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Abstract To determine whether retinal glial cells
(RGCs) participate in the paracrine regulation of retinal
neovascularization, we investigated whether cultured
RGCs synthesize and release vascular endothelial growth
factor (VEGF) and basic fibroblast growth factor (bFGF)
under normoxic or hypoxic conditions. Northern blot
analysis demonstrated that cultured RGCs ftranscribed
both VEGF mRNA with two molecular bands approxi-
mately 3.9 and 4.3 kilobases (kb), and bFGF mRNA
with approximately 3.7 and 6.0 kb. The expression of
VEGF mRNA was greatly enhanced by hypoxic cultiva-
tion (2% oxygen) when compared with normoxic culti-
vation (20% oxygen), while the expression of bFGF mR-
NA by RGCs was not significantly affected by hypoxia.
The effects of RGCs-conditioned media (CM) on tritiat-
ed-thymidine incorporation and in vitro angiogenesis by
retinal capillary endothelial cells (RECs) in producing
the formation of capillary-like tubes in type I collagen
gels, were evident in the observation that RGCs-CM har-
vested after hypoxic cultivation significantly enhanced
tritiated-thymidine incorporation (1.9 times, P<0.01) and
in vitro angiogenesis (2.4 times, P<0.01) compared with
the normoxic RGCs-CM. These enhancing effects of
RGCs-CM at hypoxia were suppressed by anti-VEGF
neutralizing antibody. Furthermore, RECs were shown to
express mRNA encoding the VEGF receptor fl+-1 by
northern blot analysis. These results suggest that VEGF
expressed by RGCs under hypoxic conditions plays an
integral role in the initiation and progression of retinal
neovascularization in a paracrine manner.
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Introduction

Angiogenesis is an essential and well controlled process
in both physiological development and growth of mam-
malian organs and in pathological conditions such as the
inflammation-repair process [15]. However, a sustained
and excessive proliferation of blood vessels causes such
disease states as proliferative diabetic retinopathy and
the growth and metastasis of malignant neoplasms.

Ischaemia is a ubiquitous feature observed in various
retinal vascular disorders such as diabetic retinopathy
and retinal vein occlusion. In diabetic retinopathy, pro-
longed hyperglycaemia leads to both anatomical and
functional changes in capillaries with thickening of the
subendothelial basement membrane, matricial increment,
the selective loss of pericytes [43] and the formation of
avascular areas, resulting in tissue ischaemia/hypoxia
which has been generally accepted to precede retinal
neovascularization. Thus the retinal hypoxia is consid-
ered to be one of the major causes of angiogenesis in vi-
vo. But no specific angiogenic candidate for the initiator
of retinal neovascularization has been implicated conclu-
sively.

Vascular endothelial growth factor (VEGF), also
known as vascular permeability factor [9], is a likely
candidate as an angiogenic factor in retinal neovascular-
ization because of its biological characteristics. It is a se-
cretory mitogen [24], a specific mitogen for endothelial
cells [1, 8, 11-13, 20} and a hypoxia-inducible protein
[22, 37]. In diabetic retinopathy, excessive vascular per-
meability is frequently noticed [19] around the ischaemic
retina. In addition, newly formed blood vessels are also
associated with the immigration of reactive glial cells
[17, 28].

Because excessive vascular permeability and endothe-
lial proliferation have been thought to be crucial steps
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leading to the initiation and progression of retinal neovas-
cularization, we focussed on the function of VEGF and
investigated whether retinal glial cells (RGCs) are a pos-
sible candidate for the production and release of VEGF.

Materials and methods

Reagents and antibodies used in the present study are as follows.
Dulbecco’s modified Eagles medium (DMEM) and RPMI-1640
medium were obtained from Nissui Pharmaceuticals (Tokyo, Ja-
pan) and Gibco Laboratories (Gland Island, N.Y., USA), respec-
tively. Fetal bovine serum (FBS) came from the Flow Laboratories
(Stanmore, New South Wales, Australia). Collagenase type [ was
from Sigma (St. Louis, Mo., USA), type I collagen solution from
Kohken (Tokyo, Japan) and tritiated-thymidine (5.0 Ci/mmol/l)
from Amersham (Arlington Heights, TU., USA). Active basic fi-
broblast growth factor (bFGF) purified from the bovine brain and
human recombinant VEGF were from R&D Systems (Minneapo-
lis, Mass., USA) and Pepro-Teck (Rocky Hill, N.J., USA), respec-
tively. The polyclonal antibodies against human bFGF and VEGF
were purchased from Biochemical Technologies (Stouhton, Mass.,
USA) and Santa Cruz Biotechnology, (Calif., USA), respectively.

The biological activity of bFGF and VEGF, and their neutral-
ization by antibodies were assessed by a tritiated-thymidine incor-
poration assay of the retinal capillary endothelial cells (RECs)
according to the method described below. Both bFGF and VEGF
enhanced tritiated-thymidine incorporation in the RECs in a dose-
dependent manner, and the median effective doses (EDs,) for this
enhancement were 0.35 ng/ml and 0.5 ng/ml, respectively. The
50% neutralization doses of anti-bFGF IgG for 0.35 ng/ml of
bFGF and anti-VEGF IgG for 0.5 ng/ml of VEGF were 0.5 pg/ml
and 0.1 pg/ml, respectively. Therefore, we used anti-bFGF IgG at
20 pug/ml and anti-VEGF IgG at 10 pg/ml for the immunological
inhibition experiments of the respective growth factor.

RECs were isolated by the method previously described [38]
with some modifications. Bovine eyes were dissected under sterile

Fig. 1A-D Microscopic
findings of cultured retinal
capillary endothelial cells
(RECs) and retinal glial cells
(RGCs). A Confluent RECs
cultured on a plastic dish ex-
hibit a monolayered and spin-
dle-shaped morphology

under a phase-contrast micro-
scope. (x12.5). B Immunofluo-
rescence for von Willebrand
factor. RECs show specific
and characteristic granular im-
munofluorescence. (x250).

C The phase-contrast micro-
scope shows that subconfluent
RGCs possess many cytoplas-
mic processes and frequently
form networks between the
cells (x25). D RGCs reveal nu-
merous intermediate filaments
in their cytoplasm electron mi-
croscopically (Bar=0.25 pm)

conditions. After incision 5 mm posterior from the limbus, the ret-
inas were gently removed. They were then finely minced with
curved scissors, and microvessels were trapped on a 74 um nylon
mesh, transferred to a petri dish containing 10 ml of 0.5% collage-
nase, and incubated at 37° C in a water incubator for 30 min. The
digested tissue was then shifted sequentially through 105 um and
54 um nylon meshes. The pellet trapped on the 54 um nylon mesh
was centrifuged at 800 g for 5 min, and plated on gelatin coated
plastic dishes containing DMEM supplemented with 10% FBS,
penicillin (100 U/ml) and streptomycin (100 pg/ml). The cells
were routinely split at a ratio of 1:3, and identified as endothelial
cells by the exhibition of single-layered and polygonal or spindle-
shaped morphology under a phase contrast microscope (Fig. 1A)
and the immunocytochemical expression of von-Willebrand factor
(Fig. 1B).

To isolate RGCs, the final filtrate was centrifuged at 800 g for
5 min, and then the pellet was plated on a gelatin coated dish.
RGCs were identified by their stellate morphology under a phase
contrast microscope (Fig. 1C) and the immunocytochemical ex-
pression of glial fibrillary acidic protein (not shown). Under the
electron microscope, RGCs possessed a large amount of interme-
diate filaments in their cytoplasm (Fig. 1D).

Fibroblasts were also isolated from retrobulbar fibroconnective
tissue. Bovine aortic smooth muscle cells (ASMCs) were a kind
gift from Dr. A. Takei, and identified by their immunocytochemi-
cal expression of o-smooth muscle actin (not shown). The 7th to
13th passages of RECs, the 2nd or 3rd passages of RGCs and fi-
broblasts, and the 4th or 5th passages of ASMCs were used in the
following experiments.

Confluent RGCs (1.9x10%cm?) supplied with 15 ml of fresh
DMEM containing 3% FBS and 10 mM N-[2-hydroxyethyl]piper-
azine-N’-2-ethanesulphonic acid, pH 7.2, in 150 cm? culture flasks
(Corning Glass Works, Corning, N.Y., USA) were cultured under
either normoxic (20%) or hypoxic (2%) conditions in a humidified
5% carbon dioxide incubator at 37° C (0,/CO, Multi Gas Incuba-
tor BL-3200, Astec, Fukuoka, Japan). RGCs cultured under hyp-
oxic conditions for 24 h showed no apparent morphological altera-
tion, and neither cell debris nor detachment increased after hyp-
oxic cultivation (not shown). The conditioned media (CM) were




harvested 24 h after the cultivations, centrifuged and then steril-
ized by filtration through a 0.22 um filter (Millipore, Bedford,
Mass., USA). RGCs-CM were incubated overnight with non-im-
mune IgG, anti-bFGF IgG, anti-VEGF 1gG or simultaneously both
anti-bFGF IgG and anti-VEGF IgG at 4° C followed by centrifu-
gation at 6000 g for 30 min. The supernatants were filtrated and
then used.

The effect of RGCs-CM on cell growth was evaluated by mea-
suring the incorporation of tritiated-thymidine by RECs, ASMCs
and fibroblasts according to the method of Miyazono et al. [25].
Confluent cells were detached by trypsinization and the cells were
plated at a density of 1,000 cells per well, into 24-multiwell plates
(Corning Glass Works) containing 0.5 ml of DMEM supplemented
with 10% FBS. The cells were incubated for 6 h to allow for at-
tachment, and then the media were exchanged with either RGCs-
CM or fresh media. After incubation for 9 h, the cells were pulsed
for 6 h with tritiated-thymidine (0.3 uCi/ml of medium), then

RECs

Type I collagen gel

Membrane

Fig. 2 A three-dimensional model of in vitro angiogenesis. In this
assay system, each well is composed of double chambers, namely,
an outer chamber (12-multiwell plate) and an inner chamber
(Millicell-CM). RECs are seeded on type I collagen gel in 0.1 ml
of Dulbecco’s modified Eagles medium containing 10% serum
placed on a 0.4 um filter in the inner chamber. Either conditioned
media or a fresh medium containing 3% serum were poured into
the outer chamber

Fig. 3A-C Microscopy of
capillary-like tubes formed by
RECs. A Capillary-like struc-
tures formed by RECs in type I
collagen gels are identified by
a phase-contrast microscope.
RECs form branching and ana-
stomosing tubular structures.
The focus is beneath the sur-
face monolayer. (x25). B Lon-
gitudinal capillary-like tube
formation by RECs just be-
neath the surface monolayer
(Haematoxylin and eosin,
x100). C A tubular structure is
revealed electron microscopi-
cally to consist of several endo-
thelial cells with the formation
of a junctional complex be-
tween their cytoplasmic exten-
sions in type I collagen gel be-
neath the surface monolayer of
RECs. (Bar=1.0 um)

/
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washed with 0.01 M PBS (pH 7.4) and extracted with cold 5% tri-
chloro-acetic acid. The resulting precipitates were then washed
twice with ethanol-ether (volume ratio at 3:1) and solubilized with
1 N sodium hydroxide. The radioactivity was determined with a
liquid scintillation counter (LSC-3500, Aloka, Tokyo, Japan). All
determinations were performed in triplicate.

The collagen gels used for in vitro angiogenesis assay were
prepared as previously described [33, 44]. The 0.2% collagen gels
were prepared by mixing 6 ml of 0.3% type 1 collagen solution,
with 0.9 m] of 10 times concentrate of RPMI-1640 medium, 1.1
ml of 1.6% sodium bicarbonate and 1 ml of distilled water. One
hundred microlitres of solution was put on the filter of Millicell-
CM inserts (12 mm in diameter, Millipore), which were placed in
12-multiwell plates (Corning Glass Works). The gels were used
after gelatinization of the collagen solution in a humidified carbon
dioxide incubator at 37° C for 30 min.

In this assay system, each well was composed of double cham-
bers, consisting of an outer chamber, 12-multiwell plate, and an
inner Millicell-CM chamber. In an inner chamber, RECs (6.5x103)
were seeded in 0.3 ml of DMEM supplemented with 10% FBS,
and 1.5 ml of RGCs-CM or fresh DMEM supplemented with 3%
FBS as a control was poured into an outer chamber (Fig. 2). RECs
started to migrate into the type I collagen gel and began to form
tubular structures beneath the confluent monolayer (Fig. 3B) after
about 24 h. These structures were observed under a phase-contrast
microscope (Fig. 3A), and after 3 days cultivation nine areas se-
lected at random were photographed in each well of triplicate cul-
tures. The length of the tubular structure was then measured with a
Cosmozone 1S image analyzer (Nikon, Tokyo, Japan). The total
length of branching tubes longer than 100 um was calculated for
each well and compared with the tube length produced under ex-
perimental conditions. Under the electron microscope, each orga-
nized tube was usually composed of several RECs with the forma-
tion of a junctional complex between their cytoplasmic extensions
(Fig. 3C).

The ¢cDNA probes used for the northern blot analysis were as
follows: human VEGF cDNA with 0.93 kb (a gift from Dr. N.
Ferrara, Genentech, San Francisco, Calif., USA) [24], human fins-
like tyrosine kinase-1 (flr-1) cDNA with 2.4 kb [42], human bEGF




482

cDNA with 0.49 kb (a gift from Mochida Pharmaceuticals, Japan)
and rat glyceraldehyde phosphate dehydrogenase (GAPDH)
cDNA with 0.3 kb (a gift from Dr. T. Ando, the Second Depart-
ment of Internal Medicine, Kyushu University) [43]. The probes
were prepared by the random primer [0-32P] dCTP c¢DNA label-
ling method [10].

For northern blot analysis total cellular RNA from the conflu-
ent RGCs and RECs was isolated using the acid guanidinium thio-
cyanate-phenol-chloroform extraction method [7]. Total RNA was
fractionated by electrophoresis on a 1% agarose-formaldehyde gel.
The samples were transferred overnight to a nylon membrane
(GeneScreen, Boston, Mass., USA) by capillary blotting and the
membrane was baked at 60° C for 3 h. The blots were prehybrid-
ized for 6 h at 42° C with 50% formamide, 6xstandard saline ci-
trate (SSC), 200 pg/ml tRNA, 2xDenhardt’s solution, 0.5% sodi-
um dodecylsulphate (SDS) and 10 mM sodium phosphate, and
then incubated overnight with a 32P-labelled ¢cDNA probe. The
membrane was washed once with 2xSSC and 0.1% SDS, and
twice with 0.2xSSC and 0.1% SDS at 42° C. The signals were
visualized by autoradiography, and the molecular weights were
determined by a comparison with the RNA ladder (Gibco, Grand
Island, N.Y., USA) of known molecular weights. The mRNA lev-
els were measured by scanning using a BAS 2000 (Fuji, Tokyo,
Japan), and then normalized to the mRNA level of GAPDH.

Our results were expressed as the meanz=standard deviation.
Statistical comparisons were made using Student’s unpaired #test,
and a value P<0.05 was considered to be statistically significant.

Results

RGCs-CM obtained under hypoxic conditions (2% oxy-
gen) significantly stimulated the incorporation of thymi-
dine by RECs (2.2-times of the fresh media, P<0.01)
while the normoxic RGCs-CM did not (Fig. 4). By pre-
treating the hypoxic RGCs-CM with anti-bFGF IgG (20
lg/ml), this enhancing effect on thymidine incorporation
of RECs was reduced (38%,P<0.02). Even after this pre-
treatment however, the residual enhancing activity of
thymidine incorporation was still significant (1.5 times
of the normoxic RGCs-CM, P<0.01). By pretreating the
hypoxic RGCs-CM with anti-VEGF IgG (10 pg/ml), the
enhancing effect on thymidine incorporation by RECs
was almost totally abrogated (95%, P<0.01). Simulta-
neous pretreatment of the hypoxic RGCs-CM with both
anti-bFGF IgG and anti-VEGF IgG reduced the incorpo-
ration of thymidine by RECs to a lower level when com-
pared with that of the fresh media (P<0.02).

We also examined the effects of RGCs-CM on thymi-
dine incorporation by fibroblasts and ASMCs. RGCs-
CM obtained under a hypoxic condition (2% oxygen)
mildly stimulated the incorporation of thymidine by both
fibroblasts and ASMCs, but this enhancing effect was
not statistically significant (Fig. 5). By pretreating the
hypoxic RGCs-CM with anti-bFGF IgG (20 ng/ml), their
promoting effects were significantly reduced (P<0.02),
and the levels of thymidine incorporation by fibroblasts
and ASMCs reached almost the same level as that of the
normoxic RGCs-CM. However, pretreatment of hypoxic
and normoxic RGCs-CM with anti-VEGF IgG showed
no significant change in thymidine incorporation by fi-
broblasts or ASMCs (not shown).

In vitro angiogenesis assay demonstrated that RGCs-
CM obtained under hypoxic conditions (2% oxygen) sig-
nificantly enhanced in vitro angiogenesis when com-
pared with the fresh media and normoxic RGCs-CM
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Fig. 4 The effects of conditioned medium from the RGCs (RGCs-
CM) and neutralizing antibody against basic fibroblast growth fac-
tor (bFGF) or vascular endothelial growth factor (VEGF) on tritiat-
ed-thymidine incorporation by RECs. RECs were cultured in a me-
dium pretreated with non-immune IgG (M, 20 pg/ml), anti-bFGF
IgG (72, 20 pg/ml), anti-VEGF IgG (i, 10 pg/ml) or simultaneous-
ly with both anti-bFGF IgG and anti-VEGF IgG (7¥). Hypoxic
RGCs-CM enhances the incorporation of tritiated-thymidine by
RECs 1.9 times of the normoxic RGCs-CM (P<0.01) and 2.2 times
of the fresh media (P<0.01). The pretreatment of the hypoxic
RGCs-CM with anti-VEGF IgG inhibits this enhancing effect on
tritiated-thymidine incorporation more dominantly (95%,P<0.01)
than with anti-bFGF IgG (38%, P<0.02). Each column represents
the mean #standard deviation of experiments carried out in tripli-
cate. (CPM counts per minute, O, oxygen, * P<0.05, ** P<0.02,
*#% P<0.01)
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Fig. 5 The effects of RGCs-CM and neutralizing antibody against
bFGF on tritiated-thymidine incorporation by fibroblasts and aor-
tic smooth muscle cells (ASMCs). Fibroblasts or ASMCs were
cultured in a medium pretreated with non-immune IgG (I,
20 pg/ml), or anti-bFGF IgG (7, 20 pg/ml). Hypoxic RGCs-CM
mildly stimulate the incorporation of tritiated-thymidine by fibro-
blasts and ASMCs. The difference of the tritiated-thymidine incor-
poration activity between normoxic and hypoxic RGCs-CM be-
comes non-significant after the preincubation of RGCs-CM with
anti-bFGF IgG. (* P<0.02, NS not significant)
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Fig. 6 The effects of RGCs-CM and neutralizing antibodies
against bFGF or VEGF on in vitro angiogenesis. RECs were
cultured in a medium pretreated with non-immune IgG (M,
20 pg/ml), anti-bFGF IgG (74, 20 pg/ml), anti-VEGF IgG (',
10 pg/ml) or simultaneously with both anti-bFGF IgG and anti-
VEGF 1gG (). Hypoxic RGCs-CM significantly enhances the
formation of capillary-like tubes by RECs (P<0.01). This
promoting effect is 2.4 times that of the normoxic RGCs-CM, and
6.2 times that of the fresh media. The enhancing effect of RGCs-
CM on in vitro angiogenesis is abrogated more dominantly by the
preincubation of RGCs-CM with anti-VEGF 1gG (97%, P<0.01)
than with anti-bFGF IgG (38%, P<0.02) (* P<0.05, ** P<0.02,
**% P<0.01)

(20% oxygen). The promoting effect of hypoxic RGCs-
CM on in vitro angiogenesis was 2.4-times that of the
normoxic RGCs-CM (P<0.01), and 6.2-times that of
fresh media (P<0.01; Fig. 6).

The enhancing effect of hypoxic RGCs-CM on tube-
forming activity was almost completely abrogated by
pretreating the RGCs-CM with anti-VEGF 1gG (97%,
P<0.01) when compared with that pretreated with anti-
bFGF 1gG (38%, P<0.02). By the simultaneous pretreat-
ment of hypoxic RGCs-CM with both anti-bFGF IgG
and anti-VEGF IgG, the tube-forming activity of the
RECs was reduced to a lower level when compared with
the fresh media (P<0.02).

Northern blot analysis showed that the total RNA ob-
tained from RGCs cultured under normoxic or hypoxic
conditions identified two transcripts of approximately
3.9 and 4.3 kb with a 32P-labelled VEGF cDNA probe
(Fig. 7A). The cultured RGCs also showed two tran-
scripts of approximately 6.0 and 3.7 kb with a 32P-la-
belled bFGEF cDNA probe (Fig. 7B). The expression of
VEGF mRNA was greatly increased after hypoxic culti-
vation, whereas the expression of bFGF mRNA showed
no significant change.

In addition, northern blot analysis for fIr-1 gene ex-
pression by RECs cultured under normoxic conditions
revealed an approximately 8.5 kb mRNA (Fig. 8).

483

28S- ' 285~
18S- 18S-
GAPDH

" GAPDH ..

Fig. 7A, B Northern blot analysis for VEGF and bFGF gene ex-
pression by RGCs. A RGCs cultured under normoxic (lane N) or
hypoxic (lane H) conditions express two VEGF mRNA transcripts
of approximately 3.9 and 4.3 kb. In addition, the hypoxic cultiva-
tion markedly enhances the expression of both transcripts by
RGCs.The positions of rRNA are indicated on the left. B The cul-
tured RGCs express two bFGF mRNA transcripts of approximate-
ly 6.0 and 3.7 kb. The expression of bFGF mRNA by RGCs
showed no significant change after hypoxic cultivation.

Fig. 8 The fI+-1 gene expres-
sion by cultured RECs. Fifteen
micrograms of total RNA iso-
lated from RECs cultured
under normoxic conditions was
hybridized with a 32P-labelled
flt-1 cDNA probe and a band
of approximately 8.5 kb was
revealed
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Discussion

Neovascularization is not regulated solely by the presence
or absence of stimulatory and inhibitory factor(s) but by
the maintenance of a balance between factors [36],
through an autocrine or paracrine mechanism mediated by
smooth muscle cells, pericytes, macrophages, mast cells
and other cell types. The retinal capillaries are composed
of endothelial cells and pericytes, largely ensheathed by
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perivascular glial cells. This endothelial-glial interaction
participates in specific endothelial differentiation in the
central nervous system including retinal blood vessels [23,
29, 40]. It is thus reasonable to assume that retinal angio-
genesis is also locally regulated by glial cells.

Sato et al. [34, 35] reported that pericytes inhibit the
proliferation and migration of endothelial cells by pro-
ducing transforming growth factor-B (TGF-B) which is
activated by endothelial and pericytic co-existence in vit-
ro. Sakuda et al. [33], in contrast have reported that me-
dia conditioned by smooth muscle cells cultured in hyp-
oxic enviroments stimulates in vitro angiogenesis via the
activation of TGF-3. Moreover, Murata et al. [27] recent-
ly found that the conditioned media obtained under the
hypoxic cultivation of pericytes stimulate in vitro angio-
genesis, which is probably due to the expression of hyp-
oxia-inducible VEGF by pericytes [2]. In this way, per-
icytes and TGF-B seem to have a bidirectional effect on
endothelial cells according to the local environment. It is
likely that a loss of pericytes causes a decrease of TGE-3
as an inhibitory factor, and thus promotes retinal neovas-
cularization. Nevertheless, it remains unclear to what ex-
tent VEGF derived from pericytes can initiate and sup-
port retinal neovascularization in vivo, because it is
known that pericytes degenerate selectively and fre-
quently disappear from retinal capillaries in the early
stage of diabetic retinopathy [43].

In this study, we demonstrated that cultured RGCs
synthesized and released VEGF into the conditioned me-
dium, which induced endothelial specific proliferation
and in vitro angiogenesis. These findings suggest that
RGCs are another possible source of VEGF and partici-
pate in the pathogenesis of the retinal neovascularization
under hypoxic conditions. Unlike bFGF, VEGF is a se-
cretory and endothelial specific mitogen. But both bFGF
and VEGF can be colocalized in or adjacent to the hyp-
oxic tissue [3] and, further, a synergistic effect of both
VEGF and bFGF on endothelial cells has been suggested
in recent studies [16, 30].

The northern blot analysis for VEGF gene expression
revealed two transcripts of approximately 3.9 and 4.3 kb
in agreement with VEGF transcripts observed in other tis-
sues [16]. As previously described, VEGF mRNA under-
goes alternative splicing leading to the production of four
mature homodimeric proteins with either 121, 165, 189, or
206 amino acids as a monomer [18]. VEGF,;; and
VEGF,¢; have been reported to be the predominant iso-
forms [1, 16]. To identify the molecular species of VEGF
produced by RGCs, we reverse-transcribed the RNA and
amplified the ¢cDNA by polymerase chain reaction, and
identified the two transcripts to correspond to the mRNA
encoding human VEGF,,, and VEGF 4.

Furthermore, we also demonstrated that hypoxia
markedly stimulated RGCs to express VEGF mRNA,
Possible mechanisms proposed for enhanced gene ex-
pression in hypoxic conditions include the activated tran-
scription of genes encoding factors such as erythropoie-
tin and interleukin-8 [4, 21] and the increased stability of

mRNA [6]. However, the precise mechanism(s) regulat-
ing VEGF gene expression by RGCs, especially in a
hypoxic state, remains to be investigated.

In addition, although hypoxia is a potent inducer of
VEGF gene expression, its over-expression is also re-
ported in the absence of hypoxic conditions, as in cere-
bellar haemangioblastoma [26, 32] and adenocarcinomas
[5]. It is therefore possible that the expression of VEGF
gene is not only regulated by the oxygen concentration
but also other modulators such as platelet-derived growth
factor (PDGF) [14].

The northern blot analysis for bFGF gene expression
showed that RGCs expressed two transcripts of bFGF
mRNA under normoxic conditions, but this expression
showed no significant change after hypoxic cultivation.
While cell debris was not apparently increased after hyp-
oxic cultivation of RGCs in this study, the release of
bFGF into the CM as a result of the sublethal hypoxic ef-
fect on RGCs might relate to the promotion of thymidine
incorporation and in vitro angiogenesis by RECs.

We also ascertained fIr-1 gene expression by RECs,
which is one of the VEGF receptors and a member of
PDGF receptor family [42]. This suggests that VEGF ex-
pressed by RGCs functions through the VEGF-fit inter-
action in a paracrine manner on retinal capillary endothe-
lial cells. It is known that the expression of flr-1 by capil-
lary endothelial cells is also up-regulated around the tu-
mour tissue especially around the necrotic foci [31]. As
capillary endothelial cells migrating into hypoxic areas
such as the central region of tumours and ischaemic reti-
na are exposed to hypoxic conditions, we investigated
the effect of hypoxia on fi#-1 gene expression by RECs,
and no apparent alteration was detected by hypoxic culti-
vation (not shown). Some undefined factor(s) produced
by the cells surrounding endothelial cells in the hypoxic
microenvironment may act as up-regulating modulator(s)
of flt+-1 gene expression.

Simorre-Pinatel et al. [38] recently found that RECs
synthesize VEGF and stimulate RECs through an auto-
crine pathway. Therefore, retinal neovascularization
seems to be regulated by VEGF function via both an au-
tocrine and paracrine manner, in association with RGCs,
pericytes and other retinal cells.

Our findings indicate that VEGF expressed by RGCs
may play an integral role in the initiation and progres-
sion of retinal neovascularization together with bFGFE.
The possible synergistic effect of VEGF and bFGF on
RECs was unclear in this study. This is the first confir-
mation that RGCs are one of the potent angiogenesis in-
ducing candidates in ocular tissues, acting by the produc-
tion and release of VEGF under hypoxic conditions.
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