
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Endothelial dysfunction in experimental models of preclinical diabetic
retinopathy

McWilliams Hughes, J.

Publication date
2010
Document Version
Final published version

Link to publication

Citation for published version (APA):
McWilliams Hughes, J. (2010). Endothelial dysfunction in experimental models of preclinical
diabetic retinopathy. [Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:24 May 2023

https://dare.uva.nl/personal/pure/en/publications/endothelial-dysfunction-in-experimental-models-of-preclinical-diabetic-retinopathy(2dd2abd5-9f7e-4c97-ba7d-6001d2ce1bb7).html


In memory of my mother, for always being there for me



2

ISBN: 9789490371111

The research presented in this thesis was made possible by 
the financial support of the Dutch Diabetes Fund (grant 
number 1998.131); the Dutch National Foundation for the 
Visually Impaired and Blind; the Blindenpenning Foundation, 
Amsterdam; the Society for the Blind, Rotterdam; the Society 
for the Blind, Gelderland; and the Edward en Marienne Blaauw 
Fonds, The Netherlands.

The studies described in this thesis were performed at the  
Department of Cell Biology and Histology at the Academic 
Medical Center (AMC), University of Amsterdam, The 
Netherlands; The Interuniversity Institute of Ophthalmol-
ogy, Amsterdam, The Netherlands; The Department of Clinical 
Chemistry and Institute of Cardiovascular Research, VU  
University Medical Centre, Amsterdam, the Netherlands and at 
The Department of Ophthalmology, The Queen’s University of 
Belfast, The Royal Victoria Hospital, Belfast, Northern Ireland, 
UK.

Cover: Retinal blood-vessels isolated using osmotic shock 
technique. 
Cover design: John Hughes 
Layout & printing: Off Page, Amsterdam

Copyright © 2009 by J. Hughes. All rights reserved. No part of 
this publication may be reproduced, stored or transmitted in any 
way without prior permission from the author.



3

ter verkrijging van de graad van doctor 
aan de Universiteit van Amsterdam 
op gezag van de Rector Magnificus 

prof. dr. D.C. van den Boom 
ten overstaan van een door het college voor promoties 

ingestelde commissie, 
in het openbaar te verdedigen in de Aula der Universiteit 

op woensdag 20 januari 2010, te 12:00 uur

door

John McWilliams Hughes
geboren te Durham, North Carolina, USA

Endothelial dysfunction in experimental  
models of preclinical diabetic retinopathy

ACADEMISCH PROEFSCHRIFT



4

Promotiecommissie

Promotores:   Prof. dr. C.J.F. van Noorden
   Prof. dr. R.O. Schlingemann

Co-promotores:  Dr. I. Klaassen
   Prof. dr. M.P. Mourits

Overige leden:  Prof. dr. S.T. Pals
   Prof. dr. W.M. Wiersinga 
   Prof. dr. J.M.F.G. Aerts 
   Prof. dr. A.A.B. Bergen 
   Prof. dr. A. Kijlstra 
   Prof. dr. A. Stitt

Faculteit der Geneeskunde



5

Introduction 7

Leukostasis and inflammation: crucial steps in the  
development of diabetic retinopathy or epiphenomenon? 17

Vascular leukocyte adhesion molecules unaltered  
in the human retina in diabetes 35

Normalization of quantitative PCR  
in complex diseased tissues 51

Advanced glycation end products cause increased  
ccn-family gene expression in the diabetic rodent retina 65

Vascular endothelial growth factor-a induces cyr 61,  
connective tissue growth factor, transforming  
growth factor beta and extracellular matrix  
genes in the rat retina in vivo 83

Altered Expression of Genes Related to Blood-Retina  
Barrier Disruption in Streptozotocin-Induced Diabetes 103

General discussion 127

Nederlandse samenvatting 137 
Acknowledgements 141 
Publication list 145 
Curriculum Vitae 147

Chapter 1:

Chapter 2: 

Chapter 3: 

Chapter 4: 

Chapter 5: 

Chapter 6: 
 
 

Chapter 7: 

Chapter 8:

Addendum:

Table of contents





Chapter
Introduction 1



8

1

Introduction



9

1

Introduction

General introduction
Diabetic retinopathy (DR) is known to be a leading cause of blindness in individuals of 
working age living in western countries.1 In patients with type 1 diabetes, 97% develop 
some form of DR. Patients with type 2 diabetes who are not insulin dependent have 
a 57% risk of developing DR after 15 years of diabetes. This risk is increased to 84% 
for type 2 patients who are insulin dependent.2 With the ever increasing incidence 
of type 2 diabetes and the average age of onset steadily decreasing,3 DR presents a 
growing dilemma for diabetic patients and ophthalmologists alike. The lack of an ef-
fective therapy for DR only adds to this problem. 

As the earliest clinically observable changes in the diabetic retina are vascular 
related, DR is traditionally considered to be a vascular disease. Clinically, DR is divided 
into three stages: non-proliferative diabetic retinopathy (NPDR), pre-proliferative 
DR and proliferative diabetic retinopathy (PDR). Fundoscopic findings characteris-
tic for NPDR are venous dilation, microaneurysms, intraretinal hemorrhaging, hard 
exudates, and edema. In the pre-proliferative stage, soft exudates, venous tortuosity, 
extensive intraretinal hemorrhaging, areas of capillary occlusion and capillary shunt 
formation are observed. Finally, retinal neovascularization signals the advent of PDR 
in which intravitreal hemorrhaging and retinal ablation, as a result of retinal fibrosis, 
can lead to acute loss of vision.

DR is most often diagnosed after many years of diabetes, but it is important to 
realize that clinical DR is preceded by a period, characterized by various microscopic 
retinal pathologies, commonly referred to as preclinical DR (PCDR). Hallmark retinal 
pathologies of preclinical DR are pericyte loss, endothelial cell proliferation, thicken-
ing of the vascular lamina basalis (LB), breakdown of the blood-retina barrier (BRB), 
and acellular capillaries. It is not known when in the course of diabetes these retinal 
pathologies first appear, though animal research suggests that it could be as soon as 
several weeks to months after the onset of hyperglycemia.4-6 The exact role of these early 
retinal pathologies in the development of the clinical stages of DR remains unclear.

Currently there are only two forms of therapy available which have been proven 
effective in preventing or slowing DR-associated vision loss; tight glycemic control and 
laser coagulation therapy.7 Tight glycemic control can reduce the incidence as well as 
the progression of DR. Laser therapy can be applied in both NPDR, in which local 
areas of vascular leakage are photocoagulated, and in PDR, in which the entire periph-
eral retinal is obliterated. It reduces the net metabolic needs of the retina and thus de-
creases the expression of angiogenic growth factors produced by hypoxic retinal tissue. 
In spite of these two therapies, up to 50% of patients continue to have progressive 
vision loss.7 Newer therapies using anti-inflammatory agents and angiogenesis inhibi-
tors have initially shown promising results in limiting PDR-induced retinal damage. 
However, conclusive evidence of their long-term benefits is still lacking.8 It is through 
a better understanding of the pathological processes leading to DR, that new and more 
effective treatment modalities can be discovered.
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Diabetes-induced hyperglycemia is associated with systemic vascular pathology 
which over time can lead to organ failure. Other complications besides DR are neph-
ropathy, cardiovascular disease, stroke, and peripheral limb vasculopathy.9 Endothelial 
cells form the inner lining of the vasculature and are directly exposed to the hypergly-
cemic environment. Hyperglycemia induces several pathogenic biochemical processes 
including the formation of advanced glycation end products (AGEs), protein kinase C 
activation, increased oxidative stress and increased flux through the polyol pathway 
which lead to impaired functioning of the vascular endothelium.10 It is therefore of 
no surprise that endothelial dysfunction is believed to play an important role in the 
development of DR.11 

The endothelium plays a crucial role in many physiological functions, including 
metabolic homeostasis, the control of vasomotor tone, blood cell trafficking, haemo-
static balance, permeability, proliferation, survival, wound healing and innate and 
adaptive immunity. It interacts and influences its surroundings through autocrine, 
paracrine and endocrine pathways. Dysfunction of the endothelium can therefore 
have dire consequences for the proper functioning of its associated organs. Endothelial 
phenotype and function is known to vary in order to suit the specific needs of the sur-
rounding tissue. In a number tissues, the endothelium is fenestrated allowing free dif-
fusion of nutrients, metabolites and (macro)molecules from plasma to tissue fluids and 
vice versa.12 Retinal endothelium, however, lacks fenestrations. Rather, it contains spe-
cialized intercellular adhesion proteins which form so-called tight junctions between 
the retinal endothelial cells.  These tight junctions are an important component of the 
blood retinal barrier (BRB) of the inner retina. The BRB effectively isolates the retinal 
neural tissue from the blood, thus protecting it from potentially damaging compo-
nents of plasma and from immune reactions. Proper retinal function is dependent on 
the ability of the retinal endothelium to transport the proper nutrients into and waste 
products and potentially toxic metabolites out of the retina through well-regulated 
specific permeability mediated by tight junctions and vesicular transcytosis.13,14,15.

Many cytokines, growth factors, signaling molecules and bioactive molecules have 
been implicated in the pathogenesis of DR. In the present thesis, we examine the effects 
of AGEs, vascular endothelial growth factor (VEGF), and connective tissue growth 
factor (CTGF) on the diabetic retina and their role in DR-related endothelial dysfunc-
tion. The role of AGEs and VEGF in the development of DR-related vascular pathology 
has been well established, but the importance of CTGF has only recently begun to 
become apparent.16-18

AGEs
AGEs are the result of a non-enzymatic glycation reaction between glucose and the 
free amino group of lysine residues in proteins. The reaction starts with the formation 
of an unstable Schiff base between glucose and the ε-amino group of lysine. Increasing 
amounts of these Schiff bases slowly rearrange to form amadori adducts which have a 
half life of several months. These amadori adducts then undergo further modification 
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through which the glycosylation of the proteins becomes permanent, ultimately result-
ing in AGEs. AGEs can also be formed by the direct reaction between proteins and re-
active dicarbonyl compounds, the levels of which are elevated during hyperglycemia.19

AGEs can directly cause cellular pathology through their ability to chemically 
modify, cross-link, and increase pigmentation and fluorescence of proteins. AGEs also 
indirectly affect cell function by binding to AGE-specific receptors initiating intracel-
lular signalling cascades.19 Two receptors of AGEs are known to be expressed in the 
retinal vasculature: receptor for AGEs (RAGE)20 and AGE-receptor complex (AGE-
RC),21 consisting of the three subunits AGE-R1, AGE-R2 and AGE-R3.

In diabetic rats, retinal AGE accumulation first appears in the vascular LB where 
AGEs form crosslinks between the various extracellular matrix (ECM) molecules. This 
alters the LB, making it more rigid and possibly thicker as inhibition of AGE formation 
prevents LB thickening in diabetic rats, through an, as yet, unknown mechanism.21 As 
the disease progresses, AGEs accumulate intracellularly. This likely occurs via interac-
tions with AGE receptors located in caveolin-rich membrane domains.22 Intracellular 
accumulation of AGEs is thought to be cytotoxic and leads to increased pericyte and 
neural cell apoptosis in the diabetic retina.23-26 AGEs are also capable of inducing BRB 
leakage. The mechanism through which this occurs is not yet completely understood, 
but direct AGE formation on tight junction proteins between retinal vascular endothe-
lial cells could compromise the BRB and lead to paracellular leakage. AGE-induced 
upregulation of VEGF, a well-characterized inducer of vascular permeability in the 
diabetic retina, is also likely to contribute to BRB loss.27 AGEs are cytotoxic for peri-
cytes, but they induce endothelial cell proliferation and tube formation, which are es-
sential steps in angiogenesis.28 Additionally, AGEs are capable of inducing increased 
leukostasis in the diabetic retina.29 The importance of AGEs in the development of DR 
is best exemplified by the lack of characteristic PCDR vascular pathology in diabetic 
rats receiving anti-AGE treatment.30

VEGF
VEGF is a growth factor which plays an important role in many physiological and 
pathological processes. In the embryo, it is crucial for normal development of the sys-
temic vascular system.31 In the adult, it plays an important role in wound healing, the 
female reproductive cycle and physiological angiogenesis.32 Endothelial cells are the 
main target of VEGF. It stimulates EC proliferation, survival and migration. It also 
leads to increased endothelial permeability and vasodilation. In the retina, VEGF and 
its receptors VEGFR-1, VEGFR-2 and VEGFR-3 are expressed constitutively at low 
levels in many cell types in the eye including retinal pigment epithelial cells, peri-
cytes, endothelial cells, astrocytes, Müller cells and photoreceptors.32 VEGF also has 
a neuroprotective effect and can induce neural growth.33,34 It is therefore possible that 
VEGF plays an important role in retinal neural cell survival in normal physiological 
conditions. Under pathological conditions, VEGF expression can be greatly increased 
in these cells.32 Hypoxia, inflammatory mediators, hyperglycemia and AGEs are all 
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capable of increasing VEGF expression in retinal cells.32 
Increased VEGF expression has been demonstrated in patients with NPDR35 as well 

as in rodent models of DR within weeks of induction of diabetes.36 This suggests that 
VEGF plays a crucial role in the early development of DR. In early DR, VEGF acts as 
a permeability factor, with its increased expression leading to BRB leakage36 through 
increased vesicular transport37 and/or alterations in inter-endothelial tight junction 
proteins.38 VEGF is also responsible for the increased leukostasis observed in rodent 
models of DR through upregulation of the leukocyte adhesion protein ICAM-1 in 
the retinal endothelium.39 Furthermore, administration of exogenous VEGF in the 
eye yields retinal vascular abnormalities similar to those observed in NPDR includ-
ing vascular tortuosity and microaneurysms.40,41 VEGF also plays an important role in 
the pathological neovascularization that is characteristic of PDR as it is increased in 
the vitreous and in proliferative vitreoretinopathy (PVR) membranes in patients with 
PDR.42,43

CTGF
CTGF is a member of the CYR61/CTGF/NOV (CCN) family of proteins. It plays an 
important role in many physiological processes including skeletal growth, wound 
healing, and embryonic angiogenesis.44 Similar to VEGF, it has been shown to promote 
endothelial cell proliferation, migration, adhesion and survival.45 It also has the ability 
to modulate VEGF activity through the inhibitive binding of VEGF.46 Additionally, 
CTGF is a well-characterized downstream regulator of TGF-β and regulates ECM pro-
duction.47 In diabetic patients, CTGF expression is increased in the arteries, heart and 
kidneys where the resulting increase in ECM production leads to pathological fibrosis 
and organ damage.44 Recently, NH2-terminal fragments of CTGF were found in in-
creased levels in the vitreous of patients with PDR.18,48 Expression of CTGF has also 
been found in PVR membranes of patients with PDR.49 Moreover, the ratio of vitreal 
CTGF and VEGF levels strongly correlate with the degree of fibrosis indicating that 
CTGF may drive an angio-fibrotic shift and subsequent fibrosis in PDR.16 Furthermore, 
increased CTGF expression has been detected in rat retinas after merely 12 weeks of di-
abetes50 and is at least partly responsible for DR-related LB thickening.17 These findings 
indicate that CTGF may play a role in the vascular pathology of PDR as well as PCDR.

CHAPTER SUMMARY
As previously mentioned, pericyte loss, thickening of the vascular LB, breakdown of 
the BRB, and acellular capillaries are preclinical phenomena regarded as hallmarks of 
the onset of DR. The pathogenesis of these retinal sequelae and their exact role in the 
development of DR remain unclear. Through the experiments described in the present 
thesis, we attempt to further elucidate the role of endothelial cell dysfunction in the 
development of a number of these vascular defects with specific attention paid to the 
effects of AGEs, VEGF and CTGF on the retinal vascular endothelium.

In chapter 2, a review of the role of leukostasis in the development of DR is 
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presented. We take a critical look at the role of leukostasis in the development of DR 
sequelae in animal models of early clinical DR and examine its relevance in the devel-
opment of DR in humans. In chapter 3, we report the expression of several vascular 
adhesion molecules considered to be markers of endothelial cell dysfunction in the 
vasculature of the human diabetic retina. Chapter 4 reviews the current strategies of 
normalization of quantitative real-time PCR data. We discuss which strategies are most 
relevant to the study of DR and propose a novel method of normalizing gene expres-
sion levels in heterogeneous tissue samples obtained in models of systemic disease. 
In chapter 5, we examine the role of AGEs in LB thickening. This is performed by 
examining the effects of AGEs on the CCN family of proteins, including CTGF, which 
are known to induce the expression of ECM molecules which comprise the LB.  The 
pathogenesis of LB thickening is further studied in chapter 6 by examining the role of 
VEGF in inducing CCN protein and ECM protein expression in vivo in the rat retina 
and in vitro in cultured retinal endothelial cells. In chapter 7, we attempt to elucidate 
which pathways of cellular transport contribute to BRB leakage by studying the gene 
expression patterns of molecules involved in transcellular and paracellular transport 
in retinal endothelium. Finally, in chapter 8 we present a general discussion of our 
findings and their relevance to the current understanding of the pathogenesis of DR. 
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Introduction
Over the last ten years, increasing evidence has been found linking leukostasis in the 
retinal microvasculature of diabetic animals to the development of diabetic-like retin-
opathy. It has been hypothesized that this increase in static leukocytes is a mild form of 
inflammation which plays a causal role in the development of vascular abnormalities 
in the early stages of diabetic retinopathy (DR) and in turn leads to proliferative DR 
and vision loss in humans.1 Here, we critically review the current literature regarding 
leukostasis and assess its pathological consequences in the human diabetic retina. We 
begin by reviewing the known pathological processes involved in the development of 
human DR. This is followed by a summary of experimental evidence for the role that 
leukostasis plays in the development of DR and the mechanisms involved in leukosta-
sis. We then summarize all factors and conditions known to regulate retinal leukosta-
sis. We conclude by discussing these data and synthesizing an answer to the question: Is 
leukostasis in the diabetic retina a crucial step in the development of DR, or is it merely 
an epiphenomenon of the diabetic milieu?

Characteristics of Human DR
DR is a leading cause of blindness in working-age individuals in developed countries.2 
The earliest clinically observable changes in the diabetic retina are vascular-related 
and, as such, DR has traditionally been considered a vascular disease. Pericyte loss, 
thickening of the vascular lamina basalis (LB), breakdown of the blood-retina barrier 
(BRB), and acellular capillaries are preclinical phenomena regarded as hallmarks of the 
onset of DR.3 As the disease progresses, saccular microaneurysms and hemorrhages 
appear and increasingly larger areas of non-perfused capillaries become evident. This 
non-perfusion, in combination with the loss of BRB, facilitates the formation of retinal 
exudates, cotton-wool spot formation and retinal edema. Intraretinal microvascular 
anomalies, which consist of dilated, elongated or abnormally tortuous capillaries, are 
also present. When the areas of non-perfused retina become large enough, neovascu-
larization occurs which leads to vitreal hemorrhaging and/or retinal detachment with 
subsequent vision loss.

Leukostasis in the diabetic retina
The phenomenon of leukostasis in the vasculature of the diabetic retina was first de-
scribed by Schröder et al.4 In their histochemical study of retinal whole-mounts ob-
tained from perfusion-fixed diabetic rats, a significant increase in the number of capil-
lary occluding monocytes and granulocytes was observed. These occluding leukocytes 
also displayed a strong spatial correlation with focal endothelial swelling, capillary loss, 
and formation of intraretinal microvascular anomalies. Due to the increased numbers 
of activated leukocytes in diabetes and their ability to cause cell damage by releasing 
cytotoxic products, it was hypothesized that these occluding leukocytes play a causal 
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role in the pathogenesis of DR through the induction of direct damage to the endothe-
lium and surrounding tissue.4

In vitro studies on isolated retinal microvascular endothelial cells have been per-
formed to further elucidate the specific effects of the hyperglycemic milieu on leu-
kostasis. In one study, bovine retinal endothelial cells (BRECs) were exposed to high 
concentrations of glucose. This resulted in a dose-dependent increase in neutrophil 
adhesion. However, the same effect was achieved when the BRECs were incubated with 
identical concentrations of mannitol. The authors concluded that the observed in-
crease in leukocyte entrapment was due to hyperosmolarity and not the specific effects 
of excess glucose.5 A similar experiment performed with human retinal endothelial 
cells (HRECs) also revealed elevated neutrophil adhesion. High glucose concentra-
tions (46.1 mM) caused adhesion whereas mannitol (30 mM) and L-glucose (30 mM) 
did not.6 This suggests that the increased neutrophil adhesion to HRECs is due to 
glucose specific reaction specific and not to a non-specific reaction to a hyperosmotic 
environment.

A technique developed by Nishiwaki et al. enabled the analysis of leukocyte dynam-
ics in the retinal microvasculature in vivo.7 Leukocytes were labeled through intrave-
nous injection of the nuclear dye acridine orange and then visualized in the retinal mi-
crovasculature using a scanning laser ophthalmoscope. Leukostasis was first shown to 
be increased in the diabetic retinal microvasculature in vivo using this technique.8 Rats 
with STZ-induced diabetes of 4 weeks duration and spontaneously diabetic Otsuka 
long-evans Tokushima Fatty (OLTEF) rats, which were hyperglycemic for 6 weeks, 
were used in the experiment. Leukostasis was increased approximately 2- to 3-fold in 
both the STZ and OLTEF models. Similar results were obtained using this technique in 
Zucker diabetic fatty rats,9 the spontaneous diabetic Torii (SDT) rat10 and spontaneous 
DM type 2 rhesus monkeys.11 In the latter study, retinas with histological evidence of 
DR and retinas without DR contained similar numbers of static leukocytes. In con-
trast, the db/db mouse, a model for diabetic dyslipidemia, demonstrated no increase 
in leukostasis.12 Unfortunately, the toxic nature of acridine orange prevents the study of 
leukostasis in the retinal vasculature of diabetic humans. To circumvent this problem, 
Paques et al. performed a study to validate the use of fluorescein-labeled autologous 
leukocytes for the examination of retinal circulation in humans.13 Two static leukocytes 
were found in the retina of a single patient with type 1 diabetes whereas leukostasis 
was not observed in healthy retinas. However, the validity of this technique for study-
ing leukostasis is dubious because labeling with fluoroscein leads to the upregulation 
of adhesion molecules that induce interactions with vascular endothelial cells. Other 
techniques for the study of leukostasis in human retinal vasculature are not currently 
available. Therefore, the majority of current data on retinal leukostasis is derived from 
diabetic rodent in vivo experiments using the acridine orange fluorography and per-
fusion-fixed flat-mount techniques.
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Proposed mechanisms of leukostasis
There are three general mechanisms that have been proposed to lead to increased leu-
kostasis: decreased retinal blood flow or perfusion pressure, narrowing of the capillary 
lumens, and increased leukocyte-endothelium adhesion. The state of retinal blood flow 
in diabetes is controversial.14,15 Several studies of retinal hemodynamics in diabetic rats 
have shown that the number of static leukocytes is increased whereas leukocyte passage 
time through retinal capillaries is similar to that in controls.8,9 The latter indicates that 
decreased retinal blood flow is an unlikely mechanism for increased retinal leukostasis.

Narrowing of retina capillaries has only been observed in diabetic OLETF rats16 

and primates with VEGF-induced retinopathy.17 Moreover, leukocytes isolated from 
diabetic subjects have decreased deformability.18 As the diameter of most leukocytes 
is roughly twice that of the average retinal capillary, adequate deformability is crucial 
for leukocyte passage. Capillary lumen size in diabetic retinas shows a significantly 
larger variance reflecting their more tortuous nature with both widening and narrow-
ing of the capillary lumens.10,16,19 Hypertrophy of endothelial cells was shown to cause 
lumen narrowing in retinal capillaries of primates with VEGF induced retinopathy.17 
Hypertrophic endothelial cells were also observed in leukocyte-occluded retinal capil-
laries in STZ-induced diabetic rats, however no difference in mean lumen diameters 
between diabetic and control rats was measured.8 Vascular compression due to retinal 
edema has been suggested to cause lumen narrowing.20 However, this theory is based on 
an observational study and has not been further studied. Thickening of the LB has also 
been proposed to lead to capillary narrowing. While a histopathological feature of DR, 
it has, as yet, not been shown to cause lumen narrowing or leukostasis.21 Furthermore, 
the vascular complications attributed to increased leukostasis have been shown to 
occur non-uniformly throughout the retina in contrast to LB thickening which occurs 
more uniformly, making this mechanism less likely.22

Vascular constriction has also been proposed as a mechanism leading to increased 
leukostasis through capillary narrowing. Levels of the vasoconstrictor endothelin-1 
(ET-1) have been found to be increased in diabetic retinal tissue as well as increased 
expression of endothelin receptors on retinal vascular pericytes.23 Additional func-
tional studies have shown that endothelin receptor antagonists reduced the increased 
leukostasis observed in STZ rat retinas, but this was attributed to decreased VEGF 
production rather than vasoconstriction.24 The extent to which capillary constriction 
contributes to increased leukostasis in the diabetic retina remains unclear.

Considerably more evidence has been generated implicating a sterile inflammatory 
process in which increased leukocyte-endothelial adhesion is the major mechanism of 
increased leukostasis in diabetic retinas.1 Leukocytes isolated from diabetic rats and 
humans have shown increased adhesion to endothelial cells in vitro.25,26 Leukocytes 
from diabetic patients express increased levels of the β2-integrins CD11a, CD11b, and 
CD18, components of two leukocyte adhesion molecules, LFA-1 and Mac-1. These 
adhesion molecules, in conjunction with their endothelial counterparts ICAM-1 and 
VCAM-1 play a crucial role in the inflammatory process as they are required for firm 
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leukocytes-endothelial cell adhesion. Antibodies against CD11a, CD11b and CD18 
prevented the increased adhesion. CD18 blockade suppressed the increased leukocyte 
adhesion in retinal capillaries of the diabetic rat in vivo.25 Furthermore, activated lym-
phocytes that were injected into normal rats were shown to interact with the retinal 
endothelium, in association with increased ICAM-1 staining of the surrounding en-
dothelium.27 This indicates that activated lymphocytes have the capacity to upregulate 
endothelial ICAM-1 expression. Administration of anti-ICAM-1 antibodies signifi-
cantly reduced increased leukostasis in diabetic rats.28,29 Increased leukostasis did not 
occur in ICAM-1- or CD18-deficient mice after 11 months of STZ induced diabetes or 
22 months of galactosemia. Remarkably, leukostasis after 1 week and 11 months of dia-
betes was comparable in wild-type diabetic mice. The wild-type diabetic mice showed 
increased numbers of propidium iodide-stained retinal vascular cells indicating an in-
crease in dead or dying cells, which was not the case in the ICAM-1-/- and CD18-/- mice. 
The deficient mice also displayed reduced DR-associated retinal vascular pathology 
including blood-retinal barrier breakdown, endothelial cell and pericyte loss, and acel-
lular capillaries. Interestingly, LB thickening was not reduced in the adhesion molecule 
deficient mice.29

The relevance of ICAM-1 expression in the diabetic human retina is not yet es-
tablished. Both increased and unaltered ICAM-1 immunohistochemical staining has 
been reported.30,31 The difference may be explained by the size of the control groups. 
The former study used a small group of six control retinas, four of which were com-
pletely free of ICAM-1 staining, whereas the latter study contained a control group 
equal in size to the diabetic groups that were studied (n=19). The majority of the 
control retinas exhibited low to moderate ICAM-1 staining that was similar to the 
vascular staining in the diabetic retinas. Further supporting this finding are two 
separate studies in which moderate constitutive endothelial ICAM-1 expression in 
human retinal capillaries in vivo and in human retinal endothelial cells in vitro has 
also been reported.32,33 Additionally, the expression of VCAM-1 and the adhesion mol-
ecules E-selectin, P-selectin, also important to the inflammatory process through their 
tethering of leukocytes to the endothelium, was examined immunohistochemically. 
Interestingly, the expression of these molecules was not observed in the human retinal 
microvasculature.30,31

Current paradigm of leukocyte-induced vascular pathology leading to DR
In this section we present a synopsis of the current data regarding the molecular proc-
esses which lead to leukostasis as observed in diabetic rodent models. Further, we 
attempt to synthesize these separate processes into a simplified chain of events which 
best represents the currently held theory of how leukostasis and inflammation lead to 
the vascular pathology of DR.

Many biological factors and conditions have been shown to modulate retinal leuko-
stasis. A comprehensive list of the factors and conditions that have been experimental-
ly shown to either induce or decrease leukocyte adhesion in the retinal circulation are 
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shown in tables 1 and 2 respectively. The majority of leukostasis research has focused 
on the effects of the systemic conditions associated with diabetes as well as the effects 
of specific cytokines known to be increased in the diabetic milieu either systemically 
or locally in ocular tissues.

The hyperglycemic state induced by diabetes has been proposed to lead to DR 
through three main pathological biochemical processes. These are: 1) increased flux 
of glucose metabolites through the polyol pathway50, 2) non-enzymatic protein glyco-
sylation and the resulting accumulation of advanced glycation end-products (AGEs)51,  
and 3) increased oxidative stress due to accumulation of reactive oxygen species 
(ROS).52 These later two process have also been implicated in increased retinal leukos-
tasis. Systemic administration of AGEs leads directly to increased retinal leukostasis in 
mice53 whereas various antioxidant therapies neutralize the diabetes-induced increase 
in leukostasis.9 

Hyperglycemia itself may also directly lead to increased leukostasis through protein 
kinase C-beta (PKC-β) activation54, likely via de novo synthesis of diacylglycerol.55 
AGEs and oxidative stress also lead to activation of PKC-β.9,56 In human DR, a PKC-β 
inhibitor was shown to moderately reduce visual loss, need for laser treatment and 
macular edema progression in diabetic patients.57 As such, it is conceivable that PKC-β 
activation is a common mechanism through which AGEs, oxidative stress and hyper-
glycemia lead to leukostasis and DR. Inhibition of PKC-β activation has been shown 
to ameliorate diabetes-induced leukostasis in the rat retina.9 Activation of PKC-β leads 
to increased transcription of various cytokines and growth factors such as VEGF56 and 
the pro-inflammatory molecules TNFα and IL-1β.58,59 Each of these molecules have 

Factors increasing leukostasis Fold increase

Diabetes11,34 1.9 – 4.8

Increased glucose6 1.9

Ischemia-reperfusion35 90

Hyperosmolarity5 1.6

VEGF36,37 4.8-14.5

TNFa37 25-100

IL-1B37 4.5

Platelet activating factor37 8.7

AGEs38 2.7

Xanthine oxidase39 2.5

IFNa40 5.7-12.4

Insulin41 1.4

Hypertension42 2-2.7

Hypercholesterolemia43 2.1

Table 1. Factors known to increase retinal leukostasis. Fold increase relative to control experiments.
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been shown to lead to increased vascular ICAM-1 expression as well as leukostasis in 
the retina.58-61 TNFα knock-out mice and TNFα inhibition have shown that VEGF-
induced leukostasis is TNFα-dependent.58,61 TNFα activates the transcription factor 
NF-κB58 which in turn leads to upregulation of eNOS, FAS and ultimately ICAM-
1.58,62-64 Leukocytes activated by the diabetic milieu adhere to the retinal vasculature 
and induce endothelial apoptosis through FAS-FASL interaction. It has further been 
proposed that this chain of events possibly leads to vision loss through two separate 
pathways.64 The first is through breakdown of the BRB via endothelial cell death in 
which the resulting vascular leakage then leads to macular edema. The second pro-
posed pathway is through the accumulative effect of endothelial cell death which leads 
to replicative senescence and avascular capillaries. This results in areas of retinal non-
perfusion and hypoxia through whichVEGF expression is further increased leading to 
retinal neovascularization.64 A schematic representation of these proposed pathways is 
shown in Figure 1. While it is an overly simplified representation of the processes at 
hand, we feel it provides an adequate overview of the proposed mechanisms through 
which leukostasis and inflammation lead to the vascular pathology of DR.

Relevance of leukostasis in the development of DR
In the last decade compelling evidence has been accumulated suggesting DR is a 
disease of chronic inflammation.65 While this idea is not new (DR was initially termed 
“diabetic retinitis”)66, the data implicating increased retinal microvascular leukostasis 
as having a causal role in the development of DR has provided new support for the 
chronic inflammation hypothesis. While the evidence is substantial that this may be 

Factors decreasing leukostasis in DM Percent decrease

Angiopoietin-144 30 %

Aspirin45 100 %

COX-2 inhibitor45 90 %

Etanercept (anti-TNFa)45 100 %

Endothelin24 80 %

Insulin-like growth factor46 70 %

Valsartan47 33 – 60 %

Simvastatin48 50 %

Anti-oidants: 
α-lipoic acid9

D-α-tocopherol9
80 %
80 %

Corticosteroids49 100 %

PKC-β inhibition9 80 %

PPAR-γ signaling34 80 %

Table 2. Factors known to decrease retinal leukostasis. Percent decrease relative to control experiments.
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the case, a critical analysis of the current 
literature reveals conflicting evidence 
about this causal role.

TNFα-dependent VEGF-induced 
leukostasis was shown to be responsible 
for increased endothelial cell death and 
BRB leakage in rat retinas as early as 
one week after induction of diabetes.58 
The TNFα-dependent nature of VEGF-
induced leukostasis was demonstrated 
in TNFα-/- mice.61 BRB leakage was not 
significantly altered in these mice. The 
absence of TNFα and leukostasis did 
not prevent or reduce the amount of 
retinal neovascularization when these 
mice were used in an oxygen induced 
retinopathy assay.61 Moreover, SDT rats 
are the only rodent DR model in which 
retinal neovascularization occurs,67 yet 
they demonstrate similar levels of leu-
kostasis as observed in other rodent 
models of DR.9  Taken together, these 
data suggest that leukostasis may not be 
essential for the development of prolif-
erative DR. Leukostasis did not occur 
in ICAM-1-/- and CD18-/- mice with 
STZ-induced type 1 diabetes, up to 11 
months. Retinas of these mice exhibited 
significantly fewer acellular capillar-
ies and no significant decrease in the 
number of pericytes or endothelial cells, 
providing evidence that leukostasis is 
causal for the development of sequelae 
characteristic for background DR.1 In 
contrast, a separate study using spon-
taneously diabetic db/db mice, known 
to develop acellular capillaries at 34 weeks of age, showed no increase in leukostasis 
suggesting that leukostasis does not lead to acellular capillaries in this model of type 
2 diabetes.12

Reasons for these contradictory results can possibly be found in the differing 
methodologies and diabetic models used (toxin-induced type 1 DM versus geneti-
cally inbred strain of spontaneously induced type 2 DM) or perhaps more likely in 
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Figure 1. Schematic diagram of the hypothetical 
role of leukostasis in the development of diabetic 
retinopathy based on current literature. Pathways 
represented by dashed arrows are based on con-
jecture, whereas solid arrows represent pathways 
backed by scientific evidence.
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Pericyte 
loss

Acellular 
capillaries

Micro-
aneurysms LB thickening Capillary narrowing

BRB 
leakage

Capillary 
tortuosity Exudates Haemorrhages

Capillary 
non-perfusion

Cotton wool 
spots IRMA

Neo-
vascularistaion

Human diabetes3 + + + + + + + + + + + +

Spontaneous diabetic rhesus 
monkeys (15 years)11,68 - + + + + + + + + -

Alloxan-induced diabetic 
dogs (5 years)69 + + + + + + -

Galactose-fed dogs
(5 years)19 + + + + + + + + +

Galactose-fed rats
(23 months)70 + + - + - + -

Sucrose-fed diabetic  
cohen rats (26 weeks)71 + + + -

STZ-induced diabetic rats  
(12 months)72,73 + + + + + + -

Diabetic BB rat
(4 months)74 - - - - - -

OLETF rats
(14 months)16 + + + + - - -

Zucker diabetic fatty rat
(5 months)75,76 - - - + - - - -

Spontaneous diabetic torii  
rat (8 months)10,67,77 - - - - + - + + +

Galactose-fed mice
(26 months)78 + + + + - - -

STZ-induced diabetic  
mice (18 months)78 + + - -

db/db diabetic mice
(10 weeks)12 + + + -

RICO rats  
(18 months)79 + - + +

SHR rats  
(7 months)73,80 + + + + + +

Table 3. Comparison of retinal lesions found in various well characterized animal models of DR, hyperten-
sion and hyperlipidemia as well as human DR.  A plus (+) indicates the presence while a minus (–) indicates 
its absence. An empty field indicates that the lesion has not yet been reported to occur in that model. The 
time periods in parentheses indicate the duration of hyperglycemia in the aforementioned model.

the genetic differences between species. This is exemplified by the variation in retinal 
pathology observed in the various DR models, all of which fail to replicate the entire 
spectrum of retinal sequelae observed in human DR (see Table 3). 

In addition to the differences in size and function of ocular tissues between these 
species, differences in vascular patterns,81 cellular composition,82,83 cellular metabolism 
and biochemistry84 have also been demonstrated. Furthermore, a discrepancy in NF-κβ 
expression and activation exists between STZ-diabetic rats and human diabetic pa-
tients. NF-κβ is exclusively expressed in retinal vascular pericytes of human diabetics85, 
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whereas in diabetic rats its activity is increased in both retinal endothelial cells and 
pericytes.86 This is a crucial difference as NF-κB plays an essential role in inflamma-
tory processes including leukostasis as well as in the retinal pathology observed in ex-
perimental diabetes through induction of various molecules such as ICAM-1 and FAS 
in retinal vascular endothelial cells.58,64,87 This difference in NF-κB activity in human 
retinal endothelial cells is supported by Hughes et al. who observed no increase in 
vascular expression of either ICAM-131 or FAS (unpublished data) in human diabetic 
retinas.The ocular differences between man and rodent are further illustrated by the 
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various interventions which effectively decrease leukostasis and its associated sequelae 
in rodents but fail to be effective at preventing or slowing progression of DR in humans.

Treatment of diabetic rats with antioxidants reduces retinal leukostasis as well as 
formation of pericyte ghosts and acellular capillaries.9,88 While proper randomized 
clinical trials involving therapeutic doses of antioxidants have yet to be performed, 
dietary antioxidant intake in human subjects with diabetes is not associated with a de-
creased incidence of DR.89,90 Aspirin therapy reduces the formation of diabetic retinal 
sequelae in dogs91 and rats92 but has not proven to be effective in slowing the progress 
of DR in humans.93

Inhibition of PKC-β has also led to significant decreases in diabetes induced retinal 
vasculopathies including leukostasis in animal models, but it has yet to show a signifi-
cant effect on preventing the incidence or progression of DR in humans. On the other 
hand, intravitreal corticosteroid injections decrease leukostasis and vascular leakage in 
diabetic rats94 and also improve diabetic macular edema and visual acuity in humans93, 
which is in agreement with the hypothesis that DR is a disease of chronic inflammation.

Thus far, the only therapies proven to decrease the incidence and progression of DR 
in humans is strict control of hypertension and blood-glucose control using insulin95,96 
or sulphonylureas.96 Ocular administration of insulin in rats leads to increased leu-
kostasis41 and vascular pathology.97 This, however, is likely due to the direct effects of 
insulin on its many receptors in the retina, whereas the beneficial effects of systemi-
cally administered insulin in humans with diabetes are derived from its ability to lower 
blood-glucose levels. Studies on the effect of systemic insulin therapy on leukostasis in 
animal models of diabetes have not yet been performed.

Interpretation of animal DR data with respect to human DR is difficult for at least 
two reasons. First, are the differences between the reported outcome measurements. 
In animal studies these usually consist of biochemical quantitations or histochemical 
micropathology, whereas in human DR studies the outcomes are based on vascular 
macropathology and vision loss, neither of which occurs in current animal models of 
DR. Second, is the inability to quantify leukostasis reliably in the human retina in vivo. 
Until this is possible, the exact role of leukostasis in human DR will remain speculative.

Conclusion. Is leukostasis a main player in DR development or an epi-
phenomenon?
Leukostasis is increased in most rodent models of DR. The evidence that it plays a 
causal role in the development of DR is conflicting at best. As shown in Table 1, various 
factors lead to very similar increases in leukostasis in the rodent retina. Retinal leu-
kostasis is also observed in rodent models of hypertension, hypercholesterolemia and 
hyperinsulinemie. These diseases states also lead to various forms of vasculopathy in 
both the rodent and human retina, but none of them result in macular edema and 
vascular proliferation, causal for vision loss associated with DR. Breakdown of the BRB 
and vascular hypoperfusion are believed to precede these two events. Leukostasis likely 
contributes to retinal vascular leakage, but it is not necessary for it to occur.61 Increased 



29

2

Th
e role of leukostasis in diabetic retinopathy

leukostasis does not lead to decreased overall retinal blood flow either.9 Local decrease 
in blood flow induced by leukocyte capillary plugging can cause acellular capillar-
ies and regional hypoperfusion. One would also expect this to happen in retinas of 
rodents with hypertension, hypercholesterolemia and hyperinsulinemia. Leukostasis 
can induce apoptosis of microvascular endothelial cells and thus result in acellular 
capillaries and hypoperfusion. However, these sequelae are also observed in diabetic 
rodents without leukostasis.12 

Alternative mechanisms which could lead to the capillary non-perfusion observed 
in human DR have been proposed. Endothelial cell hypertrophy as been reported in 
primates treated with intra-vitreal injections of exogenous VEGF. This VEGF-induced 
EC hypertrophy is associated with significant capillary lumen narrowing. Increased 
ocular VEGF expression in diabetes could lead to widespread EC hypertrophy re-
sulting in capillary lumen narrowing and possibly non-perfusion.17 Additionally, the 
potent vascular constrictor endothelin-1 is found in elevated quantities in the plasma 
of diabetic patients98 and leads to decreased retinal blood flow99 making it a plausible 
mechanism through which capillary non-perfusion occurs in DR.

Taken together, these findings indicate that increased leukostasis is the result of 
aspecific endothelial cell dysfunction as opposed  to a process of chronic inflammation 
and is, therefore, likely an epiphenomenon of the retinal diabetic milieu. It cannot be 
ruled out that leukostasis enhances the pathogenic effects of the diabetic milieu on 
the retina. More research is needed to further elucidate the relevance of leukostasis in 
the development of DR in the human retina. Improved animal models of DR and the 
ability to quantify in vivo leukocyte dynamics in the human retina will be critical to 
this endeavor.
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Abstract
Background/aims: Capillary occlusion is believed to play a critical role in the 
development of diabetic retinopathy (DR). The exact mechanism by which it occurs, 
however, remains unclear. Several in vitro and animal model studies have suggested 
increased adhesion of leukocytes to the endothelium via upregulated ICAM-1on the 
retinal microvasculature as a possible mechanism. In this comparative immunohisto-
chemical study we examined the expression of ICAM-1 in the retinal vasculature of 
41 eyes obtained from 37 diabetic persons with 19 eyes from 19 non-diabetic controls.  
Methods: Serial cryosections of post-mortem posterior tissue from 41 diabetic eyes 
and 19 non-diabetic eyes were stained with the monoclonal antibodies ICAM-1 
(two clones), CD31 (pan-endothelial marker) and PAL-E (vascular leakage marker). 
Results: A similar pattern of vascular ICAM-1 staining was observed between 
diabetic and non-diabetic eyes. We also observed a diffuse ICAM-1 staining of 
the retina that was significantly more intense in the diabetic subjects (P = 0.001).  
Conclusion: These results indicate that ICAM-1 is constitutively expressed on retinal 
and choroidal vasculature of non-diabetic, control subjects and that this level of 
expression is not significantly altered by the diabetic environment. Taken together, 
our results do not support the prevalent paradigm of increased adhesion molecule 
expression as a primary mechanism responsible for capillary occlusion often observed 
in diabetic individuals.
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Introduction
Capillary non-perfusion is a hallmark of diabetic retinopathy (DR) which with time 
develops in nearly all persons with diabetes.1 Capillary closure is considered a poten-
tially critical event in the progression of DR to its more detrimental forms, proliferative 
diabetic retinopathy, in which neovascularization occurs, and ischemic diabetic macu-
lopathy.2 The mechanisms by which capillary non-perfusion and occlusion occur in the 
early stages of DR (background DR) have yet to be fully characterized. Various rheo-
logical abnormalities, found in association with diabetes or diabetic animal models, 
are suggested to have a role in capillary non-perfusion. These include reduced retinal 
blood flow,3 increased plasma and whole blood viscosity,4 increased aggregation of 
platelets5 and erythrocytes,6 and decreased filterability of erythrocytes.7 

More recently, increasing evidence is being found that indicates a crucial role for 
leukocytes in capillary non-perfusion. Leukocytes, which under normal conditions are 
700 times less deformable than erythrocytes,8 have also been shown to have decreased 
filterability under diabetic conditions.9 Activated monocytes and granulocytes are 
found in increased numbers in the diabetic environment.10 11 Additionally, increased 
leukostasis in the retinal microvasculature is also well documented in diabetic rat 
models.10 12-14 It has been proposed that the diabetic environment produces a “sticky” 
vascular endothelial phenotype in which increased adhesion is the mechanism behind 
the increased leukostasis observed in the diabetic environment. Although in vivo 
studies, in which various adhesion molecules are blocked, have shown a significant 
reduction in leukostasis in experimental animal models,12-14 adhesion molecule block-
ade has yet to produce normal levels of leukostasis in diabetic subjects, suggesting that 
other mechanisms may be involved. 

In this study we investigated the possibility that increased ICAM-1 expressed on 
the retinal microcirculation plays a causatory role in the occurence of capillary non-
perfusion in human diabetic subjects. This was done through immunohistochemical 
analysis of frozen retinal sections from 19 eyes from 19 non-diabetic control subjects 
and 41 eyes from 37 diabetic persons using specific antibodies against ICAM-1 as well 
as three additional well characterized adhesion molecules (E-selectin, P-selectin and 
VCAM-1), the endothelial marker CD31 and PAL-E, a vascular leakage marker associ-
ated with diabetic retinopathy.15 16

Materials and methods
Tissue samples. Nineteen eyes from 19 human donors with no known history of diabetes mellitus 
and 41 eyes from 37 known diabetic human donors (16 type 1, 18 type 2 and 3 unknowns) were 
kindly provided by the Corneabank Amsterdam after removal of corneal buttons for transplan-
tation. A summary of the known patient data is contained in Table 1. For reasons of privacy, 
information regarding the presence and/or degree of diabetic retinopathy was, in most cases, 
not available. Intact eyes were snap-frozen in isopenthane and stored at –70oC until used. The 
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use of human material was in accordance with the Declaration of Helsinki on the use of human 
material for research.

Immunoperoxidase staining. Tissue blocks containing the midperipheral retina and posterior 
pole of one frozen eye of each patient were cut from the globes following a standard protocol. 
Cryo-sections (10 mm) from tissue blocks were stained using an indirect immunoperoxi-
dase procedure as previously described by Hofman et al.17 The sections were stained with the 
following antibodies: monoclonal antibodies (MAbs) ICAM-1 ( 84H10, Immunotech, Marseille, 
France and 15.2, Novocastra, Newcastle upon Tyne, UK), E-selectin ( BBIg-E4, R&D Systems, 
Abingdon, UK), P-selectin, VCAM-1 (American Type Culture Collection [ATCC], Rockville, 
MD, USA), and the anti-endothelial monoclonal antibodies PAL-E 18 and CD31 (EN-4, Sanbio, 
Uden, The Netherlands). ICAM-1, E-selectin and VCAM-1 MAbs were kindly provided by 
Rob Keehnen (Academic Medical Center, Amsterdam, The Netherlands). Primary antibody 
was omitted for negative controls. Additionaly, immunohistochemistry was performed using 
PowervisionTM Histostaining reagents (ImmunoVision Technologies, Daly City, Ca) on selected 
sections stained for ICAM-1.

Data analysis. All sections were examined by two independent observers and scored in a 
masked fashion. The scores given by the observers for each eye were averaged and then used 
in data analysis. The distribution and intensity of staining product for PAL-E on vascular en-
dothelium was graded semi-quantitatively in the retina as follows: 0, no staining; 1, sporadic 
(less than four positive vessels per 5mm section), weak staining; 2, sporadic, marked staining; 3, 
patchy (localized areas of stained capillaries, but less than 50% of vessels positive), weak staining; 
4, patchy, marked staining; 5, uniform (more than 50% of vessels positive), weak staining; 6, 
uniform, marked staining. The staining product of ICAM-1 was complex with several distinct 
patterns observed in the retina. Three separate systems were used to grade these various patterns. 
Diffuse ICAM-1 staining, Outer Limiting Membrane (OLM) ICAM-1 staining and Ganglion 
Cell Layer (GCL) perivascular ICAM-1 staining were graded on intensity on a scale from 0 to 3 
as follows: 0, no staining; 1, weak; 2, moderate; 3, strong. Staining of the Retinal Pigment Epi-
thelium (RPE) was graded such that ICAM-1 staining on 25% or less of the RPE was considered 
sporadic, staining on greater than 25% but less than 75% of the RPE was considered patchy and 
staining on 75% or more of the RPE was considered Uniform. The ICAM-1 staining of the retinal 
vascular endothelium (RVE) was graded using the vascular endothelial PAL-E grading system. 
For E-selectin, P-selectin and VCAM-1 the number of positively staining vessels in the retina 
were scored.

Statistical significance in comparisons of means between two groups was calculated using 
the Mann-Whitney non-parametric test for two independent samples. Two-tailed P values of 
0.05 or less were considered significant. Correlations between parameters were determined by 
calculating Kendall’s tau-b correlation coefficient, which is a non-parametric Spearman Rank 
Correlation, with no gaussian assumptions, that accounts for ties. A two-tailed P value was cal-
culated to determine the statistical significance of the correlation, with P values of 0.05 or less 
considered significant.
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Figure 1. AEC staining of adhesion molecules 
VCAM-1 (a), E-selectin (b), P-selectin (c and d), 
and ICAM-1 (e, f, and g) in human diabetic retina. 
An example of platelet associated P-selectin vascular 
staining (arrowhead) with an inset of the large 
vessel; magnification X 125 (d). ICAM-1 staining 
with clone 84h10 (e) and 15.2 (f). Radial ICAM-1 
staining suggesting possible Müller cells expres-
sion (g). Figures a-f are from same diabetic subject; 
magnification X 62.5. Figure g is a seperate diabetic 
subject; magnification X 120. All retinal cryo-sec-
tions were counterstained with hematoxylin.

Results
VCAM-1, E-selectin and P-selectin
There was no appreciable staining of VCAM-1 or E-selectin in retina for all retinal 
sections scored (Fig 1a and b). P-selectin staining was only occasionaly observed in 
diabetic and non-diabetic eyes (Fig 1c and d). This staining was often localized to the 
endothelium of many larger vessels present in the ganglion cell layer and appeared to 
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Figure 2. Patterns of ICAM-1 staining in diabetic retinas (a, b and d – h) and control retina (c). 2a: RPE 
staining (tufts indicated by arrowheads); magnification X 250. 2b: GCL and OLM staining (arrowheads and 
arrows respectively; magnification X 62.5. 2c and d: Vascular endothelium staining in control and diabetic 
subject respectively; magnification X 62.5. 2e and f: Diabetic retinal cryosection stained with ICAM-1 (e) 
and serial cryosection stained with PAL-E (f) . Note that the degree of perivascular ICAM-1 staining posi-
tively correlates with the degree of PAL-E staining in the two positive large vessels (arrowheads), while the 
large vessel that is negative for perivascular ICAM-1 is also PAL-E negative (arrows). This suggests that the 
perivascular ICAM-1 staining could be the product of soluble ICAM-1 leaked from the retinal vasculature. 
Figures e and f are at 50 X magnification. 2g and h: Left most positive large vessel from figures e and f at 125 
X magnification. All figures show retinal cryo-sections stained with AEC and hematoxylin counterstaining.
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be associated with the presence of platelets located within the vascular lumen (Fig 1d). 
Sporadic staining of capillary endothelium was occasionally observed. No significant 
difference in P-selectin staining between the control and diabetic groups was observed.

ICAM-1
Various patterns of ICAM-1 staining were observed in all layers of the retina with 
the only exception being the inner and outer segments of the photoreceptors. A fine 
diffuse granular ICAM-1 staining was observed in a majority of the control and dia-
betic eyes. This diffuse staining was mainly observed throughout the ONL and inner 
nuclear layer (INL) and occasionally in the inner plexiform layer (IPL) and outer 
plexiform layer (OPL) (Fig 1e). To determine if this diffuse staining was non-specific 
background staining, the entire series of retinal sections was stained with a second 
ICAM-1 clone (15.2) (Fig 1f). Selected retinas were also stained with ICAM-1 using 
the PowervisionTM method which does not rely on the use of an avidin-biotin complex, 
thus avoiding non-specific staining due to endogenous biotin (data not shown). The 
diffuse ICAM-1 staining remained evident for all procedures performed. Based on 
these findings we determined the diffuse ICAM-1 staining to be of importance and 
it was scored based on intensity. Additionaly, some diabetic eyes displayed “stripes” 
of ICAM-1 staining extending radially through the retina from the OLM through the 
ONL (Fig 1g). Significantly less diffuse ICAM-1 staining was observed in the control 
eyes than in the diabetic eyes (0.7 ± 0.5 and 1.5 ± 0.8 respectively; P = 0.001).

A degree of ICAM-1 staining was seen on the RPE of all eyes. Due to the pigment 
coloration of the epithelial cells, the staining was at times difficult to judge. Darker 
patches of RPE that demonstrated faint brownish-red coloring on the RPE were con-
sidered positive staining. These darker patches often occurred in a dotted line pattern 
along the apical periphery of the cellular surface of the RPE, proximal to the retina. In 
areas of strong staining ICAM-1 appeared in small tufts on the RPE cells (Fig 2a). In 
control eyes, staining of the RPE was, on average, weak and distributed over less than 
half of the RPE (3.0 ± 1.4). In the diabetic retinas we observed a significant (P = 0.038) 
increase in intensity and distribution of staining over that seen in the RPE of the con-
trols (3.8 ± 1.3). Some degree of ICAM-1 staining was also observed along the OLM of 
every eye.14 In general, this appeared as a granular band of moderate staining along 
the entire length of the OLM (Fig 2b). On average, the staining of the diabetic OLM 
(2.0 ± 0.8) was slightly higher than that of the controls (1.7 ± 0.6). This difference was 
not found to be statistically significant.

In the GCL of the retina, a perivascular pattern of ICAM-1 staining was frequently 
observed in both control and diabetic eyes (Fig 2b). A small but not significant differ-
ence was observed in the GCL staining of control and diabetic eyes (mean = 0.9, SD = 
0.7 and mean = 1.3, SD = 0.9; respectively).

Vascular endothelial staining of ICAM-1 was observed on capillaries in the INL, IPL 
and GCL, and also on larger vessels in the IPL and GCL. This staining was witnessed 
in every control eye and all but one of the diabetic eyes. No statistically significant 
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    Control DM1 DM2

RVE 
ICAM-1 
Staining 
Score

0   1  

1   1  

2      

3 14 11 11

4 4 1 4

5   1 3

6 1 3 1

Total   19 18 19

Table 2. Distrubution of vascular endothelial ICAM-1 staining scores in retinas of control eyes and diabetic 
eyes from donors with type 1 (DM1) and type 2 (DM2) diabetes.

difference was detected between vascular endothelial staining of ICAM-1 in control 
and diabetic eyes, with an average score of 3.4 ± 0.8 for control and 3.6 ± 1.3 for dia-
betic eyes. Figures 2c and 2d illustrate staining patterns observed in both control and 
diabetic eyes, while Table 2 shows the distribution of scores for the control, diabetes 
type 1 and diabetes type 2 eyes.

PAL-E
In addition to the adhesion molecule staining, PAL-E staining was performed on all 
retinas as an indicator of blood-retina barrier (BRB) dysfunction and microvascular 
leakage associated with DR.15 16 Strong staining of the antibody PAL-E was observed 
in the choroid vasculature of all eyes. In the retina, PAL-E staining was mainly ob-
served on the capillaries and, occasionally, larger vessels throughout the inner-retina 
of diabetic eyes. Correlation coefficients (Kendall’s tau-b) were calculated to investigate 
the relationship between PAL-E and the various forms of ICAM-1 staining. Vascular 
endothelial PAL-E staining of the retina was found to be significantly correlated with 
both diffuse (P < 0.001, r = 0.445) and OLM (P < 0.001, r = 0.415) ICAM-1 staining 
in all eyes. Interestingly, it was also observed that diabetic eyes who displayed PAL-E 
staining on larger, non-capillary vessels (LVs) in the GCL (n = 15) had significantly 
higher levels of diffuse, OLM, RVE and GCL perivascular ICAM-1 staining when com-
pared to diabetic eyes with no LV PAL-E staining (n = 24) (data not shown). Figures 
2e through 2h show an example of a strongly positive PAL-E large vessel that also 
demonstrates strong perivascular/diffuse staining for ICAM-1.

Discussion
In this study we have shown that ICAM-1 immunoreactivity is present on the RVE 
of non-diabetic subjects. More importantly, we were unable to observe a significant 
difference in vascular endothelial ICAM-1 immunoreactivity between eyes from 
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diabetic and non-diabetic subjects. In addition, we also observed the presence of a 
diffuse ICAM-1 immunoreactivity in many retinas. The intensity of this diffuse immu-
noreactivity varied from retina to retina and showed a significant positive correlation 
with the presence of diabetes and with the deterioration of the BRB as indicated by 
PAL-E immunoreactivity in the retina.

Using the supply of diabetic and non-diabetic ocular tissue that was at our disposal, 
we sought to examine the localization of ICAM-1 in the diabetic retina as compared to 
the non-diabetic retina. While the immunohistochemical technique used in this study 
is not able to quantitatively evaluate the amount or character of the ICAM-1 present in 
each retina, it is currently the only technique available that can reveal the localization of 
ICAM-1 protein within the vascular endothelium of human retina tissue. Though not 
able to quantify the amount of ICAM-1 present, qualitative observations of the inten-
sity of immunoreactivity were made in masked fashion by two independant observers. 

The finding that there is no observable difference in ICAM-1 immunoreactivity of 
the RVE between diabetic and non-diabetic subjects is in  disagreement with the ob-
servations of Mcleod et al. who, in a similar immunohistochemical study, observed a 
significant difference in vascular endothelial ICAM-1 immunoreactivity.11 In contrast 
to our findings, McLeod et al. only rarely observed RVE immunoreactivity in control 
non-diabetic subjects, whereas we were able to observed RVE immunoreactivity in all 
control subjects. Factors such as age, cause of death, post-mortem time and enucleation 
time were comparable for the subject populations from both studies and, therefore, 
ruled out as possible causes for the differing results. A possible explanation for this 
discrepancy could be sampling error, as only 6 non-diabetic control subjects were ob-
served by McLeod et al. compared to the 19 non-diabetic control subjects observed in 
this study. It is also important to note that the presence of retinal vascular endothelial 
ICAM-1 immunoreactivity in normal human retina has also been reported in studies 
by Duguid et al.19 and Hill et al.20

The results found in our study also seemingly contradict the findings of recent in 
vivo studies on diabetic rats.12 13 21 With a closer look, however, one finds that this is not 
necessarily the case. In these in vivo studies it is shown that ICAM-1 gene expression is 
increased in the retinas of diabetic rats and that leukostasis in the retinal vasculature is 
decreased after ICAM-1 blockade with a neutralizing antibody.12 As the increased gene 
expression of ICAM-1 in the diabetic rat retinas was not isolated to the endothelium of 
the retina, but was found for the entire retina, it is possible that another cell type in the 
retina is responsible for the increased ICAM-1 gene expression observed by Miyamoto 
et al.12 Likewise, the increased diffuse ICAM-1 immunoreactivity in diabetic retinas 
observed in our study could be the end result of an increased ICAM-1 gene expression 
in the diabetic human retinas, similar to that seen in the retinas of the diabetic rats. 
Increased leukostasis observed in diabetic rats was shown to be reduced by 48.5% after 
ICAM-1 blockade12 and by 62% upon blockade of CD18,13 an ICAM-1 ligand present 
on leukocytes. Despite the blockade of ICAM-1 and one of its major leukocyte associ-
ated ligands, the leukostasis was not reduced to that observed in control rats in these 
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studies. This, in combination with the findings of this study, could suggest that the role 
adhesion molecules play in increased leukostasis seen in this rat model is secondary 
to other pathological events related to diabetes. Some possible mechanisms primary to 
increased expression of adhesion molecules could be the narrowing of capillary lumens 
due to endothelial cell hypertrophy,17 increased plasma levels of the vasoconstrictor 
endothelin-1,22 or decreased blood flow in the retina,23-25 although recent work from 
Abiko et al.suggests that a correlation between leukostasis and decreased blood flow 
does not exist in diabetic rats.26 In these situations it is feasible that even constitutive 
levels of ICAM-1 would be enough to adhere slower moving or partially obstructed 
leukocytes to the endothelium causing increased leukostasis. 

It is also important to note that in these experimental studies, rats were invariably 
investigated only a few weeks after induction of diabetes by streptozotocin (STZ). In 
humans, clinical DR, and capillary non-perfusion in particular, is not observed earlier 
than after 7-10 years of DM. The STZ model in its early phase could best be regard-
ed as a model of acute diabetes. Extrapolation of findings in this model to explain 
mechanisms involved in the long-term damage to the retina in human DR may not be 
appropriate.

As mentioned previously, we observed an increase in diffuse ICAM-1 immunore-
activity in the retinas of diabetic eyes when compared to non-diabetic eyes. While it is 
not possible, on the basis of this study alone, to determine the origin of the observed 
increased diffuse ICAM-1 staining, there are three likely possibilities. One explanation 
is that a soluble form of ICAM-1, the presence of which has been shown to be in-
creased in the serum of diabetic patients,27 leaks from the blood supply into the retina 
through retinal blood vessels that have lost their blood-retina-barrier characteristics. 
Leaky vessels are characteristic of diabetic retinopathy2 and in this study we observed 
a correlation between the diffuse ICAM-1 immunoreactivity and the presence of 
retinal vessels that have lost their BRB as measured by PAL-E immunoreactivity.15 16 
The second possible explanation is that the diffuse immunoreactivity is from ICAM-1 
produced by cells within the retina itself. When stimulated with TNF-a, rat astrocytes 
produce sICAM-1 through the cleavage of membrane associated ICAM-1 by metal-
loproteases,28 suggesting that glial cells can serve as a source of sICAM-1 in the retina. 
Diffuse ICAM-1 immunoreactivity has also been observed by Verbeek et al. in senile 
plaques in brain tissue of Alzheimer’s patients.29 This diffuse ICAM-1 staining was sug-
gested not to originate from the vasculature of the brain as the blood brain barrier was 
still intact. ICAM-1 is known to bind to hyaluronan (HA),30 a constituent of the extra 
cellular matrix (ECM), and fibrinogen,31 a serum protein which has been shown to leak 
into diabetic retinas.32 It is, therefore, feasible that ICAM-1 shed by Glial cells bind to 
these molecules throughout the ECM and give rise to the diffuse immunoreactivity 
observed in both of these studies. Soluble ICAM-1 has been shown to act as an ang-
iogenic factor that stimulates chemokinetic endothelial cell migration, endothelial cell 
differentiation and vessel sprouting in vitro and angiogenesis in vivo.33 The presence 
of sICAM-1 could be indicative of a pro-angiogenic environment in the retina and, 
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therefore, play an important role in the pathogenesis of diabetic retinopathy.
It is also feasible that the diffuse ICAM-1 staining, and that observed along the 

OLM, is the result of membrane associated ICAM-1. The striped ICAM-1 ONL stain-
ing observed in several diabetic eyes has a pattern that suggests it could be Müller cell 
associated. As the Müller cells are present throughout the retina and stretch radially 
from the OLM to the ILM, should they become activated and upregulate ICAM-1 over 
their entire length, they could produce an ICAM-1 staining comparable to the diffuse 
ICAM-1 staining observed in this study. As the end feet of Müller cells are a main 
component of the OLM they are also a possible source of the OLM ICAM-1 staining 
observed.

In conclusion, in this observational study we were unable to find evidence of a 
“sticky” phenotype, common to vasculature in inflamed tissue, in the retinal vascula-
ture of diabetic subjects. Of the four major molecules involved in leukocyte adhesion 
that we examined in this study, namely E-selectin, P-selectin, VCAM-1 and ICAM-1, 
we observed no increase in retinal vascular expression in diabetic subjects when com-
pared to controls. This suggests that the pathologies related to diabetic retinopathy are 
not due to classical inflammation and that leukocyte adhesion via ICAM-1, while likely 
playing a role, is unlikely the primary cause of leukostasis and capillary occlusion in 
humans. In addition, we found evidence of what appears to be non-endothelial associ-
ated ICAM-1 in the retina, the levels of which correlate highly with the presence of dia-
betes. Further studies will be needed to determine the primary cause of capillary occlu-
sion in diabetic retinopathy and to investigate further the presence of non-endothelial 
ICAM-1 and the implications it may have in the pathology of diabetic retinopathy.
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Abstract
Real-time quantitative PCR (qPCR) is the method of choice for quantification of spe-
cific mRNA transcript levels in tissues. The interpretation of qPCR data relies heavily 
on normalization, which should correct for sampling errors, qPCR efficiency varia-
tions and other sources of variation. Normalization algorithms relying on expression 
levels of a single “housekeeping” gene or a set of genes are often unreliable, as the 
expression of these genes may also be altered as a result of the experimental conditions 
under investigation. We introduce here a normalization procedure that is based on 
the combination of wet weight of tissue, total amount of RNA and the total amount 
of synthesized first strand complementary DNA (cDNA). The method is rapid, cheap 
and can be used under all conditions including complex diseases and can be applied to 
tissues consisting of different cell types.
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Introduction
Real-time qPCR has become the method of choice for quantifying mRNA transcript 
levels in biological samples because of its high sensitivity, wide dynamic range, accuracy 
and suitability for high throughput screening.1,2 qPCR is particularly useful for study-
ing the many, often subtle, changes in gene expression in diseased tissues. However, its 
sensitivity makes qPCR prone to inaccuracies and errors based on variation in sample 
handling, extraction protocols, co-purification of inhibitors of reverse transcriptase 
(RT), efficiency of the RT reaction,3 PCR efficiency,4 and many other factors as summa-
rized in Fig. 1. Therefore, it is common practice to employ a normalization procedure 
to correct for sample-to-sample variability, assuming that all transcripts in a sample 
are affected to the same degree.4 Various methods for normalization of qPCR data have 
been developed. However, a standard normalization procedure for qPCR studies is not 
yet available.

Such a standard normalization procedure should produce a normalization factor 
that 1) shows minimal variance across a sample set and should 2) not show statistically 
significant differences between different treatment groups.

We developed a novel normalization approach based on the combination of wet 
weight of tissue, total amount of RNA and total amount of synthetized cDNA (Box 1). 
We compared the effects of different normalization methods on transcription levels 
of the Icam-1 gene that is distinctly upregulated at the mRNA and protein level in 
diabetic retina.14-16

Methods of normalization
The first obvious step in normalization is the use of similar sample sizes on the basis of 
tissue volume, weight or cell count.4 This step is often hampered by the heterogeneity of 
cell types in a tissue or differences in tissue morphology due to disease or experimental 
conditions. 

Normalization can also be achieved on the basis of identical total amounts of RNA 
in all samples. Total RNA can be quantified spectrophotometrically at 260 nm, but this 
is not a very accurate measure for the mRNA content of a sample. First, total RNA 
consists for over 80% of rRNA and any change in the rRNA:mRNA ratio is not taken 
into account. 5,6 Second, the method does not correct for traces of genomic DNA, that 
are also measured at 260 nm and interfere with amplification efficiency.7,8 Furthermore, 
variations in the RT or PCR reactions are not corrected for in this normalization 
approach.

The most commonly used method for normalization is based on the expression of a 
single internal reference gene often referred to as a “housekeeping” gene. It is assumed 
that this gene is constitutively expressed and that its transcript levels are not altered 
by disease or experimental conditions. Frequently used reference genes are glyceral-
dehyde-3-phosphate-dehydrogenase (GAPDH), β-actin, 18S rRNA and 28S rRNA.9 
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BOX 1. Normalization procedure

Adult Wistar rats (Charles River, Maastricht, The Netherlands) were randomly divided into two experi-
mental groups: a control group (n=14) and a diabetic group (n=16). Diabetes was induced by strepto-
zotocin as described previously.17 After 6 weeks, half of the rats from each group were killed and after 
12 weeks the other half. Wet weight of the retinas was determined and total RNA was extracted from 
retinas with TRIzol reagent (Invitrogen, Carlsbad CA, USA). The amount of total retinal RNA isolated 
was 14 ± 3 μg per retina (mean ± SD, spectrophotometric measurements at 260 nm), with no significant 
differences between the experimental groups. The integrity of the RNA samples was verified using an 
automated electrophoresis system (Experion; Bio-Rad, Hercules CA, USA). All samples had sharp ri-
bosomal RNA bands with no sign of degradation. A 2.0 μg aliquot of total RNA was treated for 15 min 
with 0.5 U DNAse I (Invitrogen) and reverse transcribed into first strand cDNA with Superscript II and 
oligo(dT)12–18 (Invitrogen), yielding a 20 µl cDNA sample. 
   Real-time qPCR was performed in a sequence detection system (ABI Prism 7300; Applied Biosystems, 
Foster City CA, USA). For each primer set, a 20 μl/sample mastermix was prepared consisting of 1× 
SYBR Green PCR buffer (Eurogentec, Seraing, Belgium), 3 mmol/l MgCl2, 200 μmol/l each of dATP, 
dGTP and dCTP, 400 μmol/l dUTP, 0.5 U AmpliTaq Gold (Eurogentec) and 0.1 µmol/l primers. All 
cDNA samples were diluted 1:10 and 1 µl was amplified using the following PCR protocol: 10 min at 
95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C and a dissociation program (60–95°C). 
Details of the primers are given in Table 1. Whenever possible, the forward and reverse primers were 
placed in separate exons. Specificity of the primers was confirmed by BLAST searching. The presence 
of a single PCR product was verified by the presence of a single peak in the dissociation profile and the 
detection of a single band of the expected amplicon size on a 3% agarose gel. Relative gene expression 
was calculated using the equation: R=E−Ct, where E is the mean amplification efficiency of all samples 
for the gene being evaluated and Ct is the cycle threshold for the gene as determined during real-time 
PCR.26 All qPCR experiments were performed at least twice.
   Quantification of the amount cDNA synthesized during the RT reaction was performed according to 
Sambrook et al.18 [α-32P]-dCTP was incorporated in the cDNA during the RT reaction. For this purpose, 
a ‘hot-mix’ was prepared of dNTPs containing 2.5 mmol/l each of dATP, dTTP, dGCP, dCTP and 1.67 
μmol/l [α-32P]-dCTP (MP Biomedicals, Amsterdam, The Netherlands). Validation of the method was 
performed with a series of 2-fold serial dilutions of pooled total RNA that was reverse transcribed using 
the ‘hot-mix’. Two μl cDNA with [α-32P]-dCTP incorporated was transferred from each sample onto 
separate DE81 filters (Whatman, ‘s-Hertogenbosch, The Netherlands) and allowed to dry. To remove 
all non-incorporated [α-32P]-dCTP nucleotides, filters were thoroughly washed three times in 0.5 mol/l 
phosphate buffer (pH 7.0) followed by one wash in ice-cold 70% ethanol. The amount of radioactivity 
bound to the filters was measured as counts per minute (cpm) using a scintillation counter (Beckman 
Coulter, Mijdrecht, The Netherlands). The relation between cpm values representing cDNA and known 
amounts of total RNA in a series of dilutions was linear (Fig. 2). Moreover, the relationships between 
wet weight of retinas and total amount of RNA and between total amount of RNA and the amount of 
cDNA of all retinas included in the study (n = 30) were linear as well (Fig. 3).

However, expression of these genes is not as stable in varying cell types and under 
different experimental conditions, as once was assumed, rendering this normalization 
method doubtful.4,10-12 This is demonstrated in Box 2 and Fig. 4 for a number of these 
genes in rat control and diabetic retinas. 

Another frequently applied normalization method is the Excel-based platform 
geNorm, which assesses the correlation of transcript levels of multiple reference genes 
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Figure 1. Considerations for real-time RT-qPCR. Many factors in the steps towards the production of cDNA 
may affect the outcome of the qPCR analysis. Therefore, normalization on the basis of sample size or total 
RNA may be biased. Furthermore, amplification of specific PCR products is dependent on the secondary 
structure of the cDNA and the primer efficiency and specificity. Careful selection and validation is necessary 
when normalization is performed using reference genes. Normalization on the basis of cDNA lacks the 
disadvantages of other normalization methods.

in all samples by pairwise comparison.12 A set of two or more genes with the lowest 
pairwise variation are selected and subsequently used to calculate a sample-specific 
normalization factor from the geometric mean of the transcript levels. The reasoning 
behind this approach is the assumption that genes which are stably-expressed under 
experimental conditions show a similar pattern in fluctuation in expression as in the 
control samples, whereas genes that are truly up- or downregulated under experimen-
tal conditions display a unique fluctuation pattern of expression. This leads to a higher 
pairwise variation compared to the more stably-expressed genes. However, this method 
is problematic when co-regulated genes are among the candidate reference genes, since 
the method does not check for variation between experimental groups. This can lead 
to a significant data bias. A model-based method for estimation of variation in ex-
pression, Normfinder,13 does take into account the variation between subgroups of the 
sample set and is less sensitive for co-regulation. However, this method still has the 
disadvantage that multiple candidate reference genes have to be validated to measure 
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Gene Genbank Forward primer Reverse Primer bp Tm

Icam-1
Intercellular adhesion 
molecule 1

NM_012967 CTGGTCCTCCAATGGCTTCAAC TGTGGGATGGATGGATACCTGAG 113 86

Actb Actin, beta NM_031144 AGCCATGTACGTAGCCATCCA TCTCCGGAGTCCATCACAATG 81 84

Gapdh
Glyceraldehyde-
3-phosphate 
dehydrogenase

NM_017008 TCACCACCATGGAGAAGGC GCTAAGCAGTTGGTGGTGCA 169 87

Hmbs
Hydroxymethylbilane 
synthase

NM_013168 ATGGGCAACTGTACCTGACTGG CCATCTTCTTGCTGAACAGGGA 106 81

Nef3
Neurofilament 3, 
medium

NM_017029 TCGCCGCATATAGGAAACTACTG GAGGGCTGTCGGTGTGTGTAC 97 82

Pde6b
Phosphodiesterase 
6B, cGMP, rod recep-
tor, beta polypeptide

XM_214126 GTTGGCTTCATCGACTTCGTATG GGTCAAACATGGGCAGGATCT 82 78

Prkca
Protein kinase C, 
alpha

XM_343975 TCCAAATGGGCTTTCGGAT TGGATCGGATGGTTTTGGTT 92 79

Rho Rhodopsin NM_033441 GCAACAGGAGTCGGCTACCA GCATAGGGAAGCCAGCAGATC 99 82

Tbp
TATA box binding 
protein

NM_001004198 ACCAGAACAACAGCCTTCCACCTT TGGAGTAAGCCCTGTGCCGTAAG 116 82

Tuba2 Tubulin, alpha 2 NM_001044270 CACTGGCTTCAAGGTTGGCATTA AGGCACGCTTGGCATACATCAGA 167 84

Ubc Ubiquitin C NM_017314 TCGTACCTTTCTCACCACAGTATCTAG GAAAACTAAGACACCTCCCCATCA 82 79

Ywhaz

Tyrosine 3-monooxy-
genase/tryptophan 
5-monooxygenase 
activation protein, 
zeta polypeptide

NM_013011 CAAGCATACCAAGAAGCATTTGA GGGCCAGACCCAGTCTGA 76 78

Table 1. Gene nomenclature, GenBank accession code, primer sequences, predicted size (bp) and melting tem-
perature (Tm) of the amplified product for rat genes studied with real-time quantitative RT-PCR.

their estimated expression variation. 
On a theoretical basis, we predicted that total cDNA is the best option for normal-

izing real-time RT-qPCR data, because the amount of generated cDNA is only one step 
away from both the mRNA and the PCR product. The cDNA normalization approach 
corrects for variations in sample size, RNA levels, rRNA:mRNA ratio’s, efficiency of 
RT reactions and avoids the labor-intensive task of finding valid reference genes for 
normalization (Fig. 1). However, when total cDNA is taken for normalization, experi-
mental errors are not taken into consideration. Therefore, extra controls are included 
by relating the amount of cDNA to total amount of RNA and wet weight of retina (Fig. 
3). The linear relationships observed between these three measurements are indicative 
of a well executed experiment with minimal sample handling error On this basis it 
is concluded that cDNA is a good normalization parameter in this study. Expression 
levels of the Icam-1 gene were normalized on the basis of the different normalization 
procedures in Box 3 and Fig. 5. It is shown that the outcome of the various normali-
zation procedures varies. Similar expected results were obtained when wet weight of 
retina, total amount of RNA, cDNA and expression of the genes Tuba2 and Rho were 
used.
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To test the robustness of the cDNA normalization method, we used a larger set of 
samples (n=33) and analyzed the effect on sample variance of 48 transcripts by the 
different normalization methods described above (Fig. 6). This study contained data 
of retinas from two additional groups of animals, either with STZ-induced diabetes or 
after aminoguanidine treatment, as described elsewere.17 Compared to normalization 
on the basis of total RNA (non-normalized), normalization on the basis of total cDNA 
showed a lower average coefficient of variation (CV) of the 48 transcripts (Fig. 6A). 
The lower CV of cDNA-normalized as compared to non-normalized CV values was not 
significant, as determined by a paired t-test. CV values obtained by normalization on 
the basis of wet weight of retina resulted in significant higher CV values. Only normali-
zation with geNorm resulted in a significantly lower average CV, but showed a larger 
spread of variation. However, the current analysis does not take into account that some 

Figure 2. Correlation between total RNA 
and radiolabeled cDNA. Two-fold serial 
dilutions of total RNA were made in 
triplicate and reverse transcribed using 
the ‘hot-mix’. A linear relationship was 
found between incorporated radiola-
beled nucleotides into first strand cDNA 
(expressed as counts per min x 104) 
and total amount of RNA (R2 = 0.9599; 
p < 0.0001).
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Figure 3. Correlation of Icam-1 expression levels obtained from total RNA compared to total cDNA for all 
samples (A) and between wet weight of retina (Total retina) and total RNA (B). Both relationships are linear 
(R2 = 0.8076 (A) and 0.8727 (B)); p < 0.001 in both cases.
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transcripts are strongly regulated by the treatment conditions. Therefore, we also ana-
lyzed the CV of the control samples (n = 6) as a separate data set (Fig. 6B). Compared 
to the complete sample set, the average CV derived from the different normalization 
methods showed lower values in the controls, suggesting that the treatment condi-
tions contribute to the variance. Normalization on the basis of Gapdh and Rho expres-
sion gave the poorest performance in terms of average CV in the complete sample set 
but performed much better in the ‘controls-only’ sample set. This suggests that the 
variation in the treatment groups is large. Normalization by geNorm and Normfinder 
resulted in a similar average CV, which was lower than that of normalization on the 
basis of cDNA. However, these two normalization methods cannot be applied because 
of their statistically significant differences between treatment groups. Finally, gain of 
performance was obtained in the ‘controls-only’ sample set when data were normal-
ized with the cDNA method as compared to the total RNA method. This is shown by a 

BOX 2. Reference genes for normalization

RT samples of control and diabetic rat retina with and without ‘hot-mix’ were made in triplicate. 
Variation in the resulting cpm values was 20%. Real-time qPCR was performed with primers (Table 1) 
for eleven candidate reference genes (seven frequently-used reference genes: Actb, Gapdh, Hmbs, Tbp, 
Tuba2, Ubc, Ywhaz and four abundantly-expressed retina-specific genes: Nef3, Pde6b, Pkcα and Rho) 
and the Icam-1 gene. 

To show the effect of diabetes on qPCR data of the eleven reference genes, their expression levels 
were normalized on the basis of cpm values for each sample, representing the amount of cDNA (Fig. 
4). Normalization on the basis of wet weight of retina or total amount of RNA gave similar results (data 
not shown). Except for Tuba2 and Rho, all candidate reference genes showed statistically significant 
alterations (single ANOVA) in expression levels in the diabetes retinas as compared to healthy retinas. 
This demonstrates that most reference genes are not stably expressed under diabetic conditions, as was 
shown previously.19-22
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Figure 4. Expression of candidate reference genes in rat retina after induction of diabetes using total cDNA 
for normalization. Expression of candidate reference genes was significantly increased at 6 weeks (grey bars) 
and/or 12 weeks (black bars) of STZ induced diabetes in comparison to healthy retinas (white bars; set at 1) 
with the exception of Tuba2 and Rho levels. Means and standard deviations are given. Significant differences 
(p < 0.05) between expression levels in diabetic retinas and healthy retinas are indicated by an asterisk.
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significant decrease of CV values (Fig. 6B), confirming the added value of normaliza-
tion on the basis of cDNA.

We found that normalization on the basis of cDNA showed the lowest average CV in 
a large data set without statistically significant differences between treatment groups. 
Furthermore, the method is cheap, quick, easy to perform and sensitive. We present 
here a method with incorporated [α-32P]-dCTP nucleotides. A recently published 
method using the incorporation of ribogreen after reverse transcription corroborates 
our findings.23  To check for experimental errors, normalization on the basis of wet 
weight of tissue and of total RNA has to be included in the procedure.

Our results confirm reports by other authors that “housekeeping” genes are not 
independent of the experimental conditions tested, especially not in complex tissues 
such as the retina or in complex diseases such as diabetes.19-22 For example, Gapdh 
has previously been shown to be upregulated in an animal model of diabetes 19 and in 
vitro under high glucose conditions 20 as well as in other conditions (insulin treatment, 
oxidative stress, hypoxia).21,22   

Gapdh, Actb and Ywhaz have been reported by the geNorm application to be the 
most stable reference genes in various cell types and neuroblastoma.12 Also in our study 
the combination of these three genes came up as the most stably-expressed set of candi-
date reference genes. In our diabetes data set, the geNorm method successfully reduced 
CV. However, when performing statistical analysis (single ANOVA) with these three 
genes and the normalization factor resulting from that, significant differences between 
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Figure 5. The effect of different normalization methods on Icam-1 gene expression data in rat retina. Icam-1 
expression levels in control retina (white bars, set at 1) and retinas after 6 weeks (grey bars) and 12 weeks 
(black bars) of STZ induced diabetes were normalized on the basis of total retina, total RNA, total cDNA, 
expression levels of two frequently used housekeeping genes (Gapdh and β-actin), the expression levels 
of two reference genes that showed no variance between the three experimental groups (Tuba2 and Rho), 
the geometric mean of three most stably-expressed genes as determined by geNorm, or by the geometric 
mean of two most stably-expressed genes as determined by Normfinder. Means and standard deviations are 
given. Significant differences (p < 0.05) between expression levels in diabetic retinas and healthy retinas are 
indicated by an asterisk.
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BOX 3. Normalization of ICAM-1 gene expression

The effect on the expression levels of Icam-1 by normalization with total cDNA was compared with 
normalization by other methods (Fig. 5). Again, when wet weight of tissue or total amount of RNA was 
used for nomalization, similar expression patterns were found. The following conclusions can be drawn 
on the basis of this comparison (i) When the expression data were normalized on the basis of cDNA, 
Icam-1 expression was significantly upregulated after 6 and 12 weeks of diabetes (1.8 and 2.7-fold, 
respectively). (ii) Icam-1 expression normalized on the basis of total retina resulted in a not significant 
upregulation of 1.6 and 2.2-fold after 6 and 12 weeks of diabetes, respectively. (iii) Normalization based 
on total AMOUNT OF RNA resulted in significantly upregulated Icam-1 levels after 6 and 12 weeks 
of diabetes (1.8 and 2.5-fold, respectively), which was similar to normalization based on total cDNA. 
(iv-v) When two frequently-used reference genes, Gapdh or β-actin, were used for normalization no 
increase or only a small increase in Icam-1 expression was found in diabetic retinas. The expression 
levels of these genes were statistically different from each other in the control and diabetes groups. 
(vi-vii) Tuba2 and Rho were the only two genes that showed no statistical difference in expression levels 
between control and diabetes groups before and after its use as a reference gene. Rho also showed the 
lowest estimated intra- and intergroup variation based on the Normfinder program.25 Normalization 
on the basis of Tuba2 and Rho expression levels showed similar patterns as compared to normalization 
based on cDNA, but resulted in increased variance. (viii) The combination of Ywhaz, β-actin and Gapdh 
expression appeared to be the most stable when the geNorm program was used for normalization.12. 
When Icam-1 expression was normalized with the geometric mean of the expression data of these genes, 
Icam-1 expression was similar in control and diabetic retinas. This was caused by the fact that expres-
sion data of these genes (Ywhaz, β-actin and Gapdh) showed statistically significant differences between 
control and diabetes groups before and after normalization indicating co-regulation of these reference 
genes.13 (ix) The Normfinder application 13 ranked the combination of Gapdh and Tbp as the most stable 
combination of genes. Although this program is designed to eliminate the effect of co-regulated genes, 
statistically significant differences were found between control and treatment groups in the data sets of 
Gapdh and Tbp, before and after normalization, and the normalization factor derived from it. 

groups were found, a disadvantage of this application also mentioned by others.8,13 In 
fact, Vandesompele et al.12 advise against the use of co-regulated genes, but do not 
advise how to avoid this pitfall. Moreover, co-regulation can not always be predicted, as 
was demonstrated by Andersen et al.13 In the present study, it is shown that for q PCR 
normalization a valid and reliable reference gene, or a combination of reference genes, 
can be difficult to identify, especially in complex tissues and diseases.

Incorporation of radiolabeled deoxyribonucleotides into the first strand cDNA is 
linearly related to the amount of template mRNA. We used total RNA of high quality 
without signs of degradation and we used oligo(dT) primers in the RT reaction, which 
are specific for poly-A tails of intact mRNA transcripts. Therefore, it is safe to assume 
that the amount of cDNA in each sample is directly proportional to the amount of 
mRNA. This was also reflected by our extra control normalization steps, since normali-
zation on the basis of wet weight of tissue, total RNA and cDNA gave similar results. 
In fact, this finding argues against normalization. Rather total RNA or cDNA should 
be used for comparison of qPCR data of experimental groups. Total RNA and even 



61

4

N
orm

alization of quantitative PC
R in com

plex diseased tissues

wet weight of tissue may be sufficient in many cases, but normalization on the basis of 
cDNA is an extra control for variation. 

In conclusion, on theoretical grounds we predicted that using total sample cDNA 
content results in superior normalization of gene expression data when used in com-
bination proper sample handling techniques. This was confirmed empirically in an 
animal model of diabetes.
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Fig. 6. Contribution of different normalization methods on sample variance. Of 48 transcripts the coefficient 
of variation (CV) in normalized qPCR values from all 33 samples (A) or control samples only (n = 6) (B) 
was calculated. Box whisker plots are shown for each normalization method, representing mean values with 
upper and lower 95% confidence interval and minimum and maximum values. The dotted line indicates 
the mean CV of all transcripts determined with normalization on the basis of total RNA (unnormalized 
values). Compared to unnormalized values, some normalization methods showed significantly decreased 
CV (asterisk) and some showed significantly increased CV (asterisk within brackets), as determined by 
paired t-tests.
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Abstract
Aims/hypothesis: Referred to as CCN, the family of growth factors consisting of 
cystein-rich protein 61 (CYR61, also known as CCN1), connective tissue growth factor 
(CTGF, also known as CCN2), nephroblastoma overexpressed gene (NOV, also known 
as CCN3) and WNT1-inducible signalling pathway proteins 1, 2 and 3 (WISP1, −2 and 
−3; also known as CCN4, −5 and −6) affects cellular growth, differentiation, adhesion and 
locomotion in wound repair, fibrotic disorders, inflammation and angiogenesis. AGEs 
formed in the diabetic milieu affect the same processes, leading to diabetic complications 
including diabetic retinopathy. We hypothesised that pathological effects of AGEs in the 
diabetic retina are a consequence of AGE-induced alterations in CCN family expression. 
Materials and methods: CCN gene expression levels were studied at the mRNA 
and protein level in retinas of control and diabetic rats using real-time quantita-
tive PCR, western blotting and immunohistochemistry at 6 and 12  weeks of strep-
tozotocin-induced diabetes in the presence or absence of aminoguanidine, an AGE 
inhibitor. In addition, C57BL/6 mice were repeatedly injected with exogenously 
formed AGEs to establish whether AGEs modulate retinal CCN growth factors in vivo. 
Results: After 6 weeks of diabetes, Cyr61 expression levels were increased more than 
threefold. At 12  weeks of diabetes, Ctgf expression levels were increased twofold. 
Treatment with aminoguanidine inhibited Cyr61 and Ctgf expression in diabetic 
rats, with reductions of 31 and 36%, respectively, compared with untreated animals. 
Western blotting showed a twofold increase in CTGF production, which was pre-
vented by aminoguanidine treatment. In mice infused with exogenous AGE, Cyr61 
expression increased fourfold and Ctgf expression increased twofold in the retina. 
Conclusions/interpretation: CTGF and CYR61 are downstream effectors of AGE in 
the diabetic retina, implicating them as possible targets for future intervention strate-
gies against the development of diabetic retinopathy.
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Introduction
Diabetic retinopathy is a major complication of diabetes and a leading cause of blind-
ness.1,2 Despite recent progress in understanding the pathogenesis of diabetic retin-
opathy, further research is warranted, as the disease remains neither preventable nor 
curable.

Diabetic retinopathy is preceded by an asymptomatic preclinical phase, in which a 
microangiopathy develops which is characterised by diffusely increased vascular per-
meability and capillary lamina basalis thickening, resulting from excess accumulation 
of extracellular matrix components.3–5 In later stages of preclinical diabetic retinopathy, 
endothelial cell and pericyte loss leads to vascular cell death and the development of 
acellular capillaries. Experimental prevention of lamina basalis (LB) thickening has 
been shown to ameliorate these retinal vascular changes.6,7 Thus in galactose-fed rats, a 
model of diabetes, downregulation of fibronectin synthesis partly prevented retinal LB 
thickening and also reduced pericyte and endothelial cell loss.6 Combined downregu-
lation of mRNA levels of the extracellular matrix components fibronectin, collagen 
type IV alpha 3 (Col4a3) and laminin beta 1 (Lamb1) not only prevented increases 
in their protein levels, but also reduced vascular leakage in the retina of rats with 
streptozotocin-induced diabetes.7 These findings suggest that LB thickening is not just 
an epiphenomenon of the diabetic state, but may be instrumental in the progression 
of sight-threatening diabetic retinopathy. Modulation of LB thickening may therefore 
have a preventive effect on the development of diabetic retinopathy.

However, the mechanisms leading to diabetes-induced LB thickening remain largely 
unknown. One of the postulated mechanisms is the formation of AGEs in the diabetic 
milieu. Inhibition of AGE formation by aminoguanidine has been shown to protect 
against retinal capillary LB thickening.8 AGE have also been shown to induce extracel-
lular matrix synthesis in the diabetic rat kidney. A similar induction of extracellular 
matrix synthesis was also shown to be mediated by connective tissue growth factor 
(CTGF, also known as CCN2)9, 10, a member of the family of proteins referred to as 
CCN (for cystein-rich protein 61 [CYR61, also known as CCN1], CTGF and nephrob-
lastoma over expressed gene [NOV, also known as CCN3]). CTGF leads to accumula-
tion of extracellular matrix by induction of collagen, fibronectin and laminin synthe-
sis, as well as decreased proteolysis of extracellular matrix components as a result of 
increased production of tissue inhibitors of metalloproteases (TIMP).9, 11–18 Recently, 
we observed that Ctgf+/− mice (lacking one functional allele for Ctgf) are protected 
from diabetes-induced LB thickening of retinal and kidney glomerular capillaries (P. 
Roestenberg, F .A. Van Nieuwenhoven, R. Verheul et al., unpublished results).19

We hypothesised in the present study that AGE-induced LB thickening observed 
in the retina is at least partly mediated by CTGF. To establish the role of CTGF in the 
AGE-induced production of vascular LB components and their mediators, we inves-
tigated the effects of aminoguanidine on the levels of CTGF, the other CCN family 
members (CYR61, NOV and WNT1-inducible signalling pathway protein 1, 2 and 3 
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[WISP1, −2, and −3, also known as CCN4, −5 and −6])20–22 and vascular LB-related 
molecules in the retina of rats with streptozotocin-induced diabetes, as well as in the 
retina of mice infused with AGE.

Materials and methods
Animals. All animal studies were carried out in accordance with the Guide for the Care and Use 
of Laboratory Animals of the National Institutes of Health. All experiments involving rats were 
reviewed and approved by the ethics committee for animal care and use of the Free University 
Medical Centre, Amsterdam, The Netherlands. All experiments involving mice were carried out 
in accordance with British Home Office regulations.

Streptozotocin-induced diabetic rat model. Adult Wistar rats (Charles River, Maastricht, the 
Netherlands), weighing approximately 250  g, were randomly divided into three experimental 
groups: a control group (n = 14), a diabetic group (n = 16) and a diabetic group treated with 
aminoguanidine hydrogen carbonate (n = 14; Fluka, Buchs, Switzerland). Diabetes was induced 
by a single i.p. injection of 60 mg/kg streptozotocin (Sigma, St Louis, MO, USA). Immediately 
prior to use, streptozotocin was dissolved in cold 0.1 mol/l citrate buffer, pH 4.5. Control rats 
received a single i.p. injection of 0.1 mol/l citrate buffer only. Aminoguanidine was administered 
from day 1 at a dose of 1  g/l in drinking water. Serum glucose levels and body weight were 
monitored at the start and end of the experiment. Diabetes was verified by a serum glucose level 
>13.9 mmol/l. At 6 weeks, half of the rats were randomly selected from the three experimental 
groups and killed with a lethal dose of pentobarbital sodium (i.p.). At 12 weeks the remaining 
rats were killed. Eyes from each rat were rapidly enucleated, one being snap-frozen in liquid 
nitrogen and stored at −80°C, while the contra lateral eye was fixed in 4% paraformaldehyde. Ad-

Gene Genbank Forward primer Reverse Primer bp Tm

Ccn1/Cyr61 NM_031327 GTGCCGCCTGGTGAAAGAGA GCTGCATTTCTTGCCCTTTTTTAG 91 80

Ccn2/Ctgf NM_022266 ATGATGCGAGCCAACTGCCTG CGGATGCACTTTTTGCCCTTCTTAATG 194 84

Ccn3/Nov NM_030868 TGGTTCCAGAGGGAGACAAC AGGTCCACTTTTCGCAACAC 210 86

Ccn4/Wisp1 NM_031716 CCGACCACACATCAAGGCAGG GGTCGGTAGGTGCGTGTGCTG 105 84

Ccn5/Wisp2 NM_031590 GCCCGAGGTACGCAATAGG GCAGTTGGGTTGGAAGGACT 101 84

Ccn6/Wisp3 XM_574785 TCTCGTGCAAGCAACCAAGTG CTGGGGATCTTCACTGCCTGT 165 83

Tgfb1 NM_021578 ACCGACCCTTCCTGCTCCTCAT GATCCACTTCCAACCCAGGTCCT 173 85

Tgfb2 NM_031131 GCAGGATAATTGCTGCCTTC GGCTGAGGACTTTGGTGTGT 158 80

Timp1 NM_053819 ATCGCGGGCCGTTTAAGGA CAAGGGATGGCTGAACAGGGA 158 83

Timp2 NM_021989 ATCTCCTCCCCGGATGAGTG GGCAAAGAACTTGGCCTGG 82 81

Fn1 NM_019143 CAGCCTACGGATGACTCATGC CAGATAACCGCTCCCATTCCT 75 78

Col4a3 XM_343607 CCCTTGAGCCCTACGTTAGCA CCTCAGAGCCTGCACTTGTAAACA 159 82

Lamb1 XM_216679 GCGTAAAGCTGCCCAGAACTCTG TCCTCCTGGCATCTGCTGACTC 176 79

Table 1. Primer details. Gene nomenclature, GenBank accession code, primer sequences, predicted size 
(bp) and melting temperature (Tm) of the amplified product for genes studied with real-time quantitative 
RT-PCR.
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ditionally, blood samples were collected and plasma levels of Nɛ-(carboxymethyl)lysine (CML) 
were measured by stable-isotope dilution tandem mass spectrometry.23

In vivo administration of exogenous AGE. Female C57BL/6 mice (10–12  weeks old) were 
randomly assigned to two groups of equal size and injected i.p. with either native mouse serum 
albumin (MSA) or glycoaldehyde-modified MSA (10 mg/kg) daily for seven consecutive days. 
At 3–4 h after the final injections, mice were killed, eyes enucleated and retinas dissected freshly, 
before being snap-frozen in liquid nitrogen.

Preparation of AGE-modified albumin. The glycoaldehyde-modified MSA preparation was 
made according to Nagai et al.24 Following dialysis against PBS, endotoxin was removed using 
an endotoxin-removing column (Pierce, Rockford, IL, USA). Glycoaldehyde-MSA and native 
MSA were passed three times through separate columns to ensure that all contaminating 
endotoxin was removed. Analysis of the CML content of glycoaldehyde-MSA and native MSA 
was performed using gas chromatography–mass spectrometry. The lysine content of the samples 
was analysed by cation exchange chromatography and the values for CML were corrected for 
lysine loss and expressed as mmol CML/mol lysine as previously reported.25

RNA isolation and mRNA quantification. Snap-frozen rat and mouse eyes were allowed to 
thaw in ice-cold RNAlater (Ambion, Austin, TX, USA). The anterior chambers of the eyes were 
removed and the retinas were carefully dissected. Total RNA was extracted with TRIzol reagent 
(Invitrogen, Carlsbad, CA, USA). The amount of total retinal RNA isolated was approximately 
12 μg per retina (spectrophotometric measurements at 260 nm), with no significant differenc-
es between the experimental groups. The integrity of the RNA samples was verified using an 
automated electrophoresis system (Experion; Bio-Rad, Hercules, CA, USA). All samples had 
sharp ribosomal RNA bands with no sign of degradation.

A 2-μg aliquot of total RNA was treated with DNAse I (amplification grade; Invitrogen) and 
reverse-transcribed into first strand cDNA with Superscript II and oligo(dT)12–18 (Invitrogen).

Details of the primers are given in the Table 1. Specificity of the primers was confirmed by 
a nucleotide–nucleotide BLAST (http://www.ncbi.nlm.nih.gov/blast/index.shtml) search. The 
presence of a single PCR product was verified by both the presence of a single melting tempera-
ture peak and detection of a single band of the expected size on a 3% agarose gel.

Real-time quantitative PCR (qPCR) was performed in a sequence detection system (ABI 

Application Antigen Host Dilution Source catnr

Westernblotting CTGF Rabbit 1:1000 Abcam, Cambridgeshire, UK ab6992

GAPDH Mouse 1:20,000 Abcam ab9484

Immunohistochemistry CTGF Rabbit 1:1000 Abcam ab6992

CYR61 Rabbit 1:1000 Abcam ab24448

TIMP1 Goat 1:1000 R&D Systems, Abingdon, UK AF580

TGF-β1 Rabbit 1:1000 Biosource, Nivelles, Belgium AHG0051

LAMB1 Rabbit 1:1000 Abcam ab11575

FN1 Rabbit 1:1000 Dako, Heverlee, Belgium A0245

Table 2. Primary antibodies. Summary of specificity, source, and dilution of primary antibodies used in 
these studies.
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Prism 5700; Applied Biosystems, Foster City, CA, USA). For each primer set a mastermix was 
prepared consisting of 1× SYBR Green PCR buffer (Eurogentec, Seraing, Belgium), 3 mmol/l 
MgCl2, 200  μmol/l each of dATP, dGTP and dCTP, 400  μmol/l dUTP, 0.5  U AmpliTaq Gold 
(Eurogentec) and 2 pmol primers. All cDNA samples were diluted 1:10 and amplified using the 
following PCR protocol: 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and 60 s at 60°C 
and a melting program (60–95°C). Relative gene expression was calculated using the equation: 
R=E−Ct, where E is the mean efficiency of all samples for the gene being evaluated and Ct is the 
cycle threshold for the gene as determined during real-time PCR. All qPCR experiments were 
performed at least twice.

Real-time qPCR data from the mouse experiments were normalised using 18S rRNA, which 
was determined to be stably expressed in all experimental groups. For the rat experiments, no 
suitable housekeeping genes that were not regulated by the diabetic background could be found. 

Figure 1. Plasma glucose (a) and CML (b) levels in control and diabetic rats at 6 and 12 weeks of strepto-
zotocin-induced diabetes. White bars, control rats; black bars, diabetic rats; cross-hatched bars, diabetic rats 
treated with aminoguanidine. *p < 0.05 and *** p < 0.001 for difference between experimental and control 
group. The aminoguanidine group was only significantly different from the groups with diabetes at 12 weeks 
(†p < 0.05). The error bars show the standard deviation for each group.

Figure 2. Gene expression of CCN family 
members. Fold change, compared with 
control values, in retinal mRNA levels of 
CCN family members in streptozotocin-
induced diabetic rats at 6 (white bars) and 
12  weeks (cross-hatched bars) after strepto-
zotocin-induction and in aminoguanidine-
treated, streptozotocin-induced diabetic rats 
at 6 (black bars) and 12 weeks (grey bars) of 
diabetes. *p < 0.05 for difference between 
experimental group and control group; †p 
< 0.05 for difference between aminoguani-
dine-treated diabetic group and diabetes-
only group.
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Therefore, the rat data were normalised using the relative starting amounts of cDNA, which 
was determined using a novel technique recently developed in our laboratory (J. M. Hughes, 
I. Klaassen, W. Kamphuis, C. J. F. Van Noorden and R. O. Schlingemann, unpublished results). 
In brief, reverse transcription reactions were carried out in duplicate with one set of reactions 
containing the normal dNTP mix and the parallel set of reactions containing a dNTP mix with 
α-32P-labelled dCTP. From each sample 4 μl of the α-32P-labelled dCTP-incorporated cDNA were 
pipetted on to separate nitrocellulose filters, which were allowed to air-dry. After washing with 
0.1 mol/l phosphate buffer, radioactivity of the filters was measured using a scintillation counter 
(Beckman Coulter, Fullerton, CA, USA).

Western blotting. Protein was isolated from paraformaldehyde-fixed retinal tissue as described 
by Shi et al.26 In brief, retinas were dissected from the 4% paraformaldehyde-fixed rat eyes and 
pooled in 1.5 ml Eppendorf vials in antigen-retrieval buffer (20 mmol/l Tris, 2% SDS, pH 7). The 
pooled samples were then dissociated using a pestle and incubated at 100°C for 20 min followed 
by 2 h at 60°C. Supernatant fractions were collected after centrifugation at 4°C for 15 min at 
10,000g. Protein concentrations were determined with a bicinchoninic acid protein assay kit 
(Perbio, Etten-Leur, the Netherlands) and adjusted to 2.5  μg/μl. For SDS-PAGE and western 
blots, proteins were separated using 13% mini gels under reducing conditions. Following gel 
electrophoresis, proteins were transferred to a nitrocellulose filter (Whatman Schleicher & 
Schuell, Brentford, Middlesex, UK) using a semi-dry transfer cell (Bio-Rad). At the end of the 
transfer, the filter was blocked in blocking buffer (1% non-fat skimmed milk powder, 1% BSA, 
1 mmol/l NaN3 in Tris-buffered saline and 0.05% Tween) overnight at 4°C while being gently 
rocked. The filter was incubated in blocking solution for 2  h at room temperature, with the 
relevant antibodies as defined below. Following three washes in TBS/0.05% Tween-20, the blots 

Figure 3. Immunohistochemical staining patterns of a CYR61, b CTGF and c TIMP1 in control rat retinas. 
Intense staining of CYR61 and CTGF was present in large cell bodies of the ganglion cell layer (GCL) and 
weak staining in the inner plexiform layer (IPL). Intense uniform immunostaining of TIMP1 was found in 
the GCL and weak staining in the IPL. INL inner nuclear layer, OPL outer plexiform layer, ONL outer nuclear 
layer, RCL rod and cones layer, RPE retinal pigment epithelium. Magnification: ×150.
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were incubated in blocking solution with horseradish peroxidase-conjugated goat–anti-rabbit or 
goat–anti-mouse antibodies for 1 h at room temp. After extensive washing, blots were developed 
using a chemiluminescent kit (SuperSignal West Pico; Perbio). Filters were exposed to X-ray film 
(Kodak-Biomax, Herts, UK).

Primary antibodies (Table 2) were diluted with 0.3% skimmed milk powder in TBS/Tween 
and horseradish peroxidase-conjugated goat–anti-rabbit or goat–anti-mouse (Perbio) was 
diluted 1:20,000. Intensity of bands was quantified by densitometry using AlphaEase software 
(AlphaInnotech, San Leandro, CA, USA).

Immunohistochemistry.  Cryostat sections (10-μm thick) were stained using an indirect immu-
noperoxidase procedure as previously described [27]. Primary antibodies are listed in Table 2. 
Primary antibody was omitted for negative controls. Indirect immunoperoxidase staining was 
performed using histostaining reagents (Powervision; ImmunoVision, Daly City, CA, USA) for 
all sections except those incubated with the TIMP1 antibody. The TIMP1 sections were indi-
rectly stained using horseradish peroxidase-labelled rabbit–anti-goat antibody (P0160; Dako, 
Glostrup, Denmark).

Statistics. CML data were log10 transformed to obtain a normal distribution. Significant differ-
ences (p < 0.05) in glucose and CML plasma levels, and in gene expression levels among groups 
were calculated with single ANOVA. The Bonferroni post hoc test was used to perform pairwise 
comparisons of groups.

Results
Glucose and CML levels in control and diabetic rats
Induction of diabetes and the degree of hyperglycaemia in streptozotocin-treated rats 
was established by serum glucose levels (Fig. 1a). Streptozotocin treatment resulted 
in a three- to fourfold increase in serum glucose concentration after 6 and 12 weeks 
irrespective of aminoguanidine treatment. 

Plasma levels of CML were measured to determine the efficacy of aminoguanidine 
treatment. CML plasma levels were elevated by twofold at 6 and 12 weeks after strepto-
zotocin-treatment (Fig. 1b). Aminoguanidine treatment had no effect on CML levels at 
6 weeks, but at 12 weeks the CML levels were decreased by approximately 25%.

CCN family gene expression in control and diabetic rats
After 6  weeks of diabetes, Cyr61 mRNA levels in the diabetic retina were increased 
by threefold against control retina. Treatment with aminoguanidine reduced Cyr61 
expression to levels that were not significantly different from control levels (Fig. 2). 
CYR61 protein was mainly localised in the ganglion cell layer (Fig. 3). No differences 
in staining patterns were found between experimental groups. 

Ctgf mRNA levels were elevated by twofold at 12 weeks of streptozotocin-induced 
diabetes. Aminoguanidine treatment almost completely prevented this increase 
(Fig.  2). Western blotting showed a 1.8-fold increase in CTGF protein levels in the 
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Figure 4. CTGF protein levels in retina of control and diabetic rats. a Western blots of CTGF and GAPDH 
as loading control. Samples were pooled for each group. A prominent band of CTGF protein is present in 
the 12-week diabetic group (12D; n = 8), whereas protein bands were similar in all other groups (control rats 
at 6 [6C; n = 6] and 12 [12C; n = 8] weeks, diabetic rats at 6 [6D; n = 8] weeks and diabetic rats treated with 
aminoguanidine at 6 [6AG; n = 7] and 12 [12AG; n = 7] weeks). b The blots were quantified by densitometry 
and expressed as a ratio of CTGF:GAPDH.

retina of diabetic rats at 12 weeks, whereas aminoguanidine treatment also prevented 
this effect (Fig. 4). CTGF immunostaining was mainly found in the ganglion cell layer 
and was more diffuse throughout the outer plexiform layer, inner nuclear layer and 
inner plexifrom layer (Fig.  3). Differences in staining between experimental groups 
were not observed. 

Wisp1 and Wisp3 mRNA levels were low in retinas of all groups of rats. The levels 
never differed more than 1.4-fold between experimental and control groups. Due to 
small standard deviations, significant differences were found (Fig. 2), but it is doubtful 
whether these small differences are biologically meaningful. Nov and Wisp2 mRNA 
expression levels were too low to be detected in all groups of rats.

Figure 5.  Fold change of Tgfb1 and Tgfb2 
expression in diabetic rats at 6 (white 
bars) and 12  weeks (cross-hatched bars) 
after streptozotocin-induction and in 
aminoguanidine-treated diabetic rats at 
6 (black bars) and 12  weeks (grey bars) 
after streptozotocin-induction. Tgfb1 was 
significantly decreased in the diabetic rats 
after 6  weeks (*p < 0.05 vs control). This 
difference was not observed in the amino-
guanidine-treated group at 6 weeks. Tgfb2 
expression was not significantly altered at 
either time point.
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Expression of transforming growth factor beta 1 and 2 in control and 
diabetic rats
To determine whether: (1) transforming growth factor beta (TGFB), an upstream regu-
lator of CTGF production, is induced by diabetes; and (2) this induction is prevented by 
aminoguanidine in rat retina, we examined the mRNA levels of its two most common 
isoforms, Tgfb1 and Tgfb2. Tgfb1 mRNA expression was decreased by approximately 
30% in retina of rats with diabetes for 6  weeks (Fig. 5). Whether this difference is 

Figure 6. Immunohistochemical staining patterns of TGFB1 (a, d), laminin (b, e) and fibronenctin (c, f) 
in retina of control rats (a-c) and rats 12 weeks after streptozotocin-induced diabetes (STZ) (d– f). Immu-
nostaining of TGFB1, laminin and fibronenctin was confined to the retinal microvasculature and did not 
notably differ between control and streptozotocin sections. Magnification: × 150.
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biologically relevant remains to be determined. In all other experimental groups, Tgfb1 
and Tgfb2 mRNA levels were similar to control levels (Fig. 5). Immunohistochemical 
analysis of TGFB1 revealed a vascular pattern of staining in all experimental groups 
(Fig. 6).

Expression of extracellular matrix molecules in control  
and diabetic rats
CTGF and CYR61 are known modifiers of the extracellular matrix. Therefore, we 
investigated expression patterns of various extracellular matrix components. Col4a3 
mRNA levels in the rat retina were elevated by threefold after 6  weeks of diabetes. 
Aminoguanidine treatment inhibited this induction of Col4a3 mRNA levels by 30% 
(Fig. 7). Lamb1 mRNA levels showed a 1.5-fold increase in 12-week diabetic rats, which 
was virtually unaffected by aminoguanidine treatment. Fibronectin mRNA levels were 
not affected by streptozotocin-induced diabetes. Timp2 mRNA levels were not affected 
either, but Timp1 mRNA levels were elevated by 2.5-fold in retina of 12-week diabetic 
rats, this increase being completely prevented by aminoguanidine treatment (Fig. 7). 
Laminin and fibronectin were localised immunohistochemically in microvessels in rat 
retina (Fig. 6). This staining pattern was similar in all groups. TIMP1 immunostaining 
was restricted to the ganglion cell layer in all groups of rats (Fig. 3).

CCN family mRNA expression in control and AGE-treated mice
AGE-treated MSA infusion of mice induced an increased retinal expression of Cyr61 
and Ctgf mRNA by 3.7-fold and twofold, respectively, compared with control mice 
(Fig. 8). Wisp1 and Wisp3 mRNA expression was not affected by AGE-treated MSA 
infusion (data not shown).

Figure 7. Gene expression of extracel-
lular matrix components. Fold change of 
extracellular matrix gene expression as 
indicated in diabetic rats at 6 (white bars) 
and 12  weeks (cross-hatched bars) after 
streptozotocin-induction and in amino-
guanidine-treated diabetic rats at 6 (black 
bars) and 12 weeks (grey bars) after strep-
tozotocin-induction. *p < 0.05 for differ-
ence between experimental and control 
group; †p < 0.05 for difference between 
aminoguanidine-treated diabetic group 
and diabetes-only group.
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Summary of results
In the retina of rats with streptozotocin-induced diabetes, mRNA levels of the CCN 
family members Cyr61 and Ctgf were increased threefold at 6 weeks and twofold at 
12 weeks, respectively, whereas expression of all other CCN family members was not 
notably affected. CTGF protein levels in retina were also elevated twofold at 12 weeks 
of diabetes. In the aminoguanidine-treated diabetic rats these increases were partly 
counteracted by treatment with this AGE inhibitor. In line with these findings, treat-
ment of mice with exogenous AGE induced elevated retina mRNA levels of Cyr61 and 
Ctgf, but not of the other CCN family members. In parallel, mRNA levels of some 
extracellular matrix components were also increased in the retina of diabetic rats, an 
effect also prevented by aminoguanidine treatment.

Discussion
We present here a comprehensive expression analysis of the CCN family of fibrosis-in-
ducing cytokines in the retina of rats with streptozotocin-induced diabetes. Messenger 
RNA and protein levels of CYR61 and CTGF, both known to be capable of modulat-
ing the extracellular matrix, were increased in diabetic rats, whilst the AGE inhibitor 
aminoguanidine attenuated these effects of diabetes. We also found that exogenously 
administered AGEs are capable of inducing Cyr61 and Ctgf expression in the adult 
mouse retina in vivo. Taken together, these data present evidence that AGEs are both 
necessary and sufficient to cause increased levels of CYR61 and CTGF in the diabetic 
retina.

Expression of CTGF at the mRNA or protein level has previously been demon-
strated in vivo in normal and diabetic rat28 and human retina29, as well as in cultured 
retinal microvascular cells30 and astrocytes.31 Our data on CTGF are in agreement with 
a previously reported twofold increase in Ctgf expression in the diabetic rat retina.28 In 
our study, immunostaining with a polyclonal anti-CTGF antibody showed staining in 
the ganglion cell layer28 and diffusely throughout the larger part of the inner rat retina. 

Figure 8. Relative mRNA levels of 
Cyr61 and Ctgf in retinas of control 
(white bars) and AGE-treated (black 
bars) mice, depicted as fold change 
in comparison with control mice. *p 
< 0.05 for effect of AGE treatment on 
Cyr61 and Ctgf mRNA levels.
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In contrast, in a previous study of the human diabetic retina employing a monoclonal 
anti-CTGF antibody, CTGF was detected in microglia and pericytes in the microvas-
culature of the inner retina.29 These varying patterns of CTGF protein distribution may 
be species-related or due to differences in specificity of the antibodies used.

Gene expression analysis was also performed on the other five known members 
of the CCN family. We found Cyr61 expression in the normal adult rat retina and 
upregulation in the diabetic retina. In addition to CTGF, this suggests a possible role 
for CYR61 in the development of diabetes-related retinal sequelae. The lack of detect-
able Nov and Wisp2 expression argues against a role for these two proteins in normal 
or diabetic retina. This is in agreement with a previous study, which demonstrated that 
Wisp2 mRNA was not present in tissues of the adult rat.32 Expression of Wisp1, which 
is much less studied but known to suppress cancer cell growth in vivo33, was slightly 
decreased in diabetic retina, whereas Wisp3, a cell growth suppressor and inhibitor of 
angiogenesis34, was increased. The significance of these findings remains unclear, as the 
functions of the CCN family members are complex. Still, such opposing actions may be 
reflective of a regulatory balance or may indicate that some CCN family members are 
redundant, although this is currently not considered to be the case in other tissues.35

The role of CTGF in diabetic renal pathology has been clearly established. CTGF is 
responsible for mesangial expansion36 and increased extracellular matrix deposition37, 

38 as observed in early stages of diabetic nephropathy. Therefore, CTGF and/or CYR61 
may have a similar role in diabetic retina and be responsible for the thickening of mi-
crovascular LB observed in early stages of diabetic retinopathy.

We also therefore examined expression patterns of the genes encoding several 
extracellular matrix-related molecules. Expression of the LB component Col4a3 was 
found to be increased concomitantly with Cyr61 expression after 6 weeks of diabetes, 
an increase significantly reduced in aminoguanidine-treated diabetic rats. At 12 weeks 
of diabetes, Timp1 and Lamb1 expression demonstrated a concomitant increase with 
Ctgf, which was significantly attenuated in the aminoguanidine-treated group (not 
statistically significant for Lamb1). These findings suggest a causal role of AGEs in 
the diabetes-induced production of CTGF, CYR61, COL4A3 and TIMP1 in the retina. 
Whether increased Lamb1 expression is also mediated by AGEs remains to be deter-
mined. However, this possibility is supported by a previous study showing that protein 
and mRNA levels of the ribosomal protein SA (previously known as laminin receptor 
1 [67 kD, ribosomal protein SA]) are upregulated by AGEs in cultured retinal microv-
ascular endothelial cells.39

AGE CML plasma levels, used in our study as a marker of AGE formation in the rat 
diabetes model, were not altered at 6 weeks in diabetic rats, making an effect of AGEs 
at this time point questionable. However, it should be noted that CML is merely one of 
many types of AGE known to be generated under hyperglycaemic conditions40 and that 
aminoguanidine has been shown to decrease serum AGE levels in diabetic rats as early 
as 6 weeks after diabetes induction.41

In previous studies in the diabetic rat kidney, Ctgf and fibronectin gene expression 
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both increased after 32 weeks of streptozotocin-induced diabetes.10 These changes were 
prevented by aminoguanidine treatment. As AGE accumulation in the diabetic kidney 
was prevented by aminoguanidine, those authors surmised that the anti-fibrotic effects 
of aminoguanidine could be at least partially mediated by a decrease in CTGF expres-
sion.10 Our study may have been too short to observe an increase of fibronectin in 
the diabetic retina, but otherwise our results are in line with these findings in kidney. 
Additional studies will be necessary to further elucidate the ability of CYR61 and CTGF 
to directly modulate these extracellular matrix molecules in retinal vascular cells.

TGFB, considered to be the most important fibrotic factor, has been shown to 
upregulate CTGF in many cell types in vitro42–44 and in vivo.45,46 Although our find-
ings indicate that TGFB production is not increased in the diabetic retina, a role for 
TGFB in the observed upregulation of CTGF cannot be ruled out, as the regulation 
of TGFB bioavailability is complicated and not solely dependent on the level of TGFB 
production.47

We have recently demonstrated that vascular endothelial growth factor (VEGF) 
increases expression of Ctgf and Cyr61 in the rat retina in vivo as well as in retinal 
vascular endothelial cells in vitro (E. J. Kuiper, J. M. Hughes, I. M. C. Vogels et al., 
unpublished results). As AGEs are known inducers of VEGF in retinal cells48,49, it is 
possible that the increases in CTGF and CYR61 observed in our animal models are the 
result of AGE-induced VEGF.

A major finding of our study was the ability of aminoguanidine to attenuate the 
increase in Ctgf expression observed in the diabetic rat retina. Tikellis et al.28 have 
reported that perindopril, an ACE inhibitor, prevents increased Ctgf expression in dia-
betic rat retina.28 This suggests that both interventions may affect a common molecular 
mechanism leading to the upregulation of CTGF. As ACE inhibition has been shown 
to prevent AGE accumulation in diabetic tissues50, it is feasible that inhibition of AGE 
formation could be a common molecular mechanism allowing both ACE inhibitors 
and aminoguanidine to inhibit the increase of retinal CTGF.

In summary, this study provides the first evidence that, in addition to CTGF, the 
CCN family molecules CYR61, WISP1 and WISP3 play possible roles in the develop-
ment of early stages of experimental diabetic retinopathy. At the very least, these results 
warrant further study into the functional aspects of these molecules in the eye, and of 
how these aspects pertain to the development of diabetic retinopathy. Additionally, we 
demonstrate for the first time that AGEs directly upregulate both CTGF and CYR61 
levels in the retina in vivo and that aminoguanidine inhibits these diabetes-induced 
increases. This provides the first evidence that CTGF and CYR61 are downstream ef-
fectors of AGEs in the diabetic retina and implicates them as possible targets for future 
intervention strategies.
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Abstract
Purpose. Vascular endothelial growth factor-A (VEGF) causes increased vascular 
permeability and leukocyte adhesion in preclinical diabetic retinopathy (PCDR). 
Another hallmark of PCDR is thickening of the capillary lamina basalis (LB). 
Recently, VEGF has been shown to induce expression of profibrotic genes such as 

transforming growth factor (TGF)-ß1 and connective tissue growth factor (CTGF 
or CCN2) in cultured endothelial cells. Moreover, neutralization of VEGF pre-
vented LB thickening in diabetic mice in vivo. The authors hypothesize that VEGF 

directly contributes to LB thickening in the diabetic retina by inducing expres-
sion of profibrotic growth factors and extracellular matrix (ECM) components. 
Methods. Transcription and protein levels of ECM-related genes were evaluated in the 
rat retina after intravitreal VEGF injection by real-time quantitative PCR, Western blot 
analysis, and immunohistochemistry. In addition, expression profiles of the same genes 
in response to VEGF stimulation were investigated in bovine retinal vascular cells in vitro. 
Results. Intravitreal VEGF injection induced retinal transcription of CYR61 
(CCN1), CTGF, TGF-ß1, tissue inhibitor of metalloproteases (TIMP)-1 and fi-
bronectin, and protein expression of CYR61, CTGF, TGF-ß1 and fibronec-
tin. In bovine retinal endothelial cells and pericytes stimulated by VEGF in 

vitro, gene expression profiles were similar to those in the intact retina in vivo. 
Conclusions. VEGF induces profibrotic growth factors and extracellular matrix genes 
in the retina in vivo, as well as in cultured retinal vascular cells in vitro. The current 
findings have relevance for understanding the pathogenesis of preclinical DR, where 

early upregulation of VEGF may cause LB thickening by induction of ECM-related 
genes. 
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Introduction
Diabetic retinopathy (DR) is a major complication of diabetes and a leading cause of 
blindness.1 2 Despite recent progress in understanding the pathogenesis of DR, further 
research is warranted, as the disease is still neither preventable nor curable. 

DR is preceded by an asymptomatic preclinical phase (PCDR) in which a microan-
giopathy develops characterized by diffusely increased vascular permeability and cap-
illary lamina basalis (LB) thickening.3 4 5 In the later stages of PCDR, endothelial cell 
and pericyte deprivation leads to vascular cell death and the development of acellular 
capillaries.

Experimental prevention of LB thickening has been shown to ameliorate these 
retinal vascular changes in an in vivo model of diabetes in galactose-fed rats.6 7 In this 
model, downregulation of fibronectin synthesis partly prevented retinal LB thickening 
and also reduced pericyte and endothelial cell loss.6 In another study, combined down-
regulation of mRNA levels of the extracellular matrix (ECM) components fibronectin, 
collagen type IV, and laminin not only prevented the increase in their protein levels but 
also reduced vascular leakage in the retinas of rats with streptozotocin (STZ)-induced 

diabetes.7 These findings suggest that LB thickening is not just an epiphenomenon of 
the diabetic state, but may be instrumental in the progression to sight-threatening DR. 
Modulation of LB thickening may therefore have a preventive effect on the develop-
ment of DR. 

LB thickening results from increased synthesis and/or decreased breakdown of col-
lagen type IV, fibronectin, laminin, and other ECM compounds.8 9 10 TGF-ß and CTGF 
(connective tissue growth factor, CCN2) are both potent inducers of ECM synthesis. 

CTGF, which is an important downstream mediator of the profibrotic effects of TGF-
ß,11 12 13 is a member of the CCN (for CTGF, CYR61, and NOV) gene family, which 
encode for cysteine-rich secreted proteins with roles in cell growth and differentia-
tion.14 The classification of CCN proteins in one family is based on a shared modular 
organization, and their binding to ECM–associated molecules, whereas their expres-
sion and function is different and context-dependent for individual tissues and cells.15 
To date, little is known about the role of this protein family in the (patho)physiology 
of the retina. 

In proliferative DR, we have shown that CTGF is associated with fibrosis.16 Under 
diabetic conditions, TGF-ß and CTGF increase production of collagen, fibronectin, 
and tissue inhibitors of metalloproteases (TIMPs).17 18 19 20 21 22 23 24 25 A causal role of 
TGF-ß in inducing capillary LB thickening has been demonstrated in brain capillaries 
in the mouse and in diabetes-induced LB thickening of glomerular capillaries in the 
kidney.26 27 28 Recently, we have found evidence of a causal role of CTGF in LB thicken-
ing in the diabetic retina.29 30 31 32 Immunohistochemical analysis of human retinas re-
vealed CTGF staining of mainly microvascular pericytes in patients with DR, whereas 
control subjects demonstrated a predominant microglial staining pattern.29 Moreover, 
we found that CTGF+/– mice (lacking one functional allele for CTGF) are protected 
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from diabetes-induced LB thickening of retinal and kidney glomerular capillaries.30 31 
We also found increased CYR61 and CTGF mRNA expression in the retina of rats with 
STZ-induced diabetes, which coincided with increased collagen type IV, laminin, and 

TIMP-1 mRNA expression.32 This diabetes-induced expression was attenuated by the 
advanced glycation end products (AGEs) inhibitor aminoguanidine. Infusion of mice 
with AGEs induced retinal CYR61 and CTGF mRNA expression.32 Taken together, 
these results suggest that CYR61 and CTGF act as downstream effectors of AGEs, pos-
sibly leading to LB thickening, as observed in the diabetic retina. 

VEGF, a potent vascular permeability and angiogenesis factor, is also increased early 
in PCDR.33 34 35 VEGF induces the expression of TGF-ß in glomerular endothelial 
cells36 and of CTGF in retinal vascular cells.24 37 38 Moreover, neutralizing VEGF with 
an antibody partly prevented diabetes-induced LB thickening in the retina of obese 
type 2 diabetic mice.39 

Based on these observations, we hypothesize that VEGF can induce expression of 
genes that contribute to LB thickening in PCDR. To test this hypothesis, we investi-
gated the effects of intravitreally injected VEGF-A40 41 42 on the in vivo expression of 
TGF-ß, CTGF, other CCN family members (CYR61, NOV, and WISP-1, -2, and -3),43 
44 45 and ECM-related molecules in the rat retina, as well as the in vitro effects of VEGF 
on these molecules in cultured bovine retinal vascular endothelial cells and pericytes.

Materials and methods
Animals. All animal studies were performed in accordance with the ARVO Statement for the 
Use of Animals in Ophthalmic and Vision Research. Animal handling and experimental proce-
dures for all experiments involving rats were reviewed and approved by the committee on ethical 
animal care and according to the Guidelines for the Care and Use of Laboratory Animals of The 
Netherlands Ophthalmologic Research Institute (Amsterdam, The Netherlands).

Intravitreal injections were performed on 100 adult Wistar rats (Charles River, Maastricht, 
The Netherlands), weighing approximately 250 g. Rats were anesthetized with fentanyl (0.5 mg/
kg, intramuscularly) and midazolam (0.1 mg/kg, subcutaneously), along with local ocular an-
aesthesia of 1 drop of 1% oxybuprocaine hydrochloride per injected eye. Three microliters of 
a solution of 0.1% BSA in PBS, containing 100 ng of recombinant rat VEGF164 (564-RV; R&D 
Systems, Abingdon, UK) was injected into the vitreous in one eye of each rat, whereas the vehicle 
alone was injected into the vitreous of the contra lateral eye, using a 50-µL syringe (Hamilton, 
Martinsried, Germany) fitted with a 30-gauge needle. After all air was cleared from the syringe 
and tubing, forceps were used to push the needle through the sclera of the rat eye at a level of 
approximately 2 mm posterior to the limbus through the pars plana at an angle that allowed the 
needle to enter the vitreous without damaging the lens. The rats were killed at 1, 6, 24, 48, and 
72 hours after injection (20 rats at each time point) of a lethal dose of pentobarbital (intraperi-
toneally). On collection, all retinas were inspected for damage from the injection needle. All 
damaged retinas were excluded from the experiment. A maximum of two retinas per group were 
damaged. For RNA isolation, the eyes of 10 rats per group were rapidly enucleated, the anterior 
chambers were removed, and the retinas were carefully dissected, placed into 500 µL RNA ex-
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traction reagent (TRIzol; Invitrogen, Carlsbad, CA), and stored at –20°C until further process-
ing. For Western blot analysis and immunohistochemistry, the eyes of eight rats per treatment 
group and four untreated rats were immediately enucleated, frozen in liquid nitrogen, and stored 
at –80°C until further processing. 

RNA Isolation and mRNA Quantification. Total RNA was isolated from dissected retinas and 
bovine retinal cells in TRIzol reagent according to the manufacturer’s instructions and dissolved 
in RNase-free water. The amount of total retinal RNA was approximately 12 µg/retina (spec-
trophotometric measurements at 260 nm), with no significant differences between the experi-
mental groups. The integrity of the RNA samples was verified by electrophoresis (ExperionTM 
Automated Electrophoresis System; Bio-Rad, Hercules, CA). All samples had sharp ribosomal 

RNA bands with no sign of degradation. A 2-µg aliquot of total RNA was treated with DNase I 
(amplification grade; Invitrogen), reverse transcribed into first-strand cDNA with reverse tran-
scriptase (Superscript II and the oligonucleotide oligo(dT)12-18; Invitrogen). Details of the primers 
are given in Tables 1 and 2. Specificity of the primers was confirmed by a nucleotide-nucleotide 
BLAST (http://www.ncbi.nlm.nih.gov/blast/index.shtml) search. The presence of a single PCR 
product was verified by both the presence of a single melting-temperature peak and detection of 
a single band of the expected size on a 3% agarose gel.

Real-time quantitative PCR (qPCR) was performed on a thermocycler (iCycler iQ; Bio-Rad). 
Fluorescence was measured after each cycle and displayed graphically. For each primer set, a 
master mix was prepared, consisting of SYBR green master mix (Supermix; Bio-Rad) at a final 
concentration of 1x and 2 picomoles of primers completed with RNase-free water. One micro-
liter of cDNA (diluted 1:20) in 19 µL master mix was amplified by the following PCR protocol: 
50°C for 2 minutes and 95°C for 5 minutes, followed by 40 cycles of 95°C for 10 seconds and 
60°C for 45 seconds, followed by 95°C for 1 minute and a melting program (60–95°C). Relative 

Gene Genbank Forward primer Reverse Primer bp Tm

Cyr61 NM_031327 GTGCCGCCTGGTGAAAGAGA GCTGCATTTCTTGCCCTTTTTTAG 91 80

Ctgf NM_022266 ATGATGCGAGCCAACTGCCTG CGGATGCACTTTTTGCCCTTCTTAATG 194 84

Nov NM_030868 TGGTTCCAGAGGGAGACAAC AGGTCCACTTTTCGCAACAC 210 86

Wisp1 NM_031716 CCGACCACACATCAAGGCAGG GGTCGGTAGGTGCGTGTGCTG 105 84

Wisp2 NM_031590 GCCCGAGGTACGCAATAGG GCAGTTGGGTTGGAAGGACT 101 84

Wisp3 XM_574785 TCTCGTGCAAGCAACCAAGTG CTGGGGATCTTCACTGCCTGT 165 83

Tgfb1 NM_021578 ACCGACCCTTCCTGCTCCTCAT GATCCACTTCCAACCCAGGTCCT 173 85

Tgfb2 NM_031131 GCAGGATAATTGCTGCCTTC GGCTGAGGACTTTGGTGTGT 158 80

Timp1 NM_053819 ATCGCGGGCCGTTTAAGGA CAAGGGATGGCTGAACAGGGA 158 83

Timp2 NM_021989 ATCTCCTCCCCGGATGAGTG GGCAAAGAACTTGGCCTGG 82 81

Fn1 NM_019143 CAGCCTACGGATGACTCATGC CAGATAACCGCTCCCATTCCT 75 78

Col4a3 XM_343607 CCCTTGAGCCCTACGTTAGCA CCTCAGAGCCTGCACTTGTAAACA 159 82

Lamb1 XM_216679 GCGTAAAGCTGCCCAGAACTCTG TCCTCCTGGCATCTGCTGACTC 176 79

Fn1, fibronectin

Table 1. Gene nomenclature, GenBank accession code, primer sequences, predicted size (bp) and melting 
temperature (Tm) of the amplified product for rat genes studied with real-time quantitative RT-PCR.
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gene expression was calculated with the equation: R = E–Ct, where E is the mean efficiency of all 
samples for the gene being evaluated and Ct is the cycle threshold for the gene as determined 
during real-time PCR. Normalization was performed with geNorm as described by Vandesom-
pele et al.46 

Statistics. Gene expression levels among groups were calculated by using single ANOVA, with 
P < 0.05 considered significant. The Bonferroni post hoc test was used to perform pair-wise 
comparisons of groups. All PCR experiments were performed at least twice. 

Antibodies. The following antibodies were used for Western blot analysis and immunohisto-
chemistry: anti-CTGF (ab6992; Abcam, Cambridge, UK), anti-CYR61 (ab24448; Abcam), anti-
TGFß-1 (AHG0051; Biosource, Nivelles, Belgium), anti-fibronectin (A0245; DAKO, Glostrup, 
Denmark), anti-TIMP1 (AF580; R&D Systems), and anti-laminin (ab11575; Abcam). Anti-
GAPDH antibody (ab9484; Abcam) was used as a protein loading control for Western blots. 

Western Blot Analysis. Frozen eye halves were thawed in ice-cold buffer (10 mM HEPES, 150 
mM NaCl, 1x Complete Proteinase Inhibitors; Roche Biochemicals, Almere, The Netherlands). 
Eight retinal halves from the control and experimental groups were then harvested at each time 
point and pooled in 500 µL lysis buffer (0.5% Triton X-100, 50 mM HEPES, 150 mM NaCl, 10% 
glycerol, 1.5 mM MgCl2, 1 mM EGTA, 1 mM PMSF, and 1x Complete Proteinase Inhibitors) in 
a 1.5-mL vial (Eppendorf AG, Hamburg, Germany). Samples were homogenized with a pestle 
(Eppendorf) and vigorous vortexing and frozen overnight. Samples were thawed and vortexed 
and then centrifuged at 4°C for 15 minutes at 10,000g. Supernatants were collected in new vials 
and stored at –80°C. The protein concentration of each sample was determined with a Bradford 
assay kit (Bio-Rad) and adjusted to a protein concentration of 3 µg/µL SDS-PAGE and Western 
blots were performed as described previously.47 For CYR61, bands of the protein were quantified 
by densitometry (AlphaEase; AlphaInnotech Corp., San Leandro, CA). 

Immunohistochemistry. Tissue blocks of the other eight frozen halves of rat eyes were cut by 
using a standard protocol for immunohistochemical staining. Air-dried serial cryostat sections 
(10 µm thick) were fixed in cold acetone for 10 minutes, postfixed for 2 minutes in Zamboni’s 

Table 2. Gene nomenclature, GenBank accession code, primer sequences, predicted size (bp) and melting 
temperature (Tm) of the amplified product for bovine genes studied with real-time quantitative RT-PCR.

Gene Genbank Forward primer Reverse Primer bp Tm

CYR61 NM_001034340 ATGCCGCCTGGTGAAAGAAA GCTGCATTTCTTGCCCTTTTTCAG 91 80

CTGF NM_174030 CGAAGCTGACCTGGAGGAGAA CTTCATGCTGGTGCAGCCA 106 79

TGFB1 M36271 GTACCACGCCAATTTCTGCC TGTACAGGGCCAGGACCTTG 83 83

TGFB2 XM_613698 GGATCTTGGGTGGAAATGGATTCA ACACGCAGCAAGGGGAAGCA 161 81

FN1 K00800 TTGAGTGCTTCATGCCTTTGG CGCTTGTTTCTCTGGGTTGG 81 78

COL4A3 M63139 TCCTACAGTTTCTGGTTGGCTTCA CTCCCCAGCTTTCACAGTTGATG 81 75

LAMB1 XM_600154 AACTGGATGGAGCAGAGCCCCTA CAACAGTGACCAGCCCACCACA 165 86

TIMP1 NM_174471 ACTTCCACAGGTCCCACAACCG AGGGAAACACTGTGCATTCCTCAC 180 84

TIMP2 NM_174472 GACGAGTGCCTCTGGATGGA TTGATGCAGGCGAAGAACTTG 84 82

FN1, fibronectin
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fixative (2% paraformaldehyde in a saturated picric acid solution), and stained by an indirect im-
munoperoxidase procedure. For this purpose, sections were incubated for 20 minutes in PBS con-
taining 0.1% sodium azide and 0.3% H2O2 to

 quench endogenous peroxidase activity. To reduce 
nonspecific staining, we incubated the sections for 15 minutes in PBS containing 10% normal 
goat serum and 0.01% saponin (Sigma-Aldrich, St. Louis, MO). Subsequently, serial sections 
were incubated for 60 minutes at room temperature with the relevant antibody. Poly-horseradish 

peroxidase goat anti-mouse or goat anti-rabbit immunoglobulins (Powervision; ImmunoLogic, 
Duiven, The Netherlands) were used as secondary antibodies. Sections were incubated for 30 
minutes with the secondary antibodies. Peroxidase activity was visualized by incubating the 
sections in 3-amino-9-ethyl carbazole (AEC, red) and 0.01% H2O2 as substrates for 10 minutes. 
The reaction was stopped by rinsing the sections in distilled water. Sections were counterstained 
with hematoxylin. Control incubations were performed in the absence of primary antibodies. 

Bovine Retinal Vascular Cell Culture. Bovine retinal endothelial cells (BRECs) and bovine 
retinal pericytes (BRPCs) were isolated from freshly enucleated calf eyes obtained from a local 
abattoir by a differential filtration method. On their collection, the calf eyes were kept on ice, and, 
just before isolation, they were disinfected with 70% ethanol. 

For the isolation of pericytes, retinas from fresh eyes (<6 hours after enucleation) were used. 
Working in a sterile hood, the anterior chambers of the calf eyes were removed with surgical 

scissors. A fine-tipped paintbrush was used to separate the retina from the retinal pigment epi-
thelium, and the retina was cut loose from the optic nerve with a surgical blade or scissors. 

Five retinas were isolated and pooled in DMEM (Invitrogen) and then homogenized with a 
glass homogenization tube and a plastic pestle. Homogenized tissue was then transferred to a 
50-mL centrifuge tube and centrifuged for 10 minutes at 1600g. Supernatant was removed, and 
the pellet was resuspended in 10 mL DMEM. A 20-mL syringe (BD Bioscience, San Jose, CA) 
and a filter holder (Millipore) were then used to filter the suspension through a 60-µm filter 
(Millipore, Bedford, MA) presoaked in DMEM. The filter was washed with an additional 10 mL 
of DMEM. The filtrate was discarded, and the tissue remaining on the filter was placed into a 
clean 50-mL centrifuge tube, which was then centrifuged for 10 minutes at 400g. The superna-
tant was discarded, and the pellet was resuspended in 6 mL digestion mix for 5 minutes at 37°C. 
The digestion mix consisted of DMEM, 10% fetal calf serum (FCS), collagenase III (210 U/mL; 
Sigma-Aldrich), Pronase E (91 U/mL; Difco; BD Bioscience), and DNase I (170 U/mL; Invitro-
gen). The digestion mix was filtered through a 180-µm filter (Millipore) and centrifuged for 10 
minutes at 400g. The pellet was then resuspended in 5 mL DMEM with 10% FCS. This procedure 

was repeated until 25 retinas were isolated. The cells were pooled and transferred to five 75-cm2 
collagen-coated culture flasks (type IV collagen; Sigma-Aldrich) and placed in an incubator. On 
reaching confluence, cell cultures were split at a ratio of 1:3.

The procedure for isolating the BRECs was the same as described for BRPCs, with a few excep-
tions. The retinas were incubated for 30 minutes in a digestion mix. The final cell filtrate was then 
suspended in bovine endothelial cell growth medium (Cell Applications, San Diego, CA) before 
the cells were plated in five 75-cm2 culture flasks coated with collagen and fibronectin (Roche). 
On reaching confluence, the cell cultures were split at a ratio of 1:3. 

Before the in vitro experiments began, the cells were split and plated in six-well culture 
plates coated with collagen and fibronectin (BRECs) or collagen alone (BRPCs). Cells in the 

third passage were used for all experiments. On reaching 70% to 80% confluence, the cells were 
preincubated for 24 hours in starvation medium (DMEM). At the start of the experiments, the 
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cells received either DMEM containing rhVEGF (25 ng/mL) or DMEM alone as a control. At the 
appropriate time points, the cultures were harvested by aspirating the medium and adding 0.5 
mL extraction reagent (TRIzol; Invitrogen) to each well to dissociate the cells. The harvested cells 
were then pipetted into 1.5-mL vials (Eppendorf) and stored at -20°C until further processing 
for RNA isolation. The purity of the cell cultures was checked by immunohistochemistry and 
PCR, with von Willebrand factor and NG2 used as markers for endothelial cells and pericytes, 
respectively. Both methods resulted in a purity of at least 95% for both cell types. 

Results
Effects of Exogenous VEGF on mRNA Levels of the CCN Family and 
TGF-ß Genes in the Rat Retina
An early and significant threefold increase in CYR61 (CCN1) mRNA levels was ob-
served at 1 hour after intravitreal injection of VEGF, when compared with the contral-
ateral vehicle-injected eyes (P = 0.04; Fig. 1 ). At 24 hours, CYR61 mRNA levels showed 

a 2.2-fold increase, but the change was not significant (P = 0.084).
CTGF (CCN2) mRNA expression showed a 2.3-fold increase (P = 0.004) at 24 hours 
after injection. For all other time points, mRNA levels of CYR61 and CTGF were similar 
in VEGF-treated and control eyes. CCN4 mRNA levels remained unaltered throughout 

the experiment (Fig. 1) , whereas gene expression levels of CCN3, -5, and -6 were below 
detection levels in all eyes. 

VEGF also induced TGF-ß1 mRNA expression with a significant upregulation of 
2.4-fold (P < 0.001) at 24 hours after injection. Retinal TGF-ß2 mRNA expression was 
unaffected by VEGF treatment (Fig. 2).

Figure 1. Effect of exogenous 
intravitreal-injected VEGF on 
CCN gene expression. The data 
represent retinal gene expres-
sion levels in VEGF-injected 
eyes relative to expression 
levels in vehicle-injected eyes. 
Dashed line: basal levels (set 
to 1). *Significant change (P < 
0.05).
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Effect of Exogenous VEGF on mRNA Levels of ECM Molecules in the 
Rat Retina
Fibronectin mRNA was significantly upregulated at 24 (3.6-fold; P < 0.001) and 48 
(1.4-fold; P = 0.002) hours after intravitreal VEGF injection (Fig. 3). Collagen type IV 
and laminin B1 mRNA expression levels were not significantly affected by VEGF at the 
time points studied.

TIMP-1 mRNA levels were significantly increased at 6 hours (1.8-fold; P = 0.04) and 
at 24 hours (4.8-fold; P = 0.04) after injection. Expression of TIMP-2 was unaffected by 
intravitreal VEGF injection (Fig. 3).

Western Blot Analysis of Proteins of the Rat Retina
Western blot analysis was performed to investigate whether the observed increases in 
mRNA levels of CYR61, CTGF, and fibronectin corresponded with a subsequent in-
crease in protein levels. A clear increase in CTGF and fibronectin protein was noted 
at 48 hours after injection in VEGF-injected eyes compared with control eyes (Fig. 4). 
Anti-CYR61, which normally detects a band of 39 kDa in Western blots, detected three 
bands in retinal proteins (Fig. 5). It is not clear whether one or more bands specifically 

Figure 2. Effect of exogenous 
intravitreal-injected VEGF on 
TGF-β1 and -β2 gene expression. 
The data and significance of change 
are as described in Figure 1.

Figure 3. Effect of exogenous in-
travitreal-injected VEGF on the 
expression of the ECM-related 
genes fibronectin (Fn1), collagen 
type IV (Col4a3), laminin B1 
(Lamb1), tissue inhibitor of 
metalloproteases 1 (Timp1) and 
2 (Timp2). The data and signifi-
cance of change are as described 
in Figure 1.
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represent CYR61 protein. However, the 11.4-kDa band showed a time-dependent in-
crease that coincided with the increase at the transcriptional level. Ratios of CYR61 
protein expression levels in VEGF-injected eyes and PBS-injected eyes, as determined 
by densitometry, are given in Figure 5b for all three bands.

Immunohistochemistry of the Rat Retina
Immunohistochemistry was performed to investigate the localization and expression 
levels of proteins at 24 and 48 hours after injection in the VEGF- and vehicle-inject-
ed control eyes compared with untreated eyes. Distinct differences were not found 
between VEGF-injected and vehicle-injected eyes for any of the proteins after 24 hours. 
However, after 48 hours, differences in staining intensity were detected among the three 
treatment groups (Figs. 6, 7). This was in line with the PCR and Western blot data. In 

non-injected eyes, CTGF and CYR61 both showed a nonvascular distribution pattern, 
mainly in the ganglion cell layer (GCL) and a weak positivity in the inner plexiform 
layer (IPL; Fig. 6 ). A slight increase in labeling intensity was observed for CTGF and 
CYR61 throughout all layers of the retina in vehicle-injected eyes. In addition to this 
slight panretinal increase in staining, VEGF-injected eyes showed a stronger staining 
intensity for both CTGF and CYR61 in the GCL. TIMP-1 immunostaining was also 

found in the GCL and the IPL (Fig. 6). In the VEGF-injected eyes, a staining of small 
vessels of the inner nuclear layer (INL) was visible. TGF-ß1, laminin, and fibronectin 

staining was observed only in the retinal vasculature. TGF-ß1 staining was somewhat 
enhanced in the PBS-injected eyes and significantly increased in the VEGF-injected 
eyes when compared to that in the untreated eyes (Fig. 7). Laminin staining was vessel 
specific, but differences in intensity or distribution between the three treatment groups 
were not detected. Fibronectin staining appeared to be vessel specific as well and 
showed an increased number of labelled vessels in VEGF-injected eyes, especially in 
the INL (Fig. 7). Control incubations in the absence of primary antibodies did not 
result in any staining.

Figure 4. VEGF induced fibronectin and CTGF protein expression in vivo. The effect of VEGF-injection 
on fibronectin (FN1) and CTGF protein expression in rat retina was determined by Western blot analysis. 
GAPDH was used as loading control. A clear induction of protein expression was noted 48 hours after VEGF 
stimulation (V) compared with control eyes (C).
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mRNA Levels in Retinal Vascular Cells In Vitro
Expression levels of CTGF and fibronectin were high in control BRECs and BRPCs, 
expression levels of collagen type IV and laminin B1 were low and only detectable in 
pericytes, whereas moderate expression was observed for all other genes in both cell 
types. Effects of VEGF stimulation on gene expression profiles in BRECs and BRPCs 
are shown in Figure 8. In BRECs, mRNA levels of CYR61 and CTGF were significantly 
increased at 1 hour (3-fold, P = 0.002; and 2-fold, P = 0.02, respectively) and 4 hours 
(3.5-fold, P = 0.004; and 2.5-fold, P = 0.04, respectively) after VEGF stimulation. In 
addition, mRNA levels of TGF-ß1, TGF-ß2, and fibronectin were all significantly up-
regulated after 4 hours of stimulation with VEGF (1.5-fold, P = 0.001; 2-fold, P = 0.001; 

and 1.5-fold, P = 0.02). TIMP-1 mRNA levels were significantly increased 24 hours 
after stimulation (twofold, P = 0.04) whereas TIMP-2 mRNA levels were not affected 
by VEGF treatment. Expression levels of collagen type IV and laminin B1 were below 
detection limits in BRECs.

In BRPCs, CYR61 mRNA levels were significantly increased at 4 hours (2-fold, P = 
0.02) and peaked 24 hours after VEGF stimulation (3.5-fold, P = 0.002). In addition, 
fibronectin, collagen type IV and TIMP-1 mRNA levels were significantly upregulated 
after 24 hours (twofold, P = 0.03; twofold, P = 0.01; and twofold, P = 0.04, respectively). 
CTGF, TGF-ß1, TGF-ß2, TIMP-2 and laminin B1 mRNA levels were not affected in 
BRPCs by VEGF stimulation.

Figure 5. Effect of exogenous intravitreal-injected VEGF on CYR61 protein levels in rat retina. (a) CYR61 
protein expression was analyzed after VEGF injection by Western blot analysis. (b) Densitometric analysis 
was used to quantify the intensity of bands and is presented as the ratio of CYR61 expression in VEGF-
stimulated eyes (V) over matched controls (C) at each time point.
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Figure 6. Immunohistochemical staining of CTGF, CYR61, and TIMP-1 in the rat retina. Immunohisto-
chemical staining was performed on retina sections of untreated (NO INJ.), PBS-injected (PBS), and VEGF-
injected (VEGF) rat eyes, at 48 hours after injection. Representative images are shown. CTGF and CYR61 
staining was present in large cell bodies of the ganglion cell layer (GCL) and weak staining in the inner 
plexiform layer (IPL). In PBS- and VEGF-injected retina, CTGF staining was also present in the nuclear 
layers (INL and ONL) and the outer plexiform layer (OPL). Intense staining of CTGF was present in the 
GCL of VEGF-injected eyes. In PBS- and VEGF-injected retina, CYR61 immunostaining was also present in 
the INL at the border of the IPL. In PBS-injected eyes, staining of ganglion cells was moderately increased, 
whereas in VEGF-injected eyes staining was strongly increased. Uniform staining of the GCL and IPL was 
found for TIMP-1. RCL, rod and cones layer; RPE, retinal pigment epithelium.
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Figure 7. Immunohistochemical staining of TGF-β, laminin, and fibronenctin in the rat retina. Immuno-
histochemical staining was performed on retinal sections of untreated, PBS-injected and VEGF-injected 
rat eyes, at 48 hours after injection. Representative images are shown. Staining of TGF-β was found in mi-
crovessels of the INL, IPL, and GCL and was moderate or strong in the PBS- and VEGF-injected eyes. 
Intense uniform immunostaining of laminin (LAM) was found in retinal microvessels in all treatment 
groups. Immunostaining of fibronectin (FN1) was sporadic and selectively found in microvessels in the 
INL in untreated and PBS-injected eyes. In VEGF-injected eyes, vessels in the INL were more intensely and 
uniformly stained. Abbreviations as defined in Figure 6 legend.
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Summary of Data
In summary, our study showed that after intravitreal VEGF injection in the rat eye, an 
early increase in retinal mRNA expression of CYR61 was followed by increased TIMP-1 
mRNA levels at 6 hours after injection and increased mRNA levels of CTGF, TGF-ß1, 

fibronectin, and TIMP-1 at 24 hours after injection. Upregulation of CYR61, CTGF, 
TGF-ß1, and fibronectin mRNA by VEGF treatment was followed by an increase in 

Figure 8. Effect of VEGF on mRNA expression in cultured bovine retinal endothelial cells and pericytes. 
Relative mRNA expression at various time points after stimulation with VEGF in endothelial cells and 
pericytes is indicated. In endothelial cells, expression of collagen type IV (Col IV) and laminin B1 (LamB1) 
was below detection limit. Basal control levels have been set to 1. Data are expressed as the mean ± SD.
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protein expression as was demonstrated by Western blot analysis and/or immunohis-
tochemistry. In addition, BRECs and BRPCs stimulated in vitro by VEGF showed gene 
expression profiles that were similar to those of the intact retina in vivo.

Discussion
Our study demonstrates the ability of VEGF to induce mRNA expression levels of 
genes related to ECM remodelling in the rat retina. The specificity of this response was 
demonstrated by the fact that induction of ECM-related genes was selective, that the 

expression profile was similar to changes in proteins levels, and that the VEGF-induced 
expression profiles in cultured retinal vascular cells were similar as well. Although we 
cannot determine the contribution of nonvascular cells to the observed gene expres-
sion patterns in the intact retina, the similarity of the responses observed in vitro in 
retinal vascular cells and in vivo in retinas suggests that the retinal vasculature is an 
important contributor to these expression profiles.

Our immunohistochemical and Western blot results for CYR61 expression demon-
strate that the treatment itself has an effect on the induction of CYR61 and possibly on 
other molecules (CTGF and TGF-ß1) as well. However, induction of these molecules in 
the presence of VEGF was significantly higher, and we demonstrated similar expression 
patterns in vitro in cultured retinal vascular cells, indicating the effects of VEGF. This 
is supported by our recent observations that CTGF and CYR61 expression levels are 
upregulated by the diabetic milieu in a streptozotocin model of experimental diabetes 
in rats, which coincided with increased expression of ECM-related molecules.31

Previous studies on VEGF and VEGF receptor expression in the retina have indicat-
ed an important role for VEGF in the pathogenesis of diabetic retinopathy.39 48 49 The 
rationale behind the present study was based on the observation that VEGF is increased 
early in the diabetic retina and coincides with LB thickening in the retinal vasculature. 
VEGF is considered to cause increased vascular permeability and leukocyte adhesion 
in PCDR48 and may act as a vascular cell survival factor.49 However, in our study, VEGF 

induced ECM remodelling in the diabetic retina as well. This is particularly interesting 
in the light of a recent report showing that neutralizing VEGF in PCDR in obese type 
2 diabetic mice partly prevented diabetes-induced LB thickening.39 This study demon-
strated that VEGF expression in PCDR contributes to diabetes-induced LB thickening 
by an unknown mechanism. Our results suggest that this occurs via upregulation of the 
expression of a selected set of genes which, with the exception of CYR61, have all been 
implicated in diabetes-induced LB thickening. 

TGF-ß has been said to be causally involved in diabetes-induced LB thickening in 
the kidney glomerulus,26 27 28 and it has been shown to be an important upstream regu-
lator of CTGF.11 12 13 In the present study, VEGF induced TGF-ß1 mRNA expression, 
whereas no such induction of TGF-ß was observed in a previous study on rats with 
streptozotocin-induced diabetes.32 Because of these seemingly conflicting data and the 
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complex regulation of its bioavailability,50 the role of TGF-ß in retinal LB thickening 
remains controversial. 

Recently, we found that mice lacking one functional allele for CTGF are protected 
from diabetes-induced LB thickening of glomerular capillaries30 and retinal capillar-
ies,31 indicating that CTGF is an important causal factor in this process. Fibronectin 
and collagen type IV are vascular LB components that can be induced by CTGF.25 51 
52 Their expression is increased in diabetes and contributes to diabetes-induced LB 
thickening.6 9 53 54 In our in vitro study, collagen type IV levels were low and expressed 
only in pericytes, whereas fibronectin mRNA was found in high levels in endothelial 
cells and pericytes. This may explain why we observed increased fibronectin expression 
but not increased collagen type IV expression in intact retinas.

Finally, we found marked upregulation of TIMP-1. TIMP-1 is the natural inhibitor 
of MMP-9, which is one of the MMPs involved in the breakdown of the vascular LB 
necessary to allow angiogenesis.55 56 TIMP-1 plasma levels are increased in diabetic 
patients and are associated with increased vascular stiffness by causing vascular matrix 
fibrosis.55 

Taken together, our results support the concept that VEGF, of which the expression 
is increased early in PCDR,34 35 contributes to diabetes-induced LB thickening by up-
regulation of these ECM-related genes. 

In rat retina, CTGF immunostaining was mainly found in the ganglion cell layer 
and the inner plexiform layer, when using a polyclonal anti-CTGF antibody. Similar 
staining has been found in rat retina with another polyclonal anti-CTGF antibody.55 
In contrast, we have observed a vascular-associated staining of CTGF in human retina 
with a monoclonal antibody.29 Differences in staining patterns may be attributed to 
differences in specificity of these antibodies and/or species-dependent differences in 
localization patterns (rat versus human). However, CTGF mRNA was found in the gan-
glion cell layer in rat retina55 with the use of in situ hybridization, whereas we detected 
high CTGF mRNA expression levels in cultured bovine retinal vascular cells that were 
induced by VEGF. 

Our results in cultured retinal vascular cells support our findings in vivo. However, 
a contribution of neural tissue to the expression profiles found in the intact retina 
cannot be excluded. Of note, induction of CTGF expression in pericytes at 24 hours 
was preceded by increased CTGF mRNA levels at 1 to 4 hours in endothelial cells. 
These findings are in line with the study by Kondo et al.56 that showed that VEGF 
induces increased stability of CTGF mRNA in endothelial cells rather than increased 
CTGF mRNA transcription. The delayed expression in pericytes may be due to de novo 
synthesis rather than mRNA stabilization, but this notion demands further study. 

A new observation is the effect of VEGF on expression of CYR61 (cysteine-rich, 61; 
CCN1) in vivo. CYR61 is a member of the CCN family (CCN1-6: consisting of CYR61, 
CTGF, NOV, WISP-1, WISP-2, and WISP-3).43 44 45 It has been shown to promote an-
giogenesis in vitro and in vivo.57 58 In our study, its early upregulation by VEGF in the 
retina in vivo is in line with a previous in vitro study demonstrating the rapid induction 
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Abstract
Disruption of the blood-retina barrier (BRB) is an early phenomenon in preclinical 
diabetic retinopathy (PCDR). Two vascular permeability pathways may be affected, 
the paracellular pathway involving endothelial cell tight junctions, and the endothelial 
transcellular pathway mediated by endocytotic vesicles (caveolae). The relative contri-
bution of both pathways to vascular permeability in PCDR is unknown. We compared 
transcription levels in entire rat retina of genes related to these pathways between 
control conditions and after 6 and 12 weeks of streptozotocin-induced diabetes, as well 
as in bovine retinal endothelial cells (BRECs) and bovine retinal pericytes (BRPCs) 
exposed to VEGF, using real-time quantitative RT-PCR. To confirm endothelial-specif-
icity, immunohistochemical staining was performed in rat retina, and mRNA transcript 
levels were compared between BRECs and BRPCs. mRNA and protein of most paracel-
lular transport-related genes were specifically expressed by retinal endothelial cells, 
whereas vesicle transport-related mRNA and proteins were present in various retinal 
cell types, including endothelial cells. Expression of selected endothelial cell tight junc-
tion genes and particularly that of occludin and claudin-5 was reduced in the diabetic 
retina and in BRECs after exposure to VEGF. Expression of 6 out of 11 vesicular trans-
port-related genes was upregulated after induction of diabetes. Of these, only plasma-
lemma vesicle-associated protein (PV-1) was exclusively expressed in BRECs and not 
in BRPCs. PV-1 transcription was markedly induced in diabetic retina and by VEGF 
in BRECs. Caveolin-1 immunostaining was primarily found in the retinal vasculature, 
and its mRNA levels in BRECs were highly abundant and VEGF-inducible. Whereas 
the endothelial tight junction genes occludin and claudin-5 showed a transient down-
regulation, we observed long-term upregulation in diabetic retina and VEGF-induced 
expression in BRECs of the vesicular transport-related genes caveolin-1 and PV-1. The 
altered gene expression profiles observed in this study suggest a transient induction of 
the paracellular pathway and prolonged involvement of transcellular endothelial trans-
port mechanisms in the increased permeability of retinal capillaries in PCDR.

Diabetes, Diabetic Retinopathy, Blood-Retina Barrier, Blood-Brain 
Barrier, Vascular Permeability, Streptozotocin, Tight Junctions, Caveolae, 
Plasmalemma Vesicle-Associated Protein, Real-time PCR

Key words: 
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Introduction
Blood-retinal barrier (BRB) loss is crucial in the pathogenesis of diabetic retinopathy. 
In preclinical DR it occurs early as diffuse retinal vascular permeability and may repre-
sent an important mechanism accelerating the early retinal changes caused by diabetes 
(Frank, 2004). In the later clinical stage of DR, diabetic macular edema from focal 
profuse vascular leakage due to BRB loss is the major cause of loss of vision in patients 
with DR, particularly in non-proliferative DR in type 2 diabetes mellitus (Fong et al., 
2004).

Two mechanisms have been proposed as possible causes of vascular leakage in DR; 
i.e., increased paracellular leakage due to changes in integrity of endothelial tight junc-
tions, and increased transendothelial transport mediated by caveolae (Antonetti et al., 
1998, 1999; Barber and Antonetti 2003; Brankin et al., 2005; Cunha-Vaz 1980; Hofman 
et al., 2000; Vinores et al., 1993). Retinal vascular permeability has been associated with 
the presence of extravascular albumin (Schlingemann et al., 1999; Vinores et al., 1998), 
decreased tight junctional staining (Antonetti et al., 1998, 1999; Barber and Antonetti 
2003; Brankin et al., 2005) and upregulation of the number of intra-endothelial pino-
cytotic vesicles (Cunha-Vaz 1980; Hofman et al., 2000; Vinores et al., 1993). Leaky en-
dothelial tight junctions have been demonstrated in retinas of diabetic rabbits (Vinores 
et al., 1998), retinas of rats with streptocotozin (STZ)-induced diabetes and in rats after 
intraocular injection with VEGF (Antonetti et al., 1999; Barber and Antonetti 2003). 
However, few or no leaky endothelial tight junctions have been observed in retinas of 
diabetic humans and in retinas of rats with galactose-induced diabetes (Vinores and 
Campochiaro 1989).

To establish the possible contribution of each of these mechanisms to retinal vascu-
lar leakage, we investigated in rat retina the expression of a set of relevant endothelial 
tight junction genes and vesicular transport-related genes and determined their altered 
expression in STZ-induced diabetes. 

Ten tight junction proteins, occludin, claudin-1, -5 and -12, junction adhesion mol-
ecule (JAM)-1, -2 and -3, endothelial cell-selective adhesion molecule (ESAM), polio-
virus receptor-related 1 (PVRL1, also known as nectin) and zonula occludens (ZO-1) 
were selected (Fig.1, Table 3) (Dejana 2004; Harhaj and Antonetti 2004). Of these, oc-
cludin, claudin-5 and ZO-1 have been studied previously in the context of BRB disrup-
tion, demonstrating reduced protein levels and reduced phosphorylation of occludin 
and ZO-1 in diabetes and vascular endothelial growth factor (VEGF)-induced vascular 
permeability (Antonetti et al., 1999; Barber and Antonetti 2003). Only sparse data is 
available on the presence and distribution patterns of other tight junction proteins. 
Three adherens junction proteins, VE-cadherin, β-catenin and N-cadherin were select-
ed (Fig.1, Table 3) (Dejana 2004). VE-cadherin and β-catenin, which form a complex 
in adherens junctions, were found to be essential in endothelial cell survival (Carmeliet 
et al., 1999). Their protein expression is decreased after exposure to VEGF (Kevil et 
al., 1998; Wright et al., 2002), and albumin-derived advanced glycation end products 
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(Otero et al., 2001). Tyrosine phosphorylation of this complex is associated with in-
creased permeability (Esser et al., 1998). Furthermore, decreased VE-cadherin protein 
expression was observed in a patient with DR (Davidson et al., 2000) and diabetes-in-
duced reduction in VE-cadherin expression was reported to be induced by proteolytic 
degradation (Navaratna et al., 2007). N-cadherin is a cell-cell adhesion molecule that 
is involved in binding of endothelial cells and pericytes (Gerhardt et al., 1999), but was 
also found to be expressed in neural cells of the retina (Balsamo et al., 1991; Gerhardt 
et al., 1999; Matsunaga et al., 1988).

Eleven vesicular transport-related proteins were selected based on their presence in 
endothelial cells and/or their interaction with caveolin-1 (Fig.1, Table 3). Plasmalemma 
vesicle-associated protein (PLVAP also known as PV-1 or PAL-E) is an endothelial cell-
specific pinocytotic vesicle component (Schlingemann et al., 1985; Stan et al., 2001; 
Niemela et al., 2005) that is upregulated in human DR (Schlingemann et al., 1999) 
and monkey retina after VEGF treatment (Hofman et al., 2000; 2001a). Caveolin-1 is 
an essential component of caveolae (Drab et al., 2001). Diabetes-induced rat caveo-
lin-1 overexpression in lung alveolae is accompanied by elevated permeability due to 
increased transcytosis, whereas paracellular transport remains unchanged (Pascariu 
et al., 2004). Dynamin 2, which directly interacts with caveolin-1 (Yao et al., 2005), 

plays a regulatory role in VEGFR2-mediated endothelial signaling (Bhattacharya et 
al., 2005). Dynamin-1 and -2 are found in the retina (Sherry et al., 2005; Sontag et al., 

Figure 1. Schematic localization of proteins involved in transcellular and paracellular transport in the 
blood-retinal barrier. Transmembrane adhesion molecules involved in inter-endothelial cell tight junctions 
(occludin (Ocln), claudin(Cldn)1, -5, -12*, junction adhesion molecule(Jam)1, -2, -3, endothelial cell-selec-
tive adhesion molecule (ESAM), nectin) and zonula occludens (ZO-1), and transcellular vesicle transport-
related molecules caveolin-1 (Cav-1), dynamins (Dnm), flotillins (Flot1 and -2), plasmalemma vesicle-
associated protein (PV-1) and molecules of the SNARE-complex: Pacsin, NSF, SNAP, Vamp-1 and -2 were 
investigated in the present study. [1] Budding; [2] Transcytosis; [3] Tethering; [4] Docking; [5] Fusion; [6] 
Release.
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1994), and bind PACSIN2 (also known as syndapin-II, Kessels et al., 2006). PACSIN2, 
NSF, SNAP25 and VAMP (vesicle associated membrane protein)-1 and -2 are all part of 
the SNARE-complex and both VAMPs are expressed in the mouse retina (Sherry et al., 
2005). Flotillins-1 and -2 are integral membrane proteins of caveolae which have been 
identified in mouse retina (Lang et al., 1998).

Leakage of retinal vessels is an early step in DR but the mechanisms involved are 
not fully understood. Therefore, we analyzed the presence and regulation of mRNA 
expression of endothelial paracellular and transcellular pathway-related genes by real-
time quantitative RT-PCR in entire retinas of control and diabetic rats and cultured 
bovine retinal endothelial cells (BRECs) with or without VEGF stimulation and peri-
cytes (BRPCs). Furthermore, the location of protein in the rat retina was investigated 
by immunohistochemistry.

Material and Methods
Animals. Animal handling and experimental procedures were reviewed and approved by the 
ethical committee for animal care and use of the Royal Netherlands Academy for Sciences, acting 
in accordance with the European Community Council directive of 24 November 1986 (86/609/
EEC) and the ARVO statement for the use of animals in Ophthalmic and Vision Research. 

Adult Wistar rats (Charles River, Maastricht, The Netherlands), weighing approximately 250 
g, were randomly divided into two experimental groups: a control group (n = 14) and a diabetic 
group (n = 16). Diabetes was induced by a single intraperitoneal (i.p.) injection of 60 mg/kg 
STZ (Sigma, St. Louis, MO, USA). Immediately prior to use, STZ was dissolved in cold 0.1 mol/l 
citrate buffer, pH 4.5. Control rats received a single i.p. injection of 0.1 mol/l citrate buffer only. 
Diabetes was verified by a serum glucose level >13.9 mmol/l. At 6 weeks, half of the rats were 
randomly selected from the diabetic group and killed with a lethal i.p. dose of sodium pentobar-
bital. At 12 weeks, all remaining rats were killed. Eyes were rapidly enucleated, snap frozen in 
liquid nitrogen and stored at -80°C until use. 

Bovine retinal vascular cell cultures. BRECs and BRPCs were isolated and cultured as described 
previously (Kuiper et al., 2007). Prior to in vitro experiments, cells were plated into 6-well 
culture plates coated with collagen (type IV; Sigma) and fibronectin (Roche, Basel, Switzerland) 
for BRECs or collagen alone for BRPCs. Cells in the third passage were used for all experi-
ments. In this passage, cells formed a uniform monolayer with a typical endothelial morphology.  
BRECs were cultured in confluent monolayers and, after serum starvation of 18 h, exposed to 
medium alone or medium containing 25 ng/ml rhVEGF (R&D Systems, Abingdon, Oxon, UK). 
Cells were harvested by aspirating medium and collected in 0.5 ml TRIzol reagent (Invitrogen, 
Carlsbad CA, USA). 

RNA isolation and mRNA quantification. Total RNA was isolated from dissected retinas and 
cultured cells in TRIzol reagent following the manufacturer’s instructions and dissolved in 
RNAse-free water. The amount of total RNA from rat retina was approximately 12 μg/retina and 
from cultured cells 10 μg/well (spectrophotometric measurements at 260 nm), with no signifi-
cant differences between the experimental groups or wells. The integrity of the RNA samples 
was verified using an ExperionTM Automated Electrophoresis System (Bio-Rad, Hercules CA, 
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Table 1. Gene nomenclature, GenBank accession code, primer sequences, and predicted size and Tm of the 
amplified product for rat genes.

Unigene 
symbol

Description GenBank Forward primer Reverse primer bp Tm

Pecam
Platelet/endothelial cell adhesion 
molecule

U77697 GCCCTGTCACGTTTCAGTTT
CCACGGAGCAAGAAA-
GACTC

206 82

Tek
Tie2/Tek receptor tyrosine kinase 
mRNA, partial sequence

NM_001105737
CCCTGAACTGTGATGAT-
GAGGTGT

TGGTGTTCACGTAT-
GTCTTTCGTT

138 79

Ocln occludin NM_031329 GGTGGCGAGTCCTGCG
CTGTTGATCTGAAGT-
GATAGGTGGA

72 79

Cldn1 claudin 1 NM_031699
CACCATTGGCATGAAGT-
GCATG

GCCACTAATATCGCCA-
GACCTGA

111 78

Cldn5 claudin 5 NM_031701 TGTGTGGGCTTCTGGCACTG
GGCACCGTTGGAT-
CATAGAACTC

79 81

Cldn12 claudin 12 (predicted) NM_001100815 ACTGCTCTCCTGCTGTTCGT
TGTCGATTTCAAT-
GGCAGAG

148 82

F11r F11 receptor (Jam1) NM_053796
CCGTGGATACTTTGAAA-
GAACAAAG

CTGGGCTGGCTG-
TAAATGACCT

69 76

Jam2 junction adhesion molecule 2 NM_001034004
CAACAGGCTCTCCAAG-
GCGACT

GCAGCGATACTCTC-
CAGCATCA

102 78

Jam3 junctional adhesion molecule 3 NM_001004269
GAGGGGCAGGACAT-
GGAAGTCT

CCTCGTCTGTACG-
CACAGCAGAT

119 80

Esam endothelial cell adhesion molecule NM_001004245 TTGTACCAACGCCGCAGCA
GGAGCAATGGCATCT-
TCCTTG

68 78

Pvrl1
poliovirus receptor-related 1 
(nectin)

XM_236210
TGAGTACCACTGGACCA-
CATTGAA

AGGGTTGGTGGCCT-
CACAGA

138 84

Tjp1
tight junction protein 1 (predicted); 
zonula occludens 1 (ZO1)

NM_001106266
GACCATTCAGTTCGCTC-
CCATGA

AGACATGCGCTCTTC-
CTCTCTGCT

150 85

Cav1 caveolin, transcript variant 1 NM_031556
CATGGCAGACGAGGTGAAT-
GAGAA

TCCCTTCTGGTTCCG-
CAATCAC

140 81

Dnm1 dynamin 1 NM_080689
GACCATCAACAACATCG-
GCATCA

ACATCACGCAGCTTCA-
GATTGTCC

147 81

Dnm2 dynamin 2 NM_013199
AAATACGGGATGTGGA-
GAAGGG

TAGACGTTCCTCT-
GCTCTGTGTTG

79 77

Flot1 flotillin 1 NM_022701
TGAGCTGAAGAAAGCCAC-
CTACG

CCTCGATCTGCTGCT-
TCGTCTTG

112 84

Flot2 flotillin 2 NM_031830
TGTGGTTCTCAGT-
GGGGACAACAG

TGGTATCTTTGAGAG-
GTCCACACC

112 81

Plvap
plasmalemma vesicle associated 
protein; PV1

NM_020086
CAGTGCCAAGGCGAC-
CTGAT

CAGCTTGAAGAGCAAG-
GCTTCG

132 82

Pacsin2
protein kinase C and casein kinase 
substrate in neurons 2; Syndapin-II

NM_130740 AGTGCGAGTTCGAGCCCTCT
GTCCCTTGCACCAAC-
CCTGT

119 81

Nsf
N-ethylmaleimide sensitive fusion 
protein 

NM_021748
TCTGGAGCTTTT-
GGGCAACTT

CCCTTTGACTTGCT-
GAGCAATT

72 76

Snap25 synaptosomal-associated protein 25 NM_030991
CTTCATCCGCAGGG-
TAACAAAC

CGCTCACCTGCTCTAG-
GTTTTCAT

68 77

Vamp1
vesicle-associated membrane 
protein 1

NM_013090
TTGAGAGCAGTGCT-
GCCAAGC

CAGTGGCCTCAGCGA-
TACTTACTT

127 79

Vamp2
vesicle-associated membrane 
protein 2

NM_012663
CAAGTGCAGCCAAGCT-
CAAGC

ACGATGATGATGAT-
GAGGATGATG

100 78
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Unigene 
symbol

Description GenBank Forward primer Reverse primer bp Tm

PECAM1 Platelet/endothelial cell adhesion molecule NM_174571
GAGCTAACAGACG-
GGCTGGTT

CTGCTGCCACTCTC-
CACTCC

76 83

TEK
TEK tyrosine kinase, endothelial (venous 
malformations, multiple cutaneous and 
mucosal); Tie2

NM_173964
CGCTAAACTGTGAC-
GACGAGGTGTA

ACCAGGATCT-
GGGCAAATGAGG

91 80

OCLN Occludin NM_001082433
AGTCAAGGCGGGCA-
GAGCAA

TTCCTGTAGGCCAGT-
GTCAAAACT

161 82

CLDN1 Claudin 1 NM_001001854
TGGAAGACGACGAG-
GCACAGAAG

GCCTGACCAAAT-
TCATACCTGGC

169 81

CLDN5 Similar to claudin 5 (LOC617453) NM_001076460
GACCGTGCCCAT-
GTCTCAGAAGTA

ACTTCACCG-
GGAAGCTGAAATCC

149 89

CLDN12 Similar to Claudin-12 (MGC139567) NM_001076123
ACATCCACCT-
GAACAGGAAGTTCG

CCAGAAAGGAGAG-
GGCAAGGACT

149 82

JAM1 Junctional adhesion molecule 1 NM_174095
TGGCTCCCAAATCAC-
CAACAGC

TCTACTTGCAT-
TCGTTTCCCAGGA

157 79

JAM2 Similar to C21ORF43 (MGC151720) NM_001083736
TGGCTCCCAAATCAC-
CAACAGC

TCTACTTGCAT-
TCGTTTCCCAGGA

157 79

JAM3
Similar to junctional adhesion molecule 3 
(LOC513412)

NM_001105364            
AAGAACCCAG-
GGAAACCAGATGG

TGTCT-
GAAGTCGCCCTC-
CTCGT

65 76

ESAM Endothelial cell adhesion molecule NM_001078066
GCTGCCAGTC-
CCCAAGGAGTAA

GGCTTAAAGACCCGT-
GGATGGC

75 81

HVEC
Herpesvirus entry mediator C; poliovirus 
receptor-related 1; nectin-1

XM_612918
CGTGGAGGCCCA-
GAACAGAACTC

AGACGGGGTGTAG-
GGGAACTCTG

148 85

zo1 Tight junction protein 1 XM_582218
TTGGAGGAG-
GGCGACCAGAT

TGGGAGGTCAAG-
CAGGAAGAG

93 78

CAV1 Caveolin 1, caveolae protein, 22kDa NM_174004
CGACCCCAAGCATCT-
CAACGA

GCCATCGAAACTGT-
GTGTTCCTTC

88 77

DNM1 Dynamin 1 NM_004408
GAGATGGAGCG-
CATCGTGACCA

TGAAGTCCTCAT-
GGTTGGTGTTCA

118 83

DNM2 Similar to dynamin 2 (LOC511691) NM_001099369
TCCGTGACCTCAT-
GCCAAAGAC

CCAGCAGCTCATGGT-
GGATGAA

78 78

FLOT1 Similar to Flotillin-1 (LOC532573) NM_001076887
CTCAACACACTGAC-
CCTCAATGTCAA

TTTACCTGGGCAAT-
GCCAGTGACT

89 79

FLOT2 Flotillin 2 NM_001035466
CAGTGGAGCAGATT-
TATCAGGACCG

TTTGTCATACACGTC-
CTTGATGGTGA

125 83

PLVAP Plasmalemma vesicle associated protein; PV1 NM_001035353
GAAGCGTGAGACT-
GAGCACCTCAA

CCAGGAATCGT-
CAACTGCGACTTC

96 81

PACSIN2
Similar to protein kinase C and casein kinase 
substrate in neurons 2 (MGC137898)

NM_001046468
CTTCGCA-
GAACAAGCCCAGCAG

GTCCTCATCCTC-
GAAGGGGTTGT

98 83

NSF
Similar to N-ethylmaleimide-sensitive factor 
(LOC504457)

XM_881729 
AAGGCCCTCCT-
CACAGTGGGAA

TCATGGCCTGA-
CATTTGGCTGT

132 79

SNAP25
Similar to synaptosomal-associated protein 
25 (LOC540853)

NM_001076246
GTGGCTTCATCCG-
CAGGGTAAC

TCCAATGATGCCGCT-
CACCTG

83 78

VAMP1
Similar to vesicle-associated membrane 
protein 1 (LOC513621)

NM_001075630
CCTGGCCCTCCTC-
CTAACATGA

ATGTCCACCACCTC-
CTCCACTTGT

77 80

VAMP2
Vesicle-associated membrane protein 2 
(synaptobrevin 2)

NM_174483
CAGGTGGATGAGGT-
GGTGGACA

TCCAGCTC-
CGACAGCTTCTGGT

80 81

Table 2. Gene nomenclature, GenBank accession code, primer sequences, and predicted size and Tm of the 
amplified product for bovine genes.
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USA). All samples had sharp ribosomal RNA bands with no sign of degradation. A 2-μg aliquot 
of total RNA was DNAse I treated (amplification grade; Invitrogen), reverse transcribed into 
first strand cDNA with Superscript II and oligo(dT)12-18 (Invitrogen). Details of the primers are 
given in Table 1 and 2. Specificity of the primers was confirmed by NCBI BLAST. The presence 
of a single PCR product was verified by both the presence of a single melting temperature peak 
and detection of a single band of the expected size on 3% agarose gel. Non-template controls 
were included to verify the method and the specificity of the primers. Mean primer efficiency 
was 96% ± 3%.

Real-time quantitative PCR was performed using an iCycler iQ system (Bio-Rad). Fluores-
cence was measured following each cycle and displayed graphically. For each primer set, a master 
mix was prepared consisting of 1x iQ SYBR Green Supermix (Bio-Rad) and 2 pmol primers 
completed with RNAse-free water. One μl of cDNA (diluted 1:10) in 19 μl master mix was 
amplified using the following PCR protocol: 50°C for 2 min and 95°C for 5 min, followed by 40 
cycles of 95°C for 10 sec and 60°C for 45 sec, followed by 95°C for 1 min and a melting program 
(60–95°C). Relative gene expression was calculated using the equation: R = E−Ct, where E is the 
mean efficiency of all samples for the gene being evaluated and Ct is the cycle threshold for the 
gene as determined during real-time PCR. 

Normalization of the rat data was performed as described earlier (Hughes et al., 2007). The 
number of template copies for each transcript was determined as follows. A PCR protocol as 
mentioned above with 50 cycles was run on pooled cDNA of rat retina, BRECs or BRPCs. The 
PCR-products were run on a 3% agarose gel and the specific bands were dissected from the gel 
and DNA was isolated with a gel extraction kit (QIAquick; Qiagen, Frankfurt, Germany). The 
correct PCR product was verified by sequencing. Then, three separate serial dilutions were made 
of template ranging from 10-2 to 10-9 ng per sample. On the same plate, 12 pooled cDNA samples 
(dilution, 1:20) were loaded and the starting amount in ng of these samples was calculated using 
standard curves (a representative example is given in Fig.2) and converted to the number of 
transcripts derived from its product length as given in Tables 1 and 2. 

Statistics. Differences in gene expression levels between groups were tested for significance by 
using single ANOVA. P-values <0.05 were considered to indicate significant differences. Signifi-
cant alterations in mRNA levels of 2-fold or more were considered biologically relevant. All PCR 
experiments were performed at least twice.

Immunohistochemistry. Immunohistochemical localization of proteins in rat retina was 
performed as described previously (Hughes et al., 2007; Kuiper et al., 2007). Rabbit anti-occludin 
(71-1500), anti-claudin-5 (34-1600), anti-Jam1 (36-1700) and anti-ZO-1 (61-7300) polyclonal 
antibodies were purchased from Zymed (Invitrogen). Rabbit anti-caveolin-1 (ab2910) and anti-
claudin-1 (ab15098) were purchased from Abcam (Cambridge, UK). Rabbit anti-Vamp1 (Synap-
tobrevin 1: 104002) and anti-Vamp2 (Synaptobrevin 2: 104202) were purchased from Synaptic 
Sytems (Goettingen, Germany). Mouse monoclonal antibodies against Flot1 (610820) and Flot2 
(610383) were obtained from BD Transduction Lab (Alphen aan den Rijn, The Netherlands). 
Cryostat sections (10-μm thick) were stained using an indirect immunoperoxidase procedure as 
previously described (Hughes et al., 2007). Primary antibody was omitted for negative controls. 
Indirect immunoperoxidase staining was performed using histostaining reagents (Powervision; 
ImmunoVision, Daly City, CA, USA).
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Results
Expression of BRB mRNA and protein in normal rat retina
To determine transcript abundance, the number of mRNA molecules present in 1 μg 
total RNA was calculated for each gene in whole rat retina (Table 3). 

Most paracellular transport-related mRNA transcripts were present in rat retina, 
except claudin-12 and VE-cadherin. All transcellular transport-related mRNA tran-
scripts were expressed in normal rat retina, except PV-1. Highest expression was ob-
served for Snap25 and Vamp-2.

Expression of BRB mRNA in diabetic rat retina
Tight junction genes: Transcription levels of several tight junction genes were signifi-
cantly changed after 6 weeks and/or 12 weeks of diabetes (Table 3). Transcript levels of 
claudin-5 and occludin genes were significantly decreased at 6 and 12 weeks, respec-
tively. Transcript levels of claudin-1, Jam1 and ZO-1 genes were significantly increased 
at 6 weeks after induction of diabetes. Of these genes, the difference in expression level 
was higher than 2-fold for claudin-1 and ZO-1 and this change may be considered 
biologically relevant; changes in occludin, claudin-5 and Jam-1 were not higher than 
1.6-fold and are considered to be a trend. Transcription levels of all other junctional 
genes were not significantly altered. 

Adherens junction genes: Only N-cadherin transcript levels were significantly in-
creased after 12 weeks of diabetes, but only 1.5-fold (Table 3).

Vesicular transport-related genes: Transcript levels of six vesicular transport-related 
genes were significantly increased in diabetic retina (Table 3). Caveolin-1, Vamp1 and 
Vamp2 expression levels were significantly and over 2-fold increased after both 6 and 
12 weeks of diabetes; Snap25 levels were increased less than 2-fold after 6 weeks and 

Figure 2. Example of a standard 
curve made from serial diluted 
PCR product. Serial dilutions 
were made in triplicate. A curve 
fit correlation is given using 
the equation Ct-value = a(ng 
mRNA) +b, resulting in a cor-
relation coefficient of 0.99. The 
amount of product is expressed 
as Ct-values (the number of 
PCR cycles at the threshold) 
against the amount of template 
DNA, expressed in nanograms 
(exponential scale). Ct-values 
are reversely related with the 
amount of PCR product and the 
threshold level was set automati-
cally by the software program.
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    Gene  expression (mRNA)  
    Control   Rat Retina BRECs BRPCs

Immunostaining 
in non-endothelial 
retinal cells

   
Mean SD

6 weeks DM 12 weeks DM
Mean SD    Mean SD Fold1   p-values Mean SD Fold1   p-values Mean SD

Endothelial cell 
markers
 

PECAM-1 1.0 1.0 na - -   - na - -   - 723.9 405.1 nd - NO

Tie2 8.1 4.3 na - -   - na - -   - 57.5 20.7 nd - NO

                                     
Tight junctions OCLN 3.7 2.0 3.4 0.5 1.1 ↓ 0.653 2.5 0.5 1.5 ↓ 0.038 3.1 1.8 nd - NO

CLDN1 1.0 0.4 4.6 1.0 4.6 ↑ 0.010 0.8 0.2 1.3 ↓ 0.584 3.0 0.3 nd - YES2

CLDN5 1.0 0.7 0.7 0.1 1.5 ↓ 0.014 0.9 0.2 1.1 ↓ 0.366 1.8 0.2 nd - NO

CLDN12 nd - nd - -   - nd - -   - 2.8 0.5 nd - na

JAM1 1.0 0.4 1.6 0.5 1.6 ↑ 0.022 1.2 0.1 1.2 ↑ 0.135 5.9 2.0 nd - NO

JAM2 5.2 2.6 5.5 0.9 1.1 ↑ 0.667 5.4 1.6 -   0.829 24.2 3.7 nd - na

JAM3 9.7 4.3 12.2 2.8 1.3 ↑ 0.251 11.2 1.6 1.2 ↑ 0.372 13.6 7.4 10.1 5.7 na

ESAM 22.5 8.8 16.3 2.9 1.4 ↓ 0.129 21.6 2.6 -   0.808 243.1 117.8 nd - na

NECTIN 16.6 9.2 26.4 4.0 1.6 ↑ 0.094 22.1 5.7 1.3 ↑ 0.468 nd - nd - YES3

ZO-1 2.0 1.2 7.9 1.3 4.0 ↑ 0.002 3.9 0.4 2.0 ↑ 0.095 40.6 25.7 3.6 2.3 YES4

Transport 
vesicles

CAV-1 22.3 14.2 67.1 16.0 3.0 ↑ 0.001 60.2 7.2 2.7 ↑ 0.007 479.5 245.3 37.6 25.7 YES5

DNM1 27.1 15.4 30.5 9.3 1.1 ↑ 0.593 51.0 10.2 1.9 ↑ 0.006 2.1 0.2 nd - YES6

DNM2 53.3 25.2 49.2 12.3 1.1 ↓ 0.603 69.0 17.3 1.3 ↑ 0.111 27.2 13.6 13.5 6.1 YES6

PV-1 nd - 1.2 0.4 -   0.062 5.0 6.8 -   0.156 0.5 0.5 nd - NO7

FLOT1 1.0 0.7 0.9 0.1 1.1 ↓ 0.749 1.1 0.1 1.1 ↑ 0.274 11.0 4.1 14.8 8.2 YES

FLOT2 9.0 4.8 7.9 0.9 1.1 ↓ 0.447 10.8 1.8 1.2 ↑ 0.433 12.2 5.3 5.6 3.4 YES

PACSIN2 42.8 22.2 38.5 3.5 1.1 ↓ 0.488 32.5 6.2 1.3 ↓ 0.243 44.1 21.5 7.2 4.1 na

NSF 65.1 33.6 51.0 5.4 1.3 ↓ 0.158 64.7 9.1 -   0.972 4.7 0.5 nd - na

SNAP25 454.5 226.1 767.1 59.6 1.7 ↑ 0.007 602.8 88.9 1.3 ↑ 0.247 nd - nd - na

VAMP1 1.0 1.0 2.2 0.6 2.2 ↑ 0.010 2.4 0.4 2.4 ↑ 0.025 2.4 1.1 1.0 0.3 YES

VAMP2 130.1 65.7 299.1 65.1 2.3 ↑ 0.005 273.9 30.2 2.1 ↑ 0.021 6.6 0.8 1.0 0.3 YES

Table 3. Abundance of gene expression in rat retina and cultured bovine retinal microvascular cells (BRECs 
and BRPCs) and protein immunostaining in rat retina. Mean number of molecules with standard deviation 
(SD) are given for each gene in 1 μg total RNA of whole rat retina microvascular cells. Endothelial specific 
immunostaining in total rat retina is indicated as well. Significant (p<0.05) alterations in mRNA levels of 
2-fold or more were considered biologically relevant and are indicated in bold and underlined; significant 
(p<0.05) alterations in mRNA levels of 1.5-fold or more were considered as a trend and are underlined only. 
BRECs, bovine retinal endothelial cells; BRPCs, bovine retinal pericytes; GCL, ganglion cell layer; IPL, inner 
plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer.

nd, Not detectable; na, Not analyzed; 1 Fold change (↑, increase; ↓, decrease); 2 Detected in rods and cones 
(Fig. 3G); 3 Detected in ganglion cells (Valyi-Nagy et al., 2004); 4 Detected in outer limiting membrane 
(Tserentsoodol et al., 1998); 5 Detected in retinal endothelial cells (Russ et al., 1998); 6 Detected in endothelial 
cells, pericytes and neural cells of the retina (Balsamo et al., 1991, Gerhardt et al., 1999, Matsunaga et al., 
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    Gene  expression (mRNA)  
    Control   Rat Retina BRECs BRPCs

Immunostaining 
in non-endothelial 
retinal cells

   
Mean SD

6 weeks DM 12 weeks DM
Mean SD    Mean SD Fold1   p-values Mean SD Fold1   p-values Mean SD

Endothelial cell 
markers
 

PECAM-1 1.0 1.0 na - -   - na - -   - 723.9 405.1 nd - NO

Tie2 8.1 4.3 na - -   - na - -   - 57.5 20.7 nd - NO

                                     
Tight junctions OCLN 3.7 2.0 3.4 0.5 1.1 ↓ 0.653 2.5 0.5 1.5 ↓ 0.038 3.1 1.8 nd - NO

CLDN1 1.0 0.4 4.6 1.0 4.6 ↑ 0.010 0.8 0.2 1.3 ↓ 0.584 3.0 0.3 nd - YES2

CLDN5 1.0 0.7 0.7 0.1 1.5 ↓ 0.014 0.9 0.2 1.1 ↓ 0.366 1.8 0.2 nd - NO

CLDN12 nd - nd - -   - nd - -   - 2.8 0.5 nd - na

JAM1 1.0 0.4 1.6 0.5 1.6 ↑ 0.022 1.2 0.1 1.2 ↑ 0.135 5.9 2.0 nd - NO

JAM2 5.2 2.6 5.5 0.9 1.1 ↑ 0.667 5.4 1.6 -   0.829 24.2 3.7 nd - na

JAM3 9.7 4.3 12.2 2.8 1.3 ↑ 0.251 11.2 1.6 1.2 ↑ 0.372 13.6 7.4 10.1 5.7 na

ESAM 22.5 8.8 16.3 2.9 1.4 ↓ 0.129 21.6 2.6 -   0.808 243.1 117.8 nd - na

NECTIN 16.6 9.2 26.4 4.0 1.6 ↑ 0.094 22.1 5.7 1.3 ↑ 0.468 nd - nd - YES3

ZO-1 2.0 1.2 7.9 1.3 4.0 ↑ 0.002 3.9 0.4 2.0 ↑ 0.095 40.6 25.7 3.6 2.3 YES4

Transport 
vesicles

CAV-1 22.3 14.2 67.1 16.0 3.0 ↑ 0.001 60.2 7.2 2.7 ↑ 0.007 479.5 245.3 37.6 25.7 YES5

DNM1 27.1 15.4 30.5 9.3 1.1 ↑ 0.593 51.0 10.2 1.9 ↑ 0.006 2.1 0.2 nd - YES6

DNM2 53.3 25.2 49.2 12.3 1.1 ↓ 0.603 69.0 17.3 1.3 ↑ 0.111 27.2 13.6 13.5 6.1 YES6

PV-1 nd - 1.2 0.4 -   0.062 5.0 6.8 -   0.156 0.5 0.5 nd - NO7

FLOT1 1.0 0.7 0.9 0.1 1.1 ↓ 0.749 1.1 0.1 1.1 ↑ 0.274 11.0 4.1 14.8 8.2 YES

FLOT2 9.0 4.8 7.9 0.9 1.1 ↓ 0.447 10.8 1.8 1.2 ↑ 0.433 12.2 5.3 5.6 3.4 YES

PACSIN2 42.8 22.2 38.5 3.5 1.1 ↓ 0.488 32.5 6.2 1.3 ↓ 0.243 44.1 21.5 7.2 4.1 na

NSF 65.1 33.6 51.0 5.4 1.3 ↓ 0.158 64.7 9.1 -   0.972 4.7 0.5 nd - na

SNAP25 454.5 226.1 767.1 59.6 1.7 ↑ 0.007 602.8 88.9 1.3 ↑ 0.247 nd - nd - na

VAMP1 1.0 1.0 2.2 0.6 2.2 ↑ 0.010 2.4 0.4 2.4 ↑ 0.025 2.4 1.1 1.0 0.3 YES

VAMP2 130.1 65.7 299.1 65.1 2.3 ↑ 0.005 273.9 30.2 2.1 ↑ 0.021 6.6 0.8 1.0 0.3 YES

1988); 7 Also detected in GCL, INL and IPL (Kim et al., 2006); 8 Also detected in neural retinal cells (Sherry 
et al., 2005; Sontag et al., 1994); 7 Specific for non-barrier endothelial cells (Schlingemann et al., 1997, 1999).
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Figure 3. Immunohistochemical staining of endothelial junction proteins in rat retina. A: Occludin im-
munostaining is present at endothelial junctions of a large capillary in the GCL (arrow heads) and in mi-
crovessels (*) of INL and OPL. Weak staining was present in the RPE (arrow). B: Weak and sporadic staining 
of claudin-5 in rat retina, especially in capillaries of the INL. C: Intense staining of claudin-1 was present 
between the RPE and RCL. D: Detail of occludin labeling in microvessels: intense staining at apparent sites 
of endothelial cell-cell contact is visible in ridges, but patchy staining is also present in cytoplasm. E: Detail 
of claudin-5 labeling in microvessels: a weak and patchy cytoplasmic pattern can be observed. F: Detail of 
patchy cytoplasmic staining of claudin-1 in small vessels of the INL .G: Magnification of claudin-1 stained 
area between RPE and RCL. H, I: JAM1 immunostaining was weak and sporadic in microvessels of the INL, 
whereas intense staining was present in the CC (H). JAM1 immunostaining was present in IPL and GCL (I). 
J: ZO-1 immunostaining was present at endothelial junctions of a large capillary in the ganglion cell layer. K: 
Enlarged and rotated image of the capillary shown in J, showing intense staining at apparent sites of endo-
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thelial cell-cell contact. GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, 
outer plexiform layer; ONL, outer nuclear layer; RCL, rod and cones layer; RPE, retinal pigment epithelium; 
CC, choriocapillaris. Bars = 20 µm.

Figure 4. Immunohistochemical staining of vesicular transport-related proteins in rat retina. A: Intense 
caveolin-1 immunostaining was present in capillaries of the GCL, INL and CC. B: Detail of caveolin-1 
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Dynamin-1 levels after 12 weeks of diabetes. Transcripts of PV-1, which could not be 
detected in control retina, increased with the duration of diabetes.

Localization of BRB proteins in rat retina
Since we measured mRNA expression in whole retina, the observed expression levels 
may represent gene expression in other cell types than endothelial cells. Therefore, im-
munohistochemical staining was performed to analyze the localization of the respec-
tive proteins. Immunohistochemical results of the present study and those of other 
studies are summarized in Table 3. Immunostaining of occludin, claudin-5, claudin-1, 
JAM1 and ZO-1 was found in retinal endothelial cells (Fig. 3). However, claudin-1 
staining was also found to be prominently present at the border of the RPE cells and 
outer segments of photoreceptor cells (Fig. 3C and G). ZO-1 has been reported to be 
also expressed in the outer limiting membrane (Table 3). Caveolin-1 immunostaining 
was mainly found in vascular structures of the INL and GCL (Fig. 4A and B, Table 
3). Labeling of VAMP1 and -2 (Fig. 4G and H) and flotillin-1 and -2 (Fig. 4C and D) 
was primarily found in the IPL and OPL but flotillin-1 and -2 were also occasionally 
present in vascular-like structures of the GCL (Fig. 4E and F). 

Expression of BRB mRNA in BRECs and BPRCs
Transcript abundance of our gene set was determined in BRECs and BRPCs and the 
number of mRNA molecules present in 1 μg total RNA was calculated for each gene 
(Table 3). The purpose of this analysis was to determine the presence and abundance of 
each gene in retinal endothelial cells as compared to pericytes and its relative contribu-
tion as compared to whole retina. Except for NECTIN, paracellular transport-related 
mRNA transcripts were present in BRECs, including claudin-12 and VE-cadherin, 
which could not be detected in rat retina. Transcription levels of these genes in BRPCs 
were low and restricted to JAM3 and ZO-1. The genes that were previously reported 
as endothelial cell-specific, claudin-5, JAM1, JAM2 and ESAM were exclusively ex-
pressed in BRECs and not in BRPCs. Of all tight junction genes, ESAM was found to 
be the most abundantly expressed in BRECs. The amount of transcripts in BRECs was 
much higher than in whole retina. The number of transcripts found in 1 µg total RNA 

labeling in retinal capillary of INL. A striped pattern is visible, that appeared to be concentrated at en-
dothelial cell-cell contacts. C, D: Weak staining of flotillin-1 (C) and flotillin-2 (D) is present in the GCL 
and IPL and more intense in the RPE layer. E, F: Sporadically intense staining was present of flotillin-1 (E) 
and flotillin-2 (F) in vascular structures of the GCL. G, H: VAMP1 (G) and VAMP2 (H) were stained with 
different intensity and distribution. VAMP1 staining was present in the IPL and OPL and in the RPE layer. 
VAMP2 stained intensely in the OPL and IPL and weakly in axons in the INL and ONL and the layer under-
neath the ONL, apparently the outer limiting membrane (OLM). I: Sporadically intensely VAMP1 stained 
structures were present in the GCL, probably representing a large ganglion cell with dendrite (arrow). 
GCL, ganglion cell layer; IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; 
ONL, outer nuclear layer; RCL, rod and cones layer; RPE, retinal pigment epithelium; CC, choriocapillaris.  
Bars = 20 µm.
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of BRECs for occludin and the three claudins was comparable to that found in 1 µg 
total RNA of whole retina. Most transcellular transport-related mRNA transcripts were 
expressed in BRECs, except SNAP25 (Table 3). Transcription levels in BRPCs were 
less abundant and were found to be absent for 4 out of 11 transport vesicle-associated 
genes. In BRECs and BRPCs, transcript levels of caveolin-1 were most abundant of all 
vesicular transport-related genes. The majority of the other transport vesicle-associat-
ed genes had a lower number of transcripts in 1 µg total RNA of BRECs as compared 
to whole retina.

Figure 5. Effect of VEGF on mRNA expression of endothelial junction genes in BRECs. Relative mRNA 
expression levels at various time points after stimulation with 25 ng/ml VEGF in BRECs are shown on a 
logarithmic scale (Log2). Basal control levels have been set to one. Means and standard errors of the mean 
are indicated. An asterisk indicates a significant change (P < 0.05). 
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VEGF induced alterations of BRB mRNA expression levels in BRECs
We hypothesized that VEGF regulates mRNA expression of BRB-related genes in 
BRECs. Indeed, a significant transient downregulation of occludin, claudin-1, claudin-
5 and JAM2 mRNA levels was found after 4 to 24 h exposure to VEGF which was fol-
lowed by significant induction after 48 and/or 72 h (Fig. 5); JAM1 mRNA levels were 
increased after 72 h VEGF treatment in BRECs; mRNA levels of other tight junction 
genes did not significantly change in BRECs due to VEGF treatment. VE-cadherin 
and N-cadherin showed a significant reduction in mRNA expression after 24 h VEGF 
exposure, whereas β-catenin was significantly increased after 72 h VEGF exposure (Fig 
5). Exposure to VEGF caused a moderate but significant increase in caveolin-1, flotil-
lin-1 and -2 mRNA levels after 48 to 72 h. PV-1 mRNA expression was highly increased 
from 5-fold at 24 h up to 13-fold at 72 h of VEGF exposure, whereas transcript levels of 

Figure 6. Effect of VEGF on mRNA expression of vesicle transport-related genes in BRECs. Relative mRNA 
expression levels at various time points after stimulation with 25 ng/ml VEGF in BRECs are shown on a 
logarithmic scale (Log2). Basal control levels have been set to one. Means and standard errors of the mean 
are indicated. An asterisk indicates a significant change (P < 0.05).
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other vesicular transport-related genes did not change significantly (Fig.6).
In summary, STZ-induced diabetes causes temporal up- or downregulation of tran-

script levels of a number of tight junction genes, as well as induction of vesicle trans-
port-related genes in rat retina (Table 3). Expression levels in whole rat retina of some 
tight junctional genes and the majority of vesicle-related genes were not exclusively of 
endothelial origin, which was revealed by immunohistochemical staining and mRNA 
expression in pericytes. Furthermore, SNAP25 and NECTIN mRNA transcripts were 
not detected in BRECs. Exposure to VEGF in BRECs induced a significant tempo-
ral downregulation of occludin, claudin-1, claudin-5 and JAM2 mRNA expression. 
Caveolin-1 transcripts and proteins were predominant in vascular cells and mRNA 
levels were induced in BRECs by VEGF. PV-1 was absent under normal conditions 
and present under diabetic conditions and its mRNA levels were greatly increased in 
BRECs by VEGF. 

Discussion
The present study shows distinct alterations in gene expression in the rat retina after 
induction of diabetes, indicating that both rearrangement of tight junctions and in-
duction of vesicle-mediated transcytosis in endothelial cells of the BRB occur in the 
early diabetic state. We screened a large panel of BRB-related genes to evaluate their 
potential role in BRB breakdown. Although many genes were documented to be ex-
pressed by endothelial cells, we found their proteins to be expressed in other retinal cell 
types as well, thus potentially contributing to the observed expression levels in intact 
retinas. We chose to investigate whole retina, a method that has limitations when genes 
are not exclusively expressed in endothelial cells. We combined these data with gene 
expression data of BRECs. Although expression levels in culture may be diminished, 
the presence in endothelial cells of most transcripts could be proven by this method. 
Furthermore, we showed that only a limited number of genes were altered by VEGF in 
BRECs. The induction by VEGF may be an indication for a contribution of the protein 
to BRB permeability. When combining all data, occludin, claudin-5, caveolin-1 and 
PV-1 stand out in particular, since their expression is predominantly endothelial-spe-
cific and for these genes we observed both mRNA regulation by diabetes in retina and 
corresponding gene expression changes by VEGF in BRECs. Whereas the endothelial 
tight junction genes occludin and claudin-5 showed a transient downregulation, ve-
sicular transport-related genes caveolin-1 and PV-1 showed a prolonged upregulation 
in both diabetic retina and VEGF-treated BRECs. 

This is the first time that transcriptional regulation of a large panel of known and 
potential BRB genes has been investigated under experimental diabetic conditions. 
Previously, it was shown that permeability of the BRB is increased after 2 and 12 weeks 
of STZ -induced diabetes in rats (Antonetti et al., 1998, 1999; Barber and Antonetti 
2003). On the basis of this observation, we hypothesized that mRNA levels of these 
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BRB-related genes are also altered at these time points. The intention of our study 
was to do a wide survey to identify interesting genes that may play a role in diabetes-
induced microvascular permeability. Although gene expression may not entirely reflect 
protein expression, these data provide a starting point for further investigation to study 
the expression, activity and function of these proteins.

Our study identified expression of several tight junction proteins in retinal endothe-
lial cells, of which only a few have been investigated previously in relation to capillary 
permeability. First, protein levels of the tight junction molecule occludin were reported 
before as decreased in diabetes and VEGF-induced retinopathy in rat eyes, as well as 
in cultured retinal vascular cells exposed to VEGF (Antonetti et al., 1998, 1999; Barber 
and Antonetti 2003; Brankin et al., 2005). In the present study, we found that occlu-
din expression was also decreased at the transcriptional level in entire rat retina after 
12 weeks of STZ-induced diabetes. Second, claudin-5 protein was not affected after 
1 month of STZ-induced diabetes or VEGF treatment (Barber and Antonetti 2003). 
However, in our study retinal mRNA levels of claudin-5 were decreased at 6 weeks 
of diabetes. This suggests that expression of both occludin and claudin-5 is modu-
lated during diabetes, but it may be a transient effect. Our data obtained in BRECs 
support this idea, because VEGF also caused a temporal downregulation of occludin 
and claudin-5 expression. 

Occludin is present in both endothelial and epithelial cell barriers, but claudin-5 
is exclusively found in endothelial cells (Morita et al., 1999), suggesting a specific role 
in BRB integrity. This is supported by findings in mice lacking claudin-5 gene expres-
sion which have selective blood-brain barrier dysfunction for molecules < 800 Da only 
(Nitta et al., 2003). Furthermore, claudin-5 is probably more important in endothelial 
cells of the barrier type than in non-barrier endothelium (Fontijn et al., 2006). Claudin 
family members may regulate barrier properties of cells and exhibit distinct tissue ex-
pression patterns (Furuse et al., 1999; Kiuchi-Saishin et al., 2002; Morita et al., 1999; 
Rahner et al., 2001). In brain, four claudins have been identified: claudin-1, -3, -5 and 
-12 (Nitta et al., 2003; Wolburg et al., 2003). Three of these are expressed in retina 
as well. Staining of claudin-1 was present in capillaries of the INL, whereas marked 
labeling was also found in the RPE at the side of the photoreceptor outer segments, 
which has been described previously (Nagasawa et al., 2006). As this may reflect gene 
transcription in the photoreceptor nuclei, the increased expression of claudin -1 which 
we observed in entire diabetic rat retina may reflect altered expression in photorecep-
tors. This is supported by the non-corresponding observation of significant reduction 
of claudin-1 mRNA expression in BRECs after 24 h of VEGF treatment. Claudin-12 
transcripts were not detectable in whole rat retina, but they were expressed in BRECs. 
Another study reported claudin-12 staining at ZO-1-positive tight junctions of brain 
capillaries (Nitta et al., 2003). The localization and relevance of retinal expression of 
claudin-3 remains to be investigated. Taken together, our study has identified expres-
sion of several claudins in the retina, but does not provide evidence for a specific role 
in BRB changes in diabetes.
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Expression of Jam1-3 and Esam was not reported before in retina. In the present 
study, JAM1 protein was expressed in the microvessels of the INL. JAM2, JAM3, and 
ESAM immunostaining was not performed, but JAM2 and JAM3 protein have been 
observed by others in brain endothelial cells (Nagasawa et al., 2006), whereas ESAM 
is known to be endothelium specific (Russ et al., 1998). Nectin was expressed in intact 
rat retina but not in cultured retinal cells. Furthermore, immunostaining with nectin 
antibody labeled unidentified - probably non-vascular - cells in the GCL of the mouse 
retina (Valyi-Nagy et al., 2004). It is therefore unlikely that nectin plays a specific role 
in BRB integrity. 

ZO-1 is an adaptor protein associated with tight junction molecules and adherence 
molecules which is expressed in vascular and neural cells of the ONL of the retina 
(Russ et al., 1998; Tserentsoodol et al., 1998). Both high levels of glucose and low levels 
of insulin reduce ZO-1 protein content in cultured retinal endothelial cells (Gardner 
1995). We found increased ZO-1 mRNA expression in diabetic rat retina, but it is 
unclear whether this is related to altered function of endothelial tight junctions. We did 
not detect significant changes in ZO-1 mRNA levels after VEGF exposure in BRECs.

Adherence junctions are important for the organization of tight junctions, since 
their absence prevented the formation of tight junctions in VE-cadherin-negative mice 
(Vinores et al., 1993). In STZ-induced diabetic rat retina, mRNA of VE-cadherin was 
undetectable and β-catenin levels were unchanged. Moreover, low abundant expression 
of VE-cadherin was present in cultured endothelial cells. The reason for the many folds 
higher expression levels of β-catenin as compared to VE-cadherin in intact rat retina 
and BRECs may be that besides binding to VE-cadherin, β-catenin is also present in 
the cytosol where it participates in Wnt signaling (Funayama et al., 1995). N-cadherin 
was temporarily increased after 6 weeks of STZ induction, suggesting a compensating 
mechanism to stabilize vessel integrity. N-cadherin mediates the heterotypic adhesion 
between endothelial cells and pericytes, but its expression was also detected in neural 
cells of the retina (Balsamo et al., 1991; Gerhardt et al., 1999; Matsunaga et al., 1988).

It is shown here for the first time that mRNA levels of vesicle transport-related genes 
are increased in the diabetic retina. Caveolin-1 immunostaining was mainly found in 
capillaries and its mRNA expression was significantly induced in STZ-induced diabetic 
rat retina, suggesting an important role in transcytosis in the BRB. This is in line with 
a previous study, showing that diabetes-induced caveolin-1 overexpression in rat lung 
alveolae was accompanied by increased permeability caused by increased transcytosis, 
whereas paracellular transport via endothelial tight junctions remained unchanged 
(Pascariu et al., 2004). In vitro, we found an increase in caveolin-1 mRNA levels in 
BRECs after 72 h of VEGF exposure but not at 24 h. In a previous study in hepatic 
sinusoidal endothelial cells, caveolin-1 protein expression did not increase within 24 h 
of exposure to VEGF either (Yokomori et al., 2003).

In the present study, we demonstrated for the first time that PV-1 is upregulated 
in STZ-induced diabetic rat retina and in retinal endothelial cells exposed to VEGF. 
Interestingly, we have found previously that PV-1 is also increased in the retina of 
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human patients with DR, whereas no protein is expressed in non-diabetic controls 
(Schlingemann et al., 1999). The induction of PV-1 expression by VEGF, an important 
contributor to BRB permeability, was striking, making its function as a downstream 
target of VEGF signaling in relation to vascular permeability conceivable. Earlier, we 
have shown in the monkey retina, that PV-1 is also induced by VEGF in vivo (Hofman 
et al., 2001a) and that this was accompanied with an increase and altered distribu-
tion of caveolae or plasmalemmal vesicles (Hofman et al., 2000). PV-1 is expressed 
in distinct vascular beds (Schlingemann et al., 1985, 1997, 1998) , is present during 
wound healing processes and cancer metastasis (Ruiter et al., 1993; Schlingemann 
et al., 1991) and is absent from lymphatic endothelium (Schlingemann et al., 1985). 
Moreover, in the brain and retina, PV-1 expression is absent from barrier endothe-
lium (Schlingemann et al., 1997). In these organs, expression of PV-1 indicates absence 
or loss of the blood-brain and blood-retina barriers, such as in brain tumors, in DR 
(Schlingemann et al., 1999) or in the normal optic nerve head (Hofman et al., 2001b), 
whereas it is not expressed in endothelium with patent blood-tissue barrier character-
istics (Dai et al., 2002; Schlingemann et al., 1997, 1998; Stan et al., 1999). In the light 
of its specific endothelial expression and absence in intact barrier endothelium, PV-1 
could be an important factor in transcellular permeability during preclinical DR.

Most of the other transport vesicle-related genes were expressed in BRECs and thus 
most likely in retinal endothelial cells in vivo as well, but many of these genes encode 
for proteins known to be primarily expressed in the synaptic processes of neuronal 
cells. Although regulation of these genes is not of lesser interest, their involvement in 
transcellular endothelial transport could not be demonstrated in this study. 

In summary, the observed expression patterns of a large set of genes suggest in-
volvement of both endothelial barrier transport pathways in loss of the BRB. Of each 
pathway, two proteins stand out in particular, occludin and claudin-5 in the paracel-
lular pathway and caveolin-1 and PV-1 in the transcellular pathway. Diabetes in rat 
retina and VEGF exposure in BRECs caused a temporal downregulation of occludin 
and claudin-5 and a long-term upregulation of caveolin-1 and PV-1. 
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General discussion and summary
Diabetic retinopathy (DR) is a leading cause of blindness in persons of working age in 
western countries.1 The majority of patients with diabetes develop some form of DR, 
with the incidence increasing with duration of diabetes and dependence on insulin.2 
With the ever increasing incidence of type 2 diabetes and the average age of onset 
steadily decreasing, DR presents a growing dilemma for diabetic patients and oph-
thalmologists alike. The continued lack of an effective therapy for DR only adds to this 
problem. 

The earliest manifestations of DR occur long before it can be clinically diagnosed. 
This earliest stage of DR, preclinical diabetic retinopathy (PCDR), is characterized by 
pericyte loss, endothelial cell (EC) proliferation, thickening of the vascular lamina 
basalis (LB), diffuse breakdown of the blood-retinal barrier (BRB), formation of acel-
lular capillaries and loss of neural cells. After years of diabetes, clinically-observable 
retinal pathology such as venous dilation, microaneurysms, intraretinal hemorrhag-
ing, hard exudates, and edema begins to develop in association with areas of capillary 
non-perfusion. This stage of DR is referred to as non-proliferative diabetic retinopa-
thy (NPDR). As these pathologies progress, vascular leakage in NPDR may lead to 
macular edema with hard exudates and vision loss (diabetic macular edema (DME)), 
or to extensive intraretinal hemorrhaging, whereas areas of capillary non-perfusion 
increase significantly. This latter stage of DR is often referred to as pre-proliferative 
DR. Proliferative diabetic retinopathy (PDR) is the most severe form of DR. It is char-
acterized by retinal neovascularization followed by intravitreal hemorrhaging, retinal 
ablation, and eventually retinal fibrosis, which can lead to permanent vision loss.

Currently, no treatment exists with which DR can be prevented or cured. In order 
to find new modalities of treatment of DR, it is essential to gain a better understanding 
of the processes which lead to its development. As the earliest clinically observable 
changes in the diabetic retina are vascular-related, DR is traditionally seen as a vascular 
disease.  Dysfunction of the endothelial lining of the retinal vasculature is considered 
to play an important role in the development of DR. In this thesis, we attempt to further 
elucidate the role of EC dysfunction in the development of DR with a special interest in 
leukostasis and the involvement of advanced glycation end products (AGEs), vascular 
endothelial growth factor (VEGF) and connective tissue growth factor (CTGF).

Chapter 1 sets the stage for this thesis by introducing several concepts of DR and 
presenting the reader with the central question of this thesis: what is the role of en-
dothelial dysfunction in the development of DR?

Chapter 2 is a critical review of the current literature regarding leukostasis in the 
diabetic retinal vasculature and its role in the development of DR.  The current data 
accumulated from various animal models of DR is conflicting, as the role which leu-
kostasis plays in the development of DR appears to vary considerably depending on 
the type of animal model used. In streptozotocin-induced diabetic rat and mouse 
models, leukostasis is induced 2- to 4-fold, the inhibition of which was able to prevent 
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many early vascular changes which are associated with DR.3 On the other hand, in a 
rat model of spontaneous diabetes, increased leukostasis was not observed, and yet 
the characteristic vascular pathologies of DR still occurred.4 A major pitfall of animal 
models of DR is that they are not known to progress to the non-proliferative or PDR 
stages. This prevents researchers from studying the direct effects of leukostasis on DR 
pathology such as DME and neovascularization, which ultimately lead to loss of sight. 
This raises questions about the specificity and relevance of leukostasis data obtained 
in animal models of DR. A wide variety of growth factors, cytokines and cell sign-
aling molecules as well as environmental factors such as increased shear stress and 
hyperosmolarity all lead to a similar 2- to 4-fold increase in leukostasis. Furthermore, 
rat models of hypertension and hyperlipidemia also demonstrate increased leukostasis 
without retinal vascular pathology characteristic for DR. Taken together, these findings 
indicate that increased leukostasis is likely the result of aspecific EC dysfunction and, 
therefore, an epiphenomenon of the retinal diabetic milieu rather than instrumental in 
further progression of the disease.

In chapter 3, we describe expression of vascular adhesion molecules considered 
to be markers of EC dysfunction in the vasculature of the human diabetic retina. 
Expression of the adhesion molecule ICAM-1 is increased on the retinal endothelium 
in diabetic rats and has been shown to be responsible for increased leukostasis ob-
served in these rats.5 In our immunohistochemical study of the human retina, we did 
not observe an increase in the vascular expression of ICAM-1 or three other well-
characterized leukocyte-endothelial adhesion molecules. This indicates that increased 
endothelial adhesion is not likely to contribute to the development of DR in patients.

 A large part of the work presented in the second part of this thesis was based on the 
determination of mRNA levels in tissue samples of retina obtained from animal models 
employing quantitative real-time PCR.  Chapter 4 reviews the current strategies of 
normalizing gene expression data obtained with the use of quantitative real-time PCR. 
Normalization is an important step in the analysis of gene expression data as it serves to 
limit artificial differences in gene transcript numbers which can be introduced during 
the collection and processing of tissue samples. We propose a new method of normali-
zation and critically compare it with several widely used methods using a set of data 
obtained from whole retinas of diabetic rats. This comparison reveals that commonly 
used methods of normalization which rely on the use of single reference gene or a set 
of these genes (genes which are believed to be universally expressed in all cells at more 
or less constant levels) provide inadequate normalization and can skew whole data 
sets. This is mainly due to the fact that many of the widely-accepted reference genes are 
involved in processes such as cellular metabolism which are greatly affected in meta-
bolic diseases such as diabetes. Our novel method of data normalization uses three 
parameters, the wet weight of RNA, total amount of RNA and the relative total amount 
of transcript RNA in each sample to normalize the data. This method is the most ap-
propriate method for normalizing data obtained in heterogeneous tissue samples. In 
chapter 5, we employed this normalization strategy, and demonstrate that AGEs are 
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necessary and sufficient for inducing the increased expression of CTGF observed in the 
diabetic retina. We have previously demonstrated that diabetic mice lacking one func-
tional allele of CTGF are protected against LB thickening in PCDR, implicating CTGF 
as having a causal role in diabetes-induced LB thickening.6 AGE inhibition has also 
been shown to prevent diabetes-induced LB thickening.7 Taken together, these findings 
indicate that the thickening of the retinal microvascular LB observed in diabetes is the 
result of AGE-induced CTGF modulation of extracellular matrix (ECM) components 
which comprise the LB (Fig. 1). 

The pathogenesis of LB thickening was further studied in chapter 6 by examining 
the role of VEGF in inducing expression of CTGF and ECM molecules in vivo in the 
rat retina and in vitro in cultured retinal ECs and pericytes. When injected into the rat 
vitreous, VEGF induced both mRNA and protein expression of CTGF, fibronectin (an 
ECM protein and component of the LB) and TIMP-1 (a protein which inhibits break-
down of ECM including the LB). Similar results were obtained when cultured retinal 
ECs and pericytes were exposed to VEGF, implicating a role of these vascular cells in 
the pathological process of LB thickening. On the basis of results described in chapter 
5 and 6, we propose that AGEs, known to increase VEGF expression in the diabetic 
retina,8 induce LB thickening using VEGF as a downstream regulator. VEGF, in turn, 
induces expression of CTGF in EC and pericytes, which in turn leads to LB thickening 

Figure 1. A hypothetical model of diabetes-induced lamina basalis (LB) thickening and the role of CTGF 
in this process on the basis of findings described in the present thesis and data from the literature. CTGF 
is known to induce production of extracellular matrix (ECM) proteins such as collagen type IV (COL IV), 
lamina (LAM) and fibronectin (FN) and ECM production-inducing proteins such as tissue inhibitor of 
matrix metalloprotease type 1 (TIMP1), CYR61, and transforming growth factor ß (TGFß). 
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through increased ECM protein production in pericytes and increased TIMP-1 ex-
pression that inhibits enzymatic breakdown of the LB (Fig. 1). As the inhibition of LB 
thickening can prevent retinal vascular abnormalities such as apoptosis of pericytes 
and ECs and vascular leakage which are hallmarks of DR,9,10 understanding the mo-
lecular pathway which leads to its occurrence can lead to new, possibly more effective 
treatments of DR.

Finally in chapter 7, now focusing on another aspect of PCDR, diffuse loss of the 
blood-retinal barrier, we demonstrate that expression of EC tight junction genes and 
particularly that of occludin and claudin-5 is transiently reduced in the diabetic retina 
and in bovine retinal ECs (BRECs) after exposure to VEGF. Expression of the vesicular 
transport-related genes plasmalemma vesicle-associated protein (PV-1) and caveolin-1 
is increased in the diabetic retina and in BRECs exposed to VEGF. VEGF is responsible 
for the breakdown of the BRB as observed in DR, both in the early diffuse vascular 
leakage in NPDR, and in focal profuse leakage in diabetic macular edema in NPDR.11 
The mechanisms of these two forms of leakage remain unclear, but two mechanisms 
have been proposed: 1) it is the result of paracellular leakage between ECs due to a de-
crease in the inter-endothelial tight-junction bonds;12 and 2) it is due to increased tran-
scellular transport through increased pinocytotic vesicular transport from the luminal 
membrane to the abluminal membrane of the endothelium.13 Our data suggest, at least 
for the diffuse leakage of PCDR, a transient induction of the paracellular pathway and 
prolonged involvement of transcellular endothelial transport in the increased perme-
ability of retinal capillaries in PCDR indicating that the transcellular pathway is the 
main mechanism of BRB leakage. 

In conclusion, the findings in this thesis help to further define the role of the dys-
functional endothelium in the development of DR. We have shown that increased 
leukocyte-endothelial adhesion can lead to capillary non-perfusion in the rat retina, 
but that this is not likely the case in humans as the retinal endothelium shows no 
increased expression of leukocyte-endothelium adhesion molecules. Furthermore, we 
have provided new insights into the pathway and molecular players involved in the 
characteristic vascular LB thickening observed in the earliest stages of DR and the 
potential involvement of the endothelium. Lastly, we present new evidence that the 
transcellular pathway of retinal vascular leakage via pinocytotic vesicular transport in 
the endothelium is a major long-term contributor to BRB breakdown in DR.
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Nederlandstalige samenvatting
Diabetische retinopathie (DR) is een oogaandoening die bij suikerziekte(diabetes) 
vaak voorkomt. Het is één van de meest voorkomende oorzaken van blindheid in 
westerse landen. Hoe langer iemand diabetes heeft hoe groter de kans dat iemand te 
maken krijgt met DR. Ouderdomsdiabetes komt steeds vaker voor en op steeds jongere 
leeftijd. Hierdoor stijgt het aantal mensen waarbij DR voorkomt. Dit maakt DR een 
steeds groter wordend probleem voor mensen met diabetes en de oogartsen die ze 
behandelen. Door gebrek aan een effectieve behandeling van DR neemt dit probleem 
alleen maar toe.

De vroegst voorkomende oogafwijkingen door DR bestaan al lang voordat de 
oogarts ze kan waarnemen of dat de patiënt klachten heeft. Het vroegste stadium van 
DR heet pre-klinsiche DR (PKDR) en wordt gekenmerkt door de volgende afwijkin-
gen: vermeerdering van endotheelcellen, welke de binnenbekleding van de bloedvaten 
vormen; verdikking van de lamina basalis (LB), een laag van eiwitten en suikers die 
de buitenste laag van de bloedvaten vormt; verlies van endotheelcellen en pericyten, 
cellen die om de endotheelcellen heen zitten; verhoogde doorlaatbaarheid van de reti-
nale haarvaatjes waardoor bloed en eiwitten in het netvlies lekken; afsterven van zenu-
wcellen in het netvlies die zorgen voor het doorsturen van visuele informatie naar de 
hersenen toe.

Na jarenlange blootstelling aan diabetes treden afwijkingen op die voor de oogarts 
wel zichtbaar zijn, zoals verwijdingen van bloedvaten in het netvlies, kleine uitstulpsels 
van haarvaten (microaneurysmen), kleine bloedinkjes in het netvlies, ophopingen van 
eiwitten en afvalproducten (exudaten), en zwelling van het netvlies in gebieden waar 
de kleine bloedvaatjes niet goed doorgankelijk zijn of lekkage optreedt. Dit stadium 
van DR heet niet-proliferatieve DR (NPDR). De toename van vaatwandlekkage en 
het vormen van exudaten veroorzaken zwelling van de gele vlek, ofwel macula (het 
deel van het netvlies waarmee wij het scherpst zien). Dit leidt op den duur tot een 
verminderd gezichtsvermogen. In het laatste stadium van DR nemen gebieden van 
ondoorlaatbare kleine bloedvaatjes dusdanig toe dat de zenuwcellen in de nabijgele-
gen gebieden onvoldoende voedingsstoffen en zuurstof krijgen om normaal te kunnen 
functioneren. Hierdoor scheiden deze cellen bepaalde voedingsstoffen uit, die als doel 
hebben de zenuwcellen onder deze omstandigheden te laten overleven. Eén van de be-
langrijkste stoffen is vascular endothelial growth factor ofwel VEGF. VEGF zorgt voor 
het aanmaken van nieuwe bloedvaatjes. In het netvlies zijn de door VEGF aangemaakt 
bloedvaatjes echter van slechte kwaliteit waardoor ze lekkage en littekenvorming in het 
netvlies veroorzaken. Hierdoor ontstaan grote bloedingen en schade aan het netvlies 
wat tot blindheid kan leiden. Dit stadium van DR heet proliferatieve DR (PDR).

Op het moment, bestaan er nog geen behandelingen waarmee DR voorkomen of 
genezen kan worden. Om nieuwe behandelingen te kunnen vinden, is het nodig om 
beter te begrijpen hoe DR precies ontstaat. Aangezien de vroegste waarneembare 
afwijkingen van het netvlies in de bloedvaatjes voorkomen, is DR van oudsher als een 
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vasculaire ziekte beschouwd. Het minder goed functioneren van de endotheelcellen 
wordt gezien als een belangrijke stap in de ontwikkeling van DR. In dit proefschrift, 
bestuderen we de rol van endotheelceldisfunctie in de ontwikkeling van DR door 
voornamelijk te kijken naar het effect op AGEs (versuikerde eiwitten), de groeifactor 
connective tissue growth factor (CTGF) en de groeifactor VEGF. Versuikerde eiwitten 
komen in verhoogde mate voor bij patiënten met diabetes en worden gezien als een 
belangrijk factor in de ontwikkeling van diabetes gerelateerd ziektes. CTGF speelt een 
belangrijke rol in de littekenvorming van weefsels en is ook betrokken bij diabetes 
gerelateerde nierziekte.

Hoofdstuk 1 dient als introductie van dit proefschrift. Hierin worden belangrijke 
concepten van DR besproken en wordt de centrale vraag van dit proefschrift gesteld: 
welke rol speelt endotheelcel disfunctie in het ontwikkelen van DR?

In hoofdstuk 2 werpen we een kritische blik op de huidige literatuur en theorieën 
over de rol van witte bloedcellen en hun wisselwerking met endotheelcellen in de on-
twikkeling van DR. Men denkt dat bij diabetes witte bloedcellen vast komen te ztten in 
de nauwe haarvaatjes in het netvlies. Dit wordt leukostase genoemd. Deze vastzittende 
witte bloedcellen belemerren de bloedtoevoer in de haarvaatjes waardoor steeds groter 
wordende gebieden van het netvlies onvoldoende zuurstof en voedingsstoffen krijgen. 
Het mechanisme van leukostase is alsnog onbekend maar de meest gangbare theorie 
is op dit moment dat het deel uit maakt van een door diabetes veroorzaakte ontsteking 
in het netvlies. Hierdoor worden de endotheelcellen van de haarvaatjes “plakkerig” 
door het aanmaken van speciale eiwitten (zogenaamde adhesiemoleculen) die ervoor 
zorgen dat passerende witte bloedcellen aan de endotheelcellen blijven plakken. De 
huidige literatuur laat over dit onderwerp vaak tegenstrijdige resultaten zien. De mate 
van betrokkenheid van leukostase bij het ontwikkelen van DR lijkt afhankelijk te zijn 
van het soort diermodel dat gebruikt wordt. In ratten, die diabeet zijn gemaakt door 
de giftige stof streptozotocine in te spuiten, is leukostase 2 á 4 keer verhoogd. Door 
deze verhoogde leukostase af te remmen wordt een aantal van de vroeg voorkomende 
vaatafwijkingen van DR voorkomen. Echter, in een diermodel van DR waarin diabetes 
spontaan is ontstaan, wordt geen leukostase gezien terwijl dit diermodel vergelijkbare 
bloedvat-afwijkingen vertoont als in de ratten met streptozotocine geïnduceerde dia-
betes. Eén van de grootste nadelen van de huidige diermodellen van DR is het feit dat 
zich in geen enkel model PDR ontwikkeld. Hierdoor wordt het onmogelijk om met 
deze diermodellen de directe gevolgen van leukostase te meten aan afwijkingen van het 
gezichtsvermogen, zoals zwelling van de gele vlek en vaatnieuwvorming. Bovendien, 
wordt een vergelijkbare mate van leukostase gezien in andere ziekten en omstandigh-
eden waarin deze gezichtsveld-verminderende afwijkingen niet voorkomen. Hieruit 
concluderen wij dat verhoogde leukostase in het netvlies waarschijnlijk het resultaat is 
van algemene endotheelcel-disfunctie  en eerder een bijzaak dan een belangrijke stap 
in de ontwikkeling van DR.

In hoofdstuk 3, hebben we de aanwezigheid van adhesie-eiwitten in de netvliezen 
van patiënten met diabetes bestudeerd. Adhesie-eiwitten worden vaak beschouwd als 
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indicatoren van endotheelcel-disfunctie. Verder wordt gedacht dat een verhoogde aan-
wezigheid van adhesie-eiwitten op de endotheelcellen in de bloedvaten van diabetische 
patiënten verantwoordelijk zou zijn voor verhoogde leukostase. Dit blijkt het geval te 
zijn in verschillende diermodellen van DR. Een eerder verschenen studie waarin adhe-
sie-eiwitten in de netvliezen van diabetische patiënten werden bestudeerd, liet een ver-
hoogde aanwezigheid van het adhesie-eiwit ICAM-1 op endotheelcellen zien. Echter, 
in onze studie waarin wij de netvliezen van een groter aantal mensen met en zonder 
diabetes hebben bestudeerd, werd geen verschil in de aanwezigheid van ICAM-1 op de 
endotheelcellen gevonden. Hieruit concluderen wij dat verhoogde plakkerigheid van 
endotheelcellen waarschijnlijk geen rol speelt in de ontwikkeling van DR in patiënten 
met diabetes.

Voor een aantal studies en experimenten die in dit proefschrift worden beschre-
ven, hebben we gebruik gemaakt van een techniek waarmee de activiteit van bepaalde 
genen kan worden aangetoond. Dit gebeurt door de hoeveelheid boodschapper-RNA 
in weefselmonsters te meten. Boodschapper RNA wordt gemaakt bij het “aflezen” van 
DNA en is dus ook een goede maat van de activiteit van genen. Deze techniek heet 
quantitative real-time PCR. In hoofdstuk 4 beschrijven wij een nieuwe manier van 
data-analyse waarmee deze techniek optimaal toegepast kan worden op monsters van 
dieren met kunstmatige diabetes, maar ook toegepast kunnen worden op verschillende 
soorten weefsel van patiënten of dieren met andere systemische ziekten. Wij vergeli-
jken deze nieuwe manier van data-analyse met andere bestaande analyse methoden. 
Hierdoor wordt aangetoond dat onze nieuwe methode de meest effectieve is.

Deze methode wordt in hoofdstuk 5 toegepast om aan te tonen dat versuikerde ei-
witten in staat zijn om een verhoogde aanmaak van CTGF in het netvlies te induceren. 
Uit een eerdere onderzoek hebben we aangetoond dat muizen die door genetische 
modificatie minder CTGF produceren, beschermd zijn tegen diabetesgeïnduceerde LB 
verdikking. Remming van de versuikering van eiwitten met een medicijn voorkomt de 
verdikking van de LB, en bleek in onze studie de verhoging van CTGF te voorkomen. 
Deze bevindingen tonen aan dat de LB verdikking bij diabetes wordt veroorzaakt door 
een toename aan versuikerde eiwitten die leiden tot een verhoogde aanmaak van CTGF, 
wat op zijn beurt veranderingen in de dikte en compositie van de LB veroorzaakt.

In hoofdstuk 6 laten we zien dat BL verdikking ook veroorzaakt kan worden door 
verhoogde concentraties VEGF. In dit hoofdstuk worden de effecten van VEGF op 
CTGF an andere LB componenten in de bloedvaatjes van het netvlies bestudeerd. Hier 
is uitgekomen dat het toedienen van VEGF zorgt voor een verhoogde aanmaak van 
CTGF en verschillende LB componenten in zowel het hele netvlies als in gekweekte 
vasculaire cellen (waaronder endotheelcellen) geïsoleerd uit het netvlies. Dit sugger-
eert dat de vasculair cellen van het netvlies een belangrijke rol spelen in de verdikking 
van de LB waarin de vasculair cellen zich bevinden. Het is bekend dat versuikerde 
eiwitten de aanmaak van VEGF kunnen verhogen in het netvlies. Samengevoegd met 
de resultaten uit hoofdstuk 5, stellen wij voor dat in diabetes, versuikerde eiwitten een 
verhoogde aanmaak van VEGF veroorzaken. VEGF induceert aanmaak van CTGF, wat 
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op zijn buurt verschillende LB componenten en andere eiwitten induceert die de struc-
tuur en dikte van de LB verandert. Door LB verdikking in het netvlies te voorkomen, 
is het mogelijk om de ontwikkeling van verdere vasculaire afwijkingen te voorkomen. 
Door de stappen van dit proces in kaart te brengen kunnen nieuwe aangrijpingspunten 
voor effectiever therapieën tegen DR worden gevonden.

Bij diabetes is het bekend dat VEGF verantwoordelijk is voor verhoogde doorlaat-
baarheid van de kleine bloedvaatjes. Hoe dit tot stand komt is echter nog niet bekend. 
Er zijn twee mogelijkheden van doorlaatbaarheid van de vaatwand: tussen de vaat-
wandcellen door (paracellulair) of door de vaatwandcellen heen door middel van 
kleine blaasjes (transcellulair). In hoofdstuk 7 onderzoeken wij welke van deze twee 
mogelijke mechanismen verantwoordelijk is voor de verhoogde doorlaatbaarheid van 
de bloedvaatjes in DR. Dit hebben wij gedaan door de activiteit van genen, die be-
trokken zijn bij deze twee vormen van lekkage te bestuderen in zowel hele netvliezen 
als in gekweekte endotheelcellen blootgesteld aan VEGF. Hieruit is gebleken dat de 
activiteit van genen die betrokken zijn bij paracellulaire lekkage tijdelijk verhoogd is 
bij diabetes en bij blootstelling aan VEGF. De activiteit van genen betrokken bij tran-
scellulaire lekkage is echter van langere duur. Hieruit concluderen wij dat deze laatste 
vorm van lekkage waarschijnlijk het belangrijkste mechanisme is voor de verhoogde 
doorlaatbaarheid van de kleine bloedvaatjes in het netvlies in diabetes.

In conclusie, de bevindingen in dit proefschrift helpen om de rol van endotheelcel-
disfunctie in de ontwikkeling van diabetische retinopathy verder te verhelderen. We 
hebben laten zien dat het onwaarschijnlijk is dat de plakkerigheid van de endotheelcel 
een rol speelt in de vermindering van de doorgankelijkheid van de kleine bloedvaatjes 
in het netvlies van de mens. Daarnaast hebben we bewijs geleverd voor hoe endotheel-
cellen betrokken zijn bij de verdikking van de LB en verhoogde doorlaatbaarheid van 
de kleine bloedvaatjes in de netvliezen bij diabetes, twee belangrijke afwijkingen be-
trokken bij de ontwikkeling van DR.
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