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Abstract
This study investigated the effects of imposed optical defocus on the expression patterns of bone
morphogenetic protein 4 and 7 (BMP4, BMP7) in chick retinal pigment epithelium (RPE), as
indicators of roles in postnatal eye growth regulation. BMP4 and BMP7 gene and protein
expression patterns were characterized for retina, RPE and choroid tissues of young normal
White-Leghorn chickens. The effects of short-term (2 and 48 h) exposure to monocular +10 and
−10 diopter (D) lenses on RPE gene expression of BMP4 and BMP7 were also examined. Tissues
from both treated and fellow eyes as well as from eyes of age-matched untreated birds were
included in the latter experiment. Of ocular tissues comprising the posterior wall of the chick eye,
RPE showed the highest expression of BMP4 and BMP7 mRNA, compared to retina and choroid.
Western blots and immunohistochemisty confirmed the expression of BMP4 and BMP7 protein in
all layers - retina, RPE, choroid and sclera. With imposed defocus, both BMP4 and BMP7 showed
bidirectional changes in expression in RPE, however, with different temporal patterns. With +10
D lenses, BMP4 gene expression was up-regulated after both 2 and 48 h of treatment, while BMP7
expression was up-regulated only after 48 h of lens wear. With −10 D lenses, both BMP4 and
BMP7 showed down-regulation of gene expression for both 2 and 48 h treatment durations. With
the −10 D lens treatment applied for 48 h, gene expression for both BMP4 and BMP7 was also
down-regulated in contralateral fellows of treated eyes compared to eyes of untreated chicks. The
rapid changes in gene expression in chick RPE observed for both BMP4 and BMP7, up or down
according to the sign of imposed optical defocus, resemble similar trends reported for BMP2.
Further studies are needed to confirm the roles of BMPs as ocular growth modulators, as
suggested by these data. The data also suggest a role for the RPE as a conduit for relaying growth
modulatory retinal signals.
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INTRODUCTION
Myopia, the most common type of refractive error, has shown a rapid rise in prevalence
worldwide in the past few decades, reaching epidemic levels in a number of Asian countries
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(Pan et al. 2012; Vitale et al. 2009).Most myopia is axial rather than refractive in nature, the
product of excessive elongation of the vitreous chamber (McBrien and Millodot 1987;
Whitmore 1992). Such changes are not without consequence - pathological complications
such as retinal detachment, chorioretinal atrophy and neovascularization are associated with
high myopia, classically defined as spherical equivalent refractive errors equal to or greater
than − 6.0 D (Jones and Luensmann 2012; Saw et al. 2005). That the prevalence of high
myopia is increasing along with the increase in overall myopia prevalence is thus a cause for
great concern (Flitcroft 2012).

Both genetic and environmental factors are thought to play roles in the development of
myopia (Flitcroft 2012); Wallman and Winawer 2004; Wojciechowski 2011). Studies with
experimental animal models have provided convincing evidence for the role of
environmental factors in the development of myopia and specifically, for the role of vision
in early eye growth regulation (Wallman and Winawer 2004). In the presence of optical
defocus, young eyes adjust their eye length in compensation, accelerating their growth in
response to imposed hyperopic defocus and slowing it in response to myopic defocus. The
net effects of these altered ocular growth patterns on the refractions of these eyes are
induced myopia and hyperopia respectively. Data from neural lesioning studies involving
optical defocus and others involving regionally localized imposed defocus suggest eye
growth regulation to be largely localized to the eye itself (Choh et al. 2006; Diether and
Schaeffel 1997; Smith et al. 2012; Wildsoet 2003). The study reported here addressed the
hypothesis that the retinal pigment epithelium (RPE) is a critical component of the presumed
retino-scleral signaling pathway mediating these eye growth changes (Rymer and Wildsoet
2005; Wallman and Winawer 2004). The RPE possesses a rich array of receptors, including
ones for neurotransmitters already implicated in eye growth regulation (Buck et al. 2004;
Fischer et al. 1998; Friedman et al. 1988; Rymer and Wildsoet 2005). Differential gene
expression as well as morphological changes in RPE also have been documented during the
development of myopia and hyperopia (Lin et al. 1993; Zhang Y et al. 2012; Zhang et al.
2012; Zhang et al. 2010).

Bone morphogenetic proteins (BMPs) are a large family of multifunctional growth factors
that belong to the transforming growth factor-β superfamily, with important roles in
osteogenesis and embryogenesis (Wagner et al. 2010). Based on amino acid sequence
homology, BMP2 and BMP4 belong to one subgroup, being very similar to each other,
while BMP7 belongs to another (Derynck and Miyazono 2008). Our recent finding of
bidirectional regulation of BMP2 in response to optical defocus of opposite signs (Zhang et
al. 2012), combined with the structural similarity between BMP2, BMP4, and BMP7
provided the principal motivation for the current study. Previous studies have also linked
both BMP4 and BMP7 to embryonic eye morphogenesis as well as diseases of the adult
retina (Fischer et al. 2004; Lyons et al. 1995; Mathura et al. 2000; Muller et al. 2007; Xu et
al. 2012). For example, a genetics study using a loss-of function mutation of BMP7 in
mouse reported severe defects in the developing eye (Dudley et al. 1995). Another human
genetics study proposing BMP4 as a possible candidate gene for myopia provided additional
motivation for the current study (Bakrania et al. 2008).

In the study reported here, we found BMP4 and BMP7 to be expressed at the gene and
protein levels in retina, RPE and choroid of young chicks. We also report that like BMP2,
BMP4 and BMP7 show similar optical defocus sign-dependent, bidirectional regulation in
chick RPE although differences in temporal patterns of expression were also observed
between BMP4 and BMP7.
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MATERIALS and METHODS
Animals & Lens Treatments

White-Leghorn chickens were obtained from a commercial hatchery (Privett, Portales, NM),
and raised under a 12-h light/12-h dark cycle. Experiments were conducted according to the
ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and approved
by the Animal Care and Use Committee (ACUC) at University of California, Berkeley, CA.
For the RPE real-time PCR study described below, chicks wore monocular +10 or −10 D
lenses from 19 days of age for 2 or 48 h. Data for the four treatment groups represent the
compilation of four independent repetitions of this experiment (4 ~ 6 chicks in each
experiment). Age-matched untreated chicks also were included as additional controls in this
experiment. The effects of these lens treatments on ocular dimensions have been reported
previously (Zhang et al. 2012); in brief, the positive lens induces choroidal thickening and
the negative lens, choroidal thinning, the changes being larger with the longer treatment
period and in each case contributing to changes in vitreous chamber lengths (shortening and
lengthening respectively).

Tissue Sample Collection for RNA and Protein Studies
Retina, RPE, and choroid samples collected from 19-day and 21-day old untreated chicks
were used to study normal BMP4 and BMP7 gene and protein expression. RPE samples also
were collected from age-matched lens-treated as well as untreated chicks for a real-time
PCR study. The method of sample collection was as described previously (Zhang et al.
2012). Briefly, chicks were sacrificed, eyes enucleated and then retina, RPE, and choroid
isolated and collected. For RNA samples, all three ocular tissues were lysed with RLT
buffer from RNeasy Mini kits (Qiagen, Valencia, CA). Ocular protein samples were lysed
with RIPA buffer (Sigma-Aldrich, St. Louis, MO) containing a protease inhibitor cocktail
(Sigma-Aldrich). All samples were stored at −80 °C immediately for later use.

RNA Purification and Real-Time PCR
For retina and RPE samples, total RNA was purified using RNeasy Mini kits, while RNA
from choroid samples was purified using an RNeasy Fibrous Tissue Mini Kit (Qiagen). On-
column DNase digestion was performed for RNA samples from all three tissues. RNA
concentration and optical density ratio of A260/A280 were measured on a spectrophotometer
(NanoDrop 2000), NanoDrop Technologies, Inc., Wilmington, DE).

Total RNA (0.4 µg) was reverse transcribed to cDNA (SuperScript III First-Strand Synthesis
System for RT-PCR, Invitrogen, Carlsbad, CA). The amount cDNA used in each PCR
reaction varied across tissues and between genes, according to expression levels. Primers for
BMP4 and BMP7 were designed using Primer Express 3.0 (Applied Biosystems, Foster
City, CA. Table 1). Chick glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used
as the housekeeping gene (Zhang et al. 2012). The efficiency (E) of primers was calculated
using equation (1), with the slope of the standard curves generated using ten-fold serial
dilutions of cDNA. Mean normalized expression (MNE) was calculated for target genes
using equation (2) (Simon 2003), and mean mRNA expression levels calculated using
equations (3). Lens treatment-induced changes were expressed as Fold-changes, calculated
using equation (4). QuantiTect SYBR Green PCR Kits (Qiagen) were used for mRNA
amplification with a StepOnePlus Real-Time PCR System (Applied Biosystems). Melt
curves were examined to verify the yield of single peak products. All real-time PCR
reactions were performed in triplicate.

(1)
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(2)

(3)

(4)

Western Blots
Protein expression profiling was limited to retina, RPE, and choroid samples from untreated
chicks. A BCA assay (Pierce Biotechnology, Rockford, IL) was used to measure total
protein concentration in all samples. Samples (40 µg) were electrophoresed on 4–12%
gradient gels (NuPAGE 4–12% Bis-Tris Gel, Invitrogen) under reducing conditions, before
being transferred to nitrocellulose membranes (iBlot Gel Transfer Stacks, Invitrogen). The
reducing conditions involved processing with LDS sample buffer (Invitrogen) and
dithiothreitol (DTT), and heating at 95 °C for 5 minutes. Membranes were blocked
(StartingBlock T20 [TBS]; Pierce Biotechnology) and then incubated with either a mouse
anti-human monoclonal antibody against BMP4 (# ab93939, Abcam, San Francisco, CA), or
a rabbit anti-human polyclonal antibody against BMP7 (# ab93636, Abcam). Blots were
subsequently labeled with HRP-conjugated goat anti-mouse IgG (# 31430, Pierce
Biotechnology) or goat anti-rabbit IgG (# AP132P, Millipore). Immunoreactive bands were
detected with chemiluminescence (Supersignal Pico ECL; Pierce Biotechnology) and
imaged with a bioimaging system (FluorChem Q, Alpha Innotech; San Leandro, CA).
Commercial mature BMP4 protein (# ab87063, Abcam) and mouse brain lysates were used
as positive controls for testing the BMP4 antibody, while human kidney lysates (# ab30203,
Abcam) and mouse brain lysates were used as positive controls for BMP7 antibody. Assays
involved three separate biological samples and triplicate repeats. For BMP4, there is 95.7%
similarity between chick and mouse, and chick and human sequences. For BMP7, the
equivalent figures are 99.3% and 98.6% respectively.

Immunohistochemistry
Posterior eyecups were prepared from freshly enucleated eyes by removing the anterior
segments (cornea and lens); the eyecups were then immersed in optimal cutting temperature
(OCT) compound (Ted Pella Inc., Redding, CA) and stored at −80 °C immediately for later
use. Seven µm cryostat sections were prepared and dried at room temperature. Sections were
then fixed with acetone, washed with PBS, and blocked with 10% normal goat serum. A
mouse anti-human monoclonal antibody against BMP4 (# ab93939, Abcam), rabbit anti-
human polyclonal antibody against BMP7 (# ab93636, Abcam), or isotype control
(Invitrogen) was used for immunostaining overnight at 4 °C. Sections were subsequently
labeled with Alexa Fluor 546 goat anti-mouse or goat anti-rabbit IgG conjugated secondary
antibody (Invitrogen), and counterstained with 4',6-diamidino-2-phenylindole (DAPI;
Vector Labs, Burlingame, CA). Negative controls were included; sections were incubated in
mouse and rabbit isotype IgG and then the secondary antibody. Sections were imaged with a
Zeiss microscope (Zeiss Axioplan 2 Imaging, Carl Zeiss, Inc., Oberkochen, Germany).
Staining was performed on three biological repeats.
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Statistical Analysis
Paired Student’s t-tests were used to compare gene expression in the RPE from lens-treated
eyes with their fellow eyes. To look for interocular yoking as previously observed under
similar experimental conditions with BMP2 expression (Zhang et al. 2012), one-way
ANOVAs with post-hoc testing (Fisher’s least significant difference, LSD) were used to
compare gene expression data for eyes of untreated chicks, treated and contralateral fellow
eyes of lens-treated chicks.

RESULTS
Expression of BMP4 and BMP7 in Normal Chick Ocular Tissues

mRNA Expression of BMP4 and BMP7—BMP4 and BMP7 mRNA was found to be
expressed in chick retina, RPE, and choroid (Fig. 1). BMP4 and BMP7 were both highly
expressed in RPE (BMP4, 0.10 ± 0.01, n = 38; BMP7, 2.20 ± 0.37, n = 32; Figure 1A), with
BMP7 showing higher expression than BMP4. Expression levels of BMP4 and BMP7 in
retina and choroid were lower, although the retinal data a similar bias towards higher
expression of BMP7. In retina, BMP4 and BMP7 mRNA levels were 0.0002 ± 0.00002 (n =
20) and 0.005 ± 0.0007 (n = 12), respectively (Fig 1B). In choroid, BMP4 and BMP7
mRNA levels were 0.024 ± 0.002 (n = 16) and 0.014 ± 0.001 (n = 8), respectively (Fig. 1C).
In an earlier study (Zhang et al. 2012), we also found differences in baseline expression
levels of GAPDH in these tissues, the housekeeping gene used in these analysis
(retina:RPE:choroid = 15:3:1), although the latter differences do not account for the
differences in BMP4 and BMP7 expression between these tissues.

Protein Expression of BMP4 and BMP7—Both BMP4 and BMP7 proteins were
detected in Western blots prepared under reducing conditions from chick retina, RPE and
choroid samples (Fig. 2A). In both blots, lane 1 and 2 were loaded with positive controls,
while lane 3 – 6 were loaded with chick tissue samples. To understand the complicated
patterns of BMP4 and BMP7 protein expression, it is important to note that monomers and
dimers of the BMP proproteins and mature proteins, as well as other forms have been
reported in published literature, a nd databases (in the public domain at http://
www.uniprot.org/uniprot/Q90752), (Cui et al. 2001; Felin et al. 2010; Klosch et al. 2005;
Monroe et al. 2000; Nelsen and Christian 2009). Masses corresponding to the different
forms of BMP4 and BMP7 are listed in Table 2. Results of a database search (http://
www.uniprot.org) and sequence analysis for the mature human, mouse, and chick BMP4
and BMP7 protein are provided in Supplement 1.

For BMP4, the retina (lane 4, Fig. 2A) produced the most complex banding pattern. Two
bands correspond to the dimer and monomer of the proprotein (~ 90 and ~ 46 kDa,
respectively), and another band at ~ 35 kDa represented the dimer of mature protein. There
also were two additional bands at ~ 60 and ~ 70 kDa, possibly representing the glycosylated
proprotein. The choroid (lane 6) yielded only 2 bands, corresponding to the dimer of the
proprotein (~ 90 kDa) and the monomer of mature BMP4 (~ 13 kDa; lane 1, which was
loaded with commercial BMP4 protein, also showed single band at ~ 13 kDa). The RPE
(lane 5) yielded the simplest pattern, with only one band, at ~ 40 kDa, which may represent
a nuclear variant of BMP4 or mature BMP4, based on its molecular weight (Bessa et al.
2009; Felin et al. 2010; Klosch et al. 2005). The pattern of BMP4 expression showed
variability both between individual chicks and between the 3 ocular tissues analyzed, with
one bird showing negligible choroidal expression of BMP4. Samples prepared from mouse
and chick brain show similar, albeit complex patterns. No obvious bands were detected in
the negative control (data not shown).
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The BMP7 protein also was detected in chick retina, RPE and choroid under reducing
conditions (Fig. 2B). The retina (lane 4), RPE (lane 5), and choroid (lane 6) all showed
bands at ~ 30 kDa, corresponding to the dimer of the mature protein. The RPE (lane 5)
yielded an additional weak band at ~ 49 kDa, which represents the proprotein. The choroid
(lane 6) showed another weak band at 15 kDa, corresponding to the monomer of mature
BMP7. Human kidney lysates (lane 1), which served as a positive control, yielded a single
band at ~ 50 kDa. Mouse and chick brain samples showed similar patterns (lane 2 and 3);
each had two visible bands at ~ 30 and 15 kDa, corresponding to the dimer and monomer of
mature BMP7, respectively. No obvious bands were detected in the negative control (data
not shown).

Localization of BMP4 and BMP7 Protein—With immunohistochemistry labeling,
expression patterns for BMP4 (Fig. 3A-D) and BMP7 (Fig. 3E-G) were found to be very
similar; both were present in all layers of the posterior wall of the eye – retina, RPE,
choroid, and sclera. In the retina, labeling for BMP4 and BMP7 was most intense and
diffuse in the inner plexiform layer (IPL), outer plexiform layer (OPL), and outer segments
of photoreceptors. Labeling was also observed in the ganglion cell layer (GCL), inner
nuclear layer (INL), and outer nuclear layer (ONL), where both proteins appeared to be
localized to the cytoplasm. In the RPE, BMP4 and BMP7 were evident in the basal side of
cells, although the heavy pigmentation in the apical regions would tend to obscure labeling
in this region. The choroid and sclera also showed labeling for both BMP4 and BMP7,
diffuse in the case of the choroid while in the sclera, the fibrous layer exhibited more intense
labeling than the cartilaginous layer in both cases. No obvious labeling was observed in
negative controls (Fig. 3H, I).

BMP4 and BMP7 Expression in RPE after Lens Treatments
Bidirectionally-regulated BMP4 and BMP7 mRNA Expression—Both the +10 and
−10 D lens treatments altered BMP4 gene expression, with the direction of change being
defocus sign-dependent and consistent in direction for both treatment durations (Figs. 4A &
B). Specifically, with the +10 D lenses, BMP4 gene expression was up-regulated by similar
amounts after both 2 and 48 h of treatment, by 3.6- and 4.4-fold, respectively (p < 0.01, n =
18 in both cases; Fig. 4A). With the −10 D lenses, BMP4 gene expression was down-
regulated, albeit slightly more with the shorter 2 h than the longer 48 h treatment period, by
3.8- and 1.4-fold, respectively (p < 0.001; p < 0.01, n = 19 for both cases; Fig. 4B). No
significant interocular difference in BMP4 gene expression was observed in RPE from eyes
of age-matched untreated birds (data not shown).

While BMP7 also showed bidirectional changes in gene expression in response to optical
defocus, the patterns differed in their temporal profiles from those observed with BMP4.
Specifically, the +10 D lens induced 2.9-fold up-regulation of BMP7 only after 48 h of
treatment (p < 0.05, n = 18. Fig. 4C); a shorter 2 h exposure to this lens did not affect gene
expression (p > 0.05, n = 18). In contrast, gene expression of BMP7 was down-regulated
with both 2 and 48 h of −10 D lens treatment, by 1.37- and 1.38-fold respectively (p < 0.01,
n = 20; p < 0.01, n = 17; Fig. 4D). As expected, RPE from eyes of untreated age-matched
birds showed no significant interocular differences in expression (right & left eyes
compared; data not shown).

Yoking Effects of Lens Treatment on BMP4 and BMP7 Gene Expression—In
our previous study of BMP2 gene expression in RPE, we observed significant changes in
expression in the fellows to eyes wearing −10 D lenses and in the same direction as that
observed in lens-wearing eyes, i.e. yoked expression (Zhang et al. 2012). Comparison of
BMP4 and BMP7 expression in RPE from the fellows of the lens-treated eyes with values
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for RPE of eyes of untreated chicks in the current study revealed significant down-regulation
of BMP4 and BMP7 expression in the fellows to eyes wearing −10 D lenses after 48 h of
treatment (p < 0.01, Figs. 5B & D). No equivalent effect was observed with the +10 D lens
treatments (Figs. 5A & C).

DISCUSSION
The initial discovery that BMPs could induce ectopic bone and cartilage formation underlies
the name of this family of growth factors (Urist 1965); Wozney et al. 1988). However, they
are better described as multifunctional regulators, with influences on cell proliferation,
differentiation, apoptosis and extracellular matrix accumulation, as well as on the
development of many organs (Hogan 1996); Tominaga et al. 2011; Trousse et al. 2001). The
current study investigated two BMPs, BMP4 and BMP7, which, at the protein level, were
found to be present in all layers making up the back wall of the eye – retina, RPE, choroid
and sclera, and at the gene level, were observed to be bidirectionally regulated in chick RPE
in response to, and in accord with the sign of defocus. These results add to evidence from an
earlier study of BMP2 from our laboratory, implicating the BMP family (TGF-β
superfamily) in the defocus-driven modulation of eye growth (Zhang et al. 2012).

While BMP4 and BMP7 were observed to be both widely distributed across all of the layers
enclosing the posterior vitreous chamber of the post-hatch chick eye, the RPE showed
significantly higher gene expression than either retina or choroid. While these patterns
suggest complex multifunctional ocular roles for these two growth factors, they also are
consistent with the RPE playing a key regulatory role. Note that these expression patterns
are also similar to those observed for BMP2 in our earlier study (Zhang et al. 2012). In
functional terms, previous studies have suggested roles for BMPs in retinal patterning and
differentiation (Behesti et al. 2006; Sakuta et al. 2006). In embryonic chick eyes, BMP4
mRNA expression was found to be initially restricted to the dorsal retina, with the
expression pattern becoming less regionally localized and also weaker in later embryonic
development; the distribution of BMP7 was more confined (Wordinger and Clark 2007).
More mature retinas also express BMP4 and −7 although dorso-ventral asymmetries in
expression are no longer apparent (Belecky-Adams and Adler, 2001). BMP7 has also been
reported to enhance chick photoreceptor outer segment development in vitro (Sehgal et al.
2006).

Apart from studies in chicks, ocular studies of BMP4 and BMP7 expression are very limited
in number. In the human embryonic eye, BMP4 expression has been observed in the optic
vesicle, developing optic cup and developing lens (Bakrania et al. 2008; Wordinger and
Clark 2007). Scleral expression of BMP4 has also been described for both guinea pig and
adult human eyes (Cui et al. 2004; Wang et al. 2011). In the retina of the adult mouse, all
cells were shown by in situ hybridization to express BMP4 and the RPE, to highly expressed
it (Mathura et al. 2000). Similarly, BMP7 protein expression has been observed in all retinal
layers in human, and the same study also identified similar BMP7 expression pattern in rat
retina (Shen et al. 2004). These results are similar as results reported here for the chick
retina.

In the context of ocular growth regulation and myopia, the most significant finding from our
study is the apparent optical defocus, sign-dependent bidirectional regulation of BMP4 and
BMP7 gene expression in chick RPE. Specifically, BMP4 and BMP7 gene expression
showed significant up-regulation in response to imposed myopic defocus (+10 D lens
treatment), while expression of both genes was down-regulated with imposed hyperopic
defocus (−10 D lens treatment). These patterns of up- and down-regulation of BMP4 and
BMP7 expression correspond to slowed and accelerated ocular elongation, respectively. In

Zhang et al. Page 7

Exp Eye Res. Author manuscript; available in PMC 2014 April 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



the case of BMP4, changes in gene expression were seen soon after treatments were initiated
(i.e., at 2 h), ruling out the possibility that the changes were a byproduct of altered ocular
growth, which would have been minimal at this time (Zhang et al. 2012). With both lens
treatments and both genes, the early changes in expression persisted out to 48 h of treatment,
the apparent decline in the response to the −10 D lenses after 48 h reflecting the similar,
albeit smaller change in fellow eyes, rather than a real decline in expression. These more
prolonged changes in gene expression tend to argue against them being simply responses to
the altered visual (retinal defocus) conditions. Instead the results raise the possibility that
BMP4 and BMP7 are themselves, negative growth modulators, acting on the choroid and/or
sclera. In line with this proposal, the addition of exogenous BMP4 is reported to alter eye
shape and reduce eye size in the mouse embryo (Behesti et al. 2006). There has been no
equivalent study in chicks although intraocular injection of BMP4, given before treatment
with a neuron toxin, is reported to suppress the proliferation of Müller glia and thus reduce
retina damage in young chicks (Fischer et al. 2004). In two separate studies involving
cultured human scleral fibroblasts, BMP2 was shown to promote cell proliferation and
differentiation and also alter the expression of key extracellular matrix (ECM) genes and
proteins (Hu et al. 2008; Wang et al. 2011). Assuming that differentially expressed BMP
genes in RPE are translated into protein, and subsequently secreted into the choroid, these
BMPs may affect changes in ocular dimensions through changes in ECM remodeling in
either or both the choroid and sclera (Derynck and Miyazono 2008; Reddi 2000). These
possibilities will be explored in future studies.

The current findings of bidirectionally regulated gene expression by optical defocus, of
BMP4 and BMP7 in RPE closely resemble our finding for BMP2 in an earlier, recently
reported study (Zhang et al. 2012). While BMP2, BMP4 and BMP7 are closely related,
structurally (Derynck and Miyazono 2008; Goldman et al. 2009; Kawabata et al. 1998), and
all three BMPs activate the same subtypes of BMP receptors (Wagner et al. 2010), studies of
embryonic eye development in the chick describe spatially and temporally distinct
expression patterns for these BMPs (Belecky-Adams and Adler 2001; Francis et al. 1994).
Nonetheless, the latter observations are consistent with general behavior of these growth
factors; their effects on developmental regulation, cell proliferation and differentiation can
be similar or different, depending on the developmental stage and cell type (Chalazonitis et
al. 2004; Mathura et al. 2000; Wang et al. 2011). The close similarity of the RPE gene
expression profiles of BMP2, BMP4 and BMP7 for the optical defocus conditions imposed
in our studies suggests that these three BMPs are co-regulated and/or may play similar roles
in refractive error and eye growth regulation.

The experimental myopia literature contains many examples of interocular yoking involving
gene expression, as well as refractive error and ocular growth rate changes in response to
lenses and drug treatments (Buck et al. 2004; Fischer et al. 1999; Ohngemach et al. 2004;
Schippert et al. 2006; Siegwart and Norton 2002; Stone et al. 2003; Wildsoet and Wallman
1995). Further examples are provided by our findings for both BMP4 and BMP7, that gene
expression was significantly down-regulated in both −10 D lens-treated eyes and their
fellows after 48 h of lens wear. This interocular yoking phenomenon was not evident with
either the shorter 2 h exposure for the −10 D lens treatment or with either the 2 or 48 h + 10
D lens treatments. In our earlier study, we observed significant interocular yoking of gene
expression changes for BMPR2 and a hint of similar yoking for BMP2 with −10 D lenses,
although the latter effect was not statistically significant (Zhang et al. 2012). While the
mechanisms underlying such interocular yoking remain to be elucidated, there appear to be
treatment- and gene-dependent differences that need to be accounted for. For example, for
BMP2, BMP4 and BMP7, the yoking effects on RPE gene expression was limited to our
negative lens treatment, while yoking of ZENK protein expression in retina has been
reported with both positive and negative lens treatments, as well as with recovery from form
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deprivation myopia (Bitzer and Schaeffel 2002; Fischer et al. 1999). In a previous study, we
found that sectioning of the optic nerve in chicks eliminated the inhibitory effect of
monocular atropine on lens-induced myopia in fellow eyes (Xu et al. 2010). While neural
feedback loops may also be involved in these yoked gene expression changes, a humoral
mechanism is also plausible (Fischer et al. 1999).

Although it is now generally accepted that both genetic and environmental factors are likely
to contribute to the development of human myopia, there appears little overlap in the genes
implicated in human myopia and those linked to eye growth regulation in animal models of
myopia (Morgan et al. 2012). Our findings implicating BMP4 in eye growth regulation in
the chick represents a departure from this trend and a potentially important break-through,
with BMP4 being recently put forward as a candidate gene for human myopia (Bakrania et
al. 2008). The latter study reported a mutation in BMP4 in a range of subjects presenting
with anophthalmia, microphthalmia, or myopia although a causal link is yet to be
established. In terms of animal studies, also of potential relevance is the finding in zebrafish
of severe myopia linked to a mutation of low density lipoprotein receptor-related protein 2
(lrp2), which serves as an endocytic receptor for BMP4, in addition to other bioactive
molecules (Veth et al. 2011). These observations lend weight to our data suggesting that
BMP4 plays an important role in eye growth regulation.

In summary, we found in young chicks BMP4 and BMP7 mRNAs and proteins to be
expressed throughout the tissues making up the posterior ocular wall, implying that they
serve important regulatory functions in these tissues. Key ocular growth modulatory roles
for these growth factors and a key role of the RPE as a signal transducer or relay in the
related retino-scleral cascade are suggested by the further observations of sign-dependent,
optical defocus-induced changes in gene expression in the RPE for both BMPs. Further
investigations of these growth factors as possible novel myopia control treatments are
warranted.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. BMP4 and -7 are widely expressed in the posterior ocular tissues of young
chicks.

2. RPE shows high BMP4 and -7 gene expression compared to retina and choroid.

3. BMP4 and -7 gene expression in RPE is sensitive to the sign of optical defocus.

4. RPE acts as a conduit for retinal growth signals targeting the choroid and sclera.

5. BMP4 and BMP7 are plausible ocular growth modulators in the chick eye.
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Figure 1.
mRNA levels of BMP4 and BMP7 in chick RPE (A), retina (B), and choroid (C). Data were
expressed as mean ± SEM. GAPDH was housekeeping gene.
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Figure 2.
Western blots showing protein expression profiles for BMP4 (A) and BMP7 (B) in retina,
RPE, and choroid from adolescent chicks, prepared under reducing conditions. Lane M was
loaded with protein marker. In blot A, lane 1 was loaded with denatured, reduced BMP4
protein (0.02 µg), lanes 2 and 3 with mouse brain and chick brain respectively, and lanes 4
to 6 with chick retina, RPE, and choroid, respectively. In blot B, lane 1 was loaded with
human kidney lysates, and lanes 2 and 3 were loaded with mouse and chick brain,
respectively. Lanes 4 to 6 were loaded with chick retina, RPE, and choroid, respectively.
MB, mouse brain; CB, chick brain; Ret, retina; Cho, choroid; HK, human kidney lysates.
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Figure 3.
Sections from the posterior wall of the eyecup labeled for BMP4 and BMP7 (in red); nuclei
were labeled with DAPI (in blue). BMP4 labeled sections (A-D), were either double-labeled
for BMP4 and nuclei (A), labeled for BMP4 alone (B), or labeled for nuclei alone (C);
double-labeling overlaid on unstained light microscopy image shown in D. BMP7 labeled
sections (E-F) were either double-labeled for BMP7 and nuclei (E), labeled for BMP4 alone
(F), or labeled for nuclei alone (G). Negative controls for BMP4 (H) and BMP7 (I) were
imaged in blue and red channels. CHO, choroid; SCL-C, sclera cartilaginous layer; SCL-F,
sclera fibrous layer. * Basal side of RPE, ▼ Inner boundary between choroid and sclera,
↓Border between cartilaginous and fibrous layers of sclera. Scale bar, 50 µM.
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Figure 4.
Fold changes in mRNA levels of BMP4 (A, B) and BMP7 (C, D) in RPE after eyes exposed
to defocus for 2 or 48 h via +10 D (A, C) and −10 D (B, D) lenses. Data were expressed as
mean ± SEM. GAPDH was housekeeping gene. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 5.
BMP4 and BMP7 mRNA levels in RPE from eyes wearing +10 D (A, C) and - 10 D (B, D)
lenses for 2 or 48 h, as well as from contralateral fellows to lens-treated eyes and eyes of
untreated chicks. The fellows to eyes wearing −10 D lenses showed similar, albeit smaller
down-regulation of BMP4 and BMP7 gene expression after 48 h of treatment. Data were
expressed as mean ± SEM. GAPDH was housekeeping gene. ** p < 0.01.
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Table 1

Primer information for chick BMP4 and BMP7

Gene NCBI Access Number Sequences (5’-3’) Efficiency Amplicon

BMP4 NM_205237.2 Forward: 5’-CCAGCAAATCAGCCGTCAT-3’ 97.5 % 57 bp

Reverse:5’-CGGACTGGAGCCGGTAGA-3’

BMP7 XM_417496.3 Forward:5’-GGTGGCAGGACTGGATCATC-3’ 100 % 64 bp

Reverse:5’-GCGCATTCTCCTTCACAGTAATAC-3’
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