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Abstract

Previous studies of mouse embryos concluded that after the optic vesicle evaginates from the 

ventral forebrain and contacts the surface ectoderm, signals from the ectoderm specify the distal 

region of the optic vesicle to become retina and signals from the optic vesicle induce the lens. 

Germline deletion of Bmp4 resulted in failure of lens formation. We performed conditional 

deletion of Bmp4 from the optic vesicle to test the function of Bmp4 in murine eye development. 

The optic vesicle evaginated normally and contacted the surface ectoderm. Lens induction did not 

occur. The optic cup failed to form and the expression of retina-specific genes decreased markedly 

in the distal optic vesicle. Instead, cells in the prospective retina expressed genes characteristic of 

the retinal pigmented epithelium. We conclude that Bmp4 is required for retina specification in 

mice. In the absence of Bmp4, formation of the retinal pigmented epithelium is the default 

differentiation pathway of the optic vesicle. Differences in the signaling pathways required for 

specification of the retina and retinal pigmented epithelium in chicken and mouse embryos suggest 

major changes in signaling during the evolution of the vertebrate eye.
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Introduction

Early in eye formation, the optic vesicles evaginate from the ventral diencephalon and 

contact the surface ectoderm on the sides of the head. The ectoderm in contact with the optic 
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vesicle becomes the lens placode and the distal region of the optic vesicle in contact with the 

ectoderm begins the process of retina differentiation. The two adherent layers of cells then 

invaginate to form the lens vesicle and the bilayered optic cup, with the retina surrounded by 

an outer layer of retinal pigmented epithelium (RPE). The signals that specify the lens and 

retina have been of great interest to developmental biologists, because lens formation is the 

first example of embryonic induction (Spemann, 1901) and formation of the retina is 

essential for vision.

Evidence that Bmp4 is required for lens induction came from studies of Bmp4 germline 

knockout mice (Furuta and Hogan, 1998). The lens did not form in these mutants and beads 

delivering Bmp4 promoted the formation of the lens from the mutant ectoderm in the 

presence of a mutant optic vesicle. In mice, Bmp4 is expressed at the distal surface of the 

optic vesicle (prospective retina) (Furuta and Hogan, 1998) under control of the eye field 

transcription factor, Lhx2 (Yun et al., 2009). In Lhx2 knockout mice, the lens failed to form 

and pSmad1/5/8 staining decreased in the ectoderm, supporting the view that Bmp4 from the 

optic vesicle is responsible for lens induction. Studies from the Furuta lab showed that 

conditional deletion of two of the three type I BMP receptors in the optic vesicle decreased 

the expression of several genes characteristic of the early retina (Murali et al., 2005), 

suggesting that BMP signaling might also contribute to retina differentiation.

By contrast, studies in chicken and mouse embryos led to the conclusion that FGF signaling 

from the ectoderm specifies the location and differentiation of the retina (Hyer et al., 1998; 

Nguyen and Arnheiter, 2000; Pittack et al., 1997). Studies in chicken embryos indicated that 

BMPs from the surface ectoderm were required for the differentiation of the RPE, not the 

retina (Muller et al., 2007; Steinfeld et al., 2013). Exposing the optic vesicle to beads soaked 

in Bmp4 prevented retinal differentiation and optic cup formation (Hyer et al., 2003; Muller 

et al., 2007). These studies suggested that vertebrate retina specification and differentiation 

does not involve BMP signaling.

To directly address the function of Bmp4 in mammalian eye formation, we used Rx-Cre 

(Swindell et al., 2006) to conditionally delete floxed alleles of Bmp4 from the mouse optic 

vesicle. Alterations in gene expression were assessed by laser microdissection and 

microarray analysis of the prospective lens and retinal epithelia and confirmed using 

antibody staining and fluorescent in situ hybridization.

Results

In embryos in which Bmp4 was conditionally deleted from the optic vesicles, the optic 

vesicles extended normally and contacted the surface ectoderm. As expected from previous 

results (Furuta and Hogan, 1998; Yun et al., 2009), deletion of Bmp4 from the optic vesicle 

prevented lens induction and optic cup formation (Fig. 1).

Laser microdissection and microarray analysis of the prospective lens and retina of wild type 

and Bmp4 conditional knockout (Bmp4CKO) embryos at E10.5 provided insight about 

changes in gene expression resulting from loss of Bmp4 in the optic vesicle (Table 1). 

Transcripts characteristic of the lens and retina were significantly decreased in the surface 
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ectoderm and distal optic vesicle, respectively. In the prospective retina of the conditional 

knockouts, numerous transcripts were present at significantly higher levels than in wild type 

eyes. Many of these genes with increased expression in the prospective retina are 

characteristic of the RPE (Table 1). Overall, a total of 2084 transcripts from the prospective 

retina were significantly increased or decreased in the knockout embryos (995 increased, 

1089 decreased). In the prospective lens, 2044 transcripts were significantly increased or 

decreased in the knockouts (948 increased, 1096 decreased). Although lens transcripts were 

abundant among those significantly decreased in the ectoderm, several transcripts 

characteristic of the corneal epithelium were significantly increased in the surface ectoderm 

of the Bmp4 optic vesiclespecific knockouts (Lypd2, Trp63, Otx1, Tcfap2b, Trpm1; all 

p<0.001), suggesting that Bmp4 from the optic vesicle suppresses cornea differentiation 

while promoting lens formation.

Changes in gene expression were confirmed by immunofluorescence and fluorescent in situ 

hybridization in wild type and Bmp4CKO embryos. Figure 2 shows that the lens transcription 

factors, Sox2, Maf and Foxe3 were greatly reduced or undetectable in the surface ectoderm 

of Bmp4CKO embryos. Sox2 was also greatly reduced in the prospective retina, as predicted 

from the microarray data (Table 1). Figure 3 illustrates the decreased expression of three 

retina transcripts, Fgf15, Tbx3 and Gdf6, in the prospective retina of Bmp4CKO embryos. 

Gdf6 expression was also present in the dorsal lens vesicle of wild type embryos and greatly 

decreased in the surface ectoderm of Bmp4CKO embryos. The RPE transcripts, Pmel, Inmt 

and Bmp7, were not detected in the wild type retina and were abundantly expressed in the 

distal optic vesicle (prospective retina) of Bmp4CKO embryos (Figure 4).

In spite of these dramatic changes in gene expression, several genes known to be important 

in lens, retina and RPE differentiation were not significantly changed or only moderately 

changed in our microarray analysis. For the lens, these included Pax6 (decreased 50%; 

p<0.05), Six3 (not significantly changed) and Tcfap2a (not significantly changed). For the 

retina, Lhx2 was not significantly changed and Rx decreased approximately 60% (p<0.05 in 

two of four probe sets). The RPE gene Vax1 did not change in two of three probe sets 

(increased 60%; p<0.05 in the third) and Mlana was not significantly changed. These results 

suggest that, while BMP4 is required for lens and retina formation and to suppress RPE 

differentiation, it does not regulate the expression of all important genes in these tissues.

Cell proliferation in the prospective RPE is as high as in the prospective retina in the 

developing optic vesicle (Yamada et al., 2004), but decreases markedly soon after its 

differentiation begins. In the prospective retina of the Bmp4CKO embryos at E10.5, the BrdU 

labeling index, a measure of cells that are synthesizing DNA, was greatly reduced compared 

to the wild type retina and similar to that of the RPE (Fig. 5). The lower BrdU labeling index 

in the RPE remained similar in wild type and Bmp4CKO embryos. This observation is 

consistent with the expression of markers of the RPE in the prospective retinal tissue at 

E10.5.
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Discussion

BMP signaling, retina and optic cup specification

Previous results from the Furuta laboratory are consistent with a function for Bmp4 in 

murine retina differentiation. Conditional deletion of Bmpr1a and Bmpr1b, two of the three 

type I BMP receptors, resulted in reduced retinal growth, failure of retinal neurogenesis and 

decreased expression of early retinal markers, like Fgf15, but did not prevent optic cup 

formation (Murali et al., 2005).

Given the greatly reduced proliferation and the absence of retinal transcripts in the distal 

optic vesicle of the E10.5 Bmp4CKO embryos, it is possible that Bmp4 specifies the retinal 

domain by promoting the selective proliferation of retinal progenitor cells. However, this is 

unlikely, because retina-specific proteins like Sox2 and Chx10 (Vsx2) are already expressed 

in the entire mouse distal optic vesicle as early as E9.0 or E9.5 [Figure 4A and 5A in (Miller 

et al., 2006)]. If Bmp4 promoted selective proliferation of retinal progenitors, the 

prospective retinal domain would be expected to be much smaller than the prospective RPE 

at this early stage. Therefore, the reduced proliferation and absence of retinal transcripts in 

the distal optic vesicle of the Bmp4CKO embryos at E10.5 is most likely due a fate switch in 

the distal optic vesicle from retina to RPE, since the RPE is characterized by decreased 

proliferation at this stage (Figure 5).

A major function of Bmp4 in chicken embryos appears to be the specification of the RPE, 

not the retina (Muller et al., 2007; Steinfeld et al., 2013). Consistent with this, exposure of 

the chicken optic vesicle to exogenous Bmp4 promoted RPE development and prevented 

retina and optic cup formation (Hyer et al., 2003; Muller et al., 2007). In mice, Bmp4 is 

expressed at the distal tip of the optic vesicle (Furuta and Hogan, 1998; Yun et al., 2009), 

but in chicken embryos Bmp4 is predominantly expressed in the surface ectoderm (Muller et 

al., 2007), which is consistent with the different functions of BMP signaling in these species.

FGF signaling and retina specification

FGF signaling within the retina is required for proper retinal cell differentiation in fish, 

chicken and mouse embryos (Cai et al., 2013; Martinez-Morales et al., 2005; Vogel-Hopker 

et al., 2000). Numerous studies have shown that exposure of the embryonic RPE to FGFs 

can transform it into retina (Guillemot and Cepko, 1992; Opas and Dziak, 1994; Park and 

Hollenberg, 1989; Pittack et al., 1991). As expected, exposure of the RPE to exogenous 

FGFs promoted retina formation in chicken and mouse embryos (Pittack et al., 1997; Hyer 

et al., 1998; Nguyen and Arnheiter, 2000). However, because exposure of the RPE to 

exogenous FGFs at this stage is known to cause the RPE to differentiate into retina, it is 

important to demonstrate that FGFs from the ectoderm provide the normal signal that 

promotes retina formation. Working with cultured chicken embryo optic vesicles, Pittack 

and colleagues showed that Fgf2 was present in the ectoderm and antibodies to Fgf2 blocked 

the differentiation of the retina, suggesting that Fgf2 from the ectoderm promotes retina 

formation in chicken embryos in vivo (Pittack et al., 1997). However, Nguyen and Arnheiter 

exposed mouse optic vesicles to exogenous FGF and performed no “loss of function” studies 

similar to those of Pittack et al. Conditional deletion of Fgfr1 and Fgfr2 in the mouse optic 
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vesicle with Six3-Cre or Rx-Cre reduced cell proliferation, disrupted neurogenesis and 

caused coloboma formation, but did not prevent optic cup or retina formation (Cai et al., 

2013; Chen et al., 2012). Given that loss of Bmp4 in the mouse optic vesicle results in 

absence of the retina, it seems unlikely that FGFs from the ectoderm are the normal signal 

for retina specification in mice.

It is possible that, in mice, Bmp4 from the optic vesicle induces the expression of FGFs in 

the surface ectoderm and that FGFs promote retina formation. However, FGFs were 

expressed at very low levels in the surface ectoderm in our microarray analysis and did not 

decrease significantly in Bmp4CKO embryos (Table S1), suggesting that FGFs from the 

ectoderm are not regulated by BMP signaling from the optic vesicle or involved in murine 

retina formation.

Implications for the study of cell-cell signaling in eye development

The marked switch in the functions of Bmp4 in birds and mammals from suppressing retina 

and promoting RPE formation to suppressing RPE and promoting retina formation suggests 

that major changes occurred in the signaling pathways that specify these ocular tissues 

during evolution from the common ancestor of birds and mammals. This perspective is 

supported by differences between the signaling pathways involved in lens induction in mice 

and other vertebrate classes. For example, FGF signaling contributes to lens induction in fish 

and birds (Kurose et al., 2005; Nakayama et al., 2008; Vogel-Hopker et al., 2000) and Notch 

signaling is required for lens induction in frogs (Ogino et al., 2008). However, FGF or Notch 

signaling are not required for lens induction in mice (Garcia et al., 2011; Le et al., 2012). 

Although Fgf2 was detected in the ocular surface ectoderm of chicken embryos and 

blocking Fgf2 prevented retina formation (Pittack et al., 1997), our previous PCR analysis 

did not detect Fgf2 transcripts in the mouse surface ectoderm (Garcia et al., 2011) (see also 

Table S1). These differences between lens and retina formation in different vertebrate 

classes suggest that caution should be applied when extrapolating the results of studies of 

cell-cell signaling in chicken embryo eye development to mammalian eye development.

Materials and Methods

Mice

Bmp4 flox mice (Chang et al., 2008) were mated to Rx-Cre mice (Swindell et al., 2006) to 

delete Bmp4 in the optic vesicle. Mice were genotyped with the universal PCR genotyping 

assay (Stratman et al., 2003) using the following primers for Bmp4: 5’-

agactctttagtgagcattttcaac-3’; 5’–agcccaatttccacaacttc-3’ (WT 180 bp, flox 220 bp).

Immunostaining

Embryo heads were collected at E10.5, fixed in 4% paraformaldehyde, washed in PBS, 

embedded in agarose for orientation and then in paraffin and sectioned for histological 

analysis. Sections were reacted with a rabbit antibody to Pax6 (1:100; Novus Biologicals, 

#H00005080-P01, Littleton, CO), stained with an Alexafluor488-labeled anti-rabbit 

secondary antibody (1:1,000; Life Technologies, Grand Island, NY) and examined by 

fluorescence microscopy. For the lens transcription factors, antibodies to Sox2 (1:500; Cell 
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Signaling Technology, Boston, MA), Maf (1:100; #sc-7866, Santa Cruz Biotechnology, 

Santa Cruz, CA) and Foxe3 (1:1,000; a gift from Peter Carlsson, Goteborg University, 

Goteborg, Sweden) were detected using the Tyramide Signal Amplification Kit 

(PerkinElmer, Waltham, MA). For BrdU labeling, pregnant mice were injected 

intraperitoneally with 100ul of 25mg/ml BrdU and 2.5mg/ml FdU (Fluorodeoxyuridine) and 

sacrificed one hour later. Sections were reacted with a mouse monoclonal antibody to BrdU 

(1:200; #M0744, Dako, Carpinteria, CA) and stained using a Vectastain Elite Mouse IgG 

ABC kit (Vector Laboratories, Burlingame, CA). Stained and total nuclei were counted to 

calculate the BrdU labeling index.

Fluorescent in situ hybridization

In situ hybridization was performed using QuantiGene View probes generated by 

Affymetrix (Santa Clara, CA), stained with an Affymetrix QuantiGene ViewRNA ISH 

Tissue 1-plex Assay Kit and a QuantiGene ViewRNA Chromogenic Signal Amplification 

Kit and imaged by fluorescence microscopy.

Laser microdissection and microarray analysis

Frozen sections of three wild type and three conditional knockout E10.5 embryo eyes were 

laser microdissected using a Leica Microsystems LMD6000 instrument (Buffalo Grove, IL). 

The surface ectoderm or lens pit and distal optic vesicle or retina were separately collected, 

RNA was purified and amplified using a NuGEN Ovation Pico WTA system V2 kit (San 

Carlos, CA), as described previously (Huang et al., 2011). Triplicate samples were used to 

probe an Illumina Mouse6 V2 bead microarray and results were analyzed using Genome 

Studio software (Illumina, San Diego, CA). Results of the microarray analysis are available 

in the GEO repository at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE62536

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Conditional deletion of Bmp4 from the optic vesicle prevented retina and lens formation 

in mice

In the absence of Bmp4 the entire optic vesicle became retinal pigmented epithelium 

(RPE)

Bmp4 is required for RPE formation in chicken embryos, the opposite of its role in mice

Caution should be exercised in extrapolating results from chicken eye development to 

eye development in mammals
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Figure 1. 
Sections of the optic cup and lens in E10.5 wild type eyes and the optic vesicles and surface 

ectoderm from Bmp4CKO embryos. Embryos were littermates. A. An H&E-stained wild type 

eye with lens vesicle and optic cup. B. An H&E-stained Bmp4CKO embryo in which the lens 

did not form and the optic cup did not invaginate. C. A wild type eye stained for the 

transcription factor Pax6. Dotted lines around the lens and retina indicate the tissues that 

were laser microdissected for microarray analysis. D. A Bmp4CKO embryo stained for Pax6. 

The dotted lines indicate the tissues that were laser microdissected for microarray analysis. 

Huang et al. Page 10

Dev Biol. Author manuscript; available in PMC 2016 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For all embryos, dorsal is toward the top of the figure. LV, lens vesicle; R, retina; RPE, 

retinal pigmented epithelium; SE, surface ectoderm; PR, prospective retina; PRPE, 

prospective retinal pigmented epithelium.
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Figure 2. 
Immunofluorescent staining of E10.5 eyes from wild type and Bmp4CKO embryos for the 

transcription factors Sox2 (A, B), Maf (C, D) and Foxe3 (E, F). All three proteins were 

present in the nuclei of wild type lens pit cells, while nuclear staining was undetectable in 

the surface ectoderm (prospective lens) of Bmp4CKO embryos. Sox2 staining also 

disappeared from the nuclei of cells in the prospective retina of Bmp4CKO embryos. For all 

sections, dorsal is to the left. LP, lens pit; R, retina; SE, surface ectoderm; PR, prospective 

retina.
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Figure 3. 
Fluorescent in situ hybridization staining for Fgf15 (A, B), Tbx3 (C, D) and Gdf6 (E, F) in 

E10.5 eyes from wild type and Bmp4CKO embryos. In all cases staining was greatly 

decreased or undetectable in the prospective retina (distal optic vesicle) of Bmp4CKO 

embryos. Cells in the dorsal half of the wild type lens vesicle also expressed Gdf6, which 

was greatly decreased in the surface ectoderm of Bmp4CKO embryos. For all sections, dorsal 

is to the left. R, retina; PR, prospective retina.
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Figure 4. 
Fluorescent in situ hybridization staining for Pmel (A, B), Inmt (C, D) and Bmp7 (E, F) in 

eyes from wild type and Bmp4CKO embryos. All three transcripts were abundant in the RPE 

and undetectable in the retina of wild type embryos. All were expressed in the prospective 

retina (distal optic vesicle) of Bmp4CKO embryos. For all sections, dorsal is to the left. R, 

retina; RPE, retinal pigmented epithelium; PR, prospective retina.
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Figure 5. 
BrdU staining in wild type (A) and Bmp4CKO embryos at E10.5 (B). The BrdU labeling 

index decreased markedly in the prospective retina of Bmp4CKO embryos to levels at or 

below those seen in wild type RPE cells (C). For all sections, dorsal is to the left. R, Retina; 

RPE, retinal pigmented epithelium; PR, prospective retina.
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