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Abstract
Aim—To determine the spatial and tem-
poral changes in the staining pattern of
the VEGF receptors FLT-1, KDR, and the
putative receptor FLT-4 during the patho-
genesis of diabetic retinopathy.
Methods—Immunohistochemical locali-
sation of VEGF receptors, using antibod-
ies against FLT-1, FLT-4, and KDR, was
carried out on specimens of normal
human retina (n=10), diabetic retinas (a)
with no overt retinopathy (n=12), (b) with
intraretinal vascular abnormalities but no
proliferative retinopathy (n=5), (c) with
active proliferative retinopathy (n=6), and
(d) with no residual proliferative retin-
opathy after scatter photocoagulation
therapy (n=14), and surgically excised
diabetic fibrovascular membranes (n=11).
The degree and pattern of immunostain-
ing was recorded.
Results—FLT-1 staining was apparent in
the retinas from both non-diabetic and
diabetic retinas; weak to moderate stain-
ing was generally confined to the inner
nuclear layer, the ganglion cell layer, and
the retinal vessels during all stages of the
disease process. Staining of the retinal
vessels was raised in diabetic tissue com-
pared with non-diabetic tissue. The pre-
retinal vessels of the diabetic subjects
stained moderately to intensely for FLT-1.
In contrast with FLT-1 staining minimal
immunostaining for KDR was demon-
strated in the non-diabetic eyes and the
unlasered eyes; however, weak staining for
KDR was observed in the inner nuclear
layer and the ganglion cell layer of the
unlasered eyes with diabetic changes. In
those retinas with preretinal neovascu-
larisation KDR immunoreactivity was
moderate to intense in the intra- and pre-
retinal vessels. However, in the excised
membranes, where the vessels may have
been in a quiescent state, the levels of
KDR were weak to moderate. After appar-
ently successful laser treatment KDR
staining was reduced in the intraretinal
vessels. Minimal FLT-4 staining was ob-
served throughout normal eyes while weak
to moderate FLT-4 staining was generally
confined to the inner nuclear layer and the
ganglion cell layer of the unlasered dia-
betic eyes. Weak to moderate levels of
FLT-4 staining were observed in the intra-
retinal vessels except after apparently
successful laser treatment where reduced
levels of staining were observed. Weak to

moderate staining was observed in the
preretinal vessels.
Conclusions—This study supports a role
for FLT-1, KDR, and possibly FLT-4 in the
pathogenesis of diabetic retinopathy; how-
ever, their specific roles in the progression
of the disease may diVer.
(Br J Ophthalmol 1999;83:486–494)

Proliferative diabetic retinopathy (PDR), the
archetypical vasoproliferative retinopathy
(VPR), is characterised by preretinal neovascu-
larisation and fibrosis, ultimately leading to
vitreous haemorrhage and traction retinal
detachment.1 A number of growth factors have
been implicated in PDR of which vascular
endothelial growth factor (VEGF) is consid-
ered to be of major importance since (a) it is a
diVusible factor,2–4 (b) it increases vascular
permeability,2–5 (c) it modulates angio-
genesis,2–4 (d) it stimulates endothelial cell
proliferation2–4 6 and migration,6 (e) it is up-
regulated in response to hypoxia,7–9 and (f)
agents which inhibit the binding of VEGF to
its receptors have been demonstrated to reduce
neovascularisation.10 11 In situ hybridisation,
northern blotting, and immunohistochemistry
have demonstrated increased expression of
VEGF in animal models for VPRs8 9 12 and in
diabetic human retinas.8 13–16

VEGF is believed to act through high affinity
receptors located on endothelial cells.2 3 6

These receptors are autophosphorylating type
III tyrosine kinases and consist of KDR
(FLK-1 in mouse, TKrC in rats, Quek1 and 2
putative avian5) and FLT-1 receptors.2 3 Both
receptors are characterised by the presence of
seven immunoglobulin-like domains in their
extracellular region2 and are expressed during
embryogenesis where they appear to play an
important role in endothelial growth and
diVerentiation during vasculogenesis and
angiogenesis.17 18 FLT-1 is believed to regulate
metabolic activity including vascular perme-
ability while KDR is considered to modulate
angiogenic responses (for example, endothelial
cell migration and proliferation). The
importance of FLT-1 is further inferred by the
recent demonstration that placenta growth
factor (PlGF) is associated with diabetic
retinopathy;19 PlGF acts through the FLT-1
receptor.20 A third tyrosine kinase receptor may
be important in VEGF recognition by en-
dothelial cells; FLT-4, which has a similar
structure to FLT-1 and KDR, is expressed in
the placenta and in several mouse tissues dur-
ing embryogenesis.21 22

Although there are a large number of reports
documenting upregulation of VEGF mRNA
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and protein in the VPRs there is very little
information on the profile of VEGF receptors.
In this study we used immunohistochemistry
to detect FLT-1, KDR, and FLT-4 protein in
(a) normal human retinas, (b) diabetic retinas
with various stages of retinopathy, and (c) in
preretinal fibrovascular membranes excised
during diabetic vitrectomy.

Materials and methods
DONOR EYES

A total of 47 eyes enucleated and fixed in 10%
neutral buVered formalin, within 10 hours post
mortem, were obtained from the National Dis-
ease Research Interchange (NDRI), Philadel-

phia, USA. Each eye was dissected into an
anterior and posterior segment. A complete
medical history was not available for all donors
but details were available regarding glycaemic
management. Of the 37 diabetic donors 25 had
been injecting insulin for at least 6 months
(mean age 62 years) and 12 were not receiving
insulin treatment but did use oral hyperglycae-
mic drugs (mean age 65 years). Examination of
the posterior segment was performed by an
ophthalmologist (DM) using a Zeiss Stemi SV8
zoom dissecting microscope with Schott light
source (a) to note overt features of retinopathy
(for example, the presence of preretinal mem-
branes, cotton wool spots, microaneurysms,

Figure 1 Photomicrographs demonstrating FLT-1 immunostaining of non-diabetic retina (A), diabetic retina with no
obvious retinopathy (B), diabetic retina with obvious intraretinal vascular changes but no evidence of PDR (C), the same
retina stained with GFAP (D), diabetic retina with PDR (E, F, G), diabetic retina post laser but with no residual PDR
(H). Immunostaining for FLT-1 was greatest in the diabetic tissue compared with non-diabetic tissue. Increased staining
was generally confined to the inner nuclear layer and the ganglion cell layer. Magnification A, G ×94; B, C, E ×118; D
×156; F ×378; H ×236.
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etc) and (b) to determine the extent of any
scatter photocoagulation.

Eyes were categorised as follows:
Normal—10 human eyes with no known

ophthalmic disease, no history of diabetes, and
no abnormalities on biomicroscopy. Donors
ranged in age from 34 to 89 years (mean 69
years).

Diabetic with no overt retinopathy—12 human
eyes from diabetic donors with no clinical his-
tory and no overt biomicroscopic features of
retinopathy or retinal photocoagulation. Do-
nors ranged in age from 57 to 89 years (mean
77 years), five had been injecting insulin and
seven had not. A complete medical history was
unavailable for all donors but, in those where
medical histories were known (10/12), the
duration of diabetes was between 6 and 10
years (mean 7.3 years).

Diabetic with intraretinal changes but no
evidence of PDR—five human eyes from dia-
betic donors with intraretinal changes on
biomicroscopy but no clinical history or overt
features of PDR or retinal photocoagulation.
Retinas exhibited cotton wool spots and/or
obvious microaneurysms or haemorrhages.
Donors ranged in age from 62 to 96 years
(mean 74 years), three had been injecting insu-
lin and two had not. A complete medical
history was known for four donors, the
duration of diabetes being between 3 and 21
years (mean 13 years).

Diabetic with preretinal PDR—six human eyes
from diabetic donors defined clinically as hav-
ing PDR and exhibiting preretinal membranes
when examined by biomicroscopy. All eyes had
previously received laser photocoagulation.
Donors ranged in age from 37 to 76 years
(mean 58 years), all had been injecting insulin.
Duration of diabetes ranged from 3–29 years
(mean 14.3 years).

Diabetic with scatter laser photocoagulation but
no evidence of residual PDR—14 human eyes

from diabetic donors defined clinically as hav-
ing had PDR and having received scatter laser
photocoagulation. No preretinal membranes
could be observed when retinas were examined
by biomicroscopy. Donors ranged in age from
40 to 82 years (mean 57 years), 11 had been
injecting insulin and three had not. A complete
medical history was known for 13 donors, the
duration of diabetes being between 10 and 35
years (mean 20 years).

The posterior segment of each eye was cut in
the sagittal plane through the centre of the optic
nerve head. Cuts were then made perpendicu-
lar to this line (a) on the horizontal midline on
the nasal side and (b) at approximately 5 mm
above and below the midline on the temporal
side. A final vertical cut was made parallel to the
initial cut and approximately 3 mm temporal to
the macula. For this study tissue was wax
embedded and 5 µm sections were cut from a
portion of retina/choroid/sclera (a) approxi-
mately 3 mm lateral to the macula and perpen-
dicular to the horizontal plane (this region was
chosen because of its susceptibility to retinal
changes associated with diabetes) and (b) other
representative areas across the retina (for exam-
ple, areas of neovascularisation).

Fibrovascular membranes—11 fibrovascular
preretinal membranes excised at vitreous
surgery from eyes with PDR were obtained
from the Manchester Royal Eye Hospital.
Membranes were fixed in 10% neutral buffered
formalin immediately upon removal and for a
minimum of 12 hours before wax embedding.

IMMUNOHISTOCHEMISTRY

Immunohistochemistry was undertaken as
previously described.16 The 5 µm sections were
cut and mounted on APES (Sigma) coated
slides. Sections were dewaxed and rehydrated.
They were blocked for 60 minutes with 10%
milk protein (Marvel)/normal goat serum
(Sigma) before incubation overnight at 4°C

Figure 2 Photomicrographs demonstrating FLT-1
immunostaining of an excised fibrovascular membrane (A).
Immunoreactivity for FLT-1 was abolished in a control
specimen of excised membrane processed with omission of
the primary antibody (B) and GFAP staining of the same
excised membrane (C). Intense staining was observed
around the vessels in excised membranes. Magnification A,
B, C ×60.
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with either (a) a polyclonal rabbit antibody
raised against a peptide corresponding to
amino acids 1312–1328 mapping at the
carboxy terminus of FLT of human cell origin
and reacting with FLT of mouse, rat, and
human cell origin (R&D Systems) diluted to 1
µg/ml in TRIS buVered saline (TBS), (b) a
polyclonal rabbit antibody raised against a
GST fusion protein containing FLK-1 se-
quences corresponding to amino acids 1158–
1345 mapping at the carboxy terminal of
FLK-1 of mouse origin (that is, the murine
form of KDR) and reacting with FLK-1 of
mouse, rat, and human cell origin (R&D
Systems) diluted to 2 µg/ml in TBS, or (c) a
polyclonal rabbit antibody raised against a
peptide corresponding to amino acids 1279–
1298 mapping at the carboxy terminus of
FLT-4 of human origin and reacting with
FLT-4 of human origin (R&D Systems)
diluted to 1 µg/ml in TBS. A selection of slides
were also stained for polyclonal rabbit antiglial
fibrillary acidic protein (GFAP) antibody
isolated from human spinal cord, directed
against the 56 kD GFAP protein and reacting

with GFAP of bovine, rat, and human origin
(Euro-Diagnostica), diluted 1/50 in TBS.
Negative controls were incubated with 0.2%
goat serum in place of the primary antibody or
substitution of the primary antibody with an
inappropriate rabbit IgG at the same concen-
tration as the primary antibody. Sections were
washed three times with TBS and then
incubated for 30 minutes with biotinylated
goat anti-rabbit IgG (Sigma) and then incu-
bated for 30 minutes with an avidin-biotin
alkaline phosphatase reaction mixture (Dako
Ltd). The sections were washed three times
with TBS and then incubated with Fast Red
TR/naphthol AS-MX substrate (Sigma).
When the red colour had suYciently developed
the slides were washed in distilled water and
counterstained with Mayer’s haematoxylin.

ASSESSMENT OF IMMUNOSTAINING

The degree and pattern of immunostaining
both within and between specimens was
assessed by standard light microscopy by two
masked observers (both of whom obtained
similar results). The intensity of staining was

Figure 3 Photomicrographs demonstrating KDR immunostaining of non-diabetic retina (A), diabetic retina with PDR
(B, C), the same retina stained with GFAP (D), and diabetic retina post laser but with no residual PDR (E).
Immunostaining for KDR was greatest in the diabetic tissue with PDR and was minimal in most other diabetic tissue.
Interestingly, immunostaining in the diabetic retinas which had undergone apparently successful laser treatment was reduced
compared with the staining intensity in the retinas with PDR. Immunoreactivity for KDR was abolished in a control
specimen of PDR retina processed with omission of the primary antibody (F). Magnification = A, C, D ×156; B ×60; E
×118; F ×78.
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graded qualitatively as background (corre-
sponding to the level of staining seen in the
negative controls), weak, moderate, or intense
(corresponding to the highest level of immuno-
reactivity), each of these being recorded as 0, 1,
2, and 3 respectively. For each retinal specimen
staining intensity was recorded for choroid,
RPE, photoreceptors, outer retina, inner
retina, ganglion cell layer, and retinal vessels.
For the fibrovascular membranes staining
intensity was recorded for the vessels and the
surrounding matrix. An average score was then
calculated for each retinal layer within each
group.

Results
Staining was observed in both non-diabetic
and diabetic vascular and extravascular retinal
tissue; increased immunostaining was observed
in preretinal and intraretinal vessels of diabetic
tissue compared with non-diabetic tissue (see
Figs 1–4 and Tables 1–3). For all receptors
variable staining of the vessels within each
retina was observed with some vessels staining
positive and some staining negative. In some
instances staining was associated with both

endothelial cells and the perivascular region of
the vessels. The variability in staining within
retinas of the same group did not show a corre-
lation with donor age, the type of glycaemic
control in the case of the diabetic groups, or
time post mortem.

FLT-1 IMMUNOREACTIVITY

Staining intensity for FLT-1 was generally
weak or absent in the choroidal vessels, the
RPE, and the photoreceptors. Weak staining
was observed in the outer nuclear layer of most
tissue categories but staining intensity tended
to be elevated in diabetic eyes with vascular
abnormalities and in those which had been
successfully lasered. Weak to moderate staining
was observed in the inner nuclear layer and
weak to intense staining was observed in the
ganglion cell layer of all the tissue categories
including the non-diabetic eyes (Fig 1A–C;
E–H; Table 1). The pattern of staining in the
ganglion cell layer appeared to be associated
with the Müller cell feet as it co-localised with
positive GFAP staining (Fig 1D). While weak
staining was observed in the retinal vessels of
the non-diabetic eyes and the diabetic eyes

Figure 4 Photomicrographs demonstrating FLT-4 staining of normal retina (A), diabetic retina with obvious vascular
intraretinal changes but no evidence of PDR (B), diabetic retina with PDR (C, D) and the same retina stained with
GFAP (E). Immunostaining for FLT-4 was raised in diabetic tissue compared with non-diabetic tissue. Immunostaining
was intermediate in the PDR specimens. Immunoreactivity for FLT-4 was abolished in a control specimen of PDR retina
processed with omission of the primary antibody (F). Magnification A, D ×156; B ×118; C ×94; E, F ×60.
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without vascular changes, staining was moder-
ate in all the other categories of diabetic tissue
(Fig 1A–C; E–H; Table 1). The highest inten-
sity of FLT-1 staining in the intraretinal vessels
was associated with successful laser treatment
with most (13/14) retinas staining. In all tissue
categories staining tended to be confined to
small and venous vessels in the superficial lay-
ers, although in 5/14 lasered retinas and in 2/6
retinas with PDR (both of which had previ-
ously been lasered) staining of the arterial ves-
sels was observed. The most intense staining
for FLT-1 was observed in the vessels of
preretinal membranes of the diabetic subjects
who had PDR (Table 1). In this tissue category
staining of the intraretinal vessels was associ-
ated both with the membranes and across the
retina (Fig 1E, F, G) Staining was moderate in
the excised membranes but staining tended to
be confined to a proportion of the vessels
within each membrane with 4/11 of the mem-
branes demonstrating staining both around the
vessels and in the adjacent matrix (Fig 2A).
Weak staining was associated with the non-
vascular components of the membranes and
staining with GPAP antibody confirmed that
some of the perivascular and extravascular
staining was glial cell in origin (Fig 2C).

KDR IMMUNOREACTIVITY

KDR immunoreactivity was generally minimal
or absent in the choroidal vessels, the RPE, and
the retinal layers of all the categories (Fig 3A);
however, weak staining was observed in the
inner nuclear layer and the ganglion cell layer
of the unlasered eyes with obvious diabetic

changes. Minimal to weak staining of the
retinal vessels was observed in most categories
but it became moderate to intense in the retinal
vessels of diabetics with PDR with all (6/6) of
the retinas staining (Fig 3B, C; Table 2). In 4/6
diabetic retinas with PDR staining of the intra-
retinal vessels was associated with the mem-
branes but in 2/4 of these staining was also
observed in vessels across the retina. In all cat-
egories staining tended to be associated with
small and venous vessels (with one exception
which was a non-diabetic eye) and was always
observed in the superficial retinal layers. Mod-
erate staining of the preretinal vessels was
observed in most of the membranes (Fig 3B,
C). In some instances staining was observed in
the perivascular region and extravascular re-
gion and staining with GFAP antibody con-
firmed this to be glial cell in origin (Fig 3D). In
those retinas which had undergone apparently
successful laser treatment staining was reduced
(Fig 3E; Table 2). In the excised membranes
staining tended to be confined to a proportion
of the vessels within each membrane with 2/11
of the membranes demonstrating staining both
around the vessels and in the adjacent matrix.
Weak or absent staining was associated with
the non-vascular components of the mem-
branes and staining with GFAP antibody con-
firmed that some of the perivascular and
extravascular staining was glial cell in origin.

FLT-4 IMMUNOREACTIVITY

FLT-4 staining was absent or weak in the
choroidal vessels, the RPE, the photoreceptors,
and the outer nuclear layer in both non-

Table 1 Mean intensity (SD) of FLT-1 staining in the retina/choroid

Choroid RPE
Photo
receptors

Outer
nuclear layer

Inner nuclear
layer

Ganglion
cell layer

Retinal
vessels

Membrane
vessels

Membrane
extravascular
matrix

Non-diabetic (n=10) 0.70 (0.46) 1.10 (0.83) 0.60 (0.80) 0.20 (0.40) 1.10 (0.94) 1.50 (1.12) 1.0 (1.0)
No overt retinopathy (n=12) 0.92 (0.64) 0.58 (0.86) 0.42 (0.49) 0.33 (0.47) 1.42 (0.49) 1.92 (0.86) 1.25 (0.92)
Intraretinal changes (n=5) 0.60 (0.80) 0.80 (0.75) 0.80 (1.17) 1.20 (1.17) 1.60 (0.80) 2.20 (0.75) 1.60 (1.02)
PDR (n=6) 1.0 (0) 0.17 (0.37) 0 (0) 1.0 (0.82) 1.17 (0.69) 2.0 (0.82) 1.50 (1.12) 2.50 (0.50) 1.17 (0.37)
Laser, no residual PDR (n=14) 0.57 (0.49) 0.93 (1.03) 0.21 (0.56) 1.50 (0.63) 1.50 (0.63) 1.86 (0.74) 1.71 (0.45)
PDR excised membranes (n=11) 1.55 (0.78) 1.09 (0.79)

0=background staining; 1=weak staining; 2=moderate staining; 3=intense staining.

Table 2 Mean intensity (SD) of KDR staining in the retina/choroid

Choroid RPE
Photo
receptors

Outer
nuclear layer

Inner nuclear
layer

Ganglion cell
layer

Retinal
vessels

Membrane
vessels

Membrane
extravascular
matrix

Non-diabetic (n=10) 0.40 (0.49) 0.20 (0.40) 0.10 (0.30) 0.10 (0.30) 0.60 (0.66) 0.40 (0.49) 0.20 (0.40)
No overt retinopathy (n=12) 0.08 (0.28) 0 (0) 0.25 (0.43) 0 (0) 0.75 (0.60) 0.75 (0.43) 0.75 (0.92)
Intraretinal changes (n=5) 0.20 (0.40) 0 (0) 0.40 (0.80) 0 (0) 1.40 (1.20) 1.40 (0.80) 0.40 (0.49)
PDR (n=6) 0.67 (0.75) 0 (0) 0 (0) 0 (0) 0.50 (1.12) 0.17 (0.37) 2.33 (0.75) 2.0 (1.15) 0.67 (1.11)
Laser, no residual PDR (n=14) 0.07 (0.26) 0.07 (0.26) 0.07 (0.26) 0 (0) 0.71 (0.45) 0.29 (0.45) 0.50 (0.82)
PDR excised membranes (n=11) 1.55 (1.23) 0.55 (0.66)

0=background staining; 1=weak staining; 2=moderate staining; 3=intense staining.

Table 3 Mean intensity (SD) of FLT-4 staining in the retina/choroid

Choroid RPE
Photo
receptors

Outer
nuclear layer

Inner nuclear
layer

Ganglion
cell layer

Retinal
vessels

Membrane
vessels

Membrane
extravascular
matrix

Non-diabetic (n=10) 0.30 (0.46) 0 (0) 0 (0) 0.10 (0.30) 0.90 (0.94) 0.50 (0.67) 0.70 (1.0)
No overt retinopathy (n=12) 0.42 (0.49) 0.08 (0.28) 0.33 (0.75) 0 (0) 1.50 (0.76) 1.83 (0.80) 1.0 (0.71)
Intraretinal changes (n=5) 0.20 (0.40) 0.20 (0.40) 0.60 (0.80) 0 (0) 1.80 (1.17) 2.0 (1.10) 1.20 (1.47)
PDR (n=6) 1.0 (0.82) 0.17 (0.37) 0 (0) 0 (0) 0.33 (0.47) 1.0 (0.82) 1.50 (1.12) 1.50 (1.26) 0.33 (0.47)
Laser, no residual PDR (n=14) 0.57 (0.62) 0.29 (0.45) 0.21 (0.56) 0.21 (0.41) 0.86 (0.64) 0.79 (0.56) 0.93 (0.80)
PDR excised membranes (n=11) 1.73 (0.96) 0.18 (0.39)

0=background staining; 1=weak staining; 2=moderate staining; 3=intense staining.
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diabetic retinas (Fig 4A) and diabetic retinas
(Fig 4B, C, D). In the inner nuclear layer and
the ganglion layer FLT-4 immunoreactivity was
only raised in the unlasered eyes, after laser
treatment the levels reduced (Table 3). Stain-
ing with GFAP antibody confirmed that FLT-4
staining was associated with glial cells of the
retina (Fig 4E). In the retinal vessels FLT-4
staining was low except in the PDR specimens
where staining was weak to moderate (Fig 4C,
D). In this tissue category staining in the intra-
retinal vessels was associated with the mem-
branes in 3/6 retinas but staining in 2/3 of these
was also observed in vessels across the retina.
In all tissue categories staining tended to be
associated with small and venous vessels of the
superficial retinal layers although arterial stain-
ing was demonstrated in a small number of
retinas. Weak to moderate staining was also
observed in the preretinal vessels of the excised
membranes. Staining tended to be associated
with a proportion of vessels within each mem-
brane with 2/11 of the membranes demonstrat-
ing staining both around the vessels and in the
adjacent matrix. Minimal staining was associ-
ated with the non-vascular components of the
membranes and staining with GFAP antibody
confirmed that some of the perivascular and
extravascular staining was glial cell in origin.

Discussion
The data presented in this study demonstrate
(a) immunolocalisation of FLT-1, KDR, and
FLT-4 receptors to retinal tissue and (b)
upregulation of these receptors in diabetic
retinopathy. These observations add further
support for a role for VEGF family members in
the initiation and progression of PDR.

Binding sites for VEGF have previously been
demonstrated to be associated with vascular
endothelial cells during the development of the
vasculature,17 23–25 during pathological angio-
genesis—for example, in healing wounds, in skin
diseases, in hypersensitivity reactions, and in
carcinomas,24 26–29 and from in vitro studies.7 30–37

These observations advance a regulatory role for
VEGF and its receptors in angiogenesis occur-
ring both during normal vascular development
and in various pathologies.

The observation in this study that KDR is
greatly elevated in both intra- and preretinal
vessels in PDR tissue and minimal in normal
retina and the quiescent vessels of lasered dia-
betic retina with no evidence of PDR is in
agreement with the view that KDR is involved
in pathological angiogenesis. These findings
correlate with the findings of various
workers38–40 who reported high levels of VEGF
in the vitreous of patients with active PDR. By
contrast, FLT-1 was observed in both non-
diabetic and diabetic vascular and avascular
retinal tissue. The presence of FLT-1 in
non-diabetic tissue may reflect its involvement
in metabolic control—for example, control of
vessel permeability and endothelial cell main-
tenance. Upregulation of FLT-1 in diabetic
vessels, particularly those undergoing active
neovascularisation, indicates that the receptor
plays a role in PDR. Firstly, it may induce vas-
cular leakage; FLT-1 is known to promote

vascular permeability.5 Secondly, it has been
suggested that it may participate in VEGF
induced mitogenesis by heterodimer formation
with KDR.41 Thirdly, FLT-1 may regulate
VEGF induced angiogenesis; a soluble form of
FLT-1 can complex with the extracellular
region of KDR and act as a negative regulator
of VEGF action.37 Fourthly, PlGF which is
associated with PDR acts through the FLT-1
receptor.20 FLT-4 represents a third putative
receptor for the VEGF family which shares
structural similarities with FLT-1 and KDR; it
is believed to be a receptor for VEGF-C.42

FLT-4 immunolocalisation was minimal in
non-diabetic eyes but was upregulated in
diabetic tissue, especially in the inner nuclear
layer, the ganglion cell layer, and intraretinal
and preretinal vessels. These observations sug-
gest that FLT-4 may have a role in the
pathogenesis of diabetic retinopathy.

Several ocular cell types, in addition to
vascular endothelial cells33 43 44 and peri-
cytes,7 45 express VEGF receptors. VEGF
receptors have been identified on cultured cor-
neal cells,46 cultured lens epithelial cells,47 48

and cultured RPE cells.48 49 Increased levels of
VEGF mRNA and protein have previously
been demonstrated in retinal disorders in the
cell bodies of the inner nuclear layer, the
ganglion cell layer, and the outer nuclear
layer.8 9 13 15 16 Studies on the developing retinal
vasculature have also demonstrated VEGF
mRNA and protein in the retinal glial cells.50 51

Chen and co-workers demonstrated intense
VEGF staining in both vascular and extravas-
cular epiretinal membranes.49 They also dem-
onstrated FLT-1 but not KDR expression by
glial cells in the epiretinal membranes and in
cultured retinal glial cells. In our study we also
demonstrated increased immunoreactivity for
FLT-1, FLT-4, and, to a lesser extent, KDR in
the glial cells of the retina which was
particularly associated with the end feet of the
Müller cells. Thus, these observations demon-
strate that VEGF may act through its receptors
via both autocrine and paracrine mechanisms.
It may be that one of the functions of the reti-
nal glial cells is as early detectors of the hypoxic
environment occurring during the earlier
stages of diabetic retinopathy. This could
explain why in our study FLT-1, FLT-4, and to
a lesser extent KDR, were associated with the
glial cells before proliferation had occurred.
These cells may respond to hypoxia by upregu-
lating their receptors and secreting VEGF
which acts on the endothelial cells. The
sustained production of VEGF would eventu-
ally lead to an angiogenic response. Sustained
production of VEGF may be maintained by a
positive feedback mechanism to the receptors
on the glial cells and the endothelial cells which
could explain why increased levels of FLT-1
were observed in the glial cells of the eyes with
PDR. An interesting observation was that in
some of the membranes GFAP staining was
observed both around the vessels and in the
surrounding matrix which corresponded to
receptor immunoreactivity. It may be that these
particular membranes were undergoing active
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neovascularisation or that there may have been
hypoxic regions within these membranes.

VEGF receptor expression appears to be
regulated by various stimuli including growth
factors and cytokines5 and, as mentioned
above, hypoxia.7 33 34 44 45 Takagi et al suggested
that hypoxia may be responsible for increasing
KDR/FLK expression indirectly via adenosine
receptors on endothelial cells44; adenosine is
hypoxia inducible in some tissues and it is
known to stimulate angiogenesis and cellular
proliferation.

In conclusion, this study confirms the
presence of VEGF family receptors in the dia-
betic retina and indicates that while KDR
appears to be involved principally with the
angiogenic process (that is, PDR), FLT-1 may
have a role in both normal endothelial cell
homeostasis and in all stages of diabetic retin-
opathy. Therefore, any agent directed against
VEGF or FLT-1 could have a detrimental
eVect on the normal structure and functioning
of endothelial cells and vessels. A more attrac-
tive alternative would be to produce anti-
angiogenic molecule(s) with low toxicity di-
rected against KDR. One study by Strawn and
co-workers found anti-angiogenesis com-
pounds that can inhibit FLK-1/KDR tyrosine
kinase activity as well as endothelial cell
mitogenesis and blood vessel formation in the
chorioallantoic membrane.52 Further studies
are necessary (a) to determine whether the
receptors are active, (b) to ascertain the stimu-
lus for upregulation of the receptors, and (c) to
determine whether inhibition of receptor acti-
vation is the therapy of choice in preretinal
angiogenesis.
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