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Abstract 

 

We previously reported bidirectional gene expression regulation of the Bone Morphogenetic 

Proteins (BMP2, 4, & 7) in chick retinal pigment epithelium (RPE) in response to imposed optical 

defocus and form-deprivation (FD). This study investigated whether there are local (regional) 

differences in these effects. 19-day old White-Leghorn chicks wore monocular +10 or -10 D 

lenses, or diffusers (FD) for 2 or 48 h, after which RPE samples were collected from both eyes, 

from a central circular zone (3 mm radius), and 3 mm wide annular mid-peripheral and peripheral 

zones in all cases. BMP2, 4, and 7 gene expression levels in RPE from treated and fellow control 

eyes were compared as well as differences across zones. With the +10 D lens, increased expression 

of both BMP2 and BMP4 genes was observed in central and mid-peripheral zones but not the 

peripheral zone after 2 and 48 h. In contrast, with the -10 D lens BMP2 gene expression was 

significantly decreased in all three zones after 2 and 48 h. Similar patterns of BMP2 gene 

expression were observed in all three zones after 48 h of FD. Smaller changes were recorded for 

BMP4 and BMP7 gene expression for both myopia-inducing treatments. That optical defocus- and 

FD-induced changes in BMP gene expression in chick RPE show treatment-dependent local 

(regional) differences suggest important differences in the nature and contributions of local retinal 

and underlying RPE regions to eye growth regulation. 
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Introduction 

Myopia is a common refractive error, which in most cases is the product of excessive eye 

elongation, resulting in poor distance vision when not optically corrected. The change in eye length 

largely reflects excessive enlargement of the vitreous chamber, with potential for associated 

blinding complications, such as retinal detachment, macular degeneration and choroidal 

neovascularization.1, 2 The overall prevalence of myopia is increasing rapidly around the world as 

reflected in the projected global prevalence figure of 49.8% for 2050, compared to 22.9% as 

reported in 2000.3 Likewise, the prevalence of high myopia has increased. The comparable 

statistics for high myopia are 9.8% and 2.7% for 2050 and 2000 respectively. Myopia is especially 

common in some regions of East Asia, where prevalence figures of greater than 80% have already 

been reported for some populations.4 
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Although the etiology of the most common, juvenile form of myopia remains unresolved, it is 

likely that both environmental and genetic factors contribute to its onset and progression.5, 6 Studies 

using animal models have provided strong evidence for active emmetropization and the roles for 

visual environmental factors in ocular growth regulation, with dysregulated growth leading to the 

development of myopia under some conditions.7 Previous studies involving both young chickens 

and monkeys have also provided evidence of local, regional control of the posterior vitreous 

chamber, the main target of emmetropizing mechanisms. For example, when only one half of the 

retina (either nasal or temporal) was form-deprived, vitreous chamber and thus overall eye shape 

changes were restricted to the region of deprivation.8, 9 Likewise, half lenses (negative and 

positive), used to impose local focusing errors, also induce local shape changes.10-12 Together these 

studies point to local ocular growth regulation, with a key role of the neural retina, as the origin of 

growth-modulating signal cascades.7, 13, 14 That elimination of the fovea in young monkeys failed 

to disrupt emmetropization, as reflected in recovery from form-deprivation myopia, also suggests 

an important role of the peripheral retina in eye growth regulation.15-17  

Although the concept of local retinal control of eye growth is now widely accepted, details of the 

underlying molecular and cellular mechanisms, including the assumed retina-sclera signaling 

cascades, are not well understood.18-23 The retinal pigment epithelium (RPE) likely serves as a 

relay station for growth regulatory signals, being strategically positioned between the neural retina, 

the assumed origin of growth modulatory signals, and the choroid and sclera, which together 

determine the dimensions of the vitreous chamber.24, 25 Consistent with this hypothesis, we have 
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reported differences in the expression of a number of genes in the chick RPE that are tied to 

experimentally altered eye growth.26-29 The expression of genes for three members of the BMP 

family (BMP2, BMP4, and BMP7) has been shown to be bidirectionally regulated: increased with 

imposed myopia (positive lenses), which inhibits eye growth, and decreased with imposed 

hyperopia (negative lenses), which accelerates eye growth.26, 27 RPE BMP gene expression is also 

decreased with form-deprivation, which also accelerates eye growth.29 These responses are 

detectible after relatively short exposures, e.g., a few minutes to a couple of hours, depending on 

the visual stimulus, suggesting roles for BMPs in both the initiation and early stages of altered eye 

growth responses.25-27, 29 Their involvement is also perhaps not surprising, given that BMPs, which 

belong to the transforming growth factor beta (TGF-β) superfamily, are well known morphogens, 

with already described diverse roles in early development, both within and outside the eye, 

including limb patterning, retinal formation and RPE specification.28, 30-37  

 

There are accumulating data from clinical studies showing effective control of myopia progression 

in children with multifocal contact lenses that aim to limit imposed myopic defocus to more 

peripheral retinal regions, with parallel observations in animal model studies.38-41 There is also on-

going speculation that uncorrected peripheral hyperopic errors might underlie myopia, at least in 

some individuals.42 In the study reported here, we sought to further investigate the local (regional) 

processes underlying ocular growth regulation, using the chick as our model and RPE-BMP gene 

expression as a local signature of central, mid-peripheral and peripheral retinal signals.26, 27, 29 
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Materials and Methods 

Animals and Lens Treatment 

Eggs were obtained from the University of California, Davis (CA), and White Leghorn chickens 

were hatched on-site at the University of California, Berkeley (CA). Chicks were raised under a 

12 h light/12 h dark cycle, with daytime room illumination averaged at 254 lux measured with an 

IL1700 research radiometer (International Light, Inc, USA). Chicks were given free access to food 

and water. At 19 days of age, each chick was fitted with a monocular +10 or -10 D lens, or a 

diffuser, each of which was worn for a period of 2 or 48 h. The contralateral (fellow) eyes of treated 

chicks served as controls. Age-matched untreated chicks were also included as additional controls. 

For each treatment group, reported data represent results from at least three independent 

experiments, with each repetition involving 3 - 4 chicks. Experiments were carried out according 

to the guidelines of the ARVO Statement for the Use of Animals in Ophthalmic and Vision 

Research and were approved by the Animal Care and Use Committee (ACUC) at the University 

of California, Berkeley.  

 

RPE Sample Collection 

To minimize any diurnal or circadian influences on the data, experimental chicks were always 

sacrificed in the afternoon, between noon to 5 pm. After they were sacrificed, both treated (T) and 

fellow control (C) eyes were quickly enucleated. The anterior portion of the eye was first cut away, 
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after which the pecten was cut away from the remaining posterior eyecup and the retina then gently 

separated from the RPE. Next, the remaining wall of the eyecup containing RPE-choroid-sclera 

was divided into three concentric zones centered on the posterior pole, with the aid of 6 and 12 

mm tissue punches (Acuderm Inc, FL) and fine scissors. Finally, the RPE from each zone was 

isolated from the choroid by gentle pipetting and collected into Eppendorf tubes. This procedure 

generated three RPE samples per eye, corresponding to a central circular zone of 3 mm radius 

(zone 3, labeled T3 or C3), and two 3-mm wide annular zones, which comprised a mid-peripheral 

(3-6 mm) zone (zone 6, labeled T6 or C6), and a peripheral (6-9 mm) zone (zone 9, labeled T9 or 

C9) (Figure 1). RPE samples were lysed with RLT buffer from RNeasy Mini kits (Qiagen, 

Valencia, CA), and stored at stored -80 °C for later processing.  

 

RNA Purification, Reverse Transcription and Real-Time PCR 

RNA from RPE samples was purified using RNeasy Mini kits (Qiagen) and on-column DNase 

digestion (Qiagen), according to manufacturer’s protocols. The purified RNA was then reverse 

transcribed to cDNA (SuperScript III First-Strand Synthesis System for RT-PCR, Invitrogen, 

Carlsbad, CA). Bio-Rad SYBR Green PCR Kits (Bio-Rad) and a StepOnePlus Real-Time PCR 

System (Applied Biosystems, RRID:SCR_015805) were used to amplify the cDNA, with all PCR 

reactions being performed in triplicate and the amount of cDNA utilized in each PCR reaction 

adjusted in accordance with expression levels. GAPDH was selected as the housekeeping gene. 

Details of the BMP2, BMP4, BMP7, and GAPDH primers are provided in Table 1 and previous 
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related publications.26, 27 Mean normalized expression (MNE) levels were derived from PCR data 

for all three genes and samples, and regional differences in treatment effects were subsequently 

evaluated in terms of the mean mRNA expression levels in treated versus control eyes, as previous 

described.27, 43 

 

Statistics 

Paired Student’s t-tests were conducted to compare gene expression differences within birds, e.g., 

in treated compared to fellow control eyes of treated chicks, or right and left eyes of untreated 

chicks, for the same zones (T3 vs. C3, T6 vs. C6, and T9 vs. C9). One-way ANOVAs combined 

with post-hoc analysis (and Bonferroni correction), were used to compare regional differences in 

treatment-induced BMP gene expression level changes (i.e., zone 3 vs. zone 6 vs. zone 9).  

 

Results 

BMP Gene Expression in RPE of Untreated Chicks 

For untreated chicks and all three genes (BMP2, BMP4 and BMP7), no significant differences in 

gene expression levels in RPE were found either between the same zone of right and left eyes 

(paired t-test), or between zones (one-way ANOVAs with Bonferroni correction, supplemental 

Table 3), although the data show large variability (p > 0.05 for all cases, Figure 2A). Specifically, 

the relative gene expression levels for BMP2, i.e., ratios of expression, R eye:L eye, expressed as 

%, were 198.6 ± 90.7%, 160.8 ± 62.9% and 227.6 ± 141.7% for zones 3, 6, and 9 respectively. 
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Equivalent values for zones 3, 6 and 9 and BMP4 were 288.5 ± 131.6%, 140.8 ± 46.6%, and 257.3 

± 162.1%, and for BMP7, were 386.8 ± 187.3%, 124.7 ± 48.1% and 276.8 ± 185.1%.  

 

RPE mRNA levels of BMP2, BMP4, and BMP7 for the right and left eyes of untreated birds 

normalized to levels of GADPH expression are shown in Figure 2B and summarized in 

Supplemental Table 1. Overall, BMP7 expression levels were higher in absolute terms compared 

to those of the other two genes. Thus for BMP2 and zones 3, 6 and 9, mRNA levels were 0.19 ± 

0.05, 0.12 ± 0.03 and 0.14 ± 0.02 respectively (mean of results from right and left eyes). Equivalent 

values for BMP4 and the three zones were 0.12 ± 0.02, 0.09 ± 0.02 and 0.06 ± 0.01, and for BMP7, 

2.24 ± 0.42, 1.58 ± 0.32 and 1.63 ± 0.22.  

 

RPE-BMP Gene Expression Differences Induced by +10 D Lenses 

For both the 2 and 48 h treatment durations, the +10 D lens resulted in significant increases in 

BMP2 and BMP4 gene expression in the central and midperipheral zones (zones 3 and 6), as well 

as an increase in BMP7 gene expression in the central zone (zone 3) after 2 h of treatment. Relevant 

data, including gene expression differences between lens-wearing and fellow control eyes, sample 

numbers and statistics are summarized in Table 2 and shown graphically in Figure 3A as ratios of 

expression (%) in treated versus control eyes. Gene expression levels measured in terms of BMP 

mRNA levels normalized to GAPDH are also shown for the +10 D lens-treated and control eyes 

in Figure 3C, D, E.  
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To further evaluate treatment-induced interocular differences, ratios of RPE expression levels in 

treated versus control eyes were derived (Table 2). Expressed in this way, BMP2 gene expression 

differences induced by the +10 D lens treatment proved to be exceptionally large. After 2 and 48 

h of lens wear BMP2 gene expression was increased to 12800 ± 3162% (or 128-fold, p < 0.001) 

and 7735 ± 3365% (or 77-fold, p < 0.05) of that in the control eye in zone 3, and 3075 ± 786% (or 

31-fold, p < 0.01) and 1405 ± 642% (or 14-fold, p < 0.05) in zone 6. However, interocular 

differences in zone 9 did not reach statistical significance for either treatment duration. BMP4 gene 

expression was also significantly increased in both zones 3 and 6, albeit to a lesser degree than 

observed for BMP2. Equivalent T:C ratios for BMP4 and 2 and 48 h lens wear were 2343 ± 825% 

(or 23-fold,  p < 0.001) and 2634 ± 1308% (or 26-fold,  p < 0.05) in zone 3, and 1062 ± 256% (or 

11-fold, p < 0.05) and 466 ± 136% (or 5-fold, p < 0.05) for zone 6. For the BMP7 gene, 

significantly increased expression was limited to zone 3 and 2 h lens wear, i.e. by 429 ± 124% (or 

4-fold, p < 0.01).  

 

To evaluate regional differences in treatment effects on BMP2, BMP4, and BMP7 gene expression 

for the +10 D lens treatment, interocular ratios (T:C, expressed as %) were summarized and 

compared (Table 3 and supplemental Table 3). They confirmed, statistically, that the treatment 

effects in the central and mid-peripheral regions were larger than those in the most peripheral 

region, and that the differences in BMP2 and BMP4 gene expression were larger compared to 
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BMP7 gene expression. In terms of gene expression levels normalized to GAPDH, BMP2 mRNA 

levels in treated eyes after 2 h of lens wear were 2.67 ± 0.57, 0.44 ± 0.22, and 0.15 ± 0.06 for zones 

3, 6, and 9 respectively, with comparable values for control eyes being 0.03 ± 0.004, 0.02 ± 0.01, 

and 0.07 ± 0.02. mRNA levels are summarized in more detail in Supplemental Table 2.  

 

RPE-BMP Gene Expression Differences induced by -10 D Lenses 

Here, also, the lens treatment more consistently affected the expression of BMP2 than that of either 

BMP4 or BMP7. Specifically, BMP2 gene expression was decreased in all three zones (3, 6, and 

9), after 2 h of treatment, as well as zones 3 and 6 after 48 h of treatment. In contrast, decreases in 

BMP4 and BMP7 gene expression were limited to zone 3 and 6 respectively, after 2 h of treatment 

in each case. Relevant data, including gene expression differences, sample numbers and statistics 

are summarized in Table 2 and shown graphically as ratios (%) of expression in treated versus 

control eyes in Figure 4A. mRNA levels of BMPs (normalized to those of GAPDH) in -10 D lens-

treated and control eyes are also shown for each RPE zone in Figure 4C, D, E. 

 

Gene expression ratios for BMP2 were found to be significantly decreased in the central zone (3) 

of treated compared to control eyes, to 35.6 ± 10.0% after 2 h of lens treatment (p < 0.05), and to 

52.1 ± 15.3% after 48 h of treatment (p < 0.05). BMP2 gene expression was also significantly 

decreased in zone 6 after 2 and 48 h of treatment, to 26.2 ± 13.9% (p < 0.01) and 49.8 ± 23.9% (p 

= 0.01) respectively, while in zone 9, BMP2 gene expression was only significantly decreased after 

2 h of treatment, to 15.9 ± 3.6% (p < 0.05). Significant differential BMP4 gene expression was 
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limited to zone 3, and only after 2 h of treatment, when it was decreased to 70.3 ± 22.0% (p < 

0.05), while differential gene expression of BMP7 achieved significance only for zone 6 and only 

after 2 h of treatment, when it was decreased to 39.7 ± 16.9% (p < 0.05).  

 

As for the +10 D lens treatment, regional variations in the effect of the -10 D lens on gene 

expression for BMP2, BMP4, and BMP7 were evaluated by comparing T:C ratios for zones 3, 6, 

and 9 (data summarized in Tables 3 and supplemental Table 3). With the -10 D lens treatment and 

in contrast to the pattern reported for the +10 D lens treatment, treatment-induced differences in 

gene expression levels were found to be similar in all three zones. These contrasting outcomes are 

further reflected in mRNA data (see Supplemental Table 2). For examples, average BMP2 mRNA 

levels normalized to GAPDH in zones 3, 6, and 9 of treated eye after -10 D lens treatment for 2 h 

were 0.02 ± 0.01, 0.02 ± 0.004, and 0.02 ± 0.004, respectively. While the BMP2 mRNA levels in 

the 3 zones of control eyes were 0.07 ± 0.02, 0.13 ± 0.03, and 0.19 ± 0.06, respectively.  

 

Gene Expression in Three RPE Zones of Form-Deprivation Treated Chicks 

While significant differential gene expression was also observed with the form-deprivation (FD) 

treatment, which, like negative lenses, induces myopia, these effects generally took longer to 

develop than those observed with the -10 D lens, reaching significance only after 48 h of treatment. 

For BMP2, all three zones showed significantly decreased gene expression with 48 h of FD, while 

significant differences were limited to the mid-peripheral zone for BMP4 and no significant 
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differences were recorded for BMP7. Relevant data including gene expression differences, sample 

numbers and statistics are summarized in Table 2 and shown graphically as ratios (%) of 

expression in treated versus control eyes in Figure 5A. mRNA levels of BMPs (normalized to 

GAPDH) in form-deprived and control eyes are also shown for each RPE zone in Figure 5C, D, E. 

 

Expressed as ratios of gene expression in treated versus control eyes, decreases in BMP2 reached 

statistical significance in all three zones after 48 h of treatment, to 27.2 ± 6.9% (p < 0.05), 18.0 ± 

3.2% (p = 0.055) and 35.7 ± 12.3% (p < 0.05) in zones 3, 6 and 9 respectively. For the BMP4 gene, 

significantly decreased expression was limited to zone 6 and 48 h of treatment (51.3 ± 7.8%; p < 

0.05).  

 

As with the two lens treatments, regional variations in the effect of form-deprivation on gene 

expression for BMP2, BMP4, and BMP7 were evaluated through a comparison of T:C ratios for 

zones 3, 6, and 9 (Table 3 and supplemental Table 3). As with the -10 D lens treatment, gene 

expression patterns for BMP2, BMP4, and BMP7 were similar across all three zones. Similar trends 

were also observed in mRNA levels normalized to GAPDH (Supplemental Table 2). After 48 h of 

treatment with form-deprivation, average BMP2 mRNA levels in zones 3, 6, and 9 of treated eye 

were 0.02 ± 0.01, 0.02 ± 0.004, and 0.03 ± 0.01, respectively, compared to levels in control eyes 

of 0.30 ± 0.11, 0.23 ± 0.10, and 0.14 ± 0.03, respectively.  
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Discussion 

Early studies of optical defocus-induced gene expression differences in chick RPE from our 

laboratory consistently showed bidirectional gene regulation for BMP2, BMP4, and BMP7 in 

response to short-term exposure to positive and negative lenses.26, 27 In a later follow-up study 

involving the same three BMPs (BMP2, 4, and 7), form-deprivation and negative lens treatments 

were found to similarly affect gene expression, i.e., decrease expression.29 Taken together, the 

results of these BMP studies reveal a pattern of decreased gene expression when eye growth is 

accelerated, i.e., with negative lenses and form-deprivation, and increased expression when eye 

growth is slowed, as with positive lenses. The results of the current study offer an additional 

perspective in the form of evidence of local regional variations in BMP gene expression in chick 

RPE in response to both defocus of opposite signs and form-deprivation. In brief, for the +10 D 

lens treatment, increased BMP gene expression was most pronounced in the central and mid-

peripheral regions of RPE, while there was no significant difference in expression levels between 

treated and fellow (control) eyes in the peripheral region. In contrast, decreased BMP gene 

expression, as induced by both -10 D lens and form-deprivation treatments, was more consistent 

across all three regions, and the treatment-induced effects were also generally not as large. It is 

also notable that while all three treatments induced consistent differences in gene expression after 

48 h, with form-deprivation, such treatment effects only reached significance with this longer 

treatment period, while in contrast, significant decreases in BMP2 gene expression were observed 

in all three zones after just 2 h of exposure to  the -10 D lens.  
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Investigations into the respective roles of the central and peripheral retina in eye growth regulation 

and myopia development represent a very active area of research in recent years.12, 15-17, 41, 44 In 

part such studies are motivated by interest in better understanding the mechanisms underlying 

currently used optical treatments for myopia control in humans, concentric multifocal contact 

lenses and orthokeratology lenses being two such examples.45 While there is still on-going debate 

about whether imposition of peripheral myopic defocus is key to such myopia control effects, 

improved understanding of underlying retinal mechanisms is critical to refining lens designs and 

improving treatment outcomes.  

 

As noted in the introduction, in one study involving rhesus monkeys, foveal ablation was found to 

have minimal effects on normal emmetropization and the response to form-deprivation of axial 

myopia.17 In another study involving marmosets, lenses designed to impose myopic defocus on 

more peripheral retinal regions were found to induce axial hyperopia, and similarly, those 

imposing peripheral hyperopic defocus induced axial myopia.41 These studies together point to an 

important role for the peripheral retina in controlling eye growth and thus refractive errors, at least 

in primates, although confounding factors, such as the release of inflammatory mediators after 

foveal ablation, and alterations in on-axis defocus secondary to associated changes in spherical 

aberration with multifocal lenses preclude clear-cut conclusions.  
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In relation to understanding the ocular growth responses to multifocal lenses, related studies in 

chicks offer some additional insights. Specifically, one study found that when defocus was limited 

to either the center or periphery of the lens (central-only & peripheral-only), both lens designs 

induced changes in axial length and refractive errors in the eyes of young chicks, the periphery-

only lens design generally inducing greater effects than both center-only and single vision lens 

designs.44 Nonetheless, that the central retina plays an important role in eye growth regulation, at 

least in chicks, is reinforced by results in another study in which form-deprivation of the central 

retina was found to be sufficient to induce axial myopia, even when the peripheral retina received 

normal vision.46 If eye growth regulation can be considered a focusing mechanism, like ocular 

accommodation, but with a slower time constant, then it is of potential relevance that the 

dependence on the higher-acuity central retina of human ocular accommodation, has been 

challenged more recently.47 Nonetheless, the results reported here emphasize the importance of 

the central retina, although they do not rule out a role for the peripheral retina in eye growth 

regulation. They also raise an interesting mechanistic question as to why the induced effects of 

positive lenses (+10 D), on gene expression show a regional bias favoring the central and mid-

peripheral regions of RPE (estimated to subtend ~30 and 75 deg respectively), and thus presumably 

of the overlying retina, while strong regional biases were not evident in the induced effects of 

negative lenses and form-deprivation. Could such differences offer insights into the retinal circuits 

and cells involved in the processing of these opposing myopia-genic and inhibitory visual stimuli? 

Furthermore, in the case of imposed myopic defocus (with positive lenses), which is linked to 
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slowed ocular growth, as little as 15 minutes of treatment appears sufficient to increase the 

expression of these same genes in chick RPE.29 The translatability of these observations to human 

myopia control warrants investigation. 

 

This study was confined to BMPs, and the treatment periods used in the current study were kept 

quite short to limit induced changes in overall ocular dimensions. Thus the results are consistent 

with roles for BMPs in the initiation and early stages of altered eye growth. BMPs are already 

known to function as morphogens during visual system development.48, 49 These growth factors 

are also known to be involved in a wide variety of biological processes including cell proliferation, 

apoptosis, extracellular matrix synthesis, and to play roles in the development and patterning of 

various tissues, organs and limbs.50-53 Of the three genes investigated in our study, BMP2 gene 

expression consistently showed the largest effect of the +10 D lens treatment. Based on the known 

functions of BMP2, it is interesting to speculate that BMP proteins secreted from RPE might 

contribute to the well-characterized early choroidal thickening response to positive lens 

treatments.54-57 These findings for BMP2 gene expression, and specifically the link between 

increased RPE gene expression and treatments that slow eye growth, also make it a plausible 

pharmacological target for controlling myopia. However, note also that as only short treatment 

durations were used in this study, conclusions about the roles of BMPs in longer-term adjustments 

to eye growth, which are more closely tied to scleral remodeling, await further investigation. 
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In summary, we observed regional biases in BMP gene expression patterns in chick RPE in 

response to short-term treatments with form-deprivation and optical defocus stimuli of opposite 

signs, suggesting important, regionally-specific roles for RPE-derived BMPs in the early stages of 

altered eye growth responses. Further related investigations involving multifocal optical 

treatments, as used for myopia control, are warranted as a potential source of important insight 

into underlying mechanisms. 

 

Data availability statement 

The data that support the findings of this study are available from the corresponding author upon 

reasonable request. 
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Figure 1. Diagram showing the origin of the three RPE samples collected from treated and fellow 

control eyes: a circular 6 mm diameter central zone (zone 3), and two 3-mm wide annular zones, 

i.e., a midperipheral zone (zone 6), and a peripheral zone (zone 9). The triangle cutout represents 

the location of the pecten. 

 

Figure 2. A. Gene expression levels in RPE from untreated chicks for BMP2, BMP4, and BMP7 

and 3 different zones expressed as ratios of right vs. left eyes (%). B. mRNA levels normalized to 

GAPDH for right and left eyes, for the same three genes and zones. 

 

Figure 3. Interocular differences in BMP2, BMP4 and BMP7 gene expression in RPE after 2 and 

48 h of +10 D lens wear: (A) graph showing these differences as mean ratios of expression (T/C), 

expressed as percentages ± SEMs, and (B) cartoon heat maps of the same; mRNA levels 

normalized to GADPH for treated and control eyes and 3 RPE zones: (C) BMP2, (D) BMP4, and 

(E) BMP7. For all 3 genes, expression significantly increased in treated compared to control eyes, 

but not for all treatment durations. * p < 0.05, ** p < 0.01, *** p < 0.001. 

 

Figure 4. Interocular differences in BMP2, BMP4 and BMP7 gene expression in RPE after 2 and 

48 h of -10 D lens wear: (A) graph showing these differences as mean ratios of expression (T/C), 

expressed as percentages ± SEMs, and (B) cartoon heat maps of the same; mRNA levels 

normalized to GADPH for treated and control eyes and 3 RPE zones: (C) BMP2, (D) BMP4, and 

This article is protected by copyright. All rights reserved.



 
 

(E) BMP7. For the BMP2 gene, expression significantly decreased in treated compared to control 

eyes in all three RPE zones after 2 h treatment, as well as in zones 3 and 6 after 48 h treatment; 

significantly decreased expression after 2 h of treatment limited to zone 3 for BMP4 and to zone 6 

for BMP7. * p < 0.05, ** p < 0.01. 

 

Figure 5. Interocular differences in BMP2, BMP4 and BMP7 gene expression in RPE after 2 and 

48 h of FD lens wear: (A) graph showing these differences as mean ratios of expression (T/C), 

expressed as percentages ± SEMs, and (B) cartoon heat maps of the same; mRNA levels 

normalized to GADPH for treated and control eyes and 3 RPE zones: (C) BMP2, (D) BMP4, and 

(E) BMP7. Significant decrease was observed only after 48 h treatment and only for BMP2 and 

BMP4 gene expression in treated compared to control eyes. * p < 0.05, ‡ p = 0.055. 
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Table 1. Primer gene symbols, NCBI access numbers, sequences, efficiencies, and sizes of amplicons 
Gene  NCBI Access Number Sequences (5’ - 3’) Efficiency Amplicon 
BMP2 NM_204358.1 Forward: 5’-AGCTTCCACCACGAAGAAGTTT-3’  

Reverse: 5’-CTCATTAGGGATGGAAGTTAAATTAAAGA-3’ 
93.6 % 96 bp 

BMP4 NM_205237.3 Forward: 5’-CCAGCAAATCAGCCGTCAT-3’ 
Reverse: 5’-CGGACTGGAGCCGGTAGA- 3’ 

97.5 % 57 bp 

BMP7 XM_417496.6 Forward: 5’-GGTGGCAGGACTGGATCATC-3’ 
Reverse: 5’-GCGCATTCTCCTTCACAGTAATAC-3’ 

100 % 64 bp 

GAPDH NM_204305.1 Forward: 5’-AGATGCAGGTGCTGAGTATGTTG-3’ 
Reverse: 5’-GATGAGCCCCAGCCTTCTC-3’ 

95.6 % 71 bp 

 
 
 
Table 2. BMP gene expression differences induced by monocular +10 and -10 D lens treatments and form-deprivation 
in three RPE zones, reported as mean ratios (%) of expression in treated versus control eyes (SEMs in brackets) 

  2 h    48 h  
 Zone 3 Zone 6 Zone 9  Zone 3 Zone 6 Zone 9 
+10 D lens       n = 12                       n = 8                      n = 8                            n = 13                    n = 12                    n = 12 
BMP2 12800 [3162]*** 3075 [786]** 219 [65]  7735 [3365]* 1405 [642]* 160 [46] 
BMP4 2343 [825]*** 1062 [256]* 114 [26]  2634 [1308]* 466 [136]* 138 [28] 
BMP7 429 [124]** 289 [151] 87 [19]  876 [475] 149 [55] 137 [29] 
-10 D lens        n = 10                       n = 8                      n = 8                            n = 18                    n = 10                    n = 10 
BMP2 35.6 [10.0]* 26.2 [13.9]** 15.9 [3.6]*  52.1 [15.3]* 49.8 [23.9]* 116.6 [74.0] 
BMP4 70.3 [22.0]* 88.3 [39.4] 74.2 [31.7]  111.9 [36.4] 193.9 [83.1] 332.0 [146.7] 
BMP7 88.3 [22.0] 39.7 [16.9]* 86.7 [30.9]  143.1 [41.8] 291.2 [179.4] 297.6 [140.2] 
FD                    n = 14                       n = 14                    n = 14                          n = 15                    n = 10                    n = 10 
BMP2 185.2 [76.5] 111.9 [52.0] 92.7 [42.5]  27.2 [6.9]* 18.0 [3.2]‡ 35.7 [12.3]* 
BMP4 258.2 [81.8] 185.7 [83.4] 243.7 [123.0]  107.4 [44.7] 51.3 [7.8]* 135.4 [45.5] 
BMP7 598.0 [430.5] 166.5 [97.5] 345.8 [164.0]  134.6 [60.8] 76.3 [23.6] 158.0 [59.1] 

* p < 0.05, ** p < 0.01, *** p < 0.001, ‡ p = 0.055 
 

Table 3. Relative BMP gene expression differences induced by +10 and -10 D lens treatments and form-deprivation 
treatment in RPE 3 zones (interocular differences expressed as mean fold changes) 

  2 h    48 h  
 Zone 3/6 Zone 3/9 Zone 6/9  Zone 3/6 Zone 3/9 Zone 6/9 
+10 D lens        

BMP2 4.2 58.5 14.1  5.5 48.4 8.8 
BMP4 2.2 20.5 9.3  5.7 19.0 3.4 
BMP7 1.5 6.4 3.3  5.9 6.4 1.1 

-10 D lens        
BMP2 1.36 2.2 1.6  1.0 -2.2 -2.3 
BMP4 -1.25 -1.1 1.2  -1.7 -3.0 -1.7  
BMP7 2.2 1.0 -2.2   -2.0 -2.1 -1.0 

Form-Deprivation      
BMP2 1.65 2.0 1.2  1.5 -1.3 -2.0 
BMP4 1.39 1.1 -1.3  2.1 -1.3 -2.6  
BMP7 3.59 1.7 -2.1   1.8 -1.2 -2.1 

* p < 0.05, ** p < 0.01. 
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Figure 1. Diagram showing the origin of the three RPE samples collected from treated and fellow control 
eyes: a circular 6 mm diameter central zone (zone 3), and two 3-mm wide annular zones, i.e., a mid-

peripheral zone (zone 6), and a peripheral zone (zone 9). The triangle cutout represents the location of the 
pecten. 

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 

Figure 2. A. Gene expression levels in RPE from untreated chicks for BMP2, BMP4, and BMP7 and 3 different 
zones expressed as ratios of right vs. left eyes (%). B. mRNA levels normalized to GAPDH for right and left 

eyes, for the same three genes and zones. 
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Figure 3. Interocular differences in BMP2, BMP4 and BMP7 gene expression in RPE after 2 and 48 h of +10 D 
lens wear: (A) graph showing these differences as mean ratios of expression (T/C), expressed as 

percentages ± SEMs, and (B) cartoon heat maps of the same; mRNA levels normalized to GADPH for treated 
and control eyes and 3 RPE zones: (C) BMP2, (D) BMP4, and (E) BMP7. For all 3 genes, expression 

significantly increased in treated compared to control eyes, but not for all treatment durations. * p < 0.05, 
** p < 0.01, *** p < 0.001. 
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Figure 4. Interocular differences in BMP2, BMP4 and BMP7 gene expression in RPE after 2 and 48 h of -10 D 
lens wear: (A) graph showing these differences as mean ratios of expression (T/C), expressed as 

percentages ± SEMs, and (B) cartoon heat maps of the same; mRNA levels normalized to GADPH for treated 
and control eyes and 3 RPE zones: (C) BMP2, (D) BMP4, and (E) BMP7. For the BMP2 gene, expression 

significantly decreased in treated compared to control eyes in all three RPE zones after 2 h treatment, as 
well as in zones 3 and 6 after 48 h treatment; significantly decreased expression after 2 h of treatment 

limited to zone 3 for BMP4 and to zone 6 for BMP7. * p < 0.05, ** p < 0.01. 
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Figure 5. Interocular differences in BMP2, BMP4 and BMP7 gene expression in RPE after 2 and 48 h of FD 
lens wear: (A) graph showing these differences as mean ratios of expression (T/C), expressed as 

percentages ± SEMs, and (B) cartoon heat maps of the same; mRNA levels normalized to GADPH for treated 
and control eyes and 3 RPE zones: (C) BMP2, (D) BMP4, and (E) BMP7. Significant decrease was observed 

only after 48 h treatment and only for BMP2 and BMP4 gene expression in treated compared to control eyes. 
* p < 0.05, ‡ p = 0.055. 

166x84mm (300 x 300 DPI) 

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



 

This article is protected by copyright. All rights reserved.

A
cc

ep
te

d 
A

rti
cl

e



We previously reported in young chicks bidirectional gene expression regulation of the BMP2, 4, 
& 7 in retinal pigment epithelium (RPE) after visual manipulation, tied to the direction of induced 
eye growth changes. Here we report local (regional) differences in expression patterns that were 
also treatment specific. Both BMP2 and BMP4 genes showed the expected increased expression 
with imposed myopic defocus (+10 D lens) after 2 and 48 h, albeit limited to central and mid-
peripheral RPE zones. In contrast, the expected decrease in BMP2 gene expression with imposed 
hyperopic defocus (-10 D lens) was evident across all three zones after both 2 and 48 h, with 
similar patterns observed after 48 h with form-deprivation. Similar but smaller changes were 
recorded for BMP4 and BMP7 gene expression with the latter myopia-inducing treatments.
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