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INTRODUCTION AND SCOPE OF THE THESIS

Diabetic retinopathy

Diabetic retinopathy (DR) is a result of damage to the microvasculature in the retina 
caused by prolonged hyperglycemia, hypertension and other yet unknown factors in 
patients with diabetes mellitus. Nowadays, approximately 4 million people worldwide 
experience blindness or severe vision loss caused by DR1 and it is expected that this 
number will significantly rise in the upcoming years because of the increasing global 
prevalence of diabetes.2 The increasing incidence of diabetes, the difficulties in early 
diagnosis and lack of effective treatments make the development of new therapies for DR 
an urgent issue.

DR is a progressive disease that develops from early asymptomatic vascular and 
neuronal changes3 into a vision-threatening complication. In the clinic, DR is classified 
as non-proliferative diabetic retinopathy (NPDR), pre-proliferative DR, proliferative DR 
(PDR) and diabetic macular edema (DME). Fundoscopic findings characteristic for NPDR 
include micro-aneurysms, intra-retinal hemorrhages, dilation and beading of retinal 
veins, capillary non-perfusion, exudate deposition and edema (DME), whereas PDR is 
characterized by intra-ocular neovascularisation, vitreous hemorrhages and fibrosis that 
may lead to retinal detachment and vision loss. 

Studies performed in diabetic animal models have revealed that the first 
retinal vascular changes in DR occur much earlier than the onset of clinically-defined 
abnormalities. Hyperglycemia is known to induce pericyte death, loss of blood-retinal 
barrier (BRB) properties, vessel regression and thickening of the basal lamina of retinal 
capillaries.4-8 Furthermore, early changes in DR are associated with increased levels of 
vascular endothelial growth factor (VEGF).9 Given the fact that VEGF is a potent inducer 
of vascular permeability and angiogenesis, high levels of this growth factor may be  
the cause of BRB loss in DR, accumulation of fluid in the retina and consequently DME. 

Vascular endothelial growth factor 

Vascular endothelial growth factor (VEGF) is a crucial regulator of de novo vascular 
development during embryogenesis (vasculogenesis), new blood vessel formation from 
preexisting vasculature (angiogenesis), as well as vascular permeability. In mammals, 
the VEGF family consists of five members, VEGF-A, -B, -C, -D and placenta growth 
factor (PlGF).10, 11 The actions of VEGF on endothelial cells are diverse and include cell 
migration, proliferation, cell survival and other key cellular processes of angiogenesis, 
such as increased permeability, breakdown of the extracellular matrix, formation and 
guidance of vascular sprouts.10, 12-14 VEGF primarily binds to three receptor tyrosine 
kinases: VEGFR1, VEGFR2 and VEGFR3, but is also a ligand for co-receptors such as 
heparan sulphate proteoglycans (HSPGs) and neuropilins (NRP).10
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In the retina, VEGF is mainly secreted by Müller cells, but other cell types such 

as endothelial cells, astrocytes, retinal pigment epithelium (RPE) and ganglion cells are 
also known to produce VEGF, albeit to a lesser extent.15, 16 Under pathological conditions, 
including DR and ischemia/hypoxia,15, 16 retinal VEGF levels significantly increase and 
may therefore contribute to endothelial dysfunction and progression of the disease. 

VEGF receptors are expressed at low levels in different cell types present in 
the retina, such as pericytes, astrocytes, photoreceptors and neurons.16 In the retinal 
vasculature, only VEGFR1 was shown to be constitutively expressed on endothelial 
cells.17 In contrast, VEGFR2 and VEGFR3 are expressed at low levels in physiological 
conditions.17 Expression of VEGFR2 and VEGFR3 significantly increases in retinal blood 
vessels of patients with DR and in monkey eyes intraocularly injected with VEGF,17, 18 
and may therefore contribute to enhanced VEGF-induced vascular permeability and 
angiogenesis in these eyes.

Blood-retinal barrier loss in diabetic retinopathy 

The crucial function of the BRB is maintenance of homeostasis in the retina by separating 
the neural tissue from potentially damaging components of plasma and from immune 
reactions. The integrity of the BRB is essential for proper vision and its breakdown 
greatly contributes to the pathology of different ocular disorders such as DR, DME and 
age-related macular degeneration (AMD). The neural retina is protected by two distinct 
barriers: the inner BRB and the outer BRB. The outer BRB is formed by RPE, whereas 
the inner BRB is composed of endothelial cells, pericytes and astrocytes, which form  
the neurovascular unit.7, 19 The presence and crosstalk between all components of 
the inner BRB have been shown to be crucial for maintenance of this blood-tissue  
barrier.4, 20-24 Endothelial cells seem to play a critical role in maintaining BRB integrity by 
expressing adherens and tight junction proteins and an array of specific transcellular 
transporters, which make the barrier relatively impermeable.19 

Loss of the inner BRB is an early hallmark of DR. Despite our increased 
understanding of BRB physiology, little is known about the cellular mechanisms underlying 
its dysfunction in pathological conditions. Several factors, such as hyperglycemia, 
inflammation, oxidative stress, activated protein kinase C (PKC), advanced glycosylation 
end products (AGEs) and VEGF,4, 6, 25 have been shown to affect endothelial cell 
homeostasis and to contribute to BRB loss in DR.

Angiogenesis in diabetic retinopathy

Angiogenesis is a tightly-regulated process of new blood vessel formation from existing 
vasculature. The angiogenic process is orchestrated by pro-angiogenic factors and 
inhibitors, as well as interactions between pericytes and endothelial cells.10, 13, 26 From 
more than 30 known endogenous angiogenic agents, VEGF-A is considered to be  
the prime and most potent pro-angiogenic factor.12 
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High levels of VEGF-A in the vitreous are associated with proliferative eye 

diseases such as retinopathy of prematurity, DR and AMD. Elevated VEGF levels in  
the retina lead to excessive formation of leaky, immature vessels that appear in normally 
avascular tissues such as the iris surface or vitreous. Lack of vessel integrity of the newly 
formed vessels is associated with wound healing characteristics such as inflammation, 
scar tissue formation, contraction and tractional retinal detachment, and as a consequence 
visual impairment.

Current therapies for diabetic retinopathy 

The current therapies for DR are based on multilevel approaches that combine 
normalization of blood pressure and glycemic control with ocular treatments such as laser 
photocoagulation, vitrectomy and various pharmacological therapies.27 

Laser photocoagulation became the standard care treatment for DME in 1985. 
Although laser photocoagulation was shown to reduce the risk of visual acuity loss, it may 
lead to several complications including loss of central visual acuity, decreased contrast 
sensitivity, impaired color vision and headaches.27 Despite a tight glucose control and 
laser therapy, up to 13% of patients with DME continue to have progressive vision loss.28 

Pharmacological therapies with corticosteroids have short-term beneficial 
therapeutic effects on retinal thickness and visual acuity in DME. However, this type 
of intervention may lead to side effects that include elevated intraocular pressure, 
cataract and injection-related complications, such as vitreous hemorrhages and 
retinal detachment.28, 29 Therefore, pharmacological inhibition of VEGF appears to be 
the most promising treatment strategy for DME at the moment. Short-term treatment with  
anti-VEGF in DME improved visual acuity and reduced central retinal thickness. In PDR, 
anti-VEGF treatment induced regression of newly formed vessels and prevented vision  
loss.30, 31, 32, 33 However, as VEGF is involved in various physiological processes in 
the eye such as neurogenesis, neuroprotection, glial growth and endothelial cell survival,34 
the long term anti-VEGF therapy may have a negative effect on vision acuity. 

PLVAP as a new target for diabetic retinopathy

Plasmalemma vesicle-associated protein (PLVAP, PV-1) is an endothelial cell-specific 
protein,35 that is recognized by PAL-E (Pathologische Anatomie Leiden-Endothelium)35, 36 
antibody in human and other mammals except small rodents, and by the MECA-3237 
antibody in mouse. Despite the fact that the molecular target of PAL-E was unknown for 
many years, the antibody became a widely-used endothelium marker due to its unique 
ability to discriminate between vessels of vascular and lymphatic origin.35, 38 Interestingly, 
PLVAP is broadly expressed in capillaries and the venous vasculature, but is absent in 
intact BRB and other blood-tissue barriers.39-43 However, in pathological conditions, such as 
DR18, 39, 40 or brain tumor,38, 41, 43 PLVAP levels are highly upregulated in the vasculature and 
colocalize with increased vascular permeability.40 PLVAP expression in the endothelium 
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has been shown to be induced by VEGF in vivo and in vitro15, 44, 45 and may therefore be 
involved in VEGF-induced BRB breakdown in DME and angiogenesis in PDR.

Scope of the thesis

Previous reports have shown that PLVAP expression indicates the loss of BRB properties 
in DR and correlates with uncontrolled, pathological angiogenesis. Therefore, we 
hypothesized that increased PLVAP expression in the retinal microvasculature may 
contribute to the development and progression of DR. To investigate the molecular 
mechanisms of BRB loss and the role of PLVAP in this process, we used different 
mouse DR models: Akita – a naturally-occurring diabetes model,46 Kimba – a model 
in which photoreceptors transiently overexpress VEGF,47 and Akimba – a crossbred of 
Akita and Kimba mouse strains48 (chapter 2). In the Akimba mouse, retinal PLVAP gene 
expression was significantly correlated with vascular leakage as detected by fluorescein 
angiography. To study the functional role of PLVAP in retinal vascular permeability, 
we developed an in vitro BRB model (chapter 3). This model helped us to evaluate 
the contribution of endothelial cells, pericytes and astrocytes to BRB integrity and 
maintenance (chapter 3), and to validate novel potential therapeutic agents, such as 
a lipoprotein-associated phospholipase A2 inhibitor (chapter 4). In chapter 5, we examined 
whether PLVAP is necessary for VEGF-induced BRB breakdown in vitro and in vivo.  
In addition, we investigated which cellular pathways are affected by PLVAP and contribute to 
increased BRB leakage. In chapter 6, we elucidated the potential role of PLVAP in modulation 
of angiogenesis. By using array of in vivo and in vitro assays and the RNA interference 
approach, we studied the mechanisms that may underlie decreased blood vessel formation 
after PLVAP inhibition. Chapter 7 reviews the current knowledge of PLVAP, in particular 
in the light of our recent findings. In this chapter, we discussed the known and potential 
functions of this protein, its implication in diseases and possible therapeutic applications.  
In chapter 8, a general discussion and summary of our studies and their relevance 
towards the understanding of the pathogenesis and progression of DR are presented.
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