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Abstract
Diabetic retinopathy is a complication of diabetes and a leading cause of vision loss among working-age
adults. To assess whether the Wistar rat with Streptozotocin (STZ)-induced diabetes is a suitable animal
model of human proliferative diabetic retinopathy we evaluated the vascular changes to assess the
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diabetic retinopathy (DR) stages in this model. After two weeks of intraperitoneal STZ (55mg/kg)
injection in male Wistar rats (270-300 g), they were considered diabetic with persistent blood glucose
levels ≥ 16.65 mmol/L. The diabetic and control rats were investigated after 1, 3, 6 and 9 months by
electroretinography, Evans blue assay, dextran fluorescence retinal angiography, and retinal
histopathological studies. Retinal vascular permeability in the diabetic groups increased significantly in
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all diabetic groups. The amplitude of a- and b-waves decreased significantly in all diabetic groups
compared with the age-matched control groups. The latent time of a-waves in the diabetic groups were
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delayed at 3 months of diabetes and this delay remained relatively constant till 9 months following the
onset of diabetes. Although the latent time of b-wave in the diabetic groups increased slightly, a
significant difference was found right at 9 months of diabetes. Vascular density and branching point
numbers significantly decreased in the diabetic eyes at 3 and 6 months while they increased at 9 months,
which was not significant. Intraretinal hemorrhage and ischemic changes were detected in the half of
diabetic rats after 6 months and considered as preproliferative stage of diabetic retinopathy. Although
preproliferative changes were detected in all diabetic rats at 9 months, half of them showed vitreous
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neovascularization attached to retina and retinal folds which can be considered as proliferative stage of
DR. Intraretinal hemorrhage, extensive leakage of fluorescein, retinal folds, and vitreous
neovascularization were the most prominent findings of severe and proliferative diabetic retinopathy in a
fraction of the STZ-induced diabetic rats which were comparable to that of the human patients. STZ-

EP

induced diabetic rats can be considered to be a potentially useful model for studies on pathogenesis and
treatment of diabetic retinopathy in human.
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1. Introduction
Diabetic retinopathy (DR) is the most common complication of diabetes and one of the major
causes of blindness in working-age people worldwide (Cai and McGinnis, 2016). DR, initially was
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considered as a microvascular complication of diabetes and classified as either nonproliferative (NPDR)
or proliferative (PDR) based on the presence of neovascularization (Fong et al., 2004; Gardner et al.,
2011). However, there is increasing evidence, that all cells housed in the retina are affected. So, DR is
also thought to be a neurodegenerative disease in addition to a microvascular complication (Szabó et al.,
2017). The most common manifestations of NPDR include microaneurysms, increased vascular
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permeability, intraretinal hemorrhages, retinal capillary non-perfusion, and intraretinal microvascular
abnormality (IRMA). Proliferative diabetic retinopathy is characterized by neovascularization on the
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retina and posterior surface of the vitreous and can lead to retinal detachment (Fong et al., 2004; Gardner
et al., 2011).

To clarify the complicated nature of the disease, the effects of new drugs or improve existing
therapies, studies using diabetic animal models are essential (Kern, 2008). These models can be classified
as chemically induced, spontaneous, and genetically created, based on the experimental approaches (Cai
and McGinnis, 2016). Chemically-induced streptozotocin (STZ) model is one of the most popular
diabetic models and has been routinely used in basic studies and therapeutic drug experiments. This
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model exhibits rapid onset of hyperglycemia within a few days after STZ injection in rats (Lai and Lo,
2013). Although different and large number of animal models have been used to assess different aspects
of ocular changes in diabetes, few models demonstrate features of severe or proliferative diabetic
retinopathy. Variation of the retinal lesions is reported among different species and even within the same
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species, which can be explained by the genetic background and strain differences (Cai and McGinnis,
2016). STZ- induced diabetic rat models exhibit some of the signs of early DR such as thickening of
basement membrane (Agrawal et al., 2012), increased vascular permeability (Qaum et al., 2001), loss of
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pericytes and the development of acellular capillaries (Roy et al., 2011); however, severe ocular
complications such as neovascularization and tractional changes in retina is not demonstrated in these
models. One of the reasons for these may be the short duration of the studies; STZ- induced DR rat
models are typically studied for up to 20 weeks (Olivares et al., 2017).
It seems that spontaneously diabetic Torii (SDT) rat, a nonobese model of type 2 diabetes, is a

good model for studying the severe ocular complications and proliferative retinopathy in type 2 diabetes.
Ocular complications such as cataract, neovascular glaucoma, tractional retinal detachment, abnormal
retinal vasodilatation, severe fluorescein leakage and proliferative retinopathy were demonstrated in SDT
rats of both sexes at ages over 60 weeks (Shinohara, 2013). However, based on our best knowledge, there
3
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is no counterpart of SDT in type 1 diabetes. On the other hand, the SDT model is not readily available in
all labs. To assess whether the Wistar rat with STZ-induced diabetes is a suitable animal model of human
proliferative diabetic retinopathy we evaluated the vascular changes focusing on neovascularization
assessed by dextran fluorescence angiography as well as histological changes at different time points.
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2. Methods
2.1. Animals

Male Wistar rats, weighing 270-300 g, (2 Months) were used in this study. Rats were housed one
per cage, at standard temperature and humid environment with 12-hour light/dark cycles with chow and
water provided ad Libitum. All experimental procedures were approved by the ethics committee of the
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Translational Ophthalmology Research Center of Tehran University of Medical Sciences. After an 18hour fast, rats were injected intraperitoneally (i.p.) with a single dose (55mg/kg) of streptozotocin (STZ:
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Sigma, St Louis, MO, USA) dissolved in 0.1M cold citrate buffer (pH 4.5) to induce hyperglycemia.
Nondiabetic control rats received equivalent volume of citrate buffer only. One week later, rats with
blood glucose levels ≥ 16.65 mmol/L were considered diabetic. To ensure all animals were satisfactorily
diabetic, the experiment was not begin until 2 weeks after streptozotocin was administered. We did not
use insulin for the diabetic groups. Blood glucose levels were measured again monthly to confirm diabetic
status. Body weights, water, and food intake were monitored two times per week. The cages, woodchipcarpet and drinking water were changed daily to improve hygiene conditions and prevent infection.
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Electroretinography (ERG) to assess retinal function, Evans blue (EB) assay to evaluate retinal vascular
permeability, FITC–dextran perfusion for observing retinal vessels and histology study to identify
changes in retina structure were performed in the diabetic and age-matched control groups at 1, 3, 6, and
9 months of diabetes.

EP

2.2. Electroretinography

Flash electroretinography was performed by the electrophysiological test unit (Metrovision,
France). Before the test, rats were dark-adapted overnight and prepared under dim red light. The animals
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were then anesthetized with ketamine and xylazine (100/10 mg/kg). Pupils dilated by 1% tropicamide,
and the corneal surface was anesthetized with 0.5% tetracaine hydrochloride. In the process of scotopic
ERG, the flash light luminance of 15 dB was set for recording Rod-response. Using a recording electrode
(Goldring electrode, 4mm, Roland Consult, Brandenburg, Germany), the electrical response of each retina
was recorded. The recording electrode was positioned on the corneal surface, the reference electrode was
penetrated into the middle forehead, and the ground electrode was placed on the tail. For each recording,
a- and b-wave amplitudes, as well as implicit times of responses, were determined by averaging the
responses of the eight light stimuli. The amplitude of a-wave was measured from the baseline to the

4

ACCEPTED MANUSCRIPT

negative trough, and the amplitude of the b-wave was measured from the trough of the a-wave to the peak
of the b-wave. Latency was measured from stimulus onset to the trough of a-wave and peak of b-wave.
2.3. Evans Blue Assay
Blood-retinal barrier breakdown (BRBB) was quantified using the Evans blue method as
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described previously (Xu et al., 2001) with minor modifications. The diabetic and age-matched control
groups were anesthetized with ketamine (100 mg/kg; Alfasan, Netherlands) and xylazine (10 mg/kg;
Alfasan Netherlands). Additional anesthesia was provided throughout the procedures as needed. Evans
blue (45 mg/kg) was injected over 10 seconds through the tail vein. Immediately after EB injection, the
rats turned visibly blue, confirming their uptake and distribution of the dye. To ensure the complete
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circulation of the dye, the rats were kept on a warm pad for 2 hours. Afterward, at 15-minute intervals,
100 µl blood was drawn for 2 hours to obtain the time-averaged plasma Evans blue concentration.
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After 2 h, the chest cavity was opened, and rats were perfused with citrate buffer (0.05 M, pH
3.5) for 2 minutes via the left ventricle at 37°C to clear the dye from the vessel. Subsequently, both eyes
were enucleated and bisected at the equator. Retinae were carefully dissected under an operating
microscope and dried at 70°C for 24 h. Evans blue dye conjugated to serum albumin in the retina was
extracted by incubating each sample in 130 µl formamide (Sigma) for 18 hours at 70°C. The extract was
centrifuged at 65,000 rpm, for 60 minutes at 4°C.

The blood samples were centrifuged at 12,000 rpm for 15 minutes, at 4 °C and diluted 1/100 in
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formamide prior to spectrometric evaluation. To assess the Evans blue concentration, the absorbance of
the retinal extract and plasma samples was measured at 620 nm and measured in comparison with a
standard curve. BRBB was calculated using the following equation. Results were expressed as microliters
plasma × gram retina dry wt -1 h -1.

EP

Evans blue (μg)/Retina dry weight (g)
Time averaged Evans blue concentration (μg)/Plasma (μl) × Circulation time (h)
2.4. FITC-Dextran Perfusion
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Quantification of retinal neovascularization in the flat-mounted retinae was performed according

to a previous report (D'amato et al., 1993), with some modifications. Briefly, one milliliter of PBS
containing 40 mg/ml Fluorescein isothiocyanate-dextran (average mol wt: 2×106; Sigma, St Louis, MO,
USA) was perfused through the left ventricle of the anesthetized rats. After 5 minutes, the eyes enucleated
and fixed in 4% paraformaldehyde overnight. Following cornea excision, retinae were removed under a
dissecting microscope. The retinae were cut radially from the edge to the equator and then flat mounted in
Aqua-Poly/Mount (Polysciences, Warrington, PA). The flat mounts were viewed by fluorescent
microscope and photographed. Vascular density and total number of junctions of the capillary network
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were calculated from five parts of the retina in each eye using the AngioTool image analysis software 10
(Zudaire et al., 2011).
2.5. Histological study
Formalin-fixed, paraffin embedded eyes of the diabetic and age-matched control groups were
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sectioned (5µm), stained with hematoxylin and eosin (H & E) and examined under the light microscope.
Six eyes in each group from different rats were examined. Histopathological changes studied included:
intraocular neovascularization and hemorrhage, retinal neovascularization and hemorrhage, retinal gliosis,
retinal ischemic changes and infarct, nuclear layers’ thickness, ganglion cell number and degenerative
changes in the lens. Anterior chamber angle (AC) neovascularization was also evaluated. Intraretinal
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hemorrhage and ischemic changes were considered as preproliferative diabetic retinopathy and new
vessel formation either at the disc or elsewhere and vitreous neovascularization attached to the retina, in

proliferative phase of diabetic retinopathy.
2.6. Cataract formation
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addition to the other histopathological findings of preproliferative retinopathy were diagnosed as

Lens appearance was assessed and scored at each time point by visual inspection. The scoring system is
according to the classification of (Sampath et al., 2011) as follows: 0 = clear lens, 0.2 = spots, 0.5 =
cloudy, and 1 = opaque.
2.7. Statistics
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The data are presented as means ± SD. Two-tailed Student’s t-test was used to analyze differences
between the diabetic and age-matched control groups at different time points. Two-way analysis of
variance (ANOVA) was applied to determine the main effect of group (control, diabetic) and time
(duration of diabetes) and their interaction on all parameters using IBM SPSS, version 24 (IBM Corp). P

3. Results

EP

< 0.05 were considered as statistically significant.

3.1. Glycemia and body weight

AC
C

Rats with a blood glucose concentration higher than 16.65 mmol/L were considered diabetic. The

incidence of diabetes induced by a single dose of STZ was 87.5%. Mortality after 3 months was 8.6% and
after 6 and 9 months were 16.6%.
Table 1 shows the body weight, food and water intake and blood glucose levels for the diabetic

rats and their age-matched control groups. The diabetic rats showed a significant reduced weight in all
time points, despite the significant increase in water and food intake compared with the age-matched
controls. Furthermore, blood glucose levels were significantly higher in the diabetic groups compared
with age-matched control groups. Measuring blood glucose levels monthly showed no change in diabetic
status compared with the first post-induction of diabetes; that is, all diabetic animals remained diabetic.
6
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3.2. Effects of hyperglycemia on visual function
Figure 1 shows representative ERG recordings under scotopic conditions of the diabetic and
control rats. Sustained hyperglycemia led to a significant decrease in the a- and b-wave amplitudes in the
early stages. As shown in table 2, the amplitude of the a-wave decreased gradually from 31% at 1 month

RI
PT

of diabetes to 53% in 9 months of diabetes. The extent of amplitude reduction was much more significant
in b-wave than a-wave in early stages of DR. The b-wave amplitudes of the diabetic groups decreased
approximately to 50% in all diabetic groups compared with the age-matched control groups. The latent
time of a-wave in the diabetic groups were delayed approximately up to 15% at 3 months of diabetes and
this delay remained relatively constant till 9 months following the onset of diabetes. Although the latent
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time of b-wave in the diabetic groups increased slightly compared with the age-matched control groups;
however, significant differences was found right at 9 months of diabetes. In spite of a slight decrease in
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the amplitude of a- and b-waves at the 9 months in the control group compared with the baseline, there
were no significant differences in retinal function during the 9 months follow up. There was a significant
main effect of the group on all ERG parameters, a-wave amplitude: (F = 227.9, P < 0.001); b-wave
amplitude: (F = 126.7, P < 0.001); a-wave implicit time: (F = 30.3, P < 0.001); b-wave implicit time: (F =
6.5, P = 0.013). The effect of time was significant on a-wave amplitude, (F = 8, p < 0.001). There was a
nonsignificant interaction between these main effects.

3.3. Effects of hyperglycemia on blood retinal barrier breakdown
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The STZ diabetic rats mimic certain early changes of human DR, including blood-retinal barrier
breakdown. Retinal vascular permeability as indicated by EB dye accumulation increased significantly as
early as 1 month after the onset of diabetes, with a 2.1-fold elevation over the control level. The
hyperpermeability remained at higher levels during the entire experimental period in the diabetic groups,
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with 2.3, 2.7 and 3.2-fold elevation over the age-matched control groups, at 3, 6, and 9 months of
diabetes, respectively, Fig. 2. There was a significant main effect of the group on the retinal vascular
permeability (F = 112.3, P < 0.001). The main effect of time and the interaction between these main
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effects were not statistically significant.
3.4. Effects of hyperglycemia on vascular changes
To assess retinal neovascularization and vascular leakage we performed dextran fluorescence

retinal angiography in the diabetic and age-matched control groups. Five to six eyes from 5-6 rats were
assessed in each group. Increased fluorescein leakage, indicative of increased vascular permeability, was
observed in the diabetic eyes. Diabetes of 3 months’ duration showed increased vascular permeability in
limited areas, while examination of retinal flat mounts showed pronounced vascular leakage around optic
disk (Fig. 3D) and peripheral retinae (red arrows in Fig. 3E) at 6 and 9 months of diabetes. Four eyes
from 6 diabetic eyes showed vascular abnormalities at 9 months of diabetes. Retinal vascular tortuosity
7
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and loop formation (Fig. 3F) were observed at 2 out of the 6 eyes. New vessels formation visualized in
diabetic eyes (Fig. 3E, H) at 6 (1 out of the 6 eyes) and 9 months (4 out of the 6 eyes) of diabetes
compared with age-matched control groups. Limited non-perfusion areas in peripheral retina detected in 2
out of 6 eyes at 9 months of diabetes (Fig. 3I). No abnormalities were observed in the vascular structure
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in the age-matched control eyes. Using AngioTool software, vascular density and branching point density
were quantified in all diabetic and age-matched control eyes. Vascular density is defined as the
percentage of area occupied by vessels inside the explant area and branching point density is defined as
the number of vessel junctions normalized per unit area (Zudaire et al., 2011). A statistically significant
decrease in vascular density and branching point numbers demonstrated in the diabetic eyes at 3 and 6
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months of diabetes compared with the age-matched control group (Fig. 4). Although vascular density and
branching point numbers increased in the diabetic group after 9 months, it was not significantly different
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from that of the control group. There were significant effects of group (F = 4.05, P = 0.04) and time (F =
5.7, P < 0.001), as well as a significant interaction between these main effects (F = 7.31, P < 0.001) on
vascular density. There was no significant effect of time (F = 20.2, P = 0.09), but there was a significant
effect of group (F = 23.3, P< 0.001) on branching point density. The interaction between these effects
was significant (F = 7.7, P < 0.001).

3.5. Effects of hyperglycemia on histological change

No histopathological changes were detected on H&E-stained sections in the control eyes at any
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age (Fig. 5A). Eye sections from the diabetic rats at 1 and 3 months of diabetes except cataract revealed
no significant histopathological findings in light microscopic evaluation (Fig. 5B). Mild cataracts started
at 1 month of diabetes in some diabetic rat and worsened with the duration of hyperglycemia, as all
diabetic rats had matured cataract at 6 and 9 months of diabetes (Fig. 6B). While no cataract formation

EP

was detected in the control groups (Fig. 6A).

Half of the eye specimens at 6 months of diabetes showed preproliferative stage of diabetic
retinopathy. These changes included retinal and intraocular hemorrhage, AC angle and intraretinal
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neovascularization, mild focal retinal infarct and retinal gliosis of internal plexiform layer. There were no
evidence of ganglion cell loss, internal and external nuclear layer thickness changes, and evidence of
proliferative diabetic retinopathy at this duration of diabetes. All eye specimens at 9 months of diabetes
showed histopathological findings consistent with preproliferative and proliferative diabetic retinopathy.
These finding included retinal and intraocular hemorrhage, retinal ischemic changes and infarct, angle
neovascularization, vitreous neovascularization attached to the retina, retinal gliosis, mild ganglion cell
loss and decreased inner nuclear layer thickness.
Areas of retinal folds (Fig. 5C) were observed in half of the cases at 9 months of diabetes. At this
duration of diabetes, proliferative vascular membrane in vitreous originated from the optic disk and
8
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vitreoretinal traction (Fig. 5F, I) were observed in some cases. Also, massive hemorrhages in the anterior
chamber angle (Fig. 5H) of the eye and optic disk (Fig. 5I) were observed in some cases. Collectively, all
data indicate that pathology consistent with severe DR or PDR is related to the duration of
hyperglycemia.
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3.6. Effects of hyperglycemia on cataract formation
By visual inspection, cataract formation in diabetic animals detected after 3 months. After 3
months, 9.5% of the lenses of the diabetic rats showed score 0.2, 28.5% showed score 0.5 and 62%
showed score 1. After 6 months 9% of the lenses of the diabetic rats showed score 0.5, and 91% showed
score 1. All of the diabetic rats after 9 months showed score 1. The lenses in all control groups appeared

SC

to be clear and normal.
4. Discussion
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Diabetic retinopathy is a consequence of diabetes with many structural and functional
abnormalities implicated in its development (Mishra et al., 2018). STZ-induced diabetic model is an
animal model of human type 1 diabetes and one of the most commonly used models for many aspects of
research in diabetes mellitus (Olivares et al., 2017).

In the present study, STZ-treated male Wistar rats exhibited high serum glucose level at one week after
STZ injection, and by one month they developed body weight loss, polydipsia, and polyphagia. They also
developed cataract by 3 months after diabetes development, which was demonstrated also in the previous
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studies after 3 months (Agardh et al., 2000; Wang et al., 2015). Blood-retinal barrier breakdown and
reduced visual function were found in early stages of DR. The BRBB that occurs in DR is responsible for
lots of the vision loss due to diabetes (Díaz-Lezama et al., 2016; Tzeng et al., 2015); the resulting leakage
of serum proteins and other blood components into the retina and posterior vitreous can produce loss of

EP

light by absorption and/or scattering of light before being sensed by retina (Díaz-Lezama et al., 2016)
(Daley et al., 1987). Opacities of the ocular media and cataracts formation in the early stages of diabetes
in STZ-induced diabetic rats could affect both amplitudes and implicit times of ERG waves as reported in
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the cataractous eyes in human (Yamauchi et al., 2016). We did not detect any significant
histopathological and vascular findings in light and fluorescein-dextran microscopy in this stage.
Preproliferative stage of diabetic retinopathy was detected in half of the diabetic rats after 6

months. Some of the 9-month diabetic rats developed retinal hemorrhage, retinal folds mimicking
tractional retinal changes, venous dilatation, tortuosity and vascular loop formation corresponding to the
intraretinal microvascular abnormality (IRMA) seen in human DR; they also showed proliferative
vascular membrane in the vitreous body. However, in contrast to humans with diabetic retinopathy, the
STZ-induced diabetic rats did not develop microaneurysms in the retina. Vessel density and branching
point numbers changed with progression from early to late stages of diabetes as quantified by AngioTool
9
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software. The vessel density and branching point numbers decreased significantly in early stages of
diabetes and increased again in late stages of diabetes in the diabetic groups. This oscillatory pattern of
vascular density is also evident in human studies, which can be attributed to the dynamic balance among
several angiogenic inhibitors and stimulators during the progression of DR (Parsons-Wingerter et al.,

peripheral retina mimicking non-perfusion capillary in human.
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2010). Dextran fluorescence angiography showed a cord-like structure in limited areas from mid-

Although numerous diabetic animal models have shown significant diabetic retinal microvascular
lesions, none had DR that closely exhibited the features of human disease (Yamada et al., 2005). Previous
studies in STZ-induced diabetic rats reported only early stages of DR (Gong et al., 2013; Zhang et al.,
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2008), somehow it may be attributed to the short period of diabetes that these models have been studied
compared with diabetic patients. There are just a few studies on STZ-induced diabetic rats for a long time
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that reported severe ocular complications. In 1990, Robinson et al. reported pericyte "ghosts" like those
defined in human diabetes approximately 6 to 8 months following STZ-treatment in diabetic rats. Also,
they observed capillary dilation, endothelial cell proliferation, and varicose loop formation in some
diabetic rats (Robinson et al., 1991). Retinal microaneurysms in trypsin-digested flat mounts of STZinduced diabetic rats were reported after 100 weeks in 2000 by Su et al (Su et al., 2000). In 2010 Kern et
al. compared retinopathy in three strains of diabetic rats, they reported degeneration of retinal capillaries
and pericyte ghosts in Lewis and Wistar rats compared to nondiabetic controls after 8 months. In contrast,
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these changes were not significant in Sprague Dawley rats at the same duration of diabetes (Kern et al.,
2010). In this study, some severe diabetic ocular complications were demonstrated in long time follow up.
It seems that duration of diabetes is a strong predictor for onset and progression of retinopathy (Fong et
al., 2004). Considering entire life span, every-day life of a laboratory rat resembles a human month, so a

EP

diabetic rat with 9 months (270 day) diabetes mimics a human with 22 years diabetic duration (Sengupta,
2013).

In human, DR is a prototypical microvascular disorder associated with microaneurysms,
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intraretinal hemorrhages, capillary non-perfusion, intraretinal microvascular abnormalities, and
neovascularization (Gardner et al., 2011) on its progressive stages. However, in rodents, these stages were
not completely identical with human and it seems that some of the early diabetic retinal changes observed
in diabetic patients bypassed in the STZ- induced diabetic rats that has been reported in SDT rat
previously (Kakehashi et al., 2006).
5. Conclusion
This study detected abnormalities in visual function and vascular leakage in the STZ-induced
diabetic rats after a short time. We showed that the severe retinal changes could be detected in STZinduced diabetic rat in a long time duration of diabetes. Some changes including vitreous
10
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neovascularization attached to the retina and vitreoretinal traction are very similar to the changes that
occur in human proliferative diabetic retinopathy. Tractional changes may have been due to pre-retinal
membrane formation that exerts tractional forces on the retina and pulls it away from the layer
underneath. Neovascularization demonstrated after 9 months in this study can be a proof for the

target model for studying the pathogenesis and new treatments of DR.
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Figure legends

Fig. 1. Control and diabetic ERG responses measured in dark-adapted state. The flash light luminance of

SC

15 dB was set for recording. Each recording was determined by averaging the responses of the eight light
stimuli. Red lines show the peak of a- and b-waves in the control, while the black arrows indicate the
peak of a- and b-waves in the diabetic rats.
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Fig. 2. Quantitative analysis of the Evans blue leakage. The retinal permeation of Evans blue-stained
albumin was evaluated at 1, 3, 6, and 9-month time points in the diabetic and age-matched control groups.
Data are means ± SD, (n = 10-12 eyes from 5-6 rats/group)

Fig. 3. Fluorescence micrographs of fluorescein-dextran perfused retinae in flat-mount preparation. Low
and high-magnification fluorescein angiographs of retinal whole mounts obtained from control (A, B, C)
and diabetic (D, E, F) rats 9 months post-STZ injection, (n = 5-6 eyes from 5-6 rats/group). The uniform

TE
D

retinal vascular distribution was visible in all control eyes. No vascular abnormalities were observed in
the control eyes, while areas of retinal neovascularization and extensive fluorescein leakage around the
optic disk, and tortuous vessels (D) were visible at 9 months of diabetes. (E) The pattern of increased
vascular permeation and neovascularization were seen in the mid-peripheral retina flat-mount at 6 and 9
months of diabetes (red arrows). Higher magnification fluorescein angiographs of the mid-peripheral

EP

retinae from a 9-month control (C) and diabetic (F) rat. Significant vascular dilation, vascular loops
formation and shunting (red arrows) were observed in diabetic retinae. (H) Increased vascular density and

AC
C

collateral vessel formation in a diabetic retina compared with (G) age-match control retina. (I) Nonperfusion area in mid-peripheral retina from a 9-month diabetic rat (white square) with capillary nonperfusion (red arrow). Scale bar: 100 µm.
Fig. 4. AngioTool was used to evaluate the vascular density and branch points in each eye. Representative
retinae from a control (A) and diabetic rats at 3 (B), 6 (C), and 9 (D) months and the resulting images
after analysis of the retinae in the control and diabetic rats. (E and F) Graphical representation of the
analysis performed on 5-6 individual retinae in each group. Data are means ± SD. Scale bar: 200 µm.
Fig. 5. Histology of retina specimens from the control and diabetic rats. (n = 6 eyes from 6 rats/group).
(A) H&E staining of retina from the control rats showing no abnormalities at 1, 3, 6 and 9-month time
points. (B) H&E staining of retina from the diabetic rats showing no abnormalities at 1 and 3 months of
13
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diabetes, while vascular hemorrhage (yellow arrows) were visible in diabetic eyes at 6 and 9 months of
diabetes. Low (C) and high-magnification (D) photographs obtained from 9-month diabetic rats showing
intraretinal hemorrhage and eosinophilic necrotic material in the inner layer of the retina. (E) Intraocular
neovascularization on inner surface of the retina and vitreous cavity may indicate that proliferative
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retinopathy is developing. Yellow arrows show new blood vessels on the inner surface of the retina. The
formation of several retinal folds can be seen in this sections. Low (F) and high-magnification (G)
photographs obtained from 9-month diabetic rats showing hemorrhage and proliferative vascular
membrane in vitreous. Massive hemorrhage and neovascularization were visible in anterior angle (H) and
optic nerve head (I). Scale bar: 50 µm.
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Fig. 6. Photographic illustration of eyes and representative histopathology lens images (400X) in control
(A) and diabetic (B) rats taken after 9 months. In the control animals, the eye section showed normal lens
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without degeneration of background substance and lens fibers. The Cataractous lenses of the STZ-treated
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rats revealed degenerative and destructive changes.

14

SC

RI
PT

ACCEPTED MANUSCRIPT

Table 1 Average weight, water and food intake and blood glucose levels of the control and diabetic groups at 1, 3, 6 and 9month time points
3-month

6-month
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1-month

9-month

Groups

Control

Diabetic

Control

Diabetic

Control

Diabetic

Control

Diabetic

Weight (g)

328±22

282±22*

360±15

285±24*

383±26

290±25*

405±26

300±22*

Water (ml/day)

50±10

215±22*

48±4

214±29*

52±8

209±23*

51±8

207±16*

Food (g/day)

19±4

31±5*

24±3

39±4*

22±3

39±3*

22±3

40±3*

5.8±0.6

25.2±3.1*

5.9±0.5

26.1±3.0*

6.2±0.9

27±3.2*

6.1±0.7

27.4±3.4*

TE
D

Glucose (mmol/L)

Data are mean ± SD. * different from control p < .001, n= 10-12 rats/group.

EP

Table 2 The amplitude and latent time of rod responses from the control and diabetic rats at 1, 3, 6 and 9-month time points
1-month

a-wave

Baseline

Control

AC
C

Groups

3-month

6-month

9-month

Diabetic

Control

Diabetic

Control

Diabetic

Control

Diabetic

Amplitude (µv)

19.63 ± 4.41

18.71 ± 2.50

12.94 ± 2.63**

18.09 ± 2.55

9.88 ± 2.29**

17.05 ± 2.49

8.91 ± 1.95**

17.09 ± 3.52

7.96 ± 1.97**

Latent Time (ms)

22.21± 2.31

23.28 ± 1.79

23.58 ± 2.96

22.45 ± 1.83

25.91 ± 3.20*

22.05 ± 2.54

27.16 ± 3.98**

22.49 ± 2.24

26.88 ± 4.16*

62.35 ± 16.26

60.69 ± 13.69

30.54 ± 8.79**

63.17 ± 17.71

32.94±10.73**

55.81 ± 15.47

28.32 ± 6.68**

52.07 ± 12.31

26.20 ± 9.75**

49.11 ±6.72

50.08 ± 5.33

50.63 ± 6.52

51.72 ± 4.07

53.65 ± 7.73

52.01 ± 8.44

56.25 ± 5.66

51.77 ± 5.96

58.50 ± 7.04*

b-wave
Amplitude (µv)
Latent Time (ms)

Data are means ± SD. * different from control p < .05, **different from control p < .001, n= 18-20 eyes/group.
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Highlights:
Severe DR needs a long term follow up to be discovered in STZ-induced diabetic rats

•

Retinal folding and vitreous neovascularization were the most prominent findings

•

STZ-induced diabetes is a suitable model in resource-limited settings for DR assessment
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