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ABSTRACT 

Aims 

Diabetic retinopathy (DR) is a prevalent microvascular complication of diabetes, emerging as 

a primary cause of vision impairment and blindness in the working-age population. Many 

mechanisms of DR remain incompletely understood, and existing treatments are limited. 

Animal models serve as an invaluable tool for advancing our knowledge of DR and identifying 

novel interventions for this sight-threatening disease. However, current animal models fall short 

of reflecting the entire spectrum of DR. The aim of this PhD research project is to develop a 

novel rat animal model that replicates the pathophysiology of both proliferative and non-

proliferative DR. The current gold standard streptozotocin (STZ)-induced DR animal model 

was also assessed.  

Methods 

A systematic literature review was performed to outline both structural and functional readouts 

in the rodent STZ-induced DR animal model. A follow-up experimental study was undertaken 

in the STZ-induced Brown Norway (BN) rats to characterize changes in the ocular structure 

and functional activity following injection. In the pursuit of developing a novel preclinical 

model relevant to DR, the feasibility of cumate-inducible lentiviral (LV) vectors mediating 

vascular endothelial grow factor (VEGF-A) expression was evaluated in retinal pigment 

epithelial cells (ARPE-19), and the tolerability of cumate was tested in Wistar rat eyes after 

intravitreal delivery. Finally, intravitreally injected adeno-associated virus (AAV) vectors 

encoding Vegf-a were investigated in BN rats, and the efficacy of aflibercept (Eylea®) as a 

therapeutic intervention was assessed within this model.  



  

Results 

Systematic literature review highlighted electroretinography (ERG) as the most consistent 

functional redout in rodent STZ-induced DR, revealing high risk of bias in selected studies. A 

detailed examination of STZ-induced BN rats revealed consistent morphological changes and 

visual deficits post-injection, though it primarily mirrored only the early stages of DR. Cumate-

inducible LV expression of VEGF-A in ARPE-19 cells led to enhanced cell proliferation, 

viability, permeability, and migration in tube-like structures. However, the observed retinal 

toxicity following intravitreal injection of cumate in Wistar rat eyes made the use of cumate-

inducible LV impractical for further in vivo DR studies. Intravitreal injection of AAV vectors 

mediating human VEGF-A expression resulted in DR-like vascular pathology in Brown 

Norway rat retinas, along with reduced retinal activity, and heightened immune cell reactivity. 

The administration of aflibercept effectively ameliorated these effects, thereby confirming the 

translational applicability of this newly established model. 

Conclusion 

The findings described in this thesis explore the prevalent  STZ-induced DR animal model and 

successfully culminate in the development of a novel rat model replicating the main 

pathophysiological features of DR. The newly established easy-to-use AAV-induced rat model 

recapitulates several DR-related phenotypes and serves as an attractive tool to gain valuable 

insights into the underlying molecular mechanisms of DR pathologies and for testing novel 

therapeutic strategies.
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GENERAL INTRODUCTION
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1.1 Diabetes 

Diabetes has become one of the most common chronic diseases of our times, giving rise to life-

threatening complications and causing a significant economic burden.1,2 The impact extends 

globally, with the International Diabetes Federation (IDF) estimating a 10.5% prevalence of 

diabetes in 2021, affecting 536.6 million people within the age group of 20 to 79 years, and 

projecting an increase to 12.2% (783.2 million) by 2045.3 In addition, the American Diabetes 

Association® assessed the financial burden of living with diabetes in the United States, 

reporting healthcare expenditures amounting to 412.9 billion USD,4 while IDF revealed a global 

total of 966 billion USD associated with diabetes-related expenses, in 2021.3 This underscores 

the pressing need for comprehensive global efforts to address the challenges posed by the 

escalating prevalence of diabetes. 

Diabetes is a collection of metabolic conditions, all characterized by elevated blood glucose 

levels (known as hyperglycemia) resulting from issues with insulin secretion, insulin action, or 

both.5 This group of conditions can be subdivided into two main categories presenting distinct 

characteristics: type 1 (T1D), and type 2 (T2D) diabetes. Type 1 diabetes accounts for 5% to 

10% of all cases of diabetes and is a consequence of autoimmune beta (β)-cell destruction in 

the pancreas, resulting in complete lack of insulin production.6 T2D, the most common type, 

accounting for 90% to 95% of all cases, begins when the body becomes resistant to insulin 

action or does not produce enough insulin to maintain glucose homeostasis.7 In the absence of 

sufficient insulin, cells have difficulty taking up glucose, therefore glucose accumulates in the 

bloodstream, leading to hyperglycemia. 

Both T1D and T2D have the potential to cause serious diabetic complications, broadly classified 

as macrovascular or microvascular depending on the underlying pathophysiology. 
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Macrovascular complications include cardiovascular, cerebrovascular, and peripheral arterial 

diseases. The pathophysiology of macrovascular complications in diabetes involves 

hyperglycemia, increased oxidative stress, and chronic inflammation, significantly contributing 

to the development and progression of atherosclerosis — plaque formation and the narrowing 

of arterial walls. Accumulation of plaque in large arteries increases the risk of cardiovascular 

disease, the primary cause of death in people with type 2 diabetes (> 70%).8 In addition, 

atherosclerotic plaques contribute to compromised blood flow to the brain, heightening the 

likelihood of cerebrovascular complications, such as stroke. Diabetic patients are 3 times more 

susceptible to stroke than non-diabetic,9 and poststroke outcomes are poorer in those with 

uncontrolled glucose levels.10,11 Peripheral arterial disease (PAD) involves narrowing of 

peripheral vessels of the upper and lower limbs, which is associated with claudication (pain, 

ache, or discomfort that may occur while moving), impaired wound healing, and an increased 

risk for limb amputation.12,13 PAD is 2- to 7-fold more prevalent in people with diabetes than 

in those without it.14  

The triad of microvascular complications, diabetic neuropathy, nephropathy, and retinopathy,15 

exhibit a higher prevalence compared to the macrovascular complications.16 Diabetic 

neuropathy, mediated by hyperglycemia, affects approximately 50% of people with diabetes 

and is classified based on the specific parts of the nervous system that are affected.17 The most 

common presentation of neuropathy in diabetes is chronic sensorimotor distal polyneuropathy, 

involving length-dependent peripheral nerve dysfunction and resulting in sensations of 

numbness, tingling, and/or pain in patients’ hands and lower limbs.18,19 Another microvascular 

complications of hyperglycemia is diabetic nephropathy, which stands as the leading cause of 

end-stage renal disease worldwide, occurring in 20% to 40% of individuals with diabetes.20,21 

Early symptoms of diabetic nephropathy involve increased albumin protein excretion in the 
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urine (known as microalbuminuria), which can progress to persistent proteinuria (>500 mg of 

protein in 24 hours), potentially leading to renal failure.22   

1.2 Diabetic retinopathy (DR)  

Diabetic retinopathy is the most common microvascular complication among people with 

diabetes, holding the position as the primary cause of vision impairment and blindness among 

the working-age adult population.23,24 It was estimated that the number of people with DR will 

rise from 103.12 million in 2020 to 160.50 million by the year 2045.25 The main risk factors for 

DR include duration of diabetes, poor glycemic control, and the presence of hypertension. 

Nearly every patient diagnosed with T1D is likely to develop some degree of DR within two 

decades after diagnosis, while likelihood for those with type 2 diabetes is approximately 

80%.26,27 Individuals with poor glycemic control are more sensitive to DR development and 

progression, while glycemic management can significantly reduce the risk of the disease. 

Maintaining blood glucose concentrations close to the normal range decreases the risk for the 

development of diabetic retinopathy by 76% and slows the progression of existing retinopathy 

by 54%.28 Also, it has been reported that keeping HbA1c (glycated haemoglobin A1c) levels 

below 7.6% as a treatment target prevents DR for up to 20 years in T1D patients.29 In addition, 

elevated blood pressure is associated with DR and controlling hypertension can help manage 

this risk.30,31 Antihypertensive therapy, specifically inhibitors of angiotensin-converting 

enzyme, slowed the progression of retinopathy in type 1 diabetic patients by 50% over a 2-year 

period.32 Other risk factors such as age, sex, and hyperlipidemia (elevated level of lipids and 

fats in blood) were variably associated with DR.26,30,33,34  
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1.2.1 Clinical classification of DR 

Diabetic retinopathy can be clinically classified into non-proliferative (NPDR) and proliferative 

diabetic retinopathy (PDR).35 Depending on the presence of retinal microvasculature changes, 

NPDR can be categorized into mild, moderate, and severe forms. The onset and progression of 

DR is gradual, starting from mild NPDR, identified when at least one retinal microaneurysm 

(MA) appear. Moderate NPDR is characterized by multiple microaneurysms or intraretinal 

hemorrhages in one to three retinal quadrants (superior, nasal, temporal, or inferior), and/or the 

presence of cotton wool spots, hard exudates, or venous beading.36 Severe NPDR diagnosis is 

made based on the "4-2-1" criteria from the Early Treatment Diabetic Retinopathy Study 

(ETDRS), where patient has one of the following: intraretinal microaneurysms or hemorrhages 

in all 4 retinal quadrants, venous beading in 2 or more quadrants, or intraretinal microvascular 

abnormalities (IRMA) in 1 or more quadrant.37 During the severe NPDR stage, the risk to 

develop proliferative diabetic retinopathy heightens by 50% within 1 year.38  

The most advanced and sight-threatening stage of DR is proliferative diabetic retinopathy, 

characterised by neovascularization (NV) on the optic nerve (new vessels at the disk) or 

elsewhere in the retina (new vessels elsewhere).36 These newly formed vessels are fragile and 

prone to leakage and bleeding, leading to preretinal or vitreous hemorrhages, resulting in vision 

impairment.39 In response to neovascularization, fibrous or scar tissue may develop, which can 

contract and pull the neurosensory retina from the retinal pigment epithelium (RPE) layer, 

leading to a condition called tractional retinal detachment, contributing to total vision loss.40  

Another major common vision-threatening complication of DR is diabetic macular edema 

(DME), which involves swelling and thickening of the macular area, a consequence of 

intraretinal fluid accumulation due to increased vascular permeability.41 Although DME has 
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three severity levels, it can be present with any level of diabetic retinopathy but appears to occur 

more frequently as the severity of DR increases.42  

1.2.2 Pathological features of DR 

One of the earliest pathological events in DR is alterations in the cellular structure of retina 

microvasculature. Endothelial cells (ECs), forming a smooth inner lining of retinal blood 

vessels, play a major role in the maintenance of blood vessel integrity, regulating arterial blood 

pressure, and controlling the exchange of nutrients and waste products between the blood and 

surrounding tissues.43 ECs are connected through tight, gap and adherens junctions, creating a 

continuous and impermeable blood-retinal barrier (BRB) along the blood vessels. However, 

chronic hyperglycemic exposure during diabetes mediates the loss of endothelium integrity and 

dysregulation of endothelial cell-to-cell junctions, resulting in inadequate blood supply 

(ischemia) and insufficient oxygen supply (hypoxia) to the retina.43,44 The BRB is divided into 

inner and outer parts. The inner blood–retina barrier, consisting of ECs and accompanied by 

pericytes, astrocytes, and Müller cells, is essential for maintaining the microenvironment of the 

inner layers of the retina. In contrast, the outer BRB is composed of RPE cells interconnected 

by tight junctions and act as a filtration system, regulating passage of solutes and nutrients from 

the bloodstream.45 Hyperglycemia-induced hypoxic conditions result in structural and 

functional defects of the BRB, leading to both inner and outer blood-retinal barrier breakdown. 

Compromised BRB integrity can result in increased vascular permeability, allowing plasma and 

blood components to leak into the retinal tissue. This leakage contributes to the accumulation 

of hard exudates (lipid deposits) in the retina, and formation of retinal edema, commonly 

observed in DR.46,47 Moreover, excess of glucose induces synthesis of vascular basement 

membrane (BM) components, contributing to vascular BM thickening.48 In addition, inadequate 

blood and oxygen supply to the retina, including to the nerve fiber layer (NFL), leads to the 
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formation of nerve fiber infarcts known as cotton wool spots, recognized as an early sign of 

DR.49 Another essential retinal cell type in the development and progression of DR is pericytes, 

which are mural cells of blood microvessels lying on the capillaries and separated from ECs by 

BM. Due to hyperglycemia-induced retinal ischemia and hypoxia, signalling pathways between 

ECs and pericytes are disturbed, resulting in pericytes apoptosis and the formation of pericyte 

"ghosts" — intramural pockets lacking normal cell contents.50,51 Pericytes degeneration and the 

consequent loss of mechanical support for capillary walls lead to the development of acellular 

capillaries and microaneurysm52. MAs are hypercellular saccular outpouchings from the 

capillary wall that are prone to leakage. Microaneurysms are usually the earliest visible 

manifestation of diabetic retinopathy and serves as the hallmark in the clinical diagnosis of 

DR.53 Moreover, during the progression of DR, manifestations of venous beading, involving 

narrowing or dilation of retinal veins, become apparent,54 as well as vascular tortuosity — 

twisting of retinal blood vessels.55 

A crucial pathological event in DR involves the growth of new blood vessels originating from 

existing ones, a phenomenon known as angiogenesis. The initial trigger for pathological 

angiogenesis in DR is ischemia and hypoxia. In response to these conditions, the retina releases 

multiple pro-angiogenic factors, including vascular endothelial growth factor (VEGF), 

placental growth factor (PIGF), angiopoietin-2, and neuropilin-1, which cooperatively promote 

retinal neovascularization, a characteristic feature of PDR.56–58 Notably, the overexpression of 

VEGF-A has been identified as a potential mediator of NPDR, and key initiator of proliferative 

diabetic retinopathy.59 

Although most of DR research focuses on the breakdown of the inner blood-retina barrier, 

studies have also shown that diabetes and hypoxia compromise the outer BRB as well, which 

is constituted by tight junctions between retinal pigment epithelium cells.60,61 RPE is a 
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monolayer of pigmented cells located between the outer segments of photoreceptors and the 

choroid. By forming outer BRB, RPE cells are responsible for maintaining structural and 

functional integrity of photoreceptors, transporting nutrients, ion and water, and secreting 

neurotrophic factors.62 However, diabetic retinopathy patients exhibit structural changes in the 

outer retina, including the thinning of the RPE layer, suggesting loss and degradation of RPE 

cells during the disease progression.63,64 Additionally, both morphological65,66 and 

functional67,68 abnormalities of RPE cels have been reported in diabetic animals. To assess the 

significance of the outer BRB breakdown in DR, researchers injected streptozotocin-induced 

rodents with fluorescein isothiocyanate (FITC)-dextran and visualized retinal leakage using 

fluorescent microscopy.60 This assay suggested that the outer BRB accounted for more than 

one-third of the total retinal leakage in diabetic retinas. Furthermore, another study found that 

disrupting VEGF signaling in the mouse RPE significantly reduced diabetes-induced vascular 

leakage and inflammation.61 Therefore, although majority of DR research focuses on the 

breakdown of the inner BRB, these finding address the importance of the outer BRB and RPE 

cells in diabetic retinopathy. 

1.2.3 Biochemical and molecular mechanisms involved in the pathogenesis of DR 

Although the mechanisms driving the development of DR are complex and remain incompletely 

understood, it is observed that increased glucose flux and hyperglycemia-induced oxidative 

stress has an important role in retinal vascular damage.69 Overproduction of mitochondrial 

reactive oxygen species (ROS) promotes the activation of polyol, hexosamine, and  protein 

kinase C (PKC) pathways, as well as production of advanced glycation end-products (AGEs) 

and increased expression of AGE receptors.70–72 Polyol pathway is a metabolic pathway where 

excess of glucose is reduced to sorbitol. Sorbitol, being a highly hydrophilic alcohol, cannot 

diffuse through lipid membranes, as a result, it accumulates and causes osmotic pressure, 
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leading to cell damage, including vascular endothelial cells in retina.70,73 In addition, in response 

to hyperglycemia hexosamine pathway is activated as an alternative to the glycolysis, resulting 

in excess protein glycosylation that leads to alterations in protein function and gene expression, 

further aggravating oxidative stress, and inducing apoptosis of endothelial cells.70,74 

Furthermore, hyperglycemia results in the enhancement of diacylglycerol (DAG) synthesis, 

which is a critical activator of various isoforms of PKC in the cells. DAG-induced hyper-

activation of PKC was found to result in cytokine activation, endothelial cell dysfunction, 

increased vascular permeability and abnormal angiogenesis.75,76 Finally, chronic exposure to 

hyperglycemia promotes the non-enzymatic glycosylation of macromolecules, such as proteins 

and lipids, which leads to the formation and accumulation of advanced glycation end products.70 

It has been found that accumulation of AGEs and increased expression of AGE receptors 

together with their activating ligands induce endothelial cells damage and pericytes loss, elicits 

ROS generation, and amplifies inflammation.77–79 All these metabolic pathways are interrelated 

with each other and with ROS production, creating a vicious cycle that contributes to the 

progression of DR.  

While diabetic retinopathy is considered a microvascular disease, current research shows that 

chronic low-grade inflammation plays and important role in the disease’s pathogenesis.80–82 

Infiltration of inflammatory cells, coupled with the expression of chemokines and cytokines, 

affects neuronal and vascular components of the retina, resulting in retinal edema, 

neovascularization or damage of retinal cells.81 Recent studies suggest that leukocytes (white 

blood cells) may play an important role in the development of DR. Diabetes-induced expression 

of adhesion molecules, such as intracellular adhesion molecule-1 (ICAM-1), vascular cell 

adhesion molecule-1 (VCAM-1), and P-selectin, facilitates leukocyte-endothelial cell adhesion 

(leukostasis), resulting in endothelial cells damage, breakdown of BRB, and increased vascular 
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permeability of retinal vessels.83,84 Moreover, hypoxia-activated retinal cells produce 

inflammatory chemokines and cytokines, including interleukin (IL)-1β, interleukin-6, 

interleukin-8, tumor necrosis factor-α, and monocyte chemoattractant protein-1, all of which 

have been found to be elevated in the vitreous and serum of DR patients.85,86 Animal model 

showed that angiogenic responses of endothelial cells were regulated not only by growth factors 

(such as VEGF-A), but also by inflammatory cytokines, resulting in the development of new 

vessel.87,88 In addition, findings from in vitro research indicate that endothelial cells respond to 

cytokines rather than high glucose, suggesting that diabetes-associated endothelial alterations 

may be attributed to glucose-induced release of cytokines, rather than direct impact of excess 

of glucose.89  

Molecular analyses have become essential tools in investigating these complex biochemical 

and molecular mechanisms in DR. Techniques such single-cell RNA sequencing (scRNA-seq) 

enables to study gene expression at the level of individual cells, which can provide detailed 

insights into specific molecular mechanisms that contribute to DR pathogenesis and facilitate 

novel therapeutic approaches. For instance, by using scRNA-seq on the retinas of streptozotocin 

(STZ)‐induced diabetic mice, Sun et al.90 identified a distinct subpopulation of endothelial cells 

characterized by the activation of inflammation‐associated signaling  pathways, including  

interleukin-17, tumor necrosis factor (TNF), and necrosis factor‐kappa B (NF‐κB). In a separate 

study by Ben et al.,91 endothelial cells were classified into three clusters, one of which being 

strongly associated with angiogenesis and inflammation in STZ-induced animals. Moreover, 

activated microglia subpopulation have been identified	 within the retina of STZ‐induced 

diabetic mice, expressing IL‐1β and TNF, which contribute to inflammation in early DR.92 In 

addition to inflammation, a subpopulation of microglia cells have been found to release 

fibroblast growth factor 2, which acts on endothelial cells and induce retinal 
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neovascularization.93 Other retinal cell subpopulations, such as pericytes, have been observed 

to express high levels of genes related to extracellular matrix remodeling in oxygen-induced 

neonatal mice.94 Overall, the use of scRNA‐seq has enabled researchers to identify key retinal 

cell subpopulations in DR, and targeting these clusters may facilitate the development of novel 

therapies to prevent the progression of the disease. In addition to single-cell RNA sequencing, 

proteomic analysis has emerged as a tool to identify DR biomarkers in patients’ biofluids, 

including aqueous humor, vitreous humor, tear, and serum.95 A wide range of biomarkers 

associated with DR has been identified, such as ICAM-1, IL-6, and VEGF.96–100 However, a 

leading limitation of proteomic analysis lies in it the challenges to obtain control samples of 

aqueous humor and vitreous humor, as these require invasive procedures that are typically 

performed on patients. Furthermore, microRNAs, a major class of short (∼22 nucleotides) non-

coding RNAs, have been shown to regulate gene expression and signaling pathways involved 

in the pathology of diabetic retinopathy.101,102 By targeting multiple messenger RNAs (mRNAs) 

in the 3' untranslated region (UTR) sites of those mRNAs, microRNAs regulate gene 

expression, control signaling pathways and other cellular functions in DR.103 For instance, the 

overexpression of microRNA-21 contributes to diabetes-induced endothelial cell disfunction 

and low-grade inflammation.104 Whereas microRNA-216a showed a protective effect on 

endothelial cells in STZ-induced Sprague-Dawley rats.105  Additionally, microRNA-203a-3p 

has been found to inhibit retinal angiogenesis an attenuate proliferative DR in an oxygen-

induced retinopathy rat model by targeting VEGF-A and hypoxia-inducible factor 1 (HIF-1).106 

Circulating miRNAs in the bloodstream have also emerged as valuable blood-based biomarkers 

for the diagnosis of this disease. 107 Therefore, microRNAs could be considered potential 

biomarkers and pharmacological targets for the diagnosis and treatment of DR. However, 

identification of miRNAs through miRNA microarray can be costly and typically requires 
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validation with quantitative PCR (qPCR). Consequently, in silico analysis has become an 

important approach for efficiently predicting miRNA involvement in DR.108,109 Platania et al.109 

carried out an in-silico analysis to identify a set of microRNAs that are potentially involved in 

diabetic retinopathy and checked those microRNAs in STZ-induced diabetic mice retinas. Eight 

microRNAs were significantly dysregulated in STZ-induced mice retina and serum. These 

microRNAs modulated VEGF, cyclic AMP response element-binding protein 1 (CREB1), 

brain-derived neurotrophic factor (BDNF), and peroxisome proliferator-activated receptors -α 

(PPAR-α) expression, in the retina of diabetic mice. Additionally, by using gene expression 

datasets, such as those available in the  Gene Expression Omnibus (GEO) database, researchers 

aim to identify key genes and dysregulated biological pathways associated with diabetic 

retinopathy.110–112 This approach not only enhances understanding of the mechanisms driving 

DR but also provides potential novel drug targets for therapeutic interventions. 

1.2.4 Role of vascular endothelial growth factor (VEGF) in DR  

As previously stated, vascular endothelial growth factor plays a pivotal role in the development 

and progression of diabetic retinopathy. VEGF proteins are a subfamily of growth factors that 

promote both vasculogenesis (the process by which blood vessels are formed de novo) and 

angiogenesis (the formation of new blood vessels from pre-existing vasculature).113 The VEGF 

family includes VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, and PlGF.114 VEGF-A, 

which has been studied in the context of DR the most, is a 36–46 kilodaltons glycosylated 

protein with a N-terminal signal sequence and heparin-binding domain.53 Depending on the 

number of amino acids, five different VEGF-A isoforms have been identified: 121, 145, 165, 

189, and 206, with VEGF-A isoform 165 being critical in the development and progression of 

DR.115 In retina, VEGF-A is produced and secreted from various retinal cells, including ECs, 

pericytes, RPE cells, retinal ganglion cells (RGCs), astrocytes, and Müller cells.113,115 
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Hyperglycemia-induced ischemia and hypoxia leads to the production of a DNA binding 

protein HIF-1, which binds to the Vegf-a gene and initiates the transcription process.116 This 

promotes increased Vegf-a mRNA transcription and decreased mRNA degradation, eventually 

leading to the intracellular accumulation of VEGF-A proteins. VEGF-A binds to two types of 

receptors: VEGF receptor 1 (VEGFR-1/Flt-1), and 2 (VEGFR-2/KDR/Flk-1) on the surface of 

endothelial cells.117 VEGF-A, upon interaction with its receptors on endothelial cells, induces 

phosphorylation of ECs tight-junction proteins, like occludin, leading to enhanced blood vessel 

permeability.118 Moreover, VEGF-A stimulates endothelial cells to release matrix 

metalloproteinases and urokinase-type plasminogen activator, promoting the breakdown of 

BRB and facilitating the migration of endothelial cells.119 Activated endothelial cells then 

express integrins such as αvβ3 and αvβ5, enabling their migration through the degraded matrix, 

followed by proliferation of ECs.120 Subsequently, ECs merge, organize into capillary (tuble-

like) structures, and synthesize a new basement membrane. This sequence of events promoted 

by VEGF-A ultimately results in the formation of new capillaries. However, in hypoxic 

conditions, there is an overexpression of VEGF-A, leading to the accelerated formation of new 

vessels, which become fragile and prone to leakage, ultimately contributing to vision 

impairments in DR patients. High VEGF-A protein levels has been found in vitreous samples 

from diabetic patients, as compared to control subjects, correlating with the severity of 

retinopathy.121,122  

In addition to VEGF’s role in angiogenesis, it also functions as a neurotrophic factor, supporting 

the survival and growth of retinal neurons.123 VEGF-A receptors are present in retinal neurons, 

124,125 suggesting a functional role of VEGF-A in the neural retina. Studies have shown that 

VEGF-A stimulates axonal outgrowth, enhance cell survival, and proliferation in peripheral 

nervous system.126,127 Moreover, VEGF-A secreted by retinal ganglion cells promotes their own 
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survival.128 In contrast, inhibiting VEGF-A in healthy rat retinas can lead to significant RGC 

loss. 128,129 Similarly, neutralizing VEGF in healthy mice has been associated with neural cell 

death, evidenced by reduced thickness of the inner and outer nuclear layers and decreased 

retinal function.130 These results suggest that using VEGF inhibitors for DR treatment can have 

both beneficial and adverse effects. While anti-VEGF therapies reduce pathological 

neovascularization and vascular permeability, they may also interfere with VEGF’s 

neuroprotective effects. For instance, intravitreal injections of anti-VEGF in healthy Sprague-

Dawley rats resulted in significant RGC death, as compared to vehicle-treated rats.131 

Moreover, anti-VEGF treatment in STZ-induced rats have been shown to induce RGCs, 

amacrine, and bipolar cells apoptosis.132 Additionally, multiple intravitreal anti-VEGF 

injections (5–6 injections) in Akita diabetic mice have been associated with retinal 

neurodegeneration.133 Therefore, while anti-VEGF therapy is effective in reducing vascular 

damage, careful considerations are needed to avoid negative impacts on retinal neurons when 

administering anti-VEGF treatment to treat DR. 

1.2.5 Therapeutic strategies to prevent and treat DR  

The National Institute for Health and Care Excellence (NICE) has set recommendations aiming 

to prevent the onset and progression of diabetic retinopathy. These guidelines focus on 

educating patients about the disease, providing dietary advice, managing blood glucose levels 

and blood pressure, and encouraging regular eye screenings.134 Studies indicate that intensive 

glycemic control significantly reduces the risk of DR development and slows its progression.28  

For instance, reducing HbA1c levels to below 7% has been correlated with a decreased 

incidence of microvascular complications, including diabetic retinopathy.29 Furthermore, 

studies demonstrate that controlling elevated blood pressure can help to prevent DR in diabetic 

patients.30,31 Additionally, early detection through regular eye screening is an essential 
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preventive measure of DR. Notably, establishing a national screening programme for diabetic 

retinopathy in England, has successfully reduced its prevalence, such that it is no longer the 

leading cause of blindness in the country.135  

For patients with severe non-proliferative diabetic retinopathy to early PDR, therapeutic 

intervention are proposed, including pan-retinal photocoagulation (PRP), during which non-

perfusion areas are destroyed using laser burns, which in turn reduces retinal 

neovascularization, VEGF production, and the progression of DR.136–138 PRP has been shown 

to reduce the risk of severe visual loss by more than 50% in DR patients. However, long-term 

patient studies have identified peripheral vision loss, delayed dark adaptation, as well as severe 

pain during the procedure, as notable limitations of PRP.139–141 This led to an interest in targeted 

retinal photocoagulation (TRP), a technique involving selective photocoagulation of retinal 

vascular occlusion areas. TRP has been reported to induce earlier regression of PDR and to be 

less painful than PRP.142 However, recent studies suggest that combining laser 

photocoagulation (whether PRP or TRP) with anti-VEGF therapy may be more effective in 

reducing neovascularization and delaying vision loss associated with DR, compared to either 

PRP or TRP monotherapy.143,144 

Recognition of the VEGF pathway as a pivotal regulator of pathological angiogenesis has led 

to the development of VEGF-targeted therapeutic interventions. Bevacizumab (Avastin®, 

Genentech Inc., San Francisco, CA), approved by the US Food and Drug Administration (FDA) 

to treat specific types of cancer, has been used off-label for the treatment of DR.145,146 

Bevacizumab is a full-length antibody which binds to circulating VEGF-A, thereby inhibiting 

VEGF-A binding to its receptors. Bevacizumab has been found to be successful in 

neovascularization regression and resolution of vitreous hemorrhage of PDR patients.147  In 
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addition, about three times smaller molecule — ranibizumab (Lucentis®, Genentech Inc., San 

Francisco, CA) was introduced for treatment of DR. Ranibizumab is an antibody fragment that 

binds to the receptor-binding site of active VEGF-A, preventing the interaction of VEGF-A 

with its receptors on endothelial cells. This interference disrupts the VEGF-mediated signaling 

pathway, consequently suppressing abnormal ECs function and neovascularization.148 

Ranibizumab was approved by the US FDA for the treatment of DR, with a recommended dose 

of 0.3 mg as an intravitreal injection (IVT) once a month. On the other hand, aflibercept 

(Eylea®, Regeneron Pharmaceuticals Inc., Tarrytown, NY and the Sanofi-aventis Inc., Paris, 

France) is a dimeric glycoprotein that acts as a soluble protein decoy for VEGF receptors 

(VEGFR-1 and VEGFR-2). While ranibizumab and bevacizumab primarily targets VEGF-A, 

aflibercept binds to VEGF-A and PlGF, inhibiting pathologic angiogenesis, retinal leakage, and 

inflammation.149,150 Aflibercept was approved by the US FDA for the treatment of DR, 

requiring less frequent IVT injections (2 mg administered intravitreally every month for the 

first 5 injections, followed by 2 mg once every 2 months). However, all presented drugs might 

cause adverse effects, including eye irritation, temporary blurred vision, ocular pressure, 

hemorrhage, and vitreous or retinal detachment.151–154 Therefore, considering the side effects 

of these drugs, variability in patient response, and the need for frequent injections, encourages 

further exploration of novel anti-VEGF-A therapies.  

1.2.6 Structure – function relationships in the pathogenesis of DR 

In addition to vascular alterations, the neurosensory retina undergoes profound changes in 

diabetic retinopathy. The proper functioning of retinal neurons relies heavily on blood vessels, 

which supply essential nutrients and oxygen while removing metabolic wastes and carbon 

dioxide.155 Therefore, any disturbance in the integrity of the retinal vascular unit can adversely 

affect the structure and function of retinal neurons, potentially leading to visual impairments.156 
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Although visual deficits in DR typically manifests in the later stages when vascular changes are 

evident, in some cases, neuronal damage was observed in diabetic patients who showed no signs 

of vascular alterations.157–159 Therefore, considering diabetic retinopathy more broadly, as a 

neurovascular disease, may lead to an improved understanding of the mechanisms underlying 

vision loss. Neurons (RGCs, bipolar cells, horizontal cells, amacrine cells, and photoreceptors), 

glial cells (microglia, astrocytes, and Müller cells), and blood vessels together form 

neurovascular unit, and their coordinated activity is essential for normal vision.160 Retinal 

neurons and vasculature are organized in layered structure, with the superficial vascular plexus 

located in the NFL and GCL (ganglion cell layer), the intermediate vascular plexus between the 

IPL (inner plexiform layer) and INL (inner nuclear layer), and deep vascular plexus lining the 

outer surface of the INL, while choroid supplies blood to the outer layers of the retina, including 

the OPL (outer plexiform layer) and ONL (outer nuclear layer).155 

Significant deficits during diabetes are found in the inner retina, which consists of bipolar cells, 

amacrine cells, and RGCs.161 Additionally, while photoreceptors of the outer retina have not 

traditionally been considered significant in the pathogenesis of DR (likely due to the spatial 

separation between photoreceptors and the retinal microvasculature affected during DR), 

emerging evidence suggests that hyperglycemia-induced changes can indeed lead to structural 

and functional changes of these cells.162 Inner and outer retina neurons play a crucial role in 

visual processing and the transmission of visual information from the retina to the brain. 

Therefore, disfunction of these cells during DR contributes to visual impairment in the 

disease.163 Oxidative stress, hypoxia and inflammation collectively contribute to the 

impairment of retinal neuron function and eventual loss.162,164–166  
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In addition, Müller cells, the primary glial cell types found in the retina,167 play a major role in 

regulating physiological responses in healthy retina and pathological responses during DR.168 

Müller cells spans the whole retina, making contact with the majority of retinal cell types, 

making them ideally positioned to carry out essential functions in the retina such as maintaining 

retinal metabolism, supplying nutrients for the retina, regulating blood flow, and maintaining 

the integrity of the blood-retinal barrier.168–170 During DR, in high glucose environments, Müller 

cells start to express glial fibrillary acidic protein, a molecular marker indicating Müller cells 

injury and reactive gliosis.171 Activated  Müller cells result in abnormal water and potassium 

transport, leading to swelling of the Müller cells, decreased fluid removal, retinal thickening, 

and impaired visual function.170,172 In addition to this, Müller cell-derived VEGF plays an 

important role during pathologic conditions. It was observed that diabetic mice with knockout 

VEGF in Müller cells had reduced leukostasis, inflammation, acellular capillaries, and vascular 

leakage, as compared to diabetic control mice.173 Similarly, disruption of Müller cell-derived 

VEGF inhibited ischemia-induced retinal neovascularization and vascular leakage, and 

attenuated ischemia-induced breakdown of the BRB.174 In addition to growth factors, Müller 

cells also secrete various inflammatory cytokines and chemokines, including interleukin-1β, 

including interleukin-8, and tumor necrosis factor-α, amplifying diabetic retinal 

inflammation.175,176 Moreover, upregulation of cell adhesion molecules in Müller cells 

further  disrupts vascular permeability during DR.177Additionally, Müller cells play a 

fundamental role in the survival of retinal neurons by secreting neurotrophins and degrading 

glutamate during high glucose environment.178 However, with the progression of DR, 

imbalance in the expression of neuroprotective factors and failed transport of excessive	

glutamate can lead to retinal neuronal degeneration in the retina. 179 
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Functional deficits in DR patients can be measured using the electroretinogram (ERG) and 

behavioral visual testing. Focusing on the inner retina, the activity of bipolar cells is reflected 

by flash ERG (fERG) b-wave amplitude responses, which are found to be decreased in patients 

with early-stage DR.180 In patients with advanced DR, b-wave abnormalities become more 

apparent.181,182 The ERG oscillatory potentials (OPs) reflect the amacrine cells and their 

interaction with bipolar cells. Numerous studies indicate that alterations in OPs appear in 

diabetic patients even before DR-related vascular changes,183,184 and that reduced or slowed 

OPs can be correlated with later DR development.185 Pattern-ERG, which captures RGCs 

activity, have been found to be attenuated in type 2 diabetics without signs of DR,186 and in 

NPDR patients.187 A decrease in the activity of outer retina photoreceptors (rods and cones) 

have been observed in individuals with newly diagnosed TD2, even in the absence of visible 

vascular retinopathy, as assessed through the analysis of ERG a-wave amplitudes.188 Visual 

behavioral measurements, including visual acuity and contrast sensitivity tests, which reflect 

the integration of information in the whole retina, have been found to be affected in patients 

with DR.189,190 In addition, loss of color vision and difficulty adjusting to dark environments 

were present in DR patients,64,191 or in diabetic patients prior to signs of retinopathy.192 These 

results indicate that DR involves not only vascular abnormalities but also dysfunction in 

multiple types of retinal neurons, and the interplay between structure and function underscores 

the need for a comprehensive understanding of the mechanisms leading to visual impairment 

in DR. Additionally, the recognition of early changes in neurosensory retina may act as potential 

biomarkers for timely detection and intervention in DR.  

1.3 Animal models of diabetic retinopathy 

While many mechanisms of diabetic retinopathy are still not fully understood and current 

treatments face resistance in some patients, animal models serve as an invaluable tool for 
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advancing our knowledge and discovering effective interventions for this vision-threatening 

condition. Various animal species, including mice, rats, rabbits, cats, dogs, and nonhuman 

primates, have been used to recapitulate DR-related features. Cats did not develop cataracts 

upon diabetes, allowing visualization of the fundus via fluoresceine angiography (FA) 

throughout the study, however DR phenotypes were found to be inconsistent.193,194 While DR 

induced in dogs closely mimics human disease, high maintenance cost and long-term follow-

up period makes this model less commonly used.195,196 Nonhuman primates are considered as 

a potential model in DR research since their eye structure resembles humans, especially the 

presence of a macula. However, the absence of advanced retinopathies, coupled with high costs, 

prolonged study durations, and ethical concerns, makes DR investigations in nonhuman 

primates impractical.197,198 Rabbits mimic vascular changes observed in DR, including vascular 

leakage and angiogenesis. Nevertheless, their retinal vasculature differs from those in other 

species (the optic artery branches into major blood vessels bidirectionally in a horizontal 

manner), and the duration of DR phenotypes are temporary.199,200 

Rodent models are commonly chosen in DR investigations due to their cost-effectiveness, 

shorter lifespan, rapid breeding rates, and ability to develop retinopathies within a relatively 

short timeframe.198,201,202 Additionally, particular rodent strains, like Brown Norway (BN) rats, 

are exceptionally suited for studying DR-related phenotypes such as vascular leakage and 

neovascularization, due to their pronounced retinal vascularity.203,204 However, there is no 

single animal model currently that would replicate the entire spectrum of vascular and neural 

complications observed in human DR. Various methodologies have been created to induce 

different stages of DR, including pharmacologic inductions, environmental exposures, as well 

as genetic and VEGF manipulations, each with its own set of advantages and disadvantages 

(Table 1).  
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1.3.1 Pharmacologically induced animal models of DR  

By 1942, it was discovered that a single injection of alloxan can induce diabetes in laboratory 

animals.205 Alloxan acts directly on insulin-producing beta cells of the pancreas by inhibiting 

glucokinase, a key enzyme in the glucose-insulin pathway.206  In alloxan-induced mice, DR-

related changes, including formation of acellular capillaries and pericyte ghosts, gliosis of 

Müller cells, and RGCs loss, occurred within 7 days of induction.207 Pronounced vascular 

proliferation and formation of microaneurysms were evident by day 21.207 Additionally, three 

months after diabetes onset alloxan-induced mice exhibited a reduction in neuronal cells 

activity as measured by ERG, and changes in microglia morphology.208 However, retinal fundus 

and vessels remained unchanged in this investigation. Similar to the phenotypes observed in 

mice, alloxan-induced rats develop pericyte ghosts and acellular capillaries, although these 

manifestations become evident only 18 months after the induction.209 In addition, alloxan 

administration in rats led to BRB breakdown and endothelial cells damage.210,211 However, a 

significant drawback of alloxan is its toxicity to the liver and kidneys, resulting in less frequent 

use and prompting a shift towards the use of streptozotocin.212  

To this day the streptozotocin-induced animal model remains the gold standard agent in 

inducing DR in vivo. Administration of STZ leads to the loss of β-cells in the pancreas, 

ultimately resulting in insulin deficiency and hyperglycemia. The chemical structure of 

streptozotocin closely resembles that of glucose and N-acetyl glucosamine, causing beta-cells 

to take up STZ through the low-affinity glucose transporter 2, leading to cell loss via DNA 

fragmentation.201 Streptozotocin is now commonly preferred over alloxan, as it is a more stable 

compound, and produces more predictable and consistent results.212,213 Hyperglycemia induced 

by STZ in mice typically manifests within 2 weeks following induction, achieved through 1 to 

5 doses, with a total STZ dosage ranging from 150 to 400 mg/kg.198 Vascular pathogenesis 
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observed in STZ mice includes increased vascular permeability detected within eight days of 

hyperglycemia,214 while neovascularization was reported 17 weeks post-STZ injection.215 As 

diabetes progresses (six to nine months), the retina of STZ-induced mice exhibits acellular 

capillaries and pericyte ghosts.216 Additionally, apoptosis of RGCs is identified starting at 6 

weeks after STZ administration,217 along with thinning of retinal layers, including INL, OPL, 

and ONL between 8 to 12 weeks of hyperglycemia.217–219 Four to eight weeks post-STZ-

induction, a decline in both a- and b-waves is observed in diabetic mice, indicating decreased 

retinal activity.218,220,221 Increased leukocyte number and retinal leukostasis was found 8 weeks 

after the first STZ injection in mice.222,223 Moreover, STZ-induced diabetic mice exhibits retinal 

gliosis, macrophage infiltration, microglia reactivity, and the presence of pro-inflammatory 

cytokines within the period of 4 to 8 weeks of hyperglycemia.221,224,225  

In contrast to mice, rats require lower doses of STZ to develop diabetes, typically necessitating 

a single injection of STZ ranging from 40 to 65 mg/kg. The onset of DR-related phenotypes 

may vary among rat strains, but BRB breakdown was found to start as early as two weeks post-

STZ injection.226,227 Additionally, after 8 weeks of hyperglycemia, increased acellular 

capillaries and decreased numbers of both pericytes and endothelial cells were found.228 

Elevated levels of VEGF-A and its receptors (VEGFR1 and VEGFR2) expression were 

associated with neovascularization in STZ-induced rats, at 2, 3 and 4 months following the 

onset of diabetes.229 Moreover, decreased retinal thickness in GCL, IPL, INL, and ONL layers 

has been detected between 4 and 24 weeks post-STZ injections in rats.230–232 Retinal cell loss 

and functional changes in diabetic rats have been reported at weeks 2 to 24 post-STZ.232 

While the STZ model reproduces features related to human DR, it comes with several 

limitations, including STZ toxicity leading to compromised well-being and elevated mortality 
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rates among the animals.233 Additionally, studies have demonstrated that STZ has a neurotoxic 

effect on neurons.234,235 This can lead to non-specific neuronal damage in the retina and brain, 

exaggerating neurodegeneration beyond what would be observed in human DR. Moreover, the 

STZ-induced DR model generally mirrors early stages of the disease, whereas late-stage DR, 

characterized by retinal leakage, and vascular tortuosity, may occur after an extended period of 

time or not be present at all. The reliability and consistency of neovascularization in STZ 

models vary across the literature. Typically, STZ models mimic the early to intermediate stages 

of DR, but they often fail to consistently produce robust neovascularization or use unreliable 

methods to confirm its presence. While some studies report the development of 

neovascularization in STZ models, the methods chosen to confirm its presence are often 

inadequate. For instance, hematoxylin and eosin staining, though useful for general tissue 

morphology, lacks the specificity needed to accurately identify and differentiate new blood 

vessel formation.236 Others studies indicate that the model more reliably replicates retinal 

inflammation and capillary changes (such as the formation of acellular capillaries and pericyte 

loss) rather than significant neovascularization. 222,223,216 Consequently, while the STZ model is 

reliable for studying early retinal changes in DR, it is less consistent for replicating 

neovascularization, prompting researchers to consider alternative models for this pathology. 

Additionally, prolonged STZ-induced hyperglycemia might lead to cataract formation, 

restricting the applicability of in vivo imaging techniques such as FA, optical coherence 

tomography (OCT), and the use of ERG.237 Notably, streptozotocin-induced hyperglycemia is 

gender-dependent, with male mice exhibiting a higher vulnerability to STZ-induced pancreatic 

damage compared to females, because the female hormone estrogen potentially inhibiting 

STZ.238  
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1.3.2 Environmentally induced rodent models of DR 

To study late-stage DR vascular changes, including retinal neovascularization and vascular 

leakage, the use of oxygen-induced retinopathy (OIR) animal model has been proposed. 

Initially developed to explore retinopathy of prematurity in newborns, the OIR model was later 

adapted for studying angiogenesis, resembling PDR. Fluctuations between hyperoxia (excess 

of oxygen) and hypoxia (lack of oxygen) in OIR model leads to compensatory 

neovascularization.201 The mouse OIR model is generated when neonatal mice are introduced 

into a high-oxygen environment (75%) at postnatal day 7 (P7), leading to retinal vessel growth 

inhibition and significant vessel loss, resulting in avascular areas. Five days later (P12), mice 

are returned to standard environment, where retina becomes hypoxic, triggering vessel regrowth 

(revascularization) and pathological neovascular response (neovascularization).239 Hypoxia 

results in the rapid increase of HIF-1, leading to the release of VEGF-A that triggers 

angiogenesis, which had been suppressed during the hyperoxia phase.240 Additionally, hypoxia 

promotes retinal blood vessels to sprout towards the vitreous, forming “preretinal tufts” prone 

to leakage.239 Neovascularization reaches its peak at P17, followed by spontaneous regression, 

and the retina reaches resolution by P25.241 Oxygen-induced neovascularization in mice is 

accompanied by the emergence of microaneurysms, usually observed within 5 days following 

exposure.242 Moreover, reduced retinal thickness is found in OIR mice between P17 and P19, 

possibly attributed to arrested retinal development or cell apoptosis.243 Functional deficits were 

reported both in a-wave and in b-wave amplitudes in OIR mice at P26-27.244,245 In addition, 

oxygen-induced mice exhibit retinal gliosis.244 

Rat OIR conditions are more variable, with higher incidence and severity of neovascularization 

reported when rats were subjected to 50% oxygen (hyperoxia) and 10% oxygen (hypoxia), 

cycling every 12 hours for the first 14 days (P0-P14).246 Increased neovascularization and 
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impaired pericyte-endothelial interactions were found in oxygen-induced rat retinas as early as 

P18.247 Furthermore, preretinal tufts sprouting above the retinal surface were observed in rat 

OIR, along with changes in retinal thickness from P15 to P24.248 ERG analysis confirmed 

retinal dysfunction in OIR rats, showing a significant decrease in both a- and b-wave amplitudes 

at P30 and P60.249 While oxygen-induced retinopathy recapitulates PDR features as observed 

in human patients, its limitation lies in the spontaneous regression of neovascularization, 

restricting its utility in therapeutic drug research. In addition, since most DR therapeutic 

interventions are administered via intravitreal or subretinal injections, it becomes challenging 

to perform them on rodent pups. Another major drawback of OIR is the absence of chronic 

hyperglycemia, limiting the studies of DR progression from NPRD to PDR.  

Diet-induced hyperglycemia is an alternative method to recapitulate the metabolic changes of 

diabetes and imitate DR progression. Standard animal chow, typically providing around 11% 

of calories from fat, is replaced with a high-fat diet (HFD) containing approximately 50% of 

fat caloric intake. C57BL/6 mice fed with HFD (60% kcal from fat) for a duration of 12 months 

exhibited increased body weight and decreased insulin sensitivity, however, hyperglycemia was 

not observed.250 By the 6-month mark, a reduction in both a-wave and b-wave amplitudes was 

observed, accompanied with increased vascular leakage by the end of 12-month period. 

Meanwhile, HFD containing 42% fat calories administered to the same species induced insulin 

resistance by month six, along with increased vascular permeability, formation of pericyte 

ghosts, and reduction in OP amplitudes by month 12.251 In another study, the Swiss mice fed 

with HFD (35% calories from fat) displayed elevated body weight, decreased insulin tolerance, 

and diminished OP responses by week eight, while significantly increased levels of VEGF were 

found 16 weeks after the start of HFD.252 However, in most cases, rodents fed with HFD do not 

develop hyperglycemia and exhibit mild vascular changes resembling human DR, only after 
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extended periods of HFD consumption. Therefore, a model using HFD combined with STZ 

injection has been proposed. Mice fed with a HFD (17.9% calories from fat) for 12 weeks along 

with intraperitoneal administration of STZ (30 mg/kg) for 7 consecutive days presented key 

features of NPDR, including formation of acellular capillaries, loss of pericytes, increased 

vascular leakage, and chronic inflammation.253 High-fat diet (10% calories from fat) combined 

with only one STZ injection (30 mg/kg) in Sprague–Dawley rats resulted in abnormal b-wave 

and OP responses, as well as decreased ONL and total retinal thickness.254 Although rodents 

can develop diet-induced early-stage DR features, pharmacologically induced and genetic 

animal models are more frequently used due to their faster onset of the disease. 

1.3.3 Genetic animal models of DR 

Genetic rodent models of DR have been designed to study the disease through the deletion or 

alteration of genes associated with diabetes or the regulation of pathways involved in DR 

development. Genetic mice models of DR include Akita (Ins2Akita) and nonobese diabetic 

(NOD) mice developing type 1 diabetes, db/db (Leprdb) developing T2D, and mice genetically 

modified to overexpress VEGF (Kimba and Akimba). The Ins2Akita mice have a spontaneous 

point mutation in the insulin2 gene, which results in conformational change in the insulin 

protein that accumulates in pancreatic β-cells, leading to cell dysfunction and death.255 Akita 

mice typically exhibit hyperglycemia as early as 4 weeks of age, and early signs of DR start to 

appear around week 8.256 Retinal vascular changes in Akita mice include increased leukocytes 

count at week 8, compromised vascular permeability at week 12, and early signs of 

microaneurysms are observed in 6-month-old Ins2Akita mice.256,257 In addition, reduction in the 

thickness of IPL and GCL have been observed in Akita mice by week 22,256 with dendrites of 

RGCs undergoing morphologic changes after 3 months of hyperglycemia.258 Moreover, 

functional deficits were observed via ERG at 9 months of age.257,259 The Akita mice model is 
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useful for studying the early progression of DR. However, observations via OCT and FA 

showed no disruption of retinal architecture or vascular changes in Ins2Akita mice up to 6 months 

of age, suggesting that this model is limited to accurately reflect vascular changes observed in 

human DR.260  

Non-obese diabetic (NOD) mice are an alternative to Akita mice, in which autoimmune process 

by the CD4+ and CD8+ cells destroy pancreatic β-cells, resulting in type 1 diabetes at 12 weeks 

of age. Diabetes-induced retinal alterations in NOD mice include apoptosis of pericytes, 

endothelial cells, and RGCs, alongside with thickening of basement membrane, observed  as 

early as 4 weeks into hyperglycemia.261 In addition, increased levels of VEGF expression are 

detected in both serum and retina of NOD mice by week 12.261  However, NOD model is gender 

specific, with diabetes developing in 80% of female mice and only 20% of male mice, 

potentially due to the protective role of the female hormone.262 Therefore, the NOD model is 

less commonly employed. 

The db/db (Leprdb) mice develop type 2 diabetes, due to the mutation in the leptin receptor, 

leading to obesity and hyperglycemia. BRB breakdown, loss of pericytes, apoptosis of neuronal 

cells, glial reactivation, and proliferation of retinal capillaries were reported in 15-month-old 

db/db mice.263 Additionally, reduction of RGCs number and decreased thickness of INL, 

photoreceptor layer and total retina were identified starting after 6 weeks of hyperglycemia.264 

However, db/db mice model tends to represent early stages of DR rather than more advanced 

stages observed in PDR patients. Moreover, challenges in maintaining a stable and productive 

breeding population, makes the use of db/db mice for studying DR less favored.  

In the absence of late-stage DR phenotypes in genetic mice, transgenic mouse models that 

overexpress VEGF have been developed. Kimba (tr029VEGF), a transgenic mouse model that 
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is genetically modified to overexpress VEGF-A in the rhodopsin-expressing cells, mimics 

NPDR and mild PDR.265 Within the first week of life, Kimba mice exhibit a decrease in GCL, 

INL, ONL, and the overall retinal thickness.265 By day 28, alterations in retinal 

microvasculature, such as microaneurysms and vascular leakage, become apparent.265 

Increased number of adhered leukocytes along with increased acellular capillaries were 

identified at the 6-week mark. Additionally, vessel tortuosity and pericytes loss was observed 

in 9-week-old Kimba mice.266 Although Kimba mice are valuable for treatment development, 

it has several limitations. Early disease development and rapid progression evident at birth 

limits DR progression research. Additionally, a lack of hyperglycemia is a notable drawback. 

Therefore, the hybrid Akimba mouse line was generated by crossing Ins2Akita mice and Kimba 

mice, resulting in both hyperglycemia and significant retinal neovascularization.267 Akimba 

mice exhibit various retinal vascular changes, including microaneurysms, vascular leakage, 

hemorrhages, neovascularization, venous beading, and vascular tortuosity, by 8 weeks of age. 

Furthermore, there is a noticeable decrease in photoreceptors, and reduced retinal thickness of 

IPL, INL, ONL, and total retina at week 8, which escalates with age.267 Moreover, as Akimba 

mice ages and disease progresses, increased persistence of edema and retinal detachment were 

observed. However, Akimba mice lack retinal neovascularization, possibly due to the VEGF-

A overexpression occurring primarily in photoreceptors rather than in inner retinal layers.268 As 

a result, the model tends to exhibit neovascularization in outer nuclear layers or choroid. This 

limitation raises concerns about the model’s relevance to human DR, where neovascularization 

typically occurs in the inner retina, suggesting that the Akimba model may not fully replicate 

the pathological human condition. Additionally, Akimba mice primarily manifest photoreceptor 

loss, while DR patients often experience loss of RGCs and amacrine cells.269  
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Six genetic rat models (BB, ZDF, WBN/Kob, OLETF, SDT and GK) have been created to study 

diabetes and its complications. Biobreeding (BB) rats, similary to NOD mice, spontaneously 

develop autoimmune type 1 diabetes between the age of 40 and 140 days, during which the 

pancreatic beta-cells are selective destroyed.270 BB rats exhibit loss of pericytes, thickening of 

the basement membrane, and capillary degeneration after 8 to 11 months of 

hyperglycemia.270,271 However, limited studies involving BB rats have been reported in the 

context of DR, therefore there is a lack of information for its suitability.  

Zucker diabetic fatty (ZDF) rats carry gene mutation leading to compromised glucose tolerance 

and insulin resistance. ZDF rats develop type 2 diabetes between 6 and 7 weeks of age.272 Some 

studies demonstrated pericytes and ECs loss, thickening of the BM, and increased number of 

acellular capillaries in ZDF rats upon 5-6 months of diabetes.273,274 However, ZDF rats do not 

exhibit severe retinal vascular damage, even after 42 weeks of sustained hyperglycemia, making 

this model less frequent in DR research.275  

WBN/Kob rat is a spontaneously type 2 diabetic strain, in which hyperglycemia occurs at nine 

months of age.276 Retinal changes in this model include intraretinal angiopathy, however, 

neovascularization has not been confirmed.277 Moreover, retinal thickness of OPL and ONL 

was found to be decreased in the retinas of 11-month-old WBN/Kob rats.276 While 15-month-

old WBN/Kob rats manifested thickening of the basement membrane and  irregular capillaries, 

however, microaneurysms were not observed.278 

Another T2D rat model is Otsuka Long-Evans Tokushima fatty (OLETF), which was created 

by the selective breeding of Long-Evans rats. OLETF caries a mutation in G-protein-coupled 

receptor 10 that leads to obesity and hyperglycemia.279 Elevated blood glucose levels in OLETF 

rats are observed at month six.280 Leukocytes trapped in the retinal microcirculation have been 
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found in OLETF rats by week 6 after the onset of hyperglycemia.281 14-month-old OLETF rats 

exhibited thickening of the BM, damaged endothelial cells and pericytes loss.282 Nevertheless, 

this model is limited in DR investigation due to delayed onset of diabetes and the absence of a 

common feature observed in DR pathology. 

The Goto-Kakizaki (GK) rat is a spontaneous model of non-insulin-dependent T2D, without 

obesity. GK rats, generated by multiple inbreeding crosses from glucose-intolerant Wistar rats, 

exhibit chronic hyperglycemia from 4 to 6 weeks of age.283 GK rats are characterized by 

reduced retinal blood flow without changes in retinal vessel diameters.284 Increased BRB 

permeability is observed in 3-month-old GK rats.285 Although this model may have potential in 

studying microcirculatory changes in the retina, however, it does not replicate the common 

hallmarks observed in DR pathology.  

Spontaneously diabetic Torii (SDT) rat, an inbred strain of Sprague-Dawley rat, was established 

as a non-obese type 2 diabetes model. Glucose intolerance and impaired insulin secretion in 

SDT rats lead to hyperglycemia at 5 months of age.286 Vascular lesions, including acellular 

capillaries and pericytes loss were observed in SDT rats.287 Moreover, retinal deficits in SDT 

rats were observed after 24 weeks of hyperglycemia, manifesting as reduced a-wave, b-wave, 

and OP amplitudes.288 Additionally, SDT rats exhibits proliferative DR features, such as retinal 

hemorrhages and vascular tortuosity.289,290 A distinct feature of SDT in the context of DR, is 

the appearance of vascular leakage around the optic disc and large retinal folds, mimicking 

tractional retinal detachment observed in PDR patients.287 Amongst the genetic rat models 

mentioned above, the SDT rat is the only one exhibiting severe ocular complication which 

mimic those observed in human DR. However, one limitation of the SDT rats is the lack of 
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microaneurysms and neovascularization. In addition, similar to NOD mice, SDT model is 

gender specific, with 100% of males developing diabetes, compared to 33% of females.290  

1.3.4 VEGF-induced animal models of DR 

Upregulation of VEGF-A, a pivotal occurrence in diabetic retinopathy, prompted the 

development of recombinant VEGF-A-induced animal models, as they provide a platform to 

study the underlying molecular mechanisms of VEGF-mediated pathologies and to test novel 

anti-VEGF treatments. Intravitreal injections of recombinant VEGF-A were initially introduced 

in non-humane primates (Macaca fascicularis).199 Animals receiving varying doses of VEGF-

A, ranging from 0.25 μg to 1.25 μg, exhibited vessel dilation, vascular tortuosity, and leakage. 

Additionally, in an individual animal subjected to three IVT injections every 3 days, venous 

beading, intraretinal hemorrhage, and microaneurysm appeared. Histopathologic examination 

revealed dilated vessels, intraretinal hemorrhage, and edema, along with the increased 

proliferation of endothelial cells. This study shows that intravitreal VEGF-A, injected in 

amounts resembling those measured in human eyes with neovascularization, is sufficient to 

produce retinal vascular abnormalities in the adult nonhuman primates, however, it does not 

replicate DR-like retinal neovascularization, and short half-life of VEGF-A require frequent 

IVT injections. Recombinant human VEGF-A administered intravitreally to Dutch Belt rabbits, 

resulted in breakdown of the blood–retinal barrier and vascular leakage 48 hours post-injection 

with a dose of 500 ng.200 Other effects of VEGF-A included vessel dilation and tortuosity, along 

with inner retinal edema. However, these VEGF-mediated features were transient, returning to 

baseline within one week.  

Additionally, a method involving intraocular implantation of VEGF-A-releasing pellets has 

been introduced, where a polymeric pellet containing 30 µg of human recombinant VEGF-A 
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was implanted into the vitreous cavity of albino rabbits.291 By day 14, rabbits exhibited vessel 

dilation and tortuosity. Between days 14 and 21 an increase in retinal leakage, as evident in FA, 

was observed. Additionally, numerous small, tortuous blood vessels were present, indicating 

the initiation of neovascularization. Nevertheless, these vascular changes stopped and nearly 

completely regressed after 35 days of pellets implementation. Although immunohistochemical 

analysis revealed severe breakdown of the BRB and vessel dilation, retinal neovascularization 

could not be identified.  

Another study group generated a similar model, in which polymeric pellets contained both 20 

µg of human recombinant VEGF-A and 20 µg of human recombinant basic fibroblast growth 

factor.292 Intravitreal implantation of sustained-release pellets, performed on Dutch belted 

rabbits, resulted in similar vascular alterations, but required less time to develop then when 

compared to VEGF-A-releasing pellets described above. Additionally, retinal hemorrhages and 

traction retinal detachment were observed. Nevertheless, vascular leakage in this study was also 

transient. Therefore, there is an urgent need for novel VEGF-A-induced animal model 

development, where the presence of VEGF-A is sustained, and DR-related phenotypes are 

prolonged.
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Table 1. Overview of existing animal models used to study DR 

Animal model DR-related features Disadvantages 

 Cellular Vascular Functional  

Pharmacologically induced animal models of DR 

Alloxan injection 

- Pericyte ghosts207,209 

- Gliosis of Müller cells207 

- RGCs loss207,208 

- Endothelial cells 

damage210,211 

- Acellular capillaries207 

- Vascular proliferation207 

- Microaneurysms207 

- BRB breakdown210,211 

 

- Decrease in b-wave/a-

wave amplitude ratio208 

 

- Toxic to the liver and 

kidneys 

- Elevated mortality rates 

among the animals 

STZ injection 

- Pericyte ghosts216 

- Decreased number of 

pericytes228 

- Decreased number of 

endothelial cells228 

- RGCs loss217 

- BRB breakdown226,227 

- Increased vascular 

permeability214 

- Acellular capillaries216,228 

- Increased leukocyte 

number222,223 

- Leukostasis222,223 

- Decrease in a- and b-wave 

amplitudes218,220,221 

 

- Toxic to animals 

-Toxic to retinal neurons 

- Elevated mortality rates 

among the animals 

- Fails to consistently 

produce robust 

neovascularization or use 
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- Reduced thickness of 

GCL, IPL, INL, OPL, 

ONL217–219,230–232 

- Retinal gliosis224,225 

- Macrophage 

infiltration224 

- Microglia reactivity224 

- Pro-inflammatory 

cytokines225 

- Elevated levels of 

VEGF229 

unreliable methods to 

confirm its presence 

- Mirrors only early stages 

of DR 

- Formation of cataracts 

- Gender-dependent 

 

Environmentally induced rodent models of DR 

Oxygen-induced 

retinopathy (OIR) 

- Reduced retinal 

thickness243,248 

- Retinal gliosis244  

- Impaired pericyte-

endothelial interactions247 

 

- Neovascularization239,247 

- Elevated levels of HIF-1 

and VEG240 

- Formation of preretinal 

tufts239,248 

- Microaneurysms242 

- Decrease in a- and b-wave 

amplitudes244,245,249 

 

- Spontaneous regression 

of neovascularization 

- Challenging to perform 

intravitreal and subretinal 

injections 
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- Absence of chronic 

hyperglycemia 

High-fat diet 

(HFD) 

- Pericyte ghosts251 

- Reduced thickness of 

ONL and total retina 

(High-fat diet + STZ 

injection)254 

- Vascular leakage250 

-  Increased vascular 

permeability251  

- Elevated levels of 

VEGF252 

- Decrease in OP 

amplitudes251,252 

- Abnormal b-wave and OP 

responses (High-fat diet+ 

STZ injection)254 

- Not all animals develop 

hyperglycemia 

- Mirrors only mild 

vascular changes of DR 

 

Genetic animal models of DR 

Akita (Ins2Akita) 

mice 

- Reduced thickness of 

IPL, GCL256 

- RGCs morphologic 

changes258 

- Leukostasis256 

- Increased vascular 

permeability256 

- Early signs of 

microaneurysms257 

- Decrease in a- and b-wave 

amplitudes257,259 

- Increase in a- and b-wave 

implicit time259 

- Reduction of the b/a wave 

ratio259 

- Increase in OPs implicit 

time259 

- Mirrors only mild 

vascular changes of DR 
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Non-obese 

diabetic (NOD) 

mice 

- Apoptosis of pericytes261 

- RGCs loss261 

- Apoptosis of endothelial 

cells261 

- Thickening of basement 

membrane261 

- Elevated levels of 

VEGF261 

— 

- Gender specific, with 

diabetes developing in 

80% of female mice and 

only 20% of male mice 

db/db (Leprdb) 

mice 

- Loss of pericytes263 

- Apoptosis of neuronal 

cells263 

- Glial reactivation263 

- RGCs loss264 

- Reduced thickness of 

INL, photoreceptor layer 

and total retina264 

- BRB breakdown263 

- Proliferation of retinal 

capillaries263 

— 

 

- Mirrors only early stages 

of DR 

- Challenges in 

maintaining a stable and 

productive breeding 

population 

 

Kimba 

(tr029VEGF) 

mice 

- Reduced thickness of 

RGC, INL, ONL and the 

overall retina265 

- Pericytes loss266 

- Microaneurysms265 

- Vascular leakage265 

- Adhered leukocytes265 

- Acellular capillaries265 

— 

 

- Early disease 

development and rapid 

progression limits DR 

progression research 
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 - Vessel tortuosity266 - Absence of chronic 

hyperglycemia 

Akimba mice 

- Loss of photoreceptors 

267 

 

- Microaneurysms267 

- Vascular leakage267 

- Retinal hemorrhages267 

- Venous beading267 

- Vascular tortuosity267 

- Retinal detachment267 

— 

 

- Lack retinal 

neovascularization 

- Lack loss of RGCs and 

amacrine cells  

Biobreeding (BB) 

rats 

- Loss of pericytes270,271 - Thickening of the 

basement membrane270,271 

- Capillary 

degeneration270,271 

— 

 

- Limited number of 

studies in the context of 

DR 

Zucker diabetic 

fatty (ZDF) rats 

- Apoptosis of pericytes274 

- Apoptosis of endothelial 

cells274 

- Thickening of the 

basement membrane273 

- Acellular capillaries274 

 

— 

 

- Lack of retinal vascular 

damage 
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WBN/Kob rats 

- Reduced thickness of 

OPL, ONL276 

 

- Intraretinal angiopathy 

277 

- Irregular capillaries278 

- Thickening of the 

basement membrane278 

— 

 

- Mirrors only early stages 

of DR 

 

Otsuka Long-

Evans Tokushima 

fatty (OLETF) 

rats 

- Loss of pericytes282 

- Damage of endothelial 

cells282 

- Trapped leukocytes281 

- Thickening of the 

basement membrane282 

 

— 

 

- Delayed onset of diabetes 

- Absence of a common 

feature observed in DR 

pathology 

 

The Goto-

Kakizaki (GK) 

rats 

— 

 

- Reduced retinal blood 

flow285 

- BRB breakdown285 

— 

 

- Absence of a common 

feature observed in DR 

pathology 
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Spontaneously 

diabetic Torii 

(SDT) rats 

- Loss of pericytes287 

 

- Acellular capillaries287 

- Retinal hemorrhages290 

- Vascular tortuosity290 

- Vascular leakage around 

the optic disc287 

- Large retinal folds287 

- Decrease in a- and b-wave 

amplitudes  

- Decrease in OP 

amplitudes288 

 

 

- Lack of microaneurysms 

and neovascularization 

- Gender specific, with 

100% of males developing 

diabetes, compared to 33% 

of females 

VEGF-induced animal models of DR 

Intravitreal 

injections of 

recombinant 

VEGF-A 

- Increased proliferation of 

endothelial cells199 

- Vessel dilation199,200 

- Vascular tortuosity199,200 

- Vascular leakage199,200 

- Venous beading199 

- Intraretinal 

hemorrhage199 

- Microaneurysm199 

- Retinal edema199,200 

- BRB breakdown200 

— 

 

- Does not replicate DR-

like retinal 

neovascularization  

- VEGF-mediated features 

are transient 
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Implantation of 

VEGF-A-

releasing pellets 
— 

- Vessel dilation291 

- Vascular tortuosity291 

- Vascular leakage291 

- Initiation of 

neovascularization291 

- BRB breakdown291 

- Retinal hemorrhages 

(pallets with VEGF-A and 

bFGF)292 

- Traction retinal 

detachment (pallets with 

VEGF-A and bFGF)292 

 

— 

 

- VEGF-mediated features 

are transient 
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1.4 Viral vectors in DR  

Viral vectors are widely employed in DR gene therapy and biomedical research due to their 

efficiency in delivering genes to specific cells and tissues. Their use can both mitigate and 

enhance phenotypes associated with DR. In the realm of gene therapy to treat DR, the primary 

focus is on the inhibition of neovascularization and protection of neurovascular degeneration in 

the retina293–296. Conversely, viral vectors employed in the creation of DR-related phenotypes 

focus on the overexpression or knock down of genes that promote neovascularization, 

inflammation, or neurovascular degeneration. This allows researchers to replicate key features 

of the disease, enabling them to study the underlying mechanisms and test potential therapeutic 

strategies. 

1.4.1 Lentiviral vectors (LV) 

Lentiviral vectors are derived from the human immunodeficiency virus (HIV-1), which belongs 

to the Retroviridae family.297 These viruses possess the unique capability to infect both dividing 

and non-dividing cells, promoting interest in the development of recombinant lentiviral vectors 

for gene transfer. LV contains a single-stranded RNA that is reverse-transcribed into DNA and 

integrated into the host cell genome. Several viral genes of HIV-1 are modified, deleted, or 

replaced to enhance safety of lentiviral vectors. Three generations of recombinant lentiviral 

packaging systems have been developed, with the first generation no longer being in use due to 

biosafety risks. In this latest, 3rd generation of lentiviral vectors, the viral genome is split into 

three separate plasmids, which are co-transfected with the transgene plasmid into the producer 

cell line298. The packaging plasmid exclusively carries essential HIV-1 packaging genes (gag 

and pol), crucial for viral assembly and integration.299 A regulatory plasmid contains only one 

gene — rev, necessary for viral transcription. An envelope plasmid holds env gene, responsible 

for surface glycoproteins determining tropism and facilitating entry to the cells.299 The HIV-1 
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env glycoprotein can be replaced with the envelope glycoprotein G from the vesicular stomatitis 

virus (VSV-G), to widen the range of cells types that the lentiviral vector can bind to.300 Lastly, 

the transgene, carrying the gene of interest, is flanked by long terminal repeats (LTRs) on both 

sides, which are modified during the creation of lentiviral vectors. Deletions into the 3’LTR 

create self-inactivating (SIN) system, disturbing the promoter/enhancer activity of the LTR, and 

further improving safety of LV vector.301 Lentiviral vectors are well-known for their stable 

integration into the host genome, long-term expression of transgene, broad tropism, and low 

immunogenicity, along with a capability to deliver transgene fragments up to 8 kilobases 

(kb).302,303  

Among the diverse range of lentiviral products, inducible lentivectors have brought attention 

due to their capacity to regulate gene expression in a controlled and tunable manner. In the 

inducible lentivector system, the gene of interest is activated only in the presence of an inducer, 

giving researchers full control over the timing and extent of gene expression. Lentivirus 

incorporated with tetracycline-inducible expression system offers an opportunity to regulate 

gene expression based on the presence or absence of tetracycline or one of its analog — 

doxycycline.304 However, tetracycline-controlled system come with specific limitations, 

including leaky gene expression in the absence of the inducer.305 A more recent addition to this 

field is the cumate-inducible lentivector system, where transgene is expressed upon exposure 

to cumate, a small non-toxic molecule.306 The lentivector includes hybrid promoter, which is 

regulated by strong binding of the cumate repressor (CymR) to the cumate operator site 

(CuO).306,307 In the absence of cumate, CymR binds to CuO, and prevents RNA polymerase 

from effectively transcribing the gene. In contrast, addition of cumate relieves the repression 

and drives gene activation.306 In vitro studies demonstrate that cumate-inducible LV can be used 

as a system for regulated gene expression in mammalian, chinese hamster ovary (CHO), and 
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human embryonic kidney (HEK293) cells.306,308,309 The main advantage of cumate-inducible 

LV system is that gene expression can be titratable by adjusting the concentration of cumate. In 

the experiment involving the transduction of mammalian cells with cumate-inducible LV 

expressing the fluorescent protein GFP, varying concentrations of cumate revealed a dose-

dependent increase in fluorescence.306 In addition, gene expression in cumate-inducible system 

can be reversed by depleting cumate, allowing for repeated inductions. Therefore, cumate-

inducible LV can be employed to achieve controlled expression of specific genes associated 

diabetic retinopathy, to induced DR-related phenotypes. Despite this potential, there is a lack 

of research utilizing cumate-inducible lentiviral vectors in in vivo studies, particularly in the 

context of DR investigations. 

1.4.2 Adeno-associated viral (AAV) vectors 

Adeno-associated virus belongs to the Parvoviridae family, and its replication is dependent on 

the presence of a helper virus, typically adenovirus.310 AVV is composed of an icosahedral 

protein capsid (approximately 26nm in diameter) and a single-stranded DNA genome of ~4.7 

kb, which is flanked by two T-shaped inverted terminal repeats (ITRs).311 The capsid is made 

up of 60 protein subunits, organized into three structural proteins: VP1, VP2, and VP3. The 

AAV genome is composed of Rep and Cap genes, required for the AAV life cycle and 

production of capsid proteins, respectively.311 AAV viral vectors contain the same capsid 

structure as found in wild-type AAV, however the viral DNA is completely replaced with the 

therapeutic gene of interest. The only retained elements of the wild-type AVV genome are ITRs, 

which are necessary for genome replication and packaging during vector production.310 

Therefore, maximizing the packaging capacity of AAV vector (up to 5 kb) and contributing to 

their low immunogenicity and cytotoxicity. The production of AAV vector, usually in HEK293 

cells, includes co-transduction of a plasmid containing original AAV genes (Rep and Cap), 
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helper genes from adenovirus (E4, E2a and VA), and a transgene.312  More than 100 AAV 

serotypes have been identified from different animal species, with AAV serotype 2 (AAV2) 

being best characterized and most commonly used.313 The primary differences among AAV 

serotypes lie in their capsid proteins, which contribute to variations in tissue tropism. Majority 

of AAV vectors do not integrate into host cells' genome, because of their episomal DNA.314 

Nonetheless, AAV vectors are recognized for their ability to sustain long-term transgene 

expression and exhibit low pathogenicity.315 Additionally, in the context of diabetic retinopathy, 

AAVs show a promise as therapeutic strategies. Intravitreally administered AAV vectors are 

used to deliver transgenes aimed to inhibit the VEGF-signaling cascade or alternative 

pathways.294  

In the development of animal models, AAV vectors have been introduced as well, where the 

induction of neovascularization was achieved through the overexpression of VEGF-A. 

Subretinal injections of AAV2 carrying Vegf-a under an RPE-specific promotor resulted in the 

induction of choroidal neovascularization (CNV) in rats, 6-9 weeks post-transduction.316 

Activation of macrophages and microglia were also detected. In addition, in eyes treated with 

bevacizumab, CNV lesion thickness significantly decreased one week after administration. 

Another study involving subretinal injections of AAV-VEGF in rats demonstrated persistent 

choroidal neovascularization for more than 20 months.317 During this period, a- and b-wave 

amplitudes significantly decreased, while histological analysis revealed photoreceptor 

degeneration, and RPE proliferation. Both studies suggest that subretinal injection of AAV-

VEGF provides an effective model for evaluating the long-term effects of choroidal 

neovascularization. 
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In contrast, intravitreal injections of AAV-VEGF in nonhuman primates were found to be 

associated with both iris and local regions of retinal neovascularization within 7 days of AAV 

injection.318 However, leakage of fluorescein from the iris neovascularization and a 

vascularized pupillary membrane limited the ability to conduct detailed in vivo investigations, 

such as FA or OCT. Histological evaluation revealed neovascularization of the optic disk and 

an increase in inflammatory cells. In a more recent study, AAV-mediated expression of human 

VEGF-A in the murine retina resulted in neovascularization 3 to 6 weeks after the injection.319 

Additionally, AAV-VEGF led to focally dilated or constricted vessels and vascular leakage one 

week after the injection in 50% of the mice, while the rest developed more severe pathologies, 

such as retinal detachment. However, their analysis was limited to neuronal damage and retinal 

function assessments.  

1.5 Aims and hypotheses 

1.5.1 Aims 

The goal of this project was to develop a novel rat model that recapitulates the pathophysiology 

of DR. Firstly, a systematic literature review was conducted to summarize published 

morphological and functional changes in the most popular and widely used streptozotocin-

induced rat DR model. This step was necessary to have a better understanding if a combination 

of rat strain, induction protocol, and study design could lead to more robust manifestation of 

DR-related changes after STZ induction. A follow-up experimental study was an attempt to 

refine STZ model in Brown Norway rats based on the information collected during the 

systematic review. The results of the experimental study led to the conclusion that novel 

methods should be used to induce DR-related changes in the rat eye. Thus, cumate-inducible 

LV vectors encoding Vegf-a gene and having a capability to control VEGF-A expression were 

employed. Successful use of cumate LV vectors in in vitro studies was promising. However, 
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preliminary in vivo testing revealed cumate’s toxicity after intravitreal injections. In the last 

study, stable and long-lasting VEGF-A overexpression was achieved using intravitreal delivery 

of AAVs. Induced DR-like phenotype was well characterized and tested in the therapeutic 

paradigm using clinically approved aflibercept (Eylea®). 

1.5.2 Hypotheses 

1. A systematic literature review will reveal a combination of factors, which in the follow-

up study could lead to a more robust manifestation of DR-like phenotype.  

2. Cumate-inducible LV vectors could be effectively used to titrate the expression of 

VEGF-A both in vitro and in vivo. 

3. AAV vectors encoding Vegf-a induce stable and long-lasting VEGF-A overexpression 

leading to the development of DR-like phenotype. 

1.6 Experimental approach 

To investigate these hypotheses, (1) a systematic search in PubMed and EMBASE, selecting 

articles on rodent STZ-induced DR with both functional and structural readouts, was performed. 

The risk of bias was assessed, and qualitative data were analyzed in the selected studies 

(presented in chapter 2). In addition, a follow-up experimental study was performed on Brown 

Norway rats which received a single STZ injection, and retinal structural changes were 

monitored using vitreous fluorophotometry (VFP), spectral domain optical coherence 

tomography (SD-OCT), FA, and histological analysis. Functional pathologic processes of STZ-

induced BN rats were assessed via flash ERG (presented in chapter 3). Hypothesis 2 was tested 

by transducing ARPE-19 cells with cumate-inducible LV vectors carrying Vegf-a. This involved 

evaluating VEGF-A expression levels, as well as investigating the effects of LV-mediated 

VEGF-A expression on ARPE-19 cell proliferation, viability, motility, and permeability. To 
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bring this approach in vivo, the tolerability of cumate in Wistar rat eyes delivered via IVT was 

evaluated by SD-OCT, fERG, ophthalmic examination (OE), and immunohistochemistry 

analysis (presented in chapter 4). Hypothesis 3 was tested by intravitreally injecting AAV 

vectors mediating VEGF-A expression in BN rats, and monitoring retinal pathology using SD-

OCT, FA, VFP, fERG, and immunohistochemistry. Aflibercept injections were performed to 

attenuate AAV-induced pathology (presented in chapter 5). 
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2.1 Abstract 

The streptozotocin (STZ)-induced rodent model is one of the most commonly employed models 

in preclinical drug discovery for diabetic retinopathy (DR). However, standardization and 

validation of experimental readouts are largely lacking. The aim of this systematic review was 

to identify and compare the most useful readouts of STZ-induced DR and provide 

recommendations for future study design based on our findings. We performed a systematic 

search using 2 major databases, PubMed and EMBASE. Only articles describing STZ-induced 

DR describing both functional and structural readouts were selected. We also assessed the risk 

of bias and analyzed qualitative data in the selected studies. We identified 21 studies that met 

our inclusion/exclusion criteria, using either rats or mice and study periods of 2 to 24 weeks. 

Glucose level thresholds used to define hyperglycemia were inconsistent between studies, 

however, most studies used either 250 or 300.6 mg/dL as a defining criterion for hyperglycemia. 

All included studies performed electroretinography (ERG) and reported a reduction in a-, b-, or 

c-wave and/or oscillatory potential amplitudes. Spectral-domain optical coherence tomography 

and fluorescein angiography, as well as immunohistochemical and histopathological analyses 

showed reductions in retinal thickness, vascular changes, and presence of inflammation. Risk 

of bias assessment showed that all studies had a high risk of bias due to lack of reporting or 

correctly following procedures. Our systematic review highlights that ERG represents the most 

consistent functional readout in the STZ model. However, due to the high risk of bias, caution 

must be used when interpreting these studies.   
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2.2 Introduction 

Diabetic retinopathy (DR) occurs in more than one-third of individuals with diabetes and is one 

of the leading causes of blindness in individuals 24 to 74 years of age.1 With increasing human 

life expectancy and rising numbers of diabetics, it is estimated that the number of people with 

DR worldwide will grow from 126.6 million diagnosed in 2010 to 191.0 million cases by 2030.2 

Almost all patients who are diagnosed with type I diabetes will develop some degree of DR 

within 2 decades after diagnosis; for type II diabetes this probability increases up to 80% at 20 

years after disease onset.3 Hyperglycemia, oxidative stress, anemia, pericyte loss, apoptosis of 

endothelial cells, thickening of the basement membrane, and other mechanisms are considered 

to play an important role in the pathogenesis of DR.4 If DR is left untreated, it results in diabetic 

macular edema (DME) and proliferative DR (PDR), which leads to total loss of vision.1 Thus, 

there is an urgent need for novel therapeutics that can slow down the progression of disease and 

prevent the development of end-stage DR, especially DME and PDR.  

Animal models that mimic the pathophysiology of DR have contributed significantly to the 

understanding of the etiology and progression of this condition and validated and standardized 

models are required for drug discovery and development. Historically, DR animal model studies 

have relied primarily on histological and immunohistochemical readouts.5,6 

In addition, various molecular and biochemical techniques, including quantitative polymerase 

chain reaction (qPCR), single-cell RNA sequencing, western blot, TUNEL assay, as well as 

protein, enzyme, and cytokine assays are carried out to study the development of DR in diabetic 

animals.7–9 Research shows that fluorescein angiography (FA), spectral-domain optical 

coherence tomography (SD-OCT), and electroretinography (ERG) in animal models of DR 

could potentially help to detect early changes of DR, and could aid in developing novel, more 

potent drugs for an early treatment of DR.10–15 
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The most commonly used rodent model in drug discovery utilizes streptozotocin (STZ) 

administration to induce chronic hyperglycemia and DR by causing pancreatic β cell loss.16 DR 

phenotypes observed in STZ-induced rodents include thinning of retinal layers,17,18 loss of 

retinal cells,19 and increased inflammation.20 Historically, preclinical studies relied on 

morphological changes as detected using post mortem tissue processing, histological and 

immunohistochemical staining, and morphometric analyses.  

With advancement in functional assessments and, in particular, adaptation of clinically used in 

vivo imaging modalities, detection of early phenotypes reminiscent of subclinical and/or non-

PDR is now possible in rodents. However, both functional and imaging modalities rely on a 

clear optical path and measurements can be confounded or even become impossible as animals 

develop diabetic cataracts. Therefore, accurate and early detection of DR-related changes by 

noninvasive techniques requires strict validation to identify the optimal balance between 

disease progression, accuracy of assessment of structure–function relationships and magnitude 

of the therapeutic window for drug discovery.  

These considerations are of particular importance as early phenotypes in the STZ model that 

can be studied using in life imaging modalities and electrophysiological recordings identify and 

assess mostly subclinical pathological changes. Furthermore, while OCT and FA, and more 

recently, optical coherence tomography angiography (OCT-A) are routinely used to diagnose 

the various disease stages of DR, electrophysiology is not typically used in ophthalmic practice. 

Despite rapid development of noninvasive methods and their applications, the STZ-induced DR 

model lacks standardized experimental paradigms and readouts. Moreover, the reliability and 

consistency of neovascularization in STZ models vary across the literature. Typically, STZ 

models are often used to replicate early to intermediate stages of DR, however, they frequently 
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fail to reliably induce significant neovascularization or employ dependable methods to verify 

its presence. Although some research indicates neovascularization in STZ models, the 

techniques used to confirm it are often insufficient. For example, hematoxylin and eosin 

staining, though beneficial for overall tissue morphology, lacks the precision to accurately 

identify and distinguish new blood vessel growth.21 Therefore, the goal of this study is to 

perform systematic literature review of the literature in search of standardized readouts or 

experimental paradigms, which would be useful in future STZ studies. 

2.3 Methods 

Literature search 

We followed a comprehensive search strategy to obtain published articles by using the 

recommendations for the Preferred Reporting Items for Systematic Reviews and MetaAnalyses 

(PRISMA) reporting guidelines.22 Two major databases, PubMed and EMBASE, were 

investigated to identify articles suitable to STZ-induced DR animal model, from inception to 

14th of August 2020. The searched items were used in combination: STZ OR streptozotocin 

AND diabetic retinopathy OR FA OR fluorescence angiography OR OCT OR optical coherence 

tomography OR ERG OR electroretinogram OR VFP OR vitreofluorophotometry. Search terms 

were queried in both databases. 

Inclusion and exclusion criteria 

Records were included in this systematic review if they met the following inclusion criteria: (1) 

studies in English, (2) published in the last 10 years (starting 2010), (3) articles in peer-reviewed 

scientific journals, and (4) studies conducted on rodents only. We excluded the following: (1) 

Meta-analysis, review and systematic review articles, (2) clinical and in vitro studies, and (3) 

studies in languages other than English. 
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Data collection 

Two reviewers (I.L. and Z.A.) independently conducted the literature search based on the titles 

and abstracts. Any discrepancies were resolved by discussion and if needed, consultation with 

a third reviewer (S.K). Relevant articles had to meet the above inclusion/exclusion criteria. 

Records were imported into Excel, duplicates removed, titles and abstracts searched manually, 

and full text of potential studies was retrieved. 

Data extraction and synthesis 

The following data are extracted: (1) study characteristics; (2) induction of DR; and (3) outcome 

measures in studies.  

Risk of bias assessment  

To assess bias in the included studies, we used the SYRCLE risk of bias tool for animal studies, 

which is based on the Cochrane Collaboration’s tool for assessing risk bias in randomized 

controlled trials.23,24 Bias assessments were carried out by 2 independent reviewers (I.L. and 

Z.A) and any discrepancies were resolved after discussion. Risk of bias was assessed using 10 

criteria in the SYRCLE risk of bias tool that is related to 6 types of bias: selection bias, 

performance bias, detection bias, attrition bias, reporting bias, and other sources of bias.23 

Statistical analysis 

Descriptive statistics were used to characterize included studies. The kappa statistic was used 

to assess interrater agreement between the 2 reviewers. Since included studies did not contain 

sufficient quantitative data, a meta-analysis was not possible and hence a qualitative 

comparison between studies was performed. 
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2.4 Results 

Study selection 

A systematic search according to our strategy identified a total of 622 studies obtained from 

PubMed and EMBASE (Fig. 1). After removing duplicates, 434 studies were screened by title 

and abstract and 356 were excluded. Seventy-eight articles were considered acceptable, of 

which 51 studies were excluded after full-text screening due to either a long follow-up time (n 

= 4) or lack of structure–function relationship readouts (n = 51). Ultimately, 21 studies were 

included in the qualitative synthesis. Section may be divided by subheadings. It should provide 

a concise and precise description of the experimental results, their interpretation, as well as the 

experimental conclusions that can be drawn. 
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FIG. 1. Prisma flow chart illustrating the process of literature search. 
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Study characteristics 

From the included studies, 11 were conducted in rats (8 in Sprague-Dawley rats, 2 in Wistar 

rats, 1 study in Brown Norway rats), whereas the remaining studies were conducted in mice (3 

in C57BL6, 4 in C57BL6/J; 2 in BALB/c, 1 in B6.129S4) (Table 1). Although all studies used 

STZ to induce DR, each one considered different glucose levels as diabetic. In addition, follow-

up times also varied from 2 to 24 weeks post-DR induction. 

STZ injection  

The majority of included studies with rats used single STZ injection to induce DR. Only Nagai 

et al.25 and Deguchi et al.26 used 2 STZ injections on 2 consecutive days. However, the amount 

of administered STZ for rats varied from 30 to 100 mg/kg. As for the type of injections, almost 

in all studies, researchers performed intraperitoneal injections, except Hernández et al.27 and 

Yee et al.,28 who administered STZ through the rat’s tail vein. In contrast, the number of STZ 

injections in mice studies were more variable. From collected studies, 4 of them had 5 STZ 

injections, 3 studies had 3 injections, and 2 single STZ injections. The volume of STZ injections 

for mice varied from 50 to 150 mg/kg. All STZ injections to mice were performed 

intraperitoneally. 

Glucose level considered as diabetic 

Out of all included articles, 8 studies considered rodents as diabetic, which had equal or greater 

than 250 mg/dL of glucose.27,29–34 While Zhang et al.35 considered a threshold of 199.8 mg/dL 

(the equivalent of 11.1 mmol/L) of glucose as diabetic for Sprague-Dawley rats. However, for 

Nagai et al.25 and Yee et al.28 glucose level had to rise more than 250 mg/dL to consider rats as 

diabetic, 267.6 and 270 mg/dL (the equivalent of 15 mmol/L), respectively. Other 7 research 

groups considered rodents with induced diabetes with equal or greater than 300.6 mg/dL (the 
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equivalent of 16.7 mmol/L) of glucose.36–43 While for Qiu et al.44 glucose level in animals had 

to hit 350 mg/dL, to be considered as diabetic. Only Deguchi et al.26 and Liao et al.31 presented 

no data of glucose level in rodents. 

Functional readouts  

All studies used either flash electroretinography or full-field ERG, direct-coupled 

electroretinography (DC-ERG) or visual evoked potentials (VEP).  

In vivo imaging  

From included articles, six31,32,37,38,43,44performed OCT to observe structural changes of the 

retinas and to evaluate total retinal thickness and the thickness of individual retinal layers. The 

other 5 studies29,31,32,40,44 used FA to monitor morphological and pathological changes in the eye 

fundus. Liao et al.31 and Liao et al.33 performed fundus photography (FP) in addition to FA. The 

rest of included articles did not use any in vivo imaging. 

Postmortem analysis  

The included studies used a number of different postmortem analyses, including Hematoxylin 

and Eosin (H&E) and Toluidine Blue staining to quantify retinal thickness, western blot assays, 

and enzyme-linked immunosorbent assay to detect specific proteins in retina; qPCR to evaluate 

gene expression, leukostasis assays to count the number of adherent leukocytes, Evans Blue 

extravasation to quantify blood–retinal barrier breakdown, and to measure retinal vascular 

permeability, trypsin-digested retinal whole mounts for quantification of acellular capillaries 

and pericyte loss, as well as TUNEL and MTT assays to assess viability of retina cells.
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Table 1. Characteristics of the Included Studies 

Study 
Species 

(animal number) 
STZ injection 

Follow-up 

time in 

weeks 

Glucose level 

considered as 

diabetic 

(mg/dL) 

Functional 

readouts 

In vivo 

imaging 
Postmortem analyses 

He et al.37,a 
Sprague-Dawley 

rats (n = 30) 

Single 

intraperitoneal 

injection of STZ 

(60 mg/kg) 

+high-fat and 

high-calorie diet 

4 300.6 
Full-field 

ERG 
OCT 

Antioxidant parameters: 

the concentration of 

antioxidant SOD; 

Inflammatory 

parameters: levels of 

proinflammatory 

cytokines (TNF-α and 

IL-6); 

Immunofluorescence 

and western blot assay: 

expression VEGF-A, 
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ALDH2, and 

expression of Nrf2 and 

Sirt1. 

Qiu et al.44 
Brown Norway 

rats (n = 48) 

Single 

intraperitoneal 

injection of STZ 

(50 mg/kg) 

8 >350 
Flash 

ERG 
OCT 

Evans Blue 

extravasation: retinal 

vascular permeability; 

Leukostasis assay: 

number of adherent 

leukocytes; 

Western blot analysis: 

levels of VEGF, ICAM-

1, and β-actin. 

Sergeys et 

al.32 

C57BL/6J mice 

(n varies from 4 

to 18 depending 

on the readout) 

5 sequential daily 

intraperitoneal 

injections of STZ 

(50 mg/kg) 

24 >250 
Full-field 

ERG 
FA, OCT 

Leukostasis assay: 

number of adherent 

leukocytes; 
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H&E staining: 

observation of general 

retinal and the optic 

nerve head 

morphology; 

Neurodegeneration: 

number of RGC 

(RBPMS) and 

cholinergic amacrine 

cell (ChAT); 

Inflammation and 

Gliosis: number of 

macrophages (F4/80); 

and Muller cell 

(vimentin). 



83 
 

Liao et 

al.31,b 

C57BL/6 mice 

(n = 25) 

5 sequential daily 

intraperitoneal 

injections of STZ 

(55 mg/kg) + 

whole-body 

hypoxia (10% O2) 

4 >250 
Flash 

ERG 

OCT, 

FA, FP 

H&E staining: 

morphology of the 

retina; 

TUNEL assay: 

morphology of the 

retina, number of INL 

and ONL cells; 

Western blot analysis: 

expression of 

inflammatory and 

junction proteins (BAX, 

COX-2, iNOS);  

MTT assay: viability of 

RPE cells. 

Chang et 

al.29 

C57BL/6J mice 

(n = 37) 

3 sequential daily 

intraperitoneal 
12 >250 

Flash 

ERG 
FA 

Immunofluorescent 

staining: 
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injections of STZ 

(100 mg/kg) 

observation of 

mitochondrial processes 

with DRP1, MFN2, and 

MCU 

Feng et al.30 
Sprague-Dawley 

rats (n = 90) 

Single 

intraperitoneal 

injection of STZ 

(60 mg/kg) 

4 >250 
Full-field 

ERG 
No data 

BRB breakdown: 

extravasation of 

albumin; 

H&E staining: 

thicknesses of the IPL, 

INL and ONL, number 

of RGC;  

ELISA: activities of 

antioxidant enzyme 

(SOD, GSHPx, 

GSSGRed, and 

GSHTrans); and 
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examination of 

oxidative stress (levels 

of 4-HNE and 8-

OhdG);  

Western blot analysis: 

levels of BDNF and 

synaptophysin. 

Tarchick et 

al.34,c 

Mice with 

inactivated insulin 

receptor (IR) 

B6.129S4 (FVB)- 

Insrtm1Khn/J (n 

varies from 9 to 

18 depending on 

the readout) 

3 sequential daily 

intraperitoneal 

injections of STZ 

(55 mg/kg) 

4 >250 
Flash 

ERG 
No data 

Light micrographs: the 

distance from OLM to 

ILM, the length of OS, 

IS, and ONL, and 

thickness of RPE was 

measured.  

DHE staining: 

measurement of 
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reactive oxygen 

species. 

Nagai et 

al.25 
Wistar rats (n = 7) 

2 sequential daily 

intraperitoneal 

injections of STZ 

(100 mg/kg) 

6 267.6 
Flash 

ERG 
No data 

ELISA: level of VEGF;  

H&E staining: the 

distance between RGC 

to the outer granule 

layer. 

Deguchi et 

al.26 
Wistar rats (n = 6) 

2 sequential daily 

intraperitoneal 

injections of STZ 

(100 mg/kg) 

2 No data 
Flash 

ERG 
No data 

H&E staining: distance 

between the GCL and 

the distal border of the 

ONL. 

Hernández 

et al.27 

Sprague-Dawley 

rats (n = 24) 

Single injection 

of STZ (60 

mg/kg) into the 

tail vein 

2 >250 
Flash 

ERG 
No data 

Assessment of glial 

activation: expression 

of GFAP; 

TUNEL assay: 

assessment of apoptosis 
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(number of retinal 

apoptotic cells); 

Western blot analysis: 

observation of 

proapoptotic and 

survival signaling;  

Real-time PCR, 

immunohistochemistry: 

expression of GLAST. 

Wang et 

al.42 

C57BL/6 mice 

(n = 36) 

3 sequential daily 

intraperitoneal 

injections of STZ 

(75 mg/kg) 

5 300.6 
Focal 

ERG 
FA 

Leukostasis: number of 

adherent leukocytes, 

and vascular endothelial 

cells; Western blot 

analysis: Levels of 

GFAP, VEGF and 

ICAM-1 levels; 
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BRB breakdown: 

extravasation of 

albumin; 

DHE assay: 

measurement of MDA, 

SOD, and ROS 

formation. 

Tarchick et 

al.34 

C57BL/6J mice 

(n ≥ 10) 

3 sequential daily 

intraperitoneal 

injections of STZ 

(30 mg/kg) 

4 ≥250 dc-ERG No data 

Light microscopy: 

length of the inner 

segment, outer segment, 

and ONL; thickness of 

RPE; PNA staining: 

Number of rod and 

cone photoreceptor 

nuclei per column. 
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Lv et al.39 
BALB/c mice 

(n = 25) 

5 sequential daily 

intraperitoneal 

injections of STZ 

(50 mg/kg) 

2 ≥300.6 
Full-field 

ERG 
No data 

H&E staining: the 

thickness of GCL, INL, 

ONL, and total retina. 

Zhang et 

al.35 

Sprague-Dawley 

rats (n = 24) 

Single STZ 

injection of STZ 

(30 mg/kg) 

12 >199.8 
Flash 

ERG 
No data 

H&E staining: 

thickness of total retina, 

thickness of INL and 

ONL layers, and cell 

number in the INL and 

ONL; TUNEL assay: 

apoptosis assessment; 

Immunohistochemistry: 

expression of Bcl-2, 

Bax. 
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He et al.38 
Sprague-Dawley 

rats (n = 40) 

Single 

intraperitoneal 

injection of STZ 

(35 mg/kg) 

10.2 >300.6 
Full-field 

ERG 
OCT 

Western blot analysis: 

expression of VEGF, 

GFAP, and VCAM-1;  

Levels of GLU, TC, 

and TG; Levels of 

GSH-Px, SOD, and 

CAT. 

Liao et al.33 
C57/BL6 mice 

(n = 40) 

5 sequential daily 

intraperitoneal 

injections of STZ 

(55 mg/kg) 

5 No data 
Flash 

ERG 
FA + FP 

Trypsin-digested retinal 

whole mounts: number 

of acellular capillaries; 

H&E staining: number 

of preretinal 

neovascular cells; 

Thicknesses of the IPL, 

INL, OPL, and ONL; 

RT-qPCR and western 
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blot analysis: 

expressions of VEGF; 

levels of 

proinflammatory 

cytokines, including 

TNF-a, IL-1b, IL-6, IL-

18, and IL-12. 

Goharinia et 

al.36 

Sprague-Dawley 

rats (n = 8) 

Single 

intraperitoneal 

injection of STZ 

(60 mg/kg) 

8 300 
Flash 

ERG 
No data 

H&E staining: number 

of RGCs. 

Ren et al.41 
BALB/c mice 

(n = 20) 

Single 

intraperitoneal 

injection of STZ 

(80 mg/kg) 

4 ≥300.6 
Full-field 

ERG 
No data 

H&E staining: the 

thickness of the whole 

retina, ONL, INL, and 

RGC layer; Trx 

expression. 
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Piano et 

al.40 

C57BL/6J mice 

(n = 20) 

Single 

intraperitoneal 

injection of STZ 

(150 mg/kg) 

12 ≥300.6 
Flash 

ERG 
No data 

Cryosections: total 

retinal thickness; 

Vascular area: deep 

plexus vessels; 

neovascularization; 

Western blot analysis: 

rhodopsin and cone-

opsin content; 

TUNEL staining: 

apoptosis of rod 

photoreceptors; Western 

blot analysis: level of 

Caspase-3 and 

GAPDH. 

Yee et al.28,d 
Sprague-Dawley 

rats (n = 56) 

Single injection 

of STZ (53 
20 270 

Flash 

ERG 
No data 

Toluidine Blue staining: 

thickness of ONL, INL, 
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mg/kg) into the 

tail vein + 

specific fish oil or 

safflower oil diet 

IPL layers, and total 

retina; 

Retinal fatty acid 

analysis: identification 

of fatty acids in retina; 

Immunolabeling: level 

of GFAP. 

Wang et 

al.43 

Sprague-Dawley 

rats (n = 16) 

Single 

intraperitoneal 

injection of STZ 

(35 mg/kg) + 

high-

sucrose/high-fat 

diet 

17 300.6 fVEP OCT 

H&E staining: number 

of RGC; 

Expressions of GFAP 

and number of activated 

astrocytes; PAS 

assessment: retinal 

microvascular changes, 

ghost pericytes. 
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Reasons for study exclusions: 

aNo control group (only a group with STZ).  

bSTZ administration was combined with whole-body hypoxia (10% O2) for quicker diabetes induction. 

cMice with inactivated insulin receptor. 

dSTZ administration with specific oil diet. 

BAX, Bcl-2-associated X protein; BRB, blood–retinal barrier; ChAT, choline acetyltransferase; COX-2, cyclooxygenase-2; DHE, 

dihydroethidium; DR, diabetic retinopathy; ELISA, enzymelinked immunosorbent assays; ERG, electroretinography; FA, fluorescein 

angiography; fVEP, functional visually evoked potentials; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GCL, ganglion cell layer; 

GFAP, glial fibrillary acidic protein; H&E, Hematoxylin and Eosin; ICAM-1, intercellular adhesion molecule-1; IL, interleukin; INL, inner 

nuclear layer; iNOS, inducible nitric oxide synthases; IPL, inner plexiform layer; MCU, mitochondrial calcium uniporter; OCT, optical 

coherence tomography; ONL, outer nuclear layer; OPL, outer plexiform layer; PAS, Periodic acid–Schiff; PCR, polymerase chain reaction; 

RGC, retinal ganglion cell; RT-qPCR, reverse transcription quantitative polymerase chain reaction; SOD, superoxide dismutase; STZ, 

streptozotocin; TNF-a, tumor necrosis factor-a; VCAM-1, vascular cell adhesion molecule-1; VEGF, vascular endothelial growth factor. 
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Subgroup analysis 

We grouped all of the selected studies into 4 subgroups based on the follow-up time after STZ 

administration: subgroup 1 had a follow-up time of 2–4 weeks, subgroup 2 had a follow-up 

time of 5–8 weeks, subgroup 3 had a follow-up time of 8–12 weeks, and subgroup 4 had a 

follow-up time of 13–24 weeks (Fig. 2). All studies in subgroup 1 considered 150–250 mg/dL 

glucose levels as diabetic, while studies in subgroups 2–4 considered glucose levels of 250– 

350 mg/dL as diabetic. Although some studies fell into subgroup 1 with respect to follow-up 

time, they considered 300 mg/dL of glucose levels as diabetic. In one study26 no data for glucose 

levels were reported. Insulin was administered only in the study by Tarchick et al.45 every other 

day. The study by Liao et al.33 fell into subgroup 2 but did not report glucose levels they 

considered to be diabetic. The study by Zhang et al.35 fell into subgroup 3 because of follow-

up time, but they considered glucose levels of 198.6 mg/dL as diabetic. 

 

FIG. 2. Overview of subgroup analysis. The majority of the studies fell into subgroups 1–4 
based on follow-up time (solid arrows). However, some studies fell into specific subgroups, 
although the authors of those studies considered different levels of blood glucose as diabetic 
(dotted arrows). 
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Outcomes of selected studies 

Glucose levels and body weights. All studies reported an increase in glucose levels in STZ-

induced animals25–27,29,30,32–36,38–44 (Table 2). However, only 4 studies provided raw numbers of 

glucose levels. The increase in glucose levels in those studies was species dependent. In 

Sprague-Dawley rats, the glucose level increased by fourfold after a single STZ 

administration,30,36 whereas a threefold increase was found in C57BL/6J mice after single STZ 

administration,40 and after 5 sequential daily intraperitoneal injections of STZ31 (Table 2). 

Body weight of STZ-induced animals decreased in the majority of studies25,26,30,32,33,35,36,40,42,45 

(Table 2). However, in 2 studies, the authors found body weight gains in diabetic C57BL/6J 

mice as compared with healthy control groups.29,42 Similarly, as with blood glucose level data, 

one mouse study32 and 2 rat studies30,36 reported raw body weight data showing almost a 

twofold reduction in body weight after STZ injections, whereas others did not reveal any raw 

data,25,26,29,33–35,40,42 or did not record body weight changes at all27,38,39,41,43,44 (Table 2). 

Visual function: ERG and VEP. All studies showed deterioration of visual function in STZ 

animals as compared with healthy controls either in amplitude reduction in a-, b-, c-wave and/or 

oscillatory potential (OP) as assessed by ERG, or in decrease of N and P wave amplitudes in 

VEP measurements. However, only 2 studies provided numerical values of a-wave, b-wave, 

and OP amplitudes expressed as percentage decrease in STZ-injected animals in comparison 

with healthy control animals (50% for a-wave, 70%–80% for b-wave, and 50%–60% for OP 

amplitudes)38,39 (Table 3).
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Table 2. Outcomes of Studies: Glucose Levels and Body Weights 

Study Species Glucose level (mg/dL) Body weight (g) 

Chang et al.29 C57BL/6J mice Increased (no raw data) Increased (no raw data) 

Deguchi et al.26 Wistar rats Increased (no raw data) Decreased (no raw data) 

Feng et al.30 Sprague-Dawley rats 
Increased (Healthy control rat 93.6 ± 

23.4, and STZ induced 390.6 ± 55.8) 

Decreased (Healthy control rat 289.9 ± 

5.2 and STZ induced 171.9 ± 14.5) 

Goharinia et al.36 Sprague-Dawley rats 
Increased (Healthy control rat 112 ± 4 

and STZ induced 443 ± 24) 

Decreased (Healthy control rat 268 ± 9 

and STZ induced 178 ± 7) 

He et al.38 Sprague-Dawley rats Increased (no raw data) N/A 

Hernández et al.27 Sprague-Dawley rats Increased (no raw data) N/A 

Liao et al.33 C57BL/6J mice Increased (no raw data) Decreased (no raw data) 

Lv et al.39 BALB/c mice Increased (no raw data) N/A 

Nagai et al.25 Wistar rats Increased (no raw data) Decreased (no raw data) 

Piano et al.40 C57BL/6J mice 
Increased (Healthy control mice 135 ± 

7.2 and STZ induced 502.2 ± 27) 
Decreased (no raw data) 

Qiu et al.44 Brown Norway rats Increased (no raw data) N/A 
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Ren et al.41 BALB/c mice Increased (no raw data) N/A 

Sergeys et al.32 C57BL/6J mice 
Increased (Healthy control mice 180 ± 

8 and STZ induced 477 ± 29) 

Decreased (Healthy control mice 30.8 

± 0.7 and STZ induced 22.7 ± 0.5) 

Tarchick et al.34 C57BL/6J mice Increased (no raw data) Decreased (no raw data) 

Wang et al.42 C57BL/6J mice Increased (no raw data) Increased (no raw data) 

Wang et al.43 Sprague-Dawley rats Increased (no raw data) N/A 

Zhang et al.35 Sprague-Dawley rats Increased (no raw data) Decreased (no raw data) 

N/A, data not available. 
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Table 3. Outcomes of Studies: Electroretinography and Visually Evoked Potential Measurements 

Study Species 
a-wave 

amplitude 

b-wave 

amplitude 

c-wave 

amplitude 

OPs 

amplitude 

VEP: amplitude 

of N and P 

waves 

Chang et al.29 C57BL/6J mice 
Decreased 

(no raw data) 

Decreased 

(no raw data) 
   

Deguchi et al.26 Wistar rats 
Decreased 

(no raw data) 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 
 

Feng et al.30 
Sprague-Dawley 

rats 
 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 
 

Goharinia et al.36 
Sprague-Dawley 

rats 
 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 
 

He et al.38 
 

Sprague-Dawley 

rats 
 

Decreased 

(70–80%) 
 

Decreased 

(50%–60%) 
 

Hernández et al.27 
 

Sprague-Dawley 

rats 
 

Decreased  

(no raw data) 
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Liao et al.33 
 C57BL/6J mice 

Decreased 

(no raw data) 

Decreased 

(no raw data) 
   

Lv et al.39 BALB/c mice 
Decreased 

(50%) 
    

Nagai et al.25 Wistar rats 
Decreased 

(no raw data) 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 
 

Piano et al.40 C57BL/6J mice 
Decreased 

(no raw data) 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 
 

Qiu et al.44 
 

Brown Norway 

rats 

Decreased 

(no raw data) 

Decreased 

(no raw data) 
   

Ren et al.41 
 BALB/c mice 

Decreased 

(no raw data) 

Decreased 

(no raw data) 
   

Sergeys et al.32 C57BL/6J mice 
Decreased 

(no raw data) 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 
 

Tarchick et al.34 C57BL/6J mice 
Decreased 

(no raw data) 
 

Decreased (no 

raw data) 

Decreased 

(no raw data) 
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Wang et al.42 
 C57BL/6J mice  

Decreased 

(no raw data) 
   

Wang and Lo4 
Sprague-Dawley 

rats 
    

Decreased 

(no raw data) 

Zhang et al.35 
Sprague-Dawley 

rats 

Decreased 

(no raw data) 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 
 

OPs, oscillatory potentials. 
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Total retinal thickness and thickness of individual retinal layers. The majority of selected 

studies reported retinal thinning after induction of DR30–32,38–41,44,45 (Table 4). For example, a 

decrease of total retinal thickness was assessed either using in vivo imaging (OCT) or histology 

(H&E staining).32,35,38–41 However, in 2 studies,26,44 an increase in total retinal thickness was 

found, which authors hypothesized to be caused by retinal edema. In some studies, a decrease 

of thickness was found in the outer nuclear layer (ONL),33,35,39–41 outer plexiform layer,33,38,40 

inner nuclear layer (INL),30,33,35,39,41 inner plexiform layer (IPL),30,33,38,40 and ganglion cell layer 

(GCL)32,38,39,41 (Table 4). Zhang et al.35 were the only group that reported no changes in IPL 

thickness in STZ-induced rats, although ONL and INL showed a marked decrease.  

The raw data were presented by Deguchi et al.26 and the decrease in retinal thickness expressed 

in percentages was shown in other 2 studies.40,41 The rest of studies did not provide any raw 

data (Table 4). Four studies reported a decrease in retinal ganglion cell (RGC) number.30,32,36,43 

In 2 studies, Sergeys et al.32 and Goharinia et al.,36 the decrease in RGC number was expressed 

in percentages (20% and 27%, respectively), whereas other studies30,43 did not provide any raw 

data. In addition, a decrease of cholinergic amacrine cells by 44%,32 a lower number of cells in 

ONL35 or lower rhodopsin expression40 were separately reported in diabetic animals.  

Retinal vascular changes. Most of selected studies used either FA, Evans Blue extravasation, 

extravasation of albumin, or trypsin-digested retinal whole mounts to detect vascular changes 

in DR-induced rodents29,30,32,40,42–45 (Table 5). An increase in vascular permeability was found 

in the majority of studies.29,30,42,44,45 An increase in vascular endothelial growth factor (VEGF) 

levels were detected in STZ-injected animals of 5 studies.25,33,38,42,44 Others reported retinal 

vascular changes, such as an increased formation of acellular capillaries,29,33 increased number 

of vascular endothelial cells,42 and an increase of ghost pericytes in diabetic  
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retina.41 However, only Nagai et al.25 presented raw data from described vascular changes 

(Table 5). Although neovascularization is a hallmark of proliferative diabetic retinopathy 

(PDR), none of the selected studies were able to identify its presence in STZ-induced animals.  

Retinal inflammation and neurodegeneration. The majority of selected studies reported an 

increase of retinal inflammation and neurodegeneration markers in STZ-injected 

rodents27,30,32,38,40,42–45 (Table 6). For example, 3 studies showed an increase of adherent 

leukocytes in diabetic retina.32,42,44 Sergeys et al.32 specified a 2.5-fold increase of adherent 

leukocytes, 3.1-fold increase of macrophages, and 2.7-fold increase of reactive gliosis as 

assessed by immunohistochemistry at 8 weeks after STZ injections in C57BL/6J mice. 

Similarly, a significant increase in the levels of proinflammatory cytokines [tumor necrosis 

factora (TNF-a), interleukin (IL)-1b, IL-6, IL-18, and IL-12] was observed in one study that 

used C57BL/6J mice.44 

At mRNA or protein level an increased expression of glial fibrillary acidic protein (GFAP), 

which is a marker for reactive gliosis in retina, was observed in 4 studies27,38,42,43 and increased 

expression of vascular cell adhesion molecule-1 (VCAM-1) and intercellular adhesion 

molecule1 (ICAM-1) was found in diabetic animals of other 3 studies.38,42,44 No changes in 

Müller glia of diabetic C57BL/6J mice as studied by GFAP immunohistochemistry from retinal 

sections were reported by Piano et al.40 A decreased expression of BDNF as assessed by Western 

blotting was found in STZ-diabetic Sprague-Dawley rats.30  
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Table 4. Outcomes of Studies: Total Retinal Thickness and Thickness of Individual Retinal Layers 

Study Species ONL OPL INL IPL GCL 
Total retinal 

thickness 

Deguchi et 
al.26 

 
Wistar rats      

Increased (Healthy 

control rat 71.0 ± 

3.57μm and STZ 

induced 130.6 ± 5.46 

μm) 

Feng et al.30 
Sprague-

Dawley rats 
  

Decreased 

(no raw data) 

Decreased 

(no raw data) 
  

He et al.38 
Sprague-

Dawley rats 
 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 

Decreased 

(no raw data) 

Decreased 

(no raw data) 

Liao et al.33 
 C57/BL6 mice 

Decreased 

(no raw data) 

Decreased 

(no raw data) 

Decreased 

(no raw data) 

Decreased 

(no raw data) 
  

Lv et al.39 BALB/c mice 
Decreased 

(no raw data) 
 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 

Decreased 

(no raw data) 
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Piano et 

al.40 
C57/BL6 mice 

Decreased 

(no raw data) 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 

Qiu et al.44 
Brown 

Norway rats 
     

Increased 

(no raw data) 

Ren et al.41 
 BALB/c mice 

Decreased 

(10%) 
 

Decreased 

(10%) 
 

Decreased 

(10%) 

Decreased 

(10%) 

Sergeys et 

al.32 
C57/BL6 mice     

Decreased 

(4%) 

Decreased 

(4%) 

Zhang et 

al.35 

Sprague-

Dawley rats 

Decreased 

(no raw data) 
 

Decreased 

(no raw data) 

Decreased 

(no raw data) 
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Table 5. Outcomes of Studies: Retinal Vascular Changes 

Study Species 
Vascular 

permeability 
Neovascularization 

Preretinal 

neovascular 

cells 

VEGF 
Acellular 

capillaries 

Vascular 

endothelial 

cells 

Ghost 

pericyte 

Chang et 

al.29 

C57BL/6J 

mice 

Increased 

(no raw data) 
   

Increased 

(no raw 

data) 

  

Feng et 

al.30 

Sprague-

Dawley 

rats 

Increased 

(no raw data) 
      

He et 

al.38 

Sprague-

Dawley 

rats 

   

Increased 

(no raw 

data) 

   

Liao et 

al.33 

C57BL/6 

mice 

Increased 

(no raw data) 
 

Increased 

(no raw 

data) 

Increased 

(no raw 

data) 

Increased 

(no raw 

data) 
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Nagai et 

al.25 
Wistar rats    

Increased 

(9.26-fold 

higher 

than in 

controls) 

   

Piano et 

al.40 

C57BL/6 

mice 
 

No changes 

(no raw data) 
     

Qiu et 

al.44 

Brown 

Norway 

rats 

Increased 

(no raw data) 

No changes 

(no raw data) 
 

Increased 

(no raw 

data) 

   

Sergeys 

et al.32 

C57BL/6 

mice 

No changes 

(no raw data) 
      

Wang et 

al.42 

C57BL/6 

mice 

Increased 

(no raw data) 
  

Increased 

(no raw 

data) 

 

Increased 

(no raw 

data) 
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Wang et 

al.43 

Sprague-

Dawley 

rats 

      
Increased (no 

raw data) 
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Table 6. Outcomes of Studies: Retinal Inflammation and Neurodegeneration 

Study 
Adherent 

leukocytes 
Macrophages 

Müller cell 

gliosis 

Pro-

inflammatory 

cytokines 

VCAM-1 

expression 

ICAM-1 

expression 

GFAP 

expression 

BDNF 

expression 

Feng et al.30        
Decreased (to 

0.52 ± 0.1-fold) 

He et al.38     

Increased 

(no raw 

data) 

 

Increased 

(no raw 

data) 

 

Hernández 

et al.27 
      

Increased 

(GFAP 

score 1–3) 

 

Liao et al.33    

Increased 

(TNF-a, IL-

1b, IL-6, IL-
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18, IL-12) 

(no raw data) 

Piano et 

al.40 
  

No changes 

(no raw 

data) 

     

Qiu et al.44 
Increased 

(no raw data) 
    

Increased 

(no raw 

data) 

  

Sergeys et 

al.32 

Increased 

(2.5-fold) 

Increased 

(3.1-fold) 

Increased 

(2.7-fold) 
     

Wang et 

al.42 

Increased 

(no raw data) 
    

Increased 

(no raw 

data) 

Increased 

(no raw 

data) 

 

Wang et 

al.43 
      

Increased 

(no raw 

data) 
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Risk of bias. All articles specified both the primary outcomes and the baseline characteristics of 

the study, with sufficient methodological details (Fig. 3). However, only 5% of studies detailed 

the correct timing of randomization and 24% of studies reported random sequence generation 

of test subjects. In addition, only 5% of studies reported random outcome assessment and 

blinding of experiments, but the methodologies were unknown or insufficient to establish 

suitability. It should be noted that descriptions of methodology did not provide other important 

parameters of bias, such as sample size calculations, random housing of animals, allocation 

concealment, or whether gathered data were incomplete and how the researchers dealt with that 

during the study (Fig. 3). 

 

FIG. 3. Overview of bias assessment in included studies using the SYRCLE risk of bias tool 

for animal studies. 

2.5 Discussion 

In this study, we systematically reviewed the literature and included 21 articles that met our 

inclusion criteria. In all studies, STZ injections were used to induce a phenotype that is 
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reminiscent of DR in rodents. Although the majority of analyzed studies used a single STZ 

injection, the dose of STZ varied from 30 to 100 mg/kg in rats and from 50 to 150 mg/kg in 

mice. Furthermore, the follow-up times and study periods varied from 2 to 24 weeks. Glucose 

level thresholds used to define hyperglycemia were not consistent between studies. However, 

most studies used either 250 or 300.6 mg/dL blood glucose level as defining criterion. The 

majority of studies reported a decrease in body weight, whereas only 2 studies29,43 found an 

increase of body weight in diabetic mice; however, the reported body weight gains were lower 

compared with control groups. Functional decline of the inner retina is a hallmark of early DR 

both in humans and in animal models mimicking DR.46,47 These early functional deficits can be 

detected using noninvasive ERG measurement. In this systematic analysis, we found that all 

analyzed studies reported a deterioration of visual function as assessed either locally using ERG 

or at the level of occipital cortex using VEP. However, only 2 studies reported a percentage 

change in which a-wave, b-wave, and OP amplitudes decreased after DR induction compared 

with healthy control animals.38,39 Other studies did not provide raw data. Therefore, we could 

not compare and conclude on the magnitude of visual function decrease in our analysis.  

Reduced total retinal thickness or reduced thickness of individual retinal layers in DR suggests 

neuronal degeneration. Our systematic review revealed that the majority of included studies 

reported a decrease in total retinal thickness. Interestingly, total retinal thickness was increased 

in 2 studies on Wistar26 and Brown Norway rats,44 which most likely indicates retinal edema. 

Similarly, as with functional data, only 2 studies provided raw data on the total retinal thickness 

or individual retinal layers, which were expressed as percentage.  

DR is characterized as a vascular disease that is manifested by endothelial cell proliferation, 

increased vascular permeability,48,49 and inflammatory response.50 In this systematic review we 
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found that the majority of analyzed studies used either FA, Evans Blue extravasation, 

extravasation of albumin, or trypsin-digested retinal whole mounts to detect vascular changes 

in DR-induced rodents.  

Selected studies detected various vascular changes in STZ rodents, including increased vascular 

permeability, increase in VEGF levels, appearance of acellular capillaries, vascular endothelial 

cells, and ghost pericytes. Despite neovascularization being a defining feature of PDR, none of 

the selected studies reported evidence of its occurrence. This absence of neovascularization 

highlights a limitation in the model to mirror the pathological neovascularization observed in 

human PDR. Vascular changes were accompanied with inflammatory events: increased number 

of leukocytes, increased reactive gliosis of Müller cells, release of inflammatory cytokines and 

increased number of macrophages, and increased expression of endothelial cell adhesion 

molecules, such as ICAM-1 and VCAM-1.  

Our detailed risk of bias analysis revealed that only less than one-third of studies (29%) reported 

the use of randomization and random sequence generation to assign the interventions. 

Furthermore, methods of blinding were inadequate or not reported at all. To confound this 

further, random housing of animals or treatment allocation concealment was also missing from 

all studies. Whether this is due to inadequate reporting or a lack of use of these methods when 

performing animal experiments is not clear. However, a failure to carry out these methods when 

conducting animal experiments is concerning, since randomization is essential for obtaining 

comparable study groups and may confound study findings.51,52  

The inadequate number of studies reporting correct timing of randomization is also worrying 

since the lack of randomization together with the lack of allocation concealment, particularly 
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in unblinded studies, could lead to variations in the preintervention study conditions and 

potentially affect the outcomes.  

The lack of blinding in the majority of studies (71%) is a fundamental shortcoming and raises 

doubts about data validity.51,53 Random outcome assessment was again missing in the majority 

of the studies (71%) and the methodology was unknown or insufficient. In addition, attrition 

bias was difficult to assess in these studies since none of the studies specifically reported on 

this aspect of the risk of bias tool. Hence, we left this as not reported to highlight the issue and 

the potential bias that this could introduce. Finally, none of the studies reported sample size 

calculations, which is another confounder introducing bias into these studies. For example, too 

few animals may not be sufficient to detect treatment effects (e.g., binary outcomes such as 

survival, etc.), whereas the use of too few and too many animals are regarded as an unethical 

waste of resources.54,55 

Especially given the utility of the STZ model for drug discovery for DR, we urge researchers 

to adhere to a minimum reporting standard, for example by adhering to the ‘‘Animal Research: 

Reporting of In Vivo Experiments’’ (ARRIVE) and ARRIVE 2.0 guidelines and reporting the 

‘‘ARRIVE Essential 10,’’ which are the recommended minimum requirement for reporting 

animal experiments.56,57 The ‘‘ARRIVE Essential 10’’ include a detailed description of study 

design, sample size, inclusion and exclusion criteria, blinding, outcome measures, statistics, 

identification of experimental animals, description of experimental procedures, as well as 

recommendations for how to report and present the results.56,57 Consideration of these 

recommendations in the reporting of STZ studies would mitigate many of the reporting 

shortcomings of the studies reviewed herein. 



115 
 

2.6 Limitations  

The leading limitation of this study was that due to the lack of quantitative data in the included 

studies, meta-analysis was not possible to perform. The lack of quantitative data for all of the 

outcome measures in the majority of the studies significantly hampers the interpretation of 

obtained results. Simply reporting that the values ‘‘decreased’’ or ‘‘increased’’ in diabetic 

animals does not provide helpful insight on the magnitude of changes. Quantitative data would 

have been easier to compare and would provide more information on determining the efficacy 

of a particular outcome in DR. A possible limitation could also arise from differences in follow-

up times ranging from 2 to 24 weeks, and a wide range (150–350 mg/dL) of blood glucose 

levels, which were used to classify animals into diabetic and nondiabetic. 

2.7 Conclusions  

This systematic review demonstrates that the most consistent reported readout in the STZ model 

is the functional assessment of visual function by ERG. Specifically, amplitudes of a-wave, b-

wave, and OP correlated with DR-related pathology. However, a significant concern is the 

relatively high risk of bias in the reviewed studies, either due to the lack of reporting or lack of 

correctly following procedures to reduce bias, thereby limiting the potential usefulness of these 

studies. Stricter adherence to the ARRIVE guidelines are recommended in future studies. Our 

review, therefore, highlights a need for further studies, considering the risk of bias, to validate 

that ERG is the most useful readout in preclinical studies of DR. 

2.8 Future Directions 

The systematic review offered insights that will enhance the design of our future STZ study 

(Chapter 3). First, within this extensive research, only one investigation was conducted in 

pigmented rats, specifically Brown Norway rats. Comparative studies have shown, STZ-
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induced BN rats demonstrate greater vessel hyperpermeability and express higher levels of 

VEGF, compared to non-pigmented rats,58,59 therefore, we plan to focus on Brown Norway rats 

in our future STZ study. In addition, by analyzing 21 studies, we noted a range of STZ doses 

(30-100 mg/kg) to induce diabetes and will select a dose within this range to ensure model 

efficacy. We will also adopt a glucose threshold consistent with other rat studies (e.g., >250 

mg/dL for Sprague-Dawley rats).  In addition to this, with follow-up durations ranging from 2 

to 12 weeks in the selected studies, we will select a timeframe within this range and include 

several timepoint measurements to ensure thorough observation of diabetic complications.  

Additionally, the review highlighted that STZ models mimic early vascular changes, including 

increased vascular permeability, pericyte loss, and acellular capillary formation, observed via 

Evans Blue extravasation assay, and trypsin-digested retinal flat mounts, which we plan to 

incorporate in our future STZ study. Moreover, the review indicates that while most studies 

observed reduced retinal thickness, some studies indicated increased retinal thickness due to 

the presence of retinal edema. This insight allows us to anticipate potential outcomes and 

incorporate both inner and outer retinal thickness measurements in our future STZ study. As the 

systematic review emphasizes the importance of functional assessments, this encourages us to 

incorporate ERG measurements and evaluate visual function in our future STZ model as well. 

Additionally, the review’s discussion on bias and reporting standards highlights the importance 

of adhering to ARRIVE guidelines in our future experiments. Finally, the noticed lack of 

quantitative data in the included studies encourages us to report quantitative data in our future 

research.  
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3.1 Abstract 

The rat streptozotocin-induced model for diabetic retinopathy (DR) remains the most-

commonly used experimental paradigm for drug discovery, as it recapitulates many of the 

complex phenotypes observed in patients. Advances in ocular imaging and electrophysiological 

testing provide an opportunity to study pathological processes in this model and to establish 

structure-function relationships. Adult Brown Norway rats received single intraperitoneal 

injection of streptozotocin (STZ) and were followed in vivo for a period of nine weeks. Glucose 

levels and body weights were monitored on a weekly basis. Vitreous fluorophotometry (VFP), 

spectral domain optical coherence tomography (SD-OCT), and fluoresceine angiography (FA) 

were performed to investigate STZ-induced retinal structural changes. Ocular tissues were 

collected for quantification of pericyte ghosts and acellular capillaries using trypsin-digested 

retinal flat-mounts, and integrity of the blood-retinal barrier (BRB) was assessed through the 

Evans Blue (EB) extravasation assay. In addition to these structural assessments, flash 

electroretinography (fERG) was performed to evaluate retinal function. While anti-VEGF 

antibodies were administered to investigate its efficacy in ameliorating STZ-induced 

pathologies. While anti-VEGF antibodies (0.125 mg/ml per eye) were administered 

intravitreally at a volume of 5 µl in both eyes at weeks six, seven and eight following the STZ 

induction to investigate its efficacy in ameliorating STZ-induced pathologies. Breakdown of 

BRB was identified via elevated EB dye leak in diabetic rat retinas, nine weeks post-induction. 

This observation was confirmed by a decrease of VFP slope at weeks 7 and 9, indicating retinal 

leakage in rats subjected to STZ. Vascular abnormalities, such as augmentation in pericyte 

ghosts were identified at week 9 post-STZ injection, although no significant changes in acellular 

capillaries were detected. SD-OCT revealed inner retina thinning, suggesting retinal cell loss 

nine weeks following STZ injection, alongside thickening of outer retina, indicating retinal 
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swelling. FA imaging did not reveal any abnormalities in diabetic animals. Structural changes 

observed in diabetic retinas correlated with reductions in both a-wave and b-wave amplitudes 

as determined by fERG at weeks 7 and 9, confirming structure-function relationships in the 

Brown Norway rat STZ-induced DR model. Anti-VEGF treatment successfully reduced retinal 

vascular leakage and pericyte ghosts’ number in STZ-injected animals, and reversed STZ-

induced outer retinal thickening. However, it did not significantly impact STZ-mediated inner 

retinal thinning or decreased retinal function. Our data demonstrates that the STZ-induced 

Brown Norway model reproduces the known hallmarks of early DR. Detailed analysis of the 

structure-function relationship in the BN rats reveal consistent morphological changes and 

visual deficits post-STZ induction. While anti-VEGF treatment protects against certain 

diabetes-induced vascular pathologies in the retina, it may also have adverse effects on retinal 

neurons.   
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3.2 Introduction 

Diabetic retinopathy (DR) is the most common microvascular complication of diabetes 

mellitus, contributing significantly to irreversible visual loss and blindness in the working-age 

population.1 DR is characterized by vascular abnormalities such as microaneurysms2 and retinal 

hemorrhages,3 which are linked to diabetic macular edema (DME).4 Without treatment, DR can 

progress to proliferative diabetic retinopathy (PDR), which manifests as neovascularization and 

vitreous/pre-retinal hemorrhages.5 Many visual impairments are linked to these structural 

alterations, such as reduced visual acuity6,7 and contrast sensitivity,8 loss of color vision9, and 

difficulty adjusting to dark environments.10 Nevertheless, the exact mechanism that underlies 

between structural changes and functional deficits remains a subject of ongoing investigation. 

Advancements in in vivo ocular imaging such as fluoresceine angiography (FA) and spectral 

domain optical coherence tomography (SD-OCT), and electrophysiological testing techniques 

like flash electroretinography (fERG), offer a unique opportunity to study the pathological 

processes in DR and to establish structure-function relationships. Understanding the 

connections between structure and function may help to detect early changes of DR, provide 

insights into how the disease progresses, and facilitate the development of novel treatments that 

are effective at cellular levels while also improve patients' vision. 

The rat streptozotocin (STZ)-induced model of DR remains the most-commonly used 

experimental paradigm for drug discovery, as it recapitulates ocular complications of diabetes, 

including the breakdown of blood–retinal barrier,11 increased expression of angiogenic 

factors,12 and chronic inflammation.13 We recently performed a systematic literature review that 

included 662 records of preclinical STZ studies conducted over the last decade, encompassing 
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both structural and functional assessments.14 However, within this extensive research, only one 

investigation was conducted in pigmented rats, specifically Brown Norway (BN) rats.15  

Comparative studies have shown that STZ-induced BN rats demonstrate greater vessel 

hyperpermeability and express higher levels of vascular endothelial growth factor (VEGF), 

compared to non-pigmented rats subjected to STZ.16 Similarly, in oxygen-induced retinopathy 

model, vascular permeability and levels of angiogenic factors in albino rats were less in 

magnitude than in BN rats.16,17 Furthermore, the presence of pigmentation in Brown Norway 

rats, allows the detection of potential pharmacologic effects due to melanin binding, as many 

drugs are known to bind to melanin, resulting in higher drug concentrations and prolonged 

retention in pigmented eye tissues.18–20  

Therefore, since detailed structure-function relationship examinations in the STZ-induced DR 

model of Brown Norway rats are lacking, the aim of this study was to perform an extensive 

characterization of both structural and functional pathologic processes. First, we assessed STZ-

induced retinal structural changes using non-invasive techniques such as SD-OCT, fluorescein 

angiography (FA), and vitreous fluorophotometry (VFP). Second, ocular tissues were collected 

for more in-depth analysis of vascular abnormalities. Third, fERG was performed to evaluate 

retinal function. Additionally, since VEGF inhibition is currently the standard therapy for DR, 

the efficacy of anti-VEGF antibody on the various pathologic hallmarks of DR was also studied 

to provide proof of concept that the diabetic STZ-induced BN rat model can be used for the 

evaluation of new therapeutic strategies to halt DR progression. 

3.3 Materials and Methods 

Animal Experiments 
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Brown Norway rats (BN/Crl; Charles River Laboratories, Sulzfeld, Germany) aged 9-10 weeks 

were housed at a constant temperature (22±1°C), relative humidity (50±10%) and in a light-

controlled environment (lights on from 7 am to 7 pm) with ad libitum access to food and water. 

Experiments started after one-week of quarantine and acclimatization in the vivarium. All 

animals were treated in accordance with the ARVO Statement for the Use of Animals in 

Ophthalmic and Vision Research, the EC Directive 2010/63/EU of the European Parliament 

and of the Council on the Protection of animals used for Scientific Purposes, using protocols 

approved and monitored by the Animal Experiment Board of Finland (Experimentica Ltd. 

animal license number ESAVI-9520-2020). The study was performed in accordance with the 

ARRIVE guidelines. No power calculations were performed to determine group sizes, as it was 

determined based on prior experiments with similar conditions. Animals were allocated 

randomly to respective treatment groups, and experimenters remained blinded to the treatment 

conditions throughout the study. (N = 15-18 animals/group). 

For all the procedures, animals were anesthetized with ketamine (30 mg/kg; Ketaminol Vet; 

Intervet, Unterschleissheim, Germany) and medetomidine (0.2 mg/kg; CP-Pharma; Burgdorf, 

Germany) mixture. The anesthesia was reversed by the α2-antagonist, atipamezole (1.0 mg/kg; 

CP-Pharma). At the end of the experiment, rats were euthanized by anesthesia overdose, 

transcardially perfused with 0.9% sodium chloride solution using peristaltic pump (120S/DV; 

Watson-Marlow Pumps, Marlow, UK), and eyes were enucleated. The retinas were either 

excised and snap-frozen in liquid nitrogen for Evan´s Blue (EB) extravasation assay (n =10-14 

eyes/group), or retinal flat-mounts were prepared and fixed in 4% paraformaldehyde (PFA) for 

histological analysis (n =12 eyes/group).  

Streptozocin (STZ)-induced DR 
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Diabetes was induced by single intraperitoneal (IP) injection of STZ (65 mg/kg; Sigma-Aldrich, 

Steinheim, Germany) in 10 mM sodium citrate buffer, pH 4.5. Prior to STZ injection all animals 

were fasted for four hours, weighed, and blood glucose was measured using Alpha Trak 2 

(Zoetis Inc., Parsippany-Troy Hills, NJ, USA) glucose meter. After induction, rats were placed 

in their cages with ad libitum food and 10% (w/v) sucrose solution in tap water for 48 h. Four 

days after the first STZ injection, the success of the induction was monitored by measuring the 

blood glucose levels from the saphenous vein. The induction of diabetes was considered 

successful when the blood glucose values were equal or higher than 16 mmol/l (288 mg/dl). 

Animals that were not diabetic based on this criterion 96 h after the first STZ injection received 

a second STZ injection. Blood glucose level and body weight of STZ rats were monitored 

weekly during the whole follow-up period (9 weeks). 

Intravitreal Injection (IVT) 

All IVT injections were performed under ketamine/medetomidine anesthesia as previously 

outlined, using a 5 µl glass microsyringe (Hamilton Bonaduz AG, Bonaduz, Switzerland). A 

solution containing D-Mannitol, trisodium citrate dihydrate, sodium hydroxide, hydrochloric 

acid, and water, was used as vehicle group for control. The reference compound, rat anti-VEGF 

antibody (AF564; R&D Systems, Minneapolis, MN, USA), was dissolved in vehicle solution 

to achieve a final concentration of 0.125 mg/ml per eye. Both the vehicle and the anti-VEGF 

were administered intravitreally at a volume of 5 µl in both eyes at weeks six, seven and eight 

following the STZ induction.  

In Vivo Imaging 

STZ-mediated retinal structural changes in rat eyes were assessed using fluorescein 

angiography (FA) and spectral domain optical coherence tomography (SD-OCT). After 



130 
 

anesthesia (described above) pupils were dilated with 0.5% tropicamide solution (Santen Oy, 

Tampere, Finland), and the optic nerve head was aligned at the retina level using an infrared 

reflectance camera. Then 2% of sodium fluorescein solution (Sigma-Aldrich, Steinheim, 

Germany) was injected intravenously (IV) into the tail vein (50 µl/ 100 g), and images were 

taken 5 minutes after injection using a Spectralis HRA/OCT device (Heidelberg Engineering, 

Heidelberg, Germany). FA was performed at weeks 3, 5, 7, and 9 after induction. Following 

FA, SD-OCT imaging was conducted using the Bioptigen Envisu R2200 device (Leica 

Microsystems, Mannheim, Germany). The scanned area covered a 2.4 x 2.4 mm2 region of the 

retina, centered around the optic nerve. Each scan consisted of 100 B-scans, each of which was 

composed of 1000 A-scans. SD-OCT was performed nine weeks post-STZ injection. The retinal 

thickness was analyzed by a convolutional neural network based on U-net architecture using 

transfer learning approach. The thickness results were presented as inner retina (including the 

nerve ganglion cell layer, inner plexiform and inner nuclear layers), and outer retina (including 

the outer plexiform and outer nuclear layers, inner and outer segments, retinal pigmented 

epithelium, and choroid).  

Vitreous fluorophotometry (VFP) 

Vitreous fluorophotometry (VFP) is the measurement of fluorescence across the anatomical 

axis of the eye, which allows to quantitatively assess retinal leakage using an FM-2 Fluorotron 

Master ocular fluorophotometer (OcuMetrics Inc., Mountain View, CA, USA). The presence 

of retinal leakage is indicated by a reduction of the VFP slope, a straight line between the 

highest peak in the retina region and the mid-peak in the vitreous. After FA imaging, the rats 

remained under anesthesia, and VFP was performed 30 minutes post-administration of the 
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previously described fluorescein injection. VFP was performed at weeks 7 and 9 after STZ 

injection. 

Flash Electroretinography (fERG) 

To evaluate retinal function flash electroretinography (fERG) measurements were conducted 

with animals dark-adapted overnight in their home cages, with ad libitum access to food and 

water, using Celeris ERG system (Diagnosys LLC, Lowell, MA, USA). All preparations for 

fERG were performed under dim red light. Rats were anesthetized and their pupils were dilated 

as described above. During recording, eyes were lubricated using 0.9% sodium chloride to 

maintain corneal moisture and to ensure electrical contact between the cornea and electrode. 

Six different light intensities were tested: 0.003, 0.01, 0.1, 1, 3 and 10 [log (cd.s.m2)]. The 

responses to each intensity were recorded for six consecutive times, averaged, and further used 

to manually identify the amplitudes (µV) for both a- and b-waves. fERG was performed at 

weeks 3, 5, 7, and 9 after DR induction.  

Evan’s Blue (EB) Extravasation Assay 

Prior to sacrifice, rats were administered with an intravenous injection of 4% Evans Blue dye 

(100 µl/100 g) via tail vein.  After 2 hours, plasma samples were collected, and animals were 

transcardially perfused with 0.9% sodium chloride solution for a duration of 30 minutes, using 

peristaltic pump (120S/DV; Watson-Marlow Pumps). Post-perfusion, eyes were enucleated, the 

retinas excised, snap frozen in liquid nitrogen, and stored at -80 °C until further analysis. For 

the quantification of EB extravasation, the retinas were homogenized in formamide, centrifuged 

at 20,800 x g for 45 minutes, and the resultant supernatant was collected. Both retina and plasma 

samples were aliquoted in triplicate into a 384-well plate and absorbance measurements (l = 

620 nm) were conducted using a Cytation 3 plate reader (Cytation 3, BioTek Instruments Inc., 
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Winooski, VT, USA). The concentration of Evans Blue in each retina sample was determined 

relative to the EB concentration in plasma samples. 

PAS Histological Staining of Retinal Flat-mounts 

Retinal flat-mounts were trypsin-digested to isolate the retinal vasculature and stained using 

Periodic Acid–Schiff (PAS). Retinal flat-mounts were placed in distilled water overnight and 

incubated with 4% Trypsin in 0.1M Tris-HCl buffer (pH 7.8) for 1.5 hours at + 37 °C. Samples 

were then carefully washed with distilled water to detach the retinal cell layers from the 

vasculature. The vascular flat-mounts were dried on a microscope slide and processed for PAS 

staining. Samples were oxidized, rinsed with dH2O, placed in Schiff’s reagent, washed, 

counterstained with hematoxylin, differentiated with acid alcohol, dehydrated, and mounted 

with Depex. Four to six individual images obtained from a central area, and from a peripheral 

area of the retinal vasculature were acquired using a Leica Thunder 3D Tissue Imager (Leica 

Microsystems, Mannheim, Germany). The number of acellular capillaries and the number of 

pericyte ghosts were manually counted by an investigator blinded to the experimental group 

assignment. 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism (version 10.0.2, GraphPad Software, 

La Jolla, CA, USA). Data were analyzed using the Mann Whitney test, or two-way ANOVA, 

followed by Dunnet’s or Tukey’s multiple comparison test, and presented as mean ± standard 

error of mean (SEM). Significance was determined according to the P value: * P < 0.05, ** P 

< 0.01, and *** P < 0.001. 

3.4 Results 

Glycaemia and Body Weight 
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Successful diabetes induction was confirmed by hyperglycemia in rats, with glucose levels 

exceeding 16 mmol/l, within the first week post-STZ injection. These elevated glucose levels 

persisted consistently throughout the duration of the study. Hyperglycemic rats presented 

significantly reduced body weight gain compared to the naïve rats starting from week one (P < 

0.001; Figure 1B). Throughout the study, naïve rat’s body weight steadily increased, in contrast 

to the STZ-treated rats who showed a slight reduction from their initial body weight. 

 

Figure 1. STZ resulted in reliable induction of hyperglycemia followed by reduced body weight 

gains. (A) Blood glucose levels (mmol/l) significantly increased in STZ-injected animals by 

week 1 post-induction and remained elevated throughout the entire study period, as compared 

to the naïve rats. *** P < 0.001. (B) Hyperglycemic rats presented significantly reduced body 

weight gains compared to the naïve rats starting from week 1 until the end of the study. *** P 

< 0.001. Statistical analysis was done by two-way ANOVA followed by Dunnett’s multiple 

comparison test. Data are presented as mean ± SEM, n = 15-18 animals per group. 

Increased Retinal Leakage in Diabetic Rats  

Retinal vascular leakage, a key pathological feature of DR, was assessed through Evans Blue 

extravasation assay and vitreous fluorophotometry analysis. Nine weeks post-induction the 
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Evans Blue extravasation assay revealed greater than six-fold increase of EB dye leakage in the 

retinas of STZ-injected rats, as compared to the naïve group (P < 0.05; Figure 2A). Treatment 

with anti-VEGF antibody, significantly reduced STZ-induced EB extravasation, achieving an 

82.3% reduction (P < 0.05; Figure 2A). Additionally, vitreous fluorophotometry analysis 

demonstrated significant decrease in VFP slope of diabetic rats versus naïve rats at week 7 that 

continued to progress to week 9 (P < 0.0001 and P < 0.0001, respectively; Figure 2B), 

signifying retinal leakage and corroborating the EB increased vascular permeability findings. 

However, on the VFP slope anti-VEGF antibody treatment failed to demonstrate effectiveness, 

with no significant differences noted at any timepoint when comparing anti-VEGF-treated and 

vehicle-treated rats. Examination with FA did not reveal any abnormalities in STZ-induced rats 

during the study period (images can be found in Supplemental Figure S1). 

 

Figure 2. Significant leakage detected by EB extravasation and VFP slope measurements in 

diabetic retina. (A) EB extravasation in retina normalized to plasma. Nine weeks post-induction 

an approximately 6-fold increase in EB extravasation was found in diabetic rats, that was 

prevented by anti-VEGF antibody treatment.  * P < 0.05. (B) The VFP slope between the retinal 
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peak and the vitreous mid-point used as the indicator of leakage. During weeks 7 and 9, a 

significant decrease in the VFP slope was observed in all STZ-treated rats, indicating retinal 

leakage. **** P < 0.0001. Statistical analysis was done by Mann Whitney test for EB 

extravasation, and two-way ANOVA followed by Tukey’s multiple comparison test for VFP 

analysis. Data are presented as mean ± SEM, n = 10-14 eyes per group for EB extravasation, 

and n = 23-36 eyes per group for VFP analysis. 

Vascular Abnormalities in STZ-induced Rat Retinas 

To further evaluate STZ-induced vascular abnormalities, quantification of pericyte ghosts and 

acellular capillaries on trypsin-digested retinal flat-mounts, was performed. Analysis revealed 

a significant increase in the number of pericyte ghosts in the STZ-induced animals compared 

with naïve group, suggesting loss of healthy pericytes associated with diabetes (P < 0.05; Figure 

3A). Anti-VEGF antibody treatment showed beneficial effects on retinal vasculature, leading 

to a notable reduction in the number of pericyte ghosts in comparison to vehicle-treated rats (P 

< 0.01; Figure 3A). Additionally, we quantified acellular capillaries; however no significant 

differences were observed between the treatment groups (P = 0.35; Figure 3B).  
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Figure 3. STZ-induced vascular abnormalities. Retinal trypsin digest analysis for the (A) 

pericyte ghosts and (B) acellular capillaries. Pericyte ghosts significantly increased in diabetic 

animals compared to naïve rats (* P < 0.05), with anti-VEGF antibody treatment showing 

significant reductions (** P < 0.01). No difference in acellular capillaries was observed between 

all treatment groups. Statistical analysis was done by one-way ANOVA followed by Tukey’s 

multiple comparison test. Data are presented as mean ± SEM, n = 31-38 images analyzed per 

group from n = 6 rats per group. (C) Representative image of trypsin digest staining from naïve, 

STZ + vehicle, and STZ + anti-VEGF groups, showing acellular capillaries (arrows), pericytes 

(circles) and pericyte ghosts (arrowheads). Scale bar = 100 µm.  

Diabetes-Induced Alterations in Retina Thickness 

Structural changes in retinal layers were examined through SD-OCT scans, and the thickness 

of both inner and outer retinal layers were measured (Figure 4A). Nine weeks after the onset of 
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diabetes, the inner retina was approximately 6.3 % thinner in rats subjected to STZ than in 

nondiabetic animals, suggesting a potential loss of retinal cells (P < 0.001; Figure 4B). 

Conversely, the outer retina in these STZ-injected rats exhibited a 4.3 % increase in thickness 

compared to naïve rats (P < 0.001; Figure 4C), indicating retinal edema, possibly linked to 

previously described retinal leakage. Anti-VEGF antibody treatment did not significantly 

reverse thinning of the inner retina (naïve vs. STZ + anti–VEGF, P < 0.01; STZ + vehicle vs. 

STZ + anti–VEGF, P = 0.93) but did significantly reverse thickening of the outer retina caused 

by STZ (naïve vs. STZ + anti–VEGF, P = 0.07; STZ + vehicle vs. STZ + anti–VEGF, P ≤ 0.05) 

(Figure 4B and C).  

 

Figure 4. Inner and outer retina thickness changes in STZ-injected rats. (B) Diabetic animals 

presented thinner inner retina layers compared to naïve animals. *** P < 0.001; ** P < 0.01. In 
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contrast, (C) outer retina thickness increased in diabetic rats (naïve vs. STZ + vehicle, *** P < 

0.001), which was restored by anti-VEGF antibody treatment (naïve vs. STZ + anti–VEGF, P 

= 0.07; STZ + vehicle vs. STZ + anti–VEGF, * P ≤ 0.05). Statistical analysis was done by one-

way ANOVA followed by Tukey’s multiple comparison test. Data are presented as mean ± 

SEM, n = 23-36 eyes analyzed per group. (A) Example frame showing the six segmented layers 

overlayed on top of the OCT b-scan, used for inner and outer retina thickness measurements. 

NFL/GCL, nerve fiber layer and ganglion cell layer (white); IPL, inner plexiform layer (red); 

INL, inner nuclear layer (green); OPL, outer plexiform layer (purple); ONL, outer nuclear layer 

(yellow); IS/OS, Choroid and RPE, inner and outer segments, choroid and retinal pigmented 

epithelium (blue). Scale bar = 200 µm.   

Reduced Retinal Activity in STZ-induced Rats 

To evaluate functional deficits in STZ-induced rats, flash electroretinography (fERG) was 

employed. A significant reduction in a-wave amplitude was observed in diabetic rats, with a 30 

% decrease at week 7 pot-induction (1 [log (cd.s.m-2)]), P < 0.05; Figure 5A) and a 21 % 

decrease by week 9, as compared to baseline measurements, indicating reduction in 

photoreceptor activity. Similarly, the b-wave amplitude in STZ-injected rats decreased by 23 % 

at week 7 (P < 0.01; Figure 5B), with a slight recovery to a 14% reduction by week 9, suggesting 

reduced bipolar and Müller cell activity. Introduction of anti-VEGF antibody did not have a 

significant effect on STZ-mediated a-wave and b-wave amplitude reduction at any timepoint. 

To the contrary, in the anti-VEGF-treated STZ group, the a-wave amplitude decreased by 61 % 

at week 7 (1 [log (cd.s.m-2)]), P < 0.001; Figure 5A), with a slight recovery to a 59% reduction 

by week 9 (P < 0.001). The b-wave amplitude in this group declined by 44 % at week 7 (P < 

0.001; Figure 5B), which further decreased to a 48 % by week 9 (P < 0.001). 
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Figure 5. Reduced retinal activity in diabetic rats. Retinal function analyzed by fERG at 0.003, 

0.01, 0.1, 1, 3, and 10 cd.s/m2 luminance, (A) a-wave, and (B) b-wave amplitudes. Statistical 

analysis was performed using two-way ANOVA followed by Šídák's multiple comparisons test. 

Data are presented as mean ± SEM, n = 23-36 eyes per group. *P < 0.05, **P < 0.01, *** P < 

0.001.  

3.5 Discussion 

In this work we provided detailed analysis of both structural and functional pathologic 

processes of DR in STZ-induced Brown Norway rats. Our data demonstrates that STZ-induced 

Brown Norway rats exhibit key features of early DR, including the disruption of the blood-

retinal barrier, vascular leakage, retinal thinning, and the presence of retinal edema. These 

observed structural changes were closely associated with retinal degeneration following 
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induction of diabetes, indicating structure-function relationship within this DR model in Brown 

Norway rats. Moreover, anti-VEGF treatment protected against some of the SZT-induced 

vascular pathologies in the BN rat retinas.  

In our recent systematic literature review, which analyzed preclinical STZ studies from the past 

10 years,14 we found that only one study included both structural and functional redouts in 

Brown Norway (BN) rats.15 In addition, several studies have indicated that genetic backgrounds 

contribute to the susceptibility to retinopathy, with BN rats being more predisposed to induction 

than albino rats.16,17 Therefore, in this study, we aimed to investigate whether visual function 

assessed by flash ERG are related to retinal structural changes observed in STZ-induced Brown 

Norway rats.  

Diabetes induction was achieved through a single STZ injection, leading to hyperglycemia (>16 

mmol/l) week one post-STZ administration. We choose to measure blood glucose concentration 

to define diabetes in this model based on findings from our systematic literature review, where 

the onset of diabetes and diabetes related complications in rat studies were consistently 

observed at or above a glucose concentration of >250 mg/dL.14 Notably, while blood glucose 

measurements provide immediate data, incorporating glycated hemoglobin (HbA1c) 

measurements, which reflect average glucose levels over the past 2-3 months, could offer 

additional insights into long-term rat glycemic control.21  

Hyperglycemic rats presented significantly reduced body weight gains compared to the naïve 

rats, consistent with decreased body weight or attenuated weight gain commonly observed in 

STZ-induced albino rats.22,23 Diabetes in BN rats caused the breakdown of blood-retinal barrier, 

as evidenced by increased Evans Blue dye in diabetic retina at week nine post-induction. The 

disruption of BRB observed in our study aligns with vascular hyperpermeability reported in 
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previous research in both pigmented16,24,25 and albino11,16,26 rats subjected to STZ. In addition, 

the application of VFP and the observed decrease in VFP slope further confirmed increased 

vascular leakage in diabetic Brown Norway rat retinas at weeks 7 and 9 post-induction.  

Moreover, we assessed vascular abnormalities by quantifying pericyte ghosts and acellular 

capillaries on trypsin-digested retinal flat-mounts. By week 9 post-STZ the number of pericyte 

ghosts was significantly higher in diabetic rats, indicating loss of healthy pericytes, a finding 

congruent with observations in other STZ-induced rodent models.27,28 Pericytes provide 

vascular stability and control endothelial cell proliferation, and the depletion of pericytes 

ultimately lead to the formation of acellular capillaries.29 However, our study did not reveal any 

significant differences in the number of acellular capillaries. This observation can be attributed 

to the appearance of pericyte ghosts in the early disease course, whereas acellular capillaries 

tend to emerge at more advanced stages of DR.  

Induction of DR did not reveal any abnormalities in FA during the study period. STZ-induced 

DR animal model typically mirrors early stages of disease which may not be detectable through 

FA imaging. Only in limited number of studies, where STZ-induced animals were assessed for 

an extended period of time (9 months), FA successfully visualized PDR-related vascular 

changes, such as extensive fluorescein leakage and vascular tortuosity.30 However, these 

changes were hindered by cataract formation at one month post-diabetes, which progressed 

more at months 6 and 9. In our study we also observed cataract formation induced by 

hyperglycemia by, which became noticeable by week 6 and progressed in severity by week 9. 

Furthermore, the formation of new blood vessels, a hallmark of PDR, varies across the literature 

in STZ-induced animals. While some studies report neovascularization in STZ-induced 

animals, the methods used to confirm new blood vessel formation are often inadequate.31 In our 
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study, the absence of significant changes observed via FA imaging further indicate that the STZ 

model primarily mimics the early stages of DR. To investigate late-stage DR-related 

phenotypes, such as neovascularization, alternative models, such as the oxygen-induced 

retinopathy model,32 should be considered. 

Our analysis using OCT revealed a 6.3 % decrease in inner retina thickness, and a 4.3 % increase 

of outer retina by week 9 post-STZ injection. Generally, STZ-induced animals present either 

thinning or thickening of retinal layers.15,33,34 However, in our study, we observed consistent 

thinning of the inner retina and thickening of the outer retina, which might be explained by 

different pathophysiological mechanisms at play in different retinal layers following diabetes 

induction. The observed thinning of inner retinal layers is likely attributed to the loss of retinal 

ganglion cells, a phenomenon which is commonly observed in STZ-induced animal models33,34 

or patients with DR.35 In contrast, thickening of outer retina can be explained by increased 

vascular permeability and fluid accumulation within the retina, indicating retinal edema. This 

finding in our study closely aligns with previous observations demonstrating retinal swelling 

following STZ injections in both pigmented15 and albino rats,36 and it parallels the manifestation 

of diabetic macular edema (DME) observed in DR patients.37,38  

Together with the observed structural retinal changes in diabetic rats, a decrease in retinal 

activity was identified by flash electroretinography (ERG). Significant reductions were found 

in both a-wave and b-wave amplitudes, at weeks 7- and 9-post diabetes induction. Beyond the 

development of vascular pathology, DR is also a neurodegenerative disease, leading to defects 

in vision. These include decreased visual acuity6,7 and contrast sensitivity, 8 impaired color 

vision,9 and slowed dark adaptation,10 commonly observed in patients with DR. Experiments 

involving diabetic animals have also revealed functional deficits within the retina, including 
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reduced retinal activity, visual acuity, and contrast sensitivity.15,39,40 Importantly, a-wave and b-

wave amplitude reduction observed in our study is consistent with vascular abnormalities and 

retinal thickness alterations described above, confirming the correlation between retinal 

structural changes and functional deficits in STZ-injected Brown Norway rats. Studying the 

structure-function relationship in animal models is crucial for the development and testing novel 

therapies, as it ensures that these therapies are not only effective at a molecular or cellular level 

but also translate into significant clinical improvements, ultimately enhancing patients' vision. 

However, it is important to consider the potential of STZ to cause neurotoxic effects on retinal 

neurons. Previous studies have demonstrated that streptozotocin can cause neurotoxic effect on 

neurons both in vitro and in vivo.41,42 Therefore, the functional decreases observed in our study 

may be attributed to STZ's neurotoxic impact on neurons which could lead to retinal neuron 

damage and exaggerate neurodegeneration beyond what is typically observed in human DR. 

Moreover, while the introduction of anti-VEGF antibody treatment ameliorated STZ-induced 

vascular changes, such as vascular leakage and the number of pericyte ghosts, it did not have a 

significant effect on STZ-mediated a-wave and b-wave amplitude reductions. To the contrary, 

anti-VEGF treatment in STZ-induced animals caused further retinal function decrease. This 

might be explained by VEGF’s function as neurotrophic factor, supporting the survival of retinal 

neurons.43,44 Consequently, inhibiting VEGF with anti-VEGF therapy may interfere with its 

neuroprotective effects. Similar findings have been reported, where anti-VEGF treatment 

resulted in significant retinal neurodegeneration and decreased retinal function in diabetic 

animals.45–47Additionally, while anti-VEGF antibody administration was successful in 

reversing the thickening of outer retina caused by STZ, it did not show a significant effect on 

the inner retina thickness. Further confirming, that using VEGF inhibitors for DR treatment can 



144 
 

have both beneficial and adverse effects, targeting vascular changes but potentially 

compromising retinal neuron survival. 

The presented study comes with several limitations, including a lack of IgG control and a non-

treated STZ control group. Including an IgG control — an isotype-matched antibody 

administered at the same dose and via the same route as the anti-VEGF antibody — would 

account for any nonspecific effects of antibody administration. Without this control, it is 

challenging to distinguish between effects specific to VEGF targeting and those resulting from 

the injection process or antibody carrier. Similarly, a non-treated STZ control group is essential 

to assess the impact of STZ alone on the diabetic phenotypes, ensuring that observed DR-related 

features are attributed specifically to the STZ injections rather than other variables. 

To conclude, our data demonstrate that the STZ-induced Brown Norway model recapitulates 

the known hallmarks of early DR, including the breakdown of the blood-retina barrier, vascular 

leakage, loss of retinal cells, retinal edema, and decreased retinal function. A detailed analysis 

of the structure-function relationship in these BN rats reveals concurrent morphological 

changes and visual deficits post-STZ induction. While anti-VEGF treatments protect against 

certain diabetes-induced vascular pathologies in the retina, it may also have adverse effects on 

retinal neurons by interfering with VEGF's neuroprotective role. 

3.6 Contributions 

All authors contributed to the study conceptualization and design. STZ injections were 

performed by I.L. Intravitreal injections were performed by M.C.G. In vivo imaging, VFP 

measurements, fERG, EB extravasation assay, and PAS histological staining were performed 

by both I.L, with support from M.C.G and other members of the Experimentica team (not 

included in the author list). Data analysis were performed by I.L. and M.C.G. The original draft 



145 
 

preparation was performed by I.L., while Z.A. and G.K. reviewed, edited, and supervised. All 

authors have read and agreed on the final manuscript. 

3.7 Disclosures  

Employment: G.K., I.L., M.C.G., A.K.G. (Experimentica Ltd.); Stock/equity ownership: G.K. 

and S.K. (Experimentica Ltd.); S.K. (K&P Scientific LLC). S.K. conducts academic research 

in areas of interest similar to the business interests of Experimentica Ltd and K&P Scientific 

LLC. The terms of this arrangement have been reviewed and approved by Loyola University 

Chicago in accordance with its conflict-of interest policy. Z.A. declares no conflicts of interest. 

3.8 Funding 

This research was funded by the European Union’s Horizon 2020 research and innovation 

program under the Marie Sklodowska-Curie Actions, grant agreement—No. 813440 

(ORBITAL — Ocular Research by Integrated Training and Learning). 



146 
 

3.9 Supplementary Information 

 

Supplemental Figure S1. No vascular abnormalities identified on FA images in diabetic 

retinas. Representative examples of FA scans from weeks 3, 5, 7, and 9 post-STZ of all 

treatment groups.  
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4.1 Abstract 

Diabetic retinopathy (DR) is a multifactorial disease displaying vascular-associated 

pathologies, including vascular leakage and neovascularization, ultimately leading to visual 

impairment. However, animal models accurately reflecting these pathologies all in the same 

model are lacking. Vascular endothelial growth factor A (VEGF-A) is an important factor in the 

development of micro- and macro-vascular pathology in DR. In this study, we evaluated the 

feasibility of using cumate-inducible lentivirus (LV) mediated expression of VEGF-A to 

understand DR pathology in vitro and in vivo. Retinal pigment epithelial cells (ARPE-19) were 

transduced with cumate-inducible LV expressing VEGF-A, with subsequent analysis of VEGF-

A expression and its impact on cell proliferation, viability, motility, and permeability. Cumate 

tolerability in adult Wistar rat eyes was assessed as an initial step towards a potential DR animal 

model development, by administering cumate via intravitreal injections (IVT) and evaluating 

consequent effects by spectral domain optical coherence tomography (SD-OCT), flash 

electroretinography (fERG), ophthalmic examination (OE), and immunohistochemistry. 

Transduction of ARPE-19 cells with cumate-inducible LV resulted in ~2.5-fold increase in Vegf-

a mRNA and ~3-fold increase in VEGF-A protein secretion. Transduced cells displayed 

enhanced cell proliferation, viability, permeability, and migration in tube-like structures. 

However, IVT cumate injections led to apparent retinal toxicity, manifesting as retinal layer 

abnormalities, hemorrhages, vitreous opacities, and significant reductions in a- and b-wave 

amplitudes, along with increased microglial activation and reactive gliosis. In summary, while 

cumate-inducible LV-mediated VEGF-A expression is valuable for in vitro mechanistic studies 

in cellular drug discovery, its use is not a feasible approach to model DR in in vivo studies due 

to cumate-induced retinal toxicity.  
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4.2 Introduction 

Diabetic retinopathy (DR) is the leading cause of preventable blindness in the world and the 

primary cause of vision loss among working-age adults1. DR primarily results in microvascular 

changes, including pericyte loss2, increased vascular permeability3 and formation of acellular 

capillaries4. Prolonged duration of diabetes results in the appearance of microaneurysms and 

hemorrhages, associated with vascular leakage and neovascularization5. In the absence of 

intervention, diabetic retinopathy (DR) may progress to diabetic macular edema (DME) and 

proliferative diabetic retinopathy (PDR), ultimately culminating in complete vision loss. 

Animal models which recapitulate vascular pathophysiology of DR are essential for studying 

and understanding the underlying molecular mechanisms, as well as developing and testing 

novel therapies to treat the disease.  

Vascular endothelial growth factor-A (VEGF-A) is highly upregulated in DR and induces the 

progression of various events characterizing the disease, including vascular leakage, 

neovascularization, and DME.6 VEGF antagonists are currently in clinical use for treating 

vascular abnormalities,6 but such therapies require repeated intraocular injections. To study the 

role of VEGF-A and develop novel anti-VEGF-A treatments, VEGF-A-induced animal models 

of DR have been generated. Intravitreal injections of recombinant VEGF-A have been shown 

to mimic many of the complex DR mechanisms, including vascular leakage and 

neovascularization in rodents7 and rabbits8. However, VEGF-A-induced effects are transient 

due to the short half-life of injected peptides. To overcome this drawback, gene transfer models 

which mediate long-term expression of VEGF-A have been established. For instance, adeno-

associated virus (AAV) based VEGF-A mouse model resembled several pathologies 

characteristic of proliferative DR, including vascular leakage, neovascularization, and vitreous 

hemorrhage.9 However, stable expression systems do not offer the ability to temporally control 
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transgene expression. For this, inducible gene expression systems have been purposed, offering 

titratable and finely tuned control over gene expression. Furthermore, compared to stable 

expression systems, they typically demonstrate greater efficiency and cause fewer side effects.10  

Various inducible platforms, such as the rapamycin-inducible system11 and light-sensitive 

protein-protein interaction systems,12 have been developed. However, these systems come with 

specific limitations, including metabolic disruption in the rapamycin-inducible system,13 and 

oxidative stress in light-sensitive systems.14,15 The tetracycline (Tet)-inducible system,16 

another widely used platform, also faces challenges, such as leaky expression in the absence of 

an inducer.17 Recently, cumate-inducible gene expression system have shown promise for 

regulated gene expression across various cell lines,18–21 but to our knowledge, it have not been 

applied in ophthalmic research.  

Therefore, the aim of this study was to evaluate the feasibility of using cumate-inducible LV 

constructs for controlling retinal transgene expression, with the ultimate goal of generating a 

preclinical model with controllable VEGF-A expression with relevance to DR. For this, our 

initial step involved the testing of an inducible VEGF-A expression vector within ARPE-19 

cells. Subsequently, we aimed to employ this cumate-inducible VEGF-A vector to establish a 

DR model in adult rats in vivo.  

4.3 Methods 

Cell line and cell culture 

Retinal pigment epithelial cells, ARPE-19 (CRL-2302TM, American Tissue Type Collection, 

ATTC, Manassas, VA, USA), were chosen for this study as they are an established and easy-to-

work-with cell line, that was readily available in the laboratory. Although RPE cells are not the 

primary focus in diabetic retinopathy studies, ARPE-19 cells offered a valuable platform to 

assess the efficacy of lentiviral vectors to promote VEGF-A expression and demonstrate that 
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produced VEGF-A is indeed biologically active. ARPE-19 were cultured in a 1:1 mixture of 

Dulbecco's modified Eagles medium (DMEM) and Ham's F12 medium (F12 medium) 

(containing 1.2 g/L sodium bicarbonate, 2.5 mM L-glutamine, 15 mM HEPES and 0.5 mM 

sodium pyruvate) and fetal bovine serum to a final concentration of 10% and cultured at 37 ºC 

in an atmosphere of 5% CO2/95% humidity. Cell cultures were supplemented with 

penicillin/streptomycin to a final concentration of 100 U/ml and were used for experiments 

between passages 7 to 10.  

ARPE-19 were maintained in T75 tissue culture flasks (TPP Techno Plastic Products AG, 

Trasadingen, Switzerland) and seeded into clear, flat bottom 6, 12, or 96 well plates (TPP®; 

Midwest Scientific, Fenton, MO, USA) at a density of 6900 cells/well to 200,000 cells/well. 

For permeability experiments, cells were seeded in transwell inserts (150,000 cells/well; 12 mm 

Transwell® with 0.4 µm Pore Polyester Membrane Inserts [Corning; Corning, NY, USA]). 

ARPE-19 cell transduction with cumate-inducible lentivirus (LV) 

ARPE-19 cells were incubated at 37°C with 5% CO2 overnight so that the cells would be 10 – 

30% confluent at the time of infection. TransDuxTM (System Biosciences, Palo Alto, CA, 

USA) was added to cell medium to a final concentration of 1X, for efficient transduction of 

cells. Immediately after, ARPE-19 cells were transduced with lentivirus (LV) expressing a 

SparQTM all-in-one cumate-inducible plasmids (QM800A-VEGFA165A, 1.14 x 109 ifus/ml 

[System Biosciences]) expressing VEGF-A 165 isoform (VEGF-A165) at a multiplicity of 

infection (MOI) of 0, 10, and 20. Media was changed 72 hours post-transduction and cumate 

(30 μg/ml [System Biosciences]) was added to induce VEGF-A expression, and cells were 

incubated for a further 48 hours. MOI 0 condition served as cumate control where no lentivirus 

was added, only cumate. 
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RNA isolation and real-time quantitative PCR (RT-qPCR) 

Total RNA from transduced ARPE-19 cell lysates were isolated using the commercially 

available Total RNA Purification Plus Kit (Norgen, Biotek, Ontario, Canada), according to the 

manufacturer's protocol, and quantified using a NanoDrop spectrophotometer (ThermoFisher 

Scientific Inc, Wilmington, DE, USA). An equal amount of RNA (92 ng) from each sample was 

used to synthesize single-stranded complementary DNA (cDNA) via reverse transcription 

(High-Capacity RNA-to-cDNA Kit, Thermo Fisher Scientific, Waltham, MA, USA). The 

resulting cDNA was then subjected to real-time quantitative PCR (RT-qPCR) (AriaMx Real-

time PCR System; Agilent Technologies, Santa Clara, CA, USA) for VEGF-A 

(Hs00900055_m1) expression. Human GAPDH (GAPDH, 4326317E) was used as the 

endogenous control for gene expression normalization. All qPCR probe sets, Taqman Gene 

Expression Assay kit and Taqman fast advanced Master Mix were acquired from Applied 

Biosystems (Thermo Fisher Scientific). The assays were conducted in triplicates for each 

sample. (N = 3/group). 

Enzyme-linked immunosorbent assay (ELISA) 

Transduced ARPE-19 cell supernatant samples were prepared, and VEGF-A protein levels were 

determined by an investigator masked to the treatment conditions, using a commercial VEGF-

A ELISA kit (R&D Systems, Minneapolis, MN, USA). The assay procedure was performed 

according to the manufacturer’s instructions, with the modification of a 1:5 dilution of the 

samples in RD5K diluent. To determine VEGF-A concentrations, a range of standards (31.3, 

62.5, 125, 250500, and 1000 pg/ml) were used. Absorbance was measured at 450 nm using a 

Cytatation 5 microplate reader (BioTek Instruments Inc., Winooski, VT, USA), with subtraction 

of the absorbance of blank wells at 540 nm as a reference. (N = 4/group). 
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Scratch assays 

The effects of LV-mediated VEGF-A expression on ARPE-19 cell motility were assessed 

through scratch assays. Cells transduced with LV at MOI 0, 10, and 20 were incubated for 72 

hours after a scratch was created using a 10 μl pipette tip. These cells were cultured in a serum-

free F12/DMEM medium at 5% CO2/95%, 37°C, in the presence of cumate (30 μg/ml). Images 

were taken immediately after the wound was made, then at 24, 48, and 72 hours. Initial wound 

dimensions and wound healing were evaluated using Image J software (v1.46r, National 

Institute of Health, USA) by an investigator masked to the treatment conditions. (N = 4/group). 

MTT assay 

ARPE-19 cell viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide (MTT) uptake assay. Conditioned media of LV- VEGF-A-treated cells at MOI 0, 10, 

and 20 was added to ARPE-19 cells seeded in 96-well plate. In 48 hours, media was aspirated 

from the cells and replaced with 100 μl of 1.2 mM MTT in Hanks' Balanced Salt solution 

(HBSS) with calcium and magnesium (Lonza, Walkersville, MD, USA) supplemented with 10 

mM 4-(2-Hydroxyethyl) pi-perazine-1-ethanesulfonic acid (HEPES; Sigma Aldrich, St Louis, 

USA). Plates then were incubated at 37 °C for 2 hours. Media was aspirated, and cells were 

lysed with 100 μl dimethylsulfoxide (DMSO) and gentle shaken, to lyse the cells. Absorbance 

was measured at 570 nm using a Cytatation 5 microplate reader (BioTek Instruments Inc.). 

Absorbance values were corrected for background and normalized to the control condition 

(MOI 0). (N = 4/group). 

Cell permeability 
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To examine possible changes in ARPE-19 cell permeability, cells were grown to 70-90% 

confluency in transwell inserts. Cells were then treated with conditioned media of LV- VEGF-

A-treated cells at MOI 0, 10, and 20 for 48 h. To assess permeability, the apical to basolateral 

movement of the low-permeability dye, 6-carboxyfluorescein (6-CF; ThermoFisher Scientific) 

was quantified, using an excitation 490 nm/emission 520 nm, and a microplate reader 

(Cytatation 5; BioTek Instruments Inc.). (N = 3/group). 

Animal experiments 

All animals were approved and monitored by the Animal Welfare Ethical Board of Lithuania 

(Experimentica UAB animal license number G2-136). Animals were also treated in accordance 

with the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research and the 

EC Directive 2010/63/EU for animal experiments. No power calculations were performed to 

determine group sizes but were based on previous experiments in similar designs. Animals were 

randomly assigned to treatment groups and experimenters were masked to the treatment 

conditions.  The study was reported in accordance with ARRIVE guidelines. 

For cumate tolerability experiments, seven-weeks old male Wistar rats (Janvier Labs, Le 

Genest-Saint-Isle, France) (weight, 220–250 g) were housed at a constant temperature (22±1°C) 

in a light-controlled environment (lights on from 7 am to 7 pm) with ad libitum access to food 

and water. For all the procedures, animals were anesthetized with ketamine (45 mg/kg; 

Ketamidor, Richter Pharma, Wels, Austria) and medetomidine (0.6 mg/kg; Sedator, Eurovet 

Animal Health, Bladel, Netherlands) mixture. Anesthesia was reversed by the α2-antagonist for 

medetomidine, atipamezole (2.5 mg/kg; Atipam; Eurovet Animal Health). At the end of the 

study rats were euthanized by cervical dislocation under non-recovery deep anesthesia, and 
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eyes were enucleated and prepared for immunohistochemical staining (as described below). (N 

= 4-12 eyes/group). 

Intravitreal injections 

Water-soluble cumate solution (10,000 x, System Biosciences) was administered by a single 

bilateral intravitreal injection (IVT) into both eyes of randomly selected rats. Four distinct doses 

of cumate were administrated: 0.1 mg/2 µL (6 eyes), 0.2 mg/2 µL (4 eyes), 0.6 mg/2 µL (10 

eyes), and 1.5 mg/5 µL (12 eyes). As for control group, 5 µL of saline was administrated. These 

doses of cumate were selected based on our in vitro studies and the prior literature indicating 

the efficacy of cumate at these doses for binding to the cumate repressor and inducing VEGF-

A expression. For dose selection, we took also into account cumate half-life, the dilution of 

cumate into the rat vitreous and the need for biodistribution from the vitreous into the retina. 

The injections were carried out on day 0 of the study using a 5 µl glass micro syringe (Hamilton 

Bonaduz AG, Bonaduz, Switzerland). 

Spectral domain optical coherence tomography (SD-OCT) 

Cumate tolerability was assessed using spectral domain optical coherence tomography (SD-

OCT) imaging obtained with an image-guided OCT system (Envisu R2210, Bioptigen 

Inc./Leica Microsystems, Mannheim, Germany). SD-OCT scans were conducted prior to the 

IVT injections (day 0), on day 3, and the final experimental day (day 7). The scanned area 

covered a 1.8 x 1.8 mm of the retina centered around the optic nerve. Each scan was composed 

of 100 B-scans, each one composed of 1000 A-scans. 

Ophthalmic examination (OE) 
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Ophthalmic examinations (OE) were performed using slit lamp (SL-9900, C.S.O srl, Scandicci, 

Italy). Prior to the examinations, a 10 mg/ml tropicamide (Polfa S.A, Warsaw, Poland) solution 

was administered onto the cornea to dilute pupils. Rats were then placed under the slit lamp, 

and both eyes were examined, with images captured at both cornea and fundus 

levels. Ophthalmic examinations were conducted on day 0 before the intravitreal injections of 

cumate and then on days 3 and 7 post-injection. 

Flash electroretinography (fERG) 

All flash electroretinography (fERG) measurements were conducted with animals dark-adapted 

overnight in their home cages, with ad libitum access to food and water. Rats were anesthetized 

as described above and their pupils were dilated using a 10 mg/ml tropicamide solution (Polfa 

S.A). Oftagel (Santen Oy, Tampere, Finland) at a concentration of 2.5 mg/g was applied to keep 

the eyes moist during recording. Recordings were performed on both eyes under complete 

darkness. An AC/DC differential amplifier (Model 3000; A-M Systems, Sequim, WA, USA), 

analogue filters set to bandpass of 0.1 Hz to 1 kHz, and a data acquisition interface (C.E.D., 

Power140, Cambridge, UK) were used for the recordings. Light flash stimuli (3ms in duration) 

of five different intensities were used, in ascending order: -3.6; -2.6; -0.6; 0.4 and 0.6 [log 

(cd.s.m-2)], with an interstimulus interval of 5s for the two lowest intensities and 10s for the 

rest. The response to each intensity were recorded for ten consecutive times, averaged, and 

further used to manually identify the amplitudes (µV) for both a- and b-waves. fERG 

measurements were performed prior IVT injections (day 0) and at the termination of the study 

(day 7). 

Eye cup cross-sections 
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Whole eyes were enucleated and fixed in 4% paraformaldehyde (PFA) for an over-night period 

at 4°C. Following fixation, the tissues underwent a 15-minute wash in 1x Tris-Buffered Saline 

(TBS) at room temperature, and eye cups were then carefully prepared. To prevent the 

formation of ice crystals, the tissues were further rinsed in a series of sucrose solutions at 

concentrations of 10%, 20%, and 30%. Eye cups then were placed in optimal cutting 

temperature (O.C.T.) compound (SAK4583, Sakura, Torrance, CA, USA), frozen, and 

sectioned at 7 μm thickness. Hematoxylin and eosin (H&E) staining was performed on these 

sections, and images were captured using an upright microscope (DM6 B, Leica Microsystems). 

Immunohistochemistry of retinal flat-mounts 

The eyes were enucleated and fixed in 4% PFA solution for 30 minutes at room temperature. 

Subsequently, retinas were dissected using fine forceps and four radial incisions were made to 

flatten the retina. The flattened retinas were then fixed in 4% PFA overnight at 4°C. After 

fixation, the tissues were washed in 1x TBS for a duration of 5-6 hours at 4°C and subjected to 

blocking with a solution containing 10% goat serum and 0.5% Triton in 1x TBS. After blocking 

retinal flat-mounts were washed with washing solution (1% goat serum + 0.1% Triton in 1x 

TBS) and incubated with following primary antibodies: rabbit anti-Iba-1 (dilution 1:200, cat. 

no. 019-19741, Thermo Fisher Scientific), and mouse anti-glial fibrillary acidic protein (GFAP) 

(1:1000, G3893, Sigma Aldrich) overnight at 4°C. On the next day the tissues were washed 

with washing solution and incubated with secondary antibodies: anti rabbit Alexa Fluor (AF) 

594 (1:500, A32740, Invitrogen) and anti-mouse AF488 (1:500, A21121, Invitrogen). Flat-

mounts were washed again with washing solution and counter-stained with DAPI (1:10 000, 

6843.1, Carl Roth), washed and mounted with Fluoroshield (F6937-20ML, Sigma Aldrich). 
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Slides were imaged using an upright microscope (DM6 B, Leica Microsystems). For Iba-1 

analysis twelve images were taken from each retinal flat-mount at 12 different locations (4 in 

periphery, 4 in middle and 4 in the central part). Iba-1-positive cells with hypertrophic cell 

bodies and retracted processes were identified as activated microglia, while Iba-1-positive cells 

with small cell bodies and extended processes were classified as silent microglia. Both Iba-1 

active and silent cells were manually counted for each image, using Image J software (v1.46r, 

National Institute of Health, USA). GFAP-positive cells were qualitatively assessed by visual 

inspection of stained flat-mount images. 

Data analysis 

Statistical analysis was performed using GraphPad Prism (version 10.0.2, GraphPad Software, 

La Jolla, CA, USA). Data were analyzed using one-way or two-way ANOVA followed by 

Dunnett’s or Šídák's multiple comparisons tests and presented as mean ± standard error of mean 

(SEM). Significance was determined according to the p value: * p < 0.05, ** p < 0.01, *** p < 

0.001, and **** p < 0.0001. 

4.4 Results 

Increased VEGF-A Expression in ARPE-19 Cells 

Lentivirus transduced ARPE-19 cell lysates were collected, and Vegf-a mRNA expression was 

assessed using qPCR. The results demonstrated a substantial increase in Vegf-a mRNA levels, 

with approximately a 2.5-fold elevation in cells infected with LV at MOI 10 (p < 0.01) and 

nearly a 3-fold increase at MOI 20 (p < 0.01) when compared to MOI 0 (Fig. 1a). Additionally, 

the concentration of secreted VEGF-A in cell supernatants was quantified via ELISA. Elevated 

levels of secreted VEGF-A were detected in cells transduced with lentivirus at MOI 10 

(1,896.60 ± 104.6 pg/ml) compared to MOI 0 (1,165.57 ± 192 pg/ml). Notably, a higher 
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multiplicity of infection (MOI 20) resulted in a significant increase in VEGF-A protein 

secretion levels in ARPE-19 cells (2,005.60 ± 270.6 pg/ml, p < 0.05) compared to non-

transduced cells (1,165.57 ± 192 pg/ml) (Fig. 1b). 

 

Figure 1. Vegf-a mRNA expression and VEGF-A protein secretion levels in ARPE-19 cells 

transduced with lentivirus at MOI 0, 10, and 20 and treated with cumate (30 µg/ml) for 48 

hours. (a) qPCR showed an increase of Vegf-a mRNA expression in cells infected with LV at 

MOI 10 and 20 (** p < 0.01 and ** p < 0.01, respectively) compared with MOI 0. (N = 3/group). 

(b) Significantly increased VEGF-A protein secretion levels were detected by ELISA in cell 

supernatants transduced with lentivirus (LV) at MOI 20 (* p < 0.05) compared to MOI 0. (N = 

4/group). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s 

multiple comparisons test. Data are presented as mean ± SEM. 

Effects of Lentivirus-mediated Expression of VEGF-A on ARPE-19 Cells 

Further, we wanted to evaluate the effects of lentivirus-mediated expression of VEGF-A on 

ARPE-19 cells. The introduction of VEGF-A through lentivirus resulted in notable 

enhancements in the proliferation, motility, viability, and permeability of ARPE-19 cells. For 

cell proliferation assessment, ARPE-19 cells were initially seeded in 12-well plates at a density 
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of 3,000 cells per well, followed by transduction with LV and treatment with cumate (30 µg/ml) 

for 48 hours. Consequently, a significant increase in the number of cells following lentivirus 

transduction was found at both MOI 10 (959,750 ± 200.004, p < 0.05) and MOI 20 (1,086,750 

± 101.268, p < 0.01) in comparison to MOI 0 (321,000 ± 51,828) (Fig. 2a). Furthermore, impact 

of VEGF-A expression on ARPE-19 cell motility was assessed through scratch assays. A 

substantial reduction in scratch-wound size, indicating enhanced cell migration, was evident in 

cells transduced with LV at MOI 10 (40.64 ± 4.22%, p < 0.001) and MOI 20 (33.84 ± 6.83%, p 

< 0.001) 48 hours after creating the scratch, in comparison to MOI 0 (67.67 ± 1.6%) (Fig. 2b). 

In addition, we observed the formation of tube-like structures by ARPE-19 cells (indicated by 

arrows, Fig. 2c). 
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Figure 2. Effects of LV-mediated VEGF-A expression on ARPE-19 cell proliferation and 

motility. (a) There was a significant increase in total number of ARPE-19 cells when transduced 

with LV at MOI 10 and 20 (* p < 0.05 and ** p < 0.01, respectively) compared with MOI 0 (n 

= 4/group). (b) There was a significant decrease in wounds suggesting an increase in cell 

motility when transduced with LV at MOI 10 and 20 at 24 hours (** p < 0.01 and ** p < 0.01, 

respectively), 48 hours (*** p < 0.001 and *** p < 0.001, respectively) and 72 hours (** p < 

0.01 and *** p < 0.001, respectively) compared with MOI 0. Statistical analysis was done by 

one-way and two-way ANOVA followed by Dunnett’s multiple comparisons test. Data are 
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presented as mean ± SEM (n = 4). (c) Representative images of ARPE-19 cells infected with 

LV at MOI 20. The images were taken immediately after the scratches had been made (baseline) 

and then after 24 hours, 48 hours and 72 hours. Scratch assays showed increased motility of LV 

infected cells, as well as these cells forming tube-like structures, indicated by arrows. Scale bar 

= 100 μm. 

To assess changes in cell viability, MTT assay was performed on ARPE-19 cells that were at a 

70-90% confluence. Conditioned media from cells previously transduced with lentivirus and 

treated with cumate (30 µg/ml) for 48 hours were added. After 48 hours of exposure to 

conditioned media, the MTT assay showed significantly increased number of viable cells with 

conditioned media of LV at MOI 20 (115,73 ± 5.21 %, p < 0.05), compared with MOI 0 (100 ± 

1,55 %) (Fig. 3a). Moreover, permeability significantly increased in cells treated with 

conditioned media of LV at MOI 10 (p < 0.05) and MOI 20 (p < 0.05) compared to MOI 0 

(apparent permeability coefficients Papp, 10(-5) cm s-1 for RhoB were 2,08 ± 0.16, 1,80 ± 0.40, 

and 0,66 ± 0.07, respectively) (Fig. 3b). Our in vitro data are consistent with the anticipated 

effects of VEGF-A overexpression in ARPE-19 cells. 

 

Figure 3. ARPE-19 cell viability and permeability after treatment with conditioned media of 

LV at MOI 10 and 20. (a) MTT assay showed significantly increased number of viable cells 
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treated with conditioned media of LV at MOI 20 (* p < 0.05) compared with MOI 0 (n = 

4/group). (b) Cell permeability significantly increased in cells treated with conditioned media 

of LV at MOI 10 and 20 (* p < 0.05 and * p < 0.05, respectively) compared with MOI 0 (n = 

3/group). Statistical analysis was performed using one-way ANOVA followed by Dunnett’s 

multiple comparisons test. Data are presented as mean ± SEM. 

Toxic Effect of Cumate IVT Injections on Retina of Wistar Rats  

Our next objective was to assess the feasibility of utilizing cumate-inducible lentiviral (LV) 

constructs to establish inducible gene expression in an in vivo setting. Given the lack of in vivo 

data on cumate, we conducted an evaluation to determine cumate's tolerability introduced via 

intravitreal injections. Following IVT injection of cumate (administered at doses 1 mg/2 µL, 

0.2 mg/2 µL, 0.6 mg/2 µL, or 1.5 mg/5 µL), the rat eyes exhibited immediate cloudiness, 

indicating adverse reactions to cumate. SD-OCT scans revealed noticeable changes in the 

retinal layers (indicated by arrows in Fig. 4), as well as the accumulation of fluid within retinal 

layers and retinal hemorrhage (indicated by arrowheads in Fig. 4). Additionally, in majority of 

SD-OCT scans from rats receiving the highest dose of cu-mate (1.5 mg/5 µL), the observations 

were obscured due to cumate-induced vitreous opacities that cast shadows on the retina (bottom 

row of Fig. 4).  
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Figure 4. IVT injection of cumate induced retinal degeneration in rat eyes. Cumate 

(administered at doses of 0.1 mg/2 µL; 0.2 mg/2 µL; 0.6 mg/2 µL, and 1.5 mg/5 µL) resulted 

in pathological retinal layering (arrows), accumulation of fluid or retinal hemorrhages 

(arrowheads) within retinal layers, and the presence of vitreous opacities (bottom row) which 

completely prevented SD-OCT imaging on day 3 and day 7 post-IVT injection. NFL = nerve 

fiber layer; GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer; 

OPL = outer plexiform layer; ONL = outer nuclear layer; ELM = external limiting membrane; 

RPE = retinal pigmented epithelium. Scale bar = 200 µm. 

Further, ophthalmic examinations revealed vascular abnormalities in rat eyes, both 3- and 7-

days post-administration of cumate (at doses 0.1 mg/2 µL; 0.2 mg/2 µL; 0.6 mg/2 µL, or 1.5 

mg/5 µL). Intravitreal injections of cumate induced distinct alterations in retinal blood vessels, 

characterized by either vessel enlargement or constriction (highlighted by white arrows in 

Figure 5). The fundus images provided further evidence of retinal hemorrhages, which were 

consistent with observations in SD-OCT scans 3- and 7-days after cumate administration 
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(indicated by arrowheads in Fig. 5). Additionally, ophthalmic examinations identified vitreous 

opacities, likely caused by the presence of cumate suspended within the vitreous (denoted by 

black arrows in Fig. 5). 

 

Figure 5. Administration of cumate (at doses 0.1 mg/2 µL; 0.2 mg/2 µL; 0.6 mg/2 µL, and 1.5 

mg/5 µL) resulted in vascular pathologies in rat eyes. Enlarged or constricted blood vessels 

were noticed during fundus observations (white arrows) 3- and 7-days post-IVT-administration. 

Retinal hemorrhages were detected 3 days post-IVT which persisted until Day 7 (white 

arrowheads). Vitreous opacities were observed at 3 days and at 7 days after cumate 

administration (black arrows). 

Flash electroretinography (fERG) was performed to determine the impact of cumate IVT 

injections on rat retinal function. Seven days after cumate administration (0.6 mg/2 µL), a-wave 

amplitude decreased by 22%, and b-wave amplitude by 39% (0.6 [log (cd.s.m-2)] stimulus 

intensity, p < 0.05 and p < 0.001, respectively; Fig. 6). Higher cumate concentrations (1.5 mg/5 
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µL) resulted in a more substantial reduction, with a 94% decline in a-wave amplitude and a 

95% decrease in b-wave amplitude by day 7 (0.6 [log (cd.s.m-2)] stimulus intensity, p < 0.001 

and p < 0.001, respectively; Fig. 6). However, it is important to note that these a- and b-wave 

amplitude decreases might be due to cumate-induced toxicity to the retina, vitreous opacities, 

or a combination of both factors (all fERG a-wave and b-wave absolute values can be found in 

Supplemental Table S1). 

 

Figure 6. Cumate IVT injections (at doses 0.6 mg/2 µL and 1.5 mg/5 µL) led to decreased 

retinal activity. Retinal function analyzed by fERG at stimulus intensities -3.6, -2.6, -0.6, 0.4, 

0.6 [log (cd.s.m-2)]. (a) a-wave amplitudes at baseline and day 7, and (a) difference from 

baseline at day 7 in different treatment groups. (c) b-wave amplitudes at baseline and day 7, 

and (d) difference from baseline at day 7 in different treatment groups. Statistical analysis was 
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done by two-way ANOVA followed by Šídák's or Dunnett's multiple comparisons test * p < 

0.05, ** p < 0.01, *** p < 0.001. Data are presented as mean ± SEM, n = 8-12 eyes/group. 

Next, retinas exposed to cumate were immunostained with Iba-1 and GFAP antibodies to assess 

the activation of microglia and the presence of reactive gliosis, respectively. Seven days after 

IVT injection of cumate (0.6 mg/2 µL or 1.5 mg/5 µL), retinas were largely disorganized, and 

GFAP+ astrocytes were significantly increased across the full retina (top panel in Fig. 7a). 

Moreover, significantly increased number of total Iba-1-labeled  cells were detected within the 

retinal tissue following IVT injection of cumate at doses of 0.6 mg/2 µL (944 ± 106 cells/mm², 

p < 0.05) and 1.5 mg/5 µL (1397 ± 123 cells/mm², p < 0.001) in comparison to control rat 

retinas (379 ± 33 cells/mm², Fig. 7b), ), suggesting microglial activation. In-depth analysis of 

cellular morphology revealed that the majority of Iba-1-immunoreactive cells had hypertrophic 

cell bodies and nearly complete disappearance of cellular processes, indicating microglial 

activation (Figure 7 c). Notably, an increased number of activated Iba-1+ microglia was found 

in the highest dose of cumate group (1.5 mg/5 µL) (807 ± 118 cells/mm2 compared to 47 ± 11 

cells/mm2 in control group, p < 0.001). Additionally, cumate (at a dose of 1.5 mg/5 µL) resulted 

in markedly reduced active Iba-1 to silent Iba-1 ratio (1: 0.7) in comparison to control rats (1: 

7), indicating that higher proportion of Iba-1+ cells were in an active state than silent (Fig. 7d). 
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Figure 7. Assessment of immune cell activation in cumate-injected (0.6 mg/2 µL or 1.5 mg/5 

µL) eyes. (a) Representative images of retinal flat-mounts from cumate-treated eyes stained for 

GFAP and Iba-1. (b) The count of Iba-1+ cell numbers per 1 mm2. Significant increases in total, 
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active and silent Iba-1+ cell numbers were observed in eyes treated with cumate (one-way 

ANOVA followed by Dunnet’s multiple comparisons test * p < 0.05, *** p < 0.001). (c) 

Representative images of activated Iba-1 cells with hypertrophic cell body (arrow) and retracted 

cellular processes, and silent microglia with small cellular body (arrow) and long cellular 

processes (arrowheads). (d) Ratio between silent and active Iba-1+ cells across all treatment 

groups. Data are presented as mean ± SEM, n = 4-6 eyes/group. 

To verify cumate-induced toxicity histologically, eye cup cross-sections of injected eyes were 

evaluated (Fig. 8). Hematoxylin and eosin (H&E) staining revealed normal architecture of the 

retina in control eye (Fig. 8a) whilst distinct indications of retinal degeneration were evident at 

seven days after IVT injection (Fig. 8b). Notably, retinal hemorrhages (indicated by black 

arrows in Fig. 8b), as well as anomalous morphology of various retinal layers (e.g., ganglion 

cell layer (GCL), inner plexiform layer (IPL), and outer nuclear layers (ONL), Fig. 8b) were 

evident in the cumate-injected eyes. These findings were in alignment with our prior 

observations from SD-OCT scans and ophthalmic examinations. Collectively, all four 

administered doses of cumate (0.1 mg/2 µL, 0.2 mg/2 µL, 0.6 mg/2 µL, and 1.5 mg/5 µL) were 

associated with varying degrees of retinal degeneration when compared to the control group 

that received a 5 µL of saline injection. 
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Figure 8. Hematoxylin and eosin (H&E) staining of eye cup cross-sections of (a) control and 

(b) cumate (1.5 mg/5 µL)-injected eyes. Retinal hemorrhages (black arrows), irregular retinal 

layers and retinal degeneration (e.g., IPL, ONL, and GCL) were observed seven days after 

cumate administration. Scale bars: 100 μm and 500 μm. GCL = ganglion cell layer; IPL = inner 

plexiform layer; INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear 

layer; OS = outer segments of photoreceptor cells; RPE = retinal pigmented epithelium. 

 



175 
 

4.5 Discussion 

The aim of our study was to evaluate the feasibility of using cumate-inducible LV constructs 

for controlling retinal transgene expression, with the ultimate goal to generate a DR preclinical 

model with controllable VEGF-A expression. Transduction of ARPE-19 cells with cumate-

inducible LV led to elevated Vegf-a mRNA and VEGF-A protein secretion levels. Transduced 

cells displayed enhanced cell proliferation, viability, permeability, and migration in tube-like 

structures. However, IVT cumate injections led to evident retinal toxicity, manifesting as retinal 

layer abnormalities, hemorrhages, vitreous opacities, and significant reductions in a- and b-

wave amplitudes, along with increased microglial activation and reactive gliosis. 

The primary advantage of inducible gene expression systems over non-inducible 

constructs lies in their ability to offer titratable and finely tuned control over gene expression. 

For instance, protein-protein interaction-based chimeric systems like the rapamycin-inducible 

system, offer tunable and temporal control of gene expression.11 However, rapamycin or its 

analogs inhibit mammalian target of rapamycin complex 1 (mTORC1), which is essential for 

regulating cellular metabolism and growth, consequently disrupting metabolic status of cells.13 

Another inducible system, based on light sensitive protein-protein interactions, allows rapid on 

and off cycle and provides spatial regulation through selective illumination.12 Nevertheless, 

prolonged exposure to blue light has been shown to induce oxidative stress in cells.14,15 A 

widely used tetracycline (Tet)-inducible expression system, which, like the cumate-inducible 

system, offers controlled gene expression, easiness of their handling, and high efficiency.16 In 

Ohno-Matsui et al. study,22 transgenic mice with reverse tetracycline transactivator (rtTA) 

inducible promoter system promoting Vegf transgene expression, showed evidence of severe 

proliferative retinopathy along with retinal detachment. Yet, the Tet system poses specific 

challenges such as leaky expression in the absence of the inducer17 or the loss of inducibility in 
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some cell lines.23 Studies demonstrate that cumate-inducible gene expression vectors have been 

successfully used for regulated gene expression in mammalian,18 human embryonic kidney,24 

and other cell lines.20,21,19 However, to our knowledge, cumate-inducible gene expression 

vectors have not yet been used for ophthalmic discoveries in in vivo systems. Therefore, this 

study aimed to explore the potential of the cumate-inducible system for controlled VEGF-A 

expression, with the ultimate goal of generating a preclinical DR.  

Our initial experimental step involved the transduction of ARPE-19 cells with cumate-inducible 

LV expressing VEGF-A at varying multiplicity of infection (MOI) levels, including MOI 0, 10, 

and 20. We chose ARPE-19 cells for this study for several reasons. First, ARPE-19 cells are an 

established and easy-to-work-with cell line, that was readily available in the laboratory. Second, 

ARPE-19 cells offered a valuable platform to assess the efficacy of lentiviral vectors to promote 

VEGF-A expression and demonstrate that produced VEGF-A is indeed biologically active. 

Finally, while most of DR research focuses on the breakdown of the inner blood-retina barrier 

(BRB),25 studies have demonstrated that the outer BRB is compromised during DR as well.26,27 

The outer BRB is formed by tight junctions between retinal pigment epithelial cells, and both 

morphological and functional abnormalities of RPE have been reported in diabetic animals.28–

31 While RPE secreted VEGF-A is well recognized for promoting choroidal neovascularization 

in age-related macular degeneration (AMD),32,33 disrupting VEGF signalling in the mouse RPE 

significantly reduced diabetes-induced vascular leakage and inflammation, suggesting that 

VEGF expressed by RPE may play an important role in diabetic retinopathy as well.27 

In our study, qPCR showed an increase of Vegf-a mRNA expression within cells infected with 

LV at MOI 10 and 20, compared to MOI 0. Furthermore, significantly increased VEGF-A 

protein secretion levels into the cell supernatant were detected by ELISA upon transduction 
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with LV at MOI 20 as compared to MOI 0. These results demonstrate that the cumate-inducible 

system effectively induces VEGF-A expression in ARPE-19 cells. Additionally, we aimed to 

demonstrate that the produced VEGF-A is biologically active in ARPE-19 cells. VEGF-A is 

recognized for stimulating excessive proliferation of RPE cells,34,35 similarly in our study 

transduced ARPE-19 cells showed heightened proliferation. Furthermore, our MTT assay 

indicated a substantial increase in ARPE-19 viable cells when exposed to conditioned media 

from lentivirus transduced at MOI 20, supporting the literature that VEGF-A enhances RPE 

survival.36,37 These observation aligns with previous studies where VEGF-A expression driven 

by bidirectional tetracycline-inducible system was shown to promote cancer cell survival and 

proliferation38 Similarly, VEGF expression regulated by an erythropoietin enhancer under 

hypoxic conditions has been demonstrated to enhance endothelial cell proliferation.39 

Moreover, prior research has indicated that the activation of VEGF receptors located on the 

apical surface of RPE cells are responsible for the VEGF-induced elevation in cell permeability. 

40 Our study findings corroborate these observations, as we found a significant increase in 

permeability among ARPE-19 cells transduced with conditioned media of LV at both MOI 10 

and MOI 20. In terms of cell motility, our scratch-wound assays revealed a notable reduction 

in scratch-wound size, indicating increased migratory capacity of ARPE-19 cells upon 

induction, supporting the literature that VEGF-A enhances RPE motility.41 Interestingly, in our 

study we observed LV-transduced ARPE-19 cells forming tube-like structures, similarly to 

endothelial cells in angiogenesis studies,42,43 however further research involving tube formation 

assay would be necessary to confirm this observation. 

However, a key limitation of this study is the absence of both a negative control and a no-

treatment group. The inclusion of a negative control, where a cumate-inducible lentiviral vector 

with a non-functional sequence is used instead of the Vegf-a gene would help ensure that any 
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observed effects are specifically due to VEGF-A expression and not attributable to the vector 

or the transduction process itself. Additionally, including a no-treatment group would provide 

a baseline comparison for assessing the natural behaviour of ARPE-19 cells without inducible 

system or cumate treatment. 

Additionally, it is important to mention that while GAPDH is one of the most commonly used 

reference genes,44,45 its expression can be influenced by experimental conditions, leading to 

inaccurate results. GAPDH gene is directly involved in cellular metabolism,46 therefore its 

expression may be modulated in response to changes in metabolic pathways induced by VEGF-

A expression. To ensure reliable normalization, it is important to experimentally validate 

GAPDH specifically in ARPE-19 cells under VEGF-A expression conditions. Moreover, 

incorporating additional reference genes would provide greater accuracy of normalization.47 

For instance, the use reference genes like HPRT1, GUSB and PPIA has been found to be the 

most suitable reference genes for ARPE-19 cells gene expression experiments subjected to 

diabetic conditions.48 

Taken together, while increased proliferation, permeability, and motility of ARPE-19 cells is 

not directly relevant to the clinical manifestation of diabetic retinopathy, our findings 

demonstrate that VEGF-A expression is induced, and the produced VEGF-A is indeed 

biologically active. Additionally, the use of this cumate-inducible system on ARPE-19 cells 

highlights its potential for studying other ocular pathologies, such as age related macular 

degeneration, where VEGF-A expression in RPE cells is known to drive choroidal 

neovascularization.32,33 Notably, one of cumate-inducible system advantages is that gene 

expression can be reversed by removing cumate, allowing for repeated inductions. 

Consequently, further research would be needed to evaluate the effectiveness of this system for 
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multiple inductions. Additionally, generation of stably expressing cell line could offer potential 

applications for VEGF-related in vitro studies. 

Our data demonstrated that cumate-inducible lentivirus is a flexible tool to study the function 

of VEGF-A in vitro. Consequently, next, we aimed to evaluate cumate-inducible LV in vivo. In 

this system, inducible Vegf-a gene expression is induced through the binding of cumate to the 

cumate repressor (CymR), with expression levels of VEGF-A being tightly regulated by cumate 

concentration. Therefore, this in vivo study focused on assessing the tolerability of intravitreally 

injected cumate in Wistar rat eyes. Unfortunately, cumate administration was not well tolerated, 

resulting in significant retinal toxicity, including abnormalities in retinal layers, hemorrhages, 

vitreous opacities, and reductions in a- and b-wave amplitudes. Additionally, cumate 

administration led to microglial activation and increased reactive gliosis. 

In contrast, our in vitro studies did not show any cellular toxicity, as LV-transduced APRE-19 

cells remained proliferative and viable. Similarly, other in vitro studies,18,20,24 using cumate-

inducible gene expression vectors either reported no cell toxicity or did not address it. Park et 

al.21 observed that cumate-GFP transduced quail (QM7) cells exhibited cellular toxicity, 

whereas chicken (DF1) cells remained viable in the presence of cumate. Interestingly, recent 

work has elegantly demonstrated that oral administration of cumate is safe and feasible.49 

Nevertheless, it remains unclear whether cumate can effectively cross the retinal-blood barrier 

and/or blood-brain barrier, which is crucial for delivering cumate to the eye and brain. 

Given the observed toxicity of cumate following intravitreal injection in this study, our future 

research may investigate the pharmacokinetic properties of cumate in ocular sub-tissues and 

evaluate the feasibility of using lower concentrations to initiate VEGF-A expression. Lower 

concentrations may offer insights into the optimal dosage for achieving VEGF-A expression 



180 
 

while minimizing potential adverse effects. However, it is likely that this approach may require 

multiple low-dose intravitreal injections to achieve relevant tissue levels of cumate to initiate 

transgene expression.   

In summary, our study demonstrates that the cumate-inducible VEGF-A expression system 

offers a valuable tool for investigating the effects of VEGF-A on ARPE-19 cells. However, the 

observed retinal damage induced by cumate in rat eyes precludes its use via intravitreal 

injections. This limitation prevents us from developing an easy-to-use inducible DR rat model 

and from gaining insights into the pathology of diabetic retinopathy using a cumate-inducible 

lentivirus expressing vegf-a. 
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4.9 Supplementary Information 

Supplementary Table S1. fERG a-wave and b-wave amplitude absolute values, difference 

and Šídák's multiple comparisons test results of all treatment groups at stimulus intensities -

3.6, -2.6, -0.6, 0.4, 0.6 [log (cd.s.m-2)] (baseline vs. day 7). Data are presented as mean ± 

SEM. 

a-wave amplitude, µV 

Stimulus 

intensity 
-3.6 -2.6 -0.6 0.4 0.6 

Control 

Baseline   
123.97 ± 

14.32 

231.95 ± 

12.31 

233.55 ± 

14.62 

Day 7   
157.2 ± 

7.69 
270.73 ± 7.52 

282.29 ± 

10.78 
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Difference, 

µV 
  33.23 38.78 48.74 

Difference %   26.80 16.72 20.87 

Summary   ns * ** 

p value   0.07 <0.05 <0.01 

Cumate 0.6 mg/2 µL 

Baseline   
138.31 ± 

16.79 
240.56 ± 9.49 240.75 ± 9.68 

Day 7   
108.91 ± 

12.51 
173.8 ± 18.94 

187.19 ± 

18.85 

Difference, 

µV 
  -29.4 -66.76 -53.56 

Difference %   -21.26 -27.75 -22.25 

Summary   ns ** * 

p value   0.48 <0.01 <0.05 

Cumate 1.5 mg/5 µL 

Baseline   
139.07 ± 

6.88 

238.45 ± 

13.56 

244.12 ± 

15.41 

Day 7   5.04 ± 3.62 10.76 ± 7.31 12.4 ± 8.45 

Difference, 

µV 
  -134.03 -227.69 -231.72 

Difference %   -96.38 -95.49 -94.92 

Summary   *** *** *** 
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p value   <0.001 <0.001 <0.001 

b-wave amplitude, µV 

Stimulus 

intensity 
-3.6 -2.6 -0.6 0.4 0.6 

Control 

Baseline 56.91 ± 3.81 
157.16 ± 

13.9 

291.01 ± 

24.32 

398.25 ± 

30.19 
433.7 ± 27.17 

Day 7 
61.41 ± 

11.79 

195.96 ± 

13.69 

340.83 ± 

24.41 

483.33 ± 

29.81 

508.56 ± 

24.62 

Difference, 

µV 
4.5 38.8 49.82 85.08 74.86 

Difference % 7.91 24.69 17.12 21.36 17.26 

Summary ns ns ns * ns 

p value >0.99 0.62 0.35 <0.05 0.06 

Cumate 0.6 mg/2 µL 

Baseline 53.95 ± 6.04 
170.66 ± 

8.91 

294.53 ± 

21.89 
404 ± 21.27 

418.38 ± 

17.88 

Day 7 24.01 ± 9.95 
83.64 ± 

17.71 

153.08 ± 

20.83 
232.72 ± 26 

252.02 ± 

26.41 

Difference, 

µV 
-29.94 -87.02 -141.45 -171.28 -166.36 

Difference % -55.50 -50.99 -48.03 -42.40 -39.76 

Summary ns ** *** *** *** 

p value 0.78 <0.01 <0.001 <0.001 <0.001 
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Cumate 1.5 mg/5 µL 

Baseline 54.57 ± 9.71 
181.03 ± 

10.8 

325.63 ± 

27.47 

443.16 ± 

37.16 
464.7 ± 35.8 

Day 7 4.38 ± 4.38 7.86 ± 7.86 9.06 ± 6.33 14.51 ± 9.82 22.69 ± 15.36 

Difference, 

µV 
-50.19 -173.17 -316.57 -428.65 -442.01 

Difference % -91.97 -95.66 -97.22 -96.73 -95.12 

Summary ns *** *** *** *** 

p value 0.26 <0.001 <0.001 <0.001 <0.001 
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5.1 Abstract 

Purpose. Diabetic retinopathy (DR) is a complex condition displaying diverse vascular-

associated complications, including upregulation of vascular endothelial growth factor 

(VEGF)-A165, vascular leakage, and neovascularization. However, current VEGF-induced 

animal models fall short in replicating vascular-pathologies, underscoring the necessity for 

improved models that can sustain VEGF-A expression and provide insight into the disease's 

progression and potential treatments. Therefore, we evaluated the efficacy of adeno-associated 

virus (AAV)-mediated long-term expression of VEGF-A to establish angiogenic DR-related 

phenotypes in Brown Norway rats and then assessed the effect of aflibercept (Eylea®) as 

therapeutic intervention, aiming at determining the translational potential of this novel rat DR 

model. 

Methods. Adult Brown Norway rats received a single unilateral intravitreal (IVT) injection of 

Müller-glia specific AAV vector encoding human Vegf-a. The progression of retinal pathology 

was monitored weekly via spectral-domain optical coherence tomography (SD-OCT) and 

fluorescein angiography (FA) for six weeks post-injection. At weeks three and six, retinal 

leakage was quantitatively assessed by vitreous fluorophotometry (VFP), and visual function 

was evaluated using flash electroretinography (fERG) at six weeks post-injection. IVT 

injections of aflibercept (Eylea®) were performed at weeks 2 and 3, to attenuate AAV-induced 

retinal pathology. Ocular tissues were collected, and a novel artificial intelligence (AI) 

framework was applied for autonomous quantification of retinal angiogenesis in Isolectin B4-

stained retinal flat-mounts. Additionally, assessment of microglial activation and reactive 

gliosis, as well as identification of endothelial cells was performed. 
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Results. Intravitreal injection of AAV-hVEGF resulted in successful human Vegf-a mRNA 

expression within 2 to 6 weeks in rat retinas. AAV-mediated VEGF-A expression resulted in 

DR-like vascular pathology, appearing as vascular tortuosity, dilatation, or constriction of 

retinal vessels, microaneurysms, increased retinal angiogenesis and progressive vascular 

leakage commencing at week 2. Additionally, AAV-hVEGF injection led to increased retinal 

thickness — suggestive of retinal edema, accompanied by reduced retinal activity and 

heightened immune cell reactivity. Moreover, implementation of AI analysis delivered reliable 

quantitative assessments of retinal angiogenesis in AAV-hVEGF-injected eyes: increases in 

vascular area and total vessel length, higher number of branch points were found 6 weeks post-

injection as compared to non-injected contralateral eyes. These effects were ameliorated by the 

administration of aflibercept (Eylea®), confirming the translational applicability of this novel 

rat DR model. 

Conclusions. AAV-mediated expression of human VEGF-A in rat retinas, coupled with the 

observed therapeutic effects of aflibercept (Eylea®), demonstrates an easy-to-use model that 

recapitulates several aspects of DR pathology and serves as an attractive approach to gain 

valuable insights into the underlying molecular mechanisms of VEGF-mediated pathologies 

and for testing novel anti-angiogenic therapies.   
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5.2 Introduction 

Diabetic retinopathy (DR) constitutes a significant global health burden, being a leading cause 

of vision impairment and blindness among the working-age adult population.1 The pathogenesis 

of DR begins as non-proliferative diabetic retinopathy (NPDR), characterized by 

microaneurysms, retinal hemorrhages, and increased vascular permeability.2 Without 

therapeutic intervention, NPDR can progress to diabetic macular edema (DME), and 

proliferative diabetic retinopathy (PDR), distinguished by neovascularization and vitreous 

hemorrhages, essentially critically compromising the structural and functional integrity of the 

retina.3 

Upregulation of vascular endothelial growth factor (VEGF)-A165 is one of the key events in DR, 

which leads to vascular-associated pathologies, including neovascularization and vascular 

leakage.4,5 Therapeutic anti-VEGF-A interventions have demonstrated the efficacy in reducing 

retinal alterations and improving vision in patients with DR.6,7 However, patient response 

variability and the need for frequent injections encourages the ongoing investigation of novel 

anti-VEGF-A therapies. Therefore, there is an urgent need for VEGF-A-induced animal model 

development, as they provide a platform to study the underlying molecular mechanisms of 

VEGF-mediated pathologies and to test therapeutic alternatives. Intravitreal injections (IVT) of 

recombinant VEGF-A result in retinal vascular abnormalities, but does not replicate DR-like 

retinal neovascularization8–10, or the effects of administered proteins are transient.11 Similarly, 

intraocular implantation of  VEGF-A-releasing pellets fail to stimulate retinal 

neovascularization in primates, and vascular responses to released VEGF-A in rabbits are 

temporary.12 To overcome these limitations, transgenic mouse models that express VEGF-A 

within the retina have been generated, which develop DR phenotypes, including vascular 

leakage,13,14 retinal neovascularisation,13–15 and retinal detachment.14,15 Nevertheless, these 
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models may be surpassed by viral vector-mediated expression of VEGF-A, which can offer 

enhanced control over gene expression levels and location, as well as it being applied across a 

wider range of species. 

Adeno-associated virus (AAV) vectors are well-known for their long-term transgene expression 

and low pathogenicity.16 AAV vectors have been engineered to target and transduce specific 

cell types, by using different capsid serotypes. For example, the ShH10 variant of AAV 

selectively targets Müller glial cells within the rodent retina.17 When delivered via subretinal 

injection, AAV vectors encoding human Vegf-a induces choroidal neovascularization (CNV) 

in rats,18,19 confirming its effectiveness and safety in vivo. In contrast, IVT injection of AAV- 

VEGF in nonhuman primates is associated with retinal neovascularization, however, the 

occurrence of iris neovascularization in this study limited the ability to conduct detailed in vivo 

investigations (such as FA or OCT).20 In a recent study by Weigelt et al.21, AAV-mediated 

expression of human VEGF-A in the murine retina resulted in retinal leakage and 

neovascularization — an approach that has shaped the framework of our current study. 

Nevertheless, their analysis was limited to retinal function assessment and did not include 

evaluation of anti-VEGF-A interventions. Therefore, our study extends beyond these 

limitations by investigating long-term expression of intravitreally injected AAV vectors 

encoding Vegf-a in Brown Norway rats and including the assessment of aflibercept (Eylea®) as 

a therapeutic intervention, aiming to determine the translational potential of this novel DR rat 

model.  
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5.3 Materials and Methods 

Animal Experiments 

All animal experiments were approved and monitored by the Animal Welfare Ethical Review 

Board of Lithuania (Experimentica UAB animal license number G2-216) and performed in 

accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Vision 

Research and the EC Directive 2010/63/EU. No power calculations were performed to 

determine group sizes, but the numbers of animals used were based on previous experiments in 

similar designs. Animals were randomly assigned to treatment groups and experimenters were 

masked to the treatment conditions. Seven-week-old male Brown Norway rats (weighing 150–

170 g) were purchased from Charles River (Sulzfeld, Germany) and housed at a constant 

temperature (22±1°C) in a light-controlled environment (lights on from 7 am to 7 pm) with ad 

libitum access to food and water. For all surgical procedures, animals were anesthetized with 

ketamine (45 mg/kg; Ketamidor, Richter Pharma, Wels, Austria) and medetomidine (0.6 mg/kg; 

Sedator, Eurovet Animal Health, Bladel, Netherlands) mixture. Anesthesia was reversed by the 

α2-antagonist for medetomidine, atipamezole (2.5 mg/kg; Atipam, Eurovet Animal Health). At 

the end of the experiment (week 6), rats were euthanized by cervical dislocation under a non-

recovery deep anesthesia and eyes were enucleated. The retinas were either snap-frozen in 

liquid nitrogen for gene expression analysis, or whole eyes and retinal flat-mounts were fixed 

in 4% paraformaldehyde (PFA) and prepared for immunohistochemical staining. (N = 6-19 

eyes/group).  

Adeno-associated Virus (AAV)  

Plasmids encoding human DNA sequences of VEGF-A165 (AAV/ShH10-CAG-hVEGF165.V5, 

hereafter referred to as “AAV-hVEGF”) were custom-designed by Vector Biolabs (Malvern, 
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PA, USA). These plasmids were engineered to be regulated by a CAG promoter, with the 

addition of a V5-tag at the C-terminus of each protein. AAVs were packaged into the AAV 

viral capsid variant - ShH10, which is well-known for its predominant transduction of Müller 

glia.17 Müller glia cells span the whole retina and make contact with nearly all retinal cell types; 

therefore, we anticipated that the secreted VEGF-A would be distributed throughout the entire 

retina. As for negative controls, AAV/ShH10-CAG-Stuffer construct (hereafter referred to as 

“AAV-stuffer”) was employed, representing a non-coding DNA packaged within the same viral 

capsid. 

Intravitreal Injection (IVT) 

In the pilot dose-depend10/17/24 12:10:00 PMent study, we evaluated the effects of low (1 × 

1010 viral genomes (vg)/eye)) and high (5 × 1010 vg/eye) doses of AAV-hVEGF. Following the 

study results, we arrived at the conclusion to proceed with a high dose, as it demonstrated the 

most robust induction of DR-related phenotypes. Intravitreal (IVT) injections were performed 

under ketamine/medetomidine anesthesia as previously outlined, wherein 5 × 1010 vg/eye of 

AAV-hVEGF were unilaterally administered into the right eye (OD) of randomly selected rats. 

AAV-stuffer, used as negative control, was diluted in filtered 1 × phosphate-buffered saline 

(PBS) and injected at the same dosage of 5 × 1010 vg/eye. The injections of AAVs were 

delivered at a volume of 5 µl using a 5 µl glass microsyringe (Hamilton Bonaduz AG, Bonaduz, 

Switzerland) on day 0 of the study. Subsequently, at week 2 and week 3 following imaging, a 

unilateral IVT injection of aflibercept (Eylea®) (Bayer AG, Leverkusen, Germany) was 

administered at a dose of 200 µg per eye (a dosage based on previous preclinical models for 

angiogenesis21). In the case of the aflibercept vehicle group, a solution consisting of 100 mM 

Sodium phosphate, 400 mM sodium chloride, 50% sucrose, and Polysorbate 20, with a pH of 
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6.2, was prepared and used. Injections, both of aflibercept and the vehicle, were delivered at a 

volume of 5 µl using a 5 µl glass microsyringe (Hamilton Bonaduz AG). 

In Vivo Imaging 

AAV-hVEGF-mediated retinal changes in rat eyes were assessed using fluorescein angiography 

(FA) and spectral-domain optical coherence tomography (SD-OCT). After anesthesia 

(described above) pupils were dilated with 10 mg/ml tropicamide solution (Alcon-Couvreur, 

Bornem, Belgium), and the optic nerve head was aligned at the retina level using an infrared 

reflectance camera. Then a 10% sodium fluorescein solution (Sigma-Aldrich, Steinheim, 

Germany) was administered as a subcutaneous injection (50 µl/100 g), and images were taken 

at retinal and choroidal focus levels 5 minutes after injection, using a Spectralis HRA/OCT 

device (Heidelberg Engineering, Heidelberg, Germany). Following FA, SD-OCT imaging was 

conducted using the Bioptigen Envisu R2210 device (Leica Microsystems, Mannheim, 

Germany). The scanned area encompassed a 1.8 x 1.8 mm region of the retina, centered around 

the optic nerve. Each scan consisted of 100 B-scans, each of which was composed of 1000 A-

scans. Inner retinal, outer nuclear layer, and total retinal thickness were measured at 25 different 

points, with the center point aligned with the optic nerve head, using InVivoVue Diver software 

(Bioptigen, Morrisville, NC, USA). 

Vitreous Fluorophotometry (VFP) 

Vitreous fluorophotometry (VFP) — the measurement of fluorescence across the anatomical 

axis of the eye was conducted using an FM-2 Fluorotron Master (OcuMetrics Inc., Mountain 

View, CA, USA). The presence of retinal leakage was discerned by a reduction in the calculated 

slope extending from the retinal peak to the midpoint in the vitreous region (a methodology 

based on our previous preclinical models featuring retinal leakage). After FA imaging, the rats 
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remained under anesthesia, and VFP was performed 30 minutes post-administration of the 

previously described fluorescein injection. VFP was performed at weeks 3 and 6 after AAV 

injection.  

Flash Electroretinography (fERG) 

Standard scotopic flash electroretinography (fERG) measurements were conducted at baseline 

and week 6 with animals dark-adapted overnight (at least 12 hours) in their home cages, with 

ad libitum access to food and water. Rats were anesthetized and their pupils were dilated as 

described above. Before recording, a lubricant solution (Lakripos, Ursapharm, Saarbrücken, 

Germany) was applied to maintain corneal moisture and ensure electrical contact between the 

cornea and recording electrode. A thin silver/silver-chloride wire ring was used as the recording 

electrode, placed on the cornea. A stainless-steel needle electrode was inserted in the 

contralateral cheek to serve as a reference electrode, and the ground electrode was placed on 

the tail. The animals were placed onto a low-noise heating plate (37°C) during the 

measurements to keep their body temperature constant. All preparations were performed under 

dim (3 lux) red light. The ERG recordings were taken under complete darkness. Recordings 

were taken from the right (OD) eyes.  An AC/DC differential amplifier (Model 3000; A-M 

Systems, Sequim, WA, USA), analogue filters set to bandpass of 0.1 Hz to 1 kHz, and a data 

acquisition interface (C.E.D., Power140, Cambridge, UK) were used for the recordings. Flash 

stimuli, 3 ms in duration, were administered via LED stimulator at five different intensities, in 

ascending order: -1.4, -0.12, 0.6, and 1.7 [log (cd.s.m-2)], with respective inter-stimulus 

intervals of 5, 5, 20 and 60 s. The responses at each intensity were recorded ten consecutive 

times for the two lowest intensities and 4 and 3 for the two highest. The individual responses 

were averaged, and further used to manually identify the amplitudes (µV) for both a- and b-
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waves. Amplitudes of a-waves were measured from the baseline to the peak of the a-wave and 

b-wave amplitudes were measured from the peak of the a-wave to the peak of the b-wave. 

Tissue Lysis and Gene Expression 

For the analysis of both human and rat Vegf-a gene expression, frozen retinal tissues were 

homogenized, and total RNA was extracted using a commercially available RNA/DNA 

Purification Kit (Norgen Biotek, Thorold, Canada) following the manufacturer’s instructions. 

The RNA was quantified using a Multiskan Sky spectrophotometer (Thermo Fisher Scientific, 

Waltham, MA, USA) and complementary DNA (cDNA) was synthesized following the 

established protocols outlined in the High-Capacity RNA-to-cDNA Kit (Thermo Fisher 

Scientific). The resulting cDNA underwent a real-time quantitative PCR (RT-qPCR) 

(QuantStudio™, Thermo Fisher Scientific) for human VEGF-A (Hs00900055_m1; Thermo 

Fisher Scientific) and rat VEGF-A (Rn01511602_m1; Thermo Fisher Scientific) expression, 

with rat GAPD (GAPDH; Thermo Fisher Scientific) serving as endogenous control. The assays 

were conducted in triplicates for each sample. 

Immunohistochemistry of Eye Cup Cross-Section  

Eyes were enucleated and fixed in 4% PFA overnight at 4°C. Subsequently, tissues were 

washed in 1x Tris-Buffer Saline (TBS) for 15 minutes at room temperature, and eye cups were 

carefully prepared for further analysis. Eye cups then underwent a series of rinses with sucrose 

solutions, progressively transitioning through concentrations of 10%, 20%, and 30% to prevent 

the formation of ice crystals. After this step, the eye cups were embedded in optimal cutting 

temperature (O.C.T.) compound (Sakura, Torrance, CA, USA), frozen, and cut at 7 μm sections. 

For antigen retrieval, eye cup cross-sections were exposed to heat at 100°C for 10 minutes in a 

citrate buffer with a pH of 6.0 and 0.05% Tween 20 (Sigma-Aldrich). Sections were then 



199 
 

washed in 1x TBS at room temperature for 10 minutes and blocked with ready-to-use blocking 

solution (Life Technologies, Carlsbad, CA, USA). After this step, eye cup cross-sections were 

washed in 1x TBS again, and incubated with rabbit anti-CD31 primary antibody (1:500 dilution, 

AB222783; Abcam, Cambridge, UK) overnight at 4°C. Sections were then washed in 1x TBS 

for 10 minutes and incubated with F(ab')2-goat anti-rabbit IgG (H+L) secondary antibody 

(1:500 dilution, A-21069; Invitrogen, Carlsbad, CA, USA) for 3 hours in the dark. After further 

washes in 1x TBS, sections were counterstained with DAPI (1:10 000, 6843.1; Carl Roth, 

Karlsruhe, Germany) and mounted with Fluoroshield (F6937-20ML; Sigma-Aldrich). Images 

of the eye cup cross-sections were captured using an upright microscope (DM6 B; Leica 

Microsystems) by an investigator masked to the treatment conditions.   

Immunostaining of Retinal Flat-mounts 

For preparation of retinal flat-mounts, eyes were fixed in 4% PFA at room temperature for 30 

minutes. Retinas were dissected, flattened with four radial cuts, and further fixed in 4% PFA 

overnight at 4°C. Flat-mounts then were washed in 1x TBS overnight at 4°C and blocked with 

blocking solution (10 % horse serum and 0.5 % Triton [Sigma-Aldrich] in 1x TBS). After this 

step, tissues were washed with washing solution (1 % horse serum and 0.1 % Triton in 1x TBS) 

for a period of 10 minutes and incubated with the following primary antibodies: goat anti-Iba-

1 (1:200, NB100-1028; Novus Biologicals, Centennial, CO, USA), rabbit anti-glial fibrillary 

acidic protein (GFAP) (1:1000 dilution, PA516291; Invitrogen), and Isolectin B4 (1:200, FL-

1201; Vector, Newark, CA, USA) overnight at 4°C. Retinal flat-mounts were then washed with 

washing solution and incubated with secondary antibodies: donkey anti-goat AF568 IgG (H+L) 

(1:500, A11057, Invitrogen) and goat anti-rabbit IgG (H+L) F(ab’)2 AF647 (1:500, A21246; 
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Invitrogen) before washing with washing solution, counterstained with DAPI (1:10 000, 

6843.1, Carl Roth), washed and mounted with Fluoroshield (F6937-20ML, Sigma-Aldrich).  

Slides were imaged using an upright microscope (DM6 B, Leica Microsystems) by an 

investigator masked to the treatment conditions. For GFAP and Iba-1 analysis, twelve images 

were taken from each retinal flat-mount at 12 different locations (4 in the periphery, 4 in the 

middle and 4 in the central parts). GFAP and Iba-1 positive cells were calculated for each image, 

using a proprietary algorithm that combines a convolutional neural network (CNN), that has 

been trained to recognize and quantify cell bodies using a transfer learning approach. The 

results generated by the model were reviewed and adjusted, if required, by a scientist masked 

to the treatment conditions. 

For Isolectin B4 analysis, we applied semantic segmentation using U-Net neural network 

algorithm on panoramic Isolectin B4-positive flat-mount images (5x/0.15 HC PL FLUOTAR, 

Leica Microsystems) to generate blood vessel segmentation masks and calculate the vascular 

area. We also calculated the total length of blood vessel and blood vessel branching points, 

where segmentation masks were skeletonized and the skeleton vertex points were processed 

with Dijkstra’s algorithm for graph length calculation, and morphological hit-or-miss 

transformations were performed with different kernels to mark the branching points of a vessel. 

The analysis was performed using the algorithm written in Python (version 3.8.12), which implements 

a neural network model built using the fast.ai library (version 2.0.13). For subsequent image analysis 

steps, the OpenCV library (version 4.5.4.60) was used. 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism (version 10.0.2, GraphPad Software, 

La Jolla, CA, USA). Data were analyzed using unpaired two-tailed t-test, one-way, or two-way 
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ANOVA, followed by Dunnet’s or Šídák's multiple comparisons tests as appropriate, and 

presented as mean ± standard error of mean (SEM). Significance was determined according to 

the P value: * P < 0.05, ** P < 0.01, and *** P < 0.001. 

5.4 Results 

Expression of Vegf-a gene in AAV-injected Rat Retinas 

Our primary objective in this study was to validate human Vegf-a gene expression within retinal 

tissues of rats which received AAV-hVEGF. To achieve this, we performed IVT injections of 

AAV’s, collected eyes at 2-, 4-, or 6-weeks post-injection, and assessed human Vegf-a mRNA 

concentrations within rat retinal tissues. Quantitative PCR analysis showed notable 

augmentation in human Vegf-a mRNA levels at weeks 2, 4 and 6, with no detectable human 

Vegf-a mRNA observed in neither the AAV-stuffer nor in the naïve groups (Figure 1A). Human 

Vegf-a mRNA upregulation demonstrates a successful delivery of the AAV-hVEGF constructs 

within rat retinas. Additionally, we aimed to investigate the potential of exogenous human 

VEGF-A to mediate endogenous mechanisms in rat retinas, which might result in rat Vegf-a 

mRNA expression level changes. Indeed, at week four post-AAV-hVEGF injection a 20% 

increase in rat Vegf-a mRNA expression was found when compared to the levels observed in 

naïve rats (P < 0.01; Figure 1B). 
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Figure 1. Human and rat Vegf-a mRNA expression in AAV-injected rat retinas at different 

timepoints. (A) Increased human Vegf-a mRNA levels were detected by qPCR 2, 4, and 6 weeks 

after IVT injection of AAV-hVEGF; No detectable human Vegf-a mRNA levels were observed 

in AAV-stuffer nor in the naïve groups (n = 5-6). (B) At week 4 rat retinas that received AAV-

hVEGF injection exhibited a 20% increase in rat Vegf-a mRNA levels as compared to naïve 

rats. ** P < 0.01 (n = 4-6). Data were normalized using the GAPDH endogenous control. 

Statistical analysis was done by one-way ANOVA followed by Dunnett’s multiple comparison 

test. Data are presented as mean ± SEM. 

AAV-hVEGF Injection Led to Vascular Pathologies in Rat Eyes 

Two weeks post-IVT injection of AAV-hVEGF, FA images revealed the presence of vascular 

tortuosity and changes in vessel diameter, which were attributed to mild DR phenotypes (Figure 

2A, arrowheads). Additionally, AAV-hVEGF-injected rats exhibited distinct white spots next 

to blood vessels, signifying microaneurysms, corresponding to a moderate DR phenotype 

(Figure 2A, circles). Severe DR phenotype was observed in 52% of the rats, where changes in 

vascular tortuosity, increased blood vessel diameter, appearance of microaneurysms were 
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accompanied with increased areas of fluorescein outside of the blood vessels, suggesting fluid 

extravasation from the vasculature due to increased vascular permeability (Figure 2B, arrows). 

No vascular changes were observed in the AAV-stuffer group (Figure 2C).  

 

Figure 2. AAV-hVEGF injection led to vascular pathologies in rat eyes. (A) IVT injection of 

AAV-hVEGF led to vascular tortuosity, focally dilated or constricted vessels (mild DR 

phenotype, arrowheads), and microaneurysms (moderate DR phenotype, circles) 2 weeks after 

injection as seen by FA images. (B) Increased vascular leakage was observed in 52% of AAV-

hVEGF injected rats 2 weeks post-AAV administration (severe DR phenotype, arrows). (C) 

No vascular changes were observed in the AAV-Stuffer group. 

Furthermore, we aimed to explore the potential of aflibercept in halting AAV-hVEGF-induced 

retinal leakage. Administration of aflibercept at weeks 2 and 3, effectively arrested retinal 

leakage in AAV-hVEGF-injected rats, as observed by FA (Figure 3, top row). In contrast, 

progressive retinal leakage started at week 2 and persisted until week 6 in the vehicle-treated 

rats (Figure 3, bottom row).  
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Figure 3. Treatment of aflibercept halted AAV-hVEGF-induced retinal leakage in rat eyes. 

IVT injections of aflibercept at weeks 2 and 3 stopped AAV-hVEGF-mediated retinal leakage 

as seen by FA images at different timepoints (top row). Progressive retinal leakage (arrows) 

was found in vehicle-treated rats starting from week 2 and persisting until week 6 (bottom row). 

In the quantitative assessment of retinal leakage using vitreous fluorophotometry (VFP), AAV-

hVEGF-injected rats had a significantly decreased VFP slope at week 3 post-injection, when 

compared to baseline measurements, indicating retinal leakage (P < 0.05; Figure 4A). Herein 

administration of aflibercept demonstrated beneficial effect by ameliorating retinal leakage, and 

the absolute VFP slope decrease from baseline at week 3 was significantly different between 

aflibercept and vehicle-treated rats. However, retinal leakage was diminished at week six post-

AAV injection in both vehicle and aflibercept groups.  
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Figure 4. IVT administration of AAV-hVEGF mediated retinal leakage in rat eyes. (A) At week 

3 VFP slope significantly decreased in AAV-hVEGF-injected rats compared to their baseline 

measurements, indicating retinal leakage. ** P < 0.01 (B) Aflibercept demonstrated a 

therapeutic effect, as VFP slope absolute decrease from baseline was significantly different 

between aflibercept and vehicle treated rats at week 3. * P < 0.05. Statistical analysis was done 

by unpaired two-tailed t-test. Data are presented as mean ± SEM, n = 12-16 eyes per group. (C) 

Graphic representation of a VFP scan in aflibercept and vehicle groups at baseline and week 3. 

The line between the retina peak and vitreous mid-point were used to calculate the slope, which 

is added to the VFP measurement graph as blue line. 



206 
 

AAV-hVEGF Administration Induced Structural Changes in Rat Retinas 

SD-OCT scans revealed alterations in the structural integrity of the retina, characterized by 

retinal swelling (Figure 5A, white arrow) and the presence of presumably inflammatory cells 

within the vitreous (Figure 5A, arrowheads) 2 weeks post-AAV-hVEGF administration. 

Notably, SD-OCT fundus microscopy confirmed AAV-hVEGF-mediated vascular tortuosity as 

previously observed by FA (Figure 5A, blue arrow). More in-depth analysis of SD-OCT scans 

revealed a notable increase in total, inner, and outer nuclear layer thickness, which became 

evident at week 2 post-AAV injection, suggesting the development of retinal edema in AAV-

hVEGF injected eyes (P < 0.001, P < 0.001, and P < 0.05, respectively; Figure 5B). Treatment 

of aflibercept demonstrated therapeutic effect by reducing retinal thickness: at weeks 3 and 4 

following AAV-hVEGF injection, significant reductions in total retinal thickness (P < 0.01 and 

P < 0.001, respectively), inner retinal thickness (P < 0.001 and P < 0.001, respectively), and 

outer nuclear layer thickness (P < 0.05 and P < 0.001, respectively) were observed between 

aflibercept-treated rats and vehicle group (Figure 5C). 
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Figure 5. Injections of AAV-hVEGF resulted in structural changes in rat retinas. (A) 

Representative SD-OCT images: SD-OCT fundus image displays blue crosses indicating 

locations where retinal thickness measurements were taken (left panel), while SD-OCT b-scan 

features a red caliper indicating inner retinal thickness measured region, green – outer nuclear 
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layer, and blue representing total retina’s measured area (right panel); AAV-hVEGF injection 

mediated vascular tortuosity (blue arrow), retinal edema (white arrow), and the infiltration of 

inflammatory cells within vitreous body (arrowheads) 2 weeks after IVT. (B) Total retinal 

thickness, inner retinal thickness, and outer nuclear layer thickness significantly increased in 

AAV-hVEGF injected eyes at week 2 compared to their baseline measurements. * P < 0.05; 

*** P < 0.001 (C) Retinal thickness was significantly reduced by treatment with aflibercept 

compared to vehicle-treated rats at weeks 3 and 4. * P < 0.05; ** P < 0.01; *** P < 0.001. 

Statistical analysis was performed using an unpaired two-tailed t-test. Data are presented as 

mean ± SEM, n = 12-16 eyes per group. GCL – ganglion cell layer, IPL – inner plexiform layer, 

INL – inner nucleus layer, OPL – outer plexiform layer, ONL – outer nucleus layer, ELM – 

external limiting membrane, RPE – retina pigment epithelium. Scale bars in (A) = 200 μm. 

Reduced Retinal Activity in AAV-hVEGF-injected eyes 

To explore the potential of AAV-hVEGF-induced effects on retinal function, we performed 

fERG. Six weeks post-induction, we observed a significant 22% decline in a-wave and 28% 

decline in b-wave amplitudes (1.7 [log (cd.s.m-2)] stimulus intensity, P < 0.001 and P < 0.001, 

respectively; Figure 6), indicating decreased retinal activity. Administration of aflibercept 

significantly prevented AAV-hVEGF-mediated reduction of a-wave amplitudes compared to 

vehicle-treated rats (0.6 [log (cd.s.m-2)] stimulus intensity, P < 0.01; Figure 6C), but did not 

show any significant effects on AAV-mediated reduction of b-wave amplitudes (0.6 [log 

(cd.s.m-2)] stimulus intensity, P = 0.41; Figure 6D). 
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Figure 6. AVV-hVEGF injection reduced retinal activity. AAV-hVEGF injections led to (A) 

a-wave and (B) b-wave amplitude decrease by week 6. * P < 0.05; ** P < 0.01; *** P < 0.001. 

(C) Treatment of aflibercept significantly prevented a-wave amplitude decrease from baseline 

at week 6. * P < 0.05; ** P < 0.01. (D) Aflibercept administration did not have a significant 

impact on b-wave amplitudes. Retinal function was analyzed by fERG at following stimulus 

intensities -1.4, -0.12, -0.6, 0.6, 1.7 [log (cd.s.m-2)]. Statistical analysis was performed using 

two-way ANOVA followed by Šídák's multiple comparisons test. Data are presented as mean 

± SEM, n = 12-16 eyes per group. 

AAV-hVEGF-mediated Retinal Angiogenesis  

To assess AAV-hVEGF-mediated retinal angiogenesis, Isolectin B4 stained retinal flat-mounts 

were analyzed using semantic segmentation via the U-Net neural network algorithm for blood 
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vessel segmentation masks generation and vascular area identification (Figure 7A). Analysis of 

Isolectin B4-labeled vasculature revealed a 22% increase of vascular area in AAV-hVEGF-

injected eyes at week 6, as compared to contralateral eyes (P < 0.001; Figure 7C). We also 

calculated total vessel length by skeletonizing segmentation masks and processing skeleton 

vertex points with Dijkstra’s algorithm for graph length calculations (Figure 7B). Six weeks 

post-induction we observed a significant increase in total vessel length (P < 0.001; Figure 7D) 

when compared to contralateral eyes. To identify the vessel branching points, morphological 

hit-or-miss transformations with various kernels were employed (Figure 7B). The number of 

branching points exhibited a significant increase in rats subjected to AAV-hVEGF (P < 0.001; 

Figure 7E) when compared to contralateral eyes. This augmentation in vascular area, total 

vessel length, and branching points collectively indicates AAV-hVEGF-induced retinal 

angiogenesis. Eyes treated with aflibercept showed no significant differences in the vascular 

area, total vessel length, or vessel branching points when compared to the vehicle group (P > 

0.99, P = 0.91, and P = 0.77, respectively).  
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Figure 7. AAV-hVEGF injection led to retinal angiogenesis. (A) Representative images of 

Isolectin B4-labeled retinal flat-mount, grayscale image of retinal flat-mount, blood vessel 

segmentation mask and retinal flat-mount mask, used for calculations of vascular area. (B) 

Representative images of segmentation mask skeleton and the same skeleton with marked 

branching points, used for total vessel length and branching point calculations. A significant 

increase was found in (C) vascular area, (D) total vessel length, and (E) branching points 6 

weeks post-AAV-hVEGF administration, as compared to non-injected eyes. *** P < 0.001. 
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Branching points and total vessel length are presented per 100x100 px square. Statistical 

analysis was done by two-way ANOVA followed by Tukey‘s multiple comparisons test. Data 

are presented as mean ± SEM, n = 4 -14 eyes per group. Scale bar = 500 μm for the Isolectin 

B4-labeled retinal flat-mount. 

Immunofluorescent staining of CD31, a marker for endothelial cells, was used to qualitatively 

verify angiogenesis in AAV-hVEGF-injected eyes. The anticipated presence of normal 

vasculature was observed in the central retinal region and periphery areas of non-injected 

contralateral eyes (Figure 8A). Conversely, within eyes subjected to AAV-hVEGF, blood 

vessels with enlarged diameter were found (Figure 8B, white arrows), indicating abnormal 

blood vessel growth. Additionally, in the far peripheral regions of the AAV-hVEGF-injected 

eyes, we observed an increased presence of CD31-positive cells, suggesting increased 

proliferation of endothelial cells (Figure 8B, white arrowheads). In summary, examination of 

Isolectin B4 and CD31 staining provided conclusive evidence of retinal angiogenesis in eyes 

administered with AAV-hVEGF. 
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Figure 8. Abnormal blood vessel growth and endothelial cell proliferation in AAV-hVEGF-

injected eyes. (A) Immunostaining with endothelial cell marker CD31 (red) and counterstain 

with DAPI (blue) demonstrates normal vasculature in non-injected contralateral healthy eyes. 

(B) Administration of AAV-hVEGF led to enlarged blood vessels (white arrows) in the central 

retina, which was accompanied by increased presence of endothelial cells in far periphery 

(white arrowheads) (CD31 = red, DAPI = blue). Scale bar = 100μm. 

Activation of Microglia and Reactive Gliosis in AAV-hVEGF-injected eyes 

To investigate reactive gliosis and evaluate microglial activation in AAV-hVEGF-injected eyes, 

retinal flat-mounts were stained with glial marker GFAP and microglial marker Iba-1. Six weeks 

after IVT injection of AAV-hVEGF, retinas were largely disorganized, accompanied by an 

increased number of GFAP-positive cells in AAV-hVEGF-injected eyes as compared to non-
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injected contralateral eyes (P < 0.001; Figure 9A and B). Aflibercept treatment had no effect on 

GFAP-immunoreactive cell number (aflibercept vs. vehicle, P = 0.32; Figure 9A). Furthermore, 

an increased number of total Iba-1-labeled cells was detected in the retina of AAV-hVEGF-

injected eyes (P < 0.001; Figure 9C), which suggests microglial activation. More detailed 

qualitative analysis of cellular morphology revealed that the vast majority of Iba-1-

immunoreactive cells had hypertrophic cell bodies and nearly complete disappearance of 

cellular processes, indicating microglial activation (Figure 9F, arrow). Notably, AAV-hVEGF-

injected eyes showed a higher number of active Iba-1-positive cells as compared to non-injected 

contralateral healthy eyes (P < 0.001; Figure 9D). Administration of aflibercept significantly 

reduced the number of Iba-1-immunoreactive cells in the activated state compared to vehicle-

treated eyes (P < 0.05; Figure 9E). 
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Figure 9. AAV-hVEGF injections induced microglial activation and reactive gliosis in rat eyes. 

(A) GFAP-positive cell number per retinal area (1 mm2). There was a statistically significant 

increase of GFAP-positive cells in AAV-hVEGF-injected eyes as compared to contralateral 
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healthy eyes. *** P < 0.001. (B) Representative images of GFAP (purple) labeled flat-mount 

from AAV-hVEGF and contralateral eye groups. Statistically significant increase of (C) total 

and (D) active Iba-1-positive cell number was detected in AAV-hVEGF-injected eyes as 

compared to contralateral eyes. *** P < 0.001. (E) Treatment of aflibercept decreased activated 

microglia as compared to the vehicle-injected eyes. * P < 0.05. (F) Retinal flat-mounts stained 

with Iba-1 (red) revealed increased density of Iba-1 cells as compared to non-injected 

contralateral healthy eyes (left panel). As observed in higher-magnification images (right 

panel), activated Iba-1 cells had specific hypertrophic cell body (arrow) and retracted cellular 

processes (AAV-hVEGF-injected eye retina). In contrast, silent microglia (arrowheads) had 

ramified cellular morphology with small cellular body (arrow) (non-injected contralateral eye 

retina). For statistical analysis we used two-way ANOVA followed by Tukey's multiple 

comparisons test, and unpaired two-tailed t-test. Data are presented as mean ± SEM, n = 8-14 

eyes per group. Scale bars in (B) = 50 μm; in (F) = 50 μm, 100 μm and 5 mm, as indicated. 

5.5 Discussion 

This study presents a comprehensive evaluation of DR-like pathology in Brown Norway rats, 

induced using AAV viral vectors expressing human VEGF-A. Our AAV-based VEGF rat model 

resembles several DR-related features, including retinal angiogenesis, vascular leakage, retinal 

edema, functional impairment, and inflammatory responses. These effects were partially 

ameliorated by the administration of aflibercept (Eylea®), confirming the translational 

applicability of AAV-hVEGF-induced rat model. 

We successfully achieved long-term expression of human Vegf-a mRNA in rat retinas through 

AAV-hVEGF injection, confirming the efficacy of AAV variant ShH10, which is known to 

selectively transduce Müller cells.17 Müller cell-derived VEGF plays a causative role in major 
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pathologic changes during DR, such as vascular leakage and retinal inflammation.23 

Additionally, Müller cells processes transverse the entire thickness of the retina, representing 

an ideal target for achieving widespread expression of human VEGF-A after a single intravitreal 

administration. To further validate the transduction of Müller cells using the ShH10 variant, our 

future investigations will involve administering AAV-ShH10 construct expressing green 

fluorescent protein (GFP), which would enable us to visualize and confirm the selective 

transduction of Müller glia. In addition to this, we found an increase in endogenous rat Vegf-a 

mRNA levels in eyes that received AAV-hVEGF administrations, which suggests a possible 

feedback mechanism, that might have augmented such pathology. However, to precisely 

understand the mechanisms behind the interplay between exogenous and endogenous VEGF-A 

expression, further investigation would be needed. 

Intravitreal injections of AAV-hVEGF in Brown Norway rats led to a range of retinal 

vascular abnormalities such as vascular tortuosity, changes in vessel diameter, microaneurysm 

formation, and and significant retinal leakage — findings comparable to those observed in 

transgenic mouse models.13,14 However, transgenic mice rapidly develop severe disease 

phenotypes shortly after birth, whereas the AAVs used in our study were administered to a fully 

developed adult rats, offering a more controlled onset of the disease. Additionally, the analysis 

of Isolectin B4-stained retinal flat-mounts using neural network-based algorithm provided direct 

evidence of retinal angiogenesis, a hallmark of proliferative diabetic retinopathy.3 This 

observation contrasts with transgenic mice models, where new blood vessel formation typically 

occurs in the outer retina or choroid, raising concerns about the model’s relevance to human 

DR.13,15 One explanation for these discrepancies may be the different cellular targets of VEGF 

expression: in transgenic mice, VEGF is typically expressed in photoreceptors,14,15 while in our 

study, the AAV-ShH10 construct selectively transduced Müller cells, which span the entire 
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retina.17 Additionally, although subretinal delivery of AAV-VEGF in mice has been shown to 

induce retinal angiogenesis, neovascularization was limited to the outer retinal layers, close to 

the injection site.24 In our study, AAVs were delivered intravitreally and induced angiogenesis 

in the inner layers, suggesting that the route of AAV delivery may influence the location of 

neovascularization within the retina. Retinal neovascularization in our study was further 

confirmed through immunofluorescent staining of endothelial cells, which revealed abnormal 

vessel growth and increased presence of endothelial cells in the eyes subjected to AAV-hVEGF, 

consistent with previous studies using intravitreal AAV-mediated human VEGF in murine 

eyes.21 However, quantification of CD31-positive cells would strengthen our findings and 

clarify the extent of pathology. 

In vivo imaging, specifically SD-OCT, revealed increased retinal thickness in AAV-hVEGF-

injected rats, suggesting retinal edema — a frequent complication observed in DR patients.25 

Similar signs of retinal edema have been reported in Kimba and Akimba mice,26 and in rats 

subjected to VEGF-A protein injections.10 Moreover, in SD-OCT scans we noticed signs of 

retinal inflammation, indicated by accumulation of presumably inflammatory cells in the 

vitreous. Indeed, retinal inflammation was identified by immunohistochemistry analysis of 

retinal flat-mounts, indicating activation of microglia and manifestation of retinal gliosis in 

AAV-hVEGF-injected eyes, both of which are also observed in DR patients.27,28 

In this study, we implemented a novel analysis of Isolectin B4-stained retinal flat-mounts using 

neural network-based algorithms to quantitatively assess retinal vasculature. Algorithm 

provided valuable insights into vascular area, total vessel length, and vessel branching points. 

These read-outs significantly increased after AAV-hVEGF injection indicating retinal 

angiogenesis. However, further validation of this algorithm is necessary to ensure the accuracy 

and reliability of the results. Validation could be achieved by comparing its output to well-
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established tools such as AngioTool,29 assessing its consistency across multiple datasets, and 

ensuring it accurately accounts for three-dimensional effects, such as overlapping vessels 

appearing as branching points.    

The observed vascular and structural retinal changes in AAV-hVEGF-injected eyes were 

accompanied by a decrease in retinal activity, as identified by flash electroretinography. By the 

sixth week post-injection, a significant reduction in both a-wave and b-wave amplitudes was 

observed. Most studies involving transgenic mice13–15,26,30 or AAV-VEGF injections 21,24 which 

report severe DR-related vascular changes have primarily concentrated on vascular alterations, 

often overlooking the impact on visual function. However, visual deficits have been reported in 

streptozotocin-injected Sprague Dawley rats following VEGF-A protein injections,10 aligning 

with our finding, although it remains unclear whether these deficits were a result of STZ-

induced diabetes, VEGF-A protein excess, or STZ’s potential to cause neurotoxic effects on 

neurons.31,32 Therapeutic intervention with aflibercept, an FDA-approved anti-VEGF-A 

treatment for wet age-related macular degeneration, diabetic macular edema and DR,33 partially 

halted AAV-hVEGF-induced vascular pathologies, restoring retinal vasculature to the levels 

comparable to healthy eyes. These findings are in line with clinical studies reporting the benefits 

of anti-VEGF-A therapy in DR management,7 supporting the translational potential of our rat 

model for DR.  Interestingly, although aflibercept significantly prevented the AAV-hVEGF-

mediated decrease in a-wave amplitude, it had no effect on the b-wave amplitude. This 

difference may be due to aflibercept’s more potent effect on the outer retinal layers, impacting 

photoreceptor function (a-wave), rather than affecting the function of retinal interneurons (b-

wave). This observation could be further explained through immunohistochemical analysis of 

photoreceptors and interneurons. Further exploration is necessary to define if this therapeutic 
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anti-VEGF effect on the function of different retinal cell populations is specific for AAV-

inducible model or is applicable to other VEGF-related models as well. 

Our easy-to-induce AAV-based DR rat model that replicates major pathological features of DR, 

also has several limitations that need to be considered. Fistly, AAV-hVEGF-induced vascular 

leakage and retinal swelling were diminished at six weeks post-AAV, although retinal 

angiogenesis, decreased retinal function, and inflammation were still evident. Subretinal 

injection of AAV-VEGF has been demonstrated to induce long-lasting CNV-like pathology in 

rats, with Liu et al.18 reporting effects for a period of 9 weeks, and Wang et al.19 indicating 

pathology persisting for up to 20 months post-injection. Intravitreal delivery of AAV-VEGF in 

non-human primates has been shown to induce DR-like pathology for a period of 3 weeks, but 

the occurrence of iris neovascularization limited longer follow-up time.20 Diminished vascular 

leakage six weeks post-AAV administration in our study could be explained by decline in AAV-

induced gene expression, adaptive immune responses, or the influence of endogenously 

regulated factors. Secondly, AAV-hVEGF administration resulted in variable DR-related 

phenotypes within the same group of animals with some rats exhibiting mild to moderate 

vascular changes, while others showing severe ones. This variability observed via FA imaging 

corresponded to variable Vegf-a mRNA expression levels in the retinal tissue. The variability 

might be attributed to the distribution of intravitreally injected AAV vectors across the retina or 

differences in individual immune responses to the injected AAVs. Given that most drugs fail 

during clinical trials despite demonstrating efficacy and safety in animal models,34–36 employing 

human transgenes in animal studies provides valuable insights into potential human responses 

in clinical trials.37 However, the use of humanized transgenes can trigger different immune 

responses in animals due to species-specific differences, which potentially complicate the 

interpretation of drug efficacy. In our study, the overexpression of humanized VEGF may have 
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influenced inflammatory rat profiles, contributing to the observed phenotype variability and 

loss of pathology, specifically diminished vascular leakage, by week six following AAV 

administration. In light of these considerations, as well as ethical concerns surrounding animal 

research, alternative non-animal models such as organoids, bioengineered tissue constructs, and 

organs-on-chips could be valuable tools for preclinical testing of new therapeutic agents prior 

to using our proposed animal model.34 In future studies, standardizing AAV-hVEGF dosages 

and monitoring AAV distribution could help to reduce variability, ensuring more consistent 

transgene expression and DR phenotypes across treated animals. Finally, similarly to other 

VEGF models, our AAV-hVEGF-induced rats are not hyperglycaemic, lacking insights into the 

sequence of events leading to VEGF upregulation in diabetic retinopathy. Therefore, our future 

directions will involve testing inducible VEGF-A overexpression in Müller cells on diabetic 

background, reflecting the entire spectrum of DR. 

In conclusion, AAV-mediated expression of human VEGF-A in rat retinas, coupled with the 

observed therapeutic effects of aflibercept, demonstrates an easy-to-use AAV-based model that 

recapitulates several aspects of DR pathology and serves as an attractive approach to gain 

valuable insights into the underlying molecular mechanisms of VEGF-mediated pathologies 

and for testing novel anti-angiogenic therapies.   
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CHAPTER 6 

GENERAL DISCUSSION
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6.1 Main findings, limitations, and future investigations  

Existing animal models fall short of reflecting the entire spectrum of pathological features of 

diabetic retinopathy, particularly its late-stage. This research project attempted to establish a 

novel rat animal model that recapitulates the pathophysiology of both proliferative and non-

proliferative DR. To summarize already existing data on the rodent STZ-induced DR model, a 

systematic literature review was performed. Different factors leading to structural and 

functional changes in the STZ-induced rat model were analyzed and compared. Following that, 

a study using the Brown Norway rat STZ-induced DR model was undertaken to characterize 

changes in the ocular structure and functional activity. In the pursuit of developing preclinical 

model relevant to DR, the feasibility of cumate-inducible LV vectors mediating VEGF-A 

expression was explored in ARPE-19 cells. Cumate tolerability was assessed in Wistar rat eyes 

after intravitreal delivery. However, due to the observed cumate toxicity in rat eyes, the focus 

of model development shifted to the use of AAV vectors. This direction led to an investigation 

into the long-term expression of intravitreally injected AAV vectors encoding Vegf-a in Brown 

Norway rats. Additionally, an assessment of aflibercept (Eylea®) as a therapeutic intervention 

was explored in this model. 

We conducted a systematic review on STZ-induced animal models and performed a study using 

STZ-induced Brown Norway rats as a strategic step toward developing our new rat DR model. 

The rationale behind this approach was to gain a deeper understanding of the most commonly 

used DR model and evaluate how well it replicate key features of diabetic retinopathy. The first 

finding of this research underscored the significance of ERG as the most consistent functional 

readout in the rodent STZ model (Chapter 2), corroborating previous research that reports visual 

function decline in diabetic rodents.1–4 However, studies have demonstrated that STZ has a 

neurotoxic effect on neurons, which can lead to non-specific neuronal damage.5,6 This 
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neurotoxicity may exaggerate the extent of neurodegeneration beyond what is typically 

observed in human DR, raising concerns about the STZ model's ability to accurately mimic the 

disease's progression in humans. In addition, the absence of quantitative data for various 

outcome measures in most of the studies resulted in a significant challenge to interpret obtained 

results. Additionally, risk of bias assessment revealed that all analyzed STZ studies exhibited a 

high risk of bias, either due to the lack of reporting or correctly following the procedures. To 

mitigate reporting shortcomings, we have encouraged researchers to adhere to reporting 

guidelines, such as ARRIVE,7,8 and in response to this we have implemented these 

recommendations in our future experiments as well. Despite these limitations, the systematic 

review offered valuable insights into key factors, such as STZ dosing, glucose thresholds, 

follow-up durations, and main readouts, which guided the design of our future STZ study 

(Chapter 3). 

Detailed analysis of the structure-function relationship in the Brown Norway rat DR model 

revealed consistent morphological changes and visual deficits following streptozotocin 

injection (Chapter 3). Neovascularization, a key feature of proliferative DR,9,10 has been 

variably reported in STZ-induced animals.11,12 While some studies claim the presence of 

neovascularization, the methods used to confirm new blood vessel formation are often 

insufficient.13 In our study, STZ-induced Brown Norway rats recapitulated the known 

phenotypes of early DR, however, the absence of any severe vascular abnormalities, such as 

vascular leakage, vascular tortuosity, and neovascularization in STZ-induced Brown Norway 

rats, suggests that this particular model mimics only early stages of DR, further encouraging 

our aim to develop a novel rat model, which recapitulates late-stage DR-related phenotypes.  

Moreover, although the introduction of anti-VEGF antibody treatment ameliorated STZ-

induced vascular changes, it had no impact on STZ-mediated retinal function decline. In 
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contrast, anti-VEGF treatment in STZ-induced animals led to an additional decline in retinal 

function. This aligns with previous research highlighting VEGF’s role as a neurotrophic 

factor,14,15 and with research presenting that inhibition of VEGF with anti-VEGF therapies can 

result in significant retinal neurodegeneration in diabetic animals.16,17 However, a key limitation 

in our STZ-induced Brown Norway study was a lack of IgG control and a non-treated STZ 

control group, which would have ensured that the observed effects were directly attributable to 

the anti-VEGF antibody and STZ, respectively, rather than other experimental variables. 

Modeling the late-stage DR-related pathology is crucial for the development of novel 

therapeutic strategies. Consequently, our next aim was to develop a novel rat model that mimics 

both early and late-stage complications observed in DR. To achieve this, we have decided to 

use inducible system that offers titratable and finely tuned control over gene expression. 

Specifically, we utilized a cumate-inducible lentiviral vector, which allows controlled 

expression of VEGF-A upon exposure of cumate (Chapter 4). While the cumate-inducible gene 

expression system has shown promise across various cell lines,18–20 it has not yet been applied 

in ophthalmic research. Therefore, first, we tested cumate-inducible LV mediating VEGF-A 

expression on ARPE-19 cells. Although ARPE-19 cells are not directly relevant to the clinical 

manifestation of diabetic retinopathy, our findings demonstrated that VEGF-A expression can 

be successfully induced using the cumate-inducible system, and that the produced VEGF-A is 

biologically active. This system offers advantages over other inducible platforms, such as 

rapamycin-inducible system,21 light-sensitive system,22 and the tetracycline system,23 which 

face limitations like metabolic disruption,24 oxidative stress,25,26 and leaky expression without 

inducers.27 Furthermore, our findings suggest that the cumate-inducible system could be 

valuable for studying other ocular conditions, like age-related macular degeneration, where 

upregulated VEGF-A expression in RPE cells contributes to the development of choroidal 
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neovascularization.28,29 However, in this study as well, a key limitation was the absence of both 

a negative control and a no-treatment group, ensuring that any observed effects are specifically 

due to LV mediated VEGF-A expression and not to other experimental variables. Taken 

together, these results suggest that cumate-inducible LV-mediated VEGF-A expression could 

be valuable in preclinical cellular drug discovery studies targeting VEGF-A related pathways. 

Future work may include the development of stably expressing cell lines, wherein VEGF-A 

expression could be titratable by adjusting the concentrations of cumate. 

While cumate is generally considered as non-toxic molecule,30,31 our animal experiments 

provide strong evidence that even low doses of cumate exert a toxic effect and induce retinal 

degeneration in Wistar rats. Like our in vitro studies, other investigations have also reported no 

cellular toxicity associated with the cumate-inducible system.18,20,32 However, a study by Park 

et al.30 observed cell toxicity in cumate-GFP-transduced quail cells, although this was not the 

case in chicken cells. Interestingly, research by Azed et al.33 demonstrated that oral 

administration of cumate is safe and feasible. However, it remains unclear whether cumate can 

effectively cross the blood-retinal barrier in our study, which is crucial for transgene expression 

in the retina. We might consider administering lower concentrations of cumate, however, this 

approach would likely necessitate multiple low-dose intravitreal injections to achieve the 

required transgene expression. This cumate toxicity in rat eyes could be attributed to various 

factors, including potential disruptions in cellular homeostasis and complex interactions with 

specific retinal components. Nonetheless, recognizing that the use of cumate-inducible LV is 

not a feasible approach to model DR in vivo, our focus shifted towards adeno-associated virus 

vectors.  
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Although the AAVs we chose do not allow control over transgene expression via an inducer, 

we selected them for their well-known long-term transgene expression, low pathogenicity, and 

the confirmation of their effectiveness and safety in previous in vivo studies.34–36 Our approach 

was further informed by the study of Weigelt et al., which found that AAV-mediated expression 

of human VEGF-A in the murine retina resulted in late-stage DR related phenotypes. However, 

their analysis was limited to retinal function assessment and did not evaluate anti-VEGF-A 

interventions, allowing us to expand upon their findings. 

Our AAV-based VEGF rat model resembles several DR-related features, including retinal 

angiogenesis, vascular leakage, retinal edema, functional impairment, and inflammatory 

responses. These effects were partially ameliorated by the administration of aflibercept 

(Eylea®). Our model presents several advantages over existing DR animal models. While 

neovascularization, a hallmark of proliferative DR, was observed in our AAV-based VEGF rat 

model, it is often either absent in other diabetic models or confirmed using methods that lack 

reliability.13,37–39 Additionally, our AAV-VEGF model demonstrated neovascularization in the 

inner rat retina, closely resembling human DR, rather than the outer retina or choroid, as 

typically observed in transgenic mouse models.40–42 Moreover, our approach of delivering AAV-

VEGF via intravitreal injection, as opposed to subretinal injection utilized in other AAV-based 

models,43,44 facilitated inner retinal neovascularization, rather than new blood vessel formation 

in outer retinal layers. Additionally, compared to the study by Weigelt et al.,45 which reported 

late-stage DR phenotypes resulting from AAV-mediated expression of human VEGF-A in 

murine retinas, our work expands on their findings by assessing retinal function and evaluating 

the efficacy of anti-VEGF-A interventions in AAV-VEGF-induced rats. 
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However, while our AAV-based DR rat model recapitulates several pathological features of DR, 

it is important to acknowledge its limitations. Firstly, the retinal swelling and vascular leakage 

induced by AAV-hVEGF were significantly reduced by six weeks post-administration. This 

contrasts with findings from other studies that report prolonged transgene expression lasting 

over two months35 or even twenty months.36 In our study, the diminished vascular leakage six 

weeks after AAV administration could potentially be attributed to several factors, including a 

decline in AAV-induced gene expression, the onset of adaptive immune responses, or the 

influence of endogenously regulated factors. Secondly, AAV-hVEGF administration resulted in 

variable DR-related phenotypes within the same group of animals with some rats exhibiting 

mild to moderate vascular changes, while others showing severe ones. This phenotypic 

variability, observed through FA imaging, corresponded to differing levels of Vegf-a mRNA 

expression in the retinal tissue. The variability might be attributed to the distribution of 

intravitreally injected AAV vectors across the retina or differences in individual immune 

responses to the injected AAVs. To address these limitations in our future investigations, we 

aim to explore methods to enhance the consistency of transgene expression and reduce 

phenotypic variability. This may involve optimizing AAV-hVEGF dosages, monitoring AAV 

distribution throughout the retina, and investigating inflammatory responses in rats. Finally, 

similarly to other VEGF models, our AAV-hVEGF-induced rats are not hyperglycaemic, 

limiting our insights into the sequence of events leading to VEGF upregulation in diabetic 

retinopathy. Therefore, future studies will also focus on testing inducible VEGF-A 

overexpression in Müller cells within a diabetic context to better reflect DR pathology. By 

addressing these limitations and refining our model, we hope to enhance its utility for studying 

the mechanisms underlying DR and evaluating potential therapeutic interventions more 

effectively. 
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6.2 Conclusions 

The findings described in this thesis explore the prevalent STZ-induced DR animal model and 

successfully culminate in the development of a novel rat model replicating the main 

pathophysiological features of DR. The newly established easy-to-use AAV-induced rat model 

recapitulates several DR-related phenotypes and serves as an attractive tool to gain valuable 

insights into the underlying molecular mechanisms of DR pathologies and for testing novel 

therapeutic strategies. 
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