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ABSTRACT

ARTICLE HISTORY

Purpose: Diabetic retinopathy is characterized by multiple microcirculatory dysfunctions and angiogenesis resulting from hyperglycemia, oxidative stress, and inflammation. In this study, the retina and retinal
pigmented epithelium of non-insulin-dependent diabetic Goto–Kakizaki (GK) rats were examined to
detect microvascular alterations, gliosis, macrophage infiltration, lipid deposits, and fibrosis. Emphasis
was given to the distribution of kinin B1 receptor (B1R) and vascular endothelial growth factor (VEGF),
two major factors in inflammation and angiogenesis.
Materials and methods: 30-week-old male GK rats and age-matched Wistar rats were used. The retinal
vascular bed was examined using ADPase staining. The level of lipid accumulation was graded using
triglyceride staining with Oil red O. Macrophage and retinal microglia activation, as well as other
markers, were revealed by immunohistochemistry and studied with confocal laser scanning microscopy.
Results: Abundant lipid deposits were observed in the Bruch’s membrane of GK rats.
Immunohistochemistry and quantitative analysis showed significantly higher B1R, VEGF, Iba1 (microglia),
CD11 (macrophages), fibronectin, and collagen I labeling in the diabetic retina. B1R immunolabeling was
detected in the vascular layers of the GK retina. A strong VEGF staining within different retinal cell
processes was detected and a pattern of GFAP staining suggested strong Müller cells/astrocytes
reactivity. Microgliosis was apparent in the GK retina. A greater tortuosity of the retinal microvessels
(an index of endothelial dysfunction) and their increased number were also observed in GK retinas.
Conclusions: Data suggest retinal vascular bed alterations in spontaneous type 2 diabetic retinas at
30 weeks. Lipid and collagen accumulation in the retina and choroid, in addition to retinal upregulation
of VEGF and B1R, microgliosis, and Müller cell reactivity, may contribute to vascular alterations and
inflammatory processes.
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Introduction
In diabetes, damage to the retina results primarily from alterations
of the vascular system and reactivity of glial cells. The retinal
microangiopathy is characterized by the thickening of the basal
lamina and the loss of pericytes surrounding capillaries, which
control their tone, tortuosity, and microaneurysms.1 This slow
and progressive process results in endothelial dysfunction, leakage
of the blood-retinal barrier, local ischemia, retinal angiogenesis, the
formation of fibrous tissue in the vitreous cavity, and a consecutive
loss of retinal function and vision.2 It has also been established that
local retinal inflammation contributes to these pathogenic events.
One of the critical steps in the inflammatory response is the rapid
recruitment and migration of immune and inflammatory cells,
such as macrophages.3 Accordingly, an increased infiltration of
macrophages during the development of diabetes has been
demonstrated.4–6 In vitro studies have shown that microglia and
macrophages can secrete a panoply of inflammatory factors,
including cytokines that lead to the activation of NF-κB, which
then causes further kinin pathway activation, glial dysfunction,
vascular rupture, and neuronal death.5
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Most studies have focused their attention on animal models
of type 1 diabetes despite the higher prevalence of type 2 diabetes
in the human population. For this reason, the Goto-Kakizaki
(GK) rat is an interesting genetic model of non-obese type 2
diabetes that develops glucose intolerance due to insulin
resistance.7 It was developed by repeated breeding of normal
Wistar rats featuring glucose intolerance.8 Impaired glucose
tolerance and hyperglycemia occur after two weeks and four
weeks, respectively.9 In these rats, hyperlipidemia has also been
demonstrated, including high blood levels of cholesterol and
diacylglycerol, resulting in lipid deposits in the liver.10 Insulin
resistance and development of type 2 diabetes in the GK model
result from this chronic hyperglycemia and hyperlipidemia producing islet inflammation and oxidative stress. These factors
contribute to the loss of pancreatic beta-cell neogenesis and
proliferation. Due to a moderate diabetic condition, the GK
model allows for prolonged monitoring of the disease.
Therefore, GK rats share common features with human diabetes
that make it a valuable model to study inflammatory vascular
dysfunction during diabetic retinopathy.11–18
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There are some studies showing retinal inflammation in
GK rats.15,19,20 Microglia/macrophages were detected within
the inner retina of 5-month-old GK rats (possibly associated
with blood vessels), but also within the sub-retinal space. This
accumulation of activated cells was much more developed
after 12 months of hyperglycaemia.17 It was associated with
blood-retinal barrier alterations in both the inner and outer
retina.18 In addition, the reduction of retinal blood flow was
demonstrated at 1, 3, and 5 months in GK rats,19 as well as
angiogenesis.17 The present study further investigates retinal
vascular inflammation in 30-week-old (7 months) GK rats.
Particularly, morphological changes of the retinal vascular
bed, as well as inflammation features such as (1) upregulation
of the vascular endothelium growth factor (VEGF), which is
involved in angiogenesis and blood-retinal barrier leakage,17
(2) upregulation of kinin B1 receptor (B1R), which is induced
in type 1 diabetic retinas and contributes to pathological
changes,4,21 (3) migration of microglia/macrophages, and (4)
glial cell activation, were investigated. Fibronectin and collagen staining of the retina and choroid were quantified to
determine fibrosis. Lipid deposition in the outer retina was
also examined to evaluate the impact of hyperlipidemia on the
retinal pigmented epithelium (RPE) barrier.

Materials and methods
Animal model
Male 30-week-old GK rats from Taconic (Hudson, NY, USA)
were used in this study. Age-matched male Wistar rats were
purchased from Charles River Laboratories (St-Constant, QC,
Canada) and housed two per cage in a room under standard
conditions of temperature (23°C) and lighting (12-hour light/
dark cycle), with food and water provided ad libitum.
Experimental protocols
All experimental methods and animal care procedures were
approved by the animal care committee of Université de
Montréal, in compliance with the guiding principles for animal experimentation as enunciated by the Canadian Council
on Animal Care and ARVO Statement for the Use of Animals
in Ophthalmic and Vision Research.
Examination of the retinal vascular bed via
histochemistry with ADpase
The retinal vascular bed was examined using ADPase staining, an enzyme stored in retinal blood vessel walls that
hydrolyses ATP.22 Rats were euthanized with pentobarbital
and the eyes were removed and then immersed in paraformaldehyde 4% (PFA). Retinas were dissected out and stored
for 12 h at 4°C in 10% formalin. The retinas were rinsed
three times in Tris-Malate buffer 50 mM (pH 7.2) and
incubated for 15 min at 37°C with gentle agitation in the
ADPase solution (10 mg of ADP (adenosine 5ʹ-diphosphate,
grade VI crystalline di [monocydo-hexylammonium] salt),
in 3 mM lead nitrate and 6 mM magnesium chloride TrisMalate buffer). They were then rinsed three times in Tris-

Malate buffer and immersed in a solution of ammonium
sulfide for 1 min (1:10 dilution, Fisher Scientific, ON,
Canada). Finally, the retinas were flat-mounted after rinsing. The retinal vascular bed was examined for the presence of microaneurysms and tortuosity, and the density of
the retinal blood vessels was measured with the use of
Image J software (NIH).
Retinal vessels quantification
Microphotographs of flat-mounted retinas stained with
ADPase were taken under microscope with the Leica DC
500 camera to visualize the vessels of the superficial inner
layer. For each retina, three consecutive images at different
isopters from the optic nerve were photographed (20X magnification) in each quadrant. The photographs were converted
in grayscale and thresholded, where vessels appear black on
a white background. Vessel density was calculated using
Image J software, by calculating the area fraction occupied
by the blood vessels (percentage of black pixels on the thresholded image). In addition, a dissector was drawn diagonally
on each microphotograph and the number of vessels crossing
the line were counted.
Triglyceride staining with Oil Red O
Rats were anesthetized with pentobarbital and perfused with
2% PFA. The eyes were collected, the corneas and lenses were
discarded, and the remaining eye cups were placed for 12 h in
30% sucrose, frozen in isopentane (−55°C), and cut into sections of 20 μm with a cryostat. The sections were briefly
submerged in 60% isopropanol and placed in an Oil Red
O solution 60% (Electron Microscopy Sciences, Hatfield, PA,
USA) for 10 min. The sections were immersed again in 60%
isopropanol and then rinsed in distilled water and placed in
a hematoxylin solution for 5 min to stain the nucleus cells.
Immunohistochemistry of kinin B1R, VEGF, GFAP,
fibronectin, collagen I, and microglia/macrophage
activation
Under pentobarbital anesthesia, rats were perfused with PFA
4% and the eyes were dissected, post-fixed in 4% PFA for 2 h,
and then frozen in isopentane (−55°C). Eyes were cut into
20 μm-thick sections with a cryostat. Sections were incubated
overnight at room temperature (RT) with a buffer containing
one of the following antibodies: mouse monoclonal anti-glial
fibrillary acid protein (GFAP) (IF03L, Millipore Sigma) 1:500
to label astrocytes and Müller cells, or chicken monoclonal
anti-VEGF (AB1316, Abcam, Cambridge, USA) 1:50. The
slides were washed (PBS-T (0.25%)) and exposed to ABC
solution (1%) (Vectastain, Vector Elite PK6100) for 1 h at
RT. After rinsing, the slides were revealed with diaminobenzidine (DAB/Vector SK4100 peroxydase substrate Kit) chromogen for up to 10 min. The slides were rinsed, dehydrated,
and cleared with xylene, then mounted using DPX mounting
medium. For GFAP and VEGF immunostaining, Image
J software was used to quantify the mean intensity staining
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in the retinal ganglion cell layer of four rats (arbitrary
units, AU).
For immunofluorescence, sections were also incubated
overnight at RT with the blocking buffer containing one of
the following primary antibodies: polyclonal rabbit antiserum to rat B1R 1:150,4 mouse monoclonal antiendothelial cells (RECA-1, ab 9774, ABCAM) 1:500, mouse
polyclonal anti-ionized calcium binding adapter molecule
(Iba-1, Wako, Richmond, VA, USA) 1:500 (2 μg/mL) to
label microglia, mouse monoclonal CD11-b (GW21181,
Sigma-Aldrich) 1:250 to label macrophages, anti-rat collagen
type I Antibody (AB755P, Sigma Millipore) 1:150, and polyclonal anti-fibronectin rabbit antibody (MA5-11981,
Thermo Fisher Scientific) to assess fibrosis. Once finished,
the slides were incubated for 2 h at RT with Alexa Fluor 488
donkey secondary anti-rabbit, rat or mouse IgG to visualize
B1Rs, endothelial cells, microglia, macrophages, and collagen I or with Alexa Fluor 555 donkey secondary antirabbit to visualize fibronectin. The slides were then washed
and mounted using ProLong® Gold Antifade Reagent
(Invitrogen). Images were obtained with a Zeiss-LSM800
confocal microscope equipped with an argon laser. Semiquantitative immunofluorescence staining intensity (mean
gray value) was made after conversion to grayscale on
selected half surface areas of four retinal sections per rat
from four control and four GK rats. Background value was
subtracted from each individual value. Mean fluorescence
intensity (AU) was measured in the retinal ganglion cell
layer (GCL), the inner nuclear layer (INL), and the outer
nuclear layer (ONL) in 10 areas under identical conditions
for B1R, Iba1, CD11, RECA-1, fibronectin, and collagen
staining with the NIH Image J software.

Collagen staining with Sirius red
Sections were immersed in 0.1% solution of Picrosirius for
1 h. The solution was prepared by dissolving Sirius red (Direct
Red 80, Sigma Aldrich, Canada) in an aqueous picric acid
solution (Electron Microscopy Sciences, Hatfield, PA, USA).
The sections were then rinsed with 1% acetic acid and dried in
alcohol.
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Table 1. Body weight and glycemia of GK rats.
Control, n = 10
GK, n = 10

Body weight (g)

Glycemia (mmol/L)

586 ± 14
424 ± 8*

4.9 ± 0.3
16.4 ± 1.1*

Values are mean ± s.e.m. of ten 30-week-old rats per group. Statistical significance was determined with unpaired Student t-test. *p < 0.05 significantly
different from control rats.

Immunohistochemistry of kinin B1 receptors, microglia/
macrophage migration, and endothelial cells
Figure 1 shows inflammation-related reactivity in the GK retina.
The kinin B1Rs were upregulated and located mainly in the retinal
ganglion cell layer (GCL) of GK retinas (Figure 1(b)), which is
consistent with earlier studies in STZ rat retinas.4 As expected,
only trace amounts of B1R immunostaining was detected in the
control retinas (Figure 1(a)). Quantification of the staining intensity in the whole retina, demonstrated a significantly stronger B1R
staining in GK rats compared to control (Figure 1(c)).
Microglia immunodetection was revealed by Iba1, which
showed significantly higher labelling intensity in GK retinas
compared to control retinas (Figure 1(d–f)). Moreover, in the
retina of GK diabetic rats, microglial cells were mostly ramified with some hypertrophic cell bodies. They were mainly
distributed in the GCL, although microglia were also present
in the inner nuclear layer (INL), outer plexiform layer (OPL),
outer nuclear layer (ONL) (Figure 1(e)) and outer retina (not
shown). In the control retina, microglial morphology was
characterized by a small soma, specifically distributed in the
inner plexiform layer (Figure 1(d)).
CD11–positive cells with macrophage profiles were abundant
in the GCL, INL, and ONL of the GK retina (Figure 1(h,i)). The
fluorescence intensity of labelling was significantly higher in GK
than control retinas, reflecting a greater infiltration of macrophages in the GK retina (Figure 1(g–i)).
Endothelial cells labelled with the RECA-1 antibody were
enriched in the GCL and outer plexiform layer of the GK
retina (Figure 1(k)). The RECA-1 staining measured throughout the retina layers was slightly, but not significantly, lower
in controls compared to GK retinas (Figure 1(j–l)).

Immunohistochemistry of VEGF and GFAP
Statistical analysis
Data are presented as the mean ± s.e.m. and n is the number
of animals used for each experiment. Data analyses were
completed with SPSS 16.0 software. Statistical significance
was determined using the Student’s t-test for unpaired samples between control and GK rats. Only probability values (p)
less than 0.05 were considered to be statistically significant;
p ≤ 0.05.

Results
As shown in Table 1, blood glucose levels were significantly
higher, and body weights were significantly lower in GK rats
at 30 weeks compared to age-matched control Wistar rats.

Upregulation of VEGF and glial reactivity (GFAP) was evaluated with immunohistochemistry (Figure 2). VEGF was
located mainly in the GCL, INL, and ONL in control and
GK rat retinas (Figure 2(a–c)). The retinas of GK rats exhibited higher VEGF staining especially in GCL (Figure 2(b,c)),
which was within different unidentified retinal cell processes
(Figure 2(b)). Müller cells appeared to be activated in the GK
retina, as numerous GFAP hypertrophied cytoplasmic extensions were seen throughout the tissue (Figure 2(e,f)). GFAP
was expressed in reactive Müller cells, but part of this staining
might also represent astrocytes, small cells with local extensions, especially in the densely stained GCL. GFAP labelling in
the control retina was less intense and limited to low ramified
glial extensions (Figure 2(d)) compared to the GK retina,
which displayed highly ramified and hypertrophic glial extensions. Additionally, quantitative examination shows a stronger
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Figure 1. Kinin B1R, microglia, macrophage and endothelial cell immunostaining.
Representative images of immunofluorescence (green) for kinin B1R (panels a, b), microglia cells (Iba1, panels d, e), macrophages (CD11, panels g, h), and endothelial
cells (RECA1, panels j, k) in control and GK retinas. Arrows show representative stained elements. Iba1 and B1R showed high staining in GCL of the GK retina but faint
immunostaining in the control retina. Abundant macrophages were labelled in the GK retina in contrast to the control retina. The RECA1 labeling was present in both
control and GK retinas. Scale bar = 75 μm. GCL: ganglion cell layer; INL inner nuclear layer; ONL: outer nuclear layer. Panels c, f, i, lshow semi-quantitative values that
represent the mean ± s.e.m. intensity staining (in arbitrary units, AU) measure in GCL, INL, ONL for a minimum of four retinal sections per rat from four controls and
four GK rats. Statistical comparison with control rats is indicated by *, P < .05.
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Figure 2. Upregulation of VEGF and glial reactivity (GFAP staining).
Representative microphotographs of VEGF (panels a, b) and GFAP (panels d, e) immunostaining. Higher staining of VEGF was seen in different retinal layers of GK rats
(panel b) and strong Müller cell reactivity was shown by the upregulation of GFAP in the GK retina (panels e) compared to the control retina (panel d). VEGF and
GFAP intensity staining (in arbitrary units, AU) (panel cand f) measure in the GCL layer were significantly higher in GK compared to control retina. Data are mean ± s.
e.m. of values obtained from four retinal sections per rat from four controls and four GK rats. Scale bar = 75 μm. GCL: ganglion cell layer; INL inner nuclear layer; ONL:
outer nuclear layer.

GFAP staining in the GCL of GK compared to the control
retina (Figure 2(f)), suggesting a reactivity of Müller cells and/
or astrocytes.

control (Figure 4(a)) and was partially colocalized with fibronectin (Figure 5). Collagen deposits on the vessel wall were
also detected by collagen staining with Sirius red (Figure 4(e)).

Examination of fibrosis

Retinal vascular bed

Fibrosis of the vessel walls in the retina was examined
using immunostaining with fibronectin (Figures 3(a–e)
and 5). The immunostaining intensity of fibronectin accumulation in retinal tissue and vessels of 30-week-old GK
rats was significantly higher (Figure 3(b,d,e)) than in
control retinas (Figure 3(a,c)), particularly in the GCL,
INL and photoreceptor layer, which could be associated
with the thickening of the basal membrane of the vessel
wall. Fibronectin accumulation within the tissue with no
apparent association to blood vessels was also detected
(Figures 3 and 5). The labeling of retinal sections with
Oil Red O using triglyceride staining revealed the presence of lipid deposits in the GK rat’s Bruch’s membrane
(Figure 3(g)), but not in the control rats (Figure 3(f)).
One primary function of fibroblasts is to respond to injury
by synthesizing various extracellular matrix components,
including collagens. There was a stronger staining intensity
of collagen I in the retina of GK rats compared to control
retinas in the GCL and the photoreceptor layer (Figure 4(b,
c)). The mean intensity of collagen staining was significantly
increased in the GK retina (Figure 4(d)) compared to the

The retinal vascular bed was examined using ADPase staining
on whole mounted retinas. No microaneurysms were
detected. However, retinal microvessels were obviously more
tortuous in the 30-week-old GK rats (Figure 6(b)). The number of retinal vessels was also increased in GK rats compared
to controls (Figure 6(d)), though there was no significant
change in the surface occupied by the vessels in GK retinas
compared to controls (% of vessels/surface area: 23.4 ± 0.5 vs
22.2 ± 0.5 mm2, Figure 6(c)).

Discussion
Our evaluation of 7-month-old GK rat retinas revealed VEGF and
B1R upregulation, macrophage infiltration, and gliosis reactivity,
which may contribute to inflammatory processes in spontaneous
type 2 diabetic retinas. In addition to inflammatory changes,
collagen accumulation in blood vessels, fibronectin deposits, and
thickening of the basement membrane were evident, suggesting
fibrosis. The vascular bed was also affected by increased tortuosity
of microvessels, representative of vascular dysfunction, and an
increased number of blood vessels. Moreover, lipid accumulation
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Figure 3. Fibronectin immunostaining.
Confocal images show fibronectin immunostaining (arrows) in microvessels and tissue, particularly in the photoreceptor layer of control and GK retinas (panels b, d).
In the GK retina, vessels in the ganglion cell layer were more intensely and uniformly stained with fibronectin. Quantification also revealed a much higher intensity of
staining (pixel intensity) in GK retinas compared to controls (panels a-e). Data are mean ± s.e.m. intensity staining (in arbitrary units, AU) values obtained from four
retinal sections per rat from four controls and four GK rats. Statistical comparison with control rats is indicated by *, P < .05. Representative photographs of lipid
deposits revealed by triglyceride staining with Oil Red O (panels f, g) show deposits in the GK retina compared to controls. The arrows indicate the presence of lipid
deposits in the GK choroid. Scale bars (d, f) = 75 μm. GCL: ganglion cell layer; INL inner nuclear layer; ONL: outer nuclear layer.

Figure 4. Collagen I immunostaining.
The GK retina showed particularly strong collagen I immunofluorescence (green) in GCL and photoreceptor layers (panels b, c). Evaluation of the staining intensity
(AU) showed a significant increase in collagen deposits in GK retinas compared to controls (panel d). Data are mean ± s.e.m. of values obtained from four retinal
sections per rat from four controls and four GK rats. Statistical comparison with control (*) rats is indicated by *P < .05. Representative pictures of collagen staining
with Sirius Red in the retinas of control and GK rats (panel e). The arrow indicates the presence of collagen deposits in GK retinas. Scale bars (on cand e) = 75 μm.
GCL: ganglion cell layer; INL inner nuclear layer; ONL: outer nuclear layer.
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Figure 5. Fibronectin-Collagen I co-localization.
Confocal images of fibronectin (red, a, d) and collagen I (green, b, e) immunofluorescence, and merged images (c, f). Photographs show fibronectin and collagen I colocalization (arrows) in microvessels and tissue, particularly in the inner nuclear layer (INL) and ganglion cell layer (GCL) of GK retinas (panels c, f). Collagen staining
was not always associated with fibronectin staining (double arrows) Scale bar = 75 μm. GCL: ganglion cell layer; INL inner nuclear layer; ONL: outer nuclear layer.

Figure 6. Density analysis and morphological evaluation of the retinal vascular bed.
Representative pictures of retinal microvessels with corresponding retinal vessel densities in GK and control rats at 30 weeks. The vascular bed was labelled by
ADPase staining on flat-mounted retinas. The surface occupied by retinal blood vessels (% of vessels/surface area in mm2) was not different between control and GK
rats, however the density of blood vessels (as determined by the number crossing a dissector) was significantly higher in GK rats compared to controls (p ≤ 0.05).
Data are mean ± s.e.m. of values obtained from 5 to 6 rats in each group. Scale bar = 75 μm.

in the Bruch’s membrane also suggested impaired epithelial function between the choroid and retina. These pathological features
suggest that GK rats are a valid model to study diabetic
retinopathy.
The present results are generally in agreement with previous studies reporting inflammation in the GK retina, such as
macular edema, subretinal accumulation of activated
microglia/macrophages,15 decreased retinal blood flow,
microvascular occlusion,17,19,23 vascular hyperpermeability,
and increased NO production.11,19 During the disruption of
the blood-retinal barrier, when the compromised phases of

diabetes occur, circulating immune cells infiltrate the retina
and cause microglial activation. Hyperglycemia also stimulates cytokine secretion via activation of PKC and NF-κB
pathways,24 which further promote the activation of
microglia.25 Specifically, our data show microglial activation
and an increase in the number of macrophages in the inner
retina, from the GCL to the outer plexiform layer and the
outer retina of the GK rat at 30 weeks. These results confirm
a previous study showing that Iba-1–positive cells are found
all over the retina, as well as in the subretinal space.15 This last
study also showed disorganized outer segments of
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photoreceptors and holes in the RPE at 12 months in the GK
rat, which accounted for the infiltration of macrophages from
the choroidal circulation.15 This is in line with our results
showing altered RPE function (lipids deposits in Bruch’s
membrane). Furthermore, microglial reactivity appears to
directly influence the expression of GFAP in Müller cells
that show glial extensions throughout the retina from the
inner to the outer part.5 Müller cells increase the inflammatory response across the retinal layers by chemotaxis.26
Chronic inflammation of Müller cells promotes release of
VEGF and vascular leakage.27 In agreement with this statement, our results show a strong reactivity of Müller cells, as
evidenced by the upregulation of GFAP in GK rats. This
GFAP staining also reveals astrocytes, which are activated
during the inflammatory process28 via the NF-κB signaling
pathway. Additionally, astrocytes and Müller cells both
express the kinin B1R during gliosis, which is implicated in
the pathogenesis of diabetic retinopathy.4,21 Increased expression of several pro-inflammatory cytokines has also been
reported in retinas of diabetic patients and models of diabetes
in rodents.4,29–31 Hence, our data show the distribution of
kinin B1R in retinal glial and Müller cells in the GK retina,
compared to the weak expression of B1R in the retina of
a control rat. Other studies support the detrimental role of
kinin B1Rs on glial cells in acute and advanced phases of
diabetic retinopathy.4,32
Müller cells, macrophages, and microglia together with
the vascular cells participate in the fibrotic process.33
Angiogenesis and fibrosis indicate that new vessels originating and extending from the superficial plexus or capillaries
of the retina often develop within the fibrous network. In
consequence of tissue damage, the pericytes surrounding
capillaries and venules proliferate and differentiate into
supporting cells, developing collagen and new blood vessels.
Our evaluation of the retinal vascular bed revealed an
accumulation of collagen, mainly in vascularized layers of
the retina in GK rats, suggesting the presence of fibrosis
and thickening of the basement membrane (BM). These
results are consistent with previous data obtained from
different animal models showing that the thickening of
the BM affects retinal function in diabetes.34,35 BM is significantly thickened during diabetes, mainly in the capillaries located near the arterial side of the retinal
circulation.36 Excessive synthesis of BM components is the
main factor contributing to the thickening of the BM,37
which could be associated with inflammation and increased
polyol pathways.37 The activation of multiple intracellular
signaling cascades leads to the expression of BM component proteins such as collagen IV, laminin, and
fibronectin.38 In our study, fibronectin was associated
with collagen and vessels walls but was also observed within
the retinal tissue. This might indicate synthesis of fibronectin by the Müller cells in response to VEGF or Connective
tissue growth factor as suggested in other studies.39,40 In
our study, changes in the vascular bed of the retina were
also assessed in GK rats at 30 weeks of age. The results
obtained show an abnormal tortuosity of the vascular bed
of the retina in the GK rat, thus suggesting that vascular
dysfunction may affect the regulation of vascular tone,

endothelium function, and retinal perfusion. This can be
linked to leakage in the blood-retinal barrier, which has
been evidenced in GK rats in a previous study.18 In diabetic
patients, tortuosity of retinal blood vessels is one of the first
visible signs in an ophthalmic examination for determining
the presence of retinopathy.41 This morphological alteration
has previously been observed in a diabetes model induced
by streptozotocin, where it was associated with a loss of
pericytes and endothelial cells.42 An increase in retinal
blood vessel density was reported at 6 and 7 months in
GK rats,17 which was also confirmed in our GK rats at
30 weeks old. As the vessel density evaluated by the percentage of the surface occupied by the vessels was not
changed, this increased number of vessels was rather due
to a proliferation of thin vessels. Higher staining of VEGF
was also observed within different retinal cell processes
accompanied by the strong reactivity of Müller cells.
VEGF plays an important role in the development of diabetic retinopathy as it is involved in neovascularization and
increased vascular permeability. VEGF is mainly regulated
by tissue hypoxia induced by the obstruction of retinal
vessels during early stages of the disease. The expression
of VEGF mRNA and hypoxic factor (HIF-1α) was strongly
increased in the GK rat retina at 6 and 7 months,17 along
with an overexpression of angiogenesis factors such as basic
fibroblast growth factor and platelet-derived growth factor.
Increased VEGF levels in the retina were also reported in
this model at up to 28 weeks of diabetes.43
In addition to vascular changes, we found the presence
of lipid deposits in GK rats between the retina and the
choroid, which could suggest a dysfunction of the RPE.
This is in agreement with a study showing altered RPE in
GK rats.15,18 The findings also agree with a previous study
showing an increased level of circulating cholesterol and
lipids in GK rats.10 High levels of circulating lipids have
been shown to result in lipid accumulation in the RPE and
Bruch’s membrane, producing lesions similar to macular
degeneration.44 Lipids are used by photoreceptors as fuel
through fatty acid β-oxidation and are an important energy
source for the retina,45 which is critical for many retinal
functions. Photoreceptors and retinal ganglion cells are
particularly sensitive to lipid dysfunction, and the presence
of lipid deposits might account for an alteration of photoreceptor function. Additionally, lipid deposits after a high
fat diet in GK rats was related to decreased blood flow and
the death of ganglion cells.23

Conclusion
The retinal vascular bed in GK rats shows morphological and
structural alterations. Tortuosity of blood vessels, an index of
vascular dysfunction in response to hyperglycemia, is associated with a thickening of the basement membrane in capillaries and lipid deposits in the retina. Increased
immunostaining for VEGF, kinin B1R, Müller cells/astrocytes,
macrophages, and microglial cells are representative of retinal
inflammation. Therefore, the GK rat appears to be a relevant
pre-clinical animal model for studying several features of
diabetic retinopathy associated with type 2 diabetes.
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