, levels of levodopa, dopamine, and 3,4-dihydroxyphenylacetic acid (DOPAC) 

were measured in vitreal samples from chicks undergoing one of the following treatments: no 

treatment, FD, and FD with intravitreal injection of levodopa (15mM). Samples were collected 

1 hours into the light phase, which represented 1 hour of treatment. Measures of levodopa, 

dopamine and DOPAC levels were undertaken via liquid chromatography – mass spectrometry 

(LC-MS). 

In FD eyes, levodopa (Figure 3-5A) and dopamine (Figure 3-5B) levels in the vitreous were 

lower, but not statistically, than that of age-matched untreated controls. The loss of statistical 

significance was due to the levels of both molecules falling below the quantification signal to 

noise cut-off (S/N 10, LOQ (dopamine: 0.28pmol/vitreous, levodopa: 1.3pmol/vitreous, 

DOPAC: 8.4pmol/vitreous)) in multiple samples, as such, statistics were only performed on 

those values falling above the signal to noise cut-off. Vitreal DOPAC however (Figure 3-5C) 

was significantly lower in FD eyes compared to age matched untreated controls (p<0.001). In 

FD eyes treated with intravitreal injections of 15mM levodopa, vitreal levels of levodopa, 

dopamine, and DOPAC were substantially elevated compared to both age-matched untreated 

controls (p<0.01, p<0.05 and p<0.01 respectively) and FD treated eyes (p<0.01, p<0.05 and 

p<0.001 respectively). 
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Figure 3-5: Vitreal levels of levodopa and its metabolites in form deprived (FD) and 

levodopa treated chicks 

(A) Levodopa (B) dopamine (C) 3,4-dihydroxyphenylacetic acid (DOPAC). Data represents 

the mean ± standard error of the mean. Statistics denote difference to FD Only; * p<0.05, ** 

p<0.02, *** p<0.001. TRACE denotes when several samples were detected (S/N>3) but not 

quantifiable (S/N<10); levodopa in FD samples fell in this range in 4 out of 5 samples and 

dopamine in FD samples fell in this range in 2 out of 5 samples.  
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3.4.5 Topical levodopa administration does not significantly alter levels of 

dopamine or its metabolites within the blood. 

To establish whether topical administration of levodopa increases systemic dopaminergic 

activity, levodopa, dopamine, DOPAC and homovanillic acid (HVA) levels were analysed by 

LC-MS in blood samples from untreated and levodopa treated chicks 15 minutes after 

administration. Blood from untreated animals was also spiked with levodopa and analysed by 

LC-MS immediately and after 15 minutes to simulate the maximal change expected if levodopa 

was systemically distributed. 

Direct spiking of a 15mM levodopa solution into blood from untreated animals significantly 

increased levodopa (Figure 3-6A) and dopamine (Figure 3-6B) levels compared to age-

matched untreated controls (levodopa: 0 minutes, p<0.05; 15 minutes, p<0.001, dopamine: 0 

minutes, p<0.05; 15 minutes, p<0.01). Whereas topically applied levodopa (15mM) did not 

result in any significant change in blood levodopa (p=0.749) or dopamine levels (p=0.294) 

from that of untreated controls. Blood from animals treated with topically applied levodopa 

significantly differed from both 0 (levodopa: p<0.001, dopamine: p<0.05) and 15 minute 

(levodopa: p<0.001, dopamine: p<0.001) spike simulations.  In a number of samples, levodopa 

levels within untreated and drops treated animals fell below the quantification signal to noise 

cut-off (S/N 10, LOQ (dopamine: 5.4ng/mL, levodopa: 170ng/mL)), with levels well below 

spiked samples indicating that topically applied levodopa shows limited systemic distribution. 

In all groups, DOPAC and HVA were not quantifiable (S/N < 10). 
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Figure 3-6: Plasma levels of levodopa and its metabolites 

(A) Levodopa (B) dopamine. Data represents the mean ± standard error of the mean. Statistics 

denote difference to untreated controls; * p<0.05, ** p<0.02, *** p<0.001 (n=9 per treatment). 

TRACE denotes when several samples were detected (S/N>3) but not quantifiable (S/N<10); 

levodopa in eye drops and age-matched untreated control samples fell in this range in 1 and 4 

samples respectively, and dopamine in eye drops and age-matched untreated control samples 

fell in this range in 1 sample per group. 
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3.4.6 Levodopa is of comparable effectiveness to atropine 

To compare the effectiveness of levodopa in slowing ocular growth to that of atropine, the 

primary pharmacological treatment currently used for myopia in humans, intravitreal and 

topical application of atropine was tested over four days in an equivalent manner to that of 

levodopa (Supplementary Tables 9-3 & 9-4). 

Intravitreal levodopa and atropine showed similar dose-dependent protection against the 

excessive axial growth associated with FD (levodopa vs FDM: ANOVA, F(4,68) = 15.072, 

p<0.001; atropine vs FDM: ANOVA (5, 81)=7.895, p<0.001; atropine vs levodopa: p=0.84; 

Figure 3-7A; Supplementary Tables 9-6 & 9-11). However, intravitreal levodopa showed a 

greater effectiveness against the myopic refractive shift associated with FD (levodopa vs FDM: 

ANOVA, F(4,68)=21.654, p<0.001; atropine vs FDM: ANOVA (5,81)=11.535, p<0.001; 

levodopa vs atropine: p<0.001; Figure 3-7B).  Both compounds showed similar EC50 values 

against the axial elongation associated with FD (levodopa: 0.0007% w/v, atropine: 0.0001% 

w/v), with their effects best described by a logarithmic relationship (levodopa: 

y=6.9542ln(x)+100.39, atropine: y=4.96ln(x)+95.209).    

Topical levodopa was slightly more effective than topical atropine at inhibiting axial elongation 

(levodopa vs FDM: ANOVA, F(4,85)=5.494, p<0.01; atropine vs FDM: ANOVA 

(4,46)=3.632, p<0.02; atropine vs levodopa: p<0.05; Figure 3-7C; Supplementary Tables 9-7 

& 9-11) and myopic shifts in refraction (levodopa vs FDM: ANOVA, F(4,64)=149.165, 

p<0.001; atropine vs FDM: ANOVA (4,46)=3.922, p<0.001; atropine vs levodopa: p<0.05; 

Figure 3-7D).  Both compounds showed similar EC50 values against the axial elongation 

associated with FD (levodopa: 0.053% w/v, atropine: 0.060% w/v), with their protection best 

described by a logarithmic relationship (levodopa: y=7.0094ln(x)+70.633, atropine: 

y=4.1229ln(x)+61.584).    
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Figure 3-7: Comparison between levodopa and atropine dose response curves in chicks 
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Figure 3-7: (A) Percent protection against the axial elongation and (B) myopic shift in refraction associated with FD in eyes treated with levodopa 

or atropine intravitreal injections. (C) Percent protection against the axial elongation and (D) myopic shift in refraction associated with FD in eyes 

treated with levodopa or atropine topical eye drops. Data represents mean ± standard error of the mean. 
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3.4.7 Long-term safety of levodopa in mice 

To examine the ocular safety of levodopa in a mammalian model (mouse), complementing the 

results observed in chicks above, levodopa and levodopa/carbidopa eye drops were 

administered to otherwise untreated C57BL/6J mice (Supplementary Table 9-5) over a period 

of 9 months. 

No abnormalities were detected in daily health score analysis of treated or untreated mice over 

9 months of treatment whilst base histology and apoptosis analysis, like chicks, showed no 

signs of retinal degradation or toxicity (data not shown). 

Further, normal refractive development (age-matched untreated control males: 6.37 ± 0.17D; 

females: 4.82 ± 0.46D) was not altered by chronic administration of 15mM levodopa (males: 

6.55 ± 0.41D; females: 5.24 ± 0.41D) or 15mM levodopa with 3.75mM carbidopa drops 

(males: 6.78 ± 0.16D; females: 5.33 ± 0.60D) following nine months of treatment (ANOVA 

F(2,27)=1.471, p=0.239). 

3.4.7.1 Electroretinogram responses are not altered by topical application of levodopa 

Chronic application of levodopa (15mM) or levodopa/carbidopa (15mM/3.75mM) over a 9-

month period did not induce any permanent changes in recorded electroretinogram (ERG) 

waveforms (Supplementary Figure 9-4) or waveform parameters (Figure 3-8) following a 5 

day washout period. Specifically, no differences occurred between treated and untreated 

animals in A-wave amplitude (Wilks’ Lambda=0.763, F(2,25)=1.314, p=0.086), or latency 

(Wilks’ Lambda=0.788, F(2,25)=1.468, p=0.181) or, B-wave amplitude (Wilks’ 

Lambda=0.675, F(2,25)=1.869, p=0.061) or latency (Wilks’ Lambda=0.690, F(2,25)=1.752, 

p=0.082), or the amplitude (Wilks’ Lambda=0.748, F(2,25)=1.219, p=0.292) or latency 

(Wilks’ Lambda=0.749, F(2,25)=1.211, p=0.297) of oscillatory potential 2. Furthermore, no 
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significant differences arose in light adapted responses (Wilks’ Lambda=0.498, F(2,25)=1.458, 

p=0.217). 

Similarly, levodopa administration had no notable effect on ERG waveforms (Supplementary 

Figure 9-5) or waveform parameters (Supplementary Figure 9-6) in recordings performed 2 

hours following topical levodopa administration to previously naïve mice.  
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Figure 3-8: Effects of chronic (9-months) topical application of levodopa or levodopa/ 

carbidopa on mouse electroretinogram responses 

(A) A-wave amplitude; (B) A-wave latency; (C) B-wave amplitude; (D) B-wave latency; (E) 

Oscillatory potential 2 amplitude; (F) Oscillatory potential 2 latency. (G) Amplitude of 
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responses in light adapted animals. (G) Latency of responses in light adapted animals. Data 

represents mean ± standard error of the mean.  
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3.5 Discussion 

Intravitreal and topical application of levodopa slowed ocular growth and significantly 

inhibited the development of experimental myopia (FDM) in a dose-dependent manner. The 

EC50 values for both intravitreal injection and tropical application of levodopa were similar to 

those of atropine, the gold standard for pharmacological treatment of myopia in humans.  

Intravitreal injection of levodopa slowed the excessive ocular growth associated with FDM to 

a greater extent than that of topical application. However, the addition of carbidopa enhanced 

the effects of topically applied levodopa, similar to that seen during its systemic use for the 

treatment of neurological disorders, by presumably inhibiting its premature break-down by the 

enzyme aromatic l-amino acid decarboxylase (AAAD)421, and thus lowering the dose of 

levodopa required to achieve protection. Interestingly, the protective effects of systemic 

levodopa against the development of experimental myopia in guinea pigs have been reported 

to be inhibited by injection of carbidopa into the peribular space356, contrary to what would be 

expected from the existing literature surrounding the co-administration of levodopa and 

carbidopa. 

The effectiveness of topically applied levodopa and levodopa:carbidopa was maintained over 

a period of 4 weeks (chronic treatment), which represents approximately one third of the ocular 

maturation period of chicks245, 422 and the critical window in which eye growth is most 

susceptible to visual manipulation in this species245. As seen during acute treatment, levodopa’s 

effectiveness was significantly enhanced by co-administration with carbidopa. In contrast, the 

addition of the preservative and corneal penetrating agent BAK did not enhance the protective 

effects seen relative to levodopa alone.  

Chronic application of levodopa, or levodopa:carbidopa, as a topical solution did not induce 

changes in those measures of ocular health examined in chicks (histology and cell survival, 
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intraocular pressure, or normal ocular development (ocular biometry and refraction)) and mice 

(ERG recordings, histology and cell survival, and normal refractive development). The lack of 

alterations in ERG recordings in mice mirrors work in Parkinsonian patients, in which levodopa 

treatment does not alter normal ERG responses389 and has been shown to retrieve waveform 

parameters in subjects with abnormal ERG responses associated with depressed dopaminergic 

activity in Parkinson’s disease390-392. Furthermore, no alterations in normal ERG responses are 

observed following high doses of levodopa (200mg)393, 394. In accordance with a lack of change 

in the electrical activity of the retina, levodopa did not induce alterations in retinal architecture 

or produce signs of cell stress/death (apoptosis). In agreement with these findings, chronic 

levodopa administration has not been associated with ocular complications in patient 

populations389-394. This is consistent with the literature surrounding levodopa and cell health, 

as although levodopa has been reported to cause apoptosis in cultured neural tissue366, when 

administered in vivo, little toxicity has been demonstrated in neurologically normal400, 401 or 

neurologically vulnerable402-404 animals (for review see395). Furthermore, clinical studies have 

indicated that chronic levodopa treatment is non-toxic to nigrostriatal dopaminergic neurons in 

humans423-425. Importantly, we report that levodopa does not appear to alter normal ocular 

development, and instead only becomes effective when administered to eyes in which the 

retinal dopaminergic system is dysregulated by myopia induction. 

Together, the findings of this study suggest that levodopa may be a potential therapeutic 

treatment for human myopia by acting to restore dopaminergic function. Based on recent 

clinical findings, topical application of levodopa may also have potential for the treatment of 

other visual disorders in which dysregulation of dopaminergic system has been implicated and 

where systemic levodopa treatment has been shown to be beneficial, including; amblyopia426, 

diabetic retinopathy427 and age-related macular degeneration (AMD)428.  



116 

 

Levodopa has been in clinical use for over five decades and is the primary treatment for 

neurological disorders, such as Parkinson’s disease, involving the dysregulation of the 

dopaminergic system (for review see387). Systemic administration of levodopa, as undertaken 

for Parkinson’s disease, is not appropriate for the treatment of myopia as it would lead to 

changes in dopaminergic activity not only within the eye, but within the brain and the rest of 

the body in an otherwise healthy developing child.  Topical application of levodopa would 

maximise the amount of levodopa reaching the retina while minimising systemic distribution, 

lowering the dose required to achieve protection relative to systemic administration. 

Accordingly, levodopa administered via eye drops did not significantly alter dopaminergic 

activity within the blood, particularly when compared to the elevated levels observed in spiked 

samples.  This suggests that, when myopia inhibiting doses are applied to the eye, limited 

systemic distribution of levodopa occurs. Therefore, this approach minimises the likelihood of 

those side effects most commonly reported with long-term levodopa treatment which can be 

exacerbated at higher concentrations (such as motor fluctuations and dyskinesias387). There is 

currently no clinical data available on the use of topical levodopa, in ophthalmic preparations 

or elsewhere, so it is difficult to evaluate the degree to which levodopa eye drops may induce 

side effects arising from systemic distribution. Studies on systemic administration of levodopa 

in children with amblyopia have implicated side effects such as headaches, nausea, fatigue, 

mood changes, nightmares, emesis, dizziness, dry mouth and decreased appetite388. Elevated 

dopamine levels in the brain have been linked to attention deficit disorders. However, whether 

these disorders are driven by increased dopamine release, or whether elevated dopamine levels 

are a consequence of the pharmacological treatment of these disorders is still under debate429. 

Levodopa has also been associated with cardiovascular effects430, 431 and schizophrenia432, 433 

in a subset of individuals, although such an association requires further investigation. Our 

current data indicates that topical levodopa application did not lead to any notable side effects 
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or adverse effects, however, care must always be taken when modulating dopaminergic 

activity.  

The dose-response curve for atropine eye drops in this study correlated remarkably well with 

results observed in its clinical use (for review see434). Specifically, similar to the EC50 we report 

here (0.06% w/v), 0.05% w/v atropine has been shown to slow myopia progression in children 

by roughly 60%163. This suggests that the animal pharmacological EC50 data correlates well 

with observed clinical outcomes. Therefore, as the dose curves for topically applied atropine 

and levodopa are markedly similar, this would suggest that the EC50 for levodopa may translate 

into clinical outcomes with a similar consistency to that of atropine, however this does not 

account for differences in the mechanism of action of levodopa and atropine.  

While atropine is a well-validated tool for controlling the progression of myopia in humans, its 

side-effects at high doses161, the existence of a rebound effect after cessation of treatment435, 

uncertainties about its mode of action436, and the reported existence of non-responders, suggest 

that an alternative pharmacological treatment may be useful. These findings suggest that topical 

application of the naturally occurring compound levodopa, which has a well-documented 

history of use in humans, may be a viable candidate for future clinical treatment of myopia. 

As excessive axial elongation is the root cause of pathological outcomes arising from myopia, 

and therefore the primary clinical target, more attention was afforded the ability of levodopa to 

attenuate axial elongation. In this study, as is commonly exhibited in animal models of 

myopia20, 26, 33, 307, 316, 319, 437-440, axial length and refraction data demonstrate the same direction 

of change, despite differences in overall effect size, with no alterations were observed in other 

ocular components (corneal curvature, corneal thickness, anterior chamber depth, and lens 

thickness). Chicks were refracted in darkened rooms, however, cycloplegia was not induced as 
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the required use of nicotinic antagonists, which are known to themselves inhibit experimental 

myopia307, could lead to a misrepresentation of the effectiveness of levodopa. 

3.5.1 Conclusions 

In chickens, manipulation of the dopaminergic system by intravitreal or topical administration 

of levodopa slows ocular growth and thereby inhibits the development of experimental myopia 

in a dose-dependent manner. Levodopa shows a similar potency to that of atropine, currently 

the primary pharmacological treatment for myopia in humans. The addition of carbidopa 

significantly enhances the potency of topical levodopa, allowing its growth inhibiting effects 

to be maintained at much lower doses. Further, topically applied levodopa and 

levodopa/carbidopa remains effective over chronic treatment periods. Importantly, topical 

application of levodopa or levodopa:carbidopa did not alter visual function and ocular health 

in those parameters tested in chicks or mice. These findings indicate that levodopa may have 

potential as a therapeutic intervention for human myopia. 

 

3.6 Methods 

3.6.1 Overview 

The effects of levodopa upon ocular growth were initially examined by testing the dose-

dependent effects of intravitreal and topical application of levodopa against the development 

of form-deprivation myopia (FDM) in chicks over a period of 4 days. Within this 4 day 

treatment period, the effects of intravitreal and topical atropine, as well as ways to increase the 

effectiveness of topical levodopa through the addition of carbidopa or DMSO, were also 

studied in the chick form-deprivation model.  

To complement the above work, the effects of topical levodopa and levodopa/carbidopa against 

the development of FDM were examined in chicks over a chronic, 4 week period, which was 
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combined with an analysis of ocular safety focusing on retinal health, refractive development, 

axial elongation, and intraocular pressure.  

To show that levodopa treatment altered dopamine levels within the eye, but not systemically, 

catecholamine levels were quantified in the vitreous body and blood samples. This analysis 

was undertaken in form-deprived chicks following a single treatment of levodopa. Chicks were 

not analysed after four days or four weeks in this initial experiment to remove the compounding 

factor of potential adaptation with time.   

With a focus on possible clinical use in humans, ocular safety findings from chicks were 

translated to a mammalian model (C56BL/6J mice). Topical eye drops were administered to 

otherwise untreated mice for a period of 9 months to complement the avian data and examine 

the effects of chronic treatment on visual function, retinal health, and normal refractive 

development in this mammalian model. 

3.6.2 Animal housing 

Day-old male White-Leghorn chickens were obtained from Barter & Sons Hatchery (Horsley 

Park, NSW, Australia). Chicks were kept in temperature-controlled rooms and were given five 

days to adjust to their surroundings before the experiments commenced. Chicks had access to 

unlimited amounts of food and water and were kept under normal laboratory lighting (500 lux, 

fluorescent lights) on a 12:12 hour light:dark cycle with lights on at 9:30am and off at 9:30pm.  

Mice (C56BL/6J) were obtained from the University of Canberra breeding colony. Mice were 

kept five to a cage (males and females caged separately) in individually ventilated caging, with 

experiments commencing at 8 weeks of age. Mice were housed at 23°C on a 12:12 hour 

light:dark cycle (8am:8pm; 500lux fluorescent lights) and had access to unlimited amounts of 

food and water.  
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Experimental procedures were approved by the University of Canberra Animal Ethics 

Committee under the ACT Animal Welfare Act 1992 (project number CEAE 16-05) and 

conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 

3.6.3 Experimental methods – short-term (4 day) effectiveness of levodopa in 

chicks 

3.6.3.1 Standard experimental structure 

Myopia was induced by placing a translucent diffuser (FDM) over the treated (left) eye as 

previously described to induce form-deprivation myopia (FDM)409. Specifically, Velcro 

mounts were fitted around the left eye on the day prior to the commencement of treatment. On 

the following day, a diffuser fitted to a matching Velcro ring was mounted over the eye. The 

right eyes remained untreated to serve as an internal contralateral control.  

For drug administration, chicks were given a once daily 10μL intravitreal injection (9:30am), 

or two 40μL topical eye drops twice daily (9:30am and 2pm), of their respective drug solution 

(levodopa, levodopa/carbidopa, levodopa/DMSO or atropine) to their diffuser-treated (left) eye 

for a period of four days. For intravitreal administration, chicks 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).  

For all preparations, levodopa (Sigma Aldrich, D9628) was dissolved fresh in a solution 

containing 0.1% w/v ascorbic acid in 1x phosphate-buffered saline (PBS). Immediately prior 

to administration, the pH of the levodopa solution was adjusted to 5.5. For treatments 

containing carbidopa (Sigma Aldrich, C1335), levodopa and carbidopa were combined at a 4:1 

ratio and dissolved as per outlined above for levodopa alone. For treatment with dimethyl 

sulfoxide (DMSO), levodopa was dissolved as above with the addition of 10% v/v DMSO 
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(Sigma Aldrich, D8418). Atropine solutions comprised of atropine monosulfate (Abcam, 

A10236) dissolved in 1xPBS (pH of 6). 

Refraction and ultrasonography measurements, to assess myopia development, were 

undertaken the day prior to the commencement of treatment and on the final day of the 

experimental period as previously described409. Refraction was measured using automated 

infrared photoretinoscopy (system provided courtesy of Professor Frank Schaeffel, University 

of Tuebingen, Germany). Measurements were taken for both treated (left) and contralateral 

control (right) eyes, with refractive values representing the mean spherical equivalent of 10 

measurements per eye. For axis alignment, the Purkinje image was centered within the pupil 

to obtain the correct refractive axis, with illumination levels within the room held at less than 

5 lux to avoid light reflections in the pupil arising from aberrant sources. Axial length was 

measured, on chicks anesthetised as above, using A-scan ultrasonography (Biometer AL-100; 

Tomey Corporation, Nagoya, Japan). For short-term experiments, ocular parameters for the 

drug treated eyes (Supplementary Table 9-1 to 9-4) were compared against diffuser-treated 

animals without levodopa (FDM Only, n=26), age-matched untreated control animals (n=17), 

and their contralateral control eyes. 

3.6.3.2 Levodopa dose-response curve (intravitreal injections) 

To investigate whether levodopa, when introduced directly to the retina (Supplementary Table 

9-1), can prevent FDM in chickens, animals were divided between the following groups: 

1. Fitted with a translucent diffuser – daily intravitreal injection of levodopa at one of 

the following concentrations: 0.15mM (n=8), 1.5mM (n=15), 15mM (n=15), 75mM 

(n=8); 

2. Fitted with a translucent diffuser – daily intravitreal injection of the vehicle solution 

(0.1% w/v ascorbic acid in 1xPBS, pH 5.5; n=10); 
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3. No translucent diffuser fitted – daily intravitreal injection of levodopa (15mM, 

n=10). 

3.6.3.3 Levodopa dose-response curve (topical drops) 

To establish whether a protective effect against the development of FDM in chicks persists 

when levodopa is administered as a topical solution to the eye (Supplementary Table 9-2), and 

whether this delivery of levodopa can be enhanced by the addition of carbidopa (to prevent 

premature metabolism) or DMSO (to enhance corneal penetration), chicks were divided 

between the following groups: 

1. Fitted with a translucent diffuser – topical application of levodopa at one of the 

following concentrations: 0.15mM (n=18), 1.5mM (n=18), 15mM (n=14), 45mM 

(n=9);  

2. Fitted with a translucent diffuser – topical administration of 15mM levodopa with 

3.75mM carbidopa (n=14), or 15mM levodopa in 10% DMSO (n=9); 

3. Fitted with a translucent diffuser – topical application of the vehicle solution alone 

(0.1% w/v ascorbic acid in 1xPBS, pH 5.5; n=11); 

4. No translucent diffuser fitted – topical application of levodopa (15mM, n=15). 

Due to solubility limits, levodopa at a concentration of 75mM or higher will not remain in 

solution for longer than 10 minutes at a pH 5.5. Therefore, a 45mM solution, which sat at the 

upper solubility limit of levodopa at pH 5.5, was the highest dose tested for topical eye drops. 

For all further analyses of levodopa, a concentration of 15mM was used. The higher dose of 

45 mM was not used for further analyses as although it shows a stronger treatment effect, it sits 

at the solubility limit of this compound.  
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Following 4 days of topical treatment with a 15mM levodopa solution into form-deprived eyes, 

corneal thickness (DGH Pachmate 2 pachymeter, DGH Technology Inc., USA) and corneal 

curvature were measured to determine any effects on the refractive surface. Corneal curvature 

(measured as the radius of curvature) was examined following the procedure outlined in Troilo 

& Wallman441 using a keratometer (Topcon OM-4) fitted with a +8D lens to adapt the system 

to the highly curved chick cornea, and calibrated by measuring curvatures of chrome balls of 

known diameters (2-8 mm). 

3.6.3.4 Effectiveness of levodopa relative to atropine (intravitreal and topical application) 

To examine the effectiveness of levodopa when compared to that of atropine, the most widely 

used pharmacological treatment for myopia in humans, a dose-response analysis of atropine 

was also undertaken (Supplementary Tables 9-3 & 9-4). For this, chicks were divided between 

the following groups: 

1. Fitted with a translucent diffuser – intravitreal injection of atropine at one of the 

following concentrations: 0.0015mM (n=12), 0.015mM (n=12), 0.15mM (n=12), 

1.5mM (n=12), 15mM (n=12); 

2. Fitted with a translucent diffuser – topical application of atropine at one of the 

following concentrations: 0.015mM (n=6), 0.15mM (n=6), 1.5mM (n=6), 15mM 

(n=6). 

3.6.4 Experimental methods – long-term (4 week) effectiveness and safety of 

levodopa in chicks 

To establish the effectiveness of levodopa over a more chronic treatment period, myopia was 

induced, and topical levodopa administered to chicks as outlined for 4 day treatments, for a 

period of 4 weeks. Refraction and ultrasonography measurements were undertaken prior to the 

commencement of the experiment and at the end of each proceeding week as outlined for short-
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term experiments. In addition, corneal thickness (measured as above in 4 day experiments) and 

intraocular pressure (Icare TA01i tonometer, Icare, Finland) of chicks were also measured 

alongside the final biometric measurements after 4 weeks of treatment. Ocular parameters for 

the drug treated eyes (Supplementary Table 9-2) were compared against diffuser-treated 

animals without levodopa (FDM Only, n=18) and age-matched untreated control animals 

(n=18). 

Over this 4 week period, chicks were administered eye drops to both eyes, with the left eye 

fitted with a translucent diffuser and the right eye receiving no optical treatment. Levodopa 

treatment animals were divided into 3 groups (Supplementary Table 9-2): 

1. Fitted with a translucent diffuser – topical application of 15mM levodopa (n=18); 

2. Fitted with a translucent diffuser – topical application of 15mM levodopa/3.75mM 

carbidopa (n=12); 

3. Fitted with a translucent diffuser – topical application of 15mM levodopa in 0.1% 

w/v benzalkonium chloride (BAK, n=6). 

Levodopa and levodopa/carbidopa solutions were prepared as outlined for 4 day treatments. 

For treatment with BAK, levodopa was dissolved as above with the addition of 0.1% w/v BAK 

(Sigma Aldrich, 12060). BAK was used in place of DMSO due to its higher frequency of use 

in topical ophthalmic preparations as an antimicrobial and corneal penetrating agent386. 

Following final measurements, chicks were sacrificed and tissue prepared for histological 

analysis following procedures outlined by Karouta & Ashby409 (see Supplementary Methods 

(Section 9.2.1) for full details). Retinal sections were treated with toluidine blue to examine 

retinal architecture or underwent TUNEL analysis to determine whether the retina was 

undergoing apoptosis. 



125 

 

3.6.5 The effects of levodopa treatment on catecholamine levels in previously 

naïve chicks 

3.6.5.1 Ocular dopamine levels 

To show that levodopa treatment altered dopamine levels within the eye, catecholamine levels 

were quantified in the vitreous body samples. This analysis was undertaken in form-deprived 

chicks following a single treatment of levodopa. Chicks were not analysed after four days or 

four weeks in this initial experiment to remove the compounding factor of potential adaptation 

with time.   

Vitreous samples were measured using high performance liquid chromatography tandem mass 

spectrometry (LC-MS-MS) following a protocol adapted from Perez-Fernandez et al.334 (see 

Supplementary Methods (Section 9.2.1) for full details). Samples were collected 1 hour after 

drug treatments and the fitment of diffusers to previously naïve chicks. Treatment commenced 

at lights on (9:30am), with chicks broken into the following groups: 

1. Fitted with a translucent diffuser – intravitreal injection of levodopa (15 mM, n=5); 

2. Fitted with a translucent diffuser – no intravitreal or topical application of the drug 

(myopia control group (FD Only), n=5); 

3. Age-matched untreated control animals (n=5). 

3.6.5.2 Systemic (blood) dopamine levels 

To examine if levodopa is systemically distributed following topical application, and whether  

topical levodopa application alters dopamine levels systemically, blood samples from chicks 

treated with 15 mM drops were measured using an LC-MS-MS following a protocol adapted 

from Perez-Fernandez et al.334 (see Supplementary Methods (Section 9.2.1) for full details).  

Samples were collected 15 minutes after drug treatment to examine the maximum amount of 
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systemically distributed levodopa, with topical application occurring at lights on (9:30am). 

Chicks were divided into the following two groups: 

1. Topical application of levodopa (15 mM, n=9); 

2. Age-matched untreated control animals (n=9); 

In a concurrent experiment, aliquots of blood taken from the above age-matched untreated 

animals were spiked with a 15mM levodopa solution. The volume of the spike was adjusted 

relative to the volume of blood taken. That is, at this age the chicken contains 8mL of blood442. 

From this 8mL total blood volume, 1mL aliquots were taken, which represents 12.5% of the 

total blood volume of the animal. Therefore, 12.5% of the topical volume, which is normally 

0.08mL, was added to the blood. Spiked blood samples were then analysed at two timepoints 

(time zero (n=9) and following 15 minutes incubation at room temperature (n=9)). This process 

simulated the maximum levodopa that should be detectable systemically if the entirety of the 

topical drops were absorbed into the circulation. 

3.6.6 Mammalian analysis of safety (mouse) 

3.6.6.1 Chronic levodopa treatment 

To investigate the safety of levodopa administration in a mammalian model, C57BL/6J mice 

were divided into 3 treatment groups (Supplementary Table 9-5) and chronically treated (9 

months): 

1. Age-matched untreated controls (5 males, 5 females); 

2. Topical levodopa treatment (15mM) to otherwise untreated eyes (5 males, 5 females); 

3. Topical levodopa/carbidopa treatment (4:1, 15mM:3.75mM respectively) to otherwise 

untreated eyes (5 males, 5 females). 
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Commencing at 8 weeks of age, mice were administered one 10µL drop of their respective 

drug solution (Supplementary Table 9-5) to each eye once daily at 11am or left untreated, for 

a period of 9 months. Each day, a health score analysis was undertaken that examined weight, 

fur condition, activity, respiratory rate, gait, interactions with casemates, temperament, faeces, 

posture, and external condition of the eye. 

Refraction was measured at the completion of the 9-month period using infrared 

photorefraction as outlined above for chickens, with the 75mm F/1.4 C-type lens with a 5mm 

extension tube replaced with a 50mm F/1.4 C-type lens with a 10mm extension tube to account 

for the smaller eye of the mouse. Following a further 5 days of no topical treatment (washout 

period), ERG measurements (see Supplementary Methods (Section 9.2.1) for full details) were 

undertaken before the mice were sacrificed by an overdose of isoflurane anaesthetic, with eyes 

immediately enucleated for base histology and TUNEL analysis (see Supplementary Methods 

(Section 9.2.1) for full details).  

In addition to examining ERG responses following chronic treatment (9 months) with 

levodopa, we also examined whether retinal function is immediately altered following daily 

levodopa application. To do this, previously untreated mice of an equivalent age (9 months) to 

those treated above were administered one drop of 15 mM levodopa to each eye (n=3 males, 

n=2 females). Two hours after drops were given, during which time the animals remained in 

the dark, ERG recordings were performed and compared to those of age-matched untreated 

control animals (n=3 males, n=2 females). 

3.6.7 Statistical analysis 

All values reported represent the mean ± the standard error of the mean. Before analysing the 

effect of treatment, all data were first tested for normality and homogeneity of variance 

(Shapiro-Wilk test). Following this, the effect of short-term treatment was analysed via a one-
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way univariate analysis of variance (ANOVA) followed by a student’s unpaired t-test, with 

Bonferroni correction for multiple testing, for analysis of specific between group effects. ERG 

responses and the effects of long-term treatment were analysed using a repeated measures 

multivariate analysis of variance (MANOVA) followed by a student’s unpaired t-test, with 

Bonferroni correction for multiple testing, for analysis of specific between group effects. All 

analyses were undertaken in IBM SPSS Statistics package 23 with a statistical cut-off of 0.05. 
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Chapter 4 – Does levodopa inhibit the development of 

lens-induced myopia? 

 

Sections 4.2–4.6 appear as published407 in Thomson K, Morgan I, Karouta C, Ashby R. 

Levodopa inhibits the development of lens-induced myopia in chicks. Scientific reports 

2020;10:13242. 

 

4.1 Preface 

Chapter 4 continues the pre-clinical evaluation of topically applied levodopa as a potential 

myopia treatment by examining whether its protective effects extend to the other major 

paradigm of experimental myopia, LIM. Chapter 4 compares levodopa’s anti-myopic effects 

in FDM with its anti-myopic effects in LIM by administering four ascending doses of levodopa, 

as intravitreal injections or topical eye drops, to chicks developing LIM. Chapter 4 further 

establishes levodopa’s mechanism of action through co-administration with the D2-like 

dopamine receptor antagonist spiperone and the D1-like antagonist SCH-23390.  
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4.2 Abstract 

Animal models have demonstrated a link between dysregulation of the retinal dopamine system 

and the development of myopia (short-sightedness). We have previously demonstrated that 

topical application of levodopa in chicks can inhibit the development of form-deprivation 

myopia (FDM) in a dose-dependent manner. Here, we examine whether this same protection 

is observed in lens-induced myopia (LIM), and whether levodopa’s protection against FDM 

and LIM occurs through a dopamine D1- or D2-like receptor mechanism. To do this, levodopa 

was first administered daily as an intravitreal injection or topical eye drop, at one of four 

ascending doses, to chicks developing LIM. Levodopa’s mechanism of action was then 

examined by co-administration of levodopa injections with D1-like (SCH-23390) or D2-like 

(spiperone) dopamine antagonists in chicks developing FDM or LIM. For both experiments, 

levodopa’s effectiveness was examined by measuring axial length and refraction after 4 days 

of treatment. Levodopa inhibited the development of LIM in a dose-dependent manner similar 

to its inhibition of FDM when administered via intravitreal injections or topical eye drops. In 

both FDM and LIM, levodopa injections remained protective against myopia when co-

administered with SCH-23390, but not spiperone, indicating that levodopa elicits its protection 

through a dopamine D2-like receptor mechanism in both paradigms. 

 

4.3 Introduction 

Myopia, commonly known as short-sightedness, is a refractive disorder arising from a 

mismatch between the axial length and optical power of the eye. This is generally due to 

excessive elongation of the eye during development and into early adulthood. In urban East 

and Southeast Asia the prevalence of myopia in young adults has risen from 20-30% to 80-

85% in the last five decades (For review see2). The prevalence of high myopia (≤-6 diopters 
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(D)) has increased disproportionately to that of myopia in the last five decades, rising from 1-

5% to 10-20% (For review see2). Although the refractive error associated with this condition 

can easily be corrected, such corrections do not address the sight-threatening pathologies 

associated with myopia, and especially high myopia, which include retinal detachment, myopic 

macular degeneration, staphyloma, glaucoma, and cataracts130, 417, 443-445. Furthermore, the odds 

of such pathologies significantly increase with the severity of myopia135.  

Through work in animal models, changes in retinal dopamine release have been heavily 

implicated in the development of myopia (for review see4, 338, 340).  Specifically, in chicks, 

rhesus monkeys, guinea pigs, tree shrews and in some cases mice, retinal levels of dopamine, 

and its primary metabolite 3,4-dihydroxyphenylacetic acid (DOPAC), have been shown to be 

significantly down-regulated during the development of form-deprivation myopia (FDM)6-9, 14, 

351. Consistent with a role for dopamine in the regulation of ocular growth, administration of 

dopaminergic agonists6, 17-20, 25, 26, 282, synthetic dopamine23, and its metabolic precursor, 

levodopa353-355, 406, inhibit FDM. Conversely, retina-specific tyrosine hydroxylase knockout 

mice and mice treated with 6-hydroxydopamine, which depletes the retina of dopaminergic 

neurons, show a myopic shift in refraction11, 351. Furthermore, the ability of bright light to 

inhibit FDM through increased dopamine release34, 325, 330, 413 is inhibited by the administration 

of dopaminergic antagonists in chicks and mice349, 350. Similarly, the protective effects of brief 

periods of normal vision against the development of FDM in chicks is lost by modulating 

dopaminergic function by either keeping the animals in the dark during diffuser removal, thus 

inhibiting dopamine release, or by injecting a dopaminergic D2-like receptor antagonist25. 

Together, these findings suggest that a depletion in retinal dopamine release is associated with 

myopic eye growth. In accordance with this hypothesis, we have previously shown in chicks 

that topical or intravitreal application of the dopamine precursor, levodopa, can increase retinal 
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dopamine release and inhibit the development of FDM in a dose-dependent manner406. To 

expand on our previous work in FDM, we investigate here whether this same dose-dependent 

protection can be generated in chicks undergoing lens-induced myopia (LIM), as the role of 

dopamine in this experimental model is less clear28-30. Specifically, although the physiological 

changes seen in response to FDM and LIM are similar, due to distinctions in the way in which 

myopia is induced between these two paradigms, there are potential differences in the 

underlying retinal mechanism driving growth. FDM is induced by placing a translucent diffuser 

in front of the eye to deprive it of form-vision and thereby cause myopic growth218, 240. As the 

eye never compensates for this form of defocus, ocular growth will continue for as long as the 

diffuser remains attached and developmental plasticity remains. This is therefore referred to as 

an open-loop system, as there is no specific end-point for growth. In contrast, LIM is induced 

by placing a negative (concave) lens in front of the eye, which pushes the focal plane behind 

the retina and encourages the eye to elongate to compensate for this imposed defocus224, 225. 

This is referred to as a closed-loop system as there is a defined end-point, with eye growth 

returning to normal growth rates once compensation to the imposed defocus is achieved.  

To pharmacologically test whether levodopa does indeed inhibit experimental myopia by 

increasing retinal dopamine synthesis and release406, here we also examine whether 

administration of dopaminergic antagonists can prevent levodopa from inhibiting experimental 

myopia. Dopaminergic activation is mediated through 5 major subtypes of G-protein coupled 

receptors which are divided into two families, D1-like (D1 and D5 receptors) and D2-like (D2, 

D3 and D4 receptors) (for review see 446), both of which are expressed in the chicken retina447, 

448.  Work undertaken in chicks6, 17, 19, 25, 349, 362 and tree shrews26 has demonstrated a D2-

dependent mechanism for the dopaminergic inhibition of experimental myopia in these models. 

However, this does not appear to be consistent across all species, with members of the Rodentia 

family (guinea pigs363 and mice229) demonstrating protection through a D1-like receptor 
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mechanism. Therefore, we examine whether levodopa’s protective effects are blocked by co-

administration with either the D1-like receptor antagonist SCH-23390 or the D2-like receptor 

antagonist spiperone. 

 

4.4 Results 

4.4.1 Levodopa inhibits the development of LIM in a dose-dependent manner 

To establish whether the dose-dependent protective effects of levodopa against the 

development of FDM are preserved in LIM, chicks were treated with one of four ascending 

doses of levodopa (Table 4-1), administered as either a once-daily intravitreal injection (to 

directly target the retina) or twice-daily topical eye drops (to represent a more clinically-

relevant avenue for treatment), for a period of 4 days.  

For all treatments, there was no significant difference in axial length (p=0.607) or refraction 

(p=0.545) between contralateral control eyes and age-matched untreated control eyes at the end 

of the treatment period. LIM induced a significantly greater rate of axial growth and a 

significant myopic shift in refraction in treated eyes relative to contralateral control (axial 

p<0.001, refraction p<0.001) and age-matched untreated control animals (Table 4-2). 

Treatment with the vehicle solution (0.1% ascorbic acid in 1xPBS) did not alter the 

development of LIM when administered as either an intravitreal injection or topical eye drops 

(Table 4-2). 
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Table 4-1: Dosages and conditions for drug solutions used 

Drug 
Application 

Avenue 

Ocular 

Treatment 

Concentration 

(mM) 

Concentration 

(% w/v) 

Treatments 

per Day 

Volume 

Given 

daily 

(µL) 

Amount 

Given 

(mg/day) 

Amount 

Given 

(mg/kg/day) 

Number 

of 

Animals 

Levodopa Drops Lens 0.15 0.003 2 160 0.005 0.038 8 

Levodopa Drops Lens 1.5 0.03 2 160 0.047 0.379 8 

Levodopa Drops Lens 15 0.296 2 160 0.473 3.786 7 

Levodopa Drops Lens 45 0.887 2 160 1.42 11.358 8 

Vehicle Solution Drops Lens n/a n/a 2 160 n/a n/a 8 

Levodopa Injection Lens 0.15 0.003 1 10 0.0003 0.002 6 

Levodopa Injection Lens 1.5 0.03 1 10 0.003 0.024 6 

Levodopa Injection Lens 15 0.296 1 10 0.03 0.237 6 

Levodopa Injection Lens 45 0.887 1 10 0.09 0.711 6 

Vehicle Solution Injection Lens n/a n/a 1 10 n/a n/a 8 

Levodopa Injection Lens 15 0.296 1 10 0.03 0.237 6 

Levodopa/  

SCH-23390 
Co-injection Lens 15.00/0.50 0.296/0.014 1 10 0.030/0.0014 0.240/0.0112 6 

Levodopa/Spiperone Co-injection Lens 15.00/0.50 0.296/0.002 1 10 0.030/0.0002 0.240/0.0016 6 

Levodopa Injection Diffuser 15 0.296 1 10 0.03 0.237 6 

Levodopa/ 

SCH-23390 
Co-injection Diffuser 15.00/0.50 0.296/0.014 1 10 0.030/0.0014 0.240/0.0112 6 

Levodopa/Spiperone Co-injection Diffuser 15.00/0.50 0.296/0.002 1 10 0.030/0.0002 0.240/0.0016 6 
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Table 4-2: Axial length and refractive measurements for levodopa LIM dose-response curves 

  Axial Length Refraction 

Condition Left eye Right eye 
Compared 

to LIM 

Compared 

to untreated 
Left eye Right eye 

Compared to 

LIM 

Compared to 

untreated 

Untreated 8.69 ± 0.04 8.71 ± 0.03 p<0.001 - 2.17 ± 0.20 2.30 ± 0.16 p<0.001 - 

LIM Only 9.11 ± 0.06 8.68 ± 0.03 - p<0.001 -1.80 ± 0.15 2.14 ± 0.21 - p<0.001 

LIM 

Vehicle 

Injections 

8.97 ± 0.04 8.68 ± 0.02 p=0.503 p<0.001 -1.23 ± 0.28 2.33 ± 0.16 p=0.674 p<0.001 

LIM 

Vehicle 

Drops 

9.08 ± 0.05 8.68 ± 0.04 p=0.834 p<0.001 -1.35 ± 0.22 2.68 ± 0.11 p=0.823 p<0.001 

LIM + levodopa intravitreal injections 

0.15mM  8.85 ± 0.04 8.66 ± 0.03 p=0.076 p=0.189 -0.62 ± 0.40 2.12 ± 0.17 p=0.039 p<0.001 

1.5mM  8.81 ± 0.06 8.67 ± 0.06 p=0.026 p=0.665 0.22 ± 0.17 2.30 ± 0.19 p<0.001 p=0.001 

15mM  8.71 ± 0.05 8.62 ± 0.04 p=0.001 p=1.000 0.80 ± 0.5 2.30 ± 0.40 p<0.001 p=0.081 

45mM  8.75 ± 0.07 8.64 ± 0.05 p=0.005 p=1.000 0.50 ± 0.12 2.10 ± 0.18 p<0.001 p=0.056 

LIM + Levodopa Drops 

0.15mM  8.91 ± 0.04 8.66 ± 0.04 p=0.198 p=0.017 -0.80 ± 0.21 2.45 ± 0.19 p=0.013 p<0.001 

1.5mM  8.87 ± 0.05 8.68 ± 0.04 p=0.048 p=0.094 -0.62 ± 0.19 2.20 ± 0.15 p=0.002 p<0.001 

15mM  8.86 ± 0.06 8.67 ± 0.03 p=0.048 p=0.157 -0.30 ± 0.25 2.04 ± 0.12 p<0.001 p<0.001 

45mM  8.83 ± 0.06 8.63 ± 0.04 p=0.015 p=0.303 -0.31 ± 0.18 2.30 ± 0.22 p<0.001 p<0.001 

LIM: Lens induced myopia, Untreated: age-matched untreated controls. Data are presented as the mean ± standard error of the mean, statistics are 

presented as pairwise comparisons with Bonferroni correction, with significant comparisons (p<0.05) presented in bold. 
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Daily intravitreal injections of levodopa significantly inhibited both the excessive axial 

elongation (Figure 4-1A, Tables 4-2 & 4-3) and myopic refractive shift (Figure 4-1B, Tables 

4-2 & 4-3) associated with LIM. This dose-dependent protection was best described by a 

logarithmic relationship for both axial length (y=3.2285In(x) + 68.55, r2=0.8544; 

EC50=0.003mM (0.00006% w/v, 0.000006 mg/day); Figure 4-1C) and refraction 

(y=5.7773ln(x) + 40.859, r2=0.94; Figure 4-1D). Although a significant difference in axial 

length and refraction remained between levodopa treated chicks and age-matched untreated 

controls (Table 4-3), at doses 15mM and above there was no statistically significant difference 

in axial length or refraction between treated and age-matched untreated control eyes (Table 4-

2).  Levodopa treatment did not induce changes in anterior chamber depth or lens thickness, 

but rather levodopa’s protection was elicited by inhibiting vitreal chamber elongation (Table 

4-3).  

  



139 

 

Table 4-3: ANOVA comparisons for ocular biometry and refractive measurements of levodopa LIM dose-response curves 

  Ocular biometry Refraction 

Condition 

Axial length 

compared to 

LIM only 

Axial length 

compared to 

untreated 

Anterior 

chamber depth 

compared to 

LIM only 

Lens thickness 

compared to 

LIM only 

Vitreal chamber 

depth compared 

to LIM only 

Compared to LIM 

only 

Compared to 

untreated 

LIM + 

Levodopa 

Intravitreal 

Injections 

F(4, 28)=7.810, 

p=0.001 

F(4, 28)=2.918, 

p=0.046 

F(4, 28)=2.322, 

p=0.090 

F(4, 28)=1.904, 

p=0.147 

F(4, 28)=5.693, 

p=0.003 

F(4, 28)=15.464, 

p<0.001 

F(4,28)=14.408, 

p<0.001 

LIM + 

Levodopa 

Drops 

F(4, 35)=3.841, 

p=0.011 

F(4, 35)=3.394, 

p=0.019 

F(4, 35)=0.737, 

p=0.539 

F(4, 35)=1.496, 

p=0.238 

F(4, 35)=4.512, 

p=0.006 

F(4, 35)=11.402, 

p<0.001 

F(4, 35)=36.563, 

p<0.001 

LIM: lens induced myopia. Significant comparisons (p<0.05) are presented in bold. 
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Figure 4-1: Dose response curve – levodopa intravitreal injections into negative lens-treated eyes 
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Figure 4-1: (A) Axial length measurements; (B) refraction measurements; (C) percent protection against the axial elongation associated with LIM; 

(D) percent protection against the myopic shift in refraction associated with LIM. Data represents the mean ± standard error of the mean. LIM: 

Lens-induced myopia, Untreated: Age-matched untreated controls. Concentrations stated represent the concentration of levodopa administered. 

Statistics denote differences between levodopa treated eyes and LIM only; * p<0.05, ** p<0.01, *** p<0.001.  
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Similarly, daily treatment with topical levodopa eye drops also inhibited both the excessive 

ocular growth (Figure 4-2A, Tables 4-2 & 4-3) and negative shift in refraction (Figure 4-2B, 

Tables 4-2 & 4-3) associated with LIM. Once again this dose-dependent protection afforded 

by levodopa was best described by a logarithmic relationship for both axial length 

(y=2.9215In(x) + 51.98, r2=0.9248; EC50=0.51mM (0.01% w/v, 0.02mg/day); Figure 4-2C) 

and refraction (y=2.3818ln(x) + 29.808, r2=0.9546; Figure 4-2D). However, even at the highest 

dose, full protection against LIM was not observed, with a significant difference in both axial 

length and refraction remaining between LIM/levodopa treated eyes and age-matched 

untreated control eyes (Table 4-3), with this difference also observed between levodopa treated 

and contralateral control eyes (axial: p=0.230, refraction: p=0.421). Levodopa treatment did 

not induce changes in anterior chamber depth or lens thickness, its protection was again elicited 

by slowing vitreal chamber elongation (Table 4-3).  
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Figure 4-2: Dose response curve – levodopa topical eye drops into negative lens-treated eyes 
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Figure 4-2: (A) Axial length measurements; (B) refraction measurements; (C) percent protection against the axial elongation associated with LIM; 

(D) percent protection against the myopic shift in refraction associated with LIM. Data represents the mean ± standard error of the mean. LIM: 

Lens-induced myopia, Untreated: Age-matched untreated controls. Concentrations stated represent the concentration of levodopa administered. 

Statistics denote differences between levodopa treated eyes and LIM only; * p<0.05, ** p<0.01, *** p<0.001.  
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Although no change in lens thickness or anterior chamber depth was observed at any 

concentration of levodopa, to confirm that topical levodopa did not affect the optical power of 

the eye, corneal curvature was measured in the 15mM topical levodopa group.  Levodopa 

treatment demonstrated no effects on corneal curvature (levodopa treated eyes 3.19 ± 0.04mm 

radius of curvature vs contralateral control eyes 3.25 ± 0.06mm radius of curvature; p=0.512), 

or lens power when calculated using Bennet’s equation, adjusted for chicks 449 (levodopa 

treated eyes (75.72 ± 2.17 dioptres) vs contralateral control eyes (71.45 ± 3.66 dioptres); 

p=0.091). 

4.4.2 Levodopa inhibits the development of LIM in a similar dose-dependent 

manner to that of FDM 

To compare the effectiveness of levodopa treatment between FDM and LIM, the dose-

dependent effects of levodopa in negative-lens treated eyes were retrospectively compared to 

previous data on the dose-dependent effects of levodopa in FDM eyes406 treated following the 

same methodology and within the same developmental timeframe. There was no significant 

difference in axial length (p=0.151) or refraction (p=0.572) between FDM only and LIM (-

10D) only chicks after 4 days of treatment, thus both paradigms showed a similar degree of 

myopia development over this brief timeframe. Intravitreal injection of levodopa inhibited the 

development of LIM in a dose-dependent manner similar to that previously seen for FDM406. 

Specifically, neither axial length (Wilk’s Lambda=0.759, F(1,55)=0.955, p=0.455; Figure 4-

3A), nor refraction (Wilk’s Lambda=0.557, F(1,55)=2.386, p=0.137; Figure 4-3B) 

measurements were significantly different between the two forms of experimental myopia over 

the dose range tested. Similarly, topical application of levodopa showed a dose-dependent 

inhibition of LIM that was indistinguishable from that seen for FDM406 (axial length (Wilk’s 

Lambda=0.787, F(1,89)=0.814, p=0.540; Figure 4-3C); refraction (Wilk’s Lambda=0.673, 

F(1,89)=4.000, p=0.059; Figure 4-3D)).  



146 

 

 

Figure 4-3: Comparison of dose-response curves between FDM and LIM 
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Figure 4-3: LIM (blue) levodopa dose-response curves were compared to FDM (orange) levodopa dose-response curves from previous data. (A) 

Percent protection of intravitreal levodopa against axial elongation; (B) percent protection of intravitreal levodopa against myopic refractive shifts; 

(C) percent protection of topical levodopa against axial elongation; (D) percent protection of topical levodopa against myopic refractive shifts. 

LIM: lens-induced myopia, FDM: form-deprivation myopia. Data represents the mean ± standard error of the mean. Data plotted for FDM are 

drawn from a previous publication for comparison406.  



148 

 

4.4.3 Levodopa elicits its protective effects through a D2-like dopamine receptor 

dependent mechanism 

To establish the receptor subtype by which levodopa induced dopamine release inhibits 

experimental myopia, intravitreal injections of 15mM levodopa were co-administered with 

either an antagonist of the D1-like dopamine receptor family (SCH-23390) or an antagonist of 

the D2-like dopamine receptor family (spiperone) to chicks undergoing FDM or LIM for a 

period of 4 days. As seen above, 15mM levodopa injections significantly inhibited the 

excessive axial elongation associated with LIM (Figure 4-4A, Table 4-4). This protective effect 

against the axial elongation associated with LIM persisted when levodopa was co-injected daily 

with the D1-like dopamine receptor antagonist SCH-23390 over the four-day treatment period, 

however, was lost when levodopa was co-injected with the D2-like dopamine receptor 

antagonist spiperone, leaving chicks no different to LIM only animals. A similar trend was 

seen in refraction (Figure 4-4B, Table 4-4), with levodopa only and levodopa/SCH-23390 

injections inhibiting the myopic refractive shift associated with LIM, whilst 

levodopa/spiperone treated eyes were not statistically different to LIM only eyes.  

The same effect was observed for FDM, with the axial elongation associated with diffuser-

wear inhibited by 15mM levodopa injections (Figure 4-4C, Table 4-4) and levodopa/SCH-

23390 injections, but not levodopa/spiperone injections, and the myopic shift observed with 

FDM inhibited by levodopa (Figure 4-4D, Table 4-4) and levodopa/SCH-23390, but not 

levodopa/spiperone.  
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Table 4-4: Axial length and refraction measurements for co-administration of levodopa with dopaminergic antagonists 

FDM: Form-deprivation myopia, LIM: Lens-induced myopia, Untreated: age-matched untreated controls. Data are presented as the mean ± 

standard error, statistics are presented as pairwise comparisons with Bonferroni correction, with significant comparisons (p<0.05) presented in 

bold. Concentration of drug administered: levodopa (15mM), spiperone (0.5mM) and SCH-23390 (0.5mM). 

  

  Axial Length Refraction 

Condition Left eye Right eye 
Compared to 

myopia 

Compared to 

untreated 
Left eye Right eye 

Compared to 

myopia 

Compared to 

untreated 

Untreated 8.75 ± 0.04 8.72 ± 0.04 p<0.001 -  2.10 ± 0.30 2.34 ± 0.40 p<0.001 -  

FDM Only 9.49 ± 0.07 8.79 ± 0.03 - p<0.001 -2.60 ± 0.20 2.20 ± 0.20 - p<0.001 

LIM Only 8.94 ± 0.10 8.71 ± 0.05  - p<0.001 -1.23 ± 0.30 1.80 ± 0.30  - p<0.001 

FDM + levodopa 

Levodopa 8.76 ± 0.05 8.70 ± 0.05 p<0.001 p=0.793 1.04 ± 0.23 2.71 ± 0.11 p<0.001 p=0.023 

Levodopa/ 

SCH-23390 
8.84 ± 0.05 8.76 ± 0.03 p=0.009 p=0.322 0.05 ± 0.26 2.62 ± 0.05 p=0.002 p=0.009 

Levodopa/ 

Spiperone 
9.30 ± 0.09 8.75 ± 0.05 p=0.106 p=0.000 -1.78 ± 0.23 2.66 ± 0.03 p=0.129 p<0.001 

LIM + levodopa 

Levodopa 8.71 ± 0.05 8.62 ± 0.04 p=0.001 p=1.000 0.80 ± 0.50 2.30 ± 0.40 p<0.001 p=0.081 

Levodopa/ 

SCH-23390 
8.66 ± 0.05 8.73 ± 0.07 p=0.048 p=0.568 0.85 ± 0.60 2.53 ± 0.20 p=0.021 p=0.345 

Levodopa/ 

Spiperone 
8.85 ± 0.05 8.60 ± 0.02 p=0.521 p=0.045 -0.48 ± 0.30 2.54 ± 0.02 p=0.409 p<0.001 
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Figure 4-4: Co-administration of levodopa with dopaminergic antagonists 

(A) Axial length of LIM chicks; (B) refraction of LIM chicks; (C) axial length of FDM chicks; 

(D) refraction of FDM chicks. Data represents the mean ± standard error of the mean. 

Concentration of drug administered: levodopa (15mM), spiperone (0.5mM) and SCH-23390 

(0.5mM). Statistics denote difference to myopia; * p<0.05, ** p<0.01, *** p<0.001. FDM: 

Form-deprivation myopia, LIM: Lens-induced myopia, Untreated: Age-matched untreated 

controls.  
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4.5 Discussion 

Intravitreal and topical application of levodopa slowed ocular growth and significantly 

inhibited the development of lens-induced myopia (LIM) in a dose-dependent manner. 

Levodopa retarded the development of LIM by inhibiting the rate of vitreal chamber elongation 

without affecting the optical power of the eye as no change was observed in corneal radius of 

curvature, anterior chamber depth, lens thickness or lens power following four-days of 

treatment.  

Intravitreal injection inhibited LIM to a greater extent than that of topical application. This is 

not unexpected as typically less than 3% of a topically applied compound reaches the posterior 

portion of the eye due to the combination of biological barriers (cornea and sclera), ocular 

drainage, and systemic absorption450-453. Such limited retinal penetration was also observed in 

the current study, with the difference in protection seen between the two modes of treatment 

indicating that, after adjusting for the dosage given per day, a 96% loss in levodopa 

effectiveness occurs when administered as an eye drop. This would suggest only 4% of the 

topical solution was available for use by the retina. However, even at these lower retinal 

penetration levels, topically applied levodopa was still highly effective at inhibiting the 

development of LIM.    

Both intravitreal and topical application of levodopa was observed to inhibit the development 

of LIM in a similar dose-dependent manner to that observed previously for FDM406. This would 

suggest that the development of both forms of experimental myopia involve reduced 

dopaminergic activity. This is in accordance with a number of previous studies that have 

reported diminished retinal dopamine levels in both paradigms, with the majority of these 

analyses undertaken in chicks6, 9, 14, 16. Similarly, both FDM and LIM can be inhibited by the 

administration of dopaminergic agonists such as apomorphine6, 18, 19 and quinpirole19, 25, whilst 
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the protection afforded by diffuser- or lens-removal can be blocked by the administration of 

dopaminergic antagonists19, 25. The responses to levodopa treatment observed here further 

indicate the presence of functional similarities between FDM and LIM in response to 

dopaminergic manipulation. However, there are reported inconsistencies in the role of 

dopamine in the development of LIM, with levels reported to be unaffected by LIM in two 

previous studies in chicks and guinea pigs29, 30, while the dopaminergic agonist apomorphine 

has been reported to affect FDM but not LIM29.  

In accordance with the mechanism by which levodopa is hypothesised to slow ocular growth 

(increased dopamine release), we have previously shown that intravitreal application of 

levodopa increases dopamine synthesis and release within the eye during the induction of 

FDM406. To complement these findings, we show here that the protective effects of levodopa 

against both FDM and LIM can be abolished by co-administration with the D2-like receptor 

antagonist spiperone, but not the D1-like receptor antagonist SCH-23390. This confirms that 

the protective effects of levodopa in both models of experimental myopia are driven by 

dopaminergic activation of the D2-like receptor family. This aligns with work undertaken in 

chicks6, 17, 19, 25, 349, 362 and tree shrews26, which has demonstrated a D2-dependent mechanism 

for the dopaminergic inhibition of experimental myopia.  Work in tree shrews has further 

suggested that, of the D2-like receptor family, the D4 receptor subtype is critical for protection 

against myopia26.  However, this D2-like receptor driven protection does not appear to be 

consistent across all animal models of myopia, with the Rodentia family (guinea pigs363 and 

mice229) demonstrating protection through a D1-like receptor mechanism. Interestingly, in 

mice, activation of D2-like receptors has even been postulated to be involved in myopic 

growth229, suggesting the presence of opposing actions of dopamine via the two receptor 

families, a phenomenon not seen in the other species studied thus far. However, despite these 
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species’ differences in receptor mechanism, agreement remains around the critical role that 

retinal dopamine plays in the modulation of eye growth.  

This study demonstrates, in conjunction with our previous work, the efficacy and mechanism 

of action by which levodopa inhibits both major forms of experimental myopia. Building on 

this work, future studies will look in more detail as to how increased dopamine release, through 

administration of levodopa, inhibits ocular growth at a biochemical level. Importantly, 

understanding the cellular targets of dopamine, and their location within the eye, is critical to 

further understanding its mechanism of action. Furthermore, it would be valuable to examine 

how levodopa treatment influences choroidal thickness, which is now a primary biometric 

measurement for human myopia, and to investigate whether differences are seen between FDM 

and LIM with respect to choroidal changes. Finally, critical to such animal work is to 

understand if and how these findings translate to human myopia. An important first step in 

understanding the translatability of such findings is that the two major forms of experimental 

myopia are similarly inhibited by levodopa administration, suggesting some level of 

conservation in the underlying growth mechanism. 

4.5.1 Conclusions 

Here we show that levodopa administration, be it through intravitreal injection or topical eye 

drops, can retard ocular growth and significantly inhibit the development of LIM in a dose-

dependent manner. Furthermore, levodopa’s protection against the development of LIM 

follows a similar dose-dependent pattern to that observed previously in levodopa-based 

protection against FDM. Finally, the protective effects of levodopa against both FDM and LIM 

can be abolished by co-administration with the dopamine D2-like antagonist spiperone, but not 

the D1-like antagonist SCH-23390, confirming that levodopa elicits its protective effects 

through the retinal dopaminergic system via a D2-like receptor dependent mechanism.  
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4.6 Methods 

4.6.1 Animal housing 

As previously described406, day-old male White-Leghorn chickens were obtained from Barter 

& Sons Hatchery (Horsley Park, NSW, Australia). Chicks were kept in temperature-controlled 

rooms and given five days to adjust to their surroundings before all experiments commenced 

(6 days of age). Chicks had access to unlimited amounts of food and water and were kept under 

normal laboratory lighting (500 lux, fluorescent lights) on a 12:12 hour light:dark cycle with 

lights on at 9am and off at 9pm. The experiments using animals were approved by the 

University of Canberra Animal Ethics Committee under the ACT Animal Welfare Act 1992 

(project number CEAE 16-05) and conformed to the ARVO Statement for the Use of Animals 

in Ophthalmic and Vision Research. 

4.6.2 Myopia induction 

Myopia was induced by placing either a translucent diffuser (FDM) or negative lens (-10D, 

LIM) over the treated (left) eye as previously described409. For both paradigms, the left eye 

served as the experimental eye, while the right eye remained untreated and served as a 

contralateral control eye. Diffusers and lenses were first fitted immediately following initial 

drug treatments. Lenses and diffusers were briefly removed each morning before ‘lights on’ 

for cleaning. 

4.6.3 Standard experimental structure and measurement of ocular parameters 

Following our previous experimental structure406, for all experiments chicks were given a 10μL 

intravitreal injection once daily (9am, using a 30-gauge needle (Terumo) fitted to a Hamilton 

syringe (100µL capacity)), or two 40μL topical eye drops twice daily (9am and 1:30pm), of 

levodopa to their diffuser- or lens-treated eye for a period of four days. For intravitreal 

administration, chicks were anaesthetised under light isoflurane (5% in 1L of medical grade 
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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).  

For all drug preparations (Table 4-1), levodopa (Sigma Aldrich, D9628) was dissolved fresh in 

a solution containing 0.1% w/v ascorbic acid in 1x phosphate-buffered saline (PBS) as outlined 

previously406. Immediately prior to administration, the pH of the levodopa solution was 

adjusted to 5.5. For experiments using dopaminergic antagonists, spiperone (Sigma Aldrich, 

S7395) or SCH-23390 (Sigma Aldrich, D054) was added to the above levodopa solution. 

For all experiments, refraction, anterior chamber depth, lens thickness, vitreal chamber depth 

and axial length were measured on day one (prior to the commencement of experiments) and 

day four (2 hours following morning drug administration) as previously described406. 

Refraction measurements for both treated (left) and contralateral control (right) eyes were taken 

using automated infrared photoretinoscopy (system provided courtesy of Professor Frank 

Schaeffel, University of Tuebingen, Germany) with refractive values representing the mean 

spherical equivalent of 10 measurements per eye. For axis alignment, the Purkinje image was 

centred within the pupil to obtain the correct refractive axis. Illumination levels within the room 

held at less than 5 lux to avoid light reflections in the pupil arising from aberrant sources. Axial 

length was measured, on chicks anesthetised as above, using A-scan ultrasonography 

(Biometer AL-100; Tomey Corporation, Nagoya, Japan) with each scan representing the mean 

of 10 measurements and the average of three scans taken for each eye. No differences were 

observed between groups or between eyes prior to the commencement of treatment. 

For 15mM topical levodopa treatment in the dose-response curve experiment, corneal 

curvature (measured as the radius of curvature) was also examined following the procedure 

outlined in Troilo & Wallman441 using a keratometer (Topcon OM-4) fitted with a +8D lens to 
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adapt the system to the highly curved chick cornea, and calibrated by measuring curvatures of 

chrome balls of known diameters (2-8 mm). 

4.6.4 LIM dose-response curves 

To establish whether the dose-dependent protective effects of levodopa against the 

development of FDM are preserved in LIM, chicks were randomly divided into the following 

treatment groups (Table 4-1) and treated according to the standard experimental structure 

outlined above: 

1. Fitted with a -10D lens – daily intravitreal injection of one of the following doses of 

levodopa to represent levodopa being delivered directly to the retina: 

a. 0.15mM levodopa (n=6);  

b. 1.5mM levodopa (n=6);  

c. 15mM levodopa (n=6);  

d. 45mM levodopa (n=6). 

2. Fitted with a -10D lens – twice-daily topical application of one of the following doses 

of levodopa as eye drops to represent a potential avenue for clinical treatment: 

a. 0.15mM levodopa (n=8);  

b. 1.5mM levodopa (n=8);  

c. 15mM levodopa (n=7);  

d. 45mM levodopa (n=8). 

3. Fitted with a -10D lens (LIM Only, n=8); 
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4. Fitted with a -10D lens – daily intravitreal injection of the vehicle solution (0.1% 

ascorbic acid in 1xPBS, LIM Vehicle Injections, n=8); 

5. Fitted with a -10D lens – twice-daily topical application of the vehicle solution (0.1% 

ascorbic acid in 1xPBS, LIM Vehicle Drops, n=8); 

6. Age-matched untreated controls (n=12). 

As stated previously406, due to solubility limits, a 45mM solution, which sits at the upper 

solubility limit of levodopa at pH 5.5 for the duration of drug administration, was the highest 

dose tested.  

A power calculation was undertaken to determine the group sizes required to achieve 80% 

power in observing a 1D change in refraction when the standard deviation is approximately 

0.5D: 

𝑛1 =
(𝜎1

2 + 𝜎2
2 𝐾⁄ )(𝑧1−𝛼 2⁄  +  𝑧1−𝛽)

2

∆2
 

𝑛1 =
(0.52 + 0.52 1⁄ )(1.96 +  0.84)2

12
 

𝑛1 = 4 

To account for fluctuations in standard deviation, as well as potential dropouts due to lens 

removal, group sizes were increased to a minimum of n=6 for injections and n=9 for topical 

drops. Numbers in the topical group were greater due to the higher potential for dropouts as 

the lenses were removed for treatment more often, increasing the potential for the lens mount 

to fail and the animal needing to be removed from the study. 
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The dose-dependent effects of levodopa in LIM eyes were also retrospectively compared to 

previous data (following the same experimental protocol) on the dose-dependent effects of 

levodopa in form-deprived eyes406.  

4.6.5 Determination of dopamine receptor subtype 

To establish the receptor subtype by which levodopa induced dopamine release inhibits 

experimental myopia, levodopa was tested in combination with an antagonist of the D1-like 

dopamine receptor family (SCH-23390) and an antagonist of the D2-like dopamine receptor 

family (spiperone) at concentrations used previously25. These antagonists were co-

administered intravitreally with 15mM levodopa, a dose at which experimental myopia is 

abolished (Table 4-2). Chicks were randomly divided into the following groups (Table 4-1) 

and treated according to the standard experimental structure outlined above:  

1. Fitted with a -10D lens to induce LIM – intravitreal injection of:  

a. levodopa and SCH-23390 (15mM:0.5mM, n=6);  

b. levodopa and spiperone (15mM:0.5mM, n=6);  

c. levodopa alone (15mM, n=6). 

2. Fitted with a translucent diffuser to induce FDM – intravitreal injection of:  

a. levodopa and SCH-23390 (15mM:0.5mM, n=6);  

b. levodopa and spiperone (15mM:0.5mM, n=6);  

c. levodopa alone (15mM, n=6). 

3. Fitted with a -10D lens (LIM Only, n=8); 

4. Fitted with a translucent diffuser (FDM Only, n=12); 
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5. Age-matched untreated controls (n=12). 

After no differences were observed between LIM only and LIM vehicle treated groups in the 

dose-response curve experiment, or between FDM only and FDM vehicle treated groups in our 

previous study406, vehicle treated groups were not included in this experiment. 

4.6.6 Statistical analysis 

All values reported represent the mean ± the standard error of the mean (including outliers). 

Any chicks which removed their lenses or diffusers were removed from the experiments and 

are therefore not reported. Before analysing the effect of treatment, all data, which represented 

measurements from individual chickens not technical replicates, were first tested for normality 

and homogeneity of variance (Shapiro-Wilk test). When there was no significant variance in 

normality or homogeneity, the effect of treatment was analysed via a one-way univariate 

analysis of variance (ANOVA). When significant, ANOVAs were followed by a student’s 

unpaired t-test with Bonferroni correction for multiple testing for analysis of specific between 

group effects. For the retrospective analysis of levodopa’s effects against LIM compared to its 

dose-dependent effects against FDM seen in our previous study406, a multivariate analysis of 

variance (MANOVA) was undertaken. All analyses were undertaken in IBM SPSS Statistics 

package 23 with a statistical significance cut-off of 0.05. 
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Chapter 5 – Increasing the bioavailability of levodopa 

through co-administration with carbidopa  

 

Sections 5.2–5.6 appear as published454 in Thomson K, Morgan I, Kelly T, Karouta C, Ashby 

R. Coadministration With Carbidopa Enhances the Antimyopic Effects of Levodopa in 

Chickens. Invest Ophthalmol Vis Sci 2021;62:25. 

 

5.1 Preface 

Chapter 5 continues the pre-clinical evaluation of topically applied levodopa as a potential 

treatment for myopia by investigating whether its effectiveness can be enhanced by co-

administration with carbidopa. Carbidopa is commonly used in neurological treatments to 

increase levodopa’s bioavailability by inhibiting the enzyme aromatic L-amino acid 

decarboxylase (AAAD), thus reducing the premature breakdown of levodopa to dopamine 

before reaching the target tissue. Thus, Chapter 5 examines whether co-administration with 

carbidopa enhances the protection afforded by topical levodopa against the development of 

FDM and LIM over an ascending dose range. This chapter also compares the effectiveness of 

topical versus systemic administration (the traditional route of treatment for neurological 

disorders) of levodopa/carbidopa against the development of FDM and LIM. Finally, Chapter 

5 investigates the degree to which topical and systemic administration of these compounds 

alters retinal dopamine release and examines whether this is the mechanism by which they 

inhibit FDM.  
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5.2 Abstract 

Purpose: Topical application of levodopa inhibits the development of form-deprivation 

myopia (FDM) and lens-induced myopia (LIM) in chicks. Here we examine whether co-

administration with carbidopa enhances this protection and compare the effectiveness of topical 

versus systemic administration. We also investigate the degree to which topical and systemic 

administration of these compounds alters retinal dopamine release and examine whether this is 

the mechanism by which they inhibit experimental myopia.  

Methods: Levodopa and levodopa:carbidopa (at a 4:1 ratio) were administered as twice-daily 

eye drops or once-daily intraperitoneal injections to chicks developing FDM or LIM over an 

ascending dose range. Axial length and refraction were measured following 4 days of 

treatment. Dopamine levels in the vitreous and blood were analysed using liquid 

chromatography-mass spectrometry following topical or systemic administration of levodopa 

or levodopa:carbidopa. Finally, chicks receiving topical or systemic levodopa or 

levodopa:carbidopa were co-treated with the dopamine antagonist spiperone. 

Results: Levodopa:carbidopa inhibited the development of FDM and LIM to a greater extent 

than levodopa alone (p<0.05). Topical application was more effective than systemic 

administration (p<0.001). Vitreal dopamine levels were increased to the greatest extent by 

topical application of levodopa:carbidopa (p<0.001). Systemic but not topical administration 

significantly increased dopamine levels within the blood (p<0.01). Co-treatment with 

spiperone inhibited the anti-myopic effects (p<0.05) of levodopa and levodopa:carbidopa. 

Conclusions: The presence of carbidopa increases the bioavailability of levodopa within the 

eye, enhancing its anti-myopic effects, with topical application showing the greatest efficacy. 

Thus, levodopa:carbidopa may be a promising treatment for controlling the progression of 

human myopia. 
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5.3 Introduction 

Myopia is a chronic condition arising from excessive elongation of the eye during development 

and is the leading cause of visual impairment and low vision world-wide455. Over the past 50 

years, myopia rates have increased dramatically, with estimates predicting that half of the 

world’s population may be affected by 2050415. This rapid rise is most evident in educationally 

developed areas of East and Southeast Asia2. Although the visual blur caused by myopia is 

easily corrected, this does not address the possible sight-threatening pathological changes 

associated with excessive eye growth443, the potential for which are commonly understated135. 

These include retinal detachment, myopic maculopathies, and staphyloma, as well as an 

increased risk of glaucoma and cataracts443. There is no safe level of myopia with respect to 

such pathological changes, the odds of which increase with the severity of myopia135. As such, 

significant efforts are being placed into developing treatments to prevent the onset and 

progression of myopia. 

Through work in animal models, reductions in retinal dopamine release have been strongly 

implicated in the development of myopia (for review see 5) as first shown in the chicken6. One 

way to rescue dopamine levels in the retina, and thus potentially inhibit the development of 

myopia, is through administration of levodopa, the precursor to dopamine. Levodopa has been 

used for over five decades as one of the primary treatments for neurological disorders involving 

dysregulation of the dopaminergic system in humans387. With respect to its potential use in the 

treatment of myopia, animal models have shown that systemic administration of levodopa can 

inhibit the development of form-deprivation myopia (FDM) in guinea pigs353 and mice355, as 

well as the development of spontaneous myopia in albino guinea pigs356. In chicks, levodopa 

has been demonstrated to inhibit the development of FDM406 and lens-induced myopia 

(LIM)407 in a dose-dependent manner when administered as either an intravitreal injection or a 

topical eye drops. This levodopa-induced protection appears to be driven by an increase in 
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dopamine synthesis and release from the retina353, 356, 366, 406, with protection lost by co-

administration with the D2-like receptor antagonist spiperone407.  

In chicks, topical application of levodopa inhibits the development of experimental myopia in 

a similar dose-dependent manner to that of atropine406, the primary pharmacological treatment 

for human myopia (for review see 434). However, when administered as eye drops (the most 

appropriate route of administration in children), both atropine and levodopa elicit a maximum 

protection against the development of experimental myopia of between 65-70% in chickens406, 

although full protection can be observed for both compounds when directly injected into the 

eye278, 406. Therefore, this study investigates if the protection afforded by levodopa can be 

enhanced when given topically.  

In the treatment of neurological disorders, systemically administered levodopa is commonly 

co-administered at a 4:1 ratio with carbidopa to enhance its therapeutic effects. Carbidopa 

increases levodopa’s bioavailability by inhibiting the enzyme  aromatic l-amino acid 

decarboxylase (AAAD), thus reducing the premature breakdown of levodopa to dopamine 

before reaching the target tissue421. With respect to myopia, at the single dose investigated, the 

addition of carbidopa was observed to enhance the protection afforded by topically-applied 

levodopa by 35% against the development of FDM when compared to levodopa alone in 

chicks406. This study expands on this work and investigates whether, when given at a 1:4 ratio 

to that of levodopa, carbidopa enhances the protection afforded against both forms of 

experimental myopia (FDM and LIM) in a dose-dependent manner. This study also compares 

the anti-myopic effects of topically-applied levodopa and levodopa:carbidopa relative to that 

seen in response to systemic administration (the traditional route of treatment for neurological 

disorders) of these compounds. 
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5.4 Methods 

5.4.1 Animals and housing 

Day-old male White-Leghorn chickens were obtained from Barter & Sons Hatchery (Horsley 

Park, NSW, Australia). Chicks were kept in temperature-controlled rooms and were kept under 

normal laboratory lighting (500 lux, fluorescent lights) on a 12:12 hour light:dark cycle with 

lights on at 9am and off at 9pm. Chicks were given access to unlimited amounts of food and 

water and had five days to adjust to their surroundings before experiments commenced. 

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 20-98) and conformed to the ARVO Statement for the Use of Animals in Ophthalmic 

and Vision Research. 

5.4.2 Myopia induction and measurement of ocular parameters 

Myopia was induced by placing either a translucent diffuser (FDM) or negative lens (-10D, 

LIM) over the treated (left) eye as previously described405, 406, 456. Briefly, on the day before 

treatment, Velcro mounts were fitted around the left eye with Loctite® super glue (Henkel, 

Kilsyth, VIC, Australia). On the following day, immediately following the first drug treatment, 

translucent diffusers or -10D lenses fitted to matching Velcro rings were placed onto the 

mounts, with the right eye remaining untreated to serve as an internal contralateral control.  

The primary endpoint measures, that of axial length and refraction, were carried out prior to 

the start of treatment and on the day after the completion of the experimental period using A-

scan ultrasonography (Biometer AL-100 (resolution: 0.01mm); Tomey Corporation, Nagoya, 

Japan) and automated infrared photoretinoscopy (system provided courtesy of Professor Frank 

Schaeffel, University of Tuebingen, Germany) as previously described405, 406, 457. For axial 

length measures, animals were anaesthetised under light isoflurane (5% in 1L of medical grade 
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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).  

5.4.3 Drug preparation and administration 

As summarised in Table 5-1, levodopa (Sigma Aldrich, D9628) and, when required, carbidopa 

(Sigma Aldrich, C1335) was dissolved fresh in a solution containing 0.1% w/v ascorbic acid 

in 1x phosphate-buffered saline (PBS). Immediately prior to administration, the pH of the 

levodopa or levodopa:carbidopa solution was adjusted to 5.5. For co-administration of 

levodopa:carbidopa, the two compounds were dissolved together as outlined above and applied 

as a single solution through either topical application or intraperitoneal (IP) injection. For 

experiments using the D2-like dopamine receptor antagonist spiperone (Sigma Aldrich, 

S7395), spiperone was dissolved fresh in a solution of 0.1% w/v ascorbic acid in 1xPBS (pH 

6), and administrated separately to levodopa or levodopa:carbidopa via an intravitreal injection 

(5nmoles). 

As noted, levodopa or levodopa:carbidopa solutions were administered as either twice daily 

eye drops (2x40μL eye drops twice daily (9am and 1:30pm)) or a once daily IP injection (160 

or 320µL, at 9am using a 31-guage needle with a 0.3mL insulin syringe (BD, Ireland)). 

Spiperone solutions were administered as a 10μL intravitreal injection once daily (9am, using 

a 30-gauge needle (Terumo) fitted to a Hamilton syringe (100µL capacity)). For intravitreal 

and IP injections, chicks were anaesthetised as outlined above. Topical or intravitreal 

administration of drug solutions were made to the left eye only, with the right eye serving as a 

contralateral internal control.  
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Table 5-1: Levodopa, levodopa:carbidopa, and spiperone dosages administered 

Drug 
Application 

avenue 

Treatments 

per day 

Volume 

given 

daily (µL) 

Amount given 

(nmoles) 

Amount 

given (mg) 

Concentration of 

drug solution 

(mM) 

Concentration of 

drug solution  

(% w/v) 

Levodopa* Eye drops 2 160 2.400 0.005 0.150 0.003 

Levodopa* Eye drops 2 160 24.000 0.047 1.500 0.030 

Levodopa* Eye drops 2 160 240.000 0.473 15.000 0.296 

Levodopa* Eye drops 2 160 720.000 1.420 45.000 0.887 

Levodopa:carbidopa Eye drops 2 160 2.400:0.640 0.005:0.001 0.150:0.040 0.003:0.0009 

Levodopa:carbidopa Eye drops 2 160 24.000:6.080 0.047:0.014 1.500:0.380 0.030:0.009 

Levodopa:carbidopa Eye drops 2 160 240.000:60.000 0.473:0.136 15.000:3.750 0.296:0.085 

Levodopa:carbidopa Eye drops 2 160 720.000:180.000 1.42:0.408 45.000:11.250 0.887:0.255 

Levodopa IP injection 1 160 240.000 0.473 15.000 0.296 

Levodopa IP injection 1 160 720.000 1.420 45.000 0.887 

Levodopa IP injection 1 320 1440.000 2.840 45.000 0.887 

Levodopa:carbidopa IP injection 1 160 240.000:60.000 0.473:0.136 15.000:3.750 0.296:0.085 

Levodopa:carbidopa IP injection 1 160 720.000:180.000 1.420:0.408 45.000:11.250 0.887:0.255 

Levodopa:carbidopa IP injection 1 320 1440.000:360.000 2.840:0.816 45.000:11.250 0.887:0.255 

Spiperone IV injection 1 10 5.000 0.002 0.500 0.020 

Data for levodopa eye drops, denoted with an asterisk (*), are from previously published work 406, 407. Due to solubility limits, to gain a higher 

dose for IP injections than that used for topical application, a larger volume was used. IV Injection: intravitreal injection, IP Injection: 

intraperitoneal injection. 
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5.4.4 Experiment 1: Dose-response curves for topically applied levodopa: 

carbidopa against the development of FDM and LIM 

To establish whether the protective effects of levodopa against the development of FDM are 

consistently enhanced by carbidopa over ascending doses, and also observed for negative lens-

wear, chicks were allocated to treatment groups as outlined in Table 5-2. In short, chicks 

undergoing FDM or LIM were given daily levodopa:carbidopa eye drops at one of four doses 

(2.4:0.6, 24:6.1, 240:60, or 720:180nmoles; Tables 5-1 & 5-2) for a period of four days. 

Following four days of drug administration, axial length and refractive measurements from 

levodopa:carbidopa treated chicks were compared to those from the left eyes of FDM only, 

LIM only, and age-matched untreated control animals. Levodopa:carbidopa dose response 

curves were also retrospectively compared against levodopa only dose response curves for both 

FDM (previous data406) and LIM (previous data407).  

This experiment also examined the effects of topical application of carbidopa alone 

(180nmoles) on the development of FDM and LIM. As topical application of the vehicle 

solution has previously been shown to have no effect on the development of FDM406 or LIM407, 

vehicle treated groups were not included. Finally, this experiment examined the effects of 

levodopa:carbidopa treatment on normal ocular development by administering 

levodopa:carbidopa at their highest doses (720:180nmoles) to chicks receiving no visual 

treatment.  
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Table 5-2: Allocation of animals across the experimental paradigms investigated 

Drug Solution Dose (nmoles) 
FDM 

numbers 

LIM 

numbers 

No optical 

treatment 

numbers 

Experiment 1 – Eye drops 

None - 9 8 8 

Carbidopa 180.0 7 7 - 

Levodopa:carbidopa 2.4:0.6 9 9 - 

Levodopa:carbidopa 24.0:6.1 7 8 - 

Levodopa:carbidopa 240.0:60.0 10 10 - 

Levodopa:carbidopa 720.0:180.0 8 10 6 

Experiment 2 - Intraperitoneal 

None - 9 10 9 

Vehicle - 6 6 - 

Carbidopa 180.0 6 6 - 

Levodopa 240.0 8 9 - 

Levodopa 720.0 6 10 - 

Levodopa 1440.0 7 7 6 

Levodopa:carbidopa 240.0:60.0 8 8 - 

Levodopa:carbidopa 720.0:180.0 6 10 - 

Levodopa:carbidopa 1440.0:360.0 7 8 6 

Experiment 3 - LC-MS-MS analysis 

None - 5 - 5 

Levodopa eye drops 720.0 5 - - 

Levodopa:carbidopa eye 

drops 
720.0:180.0 5 - - 

Levodopa IP 720.0 5 - - 

Levodopa:carbidopa IP 720.0:180.0 5 - - 

Experiment 4 - Dopaminergic antagonists 

None  - 10 - 8 

Levodopa eye drops  

+ spiperone 
720.0+5.0 6 - - 

Levodopa:carbidopa  

eye drops + spiperone 
720.0:180.0+5.0 6 - - 

Levodopa IP + Spiperone 720.0+5.0 9 - - 

Levodopa:carbidopa IP  

+ spiperone 
720.0:180.0+5.0 10 - - 

Experiments were undertaken in separate weeks and therefore contained their own control 

groups (FDM only, LIM only, and age-matched untreated controls) which received no drug 

solution. Vehicle solution: 0.1% w/v ascorbic acid in 1xPBS (pH 6.0), Carbidopa: 180nmoles 

of carbidopa dissolved in 0.1% w/v ascorbic acid and 1xPBS (pH 6.0), FDM: form deprivation 

myopia, LIM: Lens induced myopia (-10D), IP: intraperitoneal injection. 
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5.4.5 Experiment 2: Dose-response curves for systemically applied 

levodopa:carbidopa against the development of FDM and LIM  

To examine the effects of systemically administered levodopa and levodopa:carbidopa, chicks 

were allocated to treatment groups as outlined in Table 5-2. Chicks undergoing FDM or LIM 

were given a daily IP injection of one of three doses of levodopa (240, 720 or 1440nmoles; 

Tables 5-1 & 5-2) or levodopa:carbidopa (240:60, 720:180, or 1440:360nmoles; Tables 5-1 & 

5-2) for a period of four days. Following four days of drug administration, the axial length and 

refractive measurements from levodopa or levodopa:carbidopa treated chicks were compared 

to those from the left eyes of FDM only, LIM only, and age-matched untreated control animals. 

The anti-myopic effects of systemic administration were also compared to that seen for 

topically applied levodopa:carbidopa (experiment 1), as well as being compared to previous 

data for topical application of levodopa alone in FDM406 and LIM407. 

This experiment also examined the effects of carbidopa alone (180nmoles) or the vehicle 

solution alone (0.1% ascorbic acid in 1xPBS), when administered via IP injection, on the 

development of FDM and LIM. Finally, this experiment examined the effects of levodopa 

(720nmoles) or levodopa:carbidopa (720:180nmoles), when given as an IP injection, on normal 

ocular development (i.e. no optical treatment). 

5.4.6 Experiment 3: Effects of topical and systemic administration of levodopa 

or levodopa:carbidopa on ocular and systemic dopamine levels 

To assess how topical and systemic administration of levodopa, or levodopa:carbidopa, affects 

ocular and systemic levels of levodopa, dopamine and its metabolite 3,4-

dihydroxyphenylacetic acid (DOPAC), vitreous and blood samples were collected from chicks 

as outlined in Table 5-2. Given the rapid absorption (often <5 minutes) of other topically 

applied compounds into the plasma458, samples were collected 15 minutes following drug 

administration to best examine dopamine and levodopa changes in the blood. In short, form-
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deprived chicks were treated daily with levodopa or levodopa:carbidopa, via either eye drops 

or IP injection, for four days. Chicks were sacrificed and samples collected 15 minutes after 

the administration of their respective compounds (via their respective treatment avenues) on 

day 4. Samples were analysed via liquid chromatography-tandem mass spectrometry (LC-MS-

MS) as detailed previously406 and which is outlined below. The effects of levodopa and 

levodopa:carbidopa treatment on blood levels of levodopa, dopamine, and DOPAC were 

measured and compared to samples from FDM only and age-matched untreated control 

animals. These experiments were only carried out in the FDM model. 

5.4.7 Experiment 4: Effects of dopaminergic antagonism 

To assess whether the increase in ocular dopamine levels in response to topical application or 

systemic administration of levodopa or levodopa:carbidopa treatment is the mechanism by 

which these methods inhibit myopia, chicks were allocated to treatment groups as outlined in 

Table 5-2. In short, chicks receiving eye drops or IP injections of levodopa or 

levodopa:carbidopa were co-treated with an intravitreal injection of the D2-like dopamine 

receptor antagonist spiperone (Tables 5-1 & 5-2) for a period of four days. Following the final 

day of drug administration, the axial length and refractive measurements from these chicks 

were compared to those from the left eyes of FDM only, LIM only, and age-matched untreated 

control animals. As we have previously shown that intravitreal or topical application of 

dopamine inhibits the development of FDM and LIM to a similar degree, and that such 

protection is lost when dopamine is co-administered with spiperone405, 407, these experiments 

were only carried out in one model (FDM). 

5.4.8 LC-MS-MS protocol 

Vitreous samples were homogenised for 1 minute in 90μL of 0.5mM ascorbic acid in 1% (v/v) 

formic acid in MilliQ water and 10μL of an internal standard mix. Samples were then sonicated 
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in ice-cold water for 5 minutes and centrifuged at 14,000rpm (20,800g) for 45 minutes at 4°C; 

the supernatant (80μL) was then analysed by LC-MS-MS. Blood samples were centrifuged at 

14,000rpm (20,800g) for 45 minutes at 4°C before 100μL of an internal standard mix was 

added. Samples were then sonicated in ice-cold water for 5 minutes and centrifuged at 

14,000rpm (20,800g) for 45 minutes at 4°C; the supernatant (80μL) was then filtered through 

4mm 0.45μm nylon syringe filters (Thermo fisher) prior to LC-MS-MS analysis.  

The internal standard mix consisted of 1μg/mL dopamine-d4 HCl (as free base, Cerilliant D-

072), 12μg/mL DOPAC-d5 (Sigma, 778206), 6μg/mL levodopa-d3 (as free base, Sigma, 

333786) and 6μg/mL HVA-d5 (Cerilliant, H-092) in 0.5mM ascorbic acid in 1% (v/v) formic 

acid in MilliQ water. 

Vitreous and blood samples were analysed using an Agilent 1260 Infinity HPLC interfaced 

with an Agilent 6410 triple quadrupole mass spectrometer, equipped with an ElectroSpray 

ionisation (ESI) source. All data was acquired and quantified using MassHunter software 

(Version B 04.01). Separation was achieved on an Agilent InfinityLab Poroshell 120 EC-C18 

analytical column (dimensions 2.7μm, 3.0 x 50mm; Agilent, 699975-302), fitted with a frit and 

a corresponding guard column (dimensions 2.7μm, 3.0 x 5mm; Agilent, 823750-911). A 

gradient elution with a binary mobile phase system of (A) 0.1% v/v formic acid in MilliQ water 

and (B) 0.1% v/v formic acid in LC-MS grade methanol was performed, with a column 

temperature of 40°C and a 0.2mL/min flow rate. The gradient profile was 5% B held for 2 

minutes, increasing to 100% B over 6 minutes, and then held for 5 minutes, prior to re-

equilibration at 5% B for 12 minutes (resulting in a 25 minute analysis time, divided into the 2 

time segments based on MS ionisation mode). The autosampler was maintained at 4°C and an 

injection volume of 20μL was used. After analysis, the column was back-flushed overnight 

with 100% LC-MS grade MeOH at 0.35mL/min. 
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Optimised multiple reaction monitoring (MRM) parameters are summarised in Supplementary 

Table 9-14. The corresponding molecular ion and up to three most predominant fragment ions 

were utilised for each analyte; DOPAC (and its corresponding deuterated standard) had one 

MRM transition monitored each due to the lack of any additional sufficiently intense fragment 

ions. Additional MS parameters were as follows: gas temperature and flow rate 340oC and 

8.5L/min, nebuliser pressure 25psi, capillary voltage 3000V (positive) and 2000V (negative), 

cell acceleration voltage 7V. Both quadrupoles were operated in unit resolution. 

The limit of quantification (LOQ) of each analyte in each matrix was estimated based on a 

signal to noise ratio of 10:1 for the deuterated quantifier MRM transition and an injection 

volume of 20µL. LOQs in vitreous were 0.28, 8.4 and 1.3pmol/vitreous, for dopamine, DOPAC 

and levodopa, respectively. LOQs in blood were 5.3, 1300 and 170ng/mL, for dopamine, 

DOPAC and levodopa, respectively. 

5.4.9 Statistical analysis 

For drug treatments, a power calculation was undertaken to determine the group sizes required 

to achieve 80% power in observing a 0.8D change in refraction with a predicted standard 

deviation of 0.5D based on previous results406: 

𝑛1 =
(𝜎1

2 + 𝜎2
2 𝐾⁄ )(𝑧1−𝛼 2⁄  +  𝑧1−𝛽)

2

∆2
 

𝑛1 =
(0.52 + 0.52 1⁄ )(1.96 +  0.84)2

0.82
 

𝑛1 = 6 

To account for fluctuations in standard deviation, as well as potential dropouts due to diffuser- 

or lens-removal (at which point chicks were removed from the experiment and not reported), 

group sizes were increased to n=10, with the final numbers reported in Table 5-2.  
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All statistical analyses were reviewed by a statistician and were undertaken using the program 

IBM SPSS Statistics package 25 (Armonk, NY, USA) with a statistical cut-off of 0.05. Before 

analysing the effect of treatment, all data were first tested for normality and homogeneity of 

variance (Shapiro-Wilk test). Following this, the effect of treatment on end-measurements or 

LC-MS-MS results within each experiment was analysed via a one-way univariate analysis of 

variance (ANOVA). To analyse specific between group effects, ANOVA testing was followed 

by a student’s unpaired t-test, with Bonferroni correction for multiple testing.  

For the analysis of levodopa:carbidopa’s effects relative to levodopa alone, as well as topical 

application relative to IP administration, dose-response curves were compared using a 

multivariate analysis of variance (MANOVA). For topical application, the levodopa:carbidopa 

dose-response curves generated in this study were compared to those for levodopa alone, the 

data for which was taken from previously published work406, 407. All systemic administration 

data were generated within this study. We were able to compare these groups as they were from 

the same cohort and were treated over the same developmental timeframe using the same 

methodology (as described above). Similar levels of myopia were observed in this current study 

for both FDM and LIM (positive controls) relative to that seen in our previously published 

work 406, 407, allowing direct comparison of levodopa and levodopa:carbdiopa’s effects. 

All values reported represent the means ± the standard error of the means. For biometric 

measurements, the average final values of treated and contralateral control eyes, as well as the 

results of ANOVA analyses and pairwise comparisons, and can be found in tables. Figures 

represent the percent protection elicited by a treatment against the development of FDM or 

LIM calculated against that experiment’s respective control groups. Percent protection was 

calculated as follows: 
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% Protection=100- (
∆ in drug treated group (with FDM or LIM) from control

∆ in FDM or LIM Only group from control
×100) 

For LC-MS-MS measurements, the average peak area ratios (PAR) of analyte to internal 

standard (e.g. peak area of dopamine:peak area of deuterated dopamine) as well as pairwise 

comparisons can be found in tables. PARs for each treatment are also represented in figures.  

 

5.5 Results 

5.5.1 Analysis of control paradigms 

There were no significant differences in the axial length (Wilks’ Lambda=0.557, 

F(1,72)=2.064, p=0.136) or refractive measures (Wilks’ Lambda=0.543, F(1,72)=2.186, 

p=0.119) in age-matched untreated control animals and contralateral control eyes between 

experiments 1, 2 and 4 (no data available for experiment 3). Across all experiments, form-

deprivation and -10D negative lens-wear were associated with chicks developing significantly 

longer axial lengths (Wilks’ Lambda=0.075, F(1,72)=29.563, p<0.001) and a relative myopic 

shift in refraction (Wilks’ Lambda=0.013, F(1,72)=186.614, p<0.001) compared to age-

matched untreated control animals. Importantly, chicks developing FDM or LIM experienced 

a similar degree of change in axial length (ANOVA, F(4,42)=0.787, p=0.541) and refraction 

(ANOVA, F(4,42)=2.417, p=0.064) across all experiments.  For statistical analysis, treatment 

effects were determined against the values from FDM only, LIM only, and age-matched 

untreated control animals for each individual experiment (Table 5-3). Treatment with the 

vehicle solution or carbidopa alone had no significant effects on the development of FDM or 

LIM when administered either as eye drops (experiment 1, Table 5-4) or via IP injection 

(experiment 2, Table 5-5). 
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Table 5-3: Statistical analysis of the anti-myopic effects of levodopa and levodopa:carbidopa across their full dose-range 

  
Levodopa:carbidopa eye drops Levodopa IP Levodopa:carbidopa IP 

FDM LIM FDM LIM FDM LIM 

Axial length (M) 
F(4,39)=4.781, 

p=0.003 

F(4,41)=9.058, 

p<0.001 

F(3,27)=5.989, 

p=0.003 

F(3,33)=4.973, 

p=0.006 

F(3,27)=6.359, 

p=0.002 

F(3,33)=10.789, 

p<0.001 

Axial length (U) 
F(4,38)=1.224, 

p=0.317 

F(4,41)=1.651, 

p=0.180 

F(3,27)=9.239, 

p<0.001 

F(3,32)=4.009, 

p=0.016 

F(3,27)=7.188, 

p=0.001 

F(3,32)=5.969, 

p=0.002 

Refraction (M) 
F(4,39)=7.950, 

p<0.001 

F(4,41)=13.547, 

p<0.001 

F(3,27)=8.266, 

p=0.001 

F(3,33)=4.292, 

p=0.012 

F(3,27)=32.708, 

p<0.001 

F(3,33)=10.679, 

p<0.001 

Refraction (U) 
F(4,38)= 0.565, 

p=0.690 

F(4,41)=1.871, 

p=0.134 

F(3,27)=47.522, 

p<0.001 

F(3,32)=76.643, 

p<0.001 

F(3,27)=70.520, 

p<0.001 

F(3,32)=65.295, 

p<0.001 

ANOVAs were undertaken to compare the effect of levodopa and levodopa:carbidopa treatment, when administered via eye drops or intraperitoneal 

injection, on ocular biometry and refraction relative to FDM or LIM only values (M) or age-matched untreated control values (U). Statistically 

significant outcomes (p<0.05) are presented in bold. Sample sizes (min n=6 per group) can be found in Table 5-2.  FDM: form deprivation myopia, 

LIM: lens induced myopia (-10D), IP: intraperitoneal injection. ANOVA analysis of the effects of levodopa only on FDM and LIM can be found 

in previously published work406, 407. 
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5.5.2 Experiment 1: The addition of carbidopa enhances the anti-myopic effects 

of topically applied levodopa at all concentrations tested 

Topical application of levodopa:carbidopa significantly inhibited the excessive axial 

elongation and myopic refractive shift associated with both FDM and LIM (Figure 5-1, Tables 

5-3 & 5-4, Supplementary Figure 9-7). This dose-dependent protection was best described by 

a logarithmic relationship for both axial length and refraction, for both FDM (Figure 5-1, 

ED50axial length=2.17nmoles) and LIM (Figure 5-1, ED50axial length=0.47nmoles). By the 

highest dose (720:180nmoles), topical application of levodopa:carbidopa provided almost 

complete protection against the development of FDM (axial length: 95%, refraction: 94%) and 

LIM (axial length: 86%, refraction: 84%). By this dose, no statistical difference was seen 

between treated animals and untreated control eyes with respect to axial length or refractive 

values (Table 5-3 & 5-4). Levodopa:carbidopa treatment did not induce changes in anterior 

chamber depth or lens thickness, rather its protection was elicited by slowing vitreal chamber 

elongation (Supplementary Table 9-15). As expected, there was a strong correlation between 

the changes seen in refraction and axial length in response to administration of 

levodopa:carbidopa into form-deprived (R2=0.84, Supplementary Figure 9-8A) or negative 

lens-treated eyes (R2=0.79, Supplementary Figure 9-8B). 

To compare the effectiveness of levodopa:carbidopa treatment with that of levodopa alone, the 

dose-dependent effects of levodopa:carbidopa eye drops in form-deprived and negative-lens 

treated eyes were retrospectively compared to previous data on the dose-dependent effects of 

levodopa alone in FDM406 and LIM407 eyes from the same cohort that were treated following 

the same methodology and developmental timeframe (Figure 5-1). In FDM and LIM only 

treated animals, a comparable degree of myopia developed between the present study and our 

previously published work406, 407 with respect to axial length (ANOVA, F(3,48)=1.020, 
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p=0.392) and refraction (ANOVA, F(3,48)=2.610, p=0.064). Topical application of 

levodopa:carbidopa inhibited the development of FDM to a significantly higher extent than 

that of levodopa alone (Figure 5-1; axial length - Wilks’ Lambda=0.364, F(1,92)=5.681, 

p=0.007; refraction - Wilks’ Lambda=0.005, F(1,92)=625.496, p<0.001). Similarly, topical 

application of levodopa:carbidopa inhibited the development of LIM to a significantly higher 

extent than levodopa alone over the doses tested (Figure 5-1; axial length - Wilks’ 

Lambda=0.403, F(1,67)=4.082, p=0.029; refraction - Wilks’ Lambda=0.437, F(1,67)=4.185, 

p=0.021).  
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 Table 5-4: Axial length and refractive measurements for topically applied levodopa:carbidopa dose-response curves 

Data are presented as means ± standard error of the means. Significant values (p<0.05) are highlighted in bold. Sample sizes (min n=6 per group) 

can be found in Table 5-2. FDM: form deprivation myopia, LIM: lens induced myopia, Untreated: age-matched untreated controls.   

  Axial length Refraction 

Condition Left eye Right eye 
Compared 

to myopia 

Compared 

to untreated 
Left eye Right eye 

Compared 

to myopia 

Compared 

to untreated 

No ocular treatment 

Untreated 8.65 ± 0.03 8.67 ± 0.04 p<0.001 - 2.14 ± 0.23 2.06 ± 2.23 p<0.001 - 

Levodopa: carbidopa 8.62 ± 0.07 8.61 ± 0.05 - p=0.586 2.07 ± 0.13 2.15 ± 0.13 - p=0.601 

FDM 

FDM only 9.00 ± 0.03 8.66 ± 0.05 - p<0.001 -1.48 ± 0.26 1.91 ± 0.22 - p<0.001 

Carbidopa only 9.02 ± 0.08 8.64 ± 0.04 p=0.709 p<0.001 -1.90 ± 0.40 2.39 ± 0.18 p=0.370 p<0.001 

FDM + levodopa:carbidopa 

Drug (2.4:0.6nmoles) 8.83 ± 0.07 8.66 ± 0.05 p=0.359 p=0.477 1.62 ± 0.33 2.40 ± 0.10 p=0.004 p=1.000 

Drug (24:6nmoles) 8.77 ± 0.03 8.65 ± 0.02 p=0.078 p=1.000 1.56 ± 0.48 1.93 ± 0.22 p=0.014 p=1.000 

Drug (240:60nmoles) 8.71 ± 0.07 8.61 ± 0.04 p=0.005 p=1.000 2.05 ± 0.26 2.51 ± 0.15 p<0.001 p=1.000 

Drug (720:180nmoles) 8.71 ± 0.06 8.64 ± 0.04 p=0.008 p=1.000 2.00 ± 0.13 2.08 ± 0.22 p<0.001 p=1.000 

LIM 

LIM only 9.11 ± 0.07 8.68 ± 0.03 - p<0.001 -1.70 ± 0.16 2.18 ± 0.24 - p<0.001 

Carbidopa only 9.08 ± 0.07 8.65 ± 0.04 p=0.808 p<0.001 -1.41 ± 0.21 2.29 ± 0.24 p=0.292 p<0.001 

LIM + levodopa:carbidopa 

Drug (2.4:0.6nmoles) 8.82 ± 0.05 8.64 ± 0.02 p=0.003 p=0.261 1.28 ± 0.15 2.34 ± 0.16 p<0.001 p=0.103 

Drug (24:6nmoles) 8.80 ± 0.05 8.66 ± 0.03 p=0.002 p=0.648 1.63 ± 0.32 2.37 ± 0.16 p<0.001 p=1.000 

Drug (240:60nmoles) 8.75 ± 0.03 8.63 ± 0.02 p<0.001 p=1.000 1.75 ± 0.26 2.15 ± 0.13 p<0.001 p=1.000 

Drug (720:180nmoles) 8.74 ± 0.04 8.65 ± 0.01 p<0.001 p=1.000 1.77 ± 0.16 2.33 ± 0.19 p<0.001 p=1.000 
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Figure 5-1: Levodopa:carbidopa dose-response curves for form-deprivation myopia 

(FDM) and lens induced myopia (LIM) following four days of topical application 
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Figure 5-1: Percent protection against the (A) axial elongation and (B) shift in refraction 

associated with experimental myopia development. Data represents the means ± standard error 

of the means. Sample sizes (min n=6 per group) can be found in Table 5-2. Data for levodopa 

only dose response curves are taken from previously published work406, 407 and are presented 

here for comparison. Pairwise statistical comparisons can be found in Table 5-4.  
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5.5.3 Experiment 2: Systemic administration of levodopa and 

levodopa:carbidopa inhibits experimental myopia 

Daily IP injections of levodopa, over four consecutive days, significantly inhibited the 

excessive axial elongation and myopic shift in refraction associated with diffuser-wear (Figure 

5-2, Supplementary Figure 9-9, Tables 5-3 & 5-5). However, this protection was only observed 

at the highest dose of levodopa (1440nmoles). Co-administration of levodopa with carbidopa 

also significantly inhibited the development of FDM (Figure 5-2, Supplementary Figure 9-9, 

Tables 5-3 & 5-5), with a small enhancement of protective effects seen relative to levodopa 

alone at the highest dose (axial: p=0.017, refraction: p=0.025). 

A similar effect was seen during the development of LIM, with the highest two doses of 

levodopa (720 and 1440nmoles) significantly inhibiting the excessive ocular growth and 

myopic shift in refraction seen in response to lens-wear (Figure 5-2, Supplementary Figure 9-

9, Tables 5-3 & 5-5). Once again, when levodopa was co-administered with carbidopa, the 

development of LIM was significantly inhibited (Figure 5-2, Supplementary Figure 9-9, Tables 

5-3 & 5-5), with a small enhancement in the protection seen relative to levodopa alone at the 

highest dose (axial: p=0.021, refraction: p=0.038). For both FDM and LIM, levodopa and 

levodopa:carbidopa treatment did not induce changes in anterior chamber depth or lens 

thickness, but rather elicited a slowing in vitreal chamber elongation (Supplementary Table 9-

15). As expected, there was a strong correlation between the changes seen in refraction and 

axial length in response to administration of levodopa and levodopa:carbidopa into form-

deprived (R2=0.91, Supplementary Figure 9-8C) or negative lens-treated eyes (R2=0.94, 

Supplementary Figure 9-8D). 

Although IP injections of levodopa and levodopa:carbidopa significantly inhibited the 

development of FDM and LIM, the protection elicited was well below that seen during topical 
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application of either formulation for both forms of experimental myopia. Specifically, levodopa 

was more effective as drops than as IP against both FDM and LIM (axial length - Wilks’ 

Lambda=0.398, F(1,70)=3.787, p=0.040; refraction - Wilks’ Lambda=0.262, F(1,70)=8.469, 

p=0.002). This same effect was seen for levodopa:carbidopa, with topical application 

significantly more effective than systemic administration (axial length - Wilks’ Lambda=0.159, 

F(1,69)=11.914, p=0.001; refraction - Wilks’ Lambda=0.026, F(1,69)=84.844, p<0.001). 

Across all treatments there was no significant difference in protection between FDM and LIM 

(axial length - Wilks’ Lambda=0.502, F(1,140)=0.745, p=0.660; refraction - Wilks’ 

Lambda=0.246, F(1,140)=0.416, p=0.865). 
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Table 5-5: Axial length and refractive measurements for systemically administered levodopa or levodopa:carbidopa dose-response curves 

  Axial length Refraction 

Condition Left eye Right eye 
Compared 

to myopia 

Compared 

to untreated 
Left eye Right eye 

Compared 

to myopia 

Compared 

to untreated 

No optical device 

Untreated 8.71 ± 0.05 8.72 ± 0.05 p<0.001 - 2.13 ± 0.16 2.12 ± 0.15 p<0.001 - 

Levodopa 8.63 ± 0.04 8.60 ± 0.04 - p=0.208 1.92 ± 0.21 1.95 ± 0.20 - p=0.781 

Levodopa:carbidopa 8.64 ± 0.06 8.62 ± 0.04 - p=0.331 2.15 ± 0.15 2.17 ± 0.08 - p=0.375 

FDM 

FDM only 9.17 ± 0.06 8.72 ± 0.05 - p<0.001 -1.73 ± 0.15 1.98 ± 0.12 - p<0.001 

Vehicle solution 9.01 ± 0.08 8.64 ± 0.08 p=0.527 p=0.004 -1.68 ± 0.23 2.37 ± 0.14 p=0.851 p<0.001 

Carbidopa only 9.12 ± 0.08 8.69 ± 0.07 p=0.607 p<0.001 -1.20 ± 0.36 2.53 ± 0.13 p=0.144 p<0.001 

FDM + levodopa 

Drug (240nmoles) 9.01 ± 0.04 8.66 ± 0.03 p=1.000 p<0.001 -0.88 ± 0.32 2.26 ± 0.17 p=0.035 p<0.001 

Drug (720nmoles) 8.95 ± 0.08 8.69 ± 0.07 p=0.787 p=0.010 -0.93 ± 0.21 2.18 ± 0.23 p=0.095 p<0.001 

Drug (1440nmoles) 8.78 ± 0.02 8.54 ± 0.02 p=0.002 p=1.000 -0.29 ± 0.07 2.09 ± 0.17 p<0.001 p<0.001 

FDM + levodopa:carbidopa 

Drug (240:60nmoles) 9.03 ± 0.03 8.69 ± 0.03 p=1.000 p=0.001 -0.94 ± 0.16 2.15 ± 0.12 p=0.007 p<0.001 

Drug (720:180nmoles) 8.87 ± 0.08 8.69 ± 0.09 p=0.124 p=0.390 -0.23 ± 0.16 2.12 ± 0.17 p<0.001 p<0.001 

Drug (1440:360nmoles) 8.76 ± 0.07 8.62 ± 0.04 p=0.004 p=1.000 0.40 ± 0.19 2.17 ± 0.12 p<0.001 p<0.001 

LIM 

LIM only 9.14 ± 0.03 8.74 ± 0.06 - p<0.001 -1.57 ± 0.24 2.24 ± 0.15 - p<0.001 

Vehicle solution 9.04 ± 0.09 8.66 ± 0.07 p=0.221 p=0.003 -1.45 ± 0.41 2.52 ± 0.17 p=0.791 p<0.001 

Carbidopa only 9.13 ± 0.06 8.70 ± 0.03 p=0.838 p<0.001 -2.05 ± 0.22 2.42 ± 0.14 p=0.199 p<0.001 

LIM + levodopa 

Drug (240nmoles) 8.99 ± 0.05 8.65 ± 0.03 p=0.163 p=0.016 -0.86 ± 0.20 2.34 ± 0.12 p=0.106 p<0.001 

Drug (720nmoles) 8.93 ± 0.06 8.61 ± 0.05 p=0.018 p=0.083 -0.88 ± 0.16 2.18 ± 0.13 p=0.111 p<0.001 

Drug (1440nmoles) 8.90 ± 0.04 8.62 ± 0.02 p=0.012 p=0.336 -0.55 ± 0.21 2.20 ± 0.08 p=0.014 p<0.001 
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LIM + levodopa:carbidopa 

Drug (240:60nmoles) 9.02 ± 0.07 8.65 ± 0.06 p=0.667 p=0.015 -0.46 ± 0.15 2.25 ± 0.19 p=0.003 p<0.001 

Drug (720:180nmoles) 8.94 ± 0.06 8.62 ± 0.04 p=0.050 p=0.100 -0.66 ± 0.20 2.06 ± 0.16 p=0.011 p<0.001 

Drug (1440:360nmoles) 8.72 ± 0.06 8.53 ± 0.04 p<0.001 p=1.000 -0.03 ± 0.17 2.00 ± 0.20 p<0.001 p<0.001 

Data are presented as the means ± standard error. Significant values (p<0.05) are highlighted in bold. Sample sizes (min n=6 per group) can be 

found in Table 5-2. FDM: form deprivation myopia, LIM: lens induced myopia, Untreated: age-matched untreated controls, IP: intraperitoneal 

injection. 
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Figure 5-2: Levodopa and levodopa:carbidopa dose-response curves for form-

deprivation myopia (FDM) and lens induced myopia (LIM) following four days of 

systemic administration 
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Figure 5-2: Percent protection against the (A) axial elongation and (B) shift in refraction 

associated with experimental myopia development. Data represents the means ± standard error 

of the means. Sample sizes (min n=6 per group) can be found in Table 5-2. Pairwise statistical 

comparisons can be found in Table 5-4.  
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5.5.4 Experiment 3: Levodopa, dopamine and DOPAC levels in the vitreous and 

blood following topical application or systemic administration of levodopa and 

levodopa:carbidopa  

Vitreal levels of levodopa, dopamine and DOPAC were significantly diminished in response 

to 3 days of diffuser-wear compared to those of age-matched untreated controls (Figure 5-3, 

Table 5-6). This downregulation seen for all three compounds was significantly blocked by the 

topical application or systemic administration of levodopa or levodopa:carbidopa (Figure 5-3, 

Table 5-6). Co-administration with carbidopa was associated with higher levels of levodopa, 

dopamine and DOPAC than levodopa alone, while topical application was associated with 

higher levels than IP administration (Figure 5-3). 

FDM only, or topical application of levodopa or levodopa:carbidopa into from-deprived 

animals, did not induce any detectable changes in levodopa, dopamine, or DOPAC levels 

within blood samples (Figure 5-3, Table 5-6). In contrast, following IP injections, a significant 

increase was seen in the levels of all three compounds within blood samples (Figure 5-3, Table 

5-6). Such levels were enhanced further by the addition of carbidopa (Figure 5-3).  
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Table 5-6: Levodopa, dopamine and DOPAC levels in vitreal and blood samples as measured by liquid chromatography-tandem mass 

spectrometry 

Treatment 

Levodopa Dopamine DOPAC 

PAR 
Against 

FDM 

Against 

untreated 
PAR 

Against 

FDM 

Against 

untreated 
PAR 

Against 

FDM 

Against 

untreated 

Levels in vitreous 

Untreated 0.073 ± 0.017 p=0.031 - 0.058 ± 0.007 p=0.003 - 1.353 ± 0.107 p=0.007 - 

FDM only 0.020 ± 0.009 - p=0.031 0.028 ± 0.002 - p=0.003 0.946 ± 0.040 - p=0.007 

FDM + levodopa eye drops 0.126 ± 0.043 p=0.048 p=0.753 0.058 ± 0.005 p=0.001 p=1.000 1.385 ± 0.152 p=0.022 p=1.000 

FDM + levodopa: 

carbidopa eye drops 
0.255 ± 0.025 p<0.001 p=0.004 0.062 ± 0.002 p<0.001 p=1.000 1.722 ± 0.054 p<0.001 p=0.113 

FDM + levodopa IP 0.064 ± 0.013 p=0.057 p=1.000 0.028 ± 0.001 p=1.000 p=0.004 1.034 ± 0.118 p=1.000 p=0.121 

FDM + levodopa: 

carbidopa IP 
0.127 ± 0.014 p<0.001 p=0.062 0.039 ± 0.006 p=0.166 p=0.074 1.052 ± 0.088 p=1.000 p=0.153 

Levels in blood 

Untreated 0.098 ± 0.041 p=0.562 - 0.810 ± 0.249 p=0.426 - 0.049 ± 0.028 p=0.427 - 

FDM only 0.090 ± 0.038 - p=0.562 0.897 ± 0.236 - p=0.426 0.036 ± 0.030 - p=0.427 

FDM + levodopa eye drops 0.313 ± 0.102 p=0.074 p=0.157 0.504 ± 0.087 p=0.857 p=0.651 0.198 ± 0.048 p=0.103 p=0.311 

FDM + levodopa: 

carbidopa eye drops 
0.078 ± 0.028 p=0.787 p=1.000 0.652 ± 0.148 p=0.570 p=1.000 0.279 ± 0.076 p=0.070 p=0.058 

FDM + levodopa IP 3.868 ± 1.103 p=0.014 p=0.044 23.659 ± 5.204 p=0.004 p=0.010 7.940 ± 0.557 p<0.001 p<0.001 

FDM + levodopa: 

carbidopa IP 
15.763 ± 2.585 p<0.001 p<0.001 31.834 ± 7.472 p=0.006 p=0.007 0.740 ± 0.127 p=0.002 p=0.519 

Chicks undergoing form-deprivation (FDM) were administered one of the following: levodopa eye drops (720nmoles), levodopa:carbidopa eye 

drops (720:180nmoles), levodopa intraperitoneal (IP) injection (720nmoles), or levodopa:carbidopa IP injection (720:180nmoles). Levodopa, 

dopamine and 3,4-dihydroxyphenylacetic acid (DOPAC) levels were analysed in blood and vitreal samples taken 15 minutes after drug 

administration on the 4th day of treatment. Data are presented as the means ± standard error of the means. Data are presented as peak area ratios 
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(PAR) of each analyte to its internal standard. Significant values (p<0.05) are highlighted in bold. Sample sizes (min n=5 per group) can be found 

in Table 5-2. 
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Figure 5-3: Blood and vitreous levels of levodopa, dopamine and DOPAC in response to 

levodopa or levodopa:carbidopa treatment 

(A) Levodopa, (B) dopamine and (C) 3,4-dihydroxyphenylacetic acid (DOPAC) levels in the 

vitreous and (D) levodopa, (E) dopamine and (F) DOPAC levels in the blood. All measures 

were made 15 minutes after intraperitoneal injection (systemic) or eye drops (topical) of 

levodopa (Levo, 720nmoles) or levodopa:carbidopa (Levo:Carbi, 720:180nmoles) into animals 

undergoing form-deprivation (FDM). Data are presented as the interquartile range (boxes) 

extended by 1.5 x the interquartile range (whiskers) with data sitting outside this represented 

by dots, the median is depicted by the horizontal line through each box (n=5 per group). 

Statistics (* p<0.05) denote difference relative to FDM only values for blood and vitreal 

samples. Levo: levodopa, DA: dopamine, IS: internal standard. 
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5.5.5 Experiment 4: Co-treatment with a dopaminergic antagonist inhibits the 

anti-myopic effects of topically applied or systemically administered levodopa or 

levodopa:carbidopa 

The protection afforded by topical application of levodopa (720nmoles) or levodopa:carbidopa 

(720:180nmoles) against the development of FDM, over a four day period, was blocked by co-

treatment with the D2-like dopamine receptor antagonist spiperone (5nmoles, intravitreal 

injection; Figure 5-4, Table 5-7). Similarly, the protection afforded by IP injections of levodopa 

or levodopa:carbidopa, over a four day period, was also inhibited by co-treatment with 

spiperone (Figure 5-4, Table 5-7). As expected, there was a strong correlation between the 

changes seen in refraction and axial length in response to treatment with spiperone in 

conjunction with levodopa or levodopa:carbidopa into form-deprived eyes (R2=0.90, 

Supplementary Figure 9-8E). 
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Table 5-7: Effects of dopaminergic receptor antagonism on the anti-myopic properties of levodopa and levodopa:carbidopa 

  Axial length Refraction 

Condition Left eye Right eye 
Against 

FDM 

Second 

comparison 
Left eye Right eye 

Against 

FDM 

Second 

comparison 

No optical device 

Untreated 8.66 ± 0.04 8.62 ± 0.02 p<0.001 - 2.34 ± 0.13 2.27 ± 0.16 p<0.001 - 

FDM 

FDM only 9.05 ± 0.04 8.71 ± 0.05 - p<0.001* -1.33 ± 0.18 2.53 ± 0.15 - p<0.001* 

Levodopa eye drops  

+ spiperone 
8.96 ± 0.06 8.65 ± 0.03 p=0.183 p=0.037^ -0.60 ± 0.31 2.28 ± 0.06 p=0.372 p=0.049^ 

Levodopa:carbidopa eye drops 

+ spiperone 
8.88 ± 0.07 8.67 ± 0.06 p=0.036 p=0.026# -0.72 ± 0.44 2.06 ± 0.21 p=0.011 p=0.022# 

Levodopa IP  

+ spiperone 
9.09 ± 0.05 8.75 ± 0.05 p=0.538 p=0.122^ -1.15 ± 0.11 2.31 ± 0.09 p=0.435 p=0.337^ 

Levodopa:carbidopa IP  

+ spiperone 
9.10 ± 0.05 8.81 ± 0.04 p=0.564 p=0.027# -0.77 ± 0.16 2.19 ± 0.13 p=0.034 p=0.046# 

Form-deprived (FDM) chicks treated with eye drops or intraperitoneal (IP) injections of levodopa (720nmoles) or levodopa:carbidopa 

(720:180nmoles) for four days were given a daily intravitreal injection of the dopaminergic antagonist spiperone (5nmoles). Values are presented 

as the means ± the standard error of the means.  FDM: form-deprivation myopia. Significant values (p<0.05) are highlighted in bold. Treatment 

groups were compared to FDM only animals. For the ‘second comparison’, treatment effects were compared to one of the following: age-matched 

untreated animals (*), levodopa treatment (^) without spiperone or levodopa:carbidopa treatment (#) without spiperone (data from experiments 1 

and 2). Sample sizes (min n=6 per group) can be found in Table 5-2. 
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Figure 5-4: Effects of dopaminergic receptor antagonism on the anti-myopic properties 

of levodopa or levodopa:carbidopa 

Percent protection elicited by topical application against the (A) axial elongation and (B) shift 

in refraction associated with the development of form-deprivation myopia (FDM); percent 

protection elicited by systemic administration against the (C) axial elongation and (D) shift in 

refraction associated with the development of FDM. Data are presented as the interquartile 

range (boxes) extended by 1.5 x the interquartile range (whiskers) with data sitting outside this 

represented by dots, the median is depicted by the horizontal line through each box. Sample 

sizes (min n=6 per group) can be found in Table 5-2. Levo: levodopa treatment (720nmoles), 

Levo + Spip: levodopa treatment (720nmoles) with concurrent spiperone treatment (5nmoles), 

Levo:Carbi: levodopa:carbidopa treatment (720:180nmoles), Levo:Carbi + Spip: 

levodopa:carbidopa treatment (720:180nmoles) with concurrent spiperone treatment 

(5nmoles). Statistics denote difference of spiperone treated eyes relative to levodopa or 

levodopa:carbidopa alone (* p<0.05).  
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5.6 Discussion 

This study reports that the addition of carbidopa significantly enhances the anti-myopic effects 

of levodopa when administered topically or systemically. Topical application was markedly 

more effective than systemic administration with almost complete suppression of the axial 

elongation associated with both forms of experimental myopia seen at the higher topically 

applied doses. This paralleled the significantly larger change in the vitreal levels of levodopa, 

dopamine and DOPAC following eye drops rather than IP injections of levodopa or 

levodopa:carbidopa. Both routes of administration inhibit myopic growth via modulation of 

retinal dopamine release, with co-treatment with the dopaminergic antagonist spiperone 

inhibiting the anti-myopic effects of both levodopa and levodopa:carbidopa. The degree of 

protection afforded by levodopa or levodopa:carbidopa was similar against both forms of 

experimental myopia, further supporting the idea that the dopaminergic system plays a critical 

role in the development of FDM and LIM. Such similarity across experimental paradigms also 

strengthens the potential translatability of these findings to the human condition.  

5.6.1 Carbidopa enhances the protective effects of levodopa across all doses 

tested 

When given as eye drops, co-administration of the AAAD inhibitor carbidopa significantly 

increased the treatment efficacy of levodopa (40%) against the development of both forms of 

experimental myopia when compared to levodopa alone. This is a similar increase in efficacy 

to that seen in neurological studies364, 459-472 in which ~50% less levodopa is required to 

alleviate the symptoms of Parkinson’s disease when co-administered with carbidopa421.  

The addition of carbidopa also increased the efficacy of levodopa treatment against both forms 

of experimental myopia when administered via IP injection. However, a treatment effect for 

levodopa or levodopa:carbidopa was only observed at higher doses. This concurred with the 
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lower ocular penetration seen in response to systemic administration compared to topical 

application, with IP injections being ~40% less effective at stimulating retinal dopamine release 

and inhibiting experimental myopia relative to eye drops over comparable doses. Such lower 

effectiveness during systemic administration compared to topical application has been reported 

for other anti-myopia compounds such as atropine278. 

Though we report presently that the anti-myopic effects of levodopa are significantly enhanced 

by co-administration of carbidopa, a previous study in guinea pigs observed that carbidopa 

diminished the ability of levodopa to stimulate retinal dopamine release and inhibit the 

development of FDM356. This unexpected drop in treatment efficacy may be due to levodopa 

and carbidopa being administered at different anatomical locations (intraperitoneal and 

peribulbar space, respectively) in this earlier study356 rather than the normal clinical practice of 

simultaneous co-administration at a single site364, 459-472 as undertaken presently. 

5.6.2 The effectiveness of carbidopa suggests the presence of aromatic l-amino 

acid decarboxylase (AAAD) within the eye  

As expected, with the presence of AAAD within blood vessels and plasma473-475, the addition 

of carbidopa substantially increased the anti-myopic effects of systemically administered 

levodopa, presumably by preventing its premature conversion to dopamine, thus increasing 

levodopa and dopamine levels within the eye. However, for carbidopa to enhance the 

effectiveness of levodopa eye drops, AAAD must be present within the eye, on its external 

surface (i.e. within tears), or within the drainage canals of the eye to explain the enhanced 

bioavailability observed. Investigations into the presence of AAAD within the eye have been 

limited. Proteomic analyses of the composition of tears (lacrimal gland, meibomian gland and 

goblet cell secretions) have not detected the presence of AAAD476. However, the ubiquitous 

expression of AAAD within blood vessels and blood plasma473-475 suggests that it could be 
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present in a number of ocular locations, including, but not limited to: the vascular supply of the 

sclera; the highly vascularised choroid, ciliary body and iris; or within the retinal pecten (a 

comb-like structure of blood vessels that feeds the otherwise avascular retina in birds and some 

reptiles). If AAAD is present in lymph fluid, as plasma and lymph share many chemical 

constituents, AAAD may also be found in the aqueous humour. Alternatively, should levodopa 

drain from the aqueous humour or vitreous, carbidopa may inhibit the premature conversion of 

levodopa within the choroid or retinal pigment epithelium before reaching the retina. A less 

likely reason is that following topical administration, levodopa drains via the tear ducts and is 

introduced to the peripheral circulation before being returned to the eye. However, the 

difference in effectiveness seen between topical application and systemic administration and 

the lack of change in levodopa or dopamine levels in the blood following topical application 

(in this and previous studies406) would suggest this is not the case. 

5.6.3 Levodopa inhibits experimental myopia through modulation of the retinal 

dopaminergic system 

The likely mechanism by which levodopa elicits its anti-myopic effects is via the stimulation 

of dopamine synthesis and release within the retina.  Supporting this, a strong correlation is 

observed between the degree to which retinal dopamine release was enhanced, and the level of 

protection elicited by the different routes of levodopa administration. Specifically, retinal 

dopamine and DOPAC levels were enhanced to the greatest extent by intravitreal injection of 

levodopa406, followed by topical application and lastly IP injection. This corresponds with the 

order of treatment efficacy. Moreover, intravitreal administration of the dopamine D2-like 

receptor antagonist spiperone significantly inhibited the protective effects of topical application 

or systemic administration of levodopa or levodopa:carbidopa against the development of both 

forms of experimental myopia. Spiperone also inhibits the protection afforded by intravitreal 

injection of levodopa against the development of FDM and LIM407. This supports the 
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hypothesis that the anti-myopic effects of levodopa are driven by dopaminergic activation of 

the retinal D2-like receptor family in both forms of experimental myopia. This concurs with 

the retinal D2-like mechanism shown to underlie the ability of dopamine to modulate ocular 

growth rates in chicks and tree shrews in previous studies6, 17, 19, 25, 26, 282, 349, 362, 405, 407, 477.  

5.6.4 Ramifications for the treatment of human myopia 

One of the primary findings of this study is that when levodopa is co-administered with 

carbidopa as eye drops, it provides near complete protection against the development of both 

forms of experimental myopia. This is not observed during topical application of other 

compounds in chickens, such as dopamine457, atropine406, and levodopa  alone406, 407.  If found 

to translate to the human situation, this would suggest that levodopa:carbidopa has a stronger 

therapeutic efficacy than current pharmacological treatments. The addition of carbidopa also 

lowers the amount of levodopa required to generate a significant therapeutic effect. This 

minimises the likelihood of off-target effects such as low blood pressure, headaches, nausea, 

confusion, fatigue, mood changes, hallucinations, nightmares, emesis, dyskinesia, dizziness, 

dry mouth and a decreased appetite that have been reported following long-term systemic 

administration of levodopa for the treatment of Parkinson’s disease387. Similar side-effects 

have been reported during the treatment of amblyopia through systemic administration of 

levodopa (including headaches, cold/flu symptoms, rashes, fatigue, nausea/vomiting, 

dizziness, conjunctivitis, muscle pain, loss of appetite)388.  

The adverse effects associated with the use of systemic levodopa in Parkinson’s and amblyopia 

treatment are more common at higher doses, well above those investigated presently (30-fold) 

and are due to the neuropharmacological activity of dopamine in the CNS387. Such systemic 

side-effects are diminished in the presence of carbidopa due to the lower doses of levodopa 

required478. With respect to the current study, due to the low dose of levodopa required to 
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inhibit myopia, which can be further reduced by the presence of carbidopa, and the lack of 

detectable changes in the systemic levels of dopamine following topical application of 

levodopa, such side-effects are less probable. The lack of systemic changes in dopamine levels 

following topical application of levodopa is also critical with the known neurological changes 

that can occur in children, the primary treatment group for myopia, following chronic 

hyperactivation of the dopaminergic system in the CNS (for review see 340).  

With respect to ocular safety, comprehensive pre-clinical testing in chicks and mice has 

observed no adverse ocular events following long-term topical application of levodopa or 

levodopa:carbidopa when given to otherwise untreated animals406. This includes no change in 

normal ocular development (biometry and refraction), retinal health (histology), visual function 

(electroretinogram recordings) or intraocular pressure406. This is consistent with the lack of 

ocular complications observed in patient populations following chronic treatment with 

systemically administered levodopa:carbidopa at doses well above those required for the 

treatment of experimental myopia389-394. 

5.6.5 Conclusions 

Here we show that over an ascending dose range, co-administration of levodopa with carbidopa 

at a 4:1 ratio significantly enhances the anti-myopic effects of levodopa by increasing its 

bioavailability and thus stimulating greater retinal dopamine release. We report that the 

protection afforded by levodopa:carbidopa against the development of both forms of 

experimental myopia is significantly greater when administered as eye drops relative to 

systemic administration. The similar degree to which levodopa inhibits both forms of 

experimental myopia further supports the idea that dopamine forms a well-defined and critical 

component of the retinal pathway controlling eye growth. Importantly, unlike that seen for the 

topical application of levodopa or atropine in chickens, topical application of 
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levodopa:carbidopa provides near complete protection against the development of both forms 

of experimental myopia. Therefore, levodopa:carbidopa may be a promising treatment for 

controlling the progression of human myopia.   
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Chapter 6 – Can topical application of dopamine inhibit 

deprivation myopia?  

 

Sections 6.2–6.6 appear as published457 in Thomson K, Karouta C, Ashby R. Topical 

application of dopaminergic compounds can inhibit deprivation myopia in chicks. Exp Eye Res 

2020;200:108233. 

 

6.1 Preface 

Following the successful application of levodopa eye drops in the prevention of experimental 

myopia in Chapters 3–5, Chapter 6 investigates whether this effectiveness can extend to 

dopamine itself. A topical route of administration may however be ineffective for dopamine 

due to its polar charge and inability to cross tight epithelial barriers, which may inhibit its 

movement across the cornea. Thus, Chapter 6 studies the effectiveness of topically applied 

dopamine against the development of FDM over an ascending dose-range. This chapter also 

examines whether chemical modification of dopamine through deuterium substitution, which 

enhances stability and may increase corneal penetration, can increase dopamine’s effectiveness 

against FDM when given topically.  
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6.2 Abstract 

Purpose: Animal models have demonstrated a link between dysregulation of the retinal 

dopamine system and the development of experimental myopia (short-sightedness). However, 

pharmacological investigations of dopamine in animal models rely heavily on intravitreal or 

systemic administration, which have several limitations for longer-term experiments. We 

therefore investigated whether administration of dopamine as a topical eye drop can inhibit the 

development of form-deprivation myopia (FDM) in chicks. We also examined whether 

chemical modification of dopamine through deuterium substitution, which might enhance 

stability and bioavailability, can increase dopamine’s effectiveness against FDM when given 

topically. 

Methods: Dopamine or deuterated dopamine (Dopamine-1,1,2,2-d4 hydrochloride) was 

administered as a daily intravitreal injection or as daily topical eye drops to chicks developing 

FDM over an ascending dose range (min. n=6 per group). Axial length and refraction were 

measured following 4 days of treatment. 

Results: Both intravitreal (EC50=0.002µmoles) and topical application (EC50=6.10µmoles) of 

dopamine inhibited the development of FDM in a dose-dependent manner. Intravitreal 

injections, however, elicited a significantly higher level of protection relative to topical eye 

drops (p<0.01). Deuterated dopamine inhibited FDM to a similar extent as unmodified 

dopamine when administered as intravitreal injections (p=0.897) or topical eye drops 

(p=0.921). 

Conclusions: Both intravitreal and topical application of dopamine inhibit the development of 

FDM in a dose-dependent manner, indicating that topical administration may be an effective 

avenue for longer-term dopamine experiments. Deuterium substitution does not alter the 
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protection afforded by dopamine against FDM when given as either an intravitreal injection or 

topical eye drop. 

 

6.3 Introduction 

During the past century, the refractive disorder myopia (short-sightedness) has undergone a 

dramatic rise in prevalence and is now the leading cause of visual impairment wordwide (for 

review see2). The dramatic rise in prevalence is most notable in educationally developed areas 

of East and Southeast Asia where myopia prevalence in young adults has risen from 20-30% 

to 80-85% in the last five decades (for review see2).  

Our understanding of the biochemical and physiological mechanisms underlying normal ocular 

growth (emmetropisation) and the development of myopia has been significantly advanced by 

experimental findings from a number of animal models (for review see5). Of particular interest 

have been the findings from pharmacological studies, which have provided a direct mechanism 

by which to test the role of several postulated neuropathways in the development and/or 

prevention of experimental myopia. One such molecule that has been heavily investigated by 

way of pharmacological manipulation is dopamine, a critical retinal catecholamine (for review 

see4-6, 338, 340). Specifically, pharmacological administration, by means of intravitreal injection, 

of dopaminergic agonists, exogenous dopamine, or its precursor levodopa, has been shown to 

significantly inhibit the development of form-deprivation myopia (FDM) (Table 6-1). 

Conversely, treatment with 6-hydroxydopamine in mice11, which depletes the retina of 

dopaminergic neurons, or intravitreal injection of dopaminergic antagonists in chicks25, 349, 350, 

can induce myopic growth11 or prevent the growth suppression associated with brief periods of 

normal vision25 (diffuser and negative lens-removal), as well as the protective effects of bright 

light exposure349, 350 against FDM.   
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Table 6-1: Summary of dopaminergic agonists which inhibit FDM 

Drug Action Animal References 

Dopamine Natural ligand Rabbits 23 

Levodopa Metabolic precursor 

Chicks 

Mice 

Guinea 

pigs 

406, 407 
355 

353, 356 

ADTN Non-specific agonist Chicks 25 

Apomorphine Non-specific agonist 

Chicks 

Guinea 

pigs 

Mice 

Primates 

6, 17-19 
29 
21 
20 

Quinpirole Non-specific agonist 

Chicks 

Tree 

shrews 

19, 25 
26 

PD168077 D4 agonist 
Tree 

shrews 

26 

ADTN: 6-Amino-5,6,7,8-tetrahydronaphthalene-2,3-diol hydrobromide, FDM: form-

deprivation myopia. 
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For the vast majority of these pharmacological manipulations of the dopaminergic system, the 

investigated compound has been administered via intravitreal injection so as to maximise the 

bioavailability to the retina. However, for longer-term studies, daily intravitreal injections are 

not preferable as they may induce adverse and off-target effects due to repeated penetration of 

the wall of the eye with a needle (for review see370). Furthermore, repeated intravitreal 

injections have also been reported to themselves have an inhibitory effect on myopia, which 

may confound investigations into preventative interventions362. A preferable and more 

clinically relevant avenue for longer-term pharmacological treatment is administration via 

topical eye drops, an approach which we have recently tested for treating experimental myopia 

using the dopaminergic precursor levodopa406, 407. Therefore, this study investigates whether 

dopamine, given daily as a topical eye drop, can penetrate the cornea and inhibit the 

development of FDM in a similar manner to that seen for intravitreal injections in chicks. A 

topical route of administration may however be ineffective for dopamine due to its negative 

charge and inability to cross tight barriers such as the blood brain barrier. Furthermore, even if 

dopamine is able to penetrate the corneal epithelium, it may be quickly degraded in the eye 

before reaching the retina335. To address this, the current study also looks at whether a 

deuterated form of dopamine (Dopamine-1,1,2,2-d4 hydrochloride; D4 dopamine) can show 

greater bioavailability, and therefore increased protection against FDM when administered as 

either intravitreal injections or eye drops, due to a reduced rate of degradation. Deuterated 

compounds involve the substitution of carbon-hydrogen (1H) bonds with carbon-deuterium 

(2H) bonds to generate functionally identical, but higher molecular weight molecules. Such 

deuterated molecules are heavily used in diagnostic and analytical techniques. Recently, the 

use of deuterium labelled compounds has expanded to pharmaceutical discovery and drug 

development (for review see479, 480). As the carbon-deuterium bond is shorter and has lower 

electronic polarizability, these compounds are more stable than carbon-hydrogen bonds, while 
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generally showing no difference in their mechanism of action, binding affinity, solubility and 

permeability, off-target profiles, and tolerability (for review see480). Deuterium substitution 

may therefore enhance the protection afforded by dopamine against FDM by increasing 

dopamine’s bioavailability or half-life in the eye481-485. 

 

6.4 Methods 

6.4.1 Animals and housing 

Day-old male White-Leghorn chickens were obtained from Barter & Sons Hatchery (Horsley 

Park, NSW, Australia). Chicks were kept in temperature-controlled rooms under normal 

laboratory lighting (500 lux, fluorescent lights) on a 12:12 hour light:dark cycle with lights on 

at 9am and off at 9pm. Chicks were given access to unlimited amounts of food and water and 

given five days to adjust to their surroundings, grow adequately for the mounting of diffusers, 

and for the retina to reach visual maturity before experiments commenced. Authorization 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 20-98) and 

conformed to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research. 

6.4.2 Myopia induction and measurement of ocular parameters 

Myopia was induced by placing a translucent diffuser (FDM) over the treated (left) eye as 

previously described406, 409, 410. In short, on the day prior to treatment, Velcro mounts were 

fitted around the left eye with Loctite® super glue (Henkel, Kilsyth, VIC, Australia). On the 

following day, immediately following the initial drug treatment, translucent diffusers fitted to 

matching Velcro rings were placed onto the mounts, with the right eye left untreated to serve 

as a contralateral control.  
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Axial length (the distance from the front of cornea to the front surface of the retina) and 

refractive measurements were carried out prior to and at the completion of experiments using 

A-scan ultrasonography (Biometer AL-100 (resolution: 0.01mm); Tomey Corporation, 

Nagoya, Japan) and automated infrared photoretinoscopy (system provided courtesy of 

Professor Frank Schaeffel, University of Tuebingen, Germany) as previously described406. A-

scan ultrasonography measurements were carried out under light isoflurane anaesthesia (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), refraction measurements were 

carried out without cycloplegia on conscious chickens in darkened rooms. No significant 

differences in refraction or axial length were observed between groups or between the two eyes 

of individual chicks prior to the commencement of treatment. 

6.4.3 Drug preparation and administration 

For all preparations (Table 6-2), dopamine hydrochloride (Sigma Aldrich, H8502) or 

dopamine-1,1,2,2-d4 hydrochloride (D4 dopamine; Sigma Aldrich, 655651) was freshly 

dissolved each day in a solution containing 0.1% w/v ascorbic acid in 1x phosphate-buffered 

saline (PBS), pH 6.0.  The drug solutions (Table 6-2) were administered to chickens as either 

a single intravitreal injection each day or eye drops twice-daily to their diffuser-treated eye for 

four consecutive days. For topical application, 80µL of each compound (at their respective 

concentrations) was given in the morning (9am, lights on) and afternoon (1:30pm). In contrast, 

for intravitreal administration, a single 10µL injection, at the same respective concentrations 

as those used for drops, was given once in the morning (9am (lights on), using a 30-gauge 

needle (Terumo) fitted to a Hamilton syringe (100 µL capacity)). Therefore, although given at 

the same concentrations, the moles of drug available will differ between drops and intravitreal 

injections (see Table 6-2). A larger volume was used for topical administration as the dropper 
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device could not expel less than this volume, while also accounting for the lack of corneal 

penetration seen for most topically applied drugs450-453. Drops were also given twice daily as 

previous work in our lab has shown that the effectiveness of tested compounds is shorter-lived 

when given topically versus intravitreally406. Eye drops were administered to conscious 

chickens, while for intravitreal administration, chicks were anaesthetised under light isoflurane 

as described above. 
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Table 6-2: Drug preparations 

Compound 
Application 

Avenue 

Concentration 

(mM) 

Concentration 

(% w/v) 

Treatments 

per day 

Volume 

given 

daily 

(μL) 

Amount 

given 

(mg/day) 

Amount given (µmoles/ 

day) 

Dopamine Injection 150.000 2.845 1 10 0.285 1.500 

Dopamine Injection 15.000 0.285 1 10 0.029 0.150 

Dopamine Injection 1.500 0.029 1 10 0.003 0.015 

Dopamine Injection 0.150 0.003 1 10 0.0003 0.002 

Dopamine Drops 150.000 2.845 2 160 4.552 24.003 

Dopamine Drops 15.000 0.285 2 160 0.456 2.405 

Dopamine Drops 1.500 0.029 2 160 0.046 0.245 

Dopamine Drops 0.150 0.003 2 160 0.005 0.025 

D4 Dopamine Injection 150.000 2.905 1 10 0.291 1.500 

D4 Dopamine Injection 15.000 0.290 1 10 0.029 0.150 

D4 Dopamine Injection 1.500 0.029 1 10 0.003 0.015 

D4 Dopamine Injection 0.150 0.003 1 10 0.0003 0.002 

D4 Dopamine Drops 150.000 2.905 2 160 4.648 24.001 

D4 Dopamine Drops 15.000 0.290 2 160 0.464 2.400 

D4 Dopamine Drops 1.500 0.029 2 160 0.046 0.240 

D4 Dopamine Drops 0.150 0.003 2 160 0.005 0.025 

D4 Dopamine:  Dopamine-1,1,2,2-d4 hydrochloride, Injection: intravitreal injection, Drops: topical eye drops. 
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6.4.4 Control paradigms 

This project was broken into two experimental paradigms which were undertaken in separate 

weeks (Experiment 1 - intravitreal injection dose-response curves, Experiment 2 - topical eye 

drops dose-response curves). Each experiment was undertaken alongside its own control 

groups: FDM only (n=10 per experiment) and age-matched untreated control animals (n=10 

per experiment). An FDM vehicle control group (n=10) was also undertaken in each 

experiment in which the vehicle solution (0.1% ascorbic acid in 1xPBS, pH 6.0) was 

administered via intravitreal injection or topical eye drops. As outlined in the results, the 

amounts of axial elongation and refractive shift induced by diffuser-wear were not statistically 

different across the two experiments. Similarly, there was no statistical difference in axial 

length or refraction in age-matched untreated control animals and contralateral control values 

between experiments. Therefore, for the analysis of drug effects on the development of FDM, 

all statistics were calculated against ‘FDM only’ or age-matched untreated control values that 

had been averaged across the two experiments. 

6.4.5 Experiment 1: Intravitreal injection dose-response curves 

To first determine the effectiveness of dopamine and D4 dopamine at inhibiting the 

development of FDM, when delivered directly to the retina, both compounds were 

administered via intravitreal injection (see Table 6-2 for details on drug solutions). Group 

numbers were originally set at n=10 (see power calculation in the statistical analysis section 

below). However, chicks that removed their diffusers, which represented 2 chicks per group on 

average, were taken out of the experiment and therefore are not reported. Chicks were allocated 

to the following groups and treated as outlined earlier: 

1. Fitted with a translucent diffuser, with; 

a. No pharmacological treatment (FDM only, n=10); 
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b. Intravitreal injection of one of the following amounts of dopamine: 

0.002µmoles (n=7); 0.015µmoles (n=6); 0.150µmoles (n=6); or 1.500µmoles 

(n=8); 

c. Intravitreal injection of one of the following amounts of D4 dopamine: 

0.002µmoles (n=6); 0.015µmoles (n=8); 0.150µmoles (n=9); or 1.500µmoles 

(n=8); 

d. Intravitreal injection of a vehicle solution (0.1% ascorbic acid in 1xPBS, pH 

6.0; FDM Vehicle Injections, n=10); 

2. No diffuser-wear, with; 

a. No pharmacological treatment (age-matched untreated controls, n=10); 

b. Intravitreal application of 1.5µmoles of dopamine (n=6) or 1.5µmoles of D4 

dopamine (n=6) to determine any effects on normal ocular growth using the 

highest tested doses.   

6.4.6 Experiment 2: Topical eye drops dose-response curves 

To determine the effectiveness of dopamine and D4 dopamine at inhibiting the development of 

FDM when applied topically, chicks were allocated to the following groups (see Table 6-2 for 

details on drug solutions) and treated according to the specifications outlined earlier: 

1. Fitted with a translucent diffuser, with; 

a. No pharmacological treatment (FDM only, n=10); 

b. Topical application of one of the following amounts of dopamine: 0.025µmoles 

(n=7); 0.245µmoles (n=10); 2.405µmoles (n=7); or 24.003µmoles (n=10); 
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c. Topical application of one of the following amounts of D4 dopamine:  

0.025µmoles (n=6); 0.240µmoles (n=10); 2.400µmoles (n=9); or 24.001µmoles 

(n=6); 

d. Topical application of a vehicle solution (0.1% ascorbic acid in 1xPBS, pH 6.0; 

FDM Vehicle Drops, n=10); 

2. No diffuser-wear, with; 

a. No pharmacological treatment (age-matched untreated controls, n=10); 

b. Topical application of 24µmoles of dopamine (n=6) or 24µmoles of D4 

dopamine (n=6) to determine any effects on normal ocular growth using the 

highest tested dose.  

6.4.7 Statistical analysis 

For drug treatments, a power calculation was undertaken to determine the group sizes required 

to achieve 80% power in observing a 0.8D change in refraction with a predicted standard 

deviation of 0.5D based on previous results: 

𝑛1 =
(𝜎1

2 + 𝜎2
2 𝐾⁄ )(𝑧1−𝛼 2⁄  +  𝑧1−𝛽)

2

∆2
 

𝑛1 =
(0.52 + 0.52 1⁄ )(1.96 +  0.84)2

0.82
 

𝑛1 = 6 

To account for fluctuations in standard deviation, as well as potential dropouts due to diffuser-

removal (at which point chicks were removed from the experiment and not reported), group 

sizes were increased to n=10.  
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All values reported represent the means ± the standard error of the means. Figures represent 

the average differences between treated and contralateral control eyes or the percent protection 

against the development of FDM at the end of the experiment. The average values of individual 

eyes can be found in Table 6-3. 
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Table 6-3: Axial length and refractive measurements for dopamine and D4 dopamine dose-response curves 

  Axial Length Refraction 

Condition 
Treated 

(Left eye) 

Contralateral 

(Right eye) 

Compared 

to FDM 

Compared 

to untreated 

Treated 

(Left eye) 

Contralateral 

(Right eye) 

Compared 

to FDM 

Compared 

to untreated 

Untreated 8.67 ± 0.05 8.67 ± 0.02 p<0.001 - 2.73 ± 0.06 2.63 ± 0.05 p<0.001 - 

FDM only 9.05 ± 0.04 8.67 ± 0.04 - p<0.001 -1.56 ± 0.17 2.57 ± 0.07 - p<0.001 

Vehicle 

Injections 
9.13 ± 0.04 8.78 ± 0.05 p=0.729 p<0.001 -0.80 ± 0.11 2.73 ± 0.06 p=0.881 p<0.001 

Vehicle Drops 9.08 ± 0.05 8.68 ± 0.04 p=0.604 p<0.05 -1.73 ± 0.10 2.30 ± 0.23 p=0.823 p<0.001 

FDM + Dopamine Injections 

0.002µmoles  8.86 ± 0.06 8.64 ± 0.03 p=0.325 p=0.364 0.19 ± 0.28 2.73 ± 0.07 p<0.05 p<0.001 

0.015µmoles  8.85 ± 0.06 8.72 ± 0.04 p=0.307 p=0.616 0.12 ± 0.33 2.48 ± 0.23 p<0.01 p<0.001 

0.150µmoles  8.73 ± 0.09 8.62 ± 0.06 p<0.05 p=1.000 0.98 ± 0.35 2.57 ± 0.08 p<0.001 p<0.001 

1.500µmoles 8.76 ± 0.05 8.69 ± 0.03 p<0.01 p=1.000 1.18 ± 0.33 2.38 ± 0.19 p<0.001 p<0.001 

FDM + D4 Dopamine Injections 

0.002µmoles  8.85 ± 0.06 8.65 ± 0.04 p=0.187 p=0.234 -0.18 ± 0.23 2.58 ± 0.03 p<0.05 p<0.001 

0.015µmoles 8.87 ± 0.07 8.73 ± 0.04 p=0.063 p=0.080 -0.29 ± 0.14 2.46 ± 0.13 p<0.05 p<0.001 

0.150µmoles  8.75 ± 0.04 8.68 ± 0.03 p<0.001 p=1.000 0.24 ± 0.15 2.60 ± 0.06 p<0.01 p<0.001 

1.500µmoles 8.78 ± 0.05 8.73 ± 0.04 p<0.01 p=1.000 -0.04 ± 0.29 2.14 ± 0.27 p<0.001 p<0.001 

FDM + Dopamine Drops 

0.03µmoles 9.02 ± 0.06 8.60 ± 0.04 p=1.000 p<0.01 -0.53 ± 0.23 2.39 ± 0.26 p=0.311 p<0.001 

0.25µmoles 8.97 ± 0.07 8.70 ± 0.04 p=0.401 p<0.05 0.17 ± 0.25 2.68 ± 0.07 p<0.001 p<0.001 

2.41µmoles 8.80 ± 0.06 8.57 ± 0.06 p<0.01 p=1.000 0.26 ± 0.18 2.61 ± 0.08 p<0.001 p<0.001 

24.00µmoles 8.88 ± 0.06 8.71 ± 0.04 p<0.05 p=0.315 0.05 ± 0.18 2.32 ± 0.19 p<0.001 p<0.001 

FDM + D4 Dopamine Drops 
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0.03µmoles 8.93 ± 0.08 8.66 ± 0.06 p=0.324 p=0.072 -0.95 ± 0.51 2.45 ± 0.18 p=1.000 p<0.001 

0.24µmoles 8.94 ± 0.07 8.72 ± 0.05 p<0.01 p=0.151 -0.50 ± 0.15 2.59 ± 0.12 p<0.05 p<0.001 

2.40µmoles 8.86 ± 0.07 8.68 ± 0.05 p<0.01 p=1.000 -0.06 ± 0.15 2.61 ± 0.13 p<0.01 p<0.001 

24.00µmoles 8.88 ± 0.07 8.70 ± 0.05 p<0.05 p=0.357 0.13 ± 0.15 2.65 ± 0.11 p<0.01 p<0.001 

150mM Dopamine - No Ocular Treatment 

Injections 8.70 ± 0.06 8.77 ± 0.03 p<0.05 p=0.987 2.18 ± 0.22 2.18 ± 0.16 p<0.001 p=0.453 

Drops 8.68 ± 0.05 8.66 ± 0.04 p<0.05 p=0.816 2.04 ± 0.26 1.96 ± 0.12 p<0.001 p=0.289 

150mM D4 Dopamine - No Ocular Treatment 

Injections 8.66 ± 0.04 8.78 ± 0.07 p<0.01 p=0.582 1.88 ± 0.37 2.20 ± 0.40 p<0.01 p=0.271 

Drops 8.69 ± 0.05 8.72 ± 0.07 p<0.01 p=0.919 2.24 ± 0.18 2.04 ± 0.10 p<0.001 p=0.482 

D4 dopamine:  Dopamine-1,1,2,2-d4 hydrochloride, FDM: form-deprivation myopia, Untreated: age-matched untreated controls. Data are 

presented as the means ± standard error of the means, statistics are presented as pairwise comparisons with Bonferroni correction following 

ANOVA analysis, with significant comparisons (p<0.05) presented in bold. 
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Percent protection against the development of FDM was calculated by comparing the change 

in axial length or refraction in drug treated groups to the change in axial length or refraction in 

FDM only animals: 

% 𝑃𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 = 100 − (
∆ 𝑑𝑟𝑢𝑔 𝑡𝑟𝑒𝑎𝑡𝑒𝑑

∆ 𝐹𝐷𝑀 𝑂𝑛𝑙𝑦
× 100) 

The effectiveness of drops relative to intravitreal injections was calculated as outlined below. 

Importantly, this calculation had to be adjusted to account for the fact that although the same 

concentrations were tested across both drops and injections, there were differences in the 

amount of drug made available to the eye on a mole for mole basis due to differences in the 

volumes applied (Table 6-2). Specifically, drops provided a 16 times larger amount of drug to 

the eye than injections.  

% 𝐸𝑓𝑓𝑒𝑐𝑡𝑖𝑣𝑒𝑛𝑒𝑠𝑠 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑡𝑜 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛𝑠 =
(

%𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 (𝑑𝑟𝑜𝑝𝑠)
16

)

%𝑝𝑟𝑜𝑡𝑒𝑐𝑡𝑖𝑜𝑛 (𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛𝑠)
 × 100 

However, this adjustment does not consider differences in absorption, drainage, or distribution 

between the two methods of administration, but simply differences in volume given. 

Before analysing the effect of treatment, all data were first tested for normality and 

homogeneity of variance (Shapiro-Wilk test). Following this, the effect of treatment was 

analysed via a one-way univariate analysis of variance (ANOVA), followed by a Student’s 

unpaired t-test with Bonferroni correction for multiple testing for analysis of specific between 

group effects. To compare the protection of dopamine vs D4 dopamine or intravitreal vs topical 

administration, a multivariate analysis of variance (MANOVA) was undertaken. All statistical 

comparisons were undertaken in IBM SPSS Statistics package 25 with a statistical cut-off of 

0.05. 
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6.5 Results 

6.5.1 Analysis of control paradigms 

Age-matched untreated control animals exhibited similar axial lengths (p=0.992) and 

refractions (p=0.916) between the intravitreal and topical eye drop experiments. Therefore, 

these two groups were combined into a single age-matched untreated control group for all 

analyses. There was also no difference in axial length (p=0.765) or refraction (p=0.179) 

between contralateral control eyes and those of age-matched untreated control animals. 

Therefore, all comparisons to untreated values herein are made to those of age-matched 

untreated control animals.  

FDM only chickens developed similar axial length (p=0.898) and refraction (p=0.976) values 

between the intravitreal injection and topical eye drop experiments and therefore these two 

groups were also combined into a single FDM only group for analyses of drug effects. Form-

deprivation induced a significantly greater rate of axial growth (p<0.001) and a significant 

myopic shift in refraction (p<0.001) in treated eyes relative to age-matched untreated control 

animals.  Neither intravitreal (axial: p=0.729, refraction: p=0.881), nor topical eye drop (axial: 

p=0.604, refraction: p=0.823) treatment with the vehicle solution (0.1% ascorbic acid in 

1xPBS, pH 6.0) altered the development of FDM (Table 6-3 – raw data). 

Intravitreal administration of dopamine (axial: p=0.987, refraction: p=0.453) or D4 dopamine 

(axial: p=0.271, refraction: p=0.582) to otherwise untreated eyes did not lead to any changes 

in axial length or refraction (Table 6-3 – raw data). Similarly, topical application of dopamine 

or D4 dopamine to otherwise untreated eyes did not lead to any changes in axial length 

(dopamine: p=0.816, D4 dopamine: p=0.919) or refraction (dopamine: p=0.271, D4 dopamine: 

p=0.482) compared to untreated controls (Table 6-3 – raw data). 
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6.5.2 Intravitreal injection dose-response curves 

The excessive axial elongation associated with form-deprivation was significantly retarded by 

intravitreal dopamine (y=5.1287ln(x) + 82.771, R2=0.89, EC50=0.002µmoles (0.14mM or 

0.3µg/day); Figure 6-1A) or D4 dopamine (y=5.6085ln(x) + 88.196, R2=0.94, 

EC50=0.001µmoles (0.21mM or 0.4µg/day); Figure 6-1C) administration in a dose-dependent 

manner that was best described by a logarithmic function (Table 6-3 – raw data, Table 6-4 – 

ANOVA analysis). Similarly, intravitreal injection of dopamine (y=5.2504ln(x) + 69.328, 

R2=0.96; Figure 6-1B) or D4 dopamine (y=2.3614ln(x) + 46.557, R2=0.91; Figure 6-1D) 

significantly inhibited, but did not abolish, the myopic shift in refraction associated with 

diffuser-wear in a dose-dependent manner that was again best described by a logarithmic 

function (Table 6-3 – raw data, Table 6-4 – ANOVA analysis). At the higher doses, the axial 

length of dopamine (0.15µmoles (p=1.000) and 1.5µmoles (p=1.000)) and D4 dopamine 

(0.15µmoles (p=1.000) and 1.5µmoles (p=1.000)) treated eyes was not statistically different to 

age-matched untreated controls with these doses abolishing the excessive elongation associated 

with FDM. There was a strong correlation between the refractive and axial length changes 

induced by administration of dopamine (R2=0.76, Supplementary Figure 9-10A) and D4 

dopamine (R2=0.60, Supplementary Figure 9-10B) across all doses investigated.  

Although a potential biological difference was observed at higher doses in refraction, there was 

no statistical difference in axial length or refraction changes seen between dopamine and D4 

dopamine treated chicks, with the degree of protection against the development of FDM similar 

across all doses (Figure 6-1E&F, Table 6-4 – MANOVA analysis).  
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Table 6-4: Univariate and multivariate analysis of variance tests of dopamine and D4 dopamine dose-response curves 

  Injections Drops 

  Dopamine D4 Dopamine 
Dopamine vs D4 

Dopamine 
Dopamine D4 Dopamine 

Dopamine vs D4 

Dopamine 

Axial Length 

(compared to 

FDM) 

F(4,48)=4.825, 

p<0.01 

F(4,47)=7.739, 

p<0.001 

Wilks’s Lambda 

= 0.930, 

F(1,63)=0.263, 

p=0.897 

F(4,50)=3.279, 

p<0.05 

F(4,47)=2.576, 

p<0.05 

Wilks’s Lambda 

= 0.957, 

F(1,64)=0.225, 

p=0.921 

Axial Length 

(compared to 

untreated) 

F(4,48)=1.669, 

p=0.180 

F(4,47)=2.841, 

p<0.05 
 

F(4, 50)=6.338, 

p<0.001 

F(4, 47)=2.877, 

p<0.05 
 

ACD  

(compared to 

FDM) 

F(4, 48)=0.453, 

p=0.769 

F(4, 47)=0.159, 

p=0.958 
  

F(4,50)=0.494, 

p=0.740 

F(4,47)=0.846, 

p=0.502 
 

Lens Thickness 

(compared to 

FDM) 

F(4, 48)=0.284, 

p=0.887 

F(4, 47)=2.005, 

p=0.112 
  

F(4,50)=0.354, 

p=0.840 

F(4,47)=0.875, 

p=0.485 
 

VCD  

(compared to 

FDM) 

F(4,48)=4.330, 

p<0.01 

F(4,47)=7.319, 

p<0.001 
  

F(4, 50)=3.688, 

p<0.05 

F(4, 47)=2.867, 

p<0.05 
 

Refraction 

(compared to 

FDM) 

F(4, 48)=14.420, 

p<0.001 

F(4, 47)=10.137, 

p<0.001 

Wilks’s Lambda 

= 0.691, 

F(1,63)=1.566, 

p=0.238 

F(4, 50)=13.922, 

p<0.001 

F(4, 47)=6.839, 

p<0.001 

Wilks’s Lambda 

= 0.714, 

F(1,64)=1.907, 

p=0.151 

Refraction 

(compared to 

untreated) 

F(4, 48)=20.797, 

p<0.001 

F(4, 47)=65.060, 

p<0.001 
 

F(4, 50)=72.881, 

p<0.001 

F(4, 47)=50.071, 

p<0.001 
 

ANOVAs were undertaken to compare the effects of dopamine or D4 dopamine treatment against the development of form-deprivation myopia 

(compared to FDM) or to untreated control animals (compared to untreated). ACD, lens thickness, and VCD were only compared to myopia 
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treatment to demonstrate that protection against axial elongation was driven by changes in VCD rather than ACD and lens thickness. MANOVAs 

were undertaken to compare the effectiveness of dopamine and D4 dopamine relative to each other. Significant tests (p<0.05) are highlighted in 

bold. D4 Dopamine:  Dopamine-1,1,2,2-d4 hydrochloride, ACD: anterior chamber depth, VCD: vitreal chamber depth. 
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Figure 6-1: Intravitreal injection dose-response curves for dopamine and D4 dopamine 

against the development of FDM following four days of treatment 

(A) Axial length measurements from chicks treated with intravitreal dopamine; (B) refraction 

measurements from chicks treated with intravitreal dopamine; (C) axial length measurements 

from chicks treated with intravitreal D4 dopamine; (D) refraction measurements from chicks 
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treated with intravitreal D4 dopamine; (E) percent protection afforded by dopamine and D4 

dopamine against the axial elongation associated with FDM; (F) percent protection afforded 

by dopamine and D4 dopamine against the shift in refraction associated with FDM. Data 

represents the means ± standard error of the means. D4 dopamine:  Dopamine-1,1,2,2-d4 

hydrochloride, FDM: form-deprivation myopia, 0.002: treatment with 0.002µmoles of 

dopamine, 0.015: treatment with 0.015µmoles of dopamine, 0.15: treatment with 0.15µmoles 

of dopamine, 1.5: treatment with 1.5µmoles of dopamine. Statistics denote difference of treated 

eyes relative to FDM only; * p<0.05, ** p<0.01, *** p<0.001.   
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6.5.3 Topical application dose-response curves 

As with intravitreal injection, daily topical application of dopamine (y=8.4816ln(x) + 34.667, 

R2=0.92, EC50=6.10µmoles (38.04mM or 1.15mg/day); Figure 6-2A) or D4 dopamine 

(y=3.2594ln(x) + 48.076, R2=0.94, EC50=1.80µmoles (11.21mM or 0.347mg/day); Figure 6-

2C) significantly inhibited the excessive axial elongation associated with FDM in a dose-

dependent manner best described by a logarithmic function (Table 6-3 – raw data, Table 6-4 – 

ANOVA analysis). Similarly, daily application of dopamine (y=2.4073ln(x) + 39.861, 

R2=0.87; Figure 6-2B) or D4 dopamine (y=3.2215ln(x) + 30.566, R2=0.97; Figure 6-2D) as eye 

drops significantly inhibited, but did not prevent, the myopic shift in refraction associated with 

form-deprivation in a dose-dependent manner that was also best described by a logarithmic 

function (Table 6-3 – raw data, Table 6-4 – ANOVA analysis). Once again, at the higher doses, 

the axial length of dopamine (2.4µmoles (p=1.000) and 24µmoles (p=0.315)) and D4 dopamine 

(2.4µmoles (p=1.000) and 24µmoles (p=0.357)) treated eyes was not statistically different to 

age-matched untreated controls with these doses abolishing the excessive elongation associated 

with FDM. Like intravitreal injections, there was a strong correlation between the axial length 

and refractive changes observed in response to topical treatment with dopamine (R2=0.78, 

Supplementary Figure 9-10C) and D4 dopamine (R2=0.71, Supplementary Figure 9-10D).  

Although a small biological difference was observed at 0.025mmoles (Figure 6-2E), the degree 

of protection against the axial elongation associated with FDM was not significantly different 

between chicks treated with topically-applied dopamine and D4 dopamine (Table 6-4 – 

MANOVA analysis). As observed in injections, though dopamine appeared slightly more 

protective (Figure 6-2F), there was no significant difference in refraction between dopamine 

and D4 dopamine treated animals (Table 6-4 – MANOVA analysis). 
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Figure 6-2: Topical eye drops dose-response curves for dopamine and D4 dopamine 

against the development of FDM following four days of treatment 

(A) Axial length measurements from chicks treated with topical dopamine; (B) refraction 

measurements from chicks treated with topical dopamine; (C) axial length measurements from 

chicks treated with topical D4 dopamine; (D) refraction measurements from chicks treated with 

topical D4 dopamine; (E) percent protection afforded by dopamine and D4 dopamine against 
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the axial elongation associated with FDM; (F) percent protection afforded by dopamine and 

D4 dopamine against the shift in refraction associated with FDM. Data represents the means ± 

standard error of the means. D4 dopamine:  Dopamine-1,1,2,2-d4 hydrochloride, FDM: form-

deprivation myopia, VS: treatment with vehicle solution drops, 0.025: treatment with 

0.025µmoles of dopamine, 0.24: treatment with 0.24µmoles of dopamine, 2.4: treatment with 

2.4µmoles of dopamine, 24: treatment with 24µmoles of dopamine. Statistics denote difference 

of treated eyes relative to FDM only; * p<0.05, ** p<0.01, *** p<0.001.   
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6.5.4 Protection of topical eye drops against the development of FDM relative 

to intravitreal injections 

When dopamine was administered via topical eye drops, the protection afforded against the 

axial elongation (Wilks’s Lambda = 0.338, F(1,61)=6.850, p<0.01; Figure 6-3A) and myopic 

refractive shift (Wilks’s Lambda = 0.335, F(1,61)=6.935, p<0.01; Figure 6-3B) associated with 

FDM was significantly lower than that seen for intravitreal injections of the same 

concentrations of the drug solution. When examined on a mg for mg basis to account for the 

different volumes administered, the difference in effectiveness between drops and injections 

was even greater, as 16 times more drug was applied as drops relative to intravitreal injection 

(Figure 6-3E&F).  

Similarly, when D4 dopamine was administered via topical eye drops, the protection afforded 

against the axial elongation associated with FDM was significantly lower than that seen for 

intravitreal injections of the same concentrations of the drug solution (Wilks’s Lambda = 0.475, 

F(1,61)=3.313, p<0.05; Figure 6-3C). However, this same reduction in effectiveness was not 

observed for refraction with no significant difference observed when comparing across 

concentrations administered (Wilks’s Lambda = 0.659, F(1,61)=1.813, p=0.182; Figure 6-3D). 

However, as noted for dopamine, when examined on a mg to mg basis, intravitreal injection of 

D4 dopamine had significantly greater protection against FDM relative to topical eye drops 

with respect to both axial length and refraction (Figure 6-3E&F).  
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Figure 6-3: Comparison of the effectiveness of intravitreal and topical eye drops for both 

dopamine and D4 dopamine against the development of FDM 
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Figure 6-3: (A) Percent protection afforded by intravitreal injections and topical eye drops of 

dopamine against the axial elongation associated with FDM; (B) percent protection afforded 

by intravitreal injections and topical eye drops of dopamine against the shift in refraction 

associated with FDM; (C) percent protection afforded by intravitreal injections and topical eye 

drops of D4 dopamine against the axial elongation associated with FDM; (D) percent protection 

afforded by intravitreal injections and topical eye drops of D4 dopamine against the shift in 

refraction associated with FDM; (E) percent effectiveness of dopamine or D4 dopamine eye 

drops relative to intravitreal injections on a mole for mole basis for axial growth; (F) percent 

effectiveness of dopamine or D4 dopamine eye drops relative to intravitreal injections on a 

mole for mole basis for refraction. In panels A – D, the dosage given in micromoles can be 

found on the top x-axis for injections and the bottom x-axis for drops. Data represents the 

means ± standard error of the means. D4 dopamine:  Dopamine-1,1,2,2-d4 hydrochloride, FDM: 

form-deprivation myopia.  
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6.6 Discussion 

Intravitreal and topical administration of dopamine or D4 dopamine inhibited the development 

of FDM, with both the dose-response relationship for both treatment avenues following a 

logarithmic relationship.  This complements previous animal work demonstrating the 

importance of dopamine in experimental paradigms of ocular growth. Specifically, in all 

species studied, ocular levels of dopamine, and its primary metabolite 3,4-

dihydroxyphenylacetic acid (DOPAC), are diminished during the development of form-

deprivation myopia (FDM)6-12, 348. In accordance with the changes seen in dopamine levels, 

administration of dopamine, the dopamine precursor levodopa, or dopaminergic agonists is 

able to inhibit the development of experimental myopia (Table 6-1). Furthermore, the D2-like 

dopamine antagonist spiperone has been reported to abolish the protective effects of brief 

periods of normal vision against FDM25, 28, and lens-induced myopia (LIM)19, in chicks. 

However, contrary to what would be expected based on the findings noted above, 

administration of 6-hydroxydopamine (which primarily depletes dopaminergic neurons) and 

reserpine (which depletes dopaminergic and serotonergic neurons) have been reported to 

inhibit the development of FDM in chicks14, 352, 408. This unexpected result may suggest that 

both neurotoxins, although depleting the retina of dopaminergic neurons, may also be affecting 

other neural subtypes critical in growth regulation.  

The current findings demonstrate that topical application of dopaminergic compounds is a 

viable treatment avenue for investigating the role of this catecholamine in ocular growth over 

longer timeframes in which daily intravitreal injections become less appropriate due to 

potential complications. Specifically, intravitreal injections require animals to be anaesthetised 

on a daily basis which can produce significant effects on their health and development (for 

review see486). Secondly, with each injection into the vitreous cavity through the wall of the 

eye, several complications can occur, the potential for which increase with each repeat 
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injection. These complications include internal ocular bleeds, pressure associated damage due 

to an increased ocular volume, bacterial infection, ocular irritation, formation of cataracts and 

dislodgement of the vitreous body (for review see370).  Such complications are not observed 

with topical eye drops as this is a non-invasive procedure that does not require anaesthesia of 

the animal. Although eye irritation and superficial infections are potential complications of 

topical application, their risks can be significantly diminished with sterile drug preparation. No 

signs of ocular irritation or inflammation were currently observed. However, an important point 

to address when looking at topical application of compounds is the potential for off-target 

effects associated with systemic distribution. Based on our previous reports of limited systemic 

distribution when the dopamine precursor levodopa is applied topically406, one would assume 

a similar lack of systemic distribution for dopamine, thus limiting the chances for any non-

ocular off-target effects. In line with a lack of systemic distribution, no changes were observed 

in the animals’ behaviour (i.e. feeding patterns, activity levels, weight gain, preening behaviour 

and aggression levels), although longer time-courses and more complex testing would be 

required to confirm a lack of effect on behavioural centres. Together, this study indicates that 

topical administration of dopaminergic compounds may also be practical for the treatment of 

human myopia, with the caveat above that potential systemic effects must be further 

investigated.   

Although topical application did inhibit the development of experimental myopia in a dose-

dependent manner in this current study, the protection afforded is significantly lower than that 

seen for intravitreal injections on a mole for mole basis, which is consistent with an intraocular 

(e.g. retinal) site of action. This is not unexpected as, due to the biological barriers of the eye 

as well as ocular drainage and systemic absorption, typically less than 3% of most topically 

applied compounds is able to penetrate to the posterior segment of the eye in humans and 

mammalian animal models450-453. Our current findings indicate that topical application was 
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roughly 3-12% as effective relative to intravitreal injection, which aligns with the expected 

penetration to the retina after topical application based on the above non-avian studies. The 

effectiveness of eye drops relative to injections also aligns with previous studies from our lab 

comparing intravitreal and topical administration of levodopa and atropine406, 407. Future 

studies will need to investigate if greater posterior penetration can be achieved through the 

addition of penetrating agents, such as lipid-based carriers, or through modifications to the drug 

other than deuteration. Such modifications may not only increase bioavailability at the retina 

but may also reduce the number of treatment intervals required, with the current topical 

formulations tested needing to be applied twice-daily to maintain effectiveness. 

Like dopamine, deuterium labelled dopamine significantly inhibited the development of FDM, 

showing a dose-dependent response when administered as intravitreal injections or topical eye 

drops. Deuterium substitution at dopamine’s alpha-481 and beta-482 carbons has previously been 

shown to inhibit its breakdown and conversion by monoamine oxidase and dopamine β-

hydroxylase, leading to a longer half-life within biological tissues483-485. Therefore, we 

investigated if this potential increase in stability and half-life would lead to greater 

bioavailability, and hence protection, when given as topical drops. Unexpectedly, deuterium 

substitution did not change the protection afforded by dopamine when given topically, or when 

given intravitreally. Although it is possible that deuterated dopamine has a different affinity for 

dopaminergic receptors or their transporters which may counteract any increases in 

bioavailability, deuterium substitution has not previously been reported to alter binding affinity 

(for review see480). This would suggest that the deuterated form of dopamine does not increase 

ocular bioavailability compared to its non-deuterated form, thus not enhancing growth 

inhibition.  
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6.6.1 Conclusions 

Here we show that topical application of dopamine can inhibit the development of FDM in a 

similar dose-dependent manner to that of intravitreal injections albeit to a lesser extent. We 

also report that, when administered as either an intravitreal injection or as a topical eye drop, 

deuterium labelled dopamine inhibits the development of FDM in a dose-dependent manner 

but to no greater extent than that of unmodified dopamine. 
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Chapter 7 – Do atropine and other cholinergic agents 

inhibit myopia through a dopaminergic mechanism? 

 

Sections 7.2–7.6 appear as published487 in Thomson K, Kelly T, Karouta C, Morgan I, Ashby 

R. Insights into the mechanism by which atropine inhibits myopia: evidence against cholinergic 

hyperactivity and modulation of dopamine release. British journal of pharmacology 

2021;178:4501-4517. 

 

7.1 Preface 

With a view towards understanding the mechanisms underlying atropine’s anti-myopic effects, 

Chapter 7 investigates the role of cholinergic hyperactivity in ocular growth, as well as the role 

of dopamine in atropine’s protective effects. To study the role of cholinergic hyperactivity, 

Chapter 7 examines whether cholinergic agonists accelerate ocular growth rates in chickens. 

To investigate the role of dopamine, Chapter 7 examines the effects of multiple concentrations 

of atropine on retinal dopamine release in chicks. This is followed by studying whether 

dopamine signaling is critical to these protective effects through co-administration of atropine 

with dopamine receptor antagonists. A similar investigation into the role of dopamine is also 

undertaken for the cholinergic agonists tested.  
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7.2 Abstract 

Background and Purpose: The ability of the muscarinic-cholinergic antagonist atropine to 

inhibit myopia development in humans and animal models would suggest that cholinergic 

hyperactivity may underlie myopic growth. To test this, we investigated whether cholinergic 

agonists accelerate ocular growth rates in chickens. Furthermore, we investigated whether 

atropine alters ocular growth by down-stream modulation of dopamine levels, a mechanism 

postulated to underly its anti-myopic effects. 

Experimental Approach: Muscarinic (muscarine and pilocarpine), nicotinic (nicotine), and 

non-specific (oxotremorine and carbachol) cholinergic agonists were administered to chicks 

developing form-deprivation myopia (FDM) or chicks that were otherwise untreated. Vitreal 

levels of dopamine and its primary metabolite (3,4-dihydroxyphenylacetic acid (DOPAC)) 

were examined using mass spectrometry in form-deprived chicks treated with atropine (360, 

15 or 0.15nmoles). Further, we investigated whether dopamine antagonists block atropine’s 

anti-myopic effects. 

Key Results: Unexpectedly, administration of each cholinergic agonist inhibited FDM 

(p<0.05) but did not affect normal ocular development (p=0.165). Atropine only affected 

dopamine (p<0.05) and DOPAC (p<0.05) levels at its highest dose. Dopamine antagonists did 

not alter atropine’s anti-myopia effects (p=0.478). 

Conclusions and Implications: Muscarinic, nicotinic, and non-specific cholinergic agonists 

inhibited FDM development. This indicates that cholinergic hyperactivity does not underly 

myopic growth and questions whether atropine inhibits myopia via cholinergic antagonism. 

We also report that changes in retinal dopamine release are not required for atropine’s anti-

myopic effects. Finally, nicotinic agonists may represent a novel and more targeted approach 
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for the cholinergic control of myopia as they are unlikely to suffer from the anterior segment 

side-effects associated with muscarinic treatment. 

 

7.3 Introduction 

Myopia, or short-sightedness, is the leading cause of visual impairment world-wide455. Over 

the past 50 years, the prevalence of myopia has increased dramatically, most notably in 

educationally developed areas of East and Southeast Asia, with estimates predicting that half 

the World’s population may be myopic by 2050415. Myopia arises from a mismatch between 

the optical power of the eye and its axial length. This predominantly occurs due to excessive 

growth of the eye during development and causes distant objects to appear blurred. Critically, 

such elongation places individuals at a higher risk of sight-threatening pathological changes, 

which increase with the severity of myopia135. 

The most effective and widely used pharmacological agent for the treatment of human myopia 

is the non-specific muscarinic receptor antagonist atropine (for review see 434). Along with 

atropine, several other cholinergic antagonists have been shown to inhibit myopia in animal 

models (Supplementary Table 9-16) and, in some cases, humans303. This would suggest that 

hyperactivity of the retinal cholinergic system may underlie the development of myopia. 

Therefore, one could assume that administration of cholinergic agonists, which stimulate 

cholinergic receptors, would increase ocular growth rates, resulting in axial elongation, and 

thus enhance the development of myopia. Interestingly, retinal acetylcholine levels have been 

reported to show no change from control levels during the development of experimental 

myopia in chicks and tree shrews9. This would suggest that cholinergic stimulation may not be 

critical for myopia development. However, it should be noted that due to the vast abundance 

of choline acetyltransferase within the retina254, fluctuations in cholinergic activity may not be 
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accompanied by a detectable change in total retinal levels of acetylcholine. Pharmacological 

studies have reported mixed results with respect to cholinergic stimulation and ocular growth. 

Instead of enhancing growth as expected, the administration of the non-specific cholinergic 

agonist carbachol has been observed to show a small, but not significant, inhibitory effect on 

the development of experimental myopia in chicks299. A similar effect is seen with the 

administration of acetylcholine esterase inhibitors which should lead to an increase in 

acetylcholine levels309, 310. In contrast, an increase in ocular growth rates has been reported 

when the non-specific cholinergic agonist oxotremorine was administered to normally 

developing chick eyes281. Thus, to better define the effect of cholinergic hyperactivity on ocular 

growth rates, we examined how administration of muscarinic, nicotinic, and non-specific 

cholinergic agonists affects normal ocular growth as well as the development of experimental 

myopia in the chicken. This work was undertaken in the chicken as they are a well-studied 

animal model for myopia, particularly with respect to pharmacological interventions (for 

review see 5). In such animal models, experimental myopia can be induced via two paradigms, 

form-deprivation myopia (FDM) and lens-induced myopia (LIM). The FDM model, in which 

axial elongation is induced by depriving the retina of patterned visual stimulation, has been 

more heavily studied in pharmacological analyses of ocular growth for review see 5 and was 

therefore the focus of this study.  

In addition to investigating whether cholinergic hyperactivity drives myopia development, this 

study examined whether, as postulated, down-stream modulation of retinal dopamine levels 

underlies atropine’s anti-myopic effects 33, 34. Dopamine has been heavily implicated in growth 

regulation, with retinal dopamine levels diminished during the development of experimental 

myopia, while dopaminergic agonists have been shown to have an anti-myopic effect (for 

review see 5). With respect to atropine, administration of this muscarinic antagonist at a dose 

of 360nmoles has been reported to stimulate the synthesis and release of dopamine in the retina 
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of chicks developing FDM or undergoing normal ocular development33, 34. Similarly, the ability 

of the muscarinic antagonist muscarinic toxin 3 (MT-3) to reduce the development of FDM 

was shown to be blocked by co-administration with spiperone (a dopamine D2-like receptor 

antagonist) in chicks and tree shrews296, 311. Therefore, to elucidate if atropine manipulates eye 

growth through down-stream modulation of dopaminergic activity, this study examined the 

effects of atropine, given at serval doses, on retinal dopamine release during the development 

of FDM in chicks. To complement this, this study also investigated whether co-administration 

of atropine with spiperone, which has been shown to block the protective effects of dopamine 

on eye growth25, alters atropine’s anti-myopic effects. The potential role of dopamine in ocular 

growth changes induced by cholinergic agonists was similarly investigated.  

 

7.4 Methods 

7.4.1 Animals and housing 

Day-old male White-Leghorn chickens (Gallus Gallus) were obtained from Barter & Sons 

Hatchery (Horsley Park, NSW, Australia). Chicks were kept in temperature-controlled rooms 

and given five days to adjust to their surroundings before experiments commenced, by which 

point chickens weighed between 45 and 55g. Chicks had access to unlimited amounts of food 

and water and were kept under normal laboratory lighting (500 lux, fluorescent lights) on a 

12:12 hour light:dark cycle with lights on at 9am and off at 9pm.  

Authorisation to conduct experiments using animals was approved by the University of 

Canberra Animal Ethics Committee under the ACT Animal Welfare Act 1992 (Project 

Numbers: CEAE 16-05 and CEAE 20-98). Experiments conformed to the ARVO Statement 

for the Use of Animals in Ophthalmic and Vision Research and are reported in compliance 

with the ARRIVE guidelines. 
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7.4.2 Myopia induction and measurement of ocular parameters 

FDM was induced in chickens by placing a translucent diffuser over the left eye as previously 

described to deprive the eye of form-vision and thereby induce myopic growth212, 406, 407, 409. To 

achieve this, on the day prior to treatment, Velcro mounts were fastened around the left eye 

with Loctite® super glue (Henkel, Kilsyth, VIC, Australia). On the following day, translucent 

diffusers attached to matching Velcro rings were placed onto the mounts, with the right eye left 

untreated to serve as a contralateral internal control.  

To assess the effects of the tested pharmacological agents on ocular development, blinded axial 

length and refractive measurements were carried out prior to, and on the day after completion 

of the experimental period (day 4) using A-scan ultrasonography (Biometer AL-100; Tomey 

Corporation, Nagoya, Japan) and automated infrared photoretinoscopy (system provided 

courtesy of Professor Frank Schaeffel, University of Tuebingen, Germany) respectively. 

Ultrasound measurements were performed using an immersion attachment probe (Tomey 

Corporation, Nagoya, Japan) filled with medical grade ultrasound gel (Conductive gel, Medical 

Equipment Services, Keilor Park, VIC, Australia).  For each eye, axial length measures (the 

distance from the front of cornea to the beginning of the retina) represented the average of three 

scans for each eye. Each scan comprises the average of 10 consecutive measurements. Axial 

length measures were carried out on chicks 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)).  Refraction values represent the 

mean spherical equivalent of 10 measurements per eye. For axis alignment, the Purkinje image 

was centred within the pupil to obtain the correct refractive axis. Refractive measurements were 

carried out on conscious chickens, without cycloplegia, in darkened rooms (<5 lux) to avoid 

light reflections in the pupil from other sources. To assess treatment effect, the absolute values 
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for axial length and refraction (pre- and post-treatment) from drug-treated eyes were compared 

to those receiving only form-deprivation (FDM only) or those from age-matched untreated 

control animals. No significant differences in axial length or refraction were observed between 

groups prior to the commencement of treatment. 

7.4.3 Experiment 1: The effects of cholinergic agonists on normal ocular 

development and the development of FDM 

This study first examined the effects of cholinergic agonists on normal ocular growth and the 

development of experimental myopia. To investigate this, the following compounds were 

administered to chicks undergoing either form-deprivation or no ocular treatment: two 

muscarinic specific agonists (pilocarpine and muscarine), a nicotinic specific agonist 

(nicotine), and two non-specific agonists (carbachol and oxotremorine). The tested doses 

(Table 7-1) were chosen based on ED50 data from cell culture488-492. As a positive control, this 

study also examined the effect of the muscarinic antagonist atropine (0.15nmoles) on normal 

ocular growth and the development of FDM, based on previous work in animal models (Table 

7-1)278, 280, 406. 

For three consecutive days, chickens were given a daily 10µL intravitreal injection of their 

respective drug or vehicle solution at lights on (9am) using a 30-gauge needle (Terumo) fitted 

to a Hamilton syringe (100 µL capacity). Drug solutions (Table 7-1) were made up in 1x 

phosphate buffered saline (PBS) and were administered to the left (treated) eye of chicks, with 

or without diffusers fitted, under light anaesthesia (as detailed above). Chicks were randomly 

allocated to their appropriate treatment groups as outlined in Table 7-2. Prior to, and on the day 

after completion of the experimental period of three days, the absolute values for axial length 

and refractive measurements from drug-treated eyes were compared to those receiving only 

form-deprivation (FDM only) or those from age-matched untreated control animals.   

https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=305
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=3996
https://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2585
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Table 7-1: Drug administration and dosage 

Compound Target Source 
Dose 

(nmoles) 
Dose (μg) 

Concentration of 

drug solution 

(mM) 

Dose 

calculated 

from 

Evidence for 

binding in 

chick 

Atropine 

(694.8g/mol) 

Muscarinic  
Alfa Aesar 

(A10236) 

0.15 1.02 0.02 406 
493 cholinergic 15.00 102.00 1.50 406 

antagonist 360.00 243.65 36.00 34 

Pilocarpine 

(244.7g/mol) 

Muscarinic cholinergic 

agonist 

Sigma 

(P6503) 
51.00 12.48 5.10 488 281 

Muscarine 

(209.7g/mol) 

Muscarinic cholinergic 

agonist 

Sigma 

(M6532) 
6.01 1.26 0.60 490 489 

Nicotine 

(162.2g/mol) 

Nicotinic cholinergic 

agonist 

Sigma 

(N3876) 
150.00 24.33 15.00 491 492 

Carbachol 

(182.7g/mol) 

Non-specific cholinergic 

agonist 

Sigma 

(C4382) 
4.21 0.77 0.42 488 280 

Oxotremorine 

(322.2g/mol) 

Non-specific cholinergic 

agonist 

Sigma 

(O100) 
0.25 0.08 0.02 488 281 

Spiperone 

(395.5g/mol) 

Dopamine 

D2-like antagonist 

Sigma 

(S7395) 
5.00 1.98 0.50 25 25 

SCH-23390 

(324.2g/mol) 

Dopamine 

D1-like antagonist 

Sigma 

(D054) 
5.00 1.62 0.50 494 494 

All compounds were administered in a 10µL intravitreal injection. 
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7.4.4 Experiment 2: Cholinergic mediation of retinal dopamine release 

To examine the effects of the muscarinic-cholinergic antagonist atropine as well as the 

cholinergic agonists tested above on dopaminergic activity, vitreal levels of  dopamine and its 

primary metabolite, 3,4-dihydroxyphenylacetic acid (DOPAC; an indirect measure of retinal 

dopamine release330), were examined 1 hour after pharmacological treatment into form-

deprived eyes (single 10µL intravitreal injection – day 1, Table 7-2). This 1 hour timepoint was 

chosen based on previous reports demonstrating a significant change in vitreal DOPAC levels 

1 hour following treatment with 360nmoles of atropine33, 34. For atropine, three doses were 

investigated, that of 0.15 and 15nmoles, which have previously been reported to significantly 

inhibit FDM in our laboratory406, as well as the higher dose of 360nmoles, which has previously 

been shown to increase retinal dopamine release33. For the cholinergic agonists, the same doses 

as those outlined in Experiment 1 were investigated. All intravitreal injections (10µL) were 

given at lights on (9am), with chicks randomly allocated to the groups outlined in Table 7-2.  

One hour after injection, chickens were heavily anaesthetised using isoflurane 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 1xPBS allowing removal 

and collection of the vitreous body free of all other ocular tissue. Vitreal samples were stored 

at -80°C until ready to be processed for blinded analysis by liquid chromatography-tandem 

mass spectrometry (LC-MS-MS, see methods below).  
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Table 7-2: Allocation of animals across the three experiments undertaken 

Drug Treatment 

Numbers fitted with 

diffuser  

(Form-deprivation 

myopia) 

Numbers 

with no 

optical 

treatment 

Experiment 1 

None 10 10 

Vehicle (1xPBS) 6 - 

Atropine (0.15nmoles) 10 6 

Pilocarpine (51.00nmoles) 10 6 

Muscarine (6.01nmoles) 10 6 

Nicotine (150.00nmoles) 10 6 

Carbachol (4.21nmoles) 10 6 

Oxotremorine (0.25nmoles) 10 6 

Experiment 2 

None 5 5 

Atropine (0.15nmoles) 7 - 

Atropine (15.00nmoles) 5 - 

Atropine (360.00nmoles) 10 - 

Pilocarpine (51.00nmoles) 5 - 

Muscarine (6.01nmoles) 5 - 

Nicotine (150.00nmoles) 5 - 

Carbachol (4.21nmoles) 5 - 

Oxotremorine (0.25nmoles) 5 - 

Experiment 3 

None 6 6 

Atropine (360.00nmoles) 6 6 

SCH-23390 (5.00nmoles) 6 6 

Spiperone (5.00nmoles) 6 6 

Atropine (360.00nmoles)/SCH-23390 (5.00nmoles) 6 - 

Atropine (360.00nmoles)/Spiperone (5.00nmoles) 6 - 

Atropine (0.15nmoles)/SCH-23390 (5.00nmoles) 6 - 

Atropine (0.15nmoles)/Spiperone (5.00nmoles) 6 - 

Pilocarpine (51.00nmoles)/Spiperone (5.00nmoles) 6 - 

Muscarine (6.01nmoles)/Spiperone (5.00nmoles) 6 - 

Nicotine (150.00nmoles)/Spiperone (5.00nmoles) 6 - 

Carbachol (4.21nmoles)/Spiperone (5.00nmoles) 6 - 

Oxotremorine (0.25nmoles)/Spiperone (5.00nmoles) 6 - 

Each experiment was undertaken in separate weeks and therefore contained their own control 

groups (form-deprivation myopia only and age-matched untreated controls) which received no 

drug solution. In addition to examining the effect of each compound on form-deprivation, all 

compounds were also administered to eyes receiving no other ocular treatment to examine their 

effects on normal ocular development. Vehicle solution represents 1x phosphate buffered 

saline (PBS, pH 6.0).  
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7.4.5 Experiment 3: Dopaminergic blockade of cholinergic effects 

To complement the above LC-MS-MS analysis, either the high and low dose of atropine (0.15 

and 360nmoles) was co-administered into form-deprived eyes with 5nmoles of the dopamine 

D2-like receptor antagonist spiperone25 or 5nmoles of the D1-like receptor antagonist SCH-

23390494. At this dose, spiperone has been shown to antagonise the effects of dopamine on eye 

growth25. Antagonism of the D1-like receptors has not been previously found to affect ocular 

growth rates in chicks25 but was tested further here.  

As was undertaken for atropine, each of the cholinergic agonists outlined in Experiment 1 was 

co-administered into form-deprived eyes with 5nmoles of the dopamine D2-like receptor 

antagonist spiperone. As antagonism of the D1-like receptors has not been previously found to 

affect ocular growth rates in chicks25, and as no link has been postulated between dopamine 

and cholinergic agonists, SCH-23390 was not tested. 

For three consecutive days, co-administered drugs were dissolved together in 1xPBS and given, 

under light anaesthesia, as a single intravitreal injection (10μL) once daily at lights on (9am). 

Chickens were randomly allocated to the different experimental groups as outlined in Table 7-

2. Prior to, and on the day after completion of the experimental period, absolute values for axial 

length and refractive measurements from co-administered eyes were compared to the values 

seen for each of the antagonists or agonists alone.   

7.4.6 Liquid chromatography-tandem mass spectrometry (LC-MS-MS) 

For analysis by LC-MS-MS, vitreal samples were prepared following a protocol adapted from 

Perez-Fernandez, Harman, Morley and Cameron 334 as detailed previously406. Samples were 

homogenised for 1 minute in 100μL of a mixture containing 0.5mM ascorbic acid and 1% (v/v) 

formic acid dissolved in MilliQ water. Before homogenisation, the following internal standards 

were added to this mixture: 0.1μg/mL dopamine-d4 HCl (free base, Cerilliant D-072) and 
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1.2μg/mL DOPAC-d5 (Sigma, 778206). Samples were then sonicated in ice-cold water for 5 

minutes and centrifuged at 5000g for 45 minutes at 4°C before the supernatant (80μL) was 

analysed by LC-MS-MS. 

Samples were analysed using an Agilent 1290 Infinity II UPLC system interfaced with an 

Agilent 6495BA triple quadrupole mass spectrometer, equipped with an Agilent JetStream 

(AJS) ElectroSpray ionisation (ESI) source. All data were acquired and quantified using 

MassHunter software (Version B 09.00). Separation of analytes was achieved using an Agilent 

InfinityLab Poroshell 120 EC-C18 analytical column (2.7μm, 3.0 x 50mm; Agilent, 699975-

302), fitted with a frit and corresponding guard column (2.7μm, 3.0 x 5mm; Agilent, 823750-

911). A gradient elution was performed with a binary mobile phase system of (A) 0.1% v/v 

formic acid in MilliQ water and (B) 0.1% v/v formic acid in LC-MS-MS grade methanol, with 

a column temperature of 40oC and a 0.2mL/min flow rate. The gradient profile was: 5% B for 

2 minutes; increasing to 70% B over 4.10 minutes; increasing to 100% B over 0.20 minutes 

and held for 4 minutes; followed by re-equilibration at 5% B for 4.5 minutes (analysis time 

was divided into 2 time segments (segment 1: 0-3 minutes, segment 2: 3-10.3 minutes) based 

on MS ionisation mode). Samples were held in an autosampler at 4oC, with an injection volume 

of 20μL. Following analysis, the column was back-flushed overnight with 100% LC-MS-MS 

grade methanol at 0.35mL/min. 

Optimised multiple reaction monitoring (MRM) parameters are summarised in Supplementary 

Table 9-17. The corresponding molecular ion and up to three of the most predominant fragment 

ions were utilised for dopamine. However, only one MRM transition was monitored for 

DOPAC and its deuterated form due to a lack of sufficiently intense additional fragment ions. 

Additional MS parameters were: gas temperature (210oC) and flow rate (17L/min), nebuliser 

(40psi), capillary voltage (2500V (positive) or 4500V (negative)), sheath gas temperature 
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(400oC) and sheath flow rate (12L/min), ion funnel parameters (high pressure RF 150V, low 

pressure RF 60V), nozzle voltage (0V (positive) or 1000V (negative)), cell acceleration voltage 

(4V), and a delta EMV (200V (time segment 2 only)). Both quadrupoles were operated in unit 

resolution. 

7.4.7 Statistical analysis 

For experiments relying on biometric and refractive measurements, a power calculation was 

undertaken to determine the group sizes required to achieve 80% power in observing a 1D 

change in refraction when the standard deviation is approximately 0.5D: 

𝑛1 =
(𝜎1

2 + 𝜎2
2 𝐾⁄ )(𝑧1−𝛼 2⁄  +  𝑧1−𝛽)

2

∆2
 

𝑛1 =
(0.52 + 0.52 1⁄ )(1.96 +  0.84)2

12
 

𝑛1 = 4 

To account for fluctuations in standard deviation, as well as potential dropouts due to diffuser-

removal (at which point chicks were removed from the experiment and were not reported), 

group sizes were increased to a minimum of n=6 chickens (or n=10 for initial examinations of 

the effects of cholinergic agonists). Each of the experiments was designed to generate groups 

of equal size.  

All values reported represent the means ± the standard error of the means. For biometric 

measurements, figures represent the average differences between treated and contralateral 

control eyes at the end of the experiment, with the average values of treated and contralateral 

control eyes found in Tables 7-3 & 7-4. For LC-MS-MS measurements, figures represent the 

average peak area ratios (PAR) of analyte to internal standard (e.g. peak area of dopamine: 

peak area of deuterated dopamine) in response to each treatment. The average PARs and the 
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estimated ng/vitreous of each analyte can be found in Table 7-5. Analyte amounts in 

ng/vitreous were calculated as follows: 

𝑛𝑔/𝑣𝑖𝑡𝑟𝑒𝑜𝑢𝑠 = (𝑃𝐴𝑅 × (𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑖𝑛 µ𝑔/𝑚𝐿 × 0.1𝑚𝐿)) × 1000 

Before analysing the effect of treatment, all data (independent values from each chicken 

including outliers) were first tested for normality and homogeneity of variance (Shapiro-Wilk 

test). Following this, the effect of treatment was analysed via a one-way univariate analysis of 

variance (ANOVA). To analyse specific between group effects, ANOVA testing was followed 

by a student’s unpaired t-test, with Bonferroni correction for multiple testing, when statistical 

significance was reached. For the analysis of the effects of co-administration with 

dopaminergic antagonists a two-way ANOVA was undertaken. All statistical analyses were 

reviewed by a statistician and were undertaken using the program IBM SPSS Statistics package 

25 (RRID:SCR_002865) with a statistical cut-off of 0.05. This manuscript complies with the 

British Journal of Pharmacology’s recommendations and requirements on experimental design 

and analysis495.  
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Table 7-3: Raw data and pairwise comparisons for the effects of cholinergic agonists on FDM and normal ocular development 

 Condition 

Number 

of 

animals 

Axial Length (mm) Refraction (Dioptres) 

Left eye Right eye Difference 
Against 

FDM 

Against 

untreated 
Left eye Right eye Difference 

Against 

FDM 

Against 

untreated 

Untreated 10 8.62 ± 0.03 8.60 ± 0.04 0.02 ± 0.04 p<0.05 - 2.31 ± 0.13 2.29 ± 0.12 0.02 ± 0.09 p<0.05 - 

FDM Only 10 9.13 ± 0.04 8.71 ± 0.04 0.41 ± 0.04 - p<0.05 -1.51 ± 0.14 2.34 ± 0.16 -3.85 ± 0.16 - p<0.05 

FDM/ 

Vehicle 
6 9.09 ± 0.03 8.74 ± 0.04 0.35 ± 0.04 p=0.551 p<0.05 -0.93 ± 0.18 2.52 ± 0.11 -3.45 ± 0.18 p=0.153 p<0.05 

FDM + drug treatment 

Atropine 10 8.83 ± 0.06 8.64 ± 0.03 0.19 ± 0.04 p<0.05 p=1.000 0.20 ± 0.36 2.24 ± 0.17 -2.04 ± 0.37 p<0.05 p<0.05 

Pilocarpine 10 8.72 ± 0.06 8.61 ± 0.03 0.10 ± 0.05 p<0.05 p=1.000 0.01 ± 0.30 2.10 ± 0.14 -2.09 ± 0.38 p<0.05 p<0.05 

Muscarine 10 8.55 ± 0.04 8.59 ± 0.03 -0.04 ± 0.03 p<0.05 p=0.881 1.65 ± 0.30 2.12 ± 0.19 -0.47 ± 0.28 p<0.05 p=1.000 

Nicotine 10 8.70 ± 0.05 8.62 ± 0.04 0.09 ± 0.04 p<0.05 p=1.000 0.17 ± 0.41 2.05 ± 0.12 -1.88 ± 0.38 p<0.05 p<0.05 

Carbachol 10 8.59 ± 0.07 8.58 ± 0.03 0.01 ± 0.03 p<0.05 p=1.000 0.88 ± 0.33 2.19 ± 0.11 -1.31 ± 0.34 p<0.05 p<0.05 

Oxotremorine 10 8.62 ± 0.04 8.66 ± 0.04 -0.04 ± 0.04 p<0.05 p=1.000 2.48 ± 0.22 2.53 ± 0.15 -0.05 ± 0.10 p<0.05 p=1.000 

No ocular treatment + drug treatment 

Atropine 6 8.55 ± 0.02 8.63 ± 0.03 -0.08 ± 0.05 - p=0.213 1.93 ± 0.17 2.32 ± 0.08 -0.38 ± 0.19 - p=0.100 

Pilocarpine 6 8.52 ± 0.07 8.62 ± 0.04 -0.11 ± 0.07 - p=0.180 1.83 ± 0.27 2.23 ± 0.23 -0.40 ± 0.30 - p=0.099 

Muscarine 6 8.57 ± 0.05 8.64 ± 0.03 -0.07 ± 0.04 - p=0.448 2.10 ± 0.21 2.25 ± 0.20 -0.15 ± 0.10 - p=0.387 

Nicotine 6 8.46 ± 0.04 8.65 ± 0.03 -0.19 ± 0.03 - p=0.011 2.17 ± 0.15 2.43 ± 0.19 -0.27 ± 0.10 - p=0.499 

Carbachol 6 8.51 ± 0.04 8.64 ± 0.06 -0.14 ± 0.03 - p=0.075 2.05 ± 0.23 2.17 ± 0.21 -0.12 ± 0.20 - p=0.308 

Oxotremorine 6 8.58 ± 0.04 8.64 ± 0.03 -0.06 ± 0.02 - p=0.488 2.22 ± 0.18 2.25 ± 0.08 -0.03 ± 0.15 - p=0.676 

Chicks undergoing form-deprivation or no ocular treatment were administered atropine (0.15nmoles), pilocarpine (51nmoles), muscarine 

(6.01nmoles), nicotine (150nmoles), carbachol (4.21nmoles) or oxotremorine (0.25nmoles). Vehicle solution represents 1x phosphate buffered 

saline (PBS, pH 6.0). Values are presented as the means ± the standard error of the means. FDM: form-deprivation myopia. Significant values 

(p<0.05) are highlighted in bold. 
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Table 7-4: Raw data and pairwise comparisons analysing dopaminergic co-administration effects 

Condition 

Number 

of 

animals 

Axial Length Refraction 

Left eye Right eye Difference 
Against 

FDM 

Second 

comparison 
Left eye Right eye Difference 

Against 

FDM 

Second 

comparison 

Untreated 6 8.66 ± 0.04 8.62 ± 0.02 0.04 ± 0.05 p<0.05 - 2.34 ± 0.13 2.27 ± 0.16 0.07 ± 0.14 p<0.05 - 

FDM Only 6 9.03 ± 0.06 8.64 ± 0.04 0.38 ± 0.04 - p<0.05* -1.17 ± 0.13 2.53 ± 0.12 -3.70 ± 0.10 - p<0.05* 

FDM + co-administration with 5.00nmoles SCH-23390 

Atropine# 6 8.81 ± 0.03 8.70 ± 0.02 0.12 ± 0.05 p<0.05 p=0.818+ 0.37 ± 0.27 2.37 ± 0.21 -1.99 ± 0.33 p<0.05 p=0.749+ 

Atropine^ 6 8.70 ± 0.05 8.65 ± 0.06 0.04 ± 0.07 p<0.05 p=0.662+ 0.28 ± 0.21 2.42 ± 0.15 -2.13 ± 0.23 p<0.05 p=0.605+ 

FDM + co-administration with 5.00nmoles spiperone 

Atropine# 6 8.83 ± 0.06 8.64 ± 0.03 0.19 ± 0.04 p<0.05 p=0.478+ 0.07 ± 0.10 2.40 ± 0.13 -2.33 ± 0.11 p<0.05 p=0.780+ 

Atropine^ 6 8.68 ± 0.08 8.66 ± 0.07 0.02 ± 0.01 p<0.05 p=0.863+ 0.53 ± 0.42 2.13 ± 0.16 -1.60 ± 0.31 p<0.05 p=0.977+ 

Pilocarpine 6 8.96 ± 0.04 8.77 ± 0.05 0.20 ± 0.07 p=0.500 p<0.05+ -0.98 ± 0.28 2.02 ± 0.27 -3.00 ± 0.27 p=0.925 p<0.05+ 

Muscarine 6 8.84 ± 0.05 8.62 ± 0.07 0.23 ± 0.06 p=0.091 p<0.05+ 0.17 ± 0.53 2.37 ± 0.13 -2.20 ± 0.47 p=0.073 p<0.05+ 

Nicotine 6 8.69 ± 0.02 8.56 ± 0.05 0.13 ± 0.03 p<0.05 p=0.861+ 0.05 ± 0.28 2.35 ± 0.23 -2.30 ± 0.44 p<0.05 p=0.839+ 

Carbachol 6 8.72 ± 0.08 8.77 ± 0.05 -0.05 ± 0.06 p<0.05 p=0.808+ 1.27 ± 0.28 2.47 ± 0.25 -1.20 ± 0.35 p<0.05 p=0.433+ 

Oxotremorine 6 8.58 ± 0.05 8.58 ± 0.06 0.00 ± 0.03 p<0.05 p=0.604+ 1.88 ± 0.32 1.98 ± 0.26 -0.10 ± 0.39 p<0.05 p=0.133+ 

FDM + drug treatment 

Atropine^ 6 8.67 ± 0.04 8.65 ± 0.04 0.01 ± 0.01 p<0.05 p<0.05* 0.52 ± 0.38 2.04 ± 0.13 -1.52 ± 0.38 p<0.05 p<0.05* 

Spiperone 6 9.06 ± 0.05 8.71 ± 0.04 0.36 ± 0.04 p=0.493 p<0.05* -0.83 ± 0.36 2.08 ± 0.12 -2.92 ± 0.40 p=0.830 p<0.05* 

SCH-23390 6 8.99 ± 0.12 8.63 ± 0.04 0.36 ± 0.10 p=0.894 p=0.710* -0.68 ± 0.56 2.27 ± 0.26 -2.95 ± 0.35 p=0.670 p<0.05* 

No ocular treatment + drug treatment 

Atropine^ 6 8.54 ± 0.06 8.62 ± 0.04 -0.08 ± 0.03 - p=0.102* 2.02 ± 0.34 1.88 ± 0.26 0.13 ± 0.21 - p=0.310* 

Spiperone 6 8.58 ± 0.08 8.64 ± 0.07 -0.06 ± 0.06 - p=0.365* 2.28 ± 0.14 2.38 ± 0.11 -0.10 ± 0.11 - p=0.776* 

SCH-23390 6 8.56 ± 0.05 8.65 ± 0.04 -0.08 ± 0.03 - p=0.160* 2.27 ± 0.21 2.28 ± 0.12 -0.02 ± 0.11 - p=0.752* 

Dopaminergic antagonists (5nmoles of spiperone or 5nmoles of SCH-23390) were co-administered with atropine (0.15nmoles# or 360nmoles^), 

pilocarpine (51nmoles), muscarine (6.01nmoles), nicotine (150nmoles), carbachol (4.21nmoles) or oxotremorine (0.25nmoles) to form-deprived 

chicks. Values are presented as the means ± the standard error of the means. FDM: form-deprivation myopia. Significant values (p<0.05) are 

highlighted in bold. For the second comparison, co-administered values were compared to age-matched untreated animals*, or form-deprived 

chicks treated with that agent alone+. 
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Table 7-5: Summary of liquid chromatography-tandem mass spectrometry results 

Treatment Number of animals 

Dopamine DOPAC 

PAR 
Against 

FDM 

Against 

untreated 

ng/ 

vitreous 
PAR 

Against 

FDM 

Against 

untreated 
ng/ vitreous 

Untreated 5 0.055 ± 0.005 p<0.05 - 0.55 ± 0.06 1.359 ± 0.121 p<0.05 - 163.08 ± 14.60 

FDM 5 0.037 ± 0.007 - p<0.05 0.37 ± 0.07 0.875 ± 0.054 - p<0.05 100.08 ± 5.55 

Atropine# 7 0.030 ± 0.005 p=0.385 p<0.05 0.30 ± 0.06 0.765 ± 0.062 p=0.328 p<0.05 91.78 ± 7.51 

Atropine+ 5 0.032 ± 0.006 p=0.540 p<0.05 0.32 ± 0.06 0.767 ± 0.065 p=0.370 p<0.05 92.01 ± 7.85 

Atropine^ 10 0.097 ± 0.036 p<0.05 p<0.05 0.97 ± 0.36 1.365 ± 0.189 p<0.05 p=0.970 163.78 ± 22.78 

Pilocarpine 5 0.068 ± 0.011 p<0.05 p=0.152 0.68 ± 0.11 0.999 ± 0.062 p<0.05 p<0.05 119.91 ± 8.49 

Muscarine 5 0.138 ± 0.031 p<0.05 p<0.05 1.38 ± 0.31 1.276 ± 0.158 p<0.05 p=0.799 153.08 ± 19.01 

Nicotine 5 0.034 ± 0.008 p=0.776 p<0.05 0.34 ± 0.08 0.908 ± 0.177 p=0.641 p<0.05 108.93 ± 21.31 

Carbachol 5 0.081 ± 0.013 p<0.05 p<0.05 0.81 ± 0.13 1.197 ± 0.148 p<0.05 p=0.361 143.67 ± 17.74 

Oxotremorine 5 0.110 ± 0.006 p<0.05 p<0.05 1.10 ± 0.06 1.260 ± 0.067 p<0.05 p=0.548 151.14 ± 8.06 

Chicks undergoing form-deprivation were administered atropine (0.15nmoles#, 15nmoles+ or 360nmoles^), pilocarpine (51nmoles), muscarine 

(6.01nmoles), nicotine (150nmoles), carbachol (4.21nmoles) or oxotremorine (0.25nmoles), with dopamine and DOPAC levels analysed in vitreal 

samples taken 1 hour after treatment. Data are presented as the means ± standard error of the means. Data are presented as peak area ratios (PAR). 

The estimated nanograms per vitreous, calculated from the presented PAR values, are also shown. Significant values (p<0.05) are highlighted in 

bold. DOPAC: 3,4-dihydroxyphenylacetic acid, FDM: form-deprivation myopia, PAR: peak area ratio (analyte to internal standard). 
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7.5 Results 

7.5.1 Analysis of control paradigms 

In experiments 1 and 3, form-deprivation was associated with chicks developing significantly 

longer axial lengths and more myopic refractions compared to contralateral control eyes and 

age-matched untreated control chicks (Raw data and pairwise comparisons - Tables 7-3 & 7-

4), with a similar degree of myopia developing across both experiments 1 and 3 (axial: p=0.995, 

refraction p=0.271). Similar to previous reports33, 406, daily intravitreal administration of 

0.15nmoles or 360.00nmoles of atropine significantly inhibited the axial elongation and 

myopic shift in refraction associated with FDM (Raw data and pairwise comparisons - Tables 

7-3 & 7-4). In contrast, intravitreal administration of the vehicle solution into diffuser-treated 

eyes did not inhibit the axial elongation or the myopic shift associated with diffuser-wear 

(Figure 7-1, raw data and pairwise comparisons - Table 7-3). Therefore, vehicle treated groups 

were not included in experiments 2 and 3.  The refractive changes induced by form-deprivation, 

with or without drug administration, correlated strongly with the changes seen in axial length in 

both experiment 1 (R=-0.84, Supplementary Figure 9-11A) and experiment 3 (R=-0.82, 

Supplementary Figure 9-11B).  
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Figure 7-1: Effects of cholinergic agents on the development of FDM 

Differences (treated-contralateral control eye) in (A) axial length and (B) refractive data for 

groups treated with atropine (Atrop, 0.15nmoles), pilocarpine (Pilo, 51nmoles), muscarine 

(Musc, 6.01nmoles), nicotine (Nic, 150nmoles), carbachol (Carb, 4.21nmoles), and 

oxotremorine (Oxo, 0.25nmoles). All data are represented as the means ± standard error of the 

means (bars) and individual values (hollow circles). Sample sizes (min n=6 per group) can be 

found in Table 7-2. Statistics denote difference relative to the FDM (form-deprivation myopia) 

only group (* p<0.05).   
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There was no significant difference in the axial length (p=0.192 and p=0.258 respectively) or 

refraction (p=0.369 and p=0.428 respectively) values of age-matched untreated controls or 

contralateral control eyes between experiments 1 and 3. There was also no significant 

difference in the axial length (ANOVA F(5,43)=1.532, p=0.182) and refraction (ANOVA 

F(5,43)=1.497, p=0.194) values between age-matched untreated control animals and 

contralateral control eyes at the end of experiments 1 and 3. Therefore, to simplify the results, 

all comparisons of treatment effect were made against age-matched untreated control values 

only.  

When administered into unoccluded eyes, none of the tested compounds induced any changes 

in axial length (ANOVA F(9,52)=1.686, p=0.165) or refraction (ANOVA F(9,52)=0.768, 

p=0.579) when compared to age-matched untreated control values (Raw data and pairwise 

comparisons - Tables 7-3 & 7-4). 

7.5.2 Effects of cholinergic agonists against the development of FDM 

Each of the cholinergic agents tested significantly inhibited the excessive axial elongation 

(ANOVA F(6,64)=11.302, p<0.05) and myopic refractive shift (ANOVA F(6,64)=17.252, 

p<0.05) associated with the development of FDM (Figure 7-1, raw data and pairwise 

comparisons - Table 7-3). The most effective of these agents were muscarine and oxotremorine, 

which stopped the excessive axial elongation and the relative myopic shift in refraction 

associated with FDM to the extent that treated eyes remained no different to age-matched 

untreated controls (Figure 7-1, raw data and pairwise comparisons - Table 7-3).  

7.5.3 Cholinergic manipulation can, in some cases, alter retinal dopamine 

release 

Consistent with previous reports406, 1 hour of form-deprivation was associated with a 

significant decrease in vitreal levels of dopamine and its primary metabolite DOPAC when 
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compared to age-matched untreated controls (Figure 7-2, raw data and pairwise comparisons – 

Table 7-5). This diffuser-induced decline in dopamine and DOPAC levels was unaffected by 

the administration of atropine at the lower doses of 0.15 and 15nmoles but was prevented when 

atropine was given at the higher dose of 360nmoles (Figure 7-2, raw data and pairwise 

comparisons – Table 7-5).  

With respect to cholinergic agonists, the decline in dopamine and DOPAC levels associated 

with diffuser-wear was inhibited by the administration of the muscarinic agonists pilocarpine 

and muscarine, as well as the non-specific agonists carbachol and oxotremorine (Figure 7-2, 

raw data and pairwise comparisons – Table 7-5). Unlike the muscarinic and non-specific 

cholinergic agonists, administration of nicotine had no effect on the decline in vitreal dopamine 

and DOPAC levels seen in response to diffuser-wear (Figure 7-2, raw data and pairwise 

comparisons – Table 7-5).  
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Figure 7-2: Vitreal dopamine and DOPAC levels in response to drug administration 

(A) dopamine and (B) 3,4-dihydroxyphenylacetic acid (DOPAC) levels 1 hour after administration into form-deprived eyes. All data are presented 

as the means ± standard error of the means (bars) and individual values (hollow circles). Sample sizes (min n=5 per group) can be found in Table 

7-2. Statistics denote difference relative to the FDM (form-deprivation myopia) only group (* p<0.05).   
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7.5.4 The protection afforded by atropine against FDM is not blocked by co-

administration with dopaminergic antagonists 

As noted, administration of 0.15nmoles of atropine significantly inhibited both the axial 

elongation and myopic refractive shift associated with diffuser-wear. This dose of atropine, 

however, did not prevent the decline in vitreal dopamine or DOPAC levels associated with 

diffuser-wear. Consistent with these observations, co-administration of the dopamine D2-like 

receptor antagonist spiperone did not inhibit the protective effects of 0.15nmoles of atropine 

against FDM (Figure 7-3, raw data and pairwise comparisons - Table 7-4). Interestingly, 

although administration of atropine at the higher dose of 360nmoles reversed the decline in 

vitreal dopamine and DOPAC levels associated with diffuser-wear, co-administration of this 

higher dose of atropine with spiperone did not alter its anti-myopic effects (Figure 7-3, raw 

data and pairwise comparisons - Table 7-4). As with spiperone, co-administration with the 

dopamine D1-receptor antagonist SCH-23390 did not change the effectiveness of atropine at 

either dose (Figure 7-3, raw data and pairwise comparisons - Table 7-4). 
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Figure 7-3: Co-administration of atropine with dopaminergic agents 

Differences (treated-contralateral control eye) in (A) axial length and (B) refractive data from 

form-deprived chicks treated daily with atropine (Atrop) that was co-administered with either 

the D2-like antagonist spiperone (Spip, 5nmoles) or the D1-like antagonist SCH-23390 (SCH, 

5nmoles) over a four day period. All data are presented as the means ± standard error of the 

means (bars) and individual values (hollow circles). Sample sizes (min n=6 per group) can be 

found in Table 7-2. Statistics denote difference relative to the FDM (form-deprivation myopia) 

only group (*p<0.05).  
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7.5.5 Co-administration with the dopaminergic antagonist spiperone blocks the 

anti-myopic effects of muscarinic but not nicotinic agonists 

Two-way ANOVA testing demonstrated that co-administration with spiperone significantly 

altered the effectiveness of cholinergic agonists against the development of FDM (axial: 

ANOVA F(5,91)=3.761, p<0.05; refraction: ANOVA F(5,91)=3.497, p<0.05). Specifically, 

the protection afforded by the muscarinic agonists pilocarpine and muscarine against the 

development of FDM was significantly reduced by co-administration with spiperone (Figure 

7-4, raw data and pairwise comparisons - Table 7-4). In contrast, the effectiveness of nicotinic 

(nicotine) and non-specific cholinergic agonists (carbachol and oxotremorine) at inhibiting the 

development of FDM was unaffected by co-administration with spiperone (Figure 7-4, raw 

data and pairwise comparisons - Table 7-4).  
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Figure 7-4: Co-administration of cholinergic agonists with spiperone 

Differences (treated-contralateral control eye) in (A) axial length and (B) refractive data for 

form-deprived groups treated with one of the following cholinergic agonists (pilocarpine (Pilo, 

51nmoles), muscarine (Musc, 6.01nmoles), nicotine (Nic, 150nmoles), carbachol (Carb, 

4.21nmoles), oxotremorine (Oxo, 0.25nmoles)) alone or co-administered with the D2-like 

antagonist spiperone (Spip, 5nmoles). All data are presented as the means ± standard error of 

the means (bars) and individual values (hollow circles). Sample sizes (min n=6 per group) can 

be found in Table 7-2. Statistics denote difference between each agent alone and each agent 

co-administered with spiperone (* p<0.05).  
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7.6 Discussion 

This study reports that the control of eye growth by cholinergic agents is more complex than 

simply the ability of muscarinic antagonists such as atropine to inhibit axial elongation 

(summarised in Table 7-6). Specifically, we have shown that administration of muscarinic and 

nicotinic agonists can, like cholinergic antagonists, inhibit the development of experimental 

myopia in chicks. This indicates that cholinergic hyperactivity does not underly myopia and 

lends support to the hypothesis that atropine, the primary pharmacological treatment for human 

myopia, may in fact inhibit myopic growth via a non-cholinergic pathway. The current findings 

also demonstrate that changes in dopamine levels are not required for atropine to inhibit ocular 

growth in animal models. This finding is important as the concept that atropine may function 

through the dopaminergic system has led to the hypothesis that the effectiveness of atropine in 

children may be influenced by the amount of time spent outdoors496. Finally, nicotinic agonists 

may represent a novel and more targeted method for the cholinergic control of myopia as they 

are unlikely to suffer from the anterior segment side-effects associated with muscarinic agents. 
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Table 7-6: Summary of key results 

Treatment 

Effects on 

normal ocular 

development 

Effects on the 

development 

of FDM 

Effects on retinal 

dopamine/DOPAC 

levels 

Effects of 

dopaminergic 

antagonists on 

protection 

Atropine 

(0.15nmoles) 

No significant 

effects 

Significantly 

inhibited 

FDM 

No effects No effects 

Atropine 

(15.00nmoles) 
n/a n/a No effects n/a 

Atropine 

(360.00nmoles) 

No significant 

effects 

Significantly 

inhibited 

FDM 

Significantly 

increased dopamine/ 

DOPAC levels 

No effects 

Pilocarpine 

(51.00nmoles) 

No significant 

effects 

Significantly 

inhibited 

FDM 

Significantly 

increased dopamine/ 

DOPAC levels 

Spiperone 

inhibited 

protection 

Muscarine 

(6.01nmoles) 

No significant 

effects 

Significantly 

inhibited 

FDM 

Significantly 

increased dopamine/ 

DOPAC levels 

Spiperone 

inhibited 

protection 

Nicotine 

(150.00nmoles) 

No significant 

effects 

Significantly 

inhibited 

FDM 

No effects No effects 

Carbachol 

(4.21nmoles) 

No significant 

effects 

Significantly 

inhibited 

FDM 

Significantly 

increased dopamine/ 

DOPAC levels 

No effects 

Oxotremorine 

(0.25nmoles) 

No significant 

effects 

Significantly 

inhibited 

FDM 

Significantly 

increased dopamine/ 

DOPAC levels 

No effects 

FDM: form-deprivation myopia, DOPAC: 3,4-dihydroxyphenylacetic acid. 
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7.6.1 Cholinergic agonists and antagonists block the development of FDM 

With the well-documented ability of muscarinic antagonists to inhibit the development of 

myopia (Supplementary Table 9-16), it was assumed that stimulation of the cholinergic system 

would enhance growth rates, opposing the action of drugs such as atropine. Instead, muscarinic, 

nicotinic and non-specific cholinergic agonists were highly effective at inhibiting the 

development of FDM in chicks. This indicates that the development of experimental myopia 

is not driven by cholinergic hyperactivity. While these results are unexpected, the current 

findings do concur with observations that administration of acetylcholine esterase inhibitors, 

which should promote the accumulation of acetylcholine in the retina, inhibit the development 

of FDM in chicks309, 497. It also agrees with an earlier study by Stone, Lin and Laties 299 in 

which the authors observed a small but not significant inhibition of FDM in chicks 

administered with the non-specific cholinergic agonist carbachol. 

The question remains, how do cholinergic agonists and antagonists induce the same 

physiological outcome (inhibition of myopic growth)? The current data may suggest that any 

deviation in muscarinic activity away from the set point established during the development of 

FDM can inhibit growth. However, to our knowledge, there is no evidence for such a biological 

process. Alternatively, it may be that cholinergic agonists and antagonists inhibit ocular growth 

through different subtypes of cholinergic receptors, thus targeting different retinal cell-types 

and pathways. However, based on their receptor affinity490, 498, it seems unlikely that the broad-

spectrum muscarinic agonists and antagonists currently tested are acting through different 

receptor subtypes.  

Instead, the current data suggests that cholinergic agonists and/or antagonists inhibit myopic 

growth through a non-cholinergic mechanism, a postulate previously put forward for atropine 

(for review see 436). Specifically, atropine has been shown in vitro to bind to and inhibit the 
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activity of two non-cholinergic receptor families also implicated in ocular growth regulation438, 

499, namely serotonergic receptors500 and alpha2A-adrenoceptors493. Several other indirect lines 

of evidence have been put forward to further support a non-cholinergic mechanism for atropine 

(for review see 436). For example, only a limited number of cholinergic antagonists have been 

found to replicate the effects of atropine and inhibit the development of experimental 

myopia279. Although such limited replication could be suggestive of a non-cholinergic 

mechanism, it could also be attributed to several other factors as noted by McBrien, Stell and 

Carr 436. For example, this could be the result of low cross-reactivity with cholinergic receptors 

in chickens, the primary test model for such compounds (Supplementary Table 9-16). 

Interestingly, several of the cholinergic antagonists that are found to inhibit experimental 

myopia have also been reported to bind to non-cholinergic receptors. These include pirenzepine 

and MT-3, which can bind to alpha2A-adrenoceptors493, and scopolamine, which can bind to 

serotonergic receptors500. That such high concentrations of atropine are needed to inhibit ocular 

growth relative to that required to show muscarinic effects in other organ systems has also been 

suggested to indicate a non-cholinergic mechanism436. However, more recent work has shown 

that atropine remains effective at doses significantly below those previously reported406. 

Finally, as a competitive antagonist, atropine should be ineffective in the absence of a natural 

ligand (acetylcholine). Yet atropine continues to inhibit ocular growth in chicks260, and scleral 

glycosaminoglycan synthesis in culture283, 284, when acetylcholine levels are diminished or 

absent respectively. This would again suggest that atropine is functioning through a non-

cholinergic receptor target.  However, it should be noted that in cardiac tissue, atropine has 

been reported to act as an inverse agonist and therefore can inhibit the action of muscarinic 

receptors in the absence of acetylcholine501, 502.  
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7.6.2 Cholinergic agents do not affect normal ocular growth 

When injected into otherwise untreated eyes, none of the cholinergic agonists or antagonists 

tested affected normal ocular growth or refractive development. This concurs with previous 

findings in grey squirrels in which carbachol administration had no effect on refraction or 

ocular biometry222. Furthermore, this appears to be a common theme seen in the field, with the 

vast majority of compounds which can inhibit experimental myopia having no effect on normal 

ocular development21, 25, 29, 280, 301, 314, 405, 406, 457. As discussed previously282, this would suggest 

that the pathways involved in ‘normal’ eye growth and those operating under conditions of 

‘abnormal’ eye growth (experimental myopia) are different in some quite fundamental way, 

especially with respect to their sensitivity to pharmacological agents.  

It should be noted, however, that an earlier paper by Nickla, Zhu and Wallman 281 observed 

that intravitreal injection of oxotremorine, but not carbachol or pilocarpine, affected normal 

ocular development in chicks, but at a dose 100 times higher than that tested presently. Thus, 

cholinergic agents may show a dose-dependent effect on normal ocular development. 

7.6.3 The ability of atropine to inhibit FDM appears to be independent of its 

effects on retinal dopamine levels 

Administration of atropine at a dose of 360nmoles significantly modulated dopaminergic 

activity in form-deprived eyes as previously reported34. However, this same effect was not 

observed when investigating the two lower doses of atropine (0.15 and 15nmoles), with vitreal 

levels of dopamine and DOPAC remaining unaffected in myopic eyes. This would suggest that, 

at these lower doses, atropine does not inhibit FDM through modulation of dopaminergic 

activity. The current pharmacological findings support this, with neither the D2-like receptor 

antagonist spiperone, nor the D1-like receptor antagonist SCH-23390 able to block the 

protective effects of atropine at 0.15nmoles. Furthermore, although able to alter dopaminergic 
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activity, the efficacy of atropine at the higher dose of 360nmoles against the development of 

FDM was also unaffected by co-administration with either dopaminergic antagonist.  

With the observation that dopamine appears not to underly atropine’s mode of action, the 

changes in dopamine levels observed presently may indicate that atropine loses specificity at 

higher doses. In vitro studies have observed that atropine will bind to and antagonise alpha2A-

adrenoceptors, but only at concentrations above ~30µM, several log folds above its IC50 for 

muscarinic receptors493. This supports the concept that atropine may bind alternative receptor 

families at higher doses. If atropine does become less specific, how do the concentrations used 

to treat children and young adults compare to the current findings? In humans, atropine has 

been used in topical formulations at several concentrations including but not limited to 0.01%, 

0.05%, 0.1% and 1% w/v (for review see 434). Assuming an 80µL topical volume and a 

posterior segment penetration rate of 3% for atropine based on animal data406, these would 

equate to a daily vitreal dose of 0.05, 0.18, 0.35 and 3.54nmoles respectively. Such doses fall 

at least 100-folds below that required to modulate dopamine levels in the current study 

(360nmoles). Importantly, when accounting for differences in vitreal chamber volume between 

humans (3.8mL) and chicks (0.4mL), the final concentration of atropine within the posterior 

chamber of the human eye, when given as a 1% w/v solution, will roughly equate to the lowest 

concentration tested presently.  

7.6.4 Muscarinic but not nicotinic agonists inhibit FDM through modulation of 

retinal dopamine release 

Administration of both muscarinic- (muscarine and pilocarpine) and non-specific (carbachol 

and oxotremorine) cholinergic agonists significantly inhibited the decline in vitreal dopamine 

and DOPAC levels associated with the development of FDM. In the chick retina, muscarinic 

cholinergic receptors, specifically the m4 subtype, have been reported to co-localize with 
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dopaminergic amacrine cells254, thus providing a pathway by which these agents could directly 

modulate dopamine synthesis. This finding is also consistent with previous work in neural 

tissue, with reports that muscarine503-505, carbachol506, and oxotremorine507 increase dopamine 

synthesis by modulating the expression and activity of tyrosine hydroxylase, the rate limiting 

enzyme in dopamine synthesis. Although caution must be taken when adapting results 

generated in non-ocular tissue to what might occur in the retina, these findings support the 

observation that cholinergic agonists can stimulate dopamine synthesis and release.  

Interestingly, although shown to increase dopamine synthesis in neural tissue504, 508-511, 

treatment with nicotine did not affect vitreal dopamine or DOPAC levels. This suggests that 

within the retina, although nicotinic receptors are expressed on amacrine, bipolar and ganglion 

cells276, 512, they may not colocalise with dopaminergic amacrine cells. The ability of the non-

specific cholinergic agonists carbachol and oxotremorine to modulate dopamine release is 

therefore presumably driven by their stimulation of muscarinic rather than nicotinic receptors. 

To complement the LC-MS-MS data, each cholinergic agonist was co-administered with 

spiperone, a D2-like antagonist known to block the anti-myopic effects of dopamine in chicks6, 

17, 19, 25, 349, 362, 405, 407. In agreement with the observed changes in retinal dopamine levels, co-

administration with spiperone blocked the anti-myopic effects of muscarinic agonists but had 

no effect on nicotine. This further supports the idea that muscarinic, but not nicotinic agonists 

inhibit ocular growth through down-stream modulation of the dopaminergic system. As D1-

like antagonists have not been observed to alter dopaminergic protection against experimental 

myopia in chicks25, we did not co-administer such agents with the current cholinergic agonists. 

Therefore, while unlikely, we cannot discount that nicotine works through a D1-like 

mechanism.  
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Although treatment with the non-specific agonists carbachol and oxotremorine increased 

retinal dopamine release, both agents were unaffected by spiperone. However, as stated above, 

while dopamine may underlie their muscarinic action, these non-specific agonists are still 

capable of targeting nicotinic receptors. As nicotinic receptors appear to elicit their protective 

effects by a mechanism independent or downstream of dopamine, this provides another route 

of protection for these non-specific agonists.  

7.6.5 Ramifications for the treatment of human myopia 

The concept that atropine may function through the dopaminergic system has led to the 

hypothesis that atropine may be less effective in children that spend greater amounts of time 

outdoors496. Specifically, in such populations, retinal levels of dopamine would be elevated due 

to greater sun exposure. This could, therefore, reduce the effectiveness of atropine. However, 

the current findings indicate that atropine does not require the dopaminergic system to inhibit 

ocular growth. Therefore, an additive effect could be seen when combining time outdoors and 

atropine use, an idea supported by recent findings from a small atropine intervention trial in 

Bangalore, India513.   

Unexpectedly, and of clinical relevance, cholinergic agonists were effective against the 

development of FDM. This raises the question as to whether such compounds would provide 

any benefit over existing treatments such as atropine. As muscarinic cholinergic receptors are 

found in the anterior segment of the eye255, muscarinic agonists are, like atropine, associated 

with several side effects arising from their action in the iris and ciliary muscle514. For example, 

during pilocarpine treatment such off-target effects have been linked to retinal detachment in 

myopic humans514. Therefore, muscarinic and non-specific cholinergic agonists (both of which 

can target muscarinic receptors) would be inappropriate to develop further for the treatment of 

myopia. In contrast, nicotinic agonists may represent a new method for cholinergic control of 
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myopia. To our knowledge, there is no evidence of nicotinic receptors being present in the 

anterior segment of the eye515.  Thus, the anterior ocular side-effects associated with muscarinic 

agents434 should not be observed during treatment with nicotinic agents. Therefore, future work 

will evaluate the safety and efficacy of nicotinic agonists in pre-clinical animal models, with a 

view towards their translation to the human condition. 

7.6.6 Conclusions 

This study demonstrates that although atropine can modulate retinal dopamine release at higher 

doses, this is not critical for its anti-myopic effects. We also report that cholinergic agonists, 

which should oppose the anti-cholinergic action of atropine, can themselves inhibit FDM. This 

would indicate that cholinergic hyperactivity does not underpin the development of myopia. 

Finally, the anti-myopic effects of nicotinic agonists may represent a novel and more targeted 

method for the cholinergic control of myopia. Importantly, nicotinic agents are unlikely to 

suffer from the anterior segment side-effects associated with muscarinic treatment. 
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Chapter 8 – General Discussion 

This thesis has investigated several questions regarding the role of dopamine in the 

development and prevention of experimental myopia, with a view towards pharmacologically 

targeting the dopaminergic system for treatment of the condition in humans. The first question 

addressed is whether, like FDM, pharmacological simulation of the dopaminergic system can 

inhibit LIM. Accordingly, Chapters 2405 and 4407 demonstrated that FDM and LIM are similarly 

inhibited by dopamine, the dopaminergic agonist ADTN, and the dopamine precursor 

levodopa. In both paradigms, this protection is elicited in a dose-dependent manner and driven 

by a D2-like receptor mechanism. These findings indicate that dopamine plays a fundamental 

role in ocular growth regulation in the chick model, and this suggests it may well play a 

universal role across species, including humans.  

Recognising that dopaminergic stimulation inhibits growth, this thesis has investigated the 

safety and efficacy of topically applied levodopa in the prevention of experimental myopia. 

Chapters 3406 and 4407 demonstrated that levodopa eye drops can inhibit the development of 

FDM and LIM in a dose-dependent manner, with an efficacy similar to that of atropine. Chapter 

5454 showed that the effectiveness of topical levodopa can be enhanced by about 30% when its 

bioavailability was increased through co-administration with the AAAD inhibitor carbidopa, 

with full protection seen at the highest doses tested. Importantly, neither levodopa nor 

levodopa/carbidopa induced any alterations in normal ocular development or ocular health 

following chronic treatment in chicks and mice (Chapter 3406). Together, the preclinical data 

generated in this thesis suggest that levodopa may be an effective treatment for preventing the 

onset and/or progression of myopia in children. Clinical trials are now required to determine 

the translatability of these findings to the human situation.   
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This thesis has also examined whether topical administration of dopamine, which was assumed 

not to cross the corneal epithelium, can inhibit myopic growth. Chapter 6457 showed that 

intravitreal and topical administration of dopamine significantly inhibited the development of 

FDM over an ascending dose-range. Chapter 6 also examined whether deuterium (2H) 

substitution can increase dopamine’s effectiveness against FDM when given topically. 

Although deuterated dopamine could also inhibit the development of FDM in a dose-dependent 

manner, this protection was no greater than that seen for unmodified dopamine. These findings 

indicate that dopamine, like levodopa, may serve as a potential treatment for myopia. However, 

further optimisation of such a formulation would be required to enhance dopamine’s 

effectiveness, which is currently below that of levodopa or atropine.  

Finally, this thesis has examined whether dopamine is a key component of the anti-myopic 

effects of atropine, and has tested whether cholinergic hyperactivity underlies myopic growth. 

Chapter 7487 demonstrated that, although atropine can increase dopamine release at high doses, 

dopaminergic stimulation is not critical for atropine’s protective effects. Unexpectedly, 

Chapter 7 also showed that cholinergic stimulation, through the administration of several 

different agonists, significantly inhibited the development of FDM. This indicates that 

cholinergic hyperactivity does not underlie myopic growth in the chick model. It also raises 

the question of whether atropine inhibits myopia via cholinergic antagonism in this species.  

The synthesis of this work brings to light a number of overarching questions regarding the role 

of dopamine in ocular growth, which are discussed in the following sections.  

 

8.1 How similar are FDM and LIM outside of the dopaminergic system? 

FDM and LIM are fundamentally different with respect to the former being an open-loop 

system, with no defined endpoint, and the latter being a closed-loop system, in which excessive 



277 

 

growth ceases following the neutralisation of the imposed defocus. This leads to distinct 

differences in signal integration and the kinetics of growth changes, as discussed later in this 

section. However, both experimental paradigms ultimately lead to the same visually induced 

physiological changes – increased scleral growth/remodelling and choroidal thinning5. These 

physiological outcomes appear to be driven by a common set of molecular changes that sit 

within a defined regulatory pathway emanating from the retina. For example, both paradigms 

are associated with an increase in sonic hedgehog expression516, 517, and a decrease in the 

expression of glucagon53, 477, 518, RA (in the choroid)519, 520, and the transcription factors early 

growth response 1 (EGR1)282, 521-523 and FBJ osteosarcoma oncogene (FOS)524. From a 

pharmacological perspective, a large number of compounds have been found to inhibit the 

development of FDM and, when studied, a significant number of these have translated to the 

negative-lens model. These include the muscarinic cholinergic antagonists atropine278-280, 285, 

299 and pirenzepine279, 285, 297-299, 301, 525, the GABAergic antagonist 3-ACPBPA319, 321, the nitric 

oxide synthase inhibitor NG-nitro-L-arginine methyl ester (L-NAME)312-316, 526, the 

glucagonergic agonists glucagon437, 518, 527, 528 and Lys, Glu-glucagon437, 518, as well as the 

dopaminergic compounds tested in this thesis. The two paradigms are also similarly affected 

by changes in the intensity and chromaticity of the lighting conditions used. For example, high 

ambient light intensities inhibit both FDM103, 350, 409, 410, 419 and LIM349, 529-531, with this 

protection elicited through the dopaminergic system. Although limited chromatic work has 

been undertaken with FDM, red light has been reported to inhibit both paradigms in rhesus 

monkeys532. Overall, these findings suggest that the biochemical changes, and thus the 

pathways underlying growth regulation, are fundamentally the same in both models.    

However, as has been noted, there are several distinct differences in signal integration and 

growth kinetics between the two paradigms. Firstly, decreases in electroretinogram oscillatory 

potentials have been reported in FDM, but not LIM, following 6 days of treatment in chicks533. 
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However, chicks appear to have compensated to the negative lenses by the time the 

measurements were made, complicating the comparison. Secondly, the initial rates of scleral 

proteoglycan synthesis and axial elongation have been observed to be faster in response to LIM 

than to FDM534. This is most likely driven by differences in the degree and way of applying 

defocus. Transcriptome analysis, using microarray technology, has also reported a smaller 

response to FDM relative to LIM following 2 hours of treatment535, 536. However, without 

knowing if the transcriptome changes observed are causally involved in growth regulation, it 

is unclear if they represent a fundamental difference between the two paradigms. With limited 

overlap seen between transcriptome studies83, 291, 524, 535-549, this suggests many observed 

changes are not directly related to growth modulation, or perhaps that significant noise is 

present within the system, and therefore caution must be used in any interpretation. The lack 

of overlap between FDM and LIM at the transcriptome level may also be related to the observed 

kinetic differences noted above, rather than differences in the fundamental pathways regulating 

growth. Thirdly, differences between the two models have also been observed during 

alterations to lighting conditions (other than the similarities observed for intensity and 

chromaticity). For example, periodic illumination during the dark phase has been reported to 

inhibit LIM but not FDM534. Conversely, both constant and stroboscopic light have been 

reported to block the response to FDM, but not LIM30, 534, 550, 551. However, the effect of 

constant light has been inconsistent across studies550. Finally, interrupting the parasympathetic 

inputs to the eye reduces the axial myopia associated with the wearing of diffusers552-554, but 

does not prevent compensation to wearing negative lenses238, 552. Nonetheless, although lens 

compensation was not prevented, this interruption of parasympathetic inputs did appear to alter 

the rate of compensation in response to negative lenses238.  
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8.2 What remains to be understood about dopamine’s role in ocular 

growth regulation? 

8.2.1 If dopamine is an inhibitor of ocular growth, why is its release maximal 

during the day while growth rates are at their highest? 

As discussed in Section 1.2.3, axial elongation follows a circadian rhythm, elongating more 

during the day than at night. Dopamine synthesis and release in the eye follows a similar diurnal 

rhythm, with dopamine levels high during the day and low at night13, 326, 328, 329. However, as 

dopamine is postulated to act as an inhibitor of ocular growth, it seems paradoxical that during 

the day dopamine levels are increased while growth rates are at their greatest.  

Several hypotheses have been put forward to explain this conundrum4. Firstly, as noted by 

Feldkaemper and Schaeffel4, the most obvious explanation is that dopamine is not critical for 

growth regulation, and therefore the alignment of these rhythms is unimportant. However, 

based on the significant evidence demonstrating a role for dopamine in the development and 

inhibition of FDM and LIM4, 5, it seems unlikely that dopamine plays absolutely no role in 

ocular growth. Another postulate is that dopamine’s effects on eye growth are phase-shifted 

several hours to facilitate growth inhibition during the night4. This could be explained by a 

delay in signal transduction from the retina to sclera, or a delay in the formation of new scleral 

components for growth. However, significant choroidal thickening occurs within 3 hours 

following the intravitreal administration of dopaminergic agonists in chicks19, suggesting there 

is no significant delay in signal transduction. Similarly, the administration of dopaminergic 

agonists during the light phase inhibits myopic growth during the day (Table 1-1), 

strengthening the suggestion that there are no significant phase shifts in the effects of 

dopamine. However, such types of pharmacological interventions may not be realistic, as any 

such administration is likely to overstimulate the dopamine system compared to what occurs 

during normal dopamine release.    
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Instead, data so far suggest that dopamine may only play a role in growth regulation when the 

eye enters a fundamentally different state – such as that seen in experimental myopia. In support 

of this, normal ocular growth is insensitive to pharmacological manipulation of the 

dopaminergic system in all species studied21, 25, 353, 405, 406, 457, 487. This suggests that dopamine 

is not critical to the normal rhythmic growth of the eye, but is critical once growth rates move 

outside the norm – such as during the development of myopia.  However, it should be noted 

that the paradox of these diurnal rhythms is brought about by looking at dopamine synthesis 

and release in isolation to the rest of the dopaminergic system in the eye. What is not taken into 

account, and thus requires further investigation, is whether there are also diurnal changes in 

receptor number and sensitivity (as has already been demonstrated for D1-like receptors in the 

chick retina555). Thus, the timing of dopamine’s effects on ocular growth could involve a 

playoff between dopamine release and receptor sensitivity. 

8.2.2 What role does dopamine play in LIH? 

Although not specifically studied in this thesis, an unexpected caveat to dopamine’s 

hypothesised role in ocular growth is its response to the wearing of positive lenses. As a growth 

inhibitory stimulus, one might expect the wearing of positive lenses to be associated with an 

increase in retinal dopamine release; instead, levels appear to be largely suppresssed13, 14, 30, 556 

(although this is not observed in all studies16). Taken in isolation, this observation suggests that 

dopamine is unimportant, or perhaps that the growth response to myopic defocus is driven by 

a reduction in dopaminergic activity. However, growth inhibition associated with the other 

major forms of myopic defocus – that of recovery from FDM and LIM – is associated with an 

expected up-regulation in retinal dopamine levels557. Furthermore, dopaminergic antagonists 

can inhibit recovery from experimental myopia19, 25, 28, indicating a clear role for dopamine in 

this form of myopic defocus.  
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Interestingly, inhibiting dopamine release by administering reserpine does not affect 

compensation to positive lenses in chicks558. This suggests that further suppression of 

dopaminergic activity does not enhance the rate of positive lens compensation, indicating that 

in this paradigm dopamine may not directly affect growth rates. However, since reserpine has 

unusual effects on the development of experimental myopia – it inhibits the development of 

both FDM and LIM558 – and can also block the release of norepinephrine and serotonin, its 

effects may not best represent the role of dopamine. Contrary to what might be expected from 

the downregulation in dopamine levels, administration of the dopaminergic agonist 

apomorphine enhances the rate of compensation to LIH in chicks18. This concurs with the 

original hypothesis – that dopamine acts as an inhibitor of ocular growth – and correlates with 

the responses to dopaminergic manipulation observed during experimental myopia6, 17-21, 25, 26, 

29, 282 as well as with the removal of diffusers25, 28 and negative lenses19 (noted above). Further 

work needs to be undertaken to properly establish the functional role of dopamine in LIH; 

however, chromatographic measures of dopamine levels have unambiguously demonstrated 

that, surprisingly, retinal release is inhibited in this paradigm.  

A similarly unexpected response to positive lenses is observed for several other retinal 

molecules implicated in growth regulation, including the transcription factors EGR1 and FOS. 

Like dopamine, these transcription factors show a bi-directional response to opposing growth 

stimuli. Specifically, their expression is downregulated during growth enhancement61, 282, 521-

524 and upregulated during growth suppression282, 477, 521, 523. The one exception to this 

bidirectional response is the wearing of positive lenses, during which EGR83, 539 and FOS (data 

from our laboratory) have been found to undergo an unexpected downregulation at the 

transcript level (although an increase in EGR1 expression has been reported at the peptide 

level559, 560).  
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There is one central feature that may explain the differences observed at a molecular level 

between the wearing of positive lenses and other forms of growth inhibition. In LIH, positive 

lenses are applied to an otherwise normal eye, whereas other forms of growth inhibition are 

associated with overcoming FDM or LIM. Given the recent advances in the use of dual-focus 

contact lenses for myopia control in humans, which rely heavily on inducing myopic defocus, 

further work is required to understand the mechanisms underlying the protective effects of 

positive lens-wear. 

8.2.3 What are the downstream pathways by which dopamine regulates ocular 

growth? 

A current limitation for the clinical use of dopaminergic agents for the control of myopia is that 

we do not understand the downstream mechanisms and pathways by which dopamine inhibits 

ocular growth. This is a limitation of all myopia treatments currently on the market. That is, 

the physiological changes induced are well-documented, but the pathways by which they 

induce these changes are unclear5, 434, 436. As dopamine is released locally within the retina, we 

presume it targets receptors within the retina or RPE. D2-like dopaminergic receptors, which 

mediate dopaminergic inhibition of myopia in non-rodent species5, have not been observed 

within the choroid or sclera (although this has not been heavily studied). During growth 

modulation, dopamine induces a large number of molecular changes in the retina that give 

insight into its mechanism of action521. This has led researchers to postulate that dopamine sits 

within a well-defined growth pathway emanating from the retina which is centred around 

specific subpopulations of amacrine cells (Figure 8-1)521.  However, little is known of the 

components of the pathway downstream of the retina, with dopamine highly unlikely to directly 

modulate choroidal or scleral changes.    
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Figure 8-1: Schematic diagram of a potential pathway underlying growth suppression 

A model proposed by Karouta et al.521 for (A) form-deprivation myopia (FDM); (B) optical 

prevention of FDM (recovery from FDM); and (C) pharmacological prevention of FDM. Key 

to symbols: ① Photoreceptors detect a change in the visual field, which is transmitted to 

dopaminergic amacrine cells via ON bipolar cells. ② This alters dopamine synthesis and 

release, thereby modulating the activity of target amacrine cell populations. ③ The modulation 

of these amacrine cell populations alters the activity of several key cell signalling pathways, 

including JAK-STAT, AGE-RAGE, MAPK, and PI3K-Akt. ④ Changes in the activity of 

these pathways converge around the expression of the transcription factors EGR1 and FOS, as 

well as the transcriptional coregulator NAB2, which modulates the release of specific 

signalling molecules. These interact with the pathways underlying circadian entrainment ⑤ 

(which are also influenced by dopamine levels), to modulate distal receptor targets within the 

RPE and/or choroid ⑥. This signalling cascade ultimately induces changes in axial elongation 

by inhibiting or promoting scleral growth and/or remodelling. Other symbols:  ligand-gated 

ion channels;  G-protein coupled receptors;  receptor type/family unknown;  glutamate;  

 ligand (drug);  extracellular dopamine;  signalling molecule; ? pathway response 

unknown.  
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8.3 How translatable is dopamine’s role in experimental myopia to the 

human condition? 

Although dopamine has been extensively studied in animal models of myopia, its role in the 

human condition has not been directly investigated. This is due to the significant technical 

limitations in studying dopamine synthesis and release in the human eye, which, in animal 

models, is quantified following dissection of retinal and vitreal tissue. Therefore, our current 

understanding of the role of dopamine in human myopia relies on anecdotal evidence. 

As levodopa has been used for over 50 years in humans, significant patient data is available, 

including ocular data. However, as the age of onset for Parkinson’s disease (levodopa’s primary 

indication) is outside the developmental period for myopia, such data is not informative. 

Although levodopa has been used for the treatment of myopia in children388, 561, unfortunately 

such studies do not report its effects on axial length or refraction. Instead, more useful 

information may come from the use of dopaminergic treatments for attention deficit 

hyperactivity disorder (ADHD) in children. Methylphenidate, the most common treatment for 

ADHD, acts as a dopamine and noradrenaline reuptake inhibitor, promoting further stimulation 

of dopaminergic and noradrenergic receptors. Although not heavily studied with respect to 

myopia, methylphenidate treatment has recently been reported to inhibit myopia development 

over 12 months in a small, placebo-controlled study that followed 19 children with ADHD562. 

Although this study supports a role for dopamine in human myopia, it is limited by the low 

numbers of participants and short timeframe investigated. Therefore, further retrospective 

studies should be undertaken into the refractive state of children undergoing methylphenidate 

treatment to better evaluate the role of dopamine in human myopia. 
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The largest body of evidence to suggest a role for dopamine in human myopia centres around 

the observed protection associated with time spent outdoors198, 199, 563-565. Such protection has 

been postulated to be driven by the higher light intensities experienced outdoors (although other 

properties of light, such as chromatic cues, may also play a role101, 532, 566-577). Accordingly, 

Read et al.578 have reported that exposure to higher light intensities over the day (averages of 

842 and 1,455 lux compared to 459 lux) is associated with less axial growth in children over 

an 18 month period. Similarly, Wu et al.564 have reported less axial growth in children who 

spend greater than 200 minutes per day exposed to over 1,000 or 3,000 lux outdoors (compared 

to those spending time indoors where luminance is less than 1,000 lux). It has been proposed 

that the protection afforded by higher light intensities is driven by light-induced increases in 

retinal dopamine release579. This is supported by data from animal studies, which have 

demonstrated that high light intensities increase retinal dopamine release and retard the 

development of experimental myopia5. Furthermore, this protection can be abolished by 

pharmacological blockade of the dopamine system5. 

 

8.4 Complexities of topical drug delivery and implications for human 

treatment 

This thesis has generated full dose response curves for the topical application of levodopa, 

levodopa/carbidopa, atropine, dopamine, and deuterated dopamine. As shown in Figure 8-2, 

the protection afforded by topical application of dopamine and deuterated dopamine against 

FDM was 10–20% less than that seen for levodopa and atropine (Chapter 3), which were about 

30–40% less effective than levodopa/carbidopa (Chapter 5).  
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Figure 8-2: Effectiveness of topical formulations tested in this thesis against the 

development of FDM 

Percent protection elicited by topical application of dopaminergic compounds or atropine 

against the axial elongation associated with the development of FDM over 4 days of treatment. 

Data is drawn from Chapters 3, 5, and 6 of this thesis and represent the means ± standard error 

of the means (min n = 6 per group).  
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Although all formulations abolished the development of experimental myopia when 

administered intravitreally, only levodopa/carbidopa was able to elicit complete protection 

when applied as topical eye drops (Figure 8-2). Could full protection be elicited by the other 

formulations if administered at higher doses? This seems unlikely. Specifically, as 

demonstrated in Figure 8-2, at the highest doses tested, the efficacy gains observed were 

already diminishing. This suggests that, for each of these compounds, the maximum ocular 

penetration and cellular transportation achievable in their current formulations have been 

approached. Furthermore, due to the logarithmic fit of the dose–response data, the doses 

estimated to generate complete protection (levodopa: 167 M; atropine: 3.39 M; dopamine: 

14.1 M; deuterated dopamine: 55099 M) fall well above the solubility limits of these 

compounds (levodopa: 0.03 M; atropine: 0.01 M; dopamine: 4 M; deuterated dopamine: 4 M). 

The only method by which such doses could therefore be reached would be to increase the 

volume given or increase the treatment frequency. However, as discussed in Chapter 1, 

increasing the volume of a topical treatment is precluded by the size of the eye. It is unclear if 

increasing the dosing frequency will enhance the efficacy of these compounds. Importantly, 

from a clinical perspective, increasing the dosing frequency is likely to negatively affect patient 

compliance.  

As was undertaken for levodopa, the most appropriate method for enhancing the effectiveness 

of these formulations is to add agents that either increase ocular penetration or prevent 

premature degradation. Such modifications to each of these formulations will form the basis of 

future studies to optimise their effectiveness.  

8.4.1 How does dopamine penetrate the eye? 

As stated in Chapter 6, the effectiveness of topical dopamine and deuterated dopamine was 

somewhat unexpected. The significant level of protection observed is indicative of active 
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transport of these compounds across the corneal epithelium. This was not anticipated as there 

is no evidence of dopamine’s primary transporter (DAT) in the anterior segment of the eye 

(since DAT is localised to the retina and RPE)580-582. However, organic cation transporters can 

also facilitate dopamine uptake and have been found in both the cornea and conjunctiva582, 583, 

providing a route for entry of dopamine into the eye. Therefore, future work will investigate 

whether dopamine is brought into the eye via these organic cation transporters, and whether 

this can be enhanced to increase dopamine’s protective effects. 

8.4.2 Could cholinergic agonists form a novel family of pharmacological agents 

for myopia treatment? 

Although their topical application was not studied, the effectiveness of cholinergic agonists 

observed in Chapter 7 may indicate a new avenue for myopia control. As discussed in Section 

7.6, due to the distribution of muscarinic receptors in the iris and ciliary muscle255, and the 

contraindications of muscarinic agonists in myopic glaucoma patients (due to the increased risk 

of retinal detachments)514, muscarinic and non-specific agonists are inappropriate for the 

treatment of human myopia. However, due to the absence of their receptors in the anterior 

segment of the eye, nicotinic agonists may represent a novel agent for the treatment of myopia. 

This aligns with previous epidemiological work demonstrating that individuals exposed to 

parental smoking (and therefore nicotine) during development display, on average, a more 

hyperopic mean refraction584-589. However, there are confounding social and environmental 

factors not accounted for across all of these studies which may reduce the observed effect size. 

Based on their effectiveness when given intravitreally, if such nicotinic agonists are able to 

penetrate the eye when applied as topical eye drops, they may have a similar effectiveness to 

atropine. However, the lack of nicotinic receptors in the anterior segment of the eye indicates 

that nicotinic agonists are less likely to induce the anterior segment side-effects associated with 
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atropine. Furthermore, as nicotine is able to rapidly cross tight epithelial barriers such as the 

blood–brain barrier590, its ocular penetration may already be superior. As such, future studies 

regarding the effectiveness of topical nicotine are warranted. 

 

8.5 How do dopaminergic agents fit within the landscape of current 

treatment options for human myopia? 

There are a number of pharmacological, optical, and behavioural interventions currently in use 

for the treatment of human myopia. These include atropine eye drops, orthokeratology, dual 

focus lenses, and increased time spent outdoors. Each of these interventions has been shown to 

significantly inhibit the progression of myopia, although none give complete protection 

(atropine: 60–80% protection161-181, orthokeratology: 30–60% protection182-187, dual focus 

lenses: 40–80% protection188-197, and increased time outdoors: 30–60% protection198-200). As 

with most clinical treatments, a small percentage of non-responders (10–15%) are observed 

for each of these interventions. With respect to safety and tolerability, atropine has been 

associated with cycloplegia and mydriasis causing image blur and photophobia, while 

orthokeratology has been associated with corneal irritation and infection, although current 

designs have overcome much of this434, 591. To enhance the repertoire of safe and effective 

myopia treatments, global efforts are being undertaken to develop new methods to combat 

myopia. 

Although their efficacy is yet to be assessed in humans, the dopaminergic and cholinergic 

formulations tested in this thesis show significant potential as novel treatments of myopia. 

Levodopa/carbidopa remains the most promising, owing to the almost complete protection 

elicited against experimental myopia and its history of systemic use in humans387-394, 400-404. If 

levodopa/carbidopa is found to be effective in humans and is able to elicit greater protection 
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against the onset and/or progression of myopia than the current interventions (as suggested by 

its effectiveness relative to atropine (Figure 8-2)), it could become a primary treatment for 

human myopia. Alternatively, levodopa/carbidopa may serve as an additive therapy in 

conjunction with current treatment options. Such additive approaches are being trialled, with 

the combination of atropine and orthokeratology currently under clinical investigation180, 181. 

Although not extensively studied, work in animal models has reported that dopaminergic 

interventions can increase the growth inhibitory effects of atropine and of positive lenses18. 

This strengthens the supposition that levodopa/carbidopa may indeed be able to bolster the 

protective effects of current myopia treatments. However, until clinically tested in humans, we 

cannot yet say how the dopaminergic and cholinergic compounds tested in this thesis will fit 

into the current landscape of treatment options for myopia.   
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Chapter 9 – Appendices 

9.1 Supplementary information – Chapter 2 

 

 

Figure 9-1: Correlations between change in refraction and change in axial length in 

response to dopamine or ADTN treatment 

Black dots represent individual animals from: (A) FDM dopamine dose-response experiments; 

(B) LIM dopamine dose-response experiments; (C) FDM ADTN dose-response experiments; 

(D) LIM ADTN dose-response experiments. ADTN: 6-Amino-5,6,7,8-tetrahydronaphthalene-

2,3-diol hydrobromide, FDM: form-deprivation myopia, LIM: lens-induced myopia. 
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9.2 Supplementary information – Chapter 3 

9.2.1 Supplementary methods 

9.2.1.1 Histology 

To investigate the effect of levodopa on retinal structure, architecture and cell health in chicks, 

base histology with toluidine blue staining and a terminal deoxynucleotidyl transferase dUTP 

nick end labelling (TUNEL) assay were performed. Chicks were sacrificed by an overdose of 

isoflurane anaesthetic followed by decapitation, with the eyes immediately enucleated and 

hemisected. The posterior eye cup was fixed in freshly prepared 4% paraformaldehyde (Sigma, 

P6148) in 1x phosphate buffered saline (1xPBS, pH 7.4) for 4 hours at 4˚C. After fixation, the 

eye cups were washed in three changes of 30% sucrose solution (Sigma, S9378) and 

cryoprotected overnight in 30% sucrose at 4˚C. Eye cups were then embedded in OCT 

mounting medium at -20˚C (Tissue Tek), before 12-15 µm cryo-sections were cut on a Leica 

CM1860 cryostat and mounted on superfrost microscope slides (Menzel-Glaser) before being 

dried for 1 hour at room temperature. Retinal sections were taken from the area centralis and 

at 100 and 300μm into the eye from a superior nasal orientation and stored at -20˚C until use. 

For analysis of general histology, retinal tissue was stained with toluidine blue. For staining, 

sections were immersed in a 1% w/v toluidine blue solution (Sigma Aldrich, 89640; dissolved 

in distilled water) for 1.5 minutes prior to rinsing under running distilled water for 2 minutes. 

Sections were then mounted in glycerol before cover slipping. Sections were viewed on a Motic 

BA410 light microscope at 20X or 40X magnification and captured by a Moticam 10-

megapixel camera in conjunction with the Motic Live Imaging Module. 

To examine the retina for signs of apoptosis, a TUNEL assay was performed. TUNEL staining 

was undertaken using the Roche In Situ Cell Death Detection Kit, AP (Sigma, 11684795910) 

following a protocol adapted from the work of Denton & Kumar (Cold Spring Harbor 
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Protocols, 2015) and the manufacturer’s instructions. In short, sections were prepared by 

washing in three changes of 1xPBS in 0.1% v/v Triton X-100 (1xPBST), permeabilising in 

0.1% w/v sodium citrate on ice for 5 minutes, followed by washing in 3 more changes of 

1xPBST. Sections were then incubated in TUNEL Reaction Mixture according to the 

manufacturer’s instructions (negative controls were incubated in Labelling Mixture only, 

whilst positive controls were incubated in DNase 1 (100 U/mL) for 30 minutes prior to TUNEL 

labelling to induce DNA fragmentation like that observed in apoptosis). Following TUNEL 

labelling, sections were washed in the dark in 3 changes of 1xPBS, followed by visualisation 

using a Leica DMIL fluorescent microscope at 20X magnification with images captured by a 

Leica DFC425 camera using the Leica Application Suite version 4.8.  

9.2.1.2 LC-MS-MS 

Vitreous Sample Preparation: One hour after treatment chicks were sacrificed using an 

overdose of isoflurane. Eyes were rapidly enucleated and hemisected, so as to obtain the 

vitreous body, which were stored at -80°C until analysis. 

In short, samples were homogenised for 1 minute in 90 μL of 0.5mM ascorbic acid in 1% (v/v) 

formic acid in MilliQ water and 10 μL of an internal standard mix. The internal standard mix 

consisted of 1 μg/mL dopamine-d4 HCl (as free base, Cerilliant D-072), 12 μg/mL DOPAC-d5 

(Sigma, 778206), and 6 μg/mL levodopa-d3 (as free base, Sigma, 333786) in 0.5 mM ascorbic 

acid in 1 % (v/v) formic acid in MilliQ water. Samples were then sonicated in ice-cold water 

for 5 minutes and centrifuged at 14000 rpm (20800g) for 45 minutes at 4 °C; the supernatant 

(80 μL) was then analysed by LC-MS-MS. 

Blood Sample Preparation: Samples were centrifuged at 14000 rpm (20800g) for 45 minutes 

at 4 °C before 100 μL of an internal standard mix was added. The internal standard mix 

consisted of 1 μg/mL dopamine-d4 HCl (as free base, Cerilliant D-072), 12 μg/mL DOPAC-d5 
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(Sigma, 778206), 6 μg/mL levodopa-d3 (as free base, Sigma, 333786) and 6 μg/mL HVA-d5 

(Cerilliant, H-092) in 0.5 mM ascorbic acid in 1 % (v/v)  formic acid in MilliQ water. Samples 

were then sonicated in ice-cold water for 5 minutes and centrifuged at 14000 rpm (20800g) for 

45 minutes at 4 °C; the supernatant (80 μL) was then filtered through 4mm 45μm nylon syringe 

filters (Thermo fisher) prior to LC-MS-MS analysis. 

General Conditions: Samples were analysed using an Agilent 1260 Infinity HPLC interfaced 

with an Agilent 6410 triple quadrupole mass spectrometer, equipped with an ElectroSpray 

ionisation (ESI) source. All data was acquired and quantified using MassHunter software 

(Version B 04.01). The separation was achieved on an Agilent InfinityLab Poroshell 120 EC-

C18 analytical column (dimensions 2.7 μm, 3.0 x 50 mm; Agilent, 699975-302), fitted with a 

frit and a corresponding guard column (dimensions 2.7 μm, 3.0 x 5 mm; Agilent, 823750-911). 

A gradient elution with a binary mobile phase system of (A) 0.1 % v/vformic acid in MilliQ 

water and (B) 0.1 % v/v formic acid in LC-MS grade methanol was performed, with a column 

temperature of 40 oC and a 0.2 mL/min flow rate. The gradient profile was 5 % B held for 2 

minutes, increasing to 100 % B over 6 minutes, and then held for 5 minutes, prior to re-

equilibration at 5 % B for 12 minutes (resulting in a 25 minute analysis time, divided into the 

2 time segments based on MS ionisation mode). The autosampler was maintained at 4 oC and 

an injection volume of 20 μL was used. After analysis, the column was back-flushed overnight 

with 100 % LC-MS grade MeOH at 0.35 mL/min. 

MRM Parameters for Vitreous Samples: Optimised multiple reaction monitoring (MRM) 

parameters are summarised in Table 9-12. The corresponding molecular ion and up to three 

most predominant fragment ions were utilised for each analyte; DOPAC and its deuterated 

standard had one MRM transition monitored respectively due to the lack of any additional 

sufficiently intense fragment ions. Additional MS parameters were as follows: gas temperature 
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and flow rate 340 oC and 8.5 L/min, nebuliser 25 psi, capillary voltage 3000 V (positive) and 

2000 V (negative), cell acceleration voltage 7 V. Both quadrupoles were operated in unit 

resolution. 

The limit of quantification (LOQ) of each analyte in the vitreous matrix was estimated based 

on a signal to noise ratio of 10:1 for the deuterated quantifier MRM transition and an injection 

volume of 20 µL: 0.28, 8.4 and 1.3 pmol/vitreous, for dopamine, DOPAC and L-DOPA, 

respectively. 

MRM Parameters for Blood Samples: Optimised multiple reaction monitoring (MRM) 

parameters are summarised in Table 9-13. The corresponding molecular ion and up to three 

most predominant fragment ions were utilised for each analyte; DOPAC and HVA (and their 

corresponding deuterated standards) had one MRM transition monitored respectively due to 

the lack of any additional sufficiently intense fragment ions. Additional MS parameters were 

as follows: gas temperature and flow rate 340 oC and 8.5 L/min (time segment 1 and 3), 325 

oC and 10 L/min (time segment 2), nebuliser 25 psi (time segment 1), and 50 psi (time segment 

2 and 3), capillary voltage 3000 V (positive) and 3500 V (negative), cell acceleration voltage 

7 V (except HVA and HVA-d5 where 2 V was applied). Both quadrupoles were operated in 

unit resolution.  

The limit of quantification (LOQ) of each analyte in the blood matrix was estimated based on 

a signal to noise ratio of 10:1 for the deuterated quantifier MRM transition and an injection 

volume of 20 µL:  5.3, 1300 and 170 ng/mL, for dopamine, DOPAC and L-DOPA, 

respectively. 

9.2.1.3 Electroretinogram (ERG) measurements 

ERG experiments were performed with a purpose-built full-field LED flash system consisting 

of an LED array, Ganzfeld dome, animal platform, stimulus controlling box and PC-based 
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software (courtesy of the Research School of Physics and Engineering (RSPE), Australian 

National University (ANU)) and recorded on a 26T Powerlab with LabChart software (AD 

Instruments, Dunedin, New Zealand). Mice were dark-adapted overnight and anesthetised by 

intraperitoneal injection of a mixture of ketamine (80 mg/kg) and xylazine (8 mg/kg). Animal 

temperature was maintained at 37°C by a heated blanket and feedback system linked to a T-

type thermocouple rectal probe (AD Instruments, Dunedin, New Zealand; built courtesy of 

RSPE, ANU).  Pupils were dilated with tropicamide (1% w/v, 1 drop (40µL)) and atropine (1% 

w/v, 1 drop (40µL)) eye drops 10 minutes before the commencement of measurements. 

Platinum wire loop electrodes were positioned on the surface of the cornea, with stainless steel 

needle electrodes applied subcutaneously at the middle of the forehead region and the rear leg 

as reference and ground electrodes, respectively. Single-flash ERGs were obtained under dark-

adapted conditions, with single white-flash stimuli produced over 5 steps of illumination (-2, -

1.1, -0.2, 0.6 and 1.4 log cd.s/m2). Dark adapted responses at each light intensity were averaged 

from 5-10 recordings, with inter-stimulus intervals ranging from 4s (at -2 log cd.s/m2) to 40s 

(at 1.4 log cd.s/m2), with ERG responses showing full recovery between flashes. For light 

adapted responses, mice were adapted for 10 minutes at 20 cd/m2 intensity and then exposed 

to a series of 0.6 log cd s/m2 flashes.   

Band-pass filter frequencies were 0.3 and 500 Hz for standard recordings and 75 and 500 Hz 

to isolate oscillatory potentials which were in turn measured by analysing the amplitude and 

latency of the second oscillatory potential peak (oscillatory potential 2 (OP2)), which has been 

shown to be highly correlated with the absolute intensity of the light stimulus. 
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9.2.2 Supplementary figures and tables 

 

 

Figure 9-2: Retinal histology following long-term (four weeks) treatment 

Chick retinae were stained with 1% w/v toluidine blue solution visualised using 20x 

magnification. (A) Age-matched untreated control; (B) FD only eyes (no topical treatment); 

(C) FD 15mM levodopa drops; (D) FD 15mM levodopa:3.75mM carbidopa drops; (E) FD 

15mM levodopa drops in BAK. FD: Form deprivation. BAK: benzalkonium chloride 
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Figure 9-3: Fluorescent visualisation of TUNEL staining following long-term (four weeks) 

treatment 

Chick retinae are visualised using 20x magnification (A) Positive control (DNase I treatment 

was undertaken to simulate the DNA strand breaks characteristic of apoptosis); (B) Negative 

control (no enzyme); (C) Age-matched untreated control; (D) FD only eyes; (E) FD 15mM 

levodopa drops; (F) FD 15mM levodopa:3.75mM carbidopa drops; (G) FD 15mM levodopa 

drops in BAK. FD: Form deprivation, BAK: benzalkonium chloride. Panels B-G were 

overexposed to visualise retinae as no fluorescence was observed. 
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Figure 9-4: Overlay of average ERG responses to chronic (9-month) levodopa topical 

treatment, levodopa/carbidopa topical treatment, as well as age-matched untreated 

animals across all light intensities tested 

(A) 1.4 log cd.s/m2; (B) 0.6 log cd.s/m2; (C) -0.2 log cd.s/m2; (D) -1.1 log cd.s/m2;  (E) -2 log 

cd.s/m2;  (F) Light adapted 0.6 log cd.s/m2. 
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Figure 9-5: Overlay of average ERG response for levodopa and age-matched untreated 

animals across five light intensities 

ERG measurements were undertaken two hours after topical levodopa treatment. (A) 1.4 log 

cd.s/m2; (B) 0.6 log cd.s/m2; (C) -0.2 log cd.s/m2; (D) -1.1 log cd.s/m2; (E) -2 log cd.s/m2. 
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Figure 9-6: Effects of topical levodopa on mouse ERG responses 2hrs post treatment 

No significant difference was observed between control and levodopa treated eyes in (A) A-

wave amplitude (Wilks’ Lambda=0.783, F(1,9)=0.830, p=0.531); (B) A-wave latency (Wilks’ 

Lambda=0.487, F(1,9)=3.166, p=0.054); (C) B-wave amplitude (Wilks’ Lambda=0.728, 

F(1,9)=0.824, p=0.558); (D) B-wave latency (Wilks’ Lambda=0.598, F(1,9)=1.477, p=0.273); 

(E) Oscillatory potential 2 amplitude (Wilks’ Lambda=0.758, F(1,9)=0.704, p=0.632); (F) 

Oscillatory potential 2 latency (Wilks’ Lambda=0.758, F(1,9)=0.704, p=0.632). Data 

represents mean ± standard error of the mean. Orange symbols and line represent levodopa 

treatment, while blue symbols and lines represent age-matched untreated controls. 
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Table 9-1: Drug solution formulation and dosages for intravitreal injections of levodopa 

Drug 
Application 

Avenue 

Ocular 

Treatment 

Concentration 

(mM) 

Concentration 

(% w/v) 

Treatments 

per Day 

Volume 

Given 

daily 

(µL) 

Amount 

Given 

(mg/day) 

Amount 

Given 

(mg/kg/day) 

Number of 

Animals - 4 

Days 

Number 

of 

Animals - 

4 Weeks 

Vehicle Solution Injection Diffuser n/a n/a 1 10 n/a n/a 10 - 

Levodopa Injection Diffuser 0.15 0.003 1 10 0.0003 0.002 8 - 

Levodopa Injection Diffuser 1.5 0.03 1 10 0.003 0.024 15 - 

Levodopa Injection Diffuser 15 0.296 1 10 0.03 0.237 15 - 

Levodopa Injection Untreated 15 0.296 1 10 0.03 0.237 10 - 

Levodopa Injection Diffuser 75 1.479 1 10 0.148 1.183 8 - 

(note. mg/kg/day doses are based off an average chick weight of 125g) 

Table 9-2: Drug solution formulation and dosages for topical eye drops of levodopa 

Drug 
Application 

Avenue 

Ocular 

Treatment 

Concentration 

(mM) 

Concentration 

(% w/v) 

Treatments 

per Day 

Volume 

Given 

daily 

(µL) 

Amount 

Given 

(mg/day) 

Amount 

Given 

(mg/kg/day) 

Number 

of 

Animals 

- 4 Days 

Number 

of 

Animals 

- 4 

Weeks 

Vehicle Solution Drops Diffuser n/a n/a 2 160 n/a n/a 11 - 

Levodopa Drops Diffuser 0.15 0.003 2 160 0.005 0.038 18 - 

Levodopa Drops Diffuser 1.5 0.03 2 160 0.047 0.379 18 - 

Levodopa Drops Diffuser 15 0.296 2 160 0.473 3.786 14 18 

Levodopa/Carbidopa Drops Diffuser 15/3.75 0.296/0.085 2 160 0.473/0.136 3.784/1.088 14 12 

Levodopa/DMSO* Drops Diffuser 15/1410 0.296/10 2 160 0.473/17.63 3.784/141.01 9 - 

Levodopa/BAK# Drops Diffuser 15/0.91 0.296/0.1 2 160 0.473/0.161 3.784/1.286 - 6 

Levodopa Drops Untreated 15 0.296 2 160 0.473 3.786 15 - 

Levodopa Drops Diffuser 45 0.887 2 160 1.42 11.358 9 - 

*Dimethyl sulfoxide, #Benzalkonium Chloride 
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Table 9-3: Drug solution formulation and dosages for intravitreal injections of atropine 

Drug 
Application 

Avenue 

Ocular 

Treatment 

Concentration 

(mM) 

Concentration 

(% w/v) 

Treatments 

per Day 

Volume 

Given 

daily 

(µL) 

Amount 

Given 

(mg/day) 

Amount 

Given 

(mg/kg/day) 

Number 

of 

Animals 

- 4 Days 

Number 

of 

Animals 

- 4 

Weeks 

Atropine Injection Diffuser 0.0015 0.0001 1 10 0.0000 0.00008336 12 - 

Atropine Injection Diffuser 0.015 0.001 1 10 0.0001 0.0008336 12 - 

Atropine Injection Diffuser 0.15 0.01 1 10 0.0010 0.008336 12 - 

Atropine Injection Diffuser 1.5 0.1 1 10 0.0104 0.0832 12 - 

Atropine Injection Diffuser 15 1 1 10 0.1042 0.8336 12 - 

 

Table 9-4: Drug solution formulation and dosages for topical eye drops of atropine 

Drug 
Application 

Avenue 

Ocular 

Treatment 

Concentration 

(mM) 

Concentration 

(% w/v) 

Treatments 

per Day 

Volume 

Given 

daily 

(µL) 

Amount 

Given 

(mg/day) 

Amount 

Given 

(mg/kg/day) 

Number 

of 

Animals 

- 4 Days 

Number 

of 

Animals 

- 4 

Weeks 

Atropine Drops Diffuser 0.015 0.001 2 160 0.001667 0.013336 6 - 

Atropine Drops Diffuser 0.15 0.01 2 160 0.01667 0.13336 6 - 

Atropine Drops Diffuser 1.5 0.1 2 160 0.1667 1.3336 6 - 

Atropine Drops Diffuser 15 1 2 160 1.667 13.336 6 - 
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Table 9-5: Drug solution formulation and dosages for mouse experiments 

Drug 

Application 

Avenue 

Concentration 

(mM) 

Concentration 

(% w/v) 

Treatments 

per Day 

Volume Given 

(µL, daily) 

Amount 

Given 

(mg/day) 

Amount 

Given 

(mg/kg/day) 

Number 

of 

Animals 

Levodopa Drops 15 0.296 1 20 (10 per eye) 0.059 1.479 10 

Levodopa/Carbidopa Drops 15/3.75 0.296/0.085 1 20 (10 per eye) 0.059/0.017 1.479/0.424 10 

(note. mg/kg/day doses are based off final mouse weights of approx. 40g). 
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Table 9-6: Ultrasonography and refractive measurements (average ± standard error) for chickens treated via intravitreal injection 

  A-Scan Ultrasonography Measurements (mm) Refraction (D) 

Condition 
Animal 

Numbers 

Anterior 

Chamber 

Depth 

Lens 

Thickness 

Vitreal 

Chamber 

Depth 

Axial Length 

Difference 

in Axial 

Length 

Absolute 

Difference 

in 

Refraction 

Form-deprived (FD) Only 
26 

1.41 ± 0.01 2.28 ± 0.01 5.40 ± 0.03 9.09 ± 0.03   -1.13 ± 0.11   

FD Only - Contralateral control 1.40 ± 0.01 2.27 ± 0.01 5.05 ± 0.02 8.72 ± 0.02 0.37 ± 0.02 2.66 ± 0.08 -3.79 ± 0.11 

                  

Age-matched Untreated (Left) 
17 

1.41 ± 0.02 2.27 ± 0.02 5.02 ± 0.04 8.70 ± 0.04   2.79 ± 0.08   

Age-matched Untreated (Right) 1.41 ± 0.02 2.27 ± 0.02 5.04 ± 0.04 8.72 ± 0.04 -0.02 ± 0.01 2.78 ± 0.10 0.1 ± 0.22 

                  

FD - 0.15mM Injections 
8 

1.39 ± 0.02 2.27 ± 0.03 5.19 ± 0.04 8.85 ± 0.04   0.00 ± 0.29   

FD - 0.15mM Injections Contra* 1.39 ± 0.02 2.29 ± 0.02 5.06 ± 0.03 8.74 ± 0.03 0.11 ± 0.06 2.75 ± 0.08 -2.75 ± 0.37 

FD - 1.5mM Injections 
15 

1.37 ± 0.02 2.28 ± 0.02 5.16 ± 0.06 8.81 ± 0.06   0.38 ± 0.25   

FD - 1.5mM Injections Contra * 1.39 ± 0.01 2.28 ± 0.02 5.05 ± 0.04 8.69 ± 0.04 0.12 ± 0.04 2.92 ± 0.06 -2.54 ± 0.37 

FD - 15mM Injections 
15 

1.39 ± 0.02 2.30 ± 0.02 5.07 ± 0.05 8.76 ± 0.05   1.04 ± 0.23   

FD - 15mM Injections Contra* 1.43 ± 0.02 2.28 ± 0.03 4.99 ± 0.05 8.70 ± 0.05 0.06 ± 0.02 2.71 ± 0.11 -1.67 ± 0.26 

FD - 75mM injections 
8 

1.38 ± 0.02 2.26 ± 0.03 5.00 ± 0.07 8.64 ± 0.07   1.41 ± 0.20   

FD - 75mM Injections Contra* 1.38 ± 0.02 2.27 ± 0.03 5.00 ± 0.06 8.66 ± 0.06 -0.02 ± 0.05 2.69 ± 0.13 -1.28 ± 0.34 

                  

No FD - 15mM Injections 
10 

1.39 ± 0.02 2.30 ± 0.02 5.03 ± 0.04 8.72 ± 0.04   2.16 ± 0.17   

No FD - 15mM Injections Contra* 1.39 ± 0.02 2.27 ± 0.02 5.07 ± 0.04 8.73 ± 0.04 -0.01 ± 0.02 2.82 ± 0.07 -0.66 ± 0.09 

FD - Vehicle Injections 
10 

1.45 ± 0.02 2.23 ± 0.02 5.34 ± 0.08 9.02 ± 0.08   -0.48 ± 0.18   

FD - Vehicle Injections Contra* 1.41 ± 0.02 2.30 ± 0.02 5.04 ± 0.05 8.75 ± 0.05 0.27 ± 0.06 2.34 ± 0.20 -2.82 ± 0.45 

*Contralateral control eye, FD: Form deprivation. 
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Table 9-7: Ultrasonography and refractive measurements (mean ± standard error) for chickens treated via topical eye drops 

  A-Scan Ultrasonography Measurements (mm) Refraction (D) 

Condition 

Number 

of 

Animals 

Anterior 

Chamber 

Depth 

Lens 

Thickness 

Vitreal 

Chamber 

Depth 

Axial 

Length 

Difference 

in Axial 

Length 

Absolute 
Difference in 

Refraction 

Form-deprived (FD) Only 
26 

1.41 ± 0.01 2.28 ± 0.01 5.40 ± 0.03 9.09 ± 0.03   -1.13 ± 0.11   

FD Only - Contralateral control 1.40 ± 0.01 2.27 ± 0.01 5.05 ± 0.02 8.72 ± 0.02 0.37 ± 0.02 2.66 ± 0.08 -3.79 ± 0.11 

                  

Age-matched Untreated (Left) 
17 

1.41 ± 0.02 2.27 ± 0.02 5.02 ± 0.04 8.70 ± 0.04   2.79 ± 0.08   

Age-matched Untreated (Right) 1.41 ± 0.02 2.27 ± 0.02 5.04 ± 0.04 8.72 ± 0.04 -0.02 ± 0.01 2.78 ± 0.10 0.1 ± 0.22 

                  

FD - 0.15mM Drops 
18 

1.38 ± 0.02 2.30 ± 0.02 5.29 ± 0.05 8.97 ± 0.05   -0.56 ± 0.14   

FD - 0.15mM Drops Contra* 1.39 ± 0.02 2.29 ± 0.02 5.03 ± 0.03 8.71 ± 0.03 0.26 ± 0.04 2.77 ± 0.10 -3.33 ± 0.18 

FD - 1.5mM Drops 
18 

1.38 ± 0.01 2.28 ± 0.02 5.24 ± 0.05 8.90 ± 0.05   -0.13 ± 0.06   

FD - 1.5mM Drops Contra* 1.35 ± 0.01 2.31 ± 0.02 5.02 ± 0.03 8.68 ± 0.03 0.22 ± 0.04 3.03 ± 0.05 -3.16 ± 0.06 

FD - 15mM Drops 
14 

1.42 ± 0.02 2.27 ± 0.03 5.16 ± 0.06 8.85 ± 0.06   0.15 ± 0.23   

FD - 15mM Drops Contra* 1.43 ± 0.02 2.30 ± 0.02 5.00 ± 0.05 8.73 ± 0.05 0.12 ± 0.04 2.48 ± 0.19 -2.33 ± 0.26 

FD - 45mM Drops 
9 

1.4 ± 0.02 2.31 ± 0.02 5.11 ± 0.08 8.82 ± 0.08   0.71 ± 0.14   

FD - 45mM Drops Contra* 1.37 ± 0.01 2.3 ± 0.02 5.04 ± 0.04 8.71 ± 0.04 0.11 ± 0.07 2.68 ± 0.10 -1.97 ± 0.18 

                  

No FD - 15mM Drops Contra* 
15 

1.40 ± 0.02 2.30 ± 0.02 5.06 ± 0.04 8.76 ± 0.04   2.49 ± 0.14   

No FD - 15mM Drops Contra* 1.41 ± 0.02 2.30 ± 0.02 5.07 ± 0.04 8.78 ± 0.04 -0.02 ± 0.01 2.85 ± 0.10 -0.36 ± 0.05 

FD - Vehicle Drops 
11 

1.43 ± 0.02 2.32 ± 0.01 5.45 ± 0.07 9.20 ± 0.07   -0.73 ± 0.28   

FD - Vehicle Drops Contra* 1.44 ± 0.02 2.26 ± 0.02 5.19 ± 0.05 8.89 ± 0.04 0.31 ± 0.05 2.76 ± 0.07 -3.49 ± 0.37 

                  

FD - 15mM Drops with Carbidopa 
14 

1.37 ± 0.02 2.24 ± 0.02 5.12 ± 0.07 8.73 ± 0.07   0.66 ± 0.30   

FD - 15mM Drops with Carbidopa Contra* 1.37 ± 0.02 2.26 ± 0.02 4.99 ± 0.03 8.62 ± 0.03 0.11 ± 0.05 2.60 ± 0.15 -1.94 ± 0.27 

FD - 15mM Drops in DMSO# 
9 

1.35 ± 0.01 2.24 ± 0.04 5.18 ± 0.11 8.77 ± 0.11   0.09 ± 0.14   

FD - 15mM Drops in DMSO# Contra* 1.36 ± 0.00 2.27 ± 0.04 4.95 ± 0.06 8.58 ± 0.06 0.19 ± 0.07 2.40 ± 0.16 -2.31 ± 0.20 

*Contralateral control eye, #dimethyl sulfoxide, FD: Form deprivation 
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Table 9-8: Long-term A-scan ultrasonography measurements (mean ± standard error, mm) 

  Untreated 

(Left) 

Untreated 

(Right) 
FD FD Contra 

FD 

Levodopa 

Levodopa 

Contra 

FD 

Levodopa/ 

Carbidopa 

Levodopa/ 

Carbidopa 

Contra 

FD 

Levodopa/ 

BAK* 

Levodopa/ 

BAK* 

Contra 

Before 

treatment 

ACD 1.29 ± 0.04 1.29 ± 0.04 1.28 ± 0.02 1.28 ± 0.02 1.25 ± 0.02 1.26 ± 0.02 1.26 ± 0.02 1.26 ± 0.02 1.26 ± 0.04 1.26 ± 0.04 

Lens 2.18 ± 0 2.18 ± 0 2.11 ± 0.02 2.11 ± 0.02 2.14 ± 0.02 2.14 ± 0.02 2.15 ± 0.04 2.13 ± 0.03 2.18 ± 0 2.18 ± 0 

VCD 4.87 ± 0.03 4.87 ± 0.03 4.83 ± 0.06 4.85 ± 0.06 4.85 ± 0.05 4.82 ± 0.04 4.80 ± 0.08 4.82 ± 0.08 4.90 ± 0.05 4.90 ± 0.04 

AL 8.34 ± 0.03 8.34 ± 0.03 8.22 ± 0.06 8.23 ± 0.06 8.24 ± 0.05 8.22 ± 0.04 8.20 ± 0.08 8.20 ± 0.08 8.34 ± 0.05 8.32 ± 0.04 

Difference in AL    0 ± 0   -0.01 ± 0.01   0.02 ± 0.02   0 ± 0   0.02 ± 0.02 

                        

Week 1 

ACD 1.47 ± 0.02 1.47 ± 0.02 1.44 ± 0.02 1.44 ± 0.02 1.45 ± 0.03 1.45 ± 0.03 1.45 ± 0.02 1.47 ± 0.02 1.45 ± 0.02 1.45 ± 0.02 

Lens 2.33 ± 0 2.33 ± 0 2.31 ± 0.01 2.32 ± 0.01 2.35 ± 0.02 2.33 ± 0 2.35 ± 0.02 2.33 ± 0 2.33 ± 0 2.33 ± 0 

VCD 5.08 ± 0.03 5.08 ± 0.03 5.71 ± 0.08 5.05 ± 0.05 5.37 ± 0.14 4.88 ± 0.07 5.40 ± 0.09 4.88 ± 0.08 5.43 ± 0.11 4.90 ± 0.05 

AL 8.88 ± 0.06 8.88 ± 0.06 9.46 ± 0.07 8.81 ± 0.04 9.17 ± 0.12 8.65 ± 0.06 9.20 ± 0.11 8.68 ± 0.07 9.21 ± 0.09 8.68 ± 0.05 

Difference in AL    0.00 ± 0.01   0.65 ± 0.06   0.52 ± 0.08   0.52 ± 0.07   0.53 ± 0.07 

                        

Week 2 

ACD 1.62 ± 0.01 1.62 ± 0.01 1.64 ± 0.03 1.59 ± 0.02 1.58 ± 0.03 1.54 ± 0.03 1.49 ± 0.03 1.55 ± 0.03 1.51 ± 0.02 1.53 ± 0.03 

Lens 2.58 ± 0.05 2.58 ± 0.05 2.54 ± 0.02 2.54 ± 0.04 2.55 ± 0.03 2.50 ± 0.03 2.53 ± 0.03 2.49 ± 0.02 2.49 ± 0.02 2.49 ± 0.02 

VCD 5.33 ± 0.06 5.33 ± 0.06 6.37 ± 0.08 5.16 ± 0.09 6.09 ± 0.20 5.16 ± 0.07 6.06 ± 0.18 5.11 ± 0.12 6.19 ± 0.13 5.17 ± 0.04 

AL 9.52 ± 0.09 9.52 ± 0.09 10.55 ± 0.09 9.29 ± 0.08 10.22 ± 0.19 9.19 ± 0.06 10.09 ± 0.17 9.16 ± 0.11 10.20 ± 0.13 9.19 ± 0.04 

Difference in AL    0.00 ± 0   1.26 ± 0.10   1.03 ± 0.14   0.93 ± 0.12   1.00 ± 0.11 

                        

Week 3 

ACD 1.77 ± 0 1.77 ± 0 1.87 ± 0.04 1.72 ± 0.02 1.81 ± 0.03 1.71 ± 0.02 1.79 ± 0.05 1.73 ± 0.04 1.81 ± 0.04 1.73 ± 0.03 

Lens 2.74 ± 0.02 2.74 ± 0.02 2.73 ± 0.02 2.71 ± 0.02 2.72 ± 0.02 2.70 ± 0.02 2.66 ± 0.03 2.68 ± 0.03 2.73 ± 0.03 2.75 ± 0.02 

VCD 5.64 ± 0.06 5.66 ± 0.07 6.97 ± 0.13 5.61 ± 0.06 6.46 ± 0.11 5.37 ± 0.07 6.47 ± 0.20 5.35 ± 0.12 6.59 ± 0.20 5.43 ± 0.05 
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AL 10.15 ± 0.10 10.17 ± 0.12 11.57 ± 0.12 10.04 ± 0.07 11.11 ± 0.10 9.82 ± 0.07 10.92 ± 0.21 9.77 ± 0.13 11.13 ± 0.20 9.91 ± 0.05 

Difference in AL    -0.03 ± 0.02   1.52 ± 0.14   1.29 ± 0.12   1.16 ± 0.20   1.22 ± 0.18 

                        

Week 4 

ACD 1.79 ± 0.03 1.77 ± 0.03 1.98 ± 0.05 1.79 ± 0.03 1.88 ± 0.07 1.75 ± 0.02 1.86 ± 0.04 1.75 ± 0.04 1.83 ± 0.07 1.75 ± 0.02 

Lens 2.81 ± 0.05 2.86 ± 0.03 2.82 ± 0.04 2.83 ± 0.02 2.84 ± 0.03 2.75 ± 0.03 2.79 ± 0.02 2.77 ± 0.00 2.77 ± 0.00 2.79 ± 0.02 

VCD 5.98 ± 0.08 5.94 ± 0.08 7.52 ± 0.20 5.87 ± 0.07 6.60 ± 0.17 5.63 ± 0.07 6.52 ± 0.19 5.62 ± 0.14 6.82 ± 0.29 5.60 ± 0.08 

AL 10.56 ± 0.12 10.57 ± 0.13 12.32 ± 0.19 10.48 ± 0.10 11.32 ± 0.22 10.12 ± 0.05 11.18 ± 0.20 10.14 ± 0.12 11.41 ± 0.29 10.14 ± 0.08 

Difference in AL    -0.01 ± 0.03   1.84 ± 0.19   1.20 ± 0.21   1.04 ± 0.23   1.28 ± 0.23 

‘Difference in AL’ represents the difference in axial length between the left and right eye of each animal. *Benzalkonium chloride, ACD: Anterior 

chamber depth, Lens: Lens thickness, VCD: Vitreal chamber depth, AL: Axial Length, FD: Form deprivation 
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Table 9-9: Long-term refraction measurements (mean ± standard error, D) 

  Untreated FD FD Levodopa 
FD Levodopa/ 

Carbidopa 

FD Levodopa/ 

BAK* 

Before treatment 

Left 2.8 ± 0.04 2.68 ± 0.03 2.78 ± 0.08 2.63 ± 0.07 2.70 ± 0.13 

Right 2.7 ± 0.03 2.73 ± 0.03 2.74 ± 0.09 2.63 ± 0.07 2.65 ± 0.07 

Difference  0.1 ± 0.04 -0.05 ± 0.02 0.04 ± 0.05 0 ± 0 0.05 ± 0.06 

              

Week 1 

Left 2.36 ± 0.08 -1.71 ± 0.25 -0.03 ± 0.10 -0.24 ± 0.18 -1.36 ± 0.19 

Right 2.42 ± 0.09 2.41 ± 0.08 2.10 ± 0.15 1.69 ± 0.13 2.59 ± 0.24 

Difference -0.05 ± 0.05 -4.12 ± 0.24 -2.1 ± 0.15 -1.93 ± 0.24 -3.87 ± 0.33 

              

Week 2 

Left 2.04 ± 0.20 -2.50 ± 0.34 -0.48 ± 0.19 -0.20 ± 0.19 -0.89 ± 0.40 

Right 1.94 ± 0.21 2.05 ± 0.16 2.08 ± 0.27 1.97 ± 0.21 2.34 ± 0.21 

Difference 0.03 ± 0.03 -4.55 ± 0.39 -2.57 ± 0.35 -2.17 ± 0.25 -3.23 ± 0.49 

              

Week 3 

Left 1.86 ± 0.20 -2.27 ± 0.14 -0.33 ± 0.32 -0.23 ± 0.33 -0.38 ± 0.30 

Right 1.94 ± 0.19 1.90 ± 0.21 2.35 ± 0.21 2.25 ± 0.26 2.28 ± 0.20 

Difference -0.07 ± 0.05 -4.17 ± 0.26 -2.68 ± 0.23 -2.48 ± 0.49 -2.67 ± 0.38 

              

Week 4 

Left 1.20 ± 0.21 -2.88 ± 0.35 0.00 ± 0.27 0.03 ± 0.17 -0.88 ± 0.44 

Right 1.51 ± 0.20 1.68 ± 0.16 2.53 ± 0.31 2.05 ± 0.35 1.97 ± 0.26 

Difference -0.11 ± 0.15 -4.57 ± 0.30 -2.53 ± 0.31 -2.02 ± 0.30 -2.93 ± 0.33 

‘Difference’ represents the difference in refraction between the left and right eye of each animal. *Benzalkonium chloride, FD: Form deprivation.  
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Table 9-10: Long-term influence of 15mM levodopa drops on corneal thickness and IOP 

  FD 
FD 

Levodopa 

FD 

Levodopa/ 

Carbidopa 

FD Levodopa/ 

BAK* 

Corneal 

Thickness (μm) 

Left 218.8 ± 7.55 199.4 ± 10.18 212.3 ± 6.3 195.14 ± 1.58 

Right 213 ± 3.12 200 ± 4.24 216.6 ± 8.67 208.7 ± 4.51 

            

IOP (mmHg) 
Left 20.51 ± 0.76 19.18 ± 0.59 19.77 ± 0.69 20.83 ± 0.42 

Right 20.52 ± 0.23 20.16 ± 0.25 19.43 ± 0.59 20.36 ± 0.34 

*Benzalkonium chloride, FD: Form deprivation 
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Table 9-11: A-scan ultrasonography and refractive measurements for atropine treated chickens 

FD: Form deprivation, Contra: Contralateral control 

  A-Scan Ultrasonography Measurements (mm ± Std Err) Refraction (D ± Std Err) 

Condition 

Number 

of 

Animals 

Anterior 

Chamber 

Depth 

Lens 

Thickness 

Vitreal 

Chamber 

Depth 

Axial 

Length 

Difference 

in Axial 

Length 

Absolute 

Difference 

in 

Refraction 

Form-deprived (FD) Only 
26 

1.41 ± 0.01 2.28 ± 0.01 5.40 ± 0.03 9.09 ± 0.03   -1.13 ± 0.11   

FD Only - Contralateral control 1.40 ± 0.01 2.27 ± 0.01 5.05 ± 0.02 8.72 ± 0.02 0.37 ± 0.02 2.66 ± 0.08 -3.79 ± 0.11 

                  

Age-matched Untreated (Left) 
17 

1.41 ± 0.02 2.27 ± 0.02 5.02 ± 0.04 8.70 ± 0.04   2.79 ± 0.08   

Age-matched Untreated (Right) 1.41 ± 0.02 2.27 ± 0.02 5.04 ± 0.04 8.72 ± 0.04 -0.02 ± 0.01 2.78 ± 0.10 0.1 ± 0.22 

                  

FD - 0.0015mM Injections 
12 

1.37 ± 0.02 2.28 ± 0.02 5.14 ± 0.07 8.78 ± 0.08   -0.47 ± 0.17   

FD - 0.0015mM Injections Contra* 1.40 ± 0.02 2.29 ± 0.02 4.95 ± 0.05 8.63 ± 0.05 0.15 ± 0.05 2.56 ± 0.08 -3.03 ± 0.19 

FD – 0.015mM Injections 
12 

1.39 ± 0.01 2.27 ± 0.01 5.09 ± 0.03 8.74 ± 0.03   -0.33 ± 0.15   

FD – 0.015mM Injections Contra* 1.38 ± 0.01 2.27 ± 0.01 4.95 ± 0.02 8.60 ± 0.02 0.14 ± 0.02 2.24 ± 0.10 -2.57 ± 0.16 

FD – 0.15mM Injections 
12 

1.38 ± 0.01 2.21 ± 0.02 5.13 ± 0.04 8.72 ± 0.05   -0.47 ± 0.28   

FD – 0.15mM Injections Contra* 1.38 ± 0.02 2.24 ± 0.02 4.99 ± 0.02 8.61 ± 0.03 0.12 ± 0.04 2.03 ± 0.29 -2.5 ± 0.54 

FD – 1.5mM Injections 
12 

1.40 ± 0.02 2.24 ± 0.02 5.05 ± 0.03 8.68 ± 0.04   0.1 ± 0.19   

FD – 1.5mM Injections Contra* 1.37 ± 0.01 2.25 ± 0.02 4.98 ± 0.02 8.60 ± 0.02 0.08 ± 0.03 2.59 ± 0.09 -2.49 ± 0.10 

FD – 15mM Injections 
12 

1.37 ± 0.01 2.26 ± 0.03 4.92 ± 0.07 8.55 ± 0.07   0.07 ± 0.13   

FD – 15mM Injections Contra* 1.36 ± 0.00 2.26 ± 0.02 4.94 ± 0.03 8.56 ± 0.03 -0.01 ± 0.05 2.34 ± 0.37 -2.27 ± 0.01 

                  

FD - 0.015mM Drops 
6 

1.40 ± 0.02 2.28 ±0.03 5.16 ± 0.06 8.85 ± 0.07   -0.85 ± 0.56   

FD - 0.015mM Drops Contra* 1.40 ± 0.03 2.23 ± 0.03 4.98 ± 0.05 8.62 ± 0.04 0.23 ± 0.04 2 ± 0.27 -2.85 ± 0.57 

FD – 0.15mM Drops 
6 

1.47 ± 0.02 2.26 ± 0.03 5.16 ± 0.03 8.88 ± 0.03   -0.62 ± 0.59   

FD – 0.15mM Drops Contra* 1.45 ± 0.03 2.28 ± 0.03 4.95 ± 0.03 8.67 ± 0.03 0.21 ± 0.04 1.9 ± 0.24 -2.52 ± 0.49 

FD – 1.5mM Drops 
6 

1.39 ± 0.02 2.26 ±0.03 5.17 ± 0.05 8.82 ± 0.06   -0.37 ± 0.22   

FD – 1.5mM Drops Contra* 1.39 ± 0.02 2.27 ± 0.03 4.94 ± 0.03 8.60 ± 0.03 0.22 ± 0.03 1.7 ± 0.08 -2.07 ± 0.19 

FD - 15mM Drops 
6 

1.40 ± 0.03 2.18 ± 0.00 5.10 ± 0.06 8.69 ± 0.06   0.1 ± 0.49   

FD - 15mM Drops Contra* 1.43 ± 0.03 2.18 ± 0.00 4.96 ± 0.04 8.56 ± 0.04 0.13 ± 0.04 2.4 ± 0.29 -2.3 ± 0.65 
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Table 9-12: Vitreous sample MRM transitions 

Analyte/Internal 

Standard 

Precursor Ion 

(m/z) 

Quantifier 

transition 

product ion (m/z) 

Fragmentor Voltage, 

Collision Energy 

(volts) 

Qualifier 

transition 

product ion(s) 

(m/z) 

Fragmentor 

Voltage, Collision 

Energy (volts) 

Dwell time 

(ms) 

Time Segment 1 (positive ion mode) 

Dopamine 154.1 137.1 62, 8 91.1 60, 28 78 

    65.1 60, 40  

Dopamine-d4 158.1 141.1 60, 8 95.1 60, 28 50 

Levodopa 198.1 152.2 79, 8 107.1 79, 28 78 

Levodopa-d3 201.1 155.1 72, 8 109.1 72, 28 50 

Time Segment 2 (negative ion mode) 

DOPAC 167 123.1 60, 4 - - 161 

DOPAC-d5 172.1 128.1 60, 4 - - 161 

Precursor and product ion(s), with corresponding fragmentor voltage, collision energies, and dwell times for each analyte and internal standard. 
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Table 9-13: Blood sample MRM transitions 

Analyte/Internal 

standard 

Precursor Ion 

(m/z) 

Quantifier 

transition 

product ion (m/z) 

Fragmentor Voltage, 

Collision Energy 

(volts) 

Qualifier 

transition 

product ion(s) 

(m/z) 

Fragmentor 

Voltage, Collision 

Energy (volts) 

Dwell time 

(ms) 

Time Segment 1 (positive ion mode) 

Dopamine 154.1 137.1 62, 8 91.1 60, 28 78 

    65.1 60, 40  

Dopamine-d4 158.1 141.1 60, 8 95.1 60, 28 50 

Levodopa 198.1 152.2 79, 8 107.1 79, 28 78 

Levodopa-d3 201.1 155.1 72, 8 109.1 72, 28 50 

Time Segment 2 (negative ion mode) 

DOPAC 167 123.1 60, 4 - - 161 

DOPAC-d5 172.1 128.1 60, 4 - - 161 

Time Segment 3 (negative ion mode) 

HVA 181.1 137.1 60, 4 - - 250 

HVA-d5 186.1 142.2 60, 4 - - 250 

Precursor and product ion(s), with corresponding fragmentor voltage, collision energies, and dwell times for each analyte and internal standard. 
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9.3 Supplementary information – Chapter 5 

 

Table 9-14: Vitreous sample MRM transitions 

Analyte/ 

Internal 

Standard 

Precursor 

Ion (m/z) 

Quantifier 

transition 

product 

ion (m/z) 

Fragmentor 

Voltage, 

Collision 

Energy 

(volts) 

Qualifier 

transition 

product 

ion(s) 

(m/z) 

Fragmentor 

Voltage, 

Collision 

Energy 

(volts) 

Dwell 

time 

(ms) 

Time Segment 1 (positive ion mode) 

Dopamine 154.1 137.1 62, 8 91.1 60, 28 78 
    65.1 60, 40  

Dopamine-d4 158.1 141.1 60, 8 95.1 60, 28 50 

Levodopa 198.1 152.2 79, 8 107.1 79, 28 78 

Levodopa-d3 201.1 155.1 72, 8 109.1 72, 28 50 

Time Segment 2 (negative ion mode) 

DOPAC 167 123.1 60, 4 - - 161 

DOPAC-d5  172.1 128.1 60, 4 - - 161 

Precursor and product ion(s), with corresponding fragmentor voltage, collision energies, and 

dwell times for each analyte and internal standard. 
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Table 9-15: ANOVA analysis of levodopa and levodopa:carbidopa's effects on ocular 

biometry 

  Ocular Biometry 

  ACD Lens Thickness VCD 

Topical levodopa/carbidopa 

FDM F(4, 46)=2.015, p=0.108 F(4, 46)=0.302, p=0.875 F(4, 46)=3.422, p<0.05 

LIM F(4, 34)=1.194, p=0.332 F(4, 34)=0.292, p=0.900 F(4, 34)=8.449, p<0.001 

Systemic levodopa and levodopa/carbidopa 

FDM F(6,45)=1.607, p=0.175 F(6,45)=1.023, p=0.414 F(6,45)=3.497, p<0.010 

LIM F(6,56)=1.945, p=0.072 F(6,56)=1.231, p=0.303 F(6,56)=3.472, p<0.010 

ACD: anterior chamber depth, VCD: vitreal chamber depth. 
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Figure 9-7: Changes in axial length and refraction in response to topical levodopa:carbidopa treatment 

(A) Axial length and (B) refraction measurements from FDM chicks; (C) axial length and (D) refraction measurements from LIM chicks. FDM: 

form-deprivation myopia, LIM: lens-induced myopia. Data are plotted as the difference between treated and contralateral control eyes and represent 

the means ± standard error of the means. Sample sizes (min n=6 per group) can be found in Table 5-2. 
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Figure 9-8: Correlations between change in refraction and change in axial length in 

response to levodopa or levodopa:carbidopa treatment 

Black dots represent individual animals from: (A) FDM eye drop dose-response experiments; 

(B) LIM eye drop dose-response experiments; (C) FDM systemic dose-response experiments; 

(D) LIM systemic dose-response experiments; (E) FDM dopamine antagonist experiments. 

FDM: form-deprivation myopia, LIM: lens-induced myopia. 
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Figure 9-9: Changes in axial length and refraction in response to systemic levodopa and levodopa:carbidopa treatment 
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Figure 9-9: (A) Axial length and (B) refraction measurements from FDM chicks; (C) axial length and (D) refraction measurements from LIM 

chicks. FDM: form-deprivation myopia, LIM: lens-induced myopia. Data are plotted as the difference between treated and contralateral control 

eyes and represent the means ± standard error of the means. Sample sizes (min n=6 per group) can be found in Table 5-2.  
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9.4 Supplementary information – Chapter 6 

 

 

Figure 9-10: Correlations between change in refraction and change in axial length in 

response to dopamine or D4 dopamine treatment 

Black dots represent individual animals from: (A) Intravitreal dopamine dose-response 

experiments; (B) Intravitreal D4 dopamine dose-response experiments; (C) topical dopamine 

dose-response experiments; (D) topical D4 dopamine dose-response experiments. D4 

dopamine: deuterated dopamine. 
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9.5 Supplementary information – Chapter 7 

 

Table 9-16: Literature summary of cholinergic antagonists which inhibit the development 

of myopia 

Compound Target Species References 

Atropine Muscarinic antagonist 

Chicken 
299  

For review see 5 

Primate 285 

Human 
164 

For review see 434 

Pirenzepine Muscarinic antagonist 

Chicken 
299 

For review see 5 

Guinea Pig 592 

Tree Shrew 301 

Primate 285 

Human 
303 

 For review see 434 

MT-3 Muscarinic antagonist 
Chicken 295 

Tree Shrew 296  

Himbacine Muscarinic antagonist Chicken 497  

MT-7 Muscarinic antagonist Tree Shrew 296  

Scopolamine 

Muscarinic antagonists Chicken 279 

Tropicamide 

Dexetamide 

Oxyphenonium 

Propanetheline 

Benztropine 

Chloriondamine 

Nicotinic antagonists Chicken 307 
Mecamylamine 

Dihydro-β-erythroidine  

Methyllycaconitine 

MT-3: muscarinic toxin 3, MT-7: muscarinic toxin 7. 
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Table 9-17: MRM transitions 

Analyte/ 

Internal 

Standard 

Precursor 

Ion 

(m/z) 

Quantifier 

transition 

product 

ion (m/z) 

Collision 

Energy 

(volts) 

Qualifier 

transition 

product 

ion(s) 

(m/z) 

Collision 

Energy 

(volts) 

Dwell 

time 

(ms) 

Time Segment 1 (positive ion mode) 

Dopamine 154.1 137.1 8 91.0 

65.1 

28 

40 

150 

Dopamine-

d4 

158.1 141.1 8 95.1 28 100 

Time Segment 2 (negative ion mode) 

DOPAC 167.0 123.1 4 - - 200 

DOPAC-d5  172.1 128.1 4 - - 200 

Precursor and product ion(s), with corresponding collision energies, and dwell times for each 

analyte and internal standard. Fragmentor voltage of 380 V applied for all MRM transitions. 

DOPAC: 3,4-dihydroxyphenylacetic acid. 
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Figure 9-11: Correlations between changes in refraction and changes in axial length 

during diffuser-wear 

Black dots represent individual animals from: (A) Cholinergic agonist experiments 

(experiment 1), and (B) dopaminergic antagonist co-administration experiments (experiment 

3). 
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