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Abstract Formation of a correctly organised vascu-

lature and subsequently embryonic survival is critically

dependent on the dosage and site-specific expression of

VEGF. Murine VEGF exists in three common iso-

forms (viz. 120, 164 and 188 amino acids) having dif-

ferent organ specific distribution levels. Gene knock-in

studies show that expression of any of the individual

isoforms of VEGF extends survival until birth,

although each is associated with distinct organ-specific

abnormalities. Comparison of the effects of VEGF

isoform expression is complicated by the general

lethality of mis-expression, in addition to cumulative

effects of adjacent tissues from the inappropriately

patterned vasculature. Here we investigate the effects

of over-expression of individual VEGFA isoforms

from the lens-specific aA-Crystallin promoter and

characterise their effects on the vessel morphology of

the hyaloid and developing retinal vasculature. Since

the hyaloid vasculature is an anatomically distinct,

transient vasculature of the eye, comprising 3 cell types

(endothelium, pericytes and macrophages) it is possi-

ble to more readily interpret the role of individual

VEGF-A isoforms in vascular pattern formation in this

model. The severity of the vascular phenotype, char-

acterised by a hyperplastic hyaloid at E13.5 and sub-

sequently retinal vascular patterning and ocular

defects, is most severe in transgenics over-expressing

the more diffusible forms of VEGFA (120 and 164),

whereas in VEGFA188 transgenics the hyaloid vascular

defects partially resolve post-natally. The results of this

study indicate that individual isoforms of VEGFA

induce distinct vascular phenotypes in the eye during

embryonic development and that their relative doses

provide instructive cues for vascular patterning.
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Introduction

The prototypical vascular endothelial growth factor

(herein termed VEGFA) is a critical regulator of
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vasculogenesis, as well as of developmental, physio-

logical and pathological angiogenesis. Loss of a single

VEGFA allele in mice is sufficient to result in

embryonic death at around E9 [1, 2], demonstrating

that embryonic survival is dependent on the dose of

VEGFA expressed. In addition to dose, site-specific

expression of VEGFA during embryogenesis is crucial

to fetal growth and neonatal survival. Gene deletion of

VEGFA in areas expressing collagen 2a1 results in

embryonic lethality at E10.5 [3], whereas Cre-LoxP

mediated gene excision in mice leads to neonatal

lethality [4].

Murine VEGFA is expressed in at least three

distinct isoforms of 120, 164 and 188 amino acids,

which are generated by alternative transcription from

a single gene locus [5, 6]. Although VEGFA164

seems to be the predominantly expressed isoform,

individual isoforms of VEGFA show an organ spe-

cific pattern of distribution during embryonic devel-

opment [7]. VEGFA120 is diffusible and does not

bind heparin, whereas the higher molecular weight

isoforms bind heparin with increasing affinity [8, 9]

and are tightly bound to basement membranes [10].

Expression of VEGFA120 alone, is sufficient to

compensate for the loss of VEGFA164 and 188 during

embryonic angiogenesis [11, 12], which indicates

some degree of functional redundancy between the

isoforms of VEGFA. However, the post-natal mor-

tality due to reduced myocardial vascularisation [11],

in addition to perturbations in lung and bone

angiogenesis [13] in VEGFA120 knock-in mice im-

plies that higher molecular-weight, heparin-binding

VEGFA isoforms are an absolute requirement for

appropriate vascular patterning in specific organs

during post-natal development [12].

In order to more clearly delineate the functional

impact of the major VEGFA isoforms in vascular

patterning, we have established three lines of trans-

genic mice in which individual isoforms of murine

VEGFA are expressed from the ocular lens via the aA-

Crystallin promoter [14, 15]. The lens is an organ

where endogenous VEGFA isoforms are expressed as

early as E12.5 and expression levels correlate with both

the establishment and early growth of the hyaloid

vasculature [16]. As the hyaloid vasculature contains

only 3 cell types (i.e. endothelial cells/angioblasts,

pericytes and macrophages), this makes it an ideal

structure for sequential analysis of morphological

changes associated with vascular specific cues ema-

nating from the lens. Specifically, over-expression of

individual VEGFA isoforms results in unique vascular

malformations in both the hyaloid and retinal vascu-

lature. Here we demonstrate that individual isoforms

of VEGFA result in distinctive structures within the

embryonic hyaloid vasculature at E13.5, just 1 day

after the differentiation of this vascular plexus from

precursor cells [16]. This data shows that in permissive

environments, individual isoforms of VEGFA deter-

mine unique patterns of vascular morphogenesis and

that both the dose and organ specific expression of

VEGFA isoforms is critical to induce and maintain an

appropriate vascular phenotype.

Methods

Generation of transgenic mice

In order to generate equivalent VEGFA isoform

transgenics, the cDNA of murine VEGFA120, 164 or 188

isoform coding sequences were individually cloned into

CPV2 plasmids [17] in frame with the aA-Crystallin

promoter (Fig. 1A). Transgenic mice for each VEGFA

isoform were generated by standard methods.

Presence of the transgene in genomic DNA was con-

firmed by both Southern analysis (not shown) using an

857 bp EcoRI–XbaI SV40 polyA fragment excised

from the CPV-2 plasmid [17] and PCR analysis

(Fig. 1B) with primers specific for the aA-crystallin

promoter 5¢-CCGAGCTGAGCATAGACATTTTG-

3¢ and the VEGFA cDNA coding sequence 5¢-CTC

CAGGGCTTCATCGTTAC-3¢. The phenotype of

VEGFA transgenic mice was confirmed from at least

three independent lines for each of the isoforms of

VEGFA examined. Ethical approval for experimental

procedures involving animals in this study conformed to

institutional and national guidelines.

Timed matings between C57Bl6J wild-type female

mice and transgenic male founder mice were arranged

and embryos (E12.5–E18.5) collected following

euthanasia. Samples were fixed in either 2.5% glutar-

aldehyde in 0.1 M cacodylate buffer for electron

microscopy, 10% neutral formal buffered saline for

histology, 4% para-formaldehyde in phosphate buf-

fered saline (PBS) for immunohistochemistry or

embedded in OCT for cryosectioning. Processing and

examination of specimens for scanning or transmission

electron microscopy were performed according to

standard procedures.

In situ hybridisation

An 845 bp fragment of SV40 pA [17] was used to

generate 35S-labelled cRNA probes, with the sense

probe serving as a negative control. In situ hybridisa-

tion on E16 transgenic eyes was performed as
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previously described [16] and showed specific locali-

sation of the probe to lens epithelial cells (Fig. 1C).

Determination of VEGFA concentration in lenses

mRNA from pooled P2 lens was prepared and reverse

transcribed using an Abgene 1st strand synthesis kit

(Advanced Biotechnologies, USA) according to the

manufacturers’ instructions. PCRs were performed on

2 ll samples of cDNA using VEGFA specific primers

5¢-CTG CTC TCT TGG GTC CAC TGG and 3¢ CAC

CGC CTT GGC TTG TCA CAT located in exons 1

and 8, respectively [18]. The PCR conditions used were

94�C, 3 min for 1 cycle, then 94�C, 15 s, 60�C, 30 s,

72�C, 1 min for either 21 or 23 cycles. Scanning den-

sitometry was used to semi-quantitatively assess mes-

sage levels against an 18S internal standard. Lenses

from individual P2 mice were pooled and dissociated in

lysis buffer as previously described [19]. Soluble

VEGFA protein concentrations were determined using

a VEGFA specific ELISA kit (R and D Systems Inc.,

Minneapolis, Minnesota, USA) according to the man-

ufacturers’ instructions.

Immunohistochemistry

Immunohistochemical detection of macrophages using

F4/80 antibody (Southern Biotechnology, USA),

VEGF (Santa Cruz Biotechnology Inc.: USA), HSPG

(Upstate Biotechnology: USA) or a-smooth muscle

actin (Sigma, USA) for pericytes was carried out

according to the manufacturers’ instructions using the

Vectastain (Birlingame, USA), ABC staining method.

Negative controls for primary antibodies, in both wild-

type and transgenic tissue, was determined by inclu-

sion of the appropriate IgG isotype control; no

Fig. 1 Production and characterisation of VEGF-A transgenics.
(A) VEGFA isoform transgene design. Positions of the oligo-
nucleotide PCR and SV40 polyA cDNA probe are indicated. (B)
PCR analysis of transgenic founder DNA samples. Lane 1,
HindIII marker; lane 2–4, 10 pg VEGFA plasmids; lane 5, wt;
lane 6, VEGFA164 founder; lane 7, VEGFA120 founder; lane 8,
VEGFA188 founder. (C) Bright field photomicrographs of an
E16.5 VEGFA164 mouse eye hybridised with 35S-labelled SV40
polyA mRNA (i) anti-sense probe (ii) sense control. (D) rt-PCR

with VEGFA specific probes of mRNA extracted from P2 lenses.
Upper panel: (1) Size marker (2) VEGFA164 (3) VEGFA120 (4)
VEGFA188 (5) Wt (6) VEGFA164 plasmid, (7) VEGFA120

plasmid, (8) VEGFA188 plasmid, (9) negative control. Lower
panel: (2–5) 18S reference samples. (E) Representative photo-
graphs of gross eye phenotypes in (i) wt (ii) 2-month-old
VEGFA120 transgenic (iii) A 3-month-old VEGFA164 mouse
(arrow = corneal blood vessel) (iv) 2-month-old VEGFA188

mouse
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demonstrable non-specific labelling with the control

antibody was seen in any of the tissues examined (not

shown). Immunofluorescent staining of endothelium

was performed using an undiluted Mec 13/3 hybrid-

oma supernatant (anti-CD31) and Cy3-coupled goat

anti-rat secondary antibody on acetone fixed cryosec-

tions; counter-staining of nuclei was performed with

Hoechst 33342. Photographs were taken with an Axi-

ocam digital camera mounted on a Axiophot (Zeiss)

microscope.

Whole mount sample preparation

and immunohistochemistry

Eyes were enucleated and fixed in 4% PFA (in PBS)

over night. Retinas were dissected and processed for

immunofluorescence microscopy as previously described

[20]. Briefly, samples were labelled with biotinylated

Isolectin B4 (Bandeiraea simplicifolia; Sigma, 20 lg/ml)

followed by Alexa 568 conjugated streptavidin (Molec-

ular Probes) and/or double stained with 1:400 dilution of

Glial Fibrillary Acidic Protein (GFAP: Sigma) followed

by Alexa 488 (Molecular Probes) and subsequently flat-

mounted. Photographs were taken with an Axiocam

digital camera mounted on a Axiophot (Zeiss) micro-

scope or on an SP5 con-focal microscope (Leica).

Results

VEGFA isoform-specific ocular defects

Semi-quantitative rt-PCR analysis of pooled P2 lens

samples showed that the predominant mRNA isoforms

in wild-type mice are VEGFA164 and 120. Isoform-spe-

cific message levels were raised approximately 6- to 10-

fold in transgenic mice (P < 0.05) in comparison to

controls (Fig. 1D). Gross ocular phenotypes were

indistinguishable between 3 independent lines for each

VEGFA transgenic isoform examined. Compared to

wild-type eyes (Fig. 1E(i)), adult VEGFA120 mice

showed corneal opacity, often with evidence of recent

anterior chamber haemorrhage (Fig. 1E(ii)). By

3 months VEGFA120 mice had suffered spontaneous

ocular rupture with subsequent lid fusion (Table 1).

Adult VEGFA164 mice also had conspicuous intra-

ocular bleeding often accompanied by corneal neo-

vascularisation (Fig. 1E(iii)), with eye rupture and lid

fusion typically occurring in the fourth month

(Table 1), whereas VEGFA188 mice had distinct,

bilateral cataracts and mis-shapen globes (Fig. 1E(iv)).

Unique large vessel morphology in VEGFA

transgenic mice

The hyaloid vasculature is a discrete cluster of cells on

the posterior pole of the lens vesicle in both E12.5

wild-type (Fig. 2a) and VEGFA transgenic (Fig. 2b–d)

mice. By E13.5 distinct vascular plexi, the tunica vas-

culosa lentis (TVL) and arteria hyaloidea propria

(AHP) are observed on the lens surface and inner

limiting membrane (ILM) in wild-type mice (Fig. 2e).

In transgenic mice, vessel hypertrophy is conspicuous

(Fig. 2f–h; Table 1). Specifically, in E13.5 VEGFA120

transgenics, the vasculature in the posterior compart-

ment of the eye appears spongy with many CD31

immunoreactive cells, although there is no distinct

AHP, TVL or pupillary membrane and there is evi-

dence of anterior chamber haemorrhage (Fig. 2f). In

VEGFA164 mice (Fig. 2g), the lens is prolapsed into

the anterior chamber, hyperplastic vascular sacs adhere

to posterior and anterior lens surfaces, and there is

frequent intra-ocular haemorrhage (Table 1). In

VEGFA188 transgenics (Fig. 2h), a single hyperplastic

vascular sac adheres to the posterior pole of the lens

and the AHP is clearly separated from the retinal

surface. Immunostaining of E15.5 wild-type eyes with

CD31 revealed discrete and regularly spaced capillar-

ies (Fig. 2i). Most noticeably, CD31 immunoreactivity

in transgenic eyes follows an isoform-specific distribu-

tion, with the greatest numbers of labelled cells in

VEGFA120, followed by VEGFA164 and VEGFA188

(c.f. Fig. 2i–l). CD31 immunoreactive cells form a

continuous rim around the lens in VEGFA120 eyes

(Fig. 2j) and contribute to the structure of a large

vascular sac in VEGFA164 mice (Fig. 2k) and a

somewhat smaller vascular sac on the posterior pole of

the lens in VEGFA188 mice (c.f. Fig. 2l).

In wild-type eyes, a-smooth muscle actin (aSMA)

immunoreactivity was most often associated with single

ablumenal cells in the TVL and AHP (Fig. 3a) and is

consistent with identification of these cells as pericytes.

aSMA positive cells were abundant in the hyperplastic

vasculatures of VEGFA transgenic mice, being juxta-

posed to the ablumenal surface of endothelium

(Fig. 3b–d). Cells staining with the macrophage specific

marker F4/80, termed hyalocytes, were observed from

as early as E13.5 in both wild-type (Fig. 3e), VEGFA164

(Fig. 3f) as well as VEGFA120 and 188 transgenic mice

(not shown), where they were largely associated with

the ablumenal surface of the vasculature. At E18.5, the

control (Fig. 3g) and VEGFA120 mice (not shown) had

relatively few F4/80 immunoreactive cells on their

vessel ablumenal surfaces, whereas in both VEGFA164

(Fig. 3h) and VEGFA188 transgenic mice (not shown)
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numerous macrophages were identified both ablume-

nally and within the walls of the hyperplastic vessels.

Both matrix-bound and soluble VEGFA levels

regulate vessel morphology

The total levels of individual VEGFA protein isoforms

in P2 lenses were measured in three independent as-

says. Levels of soluble VEGFA isoforms detected

(mean ± 1 SD) were greatest in VEGFA120

(1216±52 pg/ml; P = 0.003) and next highest in

VEGFA164 lenses (600±297 pg/ml; P = 0.016), whereas

levels of VEGFA in lenses from VEGFA188 mice

(146±52 pg/ml; P = 0.99) were not significantly differ-

ent from those of wild-type mice (157±69 pg/ml). This

result indicated that some of VEGFA188 could be

retained in the insoluble fraction. We were unable to

resolve this issue by Western blotting, as for each

line of transgenic mouse, results of pilot studies

indicated that more than 200 lenses from P2 mice

would be required to detect sufficient quantities of

insoluble VEGFA protein isoforms bound in the lens

capsule.

Immunohistochemical detection of heparin sulphate

proteoglycan (HSPG; Fig. 4a–c) and VEGFA (Fig. 4d–

f) revealed co-localisation in the lens capsule of wild-

type mice. HSPG labelling was weak and largely re-

stricted to the lens capsule and periphery of the hyaloid

vasculature in VEGFA120 eyes at E15.5 (Fig. 4b), with

VEGFA immunostaining most prominent in the lens

and surrounding the hyaloid vasculature (Fig. 4e). In

VEGFA188 eyes, the weak HSPG staining of the lens

capsule and hyaloid vasculature (Fig. 4c) was similar to

that observed in wild-type eyes (Fig. 4a), while the

distribution of VEGF staining was widespread (Fig. 4f).

The similarity in the staining pattern for VEGFA

Fig. 2 Isoform-specific hyperplastic vascular structures in VEG-
FA transgenic mice. Haematoxylin and Eosin stained paraffin
sections from wt and VEGFA transgenic mice. (a) E12.5 wt, (b–d)
E12.5 VEGFA transgenics (e) E13.5 wt, showing vessels of the
AHP (arrows) and TVL (arrowheads) (f) E13.5 VEGFA120

transgenic; haemorrhage (arrowheads) (g) E13.5 VEGFA164:
vascular sacs on the posterior (arrowheads) and anterior (arrows)
lens surface (h) E13.5 VEGFA188 transgenic; vascular sac on the

posterior lens capsule (arrows) and the AHP (arrowheads) is
separated from the retina. CD31 immunostaining of eyes from
E15.5 mice (i–l). (i) wt mice; AHP (arrowheads) and TVL
capillaries (arrows). (j) VEGFA120; hyperplastic vasculature
(arrowheads) and markedly increased CD31 immunoreactivity.
(k) VEGFA164; vascular sac (arrows) and numerous CD31
positive cells (arrowhead). (l) VEGFA188; CD31 positive vascular
sac on lens surface (arrowheads) and capillaries (arrows)
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immunohistochemical labelling in the VEGFA120

E15.5 eye compared with wild-type mice (c.f. Fig. 4d

and e), is most likely due to an inability of the primary

antibody to detect the entirely soluble form of VEGFA.

Scanning electron microscopic (SEM) analyses of

wild-type eyes, revealed a regular, fine network of

capillaries ramifying over the lens surface (Fig. 4g).

In VEGFA120 eyes, a layered hyaloid vasculature is

juxtaposed to the posterior lens surface (Fig. 4h).

There is also evidence of failure of endothelial tube

formation, as unconnected tube segments are con-

spicuous on the lens surface (Fig. 4i). In VEGFA164

transgenic mice, the posterior lens capsule is covered

by a membrane composed of capillaries (Fig. 4j),

which is interspersed with loosely organised endo-

thelial cells (Fig. 4k). The ‘‘ablumenal’’ surface of

the hyperplastic vascular structure in VEGFA164

transgenics (posterior lens mass; PLM) consists of a

dense mass of cells (Fig. 4j) composed of endothe-

lium (Fig. 2k), a-smooth muscle actin (Fig. 3c) and

F4/80 positive cells (Fig. 3h). In VEGFA188 trans-

genics, the hyperplastic vascular structure is tightly

associated with the lens surface and has numerous

surface-associated capillaries (Fig. 4l).

Ocular architecture is severely disturbed

by VEGFA isoform over-expression

The AHP and TVL vessel plexi are readily observed

in wild-type eyes and differentiation of the neural

and sensory retinal layers is apparent by E18.5

(Fig. 5a). In neonatal mice (P20), the hyaloid vas-

culature has regressed completely and the retina has

an essentially mature structure (Fig. 5e). Contras-

tingly, in all VEGF transgenic mice, separation of

the vascular plexus into the AHP and TVL is

indistinct and there are discrete vascular and ocular

pathologies associated with over-expression of each

individual isoform (Fig. 5b–d; Table 1). Retinal ro-

setting and folding, in addition to separation of the

inner and outer retinal layers, abnormal lens epi-

thelial cell differentiation, intra-ocular bleeding, cor-

neal hypertrophy and vascularisation are all

consistent histological features of eyes from E18.5

VEGFA120 mice (Fig. 5b, Table 1). These patholo-

gies are exacerbated by P20, where there is marked

disturbance of the lens architecture and a grossly

swollen lens vesicle, resulting in obliteration of the

anterior and posterior chambers (Fig. 5f). There is

also evidence of traction on the retina, vitreous and

sub-retinal haemorrhage and clear signs of corneal

thickening (Fig. 5f; Table 1). In all E18.5 VEGFA164

mice, a large vascular lacuna was present on the

posterior pole of the lens, there were disorders of

lens epithelial cell differentiation and amorphous lens

inclusions were also seen (Fig. 5c), which may be

associated with failure of lens vesicle closure. Severe

lenticular hypertrophy in P20 VEGFA164 mice, re-

sults in obliteration of the vitreous. In addition, the

abnormal lens abuts the inner surface of the thick-

ened cornea and there is often bleeding into

the anterior chamber (Fig. 5g; Table 1). In E18.5

Fig. 3 Increased pericyte and hyalocyte numbers in transgenic
hyaloid vasculature. Immunohistochemical detection of aSMA
(a–d) and F4/80 (e–h) in paraffin sections from wt and VEGFA
transgenic mice. (a) wt: an endothelial cell (arrowhead) in a TVL
capillary associated with an aSMA positive cell (arrow). aSMA
positive cells (arrows) are on the ablumenal surface of vessels

and closely associated with endothelial cells (arrowheads) in
VEGFA120 (b) VEGFA164 (c) and VEGFA188 (d) mice. (e) F4/
80 labelling (arrows) of hyalocytes in (e) E13.5 wt, (f) E13.5
VEGFA164 transgenic, (g) E18.5 wt and (h) E18.5 VEGFA164

transgenic. Bar = 50 lm (a–d, f–h) and 100 lm (e)
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VEGFA188 transgenics (Fig. 5d and Table 1), a considerably

milder phenotype than that of VEGFA120 and 164 mice is

observed (c.f. Fig. 5b and c), consisting of cataract

formation and persistent vascular network. By P20, the

less severe phenotype in the VEGFA188 transgenic mice

is obvious (Fig. 5h).

Fig. 4 HSPG/VEGF immunostaining and ultrastructural fea-
tures of wt and VEGFA transgenic mice. HSPG (a–c) and
VEGF immunostaining (d–f) in E15.5 wt (a, d), VEGFA120 (b, e)
and VEGFA188 (c, f) transgenic mice. (a) wt HSPG immuno-
staining in lens capsule (arrow) and hyaloid capillary basement
membrane (arrowheads). (b) VEGFA120: weak HSPG staining
in the thin lens capsule (arrow) and obvious immunoreactivity
around hyperplastic vessels (arrowheads). (c) VEGFA188 trans-
genic: weak HSPG staining in the thin lens capsule (arrow) and
basement membrane surrounding a vascular lacuna (arrowhead).
(d) wt VEGFA immunostaining. (e) VEGFA120; VEGF immu-
nostaining in the lens and basement membrane of the hyper-
plastic lens vasculature (arrow). (f) VEGFA188 transgenic;
widespread immunostaining of VEGFA, including lens capsule

(arrows). Bar = 50 lm (a–f). (g) SEM of TVL from wt mouse.
Bar = 100 lm. (h) E18.5 VEGFA120 transgenic; honeycomb-like
vascular plexus (asterisks) separated from the lens. RF = retinal
fold. Bar = 100 lm. (i) VEGFA120 transgenic lens capsule (lc)
with several non-fused endothelial segments (arrowheads) and
accompanying mononuclear cells (arrows); Asterisk = process
artefact. Bar = 5 lm. (j) VEGFA164 transgenic; lens cavity (lc),
lens fibre cells (lf), capillary membrane (cm) on lens surface,
posterior lens mass (plm), containing small diameter vessels
(arrows). Bar = 100 lm. (k) E18.5 VEGFA164 transgenic: sev-
eral loosely organised endothelial cells (arrows) are observed
adjacent to the thin lens capsule (arrowhead). Bar = 2 lm. (l)
VEGFA188 transgenic: patent vessels (arrows) on the surface of a
hyper-fused vascular mass. Bar = 100 lm
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Retinal vascular patterning defects in VEGFA

transgenic mice

The retinal vasculature of wild-type mice at P7 has an

evenly branched pattern with readily recognisable

arteries and veins (Fig. 6a). The retinal vasculature of all

VEGF-A transgenic mice appeared highly abnormal

(Fig. 6b–d), although distinct isoform-specific differ-

ences were noted. In VEGFA120 mice (Fig. 6b), vessel

duplication was seen, both within the fibre layer and

under the inner limiting membrane, producing a multi-

layered appearance of the plexus (Fig. 6b). Arterio-ve-

nous specification was clearly evident in VEGFA164 and

188 mice (Fig. 6c and d), although in VEGFA164 eyes a

deterioration of the regular routing and spacing pattern

of arteries and veins (Fig. 6c) was apparent. Reduced

numbers of connecting vessels around arterioles in

VEGFA164 and 188 eyes was noted (Fig. 6c and d).

However, vessel density around veins was sharply in-

creased in both VEGFA164 and 188 eyes (Fig. 6c and d).

This pattern was particularly prominent in VEGFA188

retina, leading to an extraordinarily dense appearance of

large parts of the plexus and occasional hyper-fusion of

vessels into large sacs (Fig. 6d). In order to further

understand the role of VEGF-A isoform over-expres-

sion in vascular patterning we studied the formation of

the primary retinal plexus at P3. In wild-type littermates,

an evenly spaced meshwork (Fig. 6e) was observed,

whereas in VEGFA120 eyes, intra-retinal sprouts ap-

peared stunted, there were fewer inter-connecting

branches and the sprout density along the leading edge

was reduced (Fig. 6f). Duplication of the primary retinal

plexus observed at P7 in VEGFA120 retinae (Fig. 6b),

was also evident at P3 (Fig. 6f). In VEGFA164 eyes, the

density of sprouting tips in the newly forming vascular

plexus, as well as the calibre of vessels (Fig. 6g), was

highly variable. The density of sprouting in VEGFA188

retina was comparable to that of wild-type mice

(Fig. 6e), however individual sprouts appeared wider,

flattened and displayed numerous filopdia (Fig. 6h). In

addition, the broad inter-connecting vessels of the

VEGFA164 and 188 plexi were indicative of hyper-fusion

(Fig. 6g and h). Dual immunofluorescence stating with

GFAP (astrocytes) and BSI-B4 (endothelium), revealed

that in littermate control mice, a regularly spaced

astrocytic network underlay the advancing retinal ves-

sels (Fig. 7a–c). In VEGF-A120 mice, the density of

astocytic processes was greatly reduced and the regular

vascular arcade patterning was lost (Fig. 7d), although

the endothelium (Fig. 7e) clearly used these cells as a

growth template (Fig. 7f). In contrast, the astrocytic

network in VEGFA164 mice was extremely dense, with

no distinct vascular arcade formation at the leading edge

(Fig. 7g–i).

Fig. 5 Severe ocular phenotypes in VEGFA transgenic mice.
Haematoxylin and Eosin stained sections from the eyes of E18.5
(a–d) and P20 (e–h) wt and VEGFA transgenic mice. (a) E18.5
wt eye. (b) VEGFA120 eye. Multi-layered vascular plexus
(arrowheads), vitreal bleeding (asterisk) and thickened cornea.
(c) VEGFA164 mice: flattened vascular plexus (arrows) and

haemorrhage (arrowhead), asterisk = lens vesicle. (d) VEG-
FA188 transgenic mice: vascular sac (arrows) and haemorrhage
(asterisk). (e) P20 wt mice. (f) P20 VEGFA120 transgenic: (g) P20
VEGFA164 transgenic: flattened vascular lacuna (arrowhead)
and lens haemorrhage (arrows). (h) VEGFA188 mice: partially
regressed vascular structure on lens (arrowheads)
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Discussion

This study investigates the relationship between lens

specific over-expression of individual splice-variants of

VEGFA and specific patterning defects in the develop-

ing hyaloid and retinal vasculature. VEGFA levels as

measured by semi-quantitative rt-PCR are approxi-

mately 10-fold higher in transgenic than those of wild-

type mice. In VEGFA120 transgenics, tortuous vascular

tufts are observed in the vitreous, in addition to marked

retinal malformations and haemorrhage. Over-expres-

sion of VEGFA164 resulted in fused sac-like hyaloid

vasculatures with conspicuous intra-ocular bleeding and

ultimately ocular involution; whereas in the case of

VEGFA188 transgenics the hyaloid vasculature partially

regressed during the neonatal period. The relative

severity of the ocular morphology in these transgenic

lines is inversely related to the size and ability of the

VEGFA isoform to bind heparin sulphate proteoglycans

[9]; i.e. in decreasing order of severity (VEG-

FA120 > VEGFA164)� VEGFA188. The levels of

VEGFA isoforms are unlikely to be accounted for by

transgene copy number differences, as independent

lines from each transgenic construct yielded similar

protein levels and consistent ocular phenotypes. Simi-

larly, quantitation of protein within P2 lenses, revealed

that free VEGFA levels mirrored the severity of the

ocular phenotype, being highest in VEGFA120 transgenics

(approximately 10 · the levels in wild-type), with inter-

mediate levels in VEGFA164 mice and levels in VEG-

FA188 not significantly different from wild-type eyes.

Cells expressing VEGF-A usually express all the

isoforms simultaneously [21], however, there are spe-

cific biases to the isoforms of VEGF-A expressed. For

instance, VEGF-A isoform expression varies during

blastocyst implantation [22, 23], embryogenesis [7] as

well as in the normal adult [24] and may also account

for differences in the behaviour of benign and malig-

nant tumours [25–28]. In this study, the VEGFA120&164

isoforms are most abundant in the wild-type lens.

VEGFA164 (and its various species homologues) are

the predominant isoform in the periods of angioblast

migration and organ development during embryogen-

esis [7] and in the adult [29]. Temporal regulation of

VEGFA isoform expression also occurs during mam-

mary gland development in pregnancy and lactation

[18], as well as in multi-stage carcinogenesis in mice

[29], although the mechanisms responsible for this

switching are poorly understood. During embryogen-

esis, VEGFA levels are tightly regulated, with small

reductions, increases or inappropriate expression do-

mains leading to severe, often lethal phenotypes

characterised by gross vascular and associated tissue

malformations [1–4].

The hyaloid vascular system of the developing eye

is a transient vascular network that surrounds and

Fig. 6 Retinal vascular morphology at P7 (a–d) and P3 (e–h). (a)
P7wt retina: arterial (arrows) and venous (arrowheads) profiles.
(b) VEGFA 120 retina. (c) In VEGFA164 retina: Arterial
(arrows) and venous (arrowheads) connections to the primary
plexus are reduced. (d) In VEGFA188 mice at P7: note the
marked increase in capillaries connecting to veins (arrowheads)
and arteries (arrows). (e) At P3, wt retinal vasculature: sprouts at

the leading edge (arrows) are highly polarised. (f) P3 VEGFA120

retina: note, there are few inter-connecting branches and
polarised cells at the leading edge (arrowheads). (g) P3
VEGFA164 retina: stunted endothelial sprouts (arrowheads).
(h) P3 VEGFA188 retina: flattened, irregular tip-cells with
numerous filopodia (arrowheads) and evidence of hyper-fused
vessels (asterisks)
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provides nourishment to the developing fetal lens,

retina and associated structures [30]. The primary

vascular plexus comprising the hyaloid vascular archi-

tecture is established by E13, and following remodel-

ling, the structure normally regresses post-natally [31,

32], with retinal and choriocapillaris vasculature

maintaining retinal development after birth. Lens epi-

thelial cells (LEC) in various stages of differentiation

constitute the only cell type in the lens, and from E15

onwards they form the lens capsule, a thick, heparin-

rich basement membrane [33] capable of binding sig-

nificant quantities of endothelial mitogens [34, 35].

Throughout embryonic development, LEC produce a

variety of growth [33, 36] and survival factors [16],

which are capable of acting in an autocrine [37, 38] or

paracrine manner [17, 39]. As the hyaloid vasculature

is juxtaposed to, and is capable of responding to signals

from the lens, including human VEGFA165 [15], it is an

ideal, non-lethal model system with which to examine

the developmental effects of individual VEGFA iso-

forms on vascular patterning.

Between E12 and E13.5, the murine posterior hya-

loid vasculature is fully established and is a completely

arterial plexus [31]. The vastly increased numbers of

endothelial cells observed surrounding the lenses of

transgenic mice at E13.5 are unlikely to be due to

precursor proliferation alone as there were no obvious

differences in cell numbers noted in this study between

Fig. 7 Retinal astrocytic and vascular patterning at post-natal
day 5. Immunostaining for GFAP (a, d and g) BSI-B4 (b, e and

h) and merged images (c, f and i) in control (a–c), VEGFA120 (d–
f) and VEGFA164 transgenic retina (g–i)
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transgenic and control mice at E12.5. Quantitative ul-

trastructural analysis in E13.5 VEGFA188 transgenics

revealed a 3-fold increase in the numbers of both

endothelial cells and pericytes as compared to wild-

type embryos. We therefore conclude that the aberrant

vascular structures on the posterior aspect of the E13.5

lens in VEGFA188 mice (as well as in VEGFA120&164

transgenics where endothelial cell numbers were much

greater), must have been contributed to by the

migration of endothelial precursors towards the

increasing concentration of VEGF, similar to that

described in VEGFA165 transgenics [15] and during

formation of the dorsal aorta [40, 41].

During early ocular development, mesenchymal

cells in the developing vitreal compartment migrate to

both the lens and retinal surface [30]. Since the mor-

phology of the murine hyaloid is established at E13.5, it

is clear that angioblast migration is critical to establish

appropriate hyaloid morphology. High regional con-

centrations of VEGFA120, coupled with a high density

of precursors, disrupts normal plexus formation, as no

effective concentration gradient exists on either the

lens or retinal surface. This situation favours the for-

mation of dilated tortuous vessels, similar to that

described in VEGF120/120 knock-in mice [42] and in the

chick chorioallantois following administration of

VEGFA120 homo-dimer [43]. In contrast, both

VEGFA164&188 transgenics are exposed to strong con-

centration gradients, which are highest on the lens

surface, promoting endothelial spreading and capillary

formation on the capsule and the formation of large

sac-like vessel structures, typical in situations of

VEGFA164/165 injection or over-expression [44, 45].

Similarly, long-term administration of VEGFA164

leads to persistence of these aberrant vessels (this

study; [15]), whereas conditional, short-term switching

in heart and liver of mice results in inappropriately

connected sac-like vessels that quickly resolve upon

VEGFA164 withdrawal [46]. The spreading of preex-

isting endothelial precursors over an increased surface

area and the formation of large ‘‘mother’’ vessels has

been reported in various tissues of adult mice following

the injection of adenovirus containing VEGFA165 [47]

and in experimental tumours over-expressing this

isoform [28]. It is thus possible that spatially defined,

temporal expression of high concentrations of VEGFA

are critical in the formation of large calibre blood

vessels during normal embryonic development. The

results of this study also suggest that an intimate

association of the vasculature with basement mem-

branes of organ rudiments, such as the lens capsule and

the lung [7, 25], is likely to be mediated by the heparin-

binding isoforms of VEGFA.

Pericytes, which regulate vessel maturation and

survival, probably arise de novo from mesenchymal

cells within the developing eye [48]. These cells are

conspicuous in the hyperplastic hyaloid vasculature of

all three lines of transgenic mice and despite the

greatly increased levels of VEGFA, assume their nor-

mal locations on the ablumenal surface of the endo-

thelium. Pericytes express VEGFR1&2 and neuropilin

1 [49], are known to proliferate in hypoxic conditions

through the flt-1 receptor [50] and following vessel

stabilisation become unresponsive to VEGF [51].

These observations are consistent with the contention

that pericyte-endothelial cell fates are linked via

VEGFA/PDGF-B recruitment [51], possibly mediated

by the ability of pericytes to respond to VEGFA164&188

directly [49)] through the flt-1 receptor [50]. In addi-

tion, an increasing body of evidence supports the

hypothesis that heterotypic cell contact [52], in addi-

tion to endothelial cell production of platelet derived

growth factor-B [53, 54] mediates the close relationship

of pericytes and endothelium in addition to the struc-

tural stability of nascent capillaries. F4/80 positive

macrophages are also detected in the eyes of wild-type

and transgenic mice as soon as a differentiated vascu-

lature is observed at E13.5. In all 3 types of VEGFA

isoform transgenic mice, large numbers of F4/80 posi-

tive cells are located both external and internal to the

vascular lacunae as well as within the structure of the

wall, in contrast to the observations of Ash and

Overbeek [15], where these cells were not observed

until much later in development. While macrophages

have been implicated in the programmed regression of

the hyaloid vasculature in wild-type mice [55, 56] via

the Wnt-3b pathway [57], the role of macrophages

within the abnormally structured hyaloid vasculature

of VEGFA transgenic mice is unclear, however, it is

possible that these cells are responsible for the partial

regression of the hyaloid vasculature in post-natal

VEGFA188 transgenics.

Murine retinal vascular development begins 7 days

later than the hyaloid vasculature at around birth

[12, 58]. Retinal vascular expansion toward the optic

rim is characterised by classic, branching angiogenesis,

with growth and remodelling being determined by

time-dependent VEGFA-mediated cues from the

underlying astrocytes and matrix [59]. Normally these

two plexuses are both morphologically and temporally

distinct structures that regulate the growth and differ-

entiation of the lens and retina, respectively. However,

in both VEGFA164&188 transgenic mice, the hyaloid

vasculature has direct connections with the retinal

vasculature, similar to the situation in VEGFA188/188

knock-in mice; whereas both VEGFA120 transgenics
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(this study) and VEGFA120/120 mice [12] no such inter-

connections are observed. The retinal vascular phe-

notypes in VEGFA120 mice are consistent with the

hypothesis that a preponderance of non-heparin-bind-

ing [8, 9] VEGFA matrix guidance cues, result in a

reduction of plexus patterning and extent. Retinal

vasculature from VEGFA120 transgenics is character-

ised by reduced venous and extremely poor arterial

patterning, with few connecting capillaries. This finding

is consistent with the suggestion that endothelial cells

at the leading edge fail to form connections with

neighbouring branches due to the decrease in filopodial

extensions [20]. Particularly evident in retinal vessels

of VEGFA120 mice are the increased numbers of large

calibre vessels, presumably formed by recruitment of

nascent endothelial cells [42]. One further possibility

that may account for the differences in retinal vascular

patterning observed in VEGFA164&188 mice is the dis-

tribution of the VEGFA co-receptors neuropilin-1

(NRP-1) only found on arterial endothelial cells [60]

and neuropilin-2 (NRP-2) which is venous specific.

NRP-1 and NRP-2 form heterodimeric complexes with

VEGF-R2 and specifically bind VEGFA165 (and pos-

sibly VEGFA188 which also contains the NRP-1 bind-

ing domain; [12]), but not VEGFA120 as this isoform

lacks the NRP-1 binding domain [61]. The differential

binding capabilities of NRP/VEGF-R2 complexes are

believed to mediate plexus patterning as these recep-

tors co-localise in areas of neovascularisation [62]. In

VEGFA164 transgenics, vessel density around retinal

arterioles is reduced and there is significant venular

hypertrophy. In contrast to VEGF164/164 knock-in

mice, where the retinal vasculature is morphologically

indistinct from wild-type and total VEGFA levels are

normal [12], greatly increased VEGFA164 levels favour

venular hypertrophy, possibly mediated via excess

VEGFA deposition in the astrocyte matrix which

guides vascular pattern formation [59]. In VEGFA188

mice there is normal arteriolar but markedly increased

capillary growth, particularly around venules, similar

to the situation described in VEGFA188/188 knock-in

mice [12]. As VEGFA188 is strongly membrane bound

following secretion, the phenotypes resulting from

over-expression of this splice-variant may arise via

urokinase-mediated proteolytic cleavage into a shorter

molecular weight isoform [63] capable of establishing a

local concentration gradient. The numerous filopodia

around the tips of leading edge endothelial cells in

VEGFA188 transgenics, previously associated with fu-

sion of these cells into large vessels [12, 42], is also

consistent with this suggestion. In normal retinal

development, the highest VEGF expression levels are

detected surrounding the veins and labelling for VEGF

protein displays strong deposition around veins [20].

Thus, loading the ILM with heparin-binding isoforms

of VEGFA164 and 188 or the astrocytic surface in large

regions of the retinal plexus, may underlie the hyper-

fusion and over-production of venous structures

observed in these transgenic mice.

In addition to the ocular vascular malformations

described in this study, several distinct pathologies in

ocular tissue structure of VEGFA transgenic mice are

apparent (Table 1). VEGFA120 results in a significant

degree of sub-retinal haemorrhage, probably due to

the accompanying retinal traction. The retinal rosetting

and detachment from the underlying sclera, charac-

teristic in VEGFA120 transgenics, may be mediated via

VEGFR2 found on retinal ganglion cells [64]. In

addition, corneal vascularisation is a serious compli-

cation of several ocular diseases as well as following

corneal transplantation and is only a consistent feature

in VEGFA120&164 transgenic mice, perhaps warranting

the investigation of the VEGFA120&164 isoforms in the

aetiology of these conditions. While the non-vascular

malformations (summarised in Table 1) are beyond the

scope of the present study, it is clear that both lens

(probably indirectly through a tractional disturbance of

lens development) and retinal malformations (directly

via retinal ganglion cell VEGFR2) can be induced by

over-production of VEGFA splice-variants. Retinal

rosetting and detachment are common features of

retinopathy of prematurity [65], a condition charac-

terised by uncontrolled retinal vascular proliferation

[66]. The effects of over-expression of VEGFA splice-

variants on vascular leakage presented in this study

(Table 1), i.e. that the more labile forms of

VEGFA120&164 promote vascular leakage and haem-

orrhage, is consistent with data describing the effects

of transplanted tumour cell lines expressing

VEGF121;165&189 (the equivalent human splice-variants)

on intra-cerebral associated tumour haemorrhage [45].

In addition, clinical evidence from solid tumours

expressing the low molecular weight VEGFA splice-

variants reveals severe haemorrhage and a poorer

prognosis in these tumours [67].

The results of the present study support the

hypotheses that over-expression of specific VEGFA

isoforms induces distinct vascular morphologies in both

the hyaloid and retinal vasculature. These results have

implications for diseases associated with abnormal

vascular growth, such as diabetic retinopathy and

tumourigenesis. More specifically, VEGFA120 over-

expression in murine eyes shows several of the features

of the vascular patterning defects in retinopathy of

prematurity and VEGFA164&188 transgenics display

features consistent with persistent hyperplastic primary
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vitreous, a human congenital condition in which

hyperplastic hyaloid vasculature fails to regress [68].

Failure of the hyaloid vasculature to regress is a

ubiquitous finding in congenital cataracts [69] whereas

inappropriate retinal vascularisation, which is often

associated with increased levels of intra-ocular VEG-

FA, is recognised as the leading cause of childhood

blindness [70].
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