
Diabetic retinopathy is characterised at different
stages of disease by an increase in vascular perme-
ability, increased blood flow, thickening of the base-
ment membrane, capillary occlusion, microaneurysm
formation, retinal ischaemia and the appearance of
new vessels (angiogenesis) [1]. The association of
new vessel growth that characterises proliferative di-
abetic retinopathy (PDR) appears to be associated
with ischaemic areas of the retina in patients with dia-
betes [2] which is thought to be an essential compo-
nent in the angiogenic stimulus. The precise mecha-
nism whereby activation of cell growth is achieved is,
however, unclear although it is known that ischaemia
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Abstract

Aims/hypothesis. The growth of retinal vessels is as-
sociated with a number of disease conditions, includ-
ing diabetic retinopathy and proliferative vitreo-ret-
inopathy. In this study we describe a model of human
retinal angiogenesis and show how this may be used
to explain the mechanisms that are associated with
the growth of new retinal vessels.
Methods. A 4 mm diameter disc of retinal tissue was
placed within a fibrin matrix and the appearance was
monitored daily by light microscopy. Immunohisto-
chemical techniques were used for the detection of,
glial fibrillary acidic protein, CD68, the Ki-67 anti-
gen, vascular endothelial growth factor, monocar-
boxylate transporter type 1 and von Willebrand's fac-
tor.
Results. Vessels were evident extending from the pe-
riphery of the explant and the activation of endothe-
lial cells was shown by immuno-peroxidase staining
of paraffin embedded sections of the explants for the
expression of the Ki-67 antigen, a marker of cell pro-

liferation. The expression of glial fibrillary acidic pro-
tein and von Willebrand's factor increased with dura-
tion in culture and the presence of activated macro-
phages or microglia or both was shown by positive
immunoreactivity for CD68 and Ki-67 and were iden-
tified by day 3. The presence of endogenous vascular
endothelial growth factor and the activation of mono-
carboxylate transporter type 1 by vascular endothe-
lial growth factor, showed the involvement of specific
growth factors.
Conclusion/interpretation. The explant model pro-
vides evidence for the involvement of macrophages
and glial fibrillary acidic protein activation in human
retinal angiogenesis and for the expression of mono-
carboxylate transporter type 1, which is likely to be
important in the use of lactate in the hypoxic retina.
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is in itself a stimulus for changes in endothelial cells
resulting in cytoplasmic swelling, protrusions into
the lumen and decreased numbers of pinocytic vesi-
cles [3]. Coincident with ischaemia is hypoxia that is
known to alter the expression of specific growth fac-
tors. This includes the expression of vascular endo-
thelial growth factor (VEGF), a potent endothelial
cell mitogen [4] by retinal glial cells [5] and the in-
creased expression of basic fibroblast growth factor
(bFGF) and platelet derived endothelial cell growth
factor (PDGF) by mononuclear cells [6]. The impor-
tance of O2 tension is illustrated by showing that
high oxygen levels inactivate acidic and bFGF with a
consequent decrease in endothelial cell proliferation
[7].

The ability of endothelial cells to use monocyte-
derived growth factors is clearly dependent upon
their residence in the retinal microvasculature [6].
Evidence for the activation of endothelial cells [8]
and monocytes [9±11] has been identified in associa-
tion with diabetes which further supports this notion.
Furthermore, there is an association between diabe-
tes and leucocyte-mediated capillary occlusion,
monocyte activation and new vessel growth in the ret-
ina of animals with diabetes [10], and hypoxia has
been shown to increase leucocyte adhesion to the en-
dothelium [12]. Increased expression of integrins
(a5b3 and a5b5) on bovine retinal endothelial cells
[13] has been shown such that monocyte-endothelial
cell interaction can be facilitated.

Evidence of degenerative processes in the retina is
an early indicator of retinal damage and is apparent
prior to evidence of retinal vascular damage [14, 15]
including loss of colour [16] and contrast sensitivity
[17]. Glial cells have an important role in retinal ho-
meostasis [18] and have been shown to be involved
in the formation of pre-retinal membranes [19] and
impaired glial glutamate metabolism [15]. Another
important feature of diabetic retinopathy is its associ-
ation with poor glucose control [20] and the require-
ment to understand the glucose transporter systems
of the retina [21, 22] which has been shown to use a
facilitative glucose transporter system [23]. In the is-
chaemic retina, the facilitative glucose transporters
are unable to respond to the generation of high con-
centrations of lactate via anaerobic glycolysis. This
necessitates the expression of a suitable transport sys-
tem to cope with the demands imposed by high lac-
tate [24], namely the monocarboxylate transporter
family of which there are six known members [25].
The expression of one of the monocarboxylate trans-
porters, namely MCT-1, is associated with increased
lactate uptake in both skeletal and heart muscle [26]
and with lactate uptake in astroglial cells [27]

The requirement for a suitable model system for
examining the effect of ischaemia on human retinal
endothelial cell responsiveness is paramount in the
study of the mechanism of retinal angiogenesis but it

is clearly not an easily attainable goal. Current mod-
els of retinal angiogenesis are restricted to animals
with the inevitable caveats that are associated with
their use. We have recently developed a human mod-
el of retinal angiogenesis based upon the bovine reti-
nal explant model developed previously [28], with
specific refinements. In this study we describe new
vessel growth in the human retina coincident with en-
dothelial cell and monocyte activation and increased
immunoreactivity to glial fibrillary acidic protein
(GFAP). We also present evidence for the expression
of a monocarboxylate transporter type 1 (MCT-1) in
the retinal endothelium that could be relevant to the
ability of the retinal endothelium to respond to the
demands of glucose metabolism and consequent lac-
tate production in the ischaemic retina.

Materials and methods

Preparation of retinal explants. Type 1 collagen (Sigma Chemi-
cal Company, Poole, Dorset, UK) was used at concentrations
of 1.25 to 2.5 mg/ml prepared in Glasgow's minimal essential
medium (GMEM) supplemented with glucose (0, 5, 15 or
25 mmol/l) 10 % fetal calf serum, 10 mmol/l NaOH and
10 mmol/l HEPES buffer. A volume of 300 ml was placed into
a 30 mm well of a tissue culture plate and allowed to solidify.
Human eyes that had been donated for corneal transplant in
Amsterdam were kindly donated from the National Oph-
thalmic Research Institute Eye Bank of the Netherlands, Am-
sterdam, after the cornea had been removed. The donors had
no history of diabetes and the retinas were dissected from
eyes within 48 h of death and spread out in a Petri dish contain-
ing HANK'S balanced salt solution. We used 17 individual ret-
inas for the explant preparations. Each of the explants was
4 mm in diameter, removed with a biopsy needle and placed
on top of the matrix. A fibrin matrix was prepared (NaOH
75 mmol/l, FCS 2.1 %, thrombin 0.6 m/ml, d-glucose 4.7 mmol/l,
1.54 mg/ml fibrin) and allowed to solidify within a Luria-Ber-
tani agar mould in the well of a 30 mm tissue culture dish
(Fig. 1). The explants were prepared as described above and
placed on top of the fibrin matrix. The explants were then
overlaid with a further volume of fibrin matrix (200 ml), fol-
lowed by Glasgow's minimal essential medium (GMEM, Gib-
co BRL, Paisley, UK) containing 2.5 % platelet deprived se-
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Fig. 1. Diagramatic representation of the human retinal ex-
plant model showing an outer agar mould and a central fibrin
matrix. The retinal tissue is placed on top of the fibrin matrix
with a further 200 ml volume of fibrin matrix, followed by
growth medium as specified in the Materials and methods sec-
tion



rum, supplemented with 5 mmol/l d-glucose. The explants
were incubated at 37 °C and visualised by phase contrast light
microscopy from 1 to 14 days and recorded as photomicro-
graphs. Matrix supplements included VEGF (100 ng/ml),
bFGF (50 ng/ml), and a range of glucose concentrations
(0±25 mmol/l).

Haemotoxylin and eosin staining of human retinal explants. Fi-
brin matrices containing the retinal explants were removed
from the agarose mould and placed in buffered formal saline
for a minimum of 4 h, prior to embedding in paraffin wax.
The blocks were then sectioned and stored at room tempera-
ture for subsequent immunohistochemical analysis. We exam-
ined 95 explants. Haematoxylin and eosin staining was carried
out on each explant using standard methodology by the De-
partment of Pathology at the University of Aberdeen.

Immunohistochemistry. The expression pattern of specific pro-
teins in sections of 61 of the human retinal explants was deter-
mined by immunostaining using the alkaline phosphatase-an-
ti-alkaline phosphatase (APAAP) technique [29] for von Willi-
brand's factor (vWF), GFAP, CD68, VEGF and monocarboxy-
late transporter type 1 (MCT-1). Briefly, the wax was cleared
from the sections with histoclear and heated with microwaves
(800 W) for 10 min. The primary antibodies were diluted in
0.05 % TRIS-buffered saline to 1:150 for vWF (DAKO, Cam-
bridge, UK), and 1:100 for the GFAP (Vector Laboratories,
Berkshire, UK), 1:25 for CD68 (DAKO), 1:100 for the MCT-
1 (Chemicon International, Harrow, UK) and 1:100 for
VEGF (Insight Biotechnology, Middlesex, UK). The respec-
tive primary antibodies were added to the explant sections for
60 min followed by three washes in TRIS-buffered saline
(5 mmol/l TRIS pH 7.6) (TBS). A biotinylated secondary anti-
body was added for a further 60 min, washed three times in
TBS and the streptavadin alkaline phosphatase was added for
30±60 min. The alkaline phosphatase substrate was then added
to develop the reaction. The sections were then counter-
stained in haematoxylin and Scott's water and mounted. Posi-
tive staining was evident by pink staining in contrast to the
negative control that was stained in the absence of primary an-
tibody and with an IgG specific control for the respective anti-
bodies.

Immunohistochemical detection of the Ki-67 antigen was
carried out using the Mib1 antibody (Immunotech/Serotech,
Oxford, UK) at a 1:100 dilution. Briefly, the staining proce-
dures were used as outlined for APAAP staining with the fol-
lowing exceptions: endogenous peroxidase activity was
blocked with H2O2 (0.6 %) and with human serum (10%); a
biotinylated secondary antibody was added for 60 min, fol-
lowed by streptavadin horseradish peroxidase for up to
60 min. The sections were then counter stained and mounted
as described previously.

Results

Growth of retinal vessels in human retinal explants.
Preliminary attempts to use a collagen matrix for the
explant model as described previously [28] proved to
be less efficient at sustaining vessel growth than using
a fibrin matrix. When using a concentration of col-
lagen similar to that used for the bovine retinal explant
[28] no vessel spikes or changes to the periphery of the
explant was evident. When the concentration was re-
duced to 1.25 mg/ml, small vessel spikes were evident

at day 3 but these did not progress with further culture.
In contrast, when using the fibrin matrix new retinal
vessels were evident by day 3 as visualised by light mi-
croscopy (Fig.2) in explants taken from 13 of the 17
eyes tested (76%). Explants from the remaining 4
eyes (24 %) showed no evidence of new vessel growth.
These donors were generally from an older age group
i.e. over 75 years old and the failure to observe new
vessel growth may also be due to the extended time be-
tween enucleation and sampling the retina which was
beyond our control. Of the retinas that did produce ex-
plants with new vessels (13 retinas), between 83 and
100% of the explants taken from the respective reti-
nas were found to have new vessels as determined by
light microscopy. Smooth muscle cells were not associ-
ated with the new vessels as determined by a lack of
immunopositivity to a-actin (data not shown). Over a
10-day period of culture there was some retraction of

R.M. Knott et al.: Model system for human retinal angiogenesis872

Fig. 2 a±e New vessel growth from human retinal explants vi-
sualised by light microscopy (a) Retinal explant 2 h after plac-
ing within fibrin matrix (magnification (mag.) ´ 7) and (b) ret-
inal explant at day 3 (mag. ´ 9). Vessels were evident extend-
ing from the retinal explant into the matrix of the gel (v).(c)
Same retinal explant as for (b) at day 6 (mag. ´ 9). The branch-
ing vessel that was visible in (b) is now a complex network of
vessels and this is difficult to focus on clearly. Another vessel
is now evident (v) which may have been unmasked by the re-
traction of the retina but shows a further area of growth as it
extends away from the periphery of the explant (indicated by
arrow). (d) Highly vascularised explant showing evidence of
vessel growth (indicated by arrows) (mag. ´ 13) after 15 days
in culture. (e) Same retinal explant as for (d) showing blood-
filled vessel at edge of explant and opaque new vessels extend-
ing out from this into the surrounding matrix (mag. ´ 26)



the explant, although at 10±20 mm this was less than
the distance that the vessels extended beyond the pe-
riphery of the explant which was more than 50 mm
(Fig.2b-e, Fig.3). Therefore the appearance of new
vessels was not simply due to the retraction of the tis-
sue to reveal pre-existing vessels. No difference in the
ability of the vessels to grow was evident in 0, 5, 15 or
20 mmol/l glucose.

Increased vascularity and expression of glial fibrillary
acidic protein in retinal explants. We took six explants
from three of the retina, and examined them after
24 h in culture. All of the explants examined (6/6)

showed evidence of disintegration of the retinal ar-
chitecture that progressed to show further degenera-
tion after 3 (6/6) and 10 days (6/6) in culture (Fig.4)
as determined by H&E staining.

Immunopositivity to the vWF antibody indicated
an increase in the number and the size of vessels with-
in the inner nuclear layer after only 24 h in culture
which developed further in the inner nuclear layer
(Fig.5a-d). By day 10, an extensive vascular network
was evident both within the retina and extending out
from the periphery of the explant into the surround-
ing matrix.

Weak immunoreactivity to GFAP was evident in
the retina prior to culture (Fig.5e). We found GFAP
associated with retinal vessels within 24 h of culture
(Fig.5 f) and in particular was closely associated with
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Fig. 3 a±c New vessel growth through the fibrin matrix from
human retinal explant after 15 days culture. (a) Cells are visi-
ble within the growing vessel (mag. ´ 28). (b) The same field
of view is recorded as for (a) but focused on the point of origin
from the explant (mag. ´ 28). (c) Extensive growth of vessels is
evident from the edge of the explant (mag. ´ 24)

Fig. 4 a±d Cross section through human retinal explants
stained with haemotoxylin and eosin. (a) Photomicrographs
of retinal explant sections prior to culture and after (b) 1, (c)
3 and (d) 10 days in culture within a fibrin matrix. The location
of the inner nuclear layer (INL) and the outer nuclear layer
(ONL) is indicated (mag. ´ 600)



the new network of vessels that was evident by day 10
(Fig.5g,h). The intensity of staining for GFAP in-
creased with the duration of culture.

Evidence for monocyte activation associated with reti-
nal angiogenesis. Cells positive for CD68 were identi-
fied within 3 days of culture within retinal vessels
(Fig.6a), closely associated with the vessel (Fig.6b)
and after migration within the body of the retina
(Fig.6c) and were detected up to day 15. Positive im-
munoreactivity within the vessels is due to macro-
phages whereas that evident within the body of the
retina is due to either macrophages or microglia. Pos-
itive immunoreactivity to Mib1 was evident in cells
that were morphologically identical to CD68 positive
cells in serial sections from the same explant (Fig.6d)
and were found closely associated with endothelial
cells stained positively with Mib1 (Fig.6e).

Vascular endothelial growth factor-mediated increased
expression of monocarboxylate transporter type 1. Lo-
calised expression of endogenous VEGF was evident
(Fig.6 f) after 3 days of culture. Immunohistochemis-
try was unable to detect the MCT-1 in the retina prior
to culture (Fig.6g). After the explants were cultured
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Fig. 5 a±h Increased expression of von Willebrand's factor and
glial fibrillary acidic protein in human retinal explants. Von
Willebrand immunoreactivity in a human retina prior to cul-
ture (a) is compared to the increase in immunoreactivity to
vWF staining after (b) 1, (c) 3 and (d) 10 days in culture. Prior
to culture, human retina showed weak immunostaining for
GFAP (e). With increasing duration of culture at day 1 (f) and
3 (g), the explants showed evidence of increased staining asso-
ciated with the ganglion cell layer. By day 10 (h), this was
strongly associated with the developing network of vessels
that was extending from the periphery of the explant and asso-
ciated with the vessel wall located within the outer nuclear lay-
er of the explant (a-g mag. ´ 600; h mag. ´ 1200)

Fig. 6 a±j Involvement of macrophages, VEGF and MCT-1 in
human retinal vessel growth. CD68 positive cells were found
in sections from human retinal explants from day 3 within the
vessels (a), closely associated with the vessel wall (b)
(mag. ´ 1200) or within the body of the retina (c)
(mag. ´ 600). Positive immuoreactivity to the Ki-67 antigen
was evident in cells that were morphologically similar and lo-
cated in similar areas to CD68 positive cells (d) (mag. ´ 600).
Positive staining for Ki-67 was also associated with retinal ves-
sels (arrow) (e) (mag. ´ 1200). Mib1 positive nucleated mac-
rophage-like cells were also found closely associated with the
vessel (e). Positive immunoreactivity to VEGF antibody (f)
(mag. ´ 1200) indicated that VEGF was being produced endo-
genously by the retinal cells. No positive immunoreactivity to
MCT-1 was evident in the retina prior to culture (g) or in the
absence of exogenous VEGF (mag. ´ 520). In explants which
had VEGF supplemented to the growth medium and the
matrix MCT-1 was detected (h-j), (h and i mag. ´ 600;
j Mag. ´ 1050) at day 3 post-culture



in the presence of exogenous VEGF, positive immu-
noreactivity to MCT-1 was, however, evident. In the
absence of VEGF, no MCT-1 specific staining was ev-
ident.

Discussion

We present details of a model system for human reti-
nal angiogenesis. Furthermore, we describe evidence
for the activation of both endothelial cells and mono-
cytes and the increased expression of GFAP associat-
ed with new vessel growth. We also show that MCT-1
is expressed in the retinal endothelium of the explant
and is absent in the retina prior to culture.

One of the main advantages of the human retinal
explant model is that it is possible to maintain retinal
vessel architecture and to assess the contribution
that other cell types make to the growth of new ves-
sels. Previous work with the bovine retina [28] has
shown that the ischaemic retinal explant promotes
new vessel growth by providing an environment that
promotes the survival of endothelial cells and macro-
phages. We now confirm that macrophages or micro-
glia cells or both are associated with endothelial cell
proliferation within the human retinal explant. Thus,
either macrophages extravasate into the surrounding
retinal tissue or the presence of macrophages within
the vessels is associated with activation of resident
micoglia which at their end stage resemble macro-
phages [30].

Leucocyte activation is evident in animal models
of diabetes [9, 10] and in human leucocytes [11] with
an association of monocytes with neovascularisation
[10, 31]. Furthermore, there is evidence for endothe-
lial activation in diabetes, as seen by increased solu-
ble E selectin in serum [8] and this provides an envi-
ronment whereby monocyte adhesion is promoted.
Capillary occlusion may result from the physical
`plugging' of the capillary and the resulting ischaemia
may activate growth factors that are required to initi-
ate new vessel growth. Alternatively, or possibly in
conjunction with the plugging of the vessels is the ac-
tion of monocyte derived growth factors that are re-
leased from the adherent cell. Interestingly, mono-
cyte derived growth factors have been shown to be
essential for the growth of endothelial cells in vitro
[6] and it is likely that a combination of these factors
is important.

A number of potential mechanisms possibly occur
within the retinal explant that explain the new vessel
growth and the activation of monocytes. The in-
creased expression of VEGF mRNA by rat vascular
endothelial cells [32] and VEGF mRNA and protein
in retinal glial cells [5] in hypoxic conditions provides
a source of endothelial mitogen. The expression of
VEGF in the human retina was confirmed in this
study. Paradoxically, hypoxia has been shown to re-

sult in a reduced expression of fibroblast growth fac-
tors [7], although monocytes will secrete both bFGF
and PDGF in response to hypoxia which can increase
endothelial cell proliferation [6]. The localised pro-
duction of growth factors and cytokines by mononu-
clear cells therefore provides a sustainable source of
factors which have the potential to act as chemoat-
tractants for other mononuclear cells, and also for
promotion of adhesion to the retinal endothelium.

Increased expression of GFAP has been shown to
be increased in the retina after 3 months of experi-
mentally induced diabetes and was also associated
with impaired glial glutamate activity [15]. Increased
expression of GFAP is also evident in this study and
was found associated with new vessel growth. This
substantiates existing evidence for the contribution
of glial cell function in retinal damage and we can
now confirm that a change in GFAP immunoreactivi-
ty is evident in the human retina that reflects the pro-
gressive retinal dysfunction with increasing duration
of culture. Other factors relating to the matrix com-
ponents and the factors that influence the growth of
vessels would be possible with this system and may
prove invaluable in determining the mechanism of
retinal angiogenesis.

Poor glucose control is known to increase the se-
verity and incidence of the complications of diabetes
which is also influenced by the duration of diabetes
[20]. In this study we were not able to detect any ef-
fect of glucose concentration on vessel growth al-
though the duration of exposure to high concentra-
tions of glucose was relatively short. An observable
effect of glucose concentration in this model system
is perhaps evident with a more prolonged exposure
to high concentrations of glucose or the presence of
glycated matrix or both [33].

Retinal ischaemia is a characteristic feature of dia-
betic retinopathy [34] and glucose metabolism in
these conditions will generate high concentrations of
lactate. In the retinal explant model described here
the absence of blood flow and the tissue culture con-
ditions in themselves maintain a relative hypoxia
[28]. Therefore we examined the expression of
MCT-1 in the retinas and found it to be expressed
post-culture. Failure to detect MCT-1 in the retinas
prior to culture lends credence to the theory that the
expression of this transporter is associated with the
hypoxia of the explants. The excess production of lac-
tate may result in an imbalance of NAD/NADH
leading to oxidative mediated microvascular damage.
This may further enhance the potential effects by the
already reduced anti-oxidative reserve in patients
with diabetes [35] and account for the improved out-
come of ischaemia / re-perfusion injuries with antiox-
idant therapy [36]. Another requirement for the de-
tection of the MCT-1 was, however, the presence of
exogenous VEGF which is itself shown to be associat-
ed with hypoxia [37, 38]. The extremely high meta-
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bolic rate of the retina exacerbates the potential im-
pact that any change in glucose availability may
have. Thus, the combined effects of ischaemia, fluctu-
ating glucose concentrations and the high energy de-
mands of the retina, uniquely predispose this tissue
to damage.

A model system for human retinal angiogenesis is
invaluable in the study of diabetic retinopathy and
has the potential for wide application. In this study
we have shown how this model can be used to show
specific key components of retinal angiogenesis.
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