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Signaling in the Lens

aClor cxpression and

Ying-Bo Shui," Xiaobui Wang," Joan S. Hu," Shui-Ping Wang," Claudia M. Garcia,"
Jay D. Potts,” Yogendra Sharma,® and David C. Beebe'*

Purrosk. Previous studies have identified sequences encoding
vascular endothelial growth factor (VEGF)-A and one of the
VEGF receptors (VEGFR2, Flk-1, KDR) in lens fiber cells. The
current study was undertaken to determine the distribution of
VEGF-A protein in the lens, whether signaling through VEGF
receptors occurs in lens cells, the pattern of VEGF-A expres-
sion during lens development, and the effect of hypoxia on
VEGF-A expression.

MerHoDSs. VEGF-A and VEGFR2 were localized using immuno-
cytochemistry. VEGF-A and VEGFR2 protein were identified
and quantified by Western blot analysis. Activated (tyrosine
phosphorylated) VEGFR2 was detected by immunoprecipita-
tion with an anti-phosphotyrosine antibody followed by West-
ern blot analysis with antibody to VEGFR2. Levels of VEGF-A
mRNA were measured by quantitative PCR. Suturing the lids of
adult mouse or rabbit eyes for 3 days was used to induce lens
hypoxia.

ResuLts. VEGFR2 sequences were present in adult human lens
epithelial cells, and VEGF-A transcripts were detected in
chicken embryo, adult human, and mouse lens epithelial cells.
VEGF-A protein localized to the ends of mouse embryo lens
fiber cells at developmental stages when the fetal vasculature
was forming. At later stages, VEGF-A was distributed uniformly
throughout the cytoplasm of cortical fiber cells. VEGFR2 was
present in mouse lens epithelial and fiber cells and was ty-
rosine phosphorylated at all stages examined. VEGF-A protein
was barely detectable in lens epithelial cells during the first
postnatal week, but increased as the capillaries of the anterior
pupillary membrane regressed. VEGF-A levels were highest in
adult lenses. Suturing the eyelid caused an increase in VEGF-A
mRNA and protein in lens epithelial and fiber cells.

Concrusions. VEGF-A secreted by lens cells may stimulate the
formation of the fetal vasculature, but regression of these
vessels is not likely to be caused by a reduction in VEGF-A
production by the lens. An active VEGF-A signaling system of
unknown function appears to be active in the lens. It is likely
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that VEGF-A expression is regulated by tissue hypoxia at all
stages of lens development. (Invest Opbthalmol Vis Sci. 2003;
44:3911-3919) DOIL:10.1167/i0vs.02-1226

ascular endothelial growth factor-A is the founding mem-

ber of a family of growth factors (VEGF-A through -D and
placental growth factor [PIGF]) that play essential roles in the
formation and maintenance of the blood and lymph vascular
systems."? VEGF-A also plays an important role in physiologi-
cal vascularization during wound healing and in the female
reproductive cycle and contributes to pathologic neovascular-
ization induced by local tissue ischemia and in the vasculariza-
tion of tumors.> VEGF-A action is mediated primarily by bind-
ing to the transmembrane tyrosine kinase receptor VEGFR2
(Flk-1, KDR). A second transmembrane tyrosine kinase, the
receptor VEGFR1 (Flt-1), modulates the levels of VEGF-A dur-
ing embryonic development and mediates its effects in se-
lected cell types.>™ Targeted disruption in mice of VEGFR2
genes or a single VEGF-A allele leads to death early in the
second week of embryonic life, due to failure of vascular
development.®” VEGF-A levels are increased when cells are
deprived of oxygen or glucose or by the activation of one of
several growth factor-mediated signaling pathways.? Hypoxia
stimulates the transcription of the VEGF-A gene by stabilizing
and activating the transcription factor hypoxia inducible factor
(HIF-1w), although VEGF-A protein levels are also regulated by
posttranscriptional mechanisms.® '3

In mammals, a capillary plexus transiently surrounds the
lens beginning early in its development. The capillary network
at the posterior surface of the lens, the tunica vasculosa lentis
(TVL), arises from the hyaloid artery. The vessels that cover the
anterior lens surface form the anterior pupillary membrane
(APM) and are derived from vasculature of the iris stroma.
Together with the hyaloid artery, these vessels are referred to
as the fetal vasculature of the eye. The fetal vasculature nor-
mally regresses prenatally in humans and during the first 2
weeks of postnatal life in rodents.'*~'® Several human diseases
are associated with failure of the fetal vessels to regress com-
pletely,'® and gene targeting studies in mice have identified
genes that play a role in this process.'”'® However, the factors
that regulate the formation of the fetal vasculature and its
orderly regression are not known.

VEGF-A mRNA has been detected in the lens fiber cells of
mouse embryos, and VEGF-A mRNA and protein were found in
adult rat lens epithelial cells.'®?° Based on changes in the
expression of VEGF-A mRNA during mouse lens development,
Mitchell et al.?° proposed that VEGF-A secreted from the lens
attracts and stabilizes the capillaries of the TVL. They further
suggested that a decrease in VEGF-A expression in lens cells
causes the regression of the fetal vasculature. Studies with
transgenic animals showed that overexpression of VEGF-A in
the lens fiber cells caused overgrowth of the capillaries of the
fetal vasculature and failure of vascular regression.”' Other
investigators provided evidence that circulating levels of
VEGF-A are necessary to maintain the APM. Their data suggest
that decreases in plasma VEGF-A contribute to the normal
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TaBLE 1. Sequence of PCR Primers and Probes
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Name

Sequence

Total VEGF-A PCR primers

VEGF-A,,, isoform PCR primers
VEGF-A 44 isoform PCR primers
VEGF-A , 44 isoform PCR primers

VEGF-A TagMan probe
B-actin PCR primers

B-actin TagMan probe

5'-AGGCTGCTGTAACGATGAAAG-3’
5"-GTCCTGTCTTTCTTTGGTCTGC-3’
5'-AGGCTGCTGTAACGATGAAAG-3’
5"-CTGAACAAGGCTCACAGTGA-3'
5'-AGGCTGCTGTAACGATGAAAG-3’
5'-CTCGGCTTGTCACATTTTTCT-3’
5'-AGGCTGCTGTAACGATGAAAG-3’
5'-CAGGATTTAAACCGGGATTTCT-3'
6-FAM-5"-CCACGTCAGAGAGCAACATCACCATGC-3'
5'-GCCTCACTGTCCACCTTCCA-3’
5'-AAACGCAGCTCAGTAACAGTCC-3’
6-FAM-5"-CCGGACTCATCGTACTCCTGCTTGCTG-3’

TagMan (Applied Biosystems, Inc.)

regression of the APM,*? raising questions about the impor-
tance of VEGF-A in the lens in this process.

Chicken embryo lenses express VEGFR2,*® and exog-
enously added VEGF-A stimulates the activity of phosphatidyl-
inositol-3 kinase (PI-3 kinase) in cultured porcine lenses.?*
These observations raise the possibility that signaling through
VEGFR2 plays some role in lens development and/or function.

The present study was performed to investigate the expres-
sion of VEGF-A and VEGFR2 protein and mRNA in the lens
during embryonic and postnatal life and to determine whether
VEGFR?2 is normally activated in vivo. We also tested whether
hypoxia can regulate VEGF-A expression in the adult lens in
vivo. The results of these studies are consistent with a role for
VEGF-A in the formation of the fetal vasculature, but do not
support the view that the regression of these vessels is regu-
lated by a decrease in VEGF-A from the lens. VEGF-A mRNA and
protein were present in adult lenses and were increased by
hypoxia, suggesting that the lens is normally in a hypoxic state
and that VEGF-A expression is regulated by hypoxia in the lens,
as it is in many other tissues.

MATERIALS AND METHODS

Human lenses were obtained from eyes donated for corneal transplan-
tation to Mid America Transplant Services. The use of human lenses
was approved by the Washington University Institutional Review
Board and conformed to the Declaration of Helsinki. All experiments
using animals conformed to the ARVO Statement for the Use of Ani-
mals in Ophthalmic and Vision Research and were approved by the
Washington University Animal Studies Committee. Adult mice and rats
were killed by CO, inhalation and rabbits by overdose of pentobarbital.
Eyes were removed immediately and either fixed or kept on ice. Lenses
were removed and epithelia and fibers separated by dissection. To
decrease oxygen levels in the anterior chamber, mice or rabbits were
anesthetized with ketamine (30 mg/kg) and medetomine (1 mg/kg; for
mice) or xylazine (5 mg/kg; for rabbits), and one eyelid from each
animal was closed with 6-0 (rabbits) or 7-0 (mice) silk sutures for 3
days. Care was taken that the sutures did not penetrate the inner
surface of the lid where they might irritate the corneal epithelium.
For immunocytochemistry, mouse embryos and adult eyes were
fixed in 10% neutral buffered formalin and tissue sections prepared
after embedding in paraffin. Sections pretreated by boiling for 15
minutes in 0.01 M citrate buffer (pH 6.0) and stained with a 1:500
dilution of polyclonal rabbit anti-VEGF-A antibody (SC-507; Santa Cruz
Biotechnology, Santa Cruz, CA) or a 1:2000 dilution of rabbit anti-
VEGFR2 (SC-315; Flk-1; Santa Cruz Biotechnology). Control experi-
ments were performed by omitting the primary antibody or by pre-
treating the VEGF-A antibody with a 10-fold excess (by weight) of
human VEGF-A (R&D Systems, Minneapolis, MN) or a 5-fold excess of
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the peptide against which the VEGFR2 antibody had been generated
(SC-315p; Santa Cruz Biotechnology).

Western blot analysis was performed by standard methods, and
bands were visualized using chemiluminescence. Each experiment was
performed a minimum of three times. Tissues were prepared in radio-
immunoprecipitation assay (RIPA) buffer containing a protease inhib-
itor cocktail at the recommended concentration (Complete; Roche
Diagnostics, Indianapolis, IN) and 0.2 mg/mL sodium orthovanadate.
Protein concentration was measured using a reagent (D, Protein Assay
Reagent; Bio-Rad Laboratories, Hercules, CA) in microtiter plates with
bovine serum albumin as a standard. Each blot was stained with
ponceau S to confirm that equal amounts of total protein were loaded.
The specificity of the blots was determined by adding a 10-fold excess
(by weight) of human VEGF-A or a 5-fold excess of the immunizing
peptide for VEGFR2 (SC-315p; Santa Cruz Biotechnology) to the di-
luted antibody and incubating at 4°C overnight before adding the
mixture to the blot. In some experiments, antigens were first immu-
noprecipitated with one primary antibody and the immunoprecipi-
tated proteins Western blotted with a second antibody. For VEGF-A,
five whole adult mouse lenses were incubated in 1 mL of lysis buffer
for 1 hour at 4°C and the lysate centrifuged for 5 minutes at approx-
imately 2000g. Mouse anti-VEGF-A monoclonal antibody (12 uL SC-
7269) was added to 100 uL of the supernatant and incubated at 4°C for
2 hours, and 30 uL of protein A/G beads (SC-2003; Santa Cruz Biotech-
nology) were then added and incubated overnight in a cold room with
gentle rocking. The beads were pelleted by gentle centrifugation, the
supernatant discarded, and the beads washed once with PBS, resus-
pended in 15 uL of electrophoresis loading buffer, and heated at 80°C
for 3 minutes before electrophoresis. The blot was probed overnight at
4°C or for 2 hours at room temperature with anti-VEGF-A rabbit
polyclonal antibody (SC-507; Santa Cruz Biotechnology) at a dilution of
1:1,000 and the bound antibody detected with anti-rabbit secondary
antibody conjugated to horseradish peroxidase at a dilution of 1:10,000
(8C-2030; Santa Cruz Biotechnology). A similar procedure was used to
detect VEGFR2 (Flk-1) extracted from adult mouse lenses, except that
the mouse monoclonal antibody used for immunoprecipitation was
SC-6251, and the rabbit polyclonal antibody used for blotting was
SC-315 (both from Santa Cruz Biotechnology) at a dilution of 1:500.
Tyrosine phosphorylated VEGFR2 was immunoprecipitated by using
agarose beads coupled to monoclonal anti-phosphotyrosine (SC-707;
Santa Cruz Biotechnology), the bound material was dissolved in elec-
trophoresis sample buffer, and the blot probed with anti-VEGFR2
(SC-315; Santa Cruz Biotechnology).

VEGF-A mRNA levels were measured and compared with B-actin
mRNA levels in mouse lenses at postnatal day 5 (P5), P10, P12, P16 and
in adults using TagMan probes (Applied Biosystems, Inc., Foster City,
CA) to perform quantitative PCR. PCR primers were designed to
amplify mouse B-actin, total mouse VEGF-A, and each of the three
isoforms of mouse VEGF-A (VEGF-A,,,, -Aq4 and -A,gg). The PCR
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FIGURE 1. Distribution of VEGF-A
immunoreactivity in the lens during

pre- and postnatal development. (A) r
At E12.5 the lens fiber cell cytoplasm 4 - / .
had granular immunostaining with ) V&
increased staining at the posterior .-.-pf' |
ends of the fiber cells (arrow). Stain- k %
ing was stronger in the lens than in -
other periocular tissues. (B) A sec- 3

tion of an E15.5 lens stained with

anti-VEGF-A antibody that had been

treated with an excess of human

VEGF-A. Only background staining

was seen. Similar control experi- c

ments or controls in which the pri-

mary antibody was omitted were per-

formed at each stage examined.

None of the controls showed any

staining. (C) At P3, staining for v |
VEGF-A was uniform throughout the

lens fiber cell cytoplasm. (D) By P13,

staining persisted in the superficial

fiber cells, but the cells in the center

of the fiber mass no longer stained

for VEGF-A. ¢, cornea; |, lens; le, lens

epithelium; r, developing retina; v,

fetal vasculature.

primers and probe sequences are listed in Table 1. The single TagMan
probe detected total VEGF-A mRNA and each of the isoforms of
VEGF-A, depending on the primer pairs used. Total RNA was extracted
with an RNA isolation reagent (RNAwiz; Ambion, Austin, TX) and
treated with DNase (DNA-free; Ambion) to remove any contaminating
genomic DNA, and 1 ug was reverse transcribed (RetroScript reverse
transcriptase; Ambion) in a total volume of 20 uL according to the
instructions provided by the manufacturer. For each 50-uL PCR reac-
tion, 0.6 uL of the reverse transcription product was amplified in a
thermal cycler (iCycler; Bio-Rad), using the TagMan probe at a final
concentration of 0.2 uM in a standard PCR mixture with 7aq polymer-
ase (Ampli7aqg Gold; Applied Biosystems, Inc.). PCR efficiency was
determined using serial dilution of a known concentration of a plasmid
containing the B-actin sequence. Each sample was run in triplicate, and
each experiment was performed at least twice.

RESULTS

Preliminary and published studies from our laboratory and
others showed that VEGF-A and VEGFR2 mRNAs were present
in the lenses of several species, including human, rat, and
chicken embryo.'*?*?? Based on these findings, we initiated
studies to determine whether the proteins encoded by these
mRNAs were expressed and functioning in the lens.

We first determined whether VEGF-A protein was ex-
pressed in the lens at the time that the TVL was forming. Mouse
embryos at embryonic day (E)11.5 or E12.5 were fixed, and the
eyes were sectioned and stained with a polyclonal antibody to
VEGF-A. Granular immunostaining was present throughout the
lens fiber cell cytoplasm with stronger staining concentrated at
the ends of the fiber cells (Fig. 1A). In some embryos, the
strongest staining was present only at the posterior pole of the
fiber cells, near the forming TVL, whereas staining in others
localized to both ends of the fiber cells. At these stages, stain-
ing for VEGF-A was more intense in the lens than in any of the
surrounding ocular tissues. Addition of excess recombinant
human VEGF-A to the antibody reduced immunostaining mark-
edly at all stages (Fig. 1B). At later stages of embryonic and
early postnatal development, VEGF-A immunoreactivity was
diffusely distributed throughout the cytoplasm of the cortical
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fiber cells (Fig. 1C). Immunostaining decreased markedly in the
nucleus of older lenses (Fig. 1D). At all stages, immunostaining
was lower in the epithelial cells than in the fiber cells.

VEGF-A expression in postnatal lenses was examined by
Western blot analysis. When extracts from lens fiber or epithe-
lial cells were separated by electrophoresis and probed with a
polyclonal antibody to VEGF-A, a single major band was de-
tected at a molecular mass of ~25 kDa. We performed two
experiments to verify the identity of this putative VEGF-A band.
Lysates of whole adult mouse lens were immunoprecipitated
with a monoclonal antibody to VEGF-A, and the immunopre-
cipitates were separated on polyacrylamide gels, transferred to
nitrocellulose membranes, and probed with an anti-VEGF-A
polyclonal antibody. A single band was detected at the appro-
priate relative molecular mass (Fig. 2A). We also pretreated the
anti-VEGF-A polyclonal antibody with an excess of recombi-
nant human VEGF-A and compared the ability of the untreated
and the pretreated antibody to detect VEGF-A by Western blot.
In this experiment, fiber masses from lenses of different post-
natal ages were isolated and Western blotted with an antibody
to VEGF-A. Pretreatment of the antibody with VEGF-A mark-
edly reduced the reactivity of the antibody with the putative
VEGF-A band (Fig. 2B). This experiment also showed that
VEGF-A increased in fiber cells with age.

In mice, the fetal vasculature begins to regress during the
first postnatal week and regression is nearly complete by the
time of eye opening at postnatal day (P)14.'> We used Western
blot analysis for VEGF-A in lens epithelial cells during and after
this period to determine whether a decrease in VEGF-A levels
was associated with vascular regression, as predicted by Mitch-
ell et al.>° Lens epithelia were dissected from P5, P10, P16, and
adult lenses. At P5 and P10, epithelia either included the
associated TVL and APM, or these vascular tissues were care-
fully removed during dissection. We did not try to remove the
few remnants of the fetal vasculature that were associated with
lens epithelia isolated at P16. As in the lens fiber cells shown in
Figure 2B, VEGF-A levels were lowest in epithelia isolated at P5
and increased at later stages, reaching a maximum in adults
(Fig. 3). The fetal vasculature accounted for most of the
VEGF-A at P5, because when this tissue was removed, little
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FIGURE 2. VEGF-A is present in lens cells at all postnatal ages. (A)
VEGF-A was immunoprecipitated from an extract of whole adult lenses
with a mouse monoclonal antibody to VEGF-A and Western blotted
using a polyclonal antibody. The molecular weight marker at ~24 kDa
does not show up in this image, because the VEGF-A band was strong
and the exposure was therefore short. Longer exposures showed the
marker and revealed that the stained band was of the correct size for
VEGEF. (B) Left: bands detected by a polyclonal anti-VEGF-A antibody in
10 micrograms of protein extracted from lens fibers (LF). Right: results
obtained when the same primary antibody was mixed with human
VEGF-A before being added to the blot. In lens fiber cells, VEGF-A
levels increased with increasing age.

VEGF-A was detected in the remaining lens epithelial cells. The
fetal vasculature accounted for about half of the VEGF-A de-
tected at P10. The level of VEGF-A in fiber cells was generally
higher than in the epithelial cells at a given stage (data not
shown). If the VEGF-A levels detected in these studies reflect
the amount of VEGF-A secreted by the lens, decreases in

P5LE
P5 LE
P10 LE
P10 LE
P16 LE
Adult LE
Adult LE

55 kD —+|

l r Markers

23 kD—f — —— | 4— VEGF-A

FV: - + = + H= = -
FIGURE 3. VEGF-A protein levels increase in postnatal mouse lens
epithelial cells (LE) from ages P5 to adult. In some samples at P5 and
P10 the capillaries around the lens (FV; fetal vasculature) were re-
moved during dissection, whereas they were not removed in others. At
P5, most of the VEGF-A immunoreactivity was associated with the fetal
vasculature, whereas at P10 roughly equal levels were present in the
lens epithelial cells and the vessels. Higher levels of VEGF-A accumu-
lated in the epithelial cells as the fetal vasculature regressed, reaching
a maximum in the adult. Duplicate samples from adult epithelial cells
are shown. Fifteen micrograms of total protein was loaded in each
lane.
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FIGURE 4. The distribution of VEGFR2 in lens cells. (A) Antibody to
VEGFR2 (Flk-1) stained the membranes and nuclei of epithelial cells at
the lens equator and elongating fiber cells. le, lens epithelial cells; If,
lens fiber cells. (B) Addition of the immunizing peptide to the antibody
substantially reduced staining over the entire section, indicating that all
staining in (A) was specific.

VEGF-A from the lens are not likely to be responsible for the
regression of the fetal vasculature.

We also examined the expression of VEGFR2 in the lens.
With a polyclonal antibody, immunostaining was present
throughout the lens epithelium and nucleated fiber cells of the
P10 (not shown) and adult lens (Fig. 4A). Staining was partic-
ularly prominent along the fiber cell membranes and in the
nuclei of both epithelial and fiber cells. Translocation of
VEGFR2 to the nucleus after stimulation with VEGF-A has been
reported.>> Immunostaining was reduced substantially by add-
ing an excess of the peptide against which the antibody had
been raised (Fig. 4B).

We confirmed the presence of VEGFR2 in the mouse lens by
immunoprecipitation followed by Western blot analysis (Fig.
5A) and by blocking the antibody with the immunizing peptide
(Fig. 5B). Several lower molecular mass bands were detected
by both tests, suggesting that VEGFR2 is degraded by sequen-
tial processing. A modest increase in the amount of receptor
protein was noted when fiber cell extracts from ages P5
through adult were compared (Fig. 5C).
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FIGURE 5. (A) Proteins extracted from five whole adult mouse lenses
were immunoprecipitated with a monoclonal antibody to VEGFR2 and
Western blot analysis conducted with an anti-VEGFR2 polyclonal anti-
body. The blot shows the results obtained with duplicate samples. In
addition to the native receptor, bands of lower molecular weight were
detected (arrowhbeads). This suggests that lens cells sequentially pro-
cess the receptor to lower molecular mass forms. The large smear at
~50 kDa is due to cross reactivity between the monoclonal antibody
used for immunoprecipitation (IgG) and the peroxidase-labeled sec-
ondary antibody used for detection. (B) VEGFR2 was detected in P10
and adult lens epithelial and fiber cells by Western blot analysis.
Multiple lower molecular mass bands were detected. The most abun-
dant of these correspond to the lower molecular mass bands in (A)
after immunoprecipitation. Pretreatment of the antibody with the
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P10 LF
Adult LF
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FIGURE 6. Extracts of 38 P10 and P20 adult mouse lens epithelia and
fiber masses were immunoprecipitated with antibody to phosphoty-
rosine and Western blotted with a polyclonal antibody to VEGFR2.
Bands corresponding to tyrosine phosphorylated FGFR2 (pY-FGFR2)
were detected in P10 and adult lens fiber cells in this experiment. The
bands due to cross reactivity between the primary antibody used for
immunoprecipitation and the secondary antibody used for detecting
polyclonal anti-VEGFR2 are labeled IgG.

Our results showed that VEGF-A and VEGFR2 are expressed
in the same regions of the lens. We, therefore, tested whether
autocrine or paracrine activation of VEGF-A receptors occurs in
vivo. Lenses were removed immediately after death, and epi-
thelial and fiber cells were dissected in ice-cold medium. Pro-
teins containing phosphotyrosine were immunoprecipitated,
blotted, and probed with polyclonal antibody to VEGFR2. Fig-
ure 6 shows that bands corresponding to tyrosine-phosphory-
lated VEGFR2 were detectable in the fiber cells of P10 and
adult lenses. Although tyrosine-phosphorylated VEGFR2 was
not detected in extracts of epithelial cells in this experiment,
the activated receptor was detected in P10 and adult lens
epithelial cells in other tests (data not shown).

The increase in VEGF-A protein in lens epithelial and fiber
cells that occurred as the fetal vasculature regressed suggests
that VEGF-A levels in the lens may be regulated by hypoxia. To
test this directly, we closed one eyelid of adult mice for 3 days
and analyzed VEGF-A levels in lenses removed from eyes with
closed or open lids. Eyelid closure was associated with a
substantial increase in VEGF-A accumulation in the lens epithe-
lium (Fig. 7A). Similar experiments performed on rabbits also
demonstrated a large increase in VEGF-A levels after lid closure
(Fig. 7B).

To examine further the regulation of VEGF-A expression,
VEGF-A transcript levels were compared to the levels of B-actin
mRNA using quantitative PCR. In general agreement with mea-
sures of VEGF-A protein, VEGF-A sequences increased during
postnatal development (Fig. 8A). However, the maximum ex-
pression of VEGF-A, relative to (-actin, occurred at P10 and

immunizing peptide greatly reduced staining in all bands, supporting
the view that these bands were due to proteolytic processing of the
receptor. Fifteen micrograms of total protein was loaded in each lane.
(C) VEGFR2 levels increased in lens fiber cells during postnatal devel-
opment. Only bands corresponding to the full-length protein are
shown in this view. Fifteen micrograms of total protein was loaded in
each lane.
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<«— VEGF-A

FIGURE 7. (A) Mice were anesthe-
tized, and one eyelid was sutured.
After 3 days, the animals were killed,
and the lens epithelia were removed
and the epithelial proteins analyzed
by Western blot analysis. VEGF-A lev-
els increased after eyelid closure.
VEGF-A levels were not measured in
fiber cells in this experiment. Ten
micrograms of total protein was
loaded in each lane. (B) In a similar
experiment performed on rabbits,

-

231\-1)—-1.: - J.-

* | ¢ VEGF-A

VEGF-A levels increased in lens epi-
thelial and fiber cells after eyelid clo-
sure. Ten micrograms of total protein

P16, with a decrease in transcript levels between P16 and
adulthood. Similar relative changes in abundance occurred for
two of the VEGF-A isoforms that are generated by alternative
splicing of the VEGF-A transcript, VEGF-A,, and VEGF-A 4,
(Fig. 8B). A third isoform, VEGF-A, g, was present but ac-
counted for less than 10% of the total VEGF-A transcripts and
was not examined further in this study. Eyelid closure for 3
days resulted in an increase in VEGF-A transcripts, compared
with the contralateral, control eye (Figs. 8A, 8B). The change in
total VEGF-A after eyelid closure did not reach statistical sig-
nificance. When the data for the measurements of total VEGF-A
and the two VEGF-A isoforms were combined, the increase
after eyelid closure was statistically significant (P = 0.015).
These data suggest that increases in VEGF-A protein levels
during postnatal development or after eyelid closure are partly
due to increases in the levels of VEGF-A mRNA. The increase in
VEGF-A levels in the face of declining VEGF-A mRNA levels
after P16 suggests that VEGF-A levels are also controlled by
posttranscriptional mechanisms, as described previously in
other cell types.'®

Di1scussION

Mammalian lenses are avascular throughout most of life, and
the lenses of nonmammalian vertebrates are never associated
with a vascular plexus. For this reason, it was initially surpris-
ing to find VEGFR2 and VEGF-A mRNA expressed in chicken
embryo and adult human lenses, because these proteins are
best known as key components of a signaling system that
regulates the differentiation, growth, and survival of vascular
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was loaded in each lane.

endothelial cells. However, it is possible that the expression of
VEGF-A in the lens is related to the unusual structure of this
tissue. As it forms, the lens becomes a solid mass of epithelial
cells. Compared with most epithelia that are closely associated
with well-vascularized connective tissues, lens cells are sepa-
rated from a vascular supply for most of their lives and are
likely to be in a state of relative hypoxia. In most tissues,
VEGF-A mRNA and protein levels increase greatly during hyp-
oxia as a consequence of the action of the oxygen-regulated
transcription factor, HIF.>2° Stabilization of VEGF-A mRNA'>
and an increase in the relative efficiency of its translation'? also
contribute to the increases in VEGF-A that are induced by
hypoxia.

There are four aspects of the present work that are consis-
tent with the hypothesis that VEGF-A expression in the lens is
regulated by hypoxia. In early lens development, just as the
lens becomes a solid mass of epithelial cells, VEGF-A is ex-
pressed at higher levels in the lens than in the surrounding
ocular tissues. It is at this stage that the capillaries of the fetal
vasculature begin to surround the lens. Later, as these capillar-
ies regress, our data show that VEGF-A levels increase in lens
epithelial and fiber cells. This suggests that vascular regression
causes the lens to become more hypoxic and, consequently, to
express more VEGF-A. It is noteworthy that the fiber cells
consistently produced more VEGF-A than the epithelial cells.
The epithelial cells are at the surface of the lens and would be
maximally exposed to oxygen diffusing from the fetal capillar-
ies or other nearby tissues. Many of the fiber cells are buried
deep within the lens. Oxygen consumption by overlying fiber
cells should make these cells more hypoxic and thus produce
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FIGURE 8. (A) Changes in the relative expression of total VEGF-A
during postnatal development and after 3 days of lid suture in adult
mice. VEGF-A transcript levels were measured by quantitative PCR and
expressed relative to the levels of B-actin mRNA. Values are normalized
to the levels of VEGF-A transcripts at P5 and represent triplicate
determinations from two experiments. Error bars, SD. (B) Relative
expression of VEGF-A,,, (®) and VEGF-A,5; (YY) transcripts during
postnatal development and after 3 days of lid suture in adult mice.
Transcript levels are normalized as in (A). Data are triplicate determi-
nations from two experiments. Error bars, 1 SD.

more VEGF-A. Third, adult mouse and rabbit lens epithelial
cells express VEGF-A. This is likely to be associated with the
low levels of oxygen that have been measured in the anterior
chamber. Below 5% O,, most tissues show signs of hypoxia.?”
The partial pressure of oxygen in the anterior chamber mea-
sured in humans, rats, rabbits, and dogs ranges between 8 and
64 mm Hg (~1%-8% O,), with an average of 38 mm Hg (~5%
O,; reviewed in Ref. 28). When measurements are made close
to the anterior surface of the lens, oxygen levels are at the
lower end of this range.?* ' Closing the lids lowers the oxy-
gen in the middle of the anterior chamber by approximately
50%.>° We found that VEGF-A protein is expressed constitu-
tively by adult lens epithelial cells and increases substantially
after lid closure. Taken together, these studies suggest that,
throughout development, VEGF-A expression in the lens is at
least partially regulated by hypoxia.

It is likely that hypoxia controls the expression of other
genes in the lens, in addition to VEGF-A. In most cell types, HIF
increases the expression of mRNAs that encode genes that are
of benefit to cells in a hypoxic environment, including glucose
transporters and enzymes of the glycolytic pathway.?” It has
long been known that the lens can survive in the absence of
oxygen if sufficient glucose is provided.>? It has abundant
glycolytic enzymes®® and normally derives much of its ATP
from glycolysis.** Lens epithelial and fiber cells also have abun-
dant glucose tralnsporters.35 Therefore, some of the metabolic
characteristics of lens cells may be specified by HIF in response
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to the hypoxic environment around the lens, rather than being
“hard wired” by the lens differentiation program.

Our observation that VEGF-A protein is expressed in the
lens near the forming TVL is consistent with the suggestion of
Mitchell et al.*® that VEGF-A from the lens may be necessary for
the formation of the fetal vasculature.”® However, neither
study provides evidence that VEGF-A is required for this pro-
cess. Experiments under way in our laboratory may resolve this
question by using the Cre-loxP system to delete the VEGF-A
gene selectively from the lens early in its development.

The VEGF-A that is produced in the lens may affect other
intraocular tissues. Low levels of VEGF-A have been detected in
human vitreous humor in patients with no ischemia or active
vasoproliferation,®~3* although other studies have not found
detectable levels of the growth factor in the vitreous unless
retinal detachment or some sign of ischemia was also
present.>>4° Differences in the detection of VEGF-A in the
vitreous humor could be due to differences in the sensitivity of
the assays used. It has been suggested that the balance in the
vitreous humor between the levels of VEGF-A and the putative
antiangiogenic factor, pigment epithelium-derived factor
(PEDF) is an important determinant of retinal neovasculariza-
tion.>>3*° In one study, PEDF levels were lower in patients
with choroidal neovascular membranes than in age-matched
patients with no neovascularization. Both groups had similar
low levels of VEGF-A in the vitreous humor. These investigators
suggested that when PEDF levels decrease, even the low level
of VEGF-A found in the vitreous humor can stimulate neovas-
cularization.>® The lens is a possible source for the VEGF-A that
has been detected in normal vitreous humor. Comparing the
levels of VEGF-A in the vitreous humor of age-matched individ-
uals with phakic or aphakic eyes could test this possibility.

Little is known about the regulation of VEGFR2 expression
in nonvascular tissues. It is not clear whether VEGFR2 expres-
sion in the lens is dynamically regulated by the levels of
VEGF-A, as is seen in endothelial cells,**? or whether the
expression of this receptor is a normal aspect of the lens
differentiation program.

Our studies suggest that the VEGF-A signaling system func-
tions in the lens, because VEGFR?2 is tyrosine phosphorylated
in vivo. In addition, antibody to VEGFR2 stained the nuclei of
lens epithelial and fiber cells. Previous studies have shown that
nuclear localization of VEGFR2 protein is triggered by expo-
sure to VEGF-A.?> In vascular endothelial cells, VEGF-A stimu-
lates cell differentiation, proliferation, survival, migration, and
an increase in epithelial permeability.> However, it is not yet
known whether endogenous VEGF-A transduces a signal that
alters the behavior of lens cells. It is possible that the major
function of VEGFR2 is to prevent most of the VEGF-A that is
produced by the lens from diffusing into the ocular media by
binding to and internalizing the growth factor, thereby target-
ing it for intracellular degradation. This mechanism could pro-
tect other parts of the eye from the harmful effects of high
levels of VEGF-A.

An active VEGF-A signaling system is present in other avas-
cular tissues during their differentiation. Hypertrophic chon-
drocytes secrete VEGF-A and contain tyrosine phosphorylated
VEGFR2 in vivo.*? Inhibition of VEGF-A signaling by adminis-
tration of a soluble chimeric receptor protein to postnatal mice
inhibited the development of long bones by reducing blood
vessel invasion, reducing trabecular bone formation, and ex-
panding the zone of hypertrophic cartilage.** Removal of the
inhibitor restored vascularization and normal cartilage remod-
eling. However, this study could not show whether the chi-
meric receptor blocks cartilage remodeling indirectly, by re-
ducing vascularization; directly, by preventing autocrine or
paracrine VEGF-A signaling in chondrocytes; or both. Signaling
by VEGF-A is also essential in bone repair, where it functions by
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increasing vascularization and by autocrine stimulation of os-
teoblast activity.*> In this case, the function of VEGF-A on
nonvascular cells can be separated from its effect on the vas-
cular system. VEGFR2 is expressed in retinal progenitor cells
adjacent to cells expressing VEGF-A.“®*7 Administration of an
inhibitor that blocks signaling through VEGFR1 and VEGFR2 to
postnatal mice at a stage when the peripheral retina is still
avascular causes thinning of the inner layers of the retina.*®
Unfortunately, the cellular changes brought on by this treat-
ment were not investigated. These studies show that the mo-
lecular events triggered by activation of VEGFR2 in nonvascu-
lar tissues are largely unknown. Selective deletion of the
VEGF-A gene in the lens may provide insight about the function
of signaling mediated by VEGFR2 in this tissue.
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