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RPE and Choroid Mechanisms Underlying Ocular Growth and 
Myopia

Yan Zhang1 and Christine F. Wildsoet
School of Optometry, University of California, Berkeley, California, USA

Abstract

Myopia is the most common type of refractive errors and one of the world’s leading causes of 

blindness. Visual manipulations in animal models have provided convincing evidence for the role 

of environmental factors in myopia development. These models along with in vitro studies have 

provided important insights into underlying mechanisms. The key locations of the retinal pigment 

epithelium (RPE) and choroid make them plausible conduits for relaying growth regulatory 

signals originating in the retina to the sclera, which ultimately determines eye size and shape. 

Identifying the key signal molecules and their targets may lead to the development of new myopia 

control treatments. This section summarizes findings implicating the RPE and choroid in myopia 

development. For RPE and/or choroid, changes in morphology, activity of ion channels/

transporters, as well as in gene and protein expression, have been linked to altered eye growth. 

Both tissues thus represent potential targets for novel therapies for myopia.

1. INTRODUCTION

Uncorrected refractive errors represent one of the world’s leading causes of blindness and a 

significant contributor to the global burden of eye diseases.1,2 For children and young adults, 

myopia, hyperopia, and astigmatism represent the categories of refractive errors 

encountered; these same conditions may be found in older adults, with presbyopia 

representing an additional potential cause of vision loss for this group.

Myopia (near-sightedness) describes the condition in which the image of a distant object is 

focused in front of the retina, resulting in blurred distance vision when left uncorrected. 

Myopia reflects the mismatch between the refracting power of the eye and its optical axial 

length. Most myopia is caused by excessive ocular elongation, with refracting power being 

near normal (Fig. 1).3 Myopia carries an increased risk of a variety of sight-threatening 

pathologies, including myopic maculopathy, retinal detachment, choroidal 

neovascularization, cataract, and glaucoma, with high myopes (classically defined as 

spherical equivalent refractive errors equal to or greater than −6 D), being at greatest risk.4,5

Myopia is now the most common type of refractive error and one of the world’s leading 

causes of functional blindness due to lack of access to optical corrections.6 A figure of 

41.6% for persons aged 12–54 years is given in the most recently published myopia 
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prevalence data for the United States,7 while even higher, epidemic levels of myopia have 

been reported for many Asia countries, e.g., 96.5% in young Korean males, along with 

increases in the average amount of myopia.8,9 Thus, myopia now represents a significant 

public health problem worldwide, both socially and economically.1,10 These climbing 

prevalence statistics are driving research aimed at effective therapeutic interventions to 

prevent the development of myopia and/or slow its progression.

It is now generally accepted that both genetic and environmental factors play roles in the 

development of human myopia.5,11,12 Genetic studies of myopia, using linkage and genome-

wide association approaches, have now identified multiple myopic loci and candidate genes 

for high myopia and the most common form of juvenile myopia.12–14 Nonetheless, human 

epidemiological studies have also provided convincing evidence for environmental 

influences, with near work and outdoor activities being among the factors identified to affect 

myopia prevalence.15

That environmental factors influence ocular growth regulation and thus refractive errors is 

further supported by animal studies in which the visual environment is manipulated to alter 

optical defocus and/or the quality of the retinal image. Specifically, both negative 

defocusing lenses, used to move the plane of focus behind the retina, and form-deprivation 

strategies, e.g., achieved using diffusers to cover the eyes, accelerate eye growth in young 

animals, thereby inducing myopia (Fig. 2). Chickens, guinea pigs, tree shrews, and monkeys 

represent the most widely studied models,11 with the mouse and zebrafish also making 

appearances in select studies.17,18 Such models represent important tools for investigating 

the molecular and cellular signaling pathways mediating ocular growth regulation, which 

may, in turn, lead to the development of new myopia therapies.19,20 Fortuitously, ocular 

growth appears to be largely regulated by local ocular mechanisms.11 Thus, related studies 

have focused on retino-scleral signaling cascades linking the retina, the presumed source of 

ocular growth signals, to the choroid and sclera, whose growth/remodeling ultimately 

determines the physical dimensions of the vitreous chamber and the location of the retina 

(Fig. 3).21,22 Through investigations into the molecular and cellular components of these 

signaling pathways and the changes linked to altered ocular growth, and the cellular and 

biochemical events mediating the changes in the choroid and sclera, it is plausible that novel 

pharmacological treatments for controlling myopia be forthcoming.11

This chapter covers the roles of the retinal pigment epithelium (RPE) and choroid in ocular 

growth regulation and refractive error development, including myopia, and encompasses 

molecular, biochemical and cellular mechanisms. Please refer further to the following 

chapters, “Molecular and Biochemical Aspects of the Retina on Refraction” (written by 

Ranjay Chakraborty and Machelle Pardue), “Scleral Mechanisms Underlying Ocular 

Growth and Myopia” (written by Ravikath Metlapally and Christine F. Wildsoet), and 

“Genetics of Refraction and Myopia” (written by Qingjiong Zhang).

2. THE ROLE OF THE RPE IN EYE GROWTH REGULATION

The RPE is a monolayer of highly specialized pigmented cells, separating the neural retina 

from the vascular choroid. Being pigmented, these cells serve to absorb stray light within the 
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eye. Being also interconnected by tight junctions, these cells represent a critical component 

of the blood–retina barrier (Fig. 4), with essential roles in the maintenance of retinal 

integrity.23–25 These cells also show other specializations that reflect their role in 

maintaining retinal homeostasis. Thus, they are polarized, with asymmetric distributions of 

specialized transport proteins and channels over their apical and basolateral membranes, 

allowing for the tight regulation of exchange between the retina and the choroid of many 

molecules, including ions, water, nutrients, and waste products. In addition, the RPE plays a 

critical role in the maintenance of photoreceptor function; related functions include the 

phagocytosis of photoreceptor outer segments, which follows a diurnal cycle, and uptake 

and recycling of retinal as a critical step in photopigment regeneration. These various, well-

recognized functions of the RPE have long been the subject of study. However, more recent 

research has uncovered additional functions for the RPE. For example, it is now known to be 

a major source of cytokines and growth factors, with important roles in maintaining retinal 

integrity, in establishing the immune privilege of the eye and potentially in early eye growth 

regulation.

In the context of myopia development, it has been demonstrated that postnatal eye growth is 

largely controlled locally. Evidence comes from lesioning studies involving optic nerve 

section and related pharmacological studies; thus, even when the retina–brain link is 

disrupted, myopia may be induced with appropriate experimental manipulations in both 

chickens and guinea pigs.11,26,27 This model of local ocular growth regulation also explains 

observations of localized ocular shape changes in response to localized manipulation of 

retinal images.11 The RPE’s key location between the retina and the choroid makes it a 

possible conduit for relaying growth regulatory signals originating in the retina to the 

choroid and sclera.16 The RPE is known to have receptors for many of the signaling 

molecules that have been implicated in eye growth regulation, including dopamine (DA), 

acetylcholine, vasoactive intestinal peptide (VIP), and glucagon.16,28–32 In addition, the 

transepithelial transport of ions and/or fluid across the RPE may have implications for 

choroidal thickness, which appears to be one of the targets of ocular growth signals.33 

Finally, recent studies have demonstrated differential expression of a number of genes in the 

RPE of eyes undergoing experimental manipulations perturbing normal eye growth.34,35

2.1 Morphological Features of RPE in Myopic and “Recovering” Eyes and Potential Role in 
Myopia-Related Pathology

Morphological changes have been reported in the RPE of experimental animals with 

induced myopia.36–38 For example, in form-deprived chicks, the increase in total area of the 

RPE layer in their myopic eyes was coupled to an increase in the surface area of individual 

RPE cells, by way of maintaining coverage of the expanded vitreous chamber.36 

Nonetheless, the majority of the RPE cells in the form-deprived eyes retained near-normal, 

hexagonal shapes despite their expanded surface areas.36 Interestingly, while in normal eyes, 

RPE cell expansion was limited mainly in the peripheral regions, the expansion in surface 

area in myopic chick eyes encompassed all but a temporal region.36 Enlarged RPE cells but 

not increases in cell numbers have also been reported in the lid-sutured eyes of a mammalian 

model, although the distribution of multinucleated RPE cells was reported to be significantly 

altered.37,38 The preceding changes do not in themselves suggest pathological changes in the 
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RPE. However, the observations of Liang et al. may be interpreted as indirect evidence of 

altered RPE function. Specifically, in chick eyes allowed to recovery from form-deprivation-

induced myopia, they reported significant edema and altered basal in-foldings in the RPE 

along with thickening of Bruch’s membrane.39 Nonetheless, studies of the RPE of eyes with 

experimentally-induced myopia in the context of related pathologies have been very limited 

to-date, and the following sections will focus on its potential role in eye growth regulation.

2.2 Ion and Fluid Transport Across the RPE and Implications for Eye Growth Regulation

As noted earlier, RPE cells are interconnected by tight junctions, which prevent the free 

exchange of ions and water between the retina and the choroid. However, the RPE has 

specializations that allow for regulated fluid exchange between the retina and the choroid, 

and specifically, transport of ions and water from the subretinal space to the blood, as is 

critical for maintaining retinal homeostasis.16,23 Among relevant channels present on the 

RPE are potassium (K+) and chloride (Cl−) channels, which are known to regulate 

transepithelial fluid movement. Many show asymmetric distribution, consistent with their 

functions. Thus, Cl− channels and a cystic fibrosis transmembrane conductance regulator 

have been localized to the basolateral side of RPE cells, while Na+, K+-ATPase, the source 

of energy for trans-epithelial transport, is located on the apical membrane.16,23,25,40 While 

the role of the RPE in maintaining retinal homeostasis is likely to be common to all species, 

species differences in the distribution of ion channels and function have been reported. For 

the chick, which is a widely used model in myopia research, a detailed summary for its ion 

and fluid transport in the RPE and its potential role in eye growth regulation is contained in 

reviews by Rymer et al. and Crewther.16,41

In the context of eye growth regulation, the roles of RPE ion and fluid channels are not well 

understood, although the observation of early, rapid changes in choroidal thickness during 

the development of myopia and hyperopia in chicks provides a plausible link between ion 

and fluid transport across the RPE and eye growth regulation.21,42 Furthermore, potassium 

(K+) and phosphate levels are reported to be decreased, and chloride (Cl−) elevated, in the 

vitreous of form-deprivation myopic chicks.43 The genes encoding the Cl− transporter and 

channel were down-regulated in the RPE with lens-induced myopia.33 These results open 

the possibility that the choroid thinning observed during the early phase of experimental 

myopia induction may be a product of decreased ion and fluid transport to the choroid. That 

the concentrations of K+, Na+, and Cl− ions are reported to be elevated in RPE-

photoreceptor outer segment regions of freeze-dried preparation from eyes allowed to 

recover from induced myopia, represents further indirect evidence implicating ion transport 

in eye growth regulation.44,45 Energy dispersive X-ray microanalysis was used for the latter 

assays. Note also that these changes were detected only early in the recovery process, with 

levels more closely paralleling those of fellow eyes with longer recovery periods. More 

direct evidence implicating ion transport in eye growth regulation is provided by studies 

involving pharmacological manipulation in chicks.46 Thus, intravitreal injection of barium 

chloride, a nonspecific potassium channel inhibitor, was found to inhibit the compensatory 

ocular growth responses to imposed optical defocus, be they elicited with positive lenses or 

negative lenses, and bumetanide, a selective sodium–potassium–chloride cotransporter 

inhibitor, selectively inhibited the response to negative lens.
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The premise that altered ion transport across the RPE is a feature of eye growth regulation, 

as discussed above, leaves open the identity of signal molecules responsible. Among 

possibilities are one or more retinal neuro-transmitters, including DA, which has been linked 

to eye growth regulation and for which there are receptors on the RPE.47,48

2.3 Neurotransmitters as Plausible Signal Molecules for RPE-Mediated Eye Growth 
Regulation

Retinal neurotransmitters including DA, acetylcholine, and glucagon have been the focus of 

many studies in relation to their roles in retinal functions in the context of eye growth 

regulation. Below, we consider the possibility that the RPE could be the site of action of 

such molecules, serving as signal molecules for eye growth regulation, on the basis that 

many of these molecules also have receptors on RPE and are known to affect RPE 

physiology.16

2.3.1 Dopamine—In the retina, DA, serving as a neurotransmitter and neuromodulator, 

plays important roles in retinal function.49 This topic is explored in more detail in chapter 

“Molecular and Biochemical Aspects of the Retina on Refraction” (written by Ranjay 

Chakraborty and Machelle Pardue) of this volume. Here, the possible role of DA in eye 

growth regulation, acting via the RPE is discussed, along with related physiology.

There are five subtypes of DA receptors (D1–D5), which, based on their biochemical and 

pharmacological properties, have been further categorized into D1-like (D1, D5) and D2-

like (D2–D4) subfamilies.50,51 DA receptors are known to be widely distributed in the eye, 

including on neural cells within the retina and RPE.32,49,52–54 DA receptors have been 

identified on human RPE cells as well as teleost, chick, cat, and bovine RPE.31,32,52,53 Both 

D1 and D2 DA receptors have been identified in cultured human RPE.55,56 In chicks, D2/3 

receptors have been identified on the basal side of the RPE. However, due to the use of in 

situ hybridization and immunocytochemistry in the study in chick, the presence of DA 

receptors on the apical surface of RPE cells was left unresolved due to heavy pigmentation 

in this region.32

In vivo animal studies, mostly involving the chick model, have consistently reported 

inhibitory effects on experimental myopia of DA receptor agonists, typically delivered 

intravitreally.57–59 Indirect support for the possibility that RPE is the site of action of these 

drugs is provided by two studies in chicks. First, [3H]-spiperone, a D2-receptor antagonist, 

was demonstrated to reach the RPE when administered by either intravitreal or 

subconjunctival injection.58 Second, in vitro electrophysiology studies using retina–RPE–

choroid preparations showed that RPE function was altered differently with retinal versus 

choroidal perfusion of DA. Note also that DA has been named as a likely modulation of 

basolateral Cl− channels in the RPE, acting through different populations of DA receptors on 

the apical and basolateral membranes of RPE.47

2.3.2 Acetylcholine—Acetylcholine (ACh) receptors fall into two broad categories, of 

membrane receptors, metabotropic muscarinic acetylcholine receptors (mAChRs) and 

ionotropic nicotinic acetylcholine receptors (nAChR).60 Of these two types of receptors, 

muscarinic receptors are a family of G-protein-coupled receptors, which comprise five 
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receptor subtypes (M1–M5) in mammals. In chicks, only M2–M5 receptor subtypes have 

been identified.61,62 In addition to serving as a retinal neurotransmitter, ACh appears to play 

an important role in the developing retina.63,64 There is now substantial evidence that ACh, 

acting via both muscarinic and nicotinic receptors (mAChR and nAChR), is involved in eye 

growth regulation.16,48,65,66 Discussion here is limited to the more widely studied mAChR-

mediated effects.

Studies linking ACh and muscarinic receptors with eye growth regulation and specifically 

myopia are many. In humans, atropine, a nonselective mAChR antagonist, has a long history 

of use for myopia control, dating back to the middle of the last century. Today, it remains 

the mostly widely used pharmacological agent clinically for this purpose, despite evidence 

of rebound effects after treatment is terminated, at least for higher doses.65,67,68 Animal 

models studied in this context include the mouse, chicks, guinea pigs, tree shrews, and 

monkeys, with consistent antimyopia effects of muscarinic receptor antagonists being 

reported.16,66,69,70 For example, in chicks, both intravitreal and subconjunctival injection of 

atropine were found to inhibit the development of form-deprivation and lens-induced 

myopia.59,71,72 Other, more selective antimuscarinic drugs including pirenzepine and 

himbacine have also been reported to inhibit the development of myopia, with M4 receptors 

being favored as the receptor subtype mediating these effects based on the selectivity 

profiles of the latter drugs, i.e., M1/M4 (mammal) or M2/M4 (chick) for pirenzepine and 

M2/M4 for himbacine.66,72–75

As with DA receptors, the wide distribution of muscarinic receptors throughout ocular 

tissues offers multiple candidate tissues, and the sites of action for the antimyopia effects of 

muscarinic receptor antagonists include but are not limited to retina, choroid, and 

sclera.16,71,72 The RPE also expresses muscarinic receptors and thus is a candidate 

tissue.76,77 In chick RPE, the relevant receptor subtypes, M2, M3, and M4 receptors, have 

all been identified.61 Physiological actions mediated by mAChRs activation include 

increased phosphoinositide turnover and intracellular Ca2+, as seen in cultured human 

RPE.28,77,78 However, at this time, other supporting evidence for the RPE being the site of 

action of the described antimyopia actions is lacking.

In addition to the two neurotransmitter receptors discussed above, the RPE is also reported 

to possess receptors for a number of other neurotransmitters, including glucagon and VIP, 

which have been implicated in eye growth regulation.16,29,30,79 In the case of glucagon, the 

RPE has been considered a plausible site of action in two separate studies in chicks,80,81 and 

in the case of VIP, the observation of polarized secretion of macromolecules with 

application of VIP to cultured RPE cells provides a plausible mechanism for growth 

regulation of the nearby choroid and/or sclera.82

2.4 RPE-Derived Growth Factors and Cytokines as Plausible Eye Growth Signal Molecules 
or Regulators

The RPE represents a major source of growth factors and cytokines, including insulin-like 

growth factor-1, transforming growth factor-beta (TGF-β), fibroblast growth factor (FGF), 

and vascular endothelial growth factor (VEGF).16,23 Synthesized locally and subsequently 

secreted, they have been attributed roles in the maintenance of the structure and homeostasis 
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of retina and choroid. Note that depending on the direction of their secretion, i.e., toward the 

retina and/or choroid side, these growth factors have potential to effect changes that are 

limited to the retina or choroid/sclera.

So far, there has been only limited study of the roles of RPE-derived growth factors and 

cytokines in postnatal eye growth regulation,34,35 and results were not always conclusive 

due to the approaches used. For example, the combined tissue collection of the RPE and 

retina in early gene expression studies involving the chick precludes conclusion about the 

site of observed changes in expression.83,84 Nonetheless, the report of down-regulation of 

Bone Morphogenetic Protein (BMP2) gene expression in retina/RPE after form deprivation 

of chicks for either 6 h or 3 days is consistent with findings in isolated chick RPE with 

prolonged negative lens treatment.85 These studies made use of high-throughput gene 

expression profiling with DNA microarray screening. In follow-up studies of isolated chick 

RPE, the gene expression of BMP-2, -4, and -7 was found to be bidirectionally regulated, 

with opposite signs of imposed defocus eliciting opposite responses (decreased with 

negative lenses, increased with positive lenses), even with exposures as short as 2 h and 2 

days.34,35 The rapidity of these responses suggests roles for these BMPs in the initiation and 

early phases of altered eye growth. Additional RPE gene expression studies have implicated 

in defocus-induced “myopic growth,” TGF-β2, which belongs to the same superfamily of 

growth factors as BMPs, and has been previously linked to eye growth regulation in studies 

involving chicks and tree shrews.86–89 Further characterization of the signal pathways 

involving these RPE-derived growth factors/cytokines, to identify both up- and downstream 

components, may well uncover novel treatments for myopia control.

3. THE ROLE OF CHOROID IN EYE GROWTH REGULATION

The choroid lies between the RPE and the sclera. In most species, it can be divided into five 

layers histologically, starting from the inner (retinal) side: Bruch’s membrane, 

choroicapillaris, Haller’s layer, Sattler’s layer, and the suprachoroidea, with all but the first 

layer being largely vascular,21 although in birds, the suprachoroid contains large, 

endothelium-lined spaces (lacunae), which resemble lymphatic vessels.90,91 The choroid 

also contains a variety of nonvascular resident cells, including melanocytes, fibroblasts, 

nonvascular smooth muscle cells, and immunocompetent cells, supported by collagenous 

and elastic elements.21 Traditionally, the choroid has been assigned as its major functions, 

supply of oxygen and nutrients to the outer retina, light absorption (pigmented choroid), 

thermoregulation, and modulation of intraocular pressure. However, recent studies also point 

to a role for the choroid in ocular focus adjustment, including emmetropization, and thus eye 

growth regulation, opening up the possibility of novel therapeutic approaches for myopia 

control.21 Elucidating underlying signal pathways and mechanisms are essential first steps.

Referred to sometimes as choroidal accommodation, changes in choroidal thickness in 

response to imposed defocus were first described in young chicks, which also show the most 

dramatic changes of all animals studied. These changes serve to move the retina toward the 

altered plane of focus. Thus, while the choroid of young chicks is about 250 μm thick 

centrally and 100 μm thick peripherally, similar to mammals and primates, in response to 

substantial imposed myopic defocus, e.g., with +15 D lenses, the choroid of the chick eye 
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increases its thickness significantly, effecting a correspondingly large, compensatory change 

in refraction.21,42,92–94 With imposed hyperopic defocus, the choroid thins instead of 

thickening, pulling the retina backward toward the altered image plane. In refractive terms, 

the net effects are induced hyperopia and myopia, respectively. Form deprivation, which 

also induces myopia, also causes choroidal thinning, although here, the adjustment to the 

position of the retina serves no compensatory role. These changes in choroidal thickness 

occur very rapidly, being detectible with high-frequency ultrasonography in a matter of 

minutes in young chicks.11,34,42,94,95 Similar choroidal responses have been documented in 

other animals, including guinea pigs, marmosets, macaques, and humans most recently, 

although the scale of the changes are much smaller than those observed in chicks in all 

cases.21,96

The mechanisms underlying the above choroidal thickness changes remain to be fully 

elucidated and it is possible that different mechanisms underlie the thickening and thinning 

responses. To-date, related changes in blood flow and structure have been described in 

chicks, along with bidirectional changes in the permeability of the choroidal vasculature, 

i.e., decreased during form deprivation and increased during recovery from form-deprivation 

myopia.97–99 The protein content of suprachoroidal fluids has also been reported to be 

decreased in form-deprived eyes, and increased after normal vision is restored, consistent 

with anatomical localization of the thickness changes to the outer choroidal lacunae in 

chicks.21,97 Presumably, these proteins serve as osmotic agents to regulate the water content 

and thus thickness of the outer choroid, with proteoglycans being among identified 

molecules reported to be elevated in eyes wearing positive lenses or in recovery (after 

diffuser removal).94 It has also been speculated that non-vascular smooth muscle cells 

contribute to choroidal thickness changes, by contracting or relaxing as appropriate.94 The 

extent to which observed changes in choroidal blood flow contribute to thickness changes 

via related changes in vessel diameters remains to be clarified, but may be significant, at 

least in mammals and primates whose choroids appear to lack lacunae. The role of the RPE 

as a regulator of one or more of these events also remains to be established. At the most 

basic level, it is possible that the RPE, by regulating ion and fluid exchange between the 

retina and the choroid, contributes to the regulation of choroidal thickness.16,21 

Alternatively, more complex signal cascades may be involved. For example, two DA 

receptor agonists, apomorphine and quinpirole, administered by intravitreal injection, have 

been linked to transient choroidal thickening; both also inhibit lens-induced myopia and 

both have potential access to receptors on the RPE, although retinal sites of action are 

plausible alternatives.100 Likewise, retinal glucagon has been linked to altered eye growth, 

and intravitreal injection of exogenous glucagon is reported to modulate the choroidal 

thickness changes induced by visual manipulations.101

Of available animal models for myopia, the chick has been mostly widely studied in terms 

of regulatory mechanisms, with glucagon and retinoic acid (RA) being the subject of a 

number of studies. The pictures for both are complex. In the case of glucagon, the chick 

choroid as well as retina expresses glucagon and its receptors,30 and choroidal glucagon 

protein levels are reported to increase with short term (up to 1 day) positive lens wear, and 

be unaltered by negative lenses.102 Furthermore, insulin, which generally has opposing 

actions to glucagon, also appears to modulate choroidal thickness, apparently through an 
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RPE-dependent mechanism, as demonstrated in vitro with chick eyecup preparations, in 

which added insulin thinned the choroid, in the presence of either RPE or RPE-conditioned 

medium.101,103 There is also strong evidence implicating retinal and choroidal RA in eye 

growth regulation.21 In relation to the choroid, RA shows bidirectional changes in response 

to visual manipulations that slow (positive lens and removal of diffusers) or accelerate 

(negative lens or diffuser) eye growth.104 Choroidal expression of the RA-synthesizing 

enzyme, retinaldehyde dehydrogenase 2, also exhibits differential regulation with negative 

and positive lens treatment, as well as recovery from form deprivation.105,106

In addition to serving as a focusing mechanism, the choroid may also play an important role 

in regulating scleral growth and remodeling. Modulation of scleral proteoglycan synthesis 

appears to be one of the targets of choroidal RA.106,107 In addition, the choroid expresses 

and synthesizes a variety of growth factors and enzymes, including bFGF, TGF-β, tissue 

plasminogen activator (t-PA), and matrix metalloproteinases, all of which have been linked 

to scleral remodeling and/or eye growth regulation.22,105,108–111 For example, during the 

development of myopia, TGF-β gene has been shown to be differentially expressed in the 

choroid in chicks, albeit not in tree shrews.105,111 Despite the difference between chicks and 

tree shrews noted in relation to choroidal TGF-β gene expression, other studies of gene 

expression in both tree shrews and marmosets point to involvement of the choroid in eye 

growth regulation. Microarray gene profiling applied to RPE/choroid preparations from 

marmosets undergoing lens treatment of opposite signs, revealed altered expression of a 

number of the 204 screened genes, including protein tyrosine phosphatase receptor type B, 

TGF-β-induced, and FGF-2.112 Interestingly, in the tree shrew, similar differential gene 

expression patterns were observed in the choroid with three different visual manipulations 

(negative lens, form deprivation, and continuous darkness), implying a common myopia-

inducing molecular signaling cascade, at least within the choroid.113,114

Recent studies in chick also provide an interesting perspective on the potential role of 

members of the VEGFs family in eye growth regulation. They are best known for their roles 

in angiogenesis, and VEGF antagonists such as bevacizumab, an antibody against human 

VEGF, are now widely used clinically in the treatment of wet age-related maculopathy. 

However, recent years have seen an expansion of their clinical use to include other macular 

pathologies, including myopic maculopathy.115 Thus, the findings that members of the 

VEGF family and their receptors are expressed in chick choroid, and intravitreal injection of 

bevacizumab inhibits both the development of form-deprivation myopia and the choroidal 

thickening during the recovery from form-deprivation myopia in chicks implies a 

fundamental role for this family in regulating choroidal function.116,117

Further studies into the role of choroid in eye growth regulation and underlying signal 

pathways and mechanisms may lead to the development of new therapeutic approaches for 

myopia treatment through the modulation of choroidal functions.

Please refer further to chapter, “Scleral Mechanisms Underlying Ocular Growth and 

Myopia” (written by Ravi Metlapally and Christine F. Wildsoet).
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Figure 1. 
Schematic diagram illustrating the principal gross anatomical differences between human 

emmetropic and myopic eyes, the latter typically being longer and more prolate, with a 

longer vitreous chamber.
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Figure 2. 
Chicks fitted with either a translucent, form-depriving goggle (left), or a defocusing 

spectacle lens (right). From Ref. 16.
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Figure 3. 
Schematic diagram summarizing models used to study eye growth regulation, including key 

ocular features of these models; plausible local ocular growth regulatory signal pathway 

included. From Ref. 16.
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Figure 4. 
(A) Cultured human fetal RPE cells. Tight junctions, shown stained for ZO-1 (zonula 

occludens-1, in green), ensure that the RPE functions as an effective barrier between the 

retina and the choroid, with exchange tightly regulated through ion channels and 

transporters. (B) Transmission electron micrographs of chick RPE; cells show a distinct 

asymmetry, with nuclei located in the basal region adjacent Bruch’s membrane (BM) and 

choriocapillaris (CC), and melanin granules more concentrated in the apical (retinal) region.
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