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Diabetic retinopathy (DR) is a microvascular complica-
tion of diabetes and is a major cause of visual loss among 
those aged between 25 and 74 years [1]. Hyperglycemia 
initiates complex glucotoxicity in the retinal vasculature and 
surrounding tissue [2,3], leading to changes in the neurovas-
cular network and immune activation [3]. Clinically there is a 
close association between glucose control and DR as demon-
strated by clinical trials for type 1 and type 2 diabetes, with 
intensive glucose control significantly reducing the incidence 
and severity of DR [4,5].

Hyperglycemia induces reactive oxygen species (ROS) 
[6-8], with increased protein kinase C (PKC), activation of 
aldose reductase, increased hexosamine flux and increased 
production of advanced glycated end-product (AGE). In addi-
tion, endothelial dysfunction in early diabetes is precipitated 

by acute transient and/or sustained hyperglycemia [9], 
leading to impaired retinal vessel vasoconstriction, inflam-
mation, and thrombosis. In this late stage, the oxygen-starved 
environment results in the activation of hypoxia-regulated 
proteins to ameliorate the deleterious effects of the conditions 
[10-12].

Hypoxia-inducible factor −1 (HIF-1) is a key protein 
associated with hypoxia and is a major transcription factor 
regulating genes, traditionally known to facilitate adaptation 
and survival of cells in hypoxia (~1% O2) [10,11]. HIF-1 is 
a heterodimer complex consisting of a regulated subunit, 
HIF-1α and a constitutively expressed subunit, HIF-1β, also 
known as the aryl hydrocarbon nuclear translocator (ARNT) 
[12]. HIF-1β is constitutively expressed with its mRNA 
and protein levels maintained at a constant level regard-
less of oxygen availability. The transcription and synthesis 
of HIF-1α is constitutive and unaffected in normoxia [12]. 
However, in normoxia de novo synthesized cytoplasmic 
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Diabetic retinopathy (DR) is a leading cause of blindness in the working population of the Western world. Ad-
vances in our understanding of specific variables contributing to this condition is restricted by the lack of charac-
terization available with in vitro model systems. In this study we establish a retinal porcine model and investigate 
the effect of hyperglycemia on the level of hypoxia inducible factor type 1 alpha in the porcine retina.
Porcine retinae were excised from porcine eyes and cultured in 5 or 25 mM D-glucose in Dulbecco’s Minimal 
essential Media (DMEM), without a matrix (2D) or within a matrix (3D) consisting of a co-gel (0.5% agarose plus 
collagen 0.25mg/ml) in DMEM and maintained in a humidified atmosphere with 5% CO2 at 37 °C. This process 
took 30 min. Retinal integrity was monitored by visualization with a light microscope followed by hematoxylin 
and eosin staining and Gomori Trichrome. Matrix oxygen saturation (% O2) was recorded with a Microx TX3 
oxygen microsensor at time zero and 24 h following incubation. Immunostaining for HIF-1α was performed using 
primary mouse anti-HIF-1α (1:20) followed by anti-mouse DyLight 488 goat secondary antibody (1:200) and visualized 
with an inverted fluorescent microscope.
Retinal tissue and vessel integrity were morphologically preserved on 3D matrices versus 2D control evidenced 
by hematoxylin and eosin staining. A time dependent increase in collagen incorporation within the explant was 
seen with the Gomori Trichrome stain. Oxygen levels significantly increased within the explant during the 23h test 
period from 15.5% to 22.3% (p<0.001) in media alone and from 10% to 13% (p<0.05) with the matrix (n=6) with 
all values relative to atmospheric pressure. HIF-1α was detected by immune-histochemical analysis in explants at 
t=0 in 5 and 25mM glucose concentration, with staining of serial sections with DAPi. HIF-1α levels only remained 
elevated at 24 h in 25 mM D-glucose and was undetected in 5 mM D-glucose.
This study presents a novel model of retinal explants demonstrating that retinal tissue can be cultured in non-
hypoxic conditions and that the 3-dimensional matrix was able to sustain retinal structure. Retinal structure 
was, at least partially sustained by the incorporation of collagen into the retina. Differential expression of protein 
was identified in the different matrix environment; specifically, hyperglycemia sustained non-hypoxia induced 
HIF-1α expression in isolated retina.
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HIF-1α is degraded with a half-life (t1/2) of approximately 5 
min resulting in very low levels of HIF-1α protein [12].

Non-oxygen dependent HIF-1α stabilization occurs due 
to the action on HIF-1α translation, which is different from 
the classic hypoxic stimuli because hypoxia classically exerts 
its effect on HIF-1α protein [13]. Once stabilized, HIF-1α 
translocates to the nucleus where it dimerizes with HIF-1β 
forming a transcriptionally active complex. HIF-1 signaling 
is associated with blood-retinal barrier breakdown [12], and it 
is mediated by long-term physiologic hypoxia in vessels and 
consequently, hypoxia driven vascular endothelial growth 
factor (VEGF) over-production which is believed to be is a 
primary initiator of uncontrolled angiogenesis as character-
ized in proliferative diabetic retinopathy (PDR) [14].

A range of in vitro models have been used to determine 
some of these key factors that have been associated with the 
the onset and progressive pathology of DR [2,3]. Isolated 
cells have been used to determine some of the key molecular 
and biochemical parameters that contribute to DR [10-12] 
and retinal explants have been developed as model systems 
to look at the interaction of different cell types [15-17]. 
However, the embedding process of explants may coinciden-
tally create an hypoxic environment for the retina. In this 
study, a porcine retinal retinal explant model is presented, and 
the conditions have been determined tto ensure that hypoxia 
is not compounding any of the results.

The aim is to determine the retinal architecture within 
the explant, the level of oxygen available to the tissue, to 
establish the role of a supportive matrix and to evaluate the 
effect of high glucose concentrations on the level of HIF-1α 
protein within the retinal explant.

METHODS

Three-dimension matrix: A three-dimensional (3D) co-gel 
matrix solution was prepared with melted 1% agarose 
(Bioline, London, UK) and collagen (0.5 mg/ml; Gibco, 
Paisley, UK) in 5  mM D-glucose Dulbecco’s modified 
essential medium (DMEM; Gibco). Matrix components 
were mixed to give 0.5% agarose-collagen (0.25 mg /ml; AC) 
co-gel scaffold (matrix) solution subsequently referred to as 
the matrix solution. A volume of 1.8ml of matrix solution 
was added to each well of a 6-well plate, allowed to cool, 
and solidify. Bed matrices were prepared on the day of each 
experiment and were kept in an incubator at 37 °C (5% CO2, 
95% air) until required.

Retinal tissue extraction and explant culture: Porcine ocular 
globes donated from a local abattoir were used for experi-
mental purposes. The globes were removed from the animals 

within 30 min of slaughter and transferred to the laboratory 
at 4 °C. Upon arrival the globes were immediately trimmed 
of muscle and fat tissue, and surface-sterilised using 70% 
ethanol ensuring that no ethanol penetrated the integrity 
of the globe. Before the initial inscision was made into the 
sclera the globes were rinsed in ice-cold 0.1 M phosphate 
buffered saline (PBS). The retinae were removed as described 
[15], with the whole retina excised from the base of the optic 
disc, carefully spread flat on the bed matrix, and overlaid 
with 1.8 ml matrix solution; cooled to 37 °C and allowed to 
solidify in a 5% CO2 37 °C incubator forming a sandwich 
(henceforth referred to as a retinal explant). In this orienta-
tion, the inner and outer retina is in immediate contact with 
the biomechanical support provided by the matrix. Explants 
were maintained in pre-warmed serum-free 5 mM or 25 mM 
D-glucose DMEM media, at 37 °C in 5% CO2. For compara-
tive purposes isolated retinae were cultured in 6-well plates 
(two-dimension, 2D) without matrices (control). Experiments 
were set up in triplicate and repeated on ≥ three independent 
occasions. The preparative stage of the retina was of 30 min 
duration and this start point is referred to as time zero (t=0).

Oxygen content of matrix: The percentage of oxygen satura-
tion (O2%) in the matrix was determined using a Microx TX3 
fiber optic oxygen microsensor (140-µm diameter tip-PSt1. 
PreSens, Regensburg, Germany). The oxygen electrode was 
positioned using a micromanipulator (Narishige, Japan) and 
measurements (30s) taken at 4 mm depth at 30 min and 24 h. 
Media oxygen levels were obtained by inserting the oxygen 
electrode directly into the media above the matrix and served 
as a control. Results represent mean % O2 (±SD) calculated 
after measurement of oxygen levels for 30s on six indepen-
dent occasions with different retina (n=6).

Visual inspection: The 2-D and 3-D retinal tissues were 
recorded for up to 72 h with a light microscope (Leica DMIL, 
Manchester, UK) at 200X on more than 15 independent 
occasions.

Sample harvest, fixation, and cryo-sectioning: Retinal 
explants were washed with PBS three times (3X) for 5 min 
on gentle rotation, fixed with 10% neutral buffered formalin 
(NBF; Sigma-Aldrich, Dorset, UK) and incubated overnight 
at 4 °C. Holes were made through the matrix bilayer with 
a 25-gauge needle without disrupting the retinal tissue to 
facilitate penetration of the fixative. The bed matrix was 
removed, and explants were washed 3× in PBS with sections 
of the explants embedded with an optimal cutting tempera-
ture (OCT) medium (Tissue-Tek, Labtech, UK) and cryosec-
tioned into 20 µm thick serial sections on Superfrost Plus and 
Colorfrost slides (ThermoFisher Scientific, UK), air-dried 
and stored at −20 °C until use.
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Histology: Serial sections were thawed at room temperature 
and stained with 0.1% Mayer hematoxylin (Sigma-Aldrich) 
for 10 min, rinsed for 5mins in distilled water and dipped 
briefly in 0.5% Eosin (Sigma-Aldrich). To identify collagen 
uptake into retinal tissues, serial sections were fixed for 1 h 
in Bouin’s fixative (5%/9%/0.9% acetic acid/formaldehyde/
picric acid; Sigma Aldrich) at 56  °C. Modified Gomori 
trichrome stain was made in-house; (0.6% Chromotrope 
2R/ 0.3% Fast green FCF/ 0.8% phosphotungstic acid with 
glacial acetic acid (National Diagnostics, South Fulton, GA) 
in distilled water) [18]. Specimens were washed thoroughly 
to remove the yellow Bouin’s stain and incubated with Modi-
fied Gomori (Green) trichrome solution for 20 min, rinsed 
and differentiated in 0.5% acetic acid for 2 min. Specimens 
were rinsed in water and mounted with Histomount (National 
Diagnostics). The retinal morphology was visualized with a 
light microscope/camera (Leica DM4000B/DFC300-FX) at 
200X. Three fields of view per section were obtained and 
experiments were repeated on more than nine independent 
occasions

Immunofluorescence: Non-specific staining on serial sections 
was blocked in 10% normal serum (goat) with 1% BSA (BSA; 
Santa Cruz, Heidelberg, Germany) in Tris buffered saline 
(TBS) for 2 h at room temperature (RT). Specimens were 
incubated overnight at 4 °C with 1:20 HIF-1α mouse mono-
clonal primary antibody (MA-516, ThermoFisher Scientific). 
Specimens were washed gently three times (3X) for 5mins in 
TBS. Non-specific endogenous peroxidase was blocked with 
0.3% H2O2 in TBS for 15 min at room temperature. Primary 
anti-HIF-1α was detected by incubating with fluorescently 
labelled DyLight 488 Goat secondary antibody (1:200; 
ThermoFisher Scientific) for 1 h at RT. Slides were mounted 
with water soluble Histomount (Vector Labs, Kirtlington, 
Oxfordshire, UK) and visualized with an inverted fluores-
cent microscope (Leica DMIL) at 400X magnification. Three 
fields of view per target were recorded and experiments were 
repeated on at least three independent occasions. Staining 
with DAPI (4′,6-diamidino-2-phenylindole was performed on 
serial section to determine the distribution of DNA in relation 
to HIF1α staining.

Data analysis: Data obtained for the oxygen content of the 
matrix was determined to be following a normal distribu-
tion using the Kolmogorov–Smirnov test. The Student t test 
was used for statistical comparison of means. A significant 
difference was taken at p<0.05 (*) or p<0.001 (***) with data 
expressed as mean ± SD.

RESULTS

Visualization of retinal explants: Tissue degeneration was 
evident in 2D isolated retinal culture within 24 h as visual-
ized with the light microscope (Figure 1) while the matrix 
embedded samples showed evidence of intact vessel struc-
tures throughout the tissue. H&E staining of retina with no 
matrix revealed a disordered retina with no evidence of intact 
tissue. In contrast, H&E staining of the matrix embedded 
retinal samples showed inner and outer nuclear layers, nuclear 
bodies, and structures such as vascular networks (stained 
red), with erythrocytes (red) at 30 min (A) and 24 h (B; Figure 
2). The Gomori Trichrome stain identified nuclei (red/purple), 
collagen (green) and erythrocytes/mitochondrion (red) at 30 
min, 4 h and 24 h. Collagen was localized in the outer nuclear 
layer (ONL), inner nuclear layer (INL), and ganglion cell 
layer (GCL) and increased in intensity with increasing time 
in culture (Figure 3).

Matrix oxygen saturation: Oxygen saturation (% O2) was 
recorded at the start of the experiment and at 24 h within the 
media alone samples, and within the matrix at a depth of 4 
mm (n=8). A significant increase in the level of oxygen was 
evident after 24 h for both the media alone sample (15.5±3.8% 
rising to 22.3±2.6% after 24 h p<0.001), and for the matrix 
sample a smaller, but significant rise was observed (10±4.6% 
rising to 13±6.1% after 24 h, p<0.05; Figure 4).

HIF-1α expression: HIF-1α was detected in explants in 
normoglycemic (5 mM) and hyperglycaemic (25 mM) condi-
tions 30 min post culture (n=4; Figure 5A). HIF-1α protein 
was undetected in explant specimens in 5 mM at 24 h (Figure 
5B, left). The signal intensity for HIF-1α remained elevated 
above basal levels at 24 h in explants in 25 mM glucose 
(Figure 5B, right).

DISCUSSION

The porcine retina bears close resemblance in size, basic 
retinal structure, and vasculature to the human retina [19] 
and was therefore selected as the source material for this 
study. Early biochemical and molecular changes in the retina 
in response to changes in glucose concentration are of interest 
for the study of diabetic retinopathy and for the consequent 
development of targets for therapeutic options that may be 
effective before the onset of clinical signs of disease.

The inter-relationship between different types of retinal 
cells has been shown to be important in understanding neuro-
vascular damage induced by a high glucose concentration 
[13]. The explant offers a useful method of incorporating 
multiple cell types within culture offering a platform for in 
situ detection of specific proteins [16]. Similar studies using 
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small sections of isolated retinal tissue placed on cell culture 
inserts [17], have been used but in our study the retina is 
placed within a collagen matrix. It was therefore essential to 
determine if the matrix was permeable to oxygen and if the 
retina was able to respond differentially to the content of the 
matrix which in this case was the high glucose concentration 
of the matrix.

The critical need for biomechanical support for cell 
survival within isolated retinal culture is clearly demonstrated 
in this study. Results for the unsupported retina contrasts 
with the 3-D support provided by the collagen matrix with 
respect to tissue integrity. Three-dimensional (3D) culture of 
explanted retina has been undertaken by several workers, and 
it is evident that vascular explants are anchorage dependent 

Figure 1. Light microscopic images of explants and 2D control. Explant tissues and vessels showed vessel intactness and absence of 
degradation for up to 72 h (A-D), there are signs of the beginning of tissue tear at 72 h (black arrowhead). Tissue and vessel degeneration 
was massively evident after 24 h of culture in 2D plates and exaggerated with longer incubation (Black arrows; E-H).

Figure 2. Haematoxylin and eosin 
staining of retinal explants after 24 
h incubation Selected micrographs 
of retinal explant at t=0 (40X) and 
24 h (20X) post culture. Isolated 
retinae cultured as explants have 
identifiable retinal layers; photore-
ceptors, outer nuclear layer (ONL), 
outer plexiform layer (OPL), Inner 
nuclear layer (INL), Inner plexi-
form layer (IPL) and ganglion cell 
layer (GCL). 
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[20,21]. Collagen was increasingly evident within the retinal 
explant sections with increasing time. The collagen may be 
from one of two possible sources; it may be that the collagen 
from within the matrix is binding to the surface of cells 
facilitating maintenance of tissue integrity. Alternatively, the 
collagen may be produced by the cells within the tissue, as 
the preparation process of the explant would be a trigger to 
activate the fibrotic process [22]. Further study with alternate 
forms of matrix content would help to elucidate the mecha-
nism of the observed response.

A functioning retina has a high metabolic activity as 
reflected by its origin as an embryological outgrowth of the 
brain [23]. Oxygen level and glucose-mediated effects are 
therefore important criteria to understand within an in vitro 
retinal model. The hypoxic retina responds with the activation 
of hypoxia regulated genes that lead to an enhanced neovas-
cular response that characterizes the later stages of diabetic 
retinopathy, namely proliferative diabetic retinopathy (PDR). 

Here we demonstrate that oxygen was able to permeate the 
matrix to the level occupied by the retinal tissue within this 
model reaching 13% from a baseline of 10% indicating that 
oxygen was able to permeate the matrix during incubation 
and that initial oxygen concentrations were not hypoxic. 
Oxygen is reduced in the retina following slaughter and this 
is evident in the time zero samples where high levels of HIF1a 
are seen (Figure 5). It is likely that the cessation of systemic 
blood circulation and inflammation, post sacrifice hypoxia 
and cellular injury during sample preparation contributed 
to HIF-1α protein stabilization and detection. Conceivably, 
metabolically active cells such as the photoreceptors and 
ganglion cell layer would be particularly prone to such an 
acute reactive response [24]. Using this model, we were then 
able to determine a differential effect within the samples 
based on the concentration of glucose within the matrix. This 
indicates a specific response of HIF-1α to the concentration 
of glucose.

Figure 3. Gomori stain showing 
collagen within explant tissue. 
Selected micrograph of retinal 
explant sections at t=0 (A and B, 
200X), 4 h (C, 200X) and 24 h 
(D, 400X). A,control micrograph 
stained with eosin only), B (t=0.5 
h), C and D stained Gomori stain 
and counterstained with eosin. 
Eosin stain reveals cytoplasmic 
detail while Gomori stain reveals 
bluish green collagen. Pink/red 
stain indicates erythrocytes and 
cytoplasmic contents of cells. 
Sections were not counterstained 
with hematoxylin in order not to 
mask any positivity for collagen. 
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Failure to detect HIF-1α after 24 h in 5 mM glucose 
conditions is indicative of an increased oxygenation provided 
by the explant environment and is consistent with the 
degradation of de novo synthesized cytoplasmic HIF-1α in 
normoxia to undetectable levels [10], likely via the activation 

of prolyl hydroxylases (PHDs) [25]. In contrast, the explants 
exposed to high concentrations of glucose showed, sustained 
levels of HIF-1α demonstrating a glucose concentration 
dependent influence on HIF-1α protein levels. HIF-1α eleva-
tion (increased translation or decreased destabilization) may 

Figure 4. Determination of oxygen 
content within retinal explants. 
Mean oxygen saturation increased 
from time zero to 24 h in media 
alone (control), from 15.5% ± 3.8 
and 22.3%± 2.6, (p<0.001) and in 
the matrices from 10% ± 4.6 to 13% 
± 6.1 respectively (p<0.05; n=6).

Figure 5. Immunohisotochemical detection of-HIF-1α after 24 h incubation in 5 or 25 mM glucose. HIF-1α protein detection at time zero 
and 24 h (B) exposed to 5 mM or 25 mM HIF-1α protein was detected at in the start of the incubation period in the explants irrespective of 
glucose concentration. HIF-1α protein levels returned to undetectable basal levels in explants in 5 mM glucose at 24 h but remained elevated 
in explants in 25 mM at 24 h (400X).
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be increasing due to high glucose concentration inducing 
ROS and inflammatory stimuli in retinal explants [13], rather 
than a classical hypoxia-mediated stabilization. However, this 
may also be due to a hypertonic effect due to the elevated 
glucose concentration [26] and not the result of any increase 
in glucose metabolism, and further study would be required 
to exclude this as a possibility.

The role of changes in HIF-1α protein is complex, but 
it is an important target in the cascade of events that leads 
to retinal damage, as shown with in-vivo studies using 
Sprague–Dawley (SD) rats. HIF-1α is correlated with early 
DR progression and pathogenesis [3] while other studies have 
demonstrated that increased glucose concentration increases 
HIF-1α level in human retinal pigmented epithelial cells [13]. 
However, sustained hyperglycemia induced HIF-1α eleva-
tion in isolated retina is deemed noteworthy, especially in 
conjunction with in-vivo reports of HIF-1α correlation with 
early DR progression and pathogenesis [27].

Other studies have shown a decreased level of HIF-1α in 
hyperglycaemic conditions in ulcerated diabetic foot biopsies 
[28]. HIF-1α destabilization, proteasomal degradation, HIF-1α 
transactivation inhibition in hyperglycemia under normoxia 
in endothelial cell lineages of dermal origin is well reported 
[13]. Cell and tissue type, and species-specific variation will 
contribute to some of the differences that are reported. It is 
not possible to determine if the increased level of protein in 
the retinal explants cultured within an environment of high 
glucose concentration is due to increased stability of the 
protein or due to a change in the rate of transcription. Further 
studies using the explant model would be able to expand out 
understanding of these events.

Duration of exposure and any consequent changes of 
the retina due to chronic and fluctuating conditions are also 
relevant and this is hard to represent in an in vitro model. The 
short-term effects of glucose concentration in a fully perfused 
retina are going to be very different to the effect when the 
retina is damaged with increased vessel permeability, micro-
aneurysms leading to retinal hypoxia and the role of HIF-1α 
in these conditions will conceivably be different, although no 
less important. Furthermore, a range of glucose concentra-
tions could be used but the selected concentration of 25 mM 
had been used previously to demonstrate glucose-specific 
changes to endothelial cells in the absence of a toxic effect 
and so this was selected as the concentration of choice [29].

Organotypic cultures of explanted retinal tissue preserves 
the whole retinal architecture and vessel networks and 
provides an advantageous environment for cell examination 
in the context of relevant cell-cell interactions with resident 
cell types. This study offers a viable model to investigate the 

influence of a range of conditions on the expression of key 
proteins, and to determine the effect of potential therapeutic 
agents. The identification of the expression of key proteins 
by specific cell types is also possible and would contribute 
to our understanding of the mechanism of disease and to the 
potential efficacy of therapeutic agents.

Several factors should be considered before embarking 
on the use of this model. There is a high level of precision 
required regarding the initial set up of the explants. Any lack 
of uniformity of the matrix components and/or the level of the 
matrix will result in distortion of the resulting tissue sections. 
In addition, the number of replicate sections from each 
sample will be limited so care should be taken in the number 
of variables to be tested. The model did provide consistency 
in the level of variability between the samples in some 
aspects of the model set up for example in terms of the level 
of HIF1α protein. However, there was a high level of vari-
ability in retinal vessel responsiveness to KCl and angiotensin 
II when testing for retinal vessel function. These results are 
not presented but show a wide range of responses in terms of 
a reduction or an increase in vessel diameter demonstrating 
that the vessels are viable and able to respond but that the high 
level of variability does not allow for meaningful responses 
to varied test conditions on these parameters.

Conclusion: Diabetic retinopathy (DR) is a microvascular 
complication of diabetes, and it is a leading cause of blind-
ness world-wide. High glucose concentration induced HIF-1α 
protein elevation in isolated retina is a potential route of 
HIF-1α protein involvement in early DR progression and 
pathogenesis and represents a potential target for therapeutic 
intervention. Importantly, our model demonstrated the effect 
of high glucose concentration on the isolated retina in the 
absence of hypoxia and represents an ideal model for further 
study.
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