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Abstract

The anterior eye is comprised of an avascular cornea surrounded by a dense periocular vascular 

network and therefore serves as an excellent model for angiogenesis. Although signaling through 

PlexinD1 underlies various vascular patterning events during embryonic development, its role 

during the formation of the periocular vascular network is yet to be determined. Our recent study 

showed that PlexinD1 mRNA is expressed by periocular angioblasts and blood vessels during 

ocular vasculogenesis in patterns that suggest its involvement with Sema3 ligands that are 

concurrently expressed in the anterior eye. In this study, we used in vivo knockdown experiments 

to determine the role of PlexinD1 during vascular patterning in the anterior eye of the developing 

avian embryos. Knockdown of PlexinD1 in the anterior eye caused mispatterning of the vascular 

network in the presumptive iris, which was accompanied by lose of vascular integrity and profuse 

hemorrhaging in the anterior chamber. We also observed ectopic vascularization of the cornea in 

PlexinD1 knockdown eyes, which coincided with the formation of the limbal vasculature in 

controls. Finally we show that Sema3E and Sema3C transcripts are expressed in ocular tissue that 

is devoid of vasculature. These results indicate that PlexinD1 plays a critical role during vascular 

patterning in the iris and limbus, and is essential for the establishment of corneal avascularity 

during development. We conclude that PlexinD1 is involved in vascular response to 

antiangiogenic Sema3 signaling that guides the formation of the iris and limbal blood vessels by 

inhibiting VEGF signaling.
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INTRODUCTION

Corneal avascularity is required to maintain transparency and vision clarity. Avascularity is 

maintained throughout adult life, but it is first established concomitantly with both the 
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formative morphological events of the embryonic cornea and the vascularization of the 

periocular region. This process occurs when neural crest cells migrate between the lens and 

overlying ectoderm to form the corneal endothelium and stroma (Creuzet et al., 2005; Hay, 

1980; Lwigale et al., 2005), while migratory angioblasts undergo vasculogenesis in the 

periocular region. The angioblasts and nascent blood vessels do not enter the cornea, but 

instead form a dense vascular network in the periocular region (Hiruma, 1996; Kwiatkowski 

et al., 2013), which distributes oxygen and nutrients to the tissues in the anterior eye 

including the cornea.

The mechanism by which angioblasts and ocular blood vessels form the dense vascular 

network in the anterior eye as well as their exclusion from the adjacent embryonic cornea 

remains unclear. A debated hypothesis speculates that the limbus epithelium functions as a 

physical barrier against vascularization of the cornea (Ellenberg et al., 2010; Lim et al., 

2009; Ma et al., 2004). However, substantial evidence also suggests that the cornea provides 

a chemical barrier by secreting antiangiogenic factors that restrict vascular invasion, also 

known as neovascularization. Much of the evidence supporting this hypothesis originates 

from studying the role of antiangiogenic factors in adult corneas. For example, the 

mammalian adult corneal epithelium expresses the proangiogenic vascular endothelial 

growth factor (VEGF), but neovascularization is prevented by the presence of soluble VEGF 

receptor-1 (sVEGFR-1, also known as sFlt1). Knockdown of sFlt1 increases the 

bioavailability of VEGF and results in corneal neovascularization (Ambati et al., 2006; 

Ambati, et al., 2007). Other endogenously expressed antiangiogenic factors that promote 

corneal avascularity include thrombospondin, pigment epithelium-derived factor (PEDF), 

Slit2, and Netrin1 (Aiello et al., 1995; Ellenberg et al., 2010; Han and Zhang, 2010; Jin et 

al., 2010).

The role of antiangiogenic factors during corneal development is supported by our recent 

study showing that lens-derived Semaphorin3A (Sema3A) inhibits VEGF-induced 

angioblast migration and vascularization of the cornea by signaling through a common 

Neuropilin1 (Nrp1) receptor (McKenna et al., 2014). Loss of Sema3A (in chick) or Nrp1/

Sema signaling (in mouse) resulted in spontaneous vascularization in the embryonic cornea. 

Besides Sema3A, other antiangiogenic factors are expressed in the anterior eye including 

Sema3E, Sema3F (Chilton and Guthrie, 2003), sFlt1, Netrin1, Netrin4 (Kwiatkowski et al., 

2013), and CXCL14 (Ojeda et al., 2013), however their putative function during the 

formation of the periocular vascular network and in establishing corneal avascularity 

alongside Sema3A have not been demonstrated. Pertinent to this study is the vivid 

expression of Sema3E in the optic cup and iridocorneal angle, and the concomitant 

expression of PlexinD1 by angioblasts and the forming periocular vascular network 

(Kwiatkowski et al., 2013). Interestingly, PlexinD1 expression coincides with Nrp1 during 

the formation of the periocular vasculature, but it is not clear whether PlexinD1 functions 

independently or in conjunction with Nrp1 to regulate vascular patterning during ocular 

development.

PlexinD1 is a receptor for secreted Sema3 ligands. During embryonic development, it is 

expressed by endothelial cells, retinal blood vessels, and cardiac tissue (Fukushima, 2011; 

Gay, 2011; Oh and Gu, 2013a; Toyofuku, 2008). Endothelial PlexinD1 signaling inhibits 
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angiogenesis by preventing endothelial migration, upregulating endothelial expression of 

sVEGFR-1, and antagonizing VEGF-induced relaxation of lateral inhibition (Kim, 2011, 

Torres-Vazquez et al., 2004; Zygmunt, 2011). This role has been exemplified in several 

contexts, including in the developing retina and in somites where knockout of PlexinD1 

disrupts vascular patterning (Fukushima et al., 2011; Gay et al., 2011; Gu et al., 2005; Kim 

et al., 2011; Meadows et al., 2013; Oh and Gu, 2013b; Torres-Vázquez et al., 2004). In this 

study, we aim to identify a new role of PlexinD1 during the formation of the periocular 

vascular network and maintenance of corneal avascularity during ocular development. We 

utilized RCAS-mediated overexpression of PlexinD1-shRNA in chick and 

Tg(tie1:H2B:eYFP) quail embryos (Sato et al., 2010) to knockdown PlexinD1 in the anterior 

eye. Our results show that in the periocular region PlexinD1 is requisite for proper function 

of endothelial cells that is required for proper patterning and formation of the iridial and 

limbal vasculature, and for the maintenance of corneal avascularity during development. 

Thus, PlexinD1 plays a critical role in the vascular guidance cues that are essential for the 

formation and patterning of the intricate vasculature of the anterior eye.

METHODS

Embryos

Fertilized White Leghorn chicken eggs were obtained from the Texas A&M University 

Poultry Center (College Station, TX). Fertilized Tg(tie1:H2B:eYFP) transgenic quail eggs 

were obtained from Ozark Egg Company (Stover, MO). All experiments involving embryos 

were approved by the Institutional Animal Care and Use Committee (IACUC) at Rice 

University.

Immunohistochemistry

Tg(tie1:H2B:eYFP) quail and chick eyes were collected at embryonic day (E)12, fixed 

overnight at 4°C in 4% PFA, and washed in PBS containing 0.1% Triton. Some eyes were 

embedded in gelatin and cryosectioned at 12μm. Whole-mount and sectioned eyes were 

immunostained using standard protocols. Primary antibodies used were: mouse anti-GFP 

monoclonal antibody (1:2000, IgG1, Covance), rabbit anti-GFP polyclonal primary antibody 

(1:500, IgG, Invitrogen), rabbit anti-mCherry polyclonal antibody (1:500, IgG, Abcam), and 

mouse anti-Claudin-5 (1:250, IgG1, Fisher). The secondary antibodies (Alexa 488 sheep 

anti-mouse, Alexa 488 anti-rabbit antibody, and Alexa 594 sheep anti-rabbit, Invitrogen) 

were used at a concentration of 1:200.

Section in situ hybridization and immunostaining for GFP

Tg(tie1:H2B:eYFP) quail eggs were incubated at 37°C and embryos were collected at E7, 

E10, and E12. Eyes were enucleated and fixed overnight at 4°C in modified Carnoy's 

fixative (60% ethanol, 30% formaldehyde, and 10% glacial acetic acid). Fixed eye balls 

were dehydrated through ethanol series, embedded in paraffin, and sectioned at 12 μm. 

Riboprobes for PlexinD1, Sema3C, and Sema3E were generated as previously described 

(Kwiatkowski et al., 2013). RNA in situ hybridization was performed in sectioned tissue as 

described (Etchevers et al., 2001). After color reaction, sections were post-fixed in 4% 
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paraformaldehyde (PFA) then immunostained for GFP as described above to fluorescently 

label the endothelial cells in Tg(tie1:H2B:eYFP) embryos.

Generation of RCAS-shRNA constructs

Using free online tools (Invitrogen, Dharmacon, Genscript), PlexinD1-specific sequences 

having 21 base pairs, GC content ranging between 30-50%, and beginning with a guanine 

residue were selected as PlexinD1-shRNA sequences. A scrambled (SCR) sequence 

(Ferrario et al., 2012) was also selected to serve as a negative control shRNA. The 

PlexinD1-specific and scrambled sequences were incorporated into complementary pairs of 

oligomers (Sigma) comprising a stem-loop sequence and restriction endonuclease sites to 

facilitate future cloning steps (Fig. S1). pSLAX-mCherry-cU6-(PlexinD1-shRNA) and 

pSLAX-(mCherry)-cU6-(SCR-shRNA) were generated from a pSLAX-GFP-cU6-(Sox9-

shRNA) shuttle vector (Deneen et al., 2006), a gift from David Anderson (Caltech), and 

pFlk1:myr-mCherry vector (Larina et al., 2009), a gift from Mary Dickinson (Baylor 

College of Medicine). mCherry-cU6-(PlexinD1-shRNA) and mCherry-cU6-(SCR-shRNA) 

fragments were cloned into the ClaI restriction site of RCASBP(A) or RCASBP(B), referred 

to herein as RCASA or RCASB, using PCR-based cloning kits (InFusion, Clontech or 

CloneEZ, Genscript).

Cell culture infection and production of RCAS-shRNA viral stocks

A DF-1 chicken fibroblast cell line (ATCC) was maintained in Dulbecco's modified eagle 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS, Invitrogen). DF-1 cells 

were seeded into 12-well plates (MidSci) and incubated at 37°C and 5% CO2 for two days 

until ~50% confluent. Cultures were transfected using Lipofectamine (Invitrogen) according 

to manufacturer's protocol then reincubated until they reached 95% confluence. At least 90% 

of the cells were infected by RCAS virus, as determined by expression of mCherry. After 

screening for fluorescence, cell cultures were collected to isolate total RNA and generate 

cDNA using superscript III reverse transcriptase (Invitrogen). Transcription of PlexinD1 

was analyzed by semi-quantitative reverse transcription PCR (RT-PCR) using MyTaq 

hotstart PCR mastermix (Bioline) and gel electrophoresis. Transcription of GAPDH 

(glyceraldehyde 3-phosphate dehydrogenase) was used as a loading control.

For production of virus, DF-1 cells transfected with shRNA-expressing RCASA and 

RCASB vectors were expanded in T75 flasks (MidSci) for up to a week until the cultures 

reached 80% confluence. Media was replaced with fresh DMEM without FBS. Cultures 

were reincubated for four days and the medium was harvested, pooled, and filtered through 

0.45μm syringe filters (Millipore) to remove cell debris. Medium was ultracentrifuged 

(Beckman-Coulter Optia L-80 XP) at 21,000 rpm for 1.5 hours at 4°C. Pellets containing the 

virus particles were resuspended in 500 μl DMEM (approximately 1-3 × 108 infectious units 

per ml) and stored in 10 μl aliquots at −80°C.

Viral infection of embryos in ovo

Fertilized chick and Tg(tie1:H2B:eYFP) quail eggs were incubated sideways at 37°C for 24 

hours to obtain Hamburger-Hamilton stage (HH) 6-8 (Hamburger and Hamilton, 1951). 

Eggs were windowed as previously described (Spurlin and Lwigale, 2013). Concentrated 
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RCAS virus was injected between the vitelline membrane and the cranial region of the 

embryos using a pressure-based microinjection system (Picospritzer III, Parker Hannifin). 

Injected eggs were sealed with packaging tape and reincubated at 37°C. Embryos were 

collected between E7 and E12 and screened for robust mCherry expression in the anterior 

ocular region before further analysis.

Imaging

Brightfield images of whole-mount eyes were captured using a Zeiss Axiocam mounted 

onto a dissecting microscope (Stemi 2000-CS, Zeiss). Fluorescent and differential 

interference contrast (DIC) images of whole-mount and sectioned tissue were captured using 

a Zeiss Axiocam mounted on an AxioImager2 fluorescent microscope (Zeiss).

Quantification of vascular patterning defects

The area of corneal vascularization was quantified in E12 Tg(tie1:H2B:eYFP) PlexinD1 

knockdown eyes and controls using ImageJ. Blood vessels of the iris, including the arterial 

vessels in the temporal region of the eye, were not included. Statistical analysis was 

performed using the unpaired two-tailed student's t-test.

Low magnification (2.5x) images showing the contact points of the dorsal, ventral, and 

intermediate ciliary vessels with the iridial ring artery (Figure 5A-B, asterisks) were 

generated using anterior eyes collected from E12 Tg(tie1:H2B:eYFP) quail expressing 

PlexinD1-shRNA, SCR-shRNA, or uninfected controls. Images of eyes that retained two or 

three intermediate vessels were used to quantify patterning defects relative to the arterial 

vessels in the temporal region of each eye. The arc length between each marked location 

(brackets) was measured relative to the total circumference of the iridial ring artery using 

ImageJ. Statistical analysis was conducted using the two-tailed F-test.

RESULTS

Validation of shRNA-mediated knockdown of PlexinD1

Previously, we showed that PlexinD1 and other angiogenic receptors are expressed by 

angioblasts and forming vasculature in the anterior eye (Kwiatkowski et al., 2013). To 

determine the function of PlexinD1 during anterior eye development in avian embryos, we 

generated RCASBP (replication competent avian sarcoma-leukosis virus with a spice 

acceptor and encoding Bryan-strain polymerase) vectors (Hughes, 2004; Hughes et al., 

1987) to promote stable transfection of custom-designed PlexinD1-specific small-hairpin 

RNA (shRNA). The constructs comprised of an mCherry reporter sequence and a chicken 

U6 promoter driving PlexinD1 or scrambled (SCR) shRNA were cloned into RCASBP(A or 

B) (Fig. 1A). To test the knockdown efficiency of the PlexinD1-shRNA, we took advantage 

of the endogenous expression of PlexinD1 by DF-1 cells. Semi-quantitative RT-PCR 

analysis revealed no effect on PlexinD1 expression in DF-1 cells transfected with SCR-

shRNA. However, there was a considerable reduction of PlexinD1 expression in cells 

transfected with PlexinD1-shRNA#1 and PlexinD1-shRNA#2 (Fig. 1B). The level of 

GAPDH was unaffected demonstrating specificity of the shRNA-mediated knockdown of 

PlexinD1. Given the high degree of PlexinD1 knockdown by PlexinD1-shRNA#2, 
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subsequent experiments use this virus, here after designated as PlexinD1-shRNA. Only 

embryos showing vivid expression of mCherry in the anterior eye (Fig. 1C and 1D) were 

used for this study.

PlexinD1 knockdown causes hemorrhaging in the anterior eye during development

Formation of the vascular network in the anterior eye begins with the arrival of angioblasts 

in the periocular region by E3, which undergo vasculogenesis to form a primitive vascular 

network. Angiogenesis and vascular remodeling events then adapt the network as directed 

by developing ocular tissues (Hughes, 1934; Hiruma, 1996; Kwiatkowski et al., 2013). To 

determine the function of PlexinD1 during this process, we initially evaluated embryos 

expressing PlexinD1-shRNA for obvious vascular defects. Gross analysis of the anterior eye 

of PlexinD1 knockdown embryos did not reveal obvious vascular defects until E7 when 

minor hemorrhage was first observed (data not shown). However, substantial hemorrhage 

into the anterior chamber was observed in E12 chick and quail embryos following PlexinD1 

knockdown in the anterior chamber (Fig. 1F and 1H, arrows; n = 15/29). In contrast, none of 

the control embryos expressing SCR-shRNA showed hemorrhaging in the anterior chamber 

(Fig. 1E and 1G; n = 25). These results suggest that PlexinD1 plays an important role during 

the formation of the vascular network in the anterior eye.

PlexinD1 is expressed in the periocular vasculature of the iris and limbus

Given that the vascular phenotype in PlexinD1 knockdown eyes occurred at a much later 

stage of ocular development (E12) than previously examined (Kwiatkowski et al., 2013), we 

further characterized the vasculogenesis process and the expression of PlexinD1 at later 

stages of development to identify the defects that caused the hemorrhaging. At E7, the iridial 

ring artery is prominent in the nasal region of the eye, while the formation of the iridial 

vasculature commences in the temporal half (Fig. 2A). Also at this time the endothelial cells 

coalesce to form the intermediate branches that connect the iridial ring and temporal ciliary 

arteries. In the images of the anterior eye shown (Fig. 2A-2C’), the avascular cornea 

overlays the developing iris and its boundaries approximate the dotted circle that delineates 

the nascent limbal vasculature. By E10, the iridial vasculature continues to form in a radial 

pattern originating from the iridial ring artery (Fig. 2B). At E12, the iridial vasculature is 

comprised of several radial vessels that bifurcate into smaller vessels to form a dense micro-

vascular network, which covers most of the area of the iris (Fig. 2C and 2C’). By this time 

the vascular network in the limbus region is dense but the adjacent cornea remains 

avascular.

Section in situ hybridization of eyes analyzed at E7 and E10 showed that robust expression 

of PlexinD1 is maintained during the formation of the vascular network of the iris and 

limbus (Fig. 2D and 2E). We confirmed that PlexinD1 is expressed in the vascular networks 

of the anterior eye by immunostaining the sections with anti-GFP antibody to label 

Tg(tie1:H2B:eYFP) endothelial cells and vessels, which co-localized (Fig. 2D, 2D’ and 2E, 

2E’). In addition, the histology shows that the iridial and ciliary networks are continuous 

with the choroidal blood vessels located above the retinal pigment epithelium. The limbal 

network is separate from the iridial and ciliary networks. At E10, the limbal network is 

invaginated by the condensing mesenchyme of the avascular scleral ossicle (Jourdeuil and 
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Franz-Odendaal, 2012), resulting in the formation of a “C”-shaped network by E10 (Fig. 

2E).

Knockdown of PlexinD1 induces ectopic vascularization of the cornea

Since PlexinD1 is expressed by the periocular angioblasts and forming vasculature, (Fig. 2D 

and 2E; Kwiatkowski et al., 2013), we sought to determine whether it is involved in the 

inhibition of corneal vasculogenesis during development. Although PlexinD1 is expressed in 

the forming periocular vasculature early during corneal development (Kwiatkowski et al., 

2013; Fig. S2), we did not observe ectopic vascularization of the cornea between E3-E7 

despite robust expression of PlexinD1-shRNA in the anterior eye (data not shown), 

indicating that the vasculogenesis process in the anterior eye was unaffected during this 

period of ocular development. However, several PlexinD1 knockdown eyes examined at 

advanced stages of development (E10-E12) showed ingression of endothelial cells from the 

limbal vasculature into several regions of the corneal perimeter (Fig. 3B, 3D, and 3F arrows; 

n = 8/24). In contrast, very few endothelial cells were localized at the corneal margin of 

uninjected and SCR-shRNA injected embryos (Fig. 3A and 3C, n = 19). Cross-sections 

through the corneas of PlexinD1 knockdown embryos revealed ectopic GFP-positive 

endothelial cell nuclei in the anterior region, subjacent to the corneal epithelium (Fig. 3F, 

arrows), which were absent in control corneas (Fig. 3E). Comparison of the area covered by 

GFP-positive endothelial nuclei in corneas revealed significant vascularization of PlexinD1 

knockdown corneas (Fig. 3G; P = 0.0009). Given that ectopic endothelial cells were only 

observed in the cornea after the formation of the limbal vasculature, our results suggest that 

knockdown of PlexinD1 disrupts normal endothelial cell function, which leads to abnormal 

sprouting and ectopic vascularization of the developing cornea.

Disruption of the Iridial vasculature due to PlexinD1 knockdown is associated with 
hemorrhaging into the anterior chamber

Hemorrhage into the anterior chamber observed in the eyes of PlexinD1 knockdown 

embryos (Fig. 1F and 1H) suggest that a defect in adjacent vasculature may cause the 

leakage of blood into this region. Because the iridial vascular network is located on the 

surface of the iris, which extends into the anterior chamber (Fig. 2D and 2E), we examined 

PlexinD1 knockdown eyes for defects in the formation of these vessels. The vascular defects 

associated with PlexinD1 knockdown was reflected in the large gaps observed in the radial 

iridial microvessels (Fig. 4B and 4D; Fig. S3; n = 13/24). These gaps were absent in the 

iridial vascular network of control eyes (Fig. 4A and 4C; n = 19). Further analysis revealed 

that the presence of the gaps in the iridial radial vessels corresponded with the hemorrhaging 

in the anterior chamber (n = 9/13). To determine whether the hemorrhage in PlexinD1 

knockdown eyes is associated with defects in vascular permeability, we immunostained E12 

anterior eyes for Claudin-5, a major constituent of endothelial cell tight junctions (Tsukita et 

al., 2002; Ohtsuki et al., 2007). In control eyes Claudin-5 staining matched the microvessels 

of the iridial vasculature (Fig. 4E). In contrast, PlexinD1 knockdown eyes showed patchy 

staining for Claudin-5 (Fig. 4F; n = 4/6). Together with the gaps seen in PlexinD1 

knockdown eyes, our observations suggest a disruption of vascular tight junctions, which 

may facilitate leakage of the iridial microvessels and cause hemorrhaging in the anterior 

chamber.
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Knockdown of PlexinD1 disrupts the branching pattern of intermediate vessels from the 
temporal ciliary artery

To determine whether knockdown of PlexinD1 affected the patterning of large vessels in the 

anterior eye, we examined the temporal ciliary artery and intermediate vessels that feed into 

the iridial network (Fig. 2A-2F). Analysis of whole-mount control eyes at E12 (n = 19) 

revealed regular patterning of the intermediate branches from the temporal ciliary artery, 

which formed dorsal and ventral branches, and either two or three intermediate branches 

(Fig. 5A and 5B) at approximately the same frequency (Fig. 5G). The PlexinD1 knockdown 

eyes (n = 24) showed variations in the patterning of the intermediate vessels (Fig. 5C-5F). In 

some instances, either the dorsal or ventral branch was absent (n = 3/24; Fig. 5C). In cases 

where the PlexinD1 knockdown eyes showed proper formation of the dorsal and ventral 

branches, the number of intermediate branches varied between one and three (Fig. 5D-5F 

and Fig. 5G). In addition, there was considerable variation in the spacing between the 

intermediate vessels (compare Fig. 5A with Fig. 5E and Fig. 5B with Fig. 5F). For PlexinD1 

knockdown eyes with two intermediate branches, significant differences in spacing were 

observed between the dorsal and first intermediate arteries, and between the first and second 

intermediate arteries (Fig. 5H; P < 0.05). For eyes with three intermediate arteries, 

significant spacing was observed between first and second branches and also between the 

third and ventral branches (Fig. 5H; P < 0.05). Altogether, these results suggest that 

PlexinD1 plays a role during the branching and formation of the intermediate vessels from 

the temporal ciliary artery.

Expression of PlexinD1 ligands in the anterior eye during development

Endothelial cell guidance associated with PlexinD1 has been shown to act in response to 

either direct binding of Sema3E (Gu et al., 2005; Kim et al., 2011), or indirect transduction 

of Sema3C signaling via interaction with Nrp1 co-receptors (Gitler et al., 2004; Torres-

Vázquez et al., 2004; Banu et al., 2006; Salikhova et al., 2008). To identify the putative 

extracellular signals that guide vascular patterning in the anterior eye via PlexinD1, we 

examined the expression patterns of Sema3E and Sema3C. We performed section in situ 

hybridization on E12 Tg(tie1:H2B:eYFP) quail eyes followed by immunostaining for GFP 

to identify the relative location of endothelial cells and regions of Sema3E and Sema3C 

expression. As previously shown in chick (Kwiatkowski et al., 2013), Sema3E was 

expressed in the optic cup region of the presumptive iris and ciliary body, and in the 

iridocorneal angle (Fig. 6A, arrows). Both regions of Sema3E expression are devoid of GFP-

positive endothelial cells. Analysis of Sema3C revealed an overlap with Sema3E expression 

in the optic cup region of the presumptive iris and ciliary body, as well as vivid expression 

in the stroma of the iris and ciliary muscle (Fig. 6B and Fig. S5). Similarly, the GFP-positive 

endothelial cells avoid the stroma of the iris and the ciliary muscle where Sema3C is 

expressed. Since the GFP-positive endothelial cells express PlexinD1 (Fig. 3D and 2E) and 

they are located in complementary regions to the expression of Sema3E and Sema3C, it is 

possible that the interaction between these two secreted ligands and endothelial cells is 

essential for the proper patterning of the periocular vasculature.
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DISCUSSION

Although the function of PlexinD1 has been well established in the patterning and 

development of the intersomitic, cardiac, and retinal vasculature, very little is known about 

its function in the formation of the intricate vasculature of the anterior eye. In this study we 

demonstrated that endothelial cell expression of PlexinD1 is maintained throughout the 

formation of the vascular network in the anterior eye. Knockdown experiments using 

RCAS-mediated PlexinD1-shRNA indicate that PlexinD1 is required for maintaining 

corneal avascularity, and for the proper formation of the iridial and limbal vascular 

networks. Furthermore, we show that Sema3E and Sema3C are expressed in ocular regions 

that are avoided by the forming vasculature, suggesting that signaling of Sema3 ligands 

through PlexinD1 plays a critical role during the formation and patterning of the vascular 

network of the anterior eye.

Previously, we showed that the vascular network in the anterior eye of avian embryos forms 

via vasculogenesis (Kwiatkowski et al., 2013). This process begins as early as E2.5 with the 

migration of angioblasts into the periocular mesenchyme, and their subsequent clustering 

into vascular tubes that define the dense periocular network that never invades the 

developing cornea. Based on mRNA expression profiles, we inferred from this study that the 

presence of both pro- and anti-angiogenic factors, combined with the expression of their 

receptors by angioblasts and nascent vasculature, was responsible for the intricate patterning 

of the periocular network. Among the receptors that are expressed by the forming vascular 

network in the anterior eye is PlexinD1. Here we extended our analysis of PlexinD1 until 

advanced stages of eye development, and show that its expression is maintained in the 

periocular vasculature during the angiogenic processes that partition the iridial and limbal 

vascular networks. Therefore, it is plausible that signaling through PlexinD1 is involved in 

the guidance events that are responsible for the patterning of the iridial and limbal 

vasculature, and their stabilization.

PlexinD1 knockout mice exhibit patterning defects in the intersomitic (Gu et al., 2005) and 

retinal vasculature (Fukushima et al., 2011; Kim et al., 2011), and they die prenatally due to 

cardiovascular defects (Gitler et al., 2004; Zhang et al., 2009). In zebrafish embryos, 

PlexinD1 plays a role in the formation of the trunk segmental arteries and it is responsible 

for the defects in intersegmental vessels observed in out of bounds (obd) mutants (Torres-

Vazquez et al., 2004, Childs et al., 2002; Lamont et al., 2009). In the present study, we 

showed for the first time that PlexinD1 is required during the formation of the vascular 

network in the anterior eye. We show that RCAS-shRNA mediated knockdown of PlexinD1 

in avian embryos caused hemorrhage into the anterior chamber of the eye. In adults, 

breakdown of the endothelial barrier due to trauma or pathological neovascularization of the 

iris causes similar hemorrhage (hyphema) into the anterior chamber (Walton et al., 2002). 

Hemorrhage was also observed in the ventricular walls of mouse mutants lacking 

endothelial-specific expression of plexinD1 (Zhang et al., 2009). Our results show gaps in 

the iridial network following PlexinD1 knockdown, which may be an indication of abnormal 

vascular growth due to loss of endothelial tight junctions. This is consistent with the patchy 

staining of Claudin-5 in the iridial microvessels, which comprise the blood-aqueous-barrier 

(Cunha-Vaz, 1979; Freddo, 2013). Loss of Claudin-5 indicates disruption of the endothelial 
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barrier of the iridial microvessels and accounts for the hemorrhage observed in the anterior 

chamber. VEGF has been shown to disrupt Claudin-5 expression and cause breakdown of 

the endothelial microvessels associated with the blood-brain barrier (Argaw et al., 2008). It 

is likely that in the absence of PlexinD1, the inhibitory Sema3 signals are substantially 

reduced, which permits increased VEGF signaling in the iridial microvessels.

We showed that expression of PlexinD1 is maintained in the limbal vascular network during 

its formation adjacent to the avascular cornea, and that knockdown of PlexinD1 caused 

significant ectopic vascularization of the corneal periphery. Interestingly, the 

neovascularization defects were only detected at advanced stages of corneal development 

despite the early expression of PlexinD1 by angioblasts in the periocular region 

(Kwiatkowski et al., 2013). It is likely that there is a minimal requirement for PlexinD1 

during early guidance of angioblasts associated with initial vasculogenesis events of the 

periocular network. Therefore its absence does not cause ectopic migration of angioblasts 

during the formation of the corneal endothelium and stroma. Recently, we showed that the 

vasculogenesis process is under the guidance of Nrp1, which is also expressed by 

angioblasts during the formation of the periocular vasculature. Thus the relatively higher 

levels of Sema3A compared to VEGF in the cornea and adjacent lens prevent ectopic 

angioblast migration and vascularization of the cornea during the early phase of 

development (McKenna et al., 2014). The abundance of Sema3A may be sufficient to inhibit 

VEGF-induced vasculogenesis through competitive inhibition for Nrp1, thus functioning 

despite knockdown of Plexin receptors (Bagnard et al., 2001; Miao et al., 1999; Soker et al., 

1998). Another interesting observation of this study was the specific projection of the 

ectopic vasculature towards the corneal epithelium (Fig. 3F). At this phase of corneal 

development and in adult corneas, the corneal epithelium expresses both VEGF and 

Sema3A (Morishige et al., 2010; Philipp et al., 2000; McKenna et al., 2014). Therefore 

absence of PlexinD1 may disrupt endothelial cell function causing their sprouting and 

projection towards the VEGF signals from the corneal epithelium via VEGFR2, and due to 

reduced Nrp1 response to Sema3A (Gitler et al., 2004; Acevedo et al., 2008; Zhang et al., 

2009). PlexinD1 function in the anterior eye is different from what was previously reported 

in the mouse retina, where PlexinD1 expression was only expressed in the sprouting vessels 

(Kim et al., 2011). Since PlexinD1 is maintained in the anterior eye vasculature, the Sema3 

signals that guide its formation may appear as gradients due to changes caused by the 

morphogenesis of the anterior chamber.

The microvessels of the iridial vascular network anastomose with the iridial ring artery and 

together with the intermediate arteries, are fed from the temporal ciliary artery (Fig.2; 

Hiruma, 1996). The branching pattern of the intermediate arteries from the temporal ciliary 

artery is consistent in control embryos, where the dorsal and ventral branches form the 

boundaries, and either two or three other branches form between them. However, in 

PlexinD1 knockdown eyes, the branching pattern of intermediate vessels from the temporal 

ciliary artery is random or absent in some cases. These defects may reflect inconsistent 

formation of the intermediate branches in the absence of PlexinD1, which inappropriately 

follow the existing guidance cues to the ectopic locations in the anterior eye. An analogous 
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defect was observed in PlexinD1 knockout mice, which exhibit abnormal patterning of the 

coronary artery (Gitler et al., 2004; Gay et al., 2011).

In the developing avian eye, PlexinD1 expression is specific to the forming vascular 

network (Fig. 2D and 2E; Kwiatkowski et al., 2013). Since vascular defects are observed in 

the absence of direct PlexinD1 signaling mediated by Sema3E (Gu et al., 2005; Kim et al., 

2011), and Sema3C (Gitler et al., 2004; Torres-Vázquez et al., 2004; Banu et al., 2006), we 

examined the expression of these two potential ligands during ocular development. Our 

results show that Sema3E is expressed in the mesenchyme of the iridocorneal angle, which 

is avoided by the ocular blood vessels. This indicates that Sema3E signaling from the 

iridocorneal angle separates the limbal vasculature from the iridial and choroidal networks. 

Surprisingly, we did not observe coalescence of these two networks following PlexinD1 

knockdown, which implies that other anti-angiogenic signals or receptors may be 

responsible for separating these networks. We also show that Sema3C is expressed in the 

ciliary muscle, stroma of the iris, and it overlaps with Sema3E in the optic cup region of the 

presumptive iris. Sema3C interacts with PlexinD1 in the presence of Nrp1 (Gitler et al., 

2004), and Sema3C knockout mice have cardiac defects that are similar to PlexinD1 mutants 

(Feiner et al., 2001). Interestingly, Sema3C/PlexinD1 signaling elicits a proangiogenic 

response from endothelial cells (Banu 2006; Joza et al., 2013; Miyato et al., 2012) or 

antiangiogenic response in retinal microvessels (Yang et al., 2015). Therefore, further 

studies might be necessary to identify the exact function of Sema3C during ocular 

vasculogenesis.

The vascular defects observed in the limbal and iridial networks during advanced eye 

development when PlexinD1 signaling is perturbed indicate that it is involved in signal 

transductions that refine the network of blood vessels in the limbus and iris. VEGF signaling 

in the anterior eye is critical for angioblast migration and establishment of the limbal 

vasculature by signaling through the VEGFR2 and Nrp1 receptors that are expressed by 

endothelial cells (Kwiatkowski et al., 2013). We propose that PlexinD1 functions both 

independently and conjunction with Nrp1 to elevate endothelial response to Sema3 ligands 

and attenuate VEGF signaling (Fig. 6C). The absence of PlexinD1 lowers Sema3 and favors 

VEGF signaling in endothelial cells, which leads to vascular sprouting in the limbus and loss 

of tight junctions in the iridial microvessels. Thus, PlexinD1 and Nrp1 receptors function 

interdependently to convey Sema3 signals required to inhibit VEGF signaling, a critical step 

for the establishment of the intricate vascular network of the anterior eye and maintenance 

of corneal avascularity during development.
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Highlights

• PlexinD1 is expressed in the periocular vascular network during eye 

development.

• Knockdown of PlexinD1 permits ectopic vascularization of the cornea.

• Knockdown of PlexinD1 disrupts vascular patterning in the iris and causes 

hemorrhaging into the anterior chamber.

• Vascular defects following PlexinD1 knockdown in the anterior eye suggest its 

role in ocular vasculogenesis in response to Sema3 signaling.
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Figure 1. Generation and validation of RCAS-shRNA constructs
(A) Schematic representation of the RCASBP vector encoding mCherry reporter and either 

PlexinD1-specific or scrambled-shRNA. (B) shRNA-mediated knockdown of PlexinD1 was 

tested in vitro using DF-1 cells. Endogenous expression of PlexinD1 in DF-1 cells was not 

affected by the scrambled-shRNA, but PlexinD1-knockdown was strongest in cells 

expressing PlexinD1-shRNA #2. (C - D) Whole-mount (C) and cross-section (D) of the 

anterior eye of an E7 embryo showing robust expression of mCherry indicating targeting of 

shRNA to the cornea and limbus region. (E - F) Bright field images of E12 eyes from 

embryos injected with either scrambled-shRNA (E) or PlexinD1-shRNA (F). Only the 

embryos injected with PlexinD1-shRNA showed hemorrhaging in the anterior eye (F; 

arrows). (G - H) Cross-sections through the anterior eyes counterstained with DAPI and 
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analyzed for autofluorescence of blood cells showing location of blood cells in the 

vasculature of embryos injected with scrambled-shRNA (G), and hemorrhage in the anterior 

chamber of embryos injected with PlexinD1-shRNA (H; arrows). Dotted lines (G – H) 

represent the boundary between the cornea and limbus. Asterisk in (G) indicates the anterior 

chamber. Abbreviation: L, lens. Scale bars: 400 μm (C); 200 μm (D, G, H); 250 μm (E, F).
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Figure 2. Patterning of the iridial and limbal vasculature during avian ocular development and 
the expression of PlexinD1
(A – C) Whole-mount anterior eyes of Tg(tie1:H2B:eYFP) quail embryos showing vascular 

patterning at E7, E10, and E12. (C’) High magnification of selected region in C showing the 

microvessels of the iridial network (arrowheads). (D – E) Section in situ hybridization and 

immunostaining showing co-localization of PlexinD1 with GFP in the forming ocular 

vasculature (arrows). Dashed orange line represents the boundary between the limbal 

vasculature and the corneal periphery and the dashed black lines represent the corneal/

limbus boundary. Asterisks indicate the intermediate branches from the temporal ciliary 
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artery. Abbreviations: iv, vascular network of the iris; lv, vascular network of the limbus; cv, 

vascular network of the ciliary body; tca, temporal ciliary artery; rpe, retinal pigment 

epithelium; so, scleral ossicle. Scale bars = 500 μm (A – C), 200 μm (C‘), 200 μm (D, E), 25 

μm (D‘, E‘).
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Figure 3. Neovascularization of the cornea caused by knockdown of PlexinD1
(A – D) Whole-mount images of flat-mounted E12 anterior eyes after removal of the iris to 

show the extent of corneal vascularization. (A and C) Cornea of control embryo injected 

with scrambled-shRNA show the characteristic avascularity with only a few endothelial 

cells in the periphery (C, asterisks). (B and D) Ectopic ingression of endothelial cells into 

the cornea of an embryo injected with PlexinD1-shRNA. The white dotted line in (B) 

indicates the extent of corneal vascularization. (E – F) Cross-sections of E12 anterior eyes 

showing absence of endothelial cells in a control cornea (E), and ingression of endothelial 

Kwiatkowski et al. Page 20

Dev Biol. Author manuscript; available in PMC 2017 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



cells into the anterior stroma (F, arrowheads). The dashed lines represent the corneal/limbus 

boundary. (G) Quantification of the area covered by endothelial cells between the limbal 

vascular boundary and cornea (P = 0.0009). Abbreviations: lv, limbal vasculature; iv, iridial 

vasculature; L, lens; ep, corneal epithelium; st, corneal stroma. Scale bars: 500 μm (A, B), 

100 μm (C - F).
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Figure 4. Knockdown of PlexinD1 causes defects in patterning of the microvessels of the iridial 
network
(A - D) Whole-mount images of flat-mounted E12 anterior eyes showing: (A and C) 

Organized radial vascularization of the iris in control eyes. (B and D) Gaps in the iridial 

vasculature (arrows) following PlexinD1 knockdown. (E and F) Iridial microvessels 

immunostained for Claudin-5. Note the consistent staining in control that labels the network 

(E), and the patchy staining in PlexinD1 knockdown eye (F, arrows). Abbreviations: lv, 
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limbal vasculature; iv, iridial vasculature. Scale bars: 500 μm (A, B), 200 μm (C - D), 100 

μm (E-F).
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Figure 5. Variation of the branching pattern of the intermediate branches from the temporal 
ciliary artery caused by PlexinD1 knockdown
(A and B) Flat-mounts of anterior eyes from control embryos showing the number and 

spacing between the intermediate branches (brackets) that feed into the iridial vasculature. 

(C – F) Flat-mount of anterior eyes from PlexinD1 knockdown embryos showing variation 

in the number of intermediate arteries and the distances between them. Asterisk in (C) 

indicates missing dorsal intermediate artery. (G) Quantification of the intermediate 

branches. (H) Quantification of the separation between the intermediate branches. Spacing 

between branches was calculated as described in the methods section. Abbreviations: da, 

dorsal intermediate artery; va, ventral intermediate artery; im1, intermediate branch 1; im2, 

intermediate branch 2; im3, intermediate branch 3. Scale bar = 500 μm.
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Figure 6. The limbal and iridial vasculature avoid ocular regions with strong expression of 
Sema3E and Sema3C
Section in situ hybridization of anterior eyes from E12 Tg(tie1:H2B:eYFP) quail embryos 

showing expression of Sema3E, Sema3C, and GFP-positive endothelial cells. (A) 

Expression of Sema3E is strong in the optic cup region of the iris and ciliary body, and in 

the iridocorneal angle (arrows). (B) Sema3C expression is strong in the stroma of the iris, 

ciliary muscle, and in the optic cup region of the iris and ciliary body (arrows). (C) 

Schematic of the endothelial cell surface summarizing the involvement of PlexinD1/Nrp1 

receptors and cues from Sema3 ligands in inhibition of VEGF signaling. The PlexinD1/

Nrp1/Sema3 signaling promotes vascular stability by maintaining tight junctions between 

endothelial cells and preventing vascular sprouting. Absence of PlexinD1 decreases Sema3 

signaling and permits endothelial response to VEGF signaling, which causes aberrant 

vascularization and hemorrhage. Abbreviations: L, lens; so, scleral ossicle; cm, ciliary 

muscle; Scale bar = 200 μm.
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