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INTRODUCTION AND                 

SCOPE OF THE THESIS





INTRODUCTION
Diabetes mellitus is a global epidemic, and it is predicted that the prevalence of diabetic 
patients increases from 382 million in 2013 to an estimated 592 million by 20351. Diabetic 
patients su�er from many complications, including macrovascular pathology such as 
ischemic heart disease and stroke, and microvascular pathology such as neuropathy, 
nephropathy, and diabetic retinopathy (DR). Over one-third of diabetic persons has some 
form of DR, and approximately 5-10% develop vision-threatening complications such as 
proliferative DR and macular edema2. 

�e earliest clinical changes in the diabetic retina occur in the microvasculature and, 
as such, DR has traditionally been considered to be a vascular disease. Pathological clinical 
hallmarks of DR include intraretinal hemorrhages, pericyte loss, microaneurysms, lipid 
exudates, thickening of the lamina basalis, capillary nonperfusion, macular edema and, 
in the case of proliferative DR, retinal neovascularization and vitreous hemorrhage3. 
Proliferative DR prevails in patients with type 1 diabetes, but diabetic macular edema 
(DME) is the primary cause of vision loss in patients with type 2 diabetes. Given the high 
prevalence of type 2 diabetes, DME is the leading cause of vision loss in the working-age 
population4.

The blood-retinal barrier (BRB)
�e retina is part of the central nervous system and is metabolically highly active due to 
the presence of the photoreceptors – in fact, it has a higher oxygen consumption per unit 
tissue weight than any other human tissue5. To ensure su�cient blood supply to provide 
oxygen and nutrients to the retina in combination with its functions in vision, it has two 
distinct vascular beds, i.e., behind the retina the choriocapillaris to feed the retinal pigment 
epithelium and photoreceptors in the outer retina, and the inner retinal vasculature, 
emerging from the central retinal artery6. �e choriocapillaris is a single layer of densely 
arranged capillaries and consists of fenestrated (leaky) endothelium, facilitating rapid 
supply of nutrients to the outer retina. In contrast, the retinal circulation that supplies 
the inner retina is formed by 3 interconnected vascular plexi that have a continuous 
barrier-type endothelium. �is barrier-type endothelium of the retina is analogous to the 
endothelium that forms the blood-brain barrier. It has no fenestrations and is characterized 
by a high number of tight and adherens junctions that limit paracellular transport between 
the endothelial cells, and a paucity of intracellular pinocytotic vesicles to keep transcytosis 
across the endothelium to a minimum7. Together with perivascular cell types like pericytes 
and glial cells, the endothelial cells of the retina form the neurovascular unit and provide 
the inner blood-retinal barrier (BRB). �is BRB ensures maintenance of homeostasis of the 
neural retina and protects the retina against potentially harmful substances that are present 
in the circulation. Although disruption of the BRB is an essential step in the development 
of retinal disease such as DME, its mechanisms are poorly understood. It is known that 
focal and di�use BRB disruption, associated with retinal ischemia caused by capillary 
non-perfusion8, leads to vascular leakage and the development of DME. To date, there are 
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2 mechanistic explanations at the molecular level for BRB disruption, namely increased 
paracellular leakage, caused by impaired functioning of tight junctions, or increased 
transcellular leakage, caused by increased vesicle-mediated transcytosis. Extravasation of 
plasma proteins such as albumin is crucial in the development of DME9, whereas proteins 
of this size are unlikely to cross the endothelium via paracellular transport7. �erefore, 
increased transcytosis may well be the most important mechanism of the development of 
DME. 

Transcytosis and the role of plasmalemma vesicle-associated 
protein (PLVAP)
Plasmalemma vesicle-associated protein (PLVAP, also known as PV-1 or FELS) is associated 
with endothelial transcellular transport. It is an endothelial cell-speci�c protein that is 
absent in mature barrier endothelium of the BRB, the blood-brain barrier and the testis10, 

11. In pathological conditions, such as DR12 and glioblastoma13-15, PLVAP is upregulated and 
is associated with loss of barrier function. PLVAP is a structural component of fenestral 
and stomatal diaphragms of fenestrae, caveolae and trans-endothelial channels16. In non-
barrier endothelium, it is constitutively expressed in capillaries, venules and small- and 
medium-sized veins17 and prevents excessive protein leakage into tissues18, 19, a function that 
is apparently not needed in a properly functioning blood-brain barrier or BRB. Vascular 
endothelial growth factor (VEGF) is a major inducer of BRB breakdown20, 21 and also a driver 
of PLVAP expression20, 22. However, the exact function of PLVAP in vascular permeability 
and angiogenesis, speci�cally in the context of barrier-forming endothelium, is still unclear. 

In�ammation as a cause of BRB disruption?
Hypoxia-induced VEGF is one of the main drivers of BRB disruption, but a percentage of 
patients does not respond su�ciently to anti-VEGF therapies23. It has been suggested that, 
in addition to VEGF, proin�ammatory cytokines such as tumor necrosis factor (TNFα) and 
interleukins (IL1β, IL6, IL8) are also involved in BRB disruption24, 25, because elevated levels 
of these cytokines have been detected in the vitreous of patients with DR26-29. Moreover, 
VEGF, TNFα and IL1β a�ect BRB function in in vitro models of the BRB30-32 and in (diabetic) 
animal models30, 33, 34 by reducing expression of tight and adherens junctions. In diabetic 
animal models, leukostasis in BRB capillaries has been associated with the development 
of sequelae characteristic of preclinical DR25, 35. Add the successful use of glucocorticoid 
therapy in the treatment of DME into this equation, and the foundation for the assumption 
that human DR and DME are caused by low-grade chronic in�ammation is laid. 

On the other hand, small clinical trials of anti-TNFα antibodies or soluble TNFα 
receptors in patients with ocular diseases such as DME have had limited success to 
date24, 36-39. Moreover, leukostasis as a causative factor in the development of human DR 
remains speculative, since in vivo assessment of leukostasis in the human retina is not 
yet possible. Lastly, whereas the anti-in�ammatory e�ects of glucocorticoids are well-
known and suggested to be responsible for resolving DME, the bene�cial e�ects on retinal 
swelling are fast (sometimes within 24 h). �is timeframe advocates for direct e�ects on 
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the endothelium, rather than for counteracting in�ammatory events in the retina, which 
usually involves transcriptional and translational regulation. Taken together, the relevance 
and contribution of in�ammation as an inducer of BRB disruption and subsequent DME 
remains controversial.

SCOPE OF THE THESIS
�e aim of this thesis is to:
• describe the formation of the BRB during early development at cellular and molecular 

levels, because understanding of physiological BRB formation may give us insights in 
the mechanisms of pathological BRB disruption,

• elucidate the role of PLVAP in BRB formation and disruption, and
• critically evaluate the contribution and possible mechanisms of in�ammatory 

conditions in the development of DME and DR.
In part I of the thesis, a detailed overview of the formation of the BRB and the role of 
PLVAP in barrier endothelium is given. �e retinal vasculature develops postnatally in 
mice, and thus neonatal mice are an excellent animal model to study BRB development. In 
chapter 2, the temporal and spatial recruitment of the neurovascular unit in the neonatal 
mouse retina is described, using retinal wholemounts of mice from postnatal day (P) 3 
to P25. We apply �uorescence immunohistochemistry to stain the retinal vasculature, 
pericytes and astrocytes and assess expression of di�erent markers of polarized astrocytic 
end-feet and pericytes. In chapter 3, BRB formation in neonatal mouse retinas is studied 
at the molecular level, with a speci�c focus on PLVAP and proteins involved in paracellular 
transport, transcellular transport and VEGF signaling. Transgenic heterozygous Plvap mice 
have been used as an animal model to determine the role of PLVAP in formation of the 
BRB and retinal vasculature. Chapter 4 describes the role of PLVAP in VEGF-induced and 
hypoxia-induced retinal permeability by knocking down PLVAP expression in an in vitro 
BRB model and in the mouse oxygen-induced retinopathy model. 

In part II of this thesis, the contribution of in�ammation to BRB disruption is studied. 
Chapter 5 is a critical review of the current literature on the involvement of leukostasis 
in the development of human DR. In chapter 6, the role of TNFα in the induction of 
endothelial permeability and its mechanism is investigated in an in vitro BRB model. In 
chapter 7, the e�ects of glucocorticoids that are used in the clinic and mechanisms of action 
of glucocorticoid-induced barrier enhancement are studied in an in vitro BRB model. 
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ABSTRACT
�e inner blood-retinal barrier (BRB) is made up by the neurovascular unit, consisting of 
endothelial cells, pericytes and glial cells. �e BRB maintains homeostasis of the neural 
retina, but in pathological eye conditions the neurovascular unit is o�en disrupted, causing 
BRB loss. Here, we investigated in detail the temporal and spatial recruitment of the 
neurovascular unit in the neonatal mouse retina from postnatal day (P)3 to P25 employing 
immunohistochemical staining of the vascular endothelium (isolectin B4), pericytes 
(α-SMA and NG2) and astrocytes (GFAP). In addition, we investigated gene expression of 
polarized astrocytic end-feet markers aquaporin-4 and laminin α2 chain with qPCR. We 
observed GFAP-positive cells migrating ahead of the retinal vasculature during the �rst 
postnatal week, suggesting that the retinal vasculature follows an astrocytic meshwork. 
From P9 onwards, astrocytes acquired a mature phenotype, with a more stellate shape and 
increased expression of aquaporin-4. NG2-positive cells and tip cells co-localized at P5 and 
invaded the retina together as a vascular sprouting front. Together, these data suggest that 
recruitment of the cell types of the neurovascular unit is a prerequisite for proper retinal 
vascularization and BRB formation.
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1. INTRODUCTION 
�e neural retina is protected by the inner blood-retinal barrier (BRB), which maintains 
homeostasis by selectively regulating the entry of molecules into the retina and controlling 
vascular permeability (Klaassen et al., 2013). �e BRB consists of endothelial cells lining 
the retinal microvessels, pericytes, their basal lamina and glial cells, together forming the 
neurovascular unit. �e presence and crosstalk between these cell types in the neurovascular 
unit is essential for the maintenance of a tight BRB (Wisniewska-Kruk et al., 2012). 

In humans, the retinal vasculature is completed around mid-gestation (Gariano, 
2003), but in mice, retinal vascular development starts in the �rst postnatal week. �e 
retinal vasculature provides oxygen and nutrients to the inner retina, which has several 
(anatomically tightly-arranged) cellular layers that contain interneurons, ganglion cells 
and glial cells. Vessels grow from the optic disc into the ganglion cell layer (containing 
ganglion cells, amacrine cells and (peri-)vascular cells) and radiate outwards to the 
periphery, that is reached around postnatal day (P) 7. From this super�cial vascular plexus, 
collateral sprouting of capillaries into the inner plexiform layer (where photoreceptor 
input is processed through bipolar cells, amacrine cells and ganglion cells) and into the 
inner nuclear layer up to the boundaries of the outer plexiform layer (where photoreceptor 
cells form connections with bipolar cells and horizontal cells) initiates generation of the 
interconnected intermediate and deep capillary layers (Fruttiger, 2007). �e retinal pigment 
epithelium and photoreceptors are part of the outer retina and are supplied with oxygen 
and nutrients by a di�erent vascular bed, the choriocapillaris, which is not discussed here.

Initially, the retinal vasculature lacks a functional barrier during development, as is 
demonstrated by leakage of plasma proteins and small molecules from the lumen of the 
vessels (Chow and Gu, 2017; van der Wijk et al., submitted). Recruitment of pericytes and 
astrocytes to the retina to form the neurovascular unit may be crucial for �nal maturation 
of the endothelium and for the formation of a functional BRB. 

Previously, it has been shown that astrocytes serve as a meshwork for growing vessels 
in the retina, thereby guiding endothelial cell migration (Dorrell et al., 2002; O’Sullivan 
et al., 2017). In addition, pericytes may be involved in the early formation of the BRB by 
providing a suitable microenvironment for retinal endothelial cells to develop barrier 
characteristics, as was shown in blood-brain barrier development (Daneman et al., 2010). 
Moreover, permeability of the blood-brain barrier in neonatal mice inversely correlated 
with pericyte coverage (Armulik et al., 2010; Daneman et al., 2010), con�rming the essence 
of pericytes in barrier integrity. As the pericyte-to-endothelial ratio is relatively high in the 
retina (1:1), when compared to brain (1:3) and other microvascular beds (1:10)(Stewart and 
Tuor, 1994) such a function of pericytes may be particularly important in the BRB. 

In the present study, we investigated in detail the temporal and spatial composition of 
the neurovascular unit in the neonatal mouse retina using gene and protein expression of 
selected markers of retinal pericytes and astrocytic end-feet. 
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2. MATERIALS AND METHODS

2.1. Animals
Animal experiments were performed with the approval of the Animal Ethics Committee of 
the University of Amsterdam and in compliance with the Association for Research in Vision 
and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and Vision 
Research. To study the development of the BRB, neonatal (wildtype) mice were killed on 
P3, P5, P7, P9, P11, P13, P15, P17 and P25 with an intracardial injection of ketamine-
medetomidine-atropine for young mice (until P13), whereas older mice were euthanized 
with CO2 asphyxiation. Eyes were enucleated and either snapfrozen in liquid nitrogen 
(for qPCR or immunohistochemistry) or processed immediately for retinal wholemount 
staining. 

2.2. RNA isolation and mRNA quanti�cation
Retinas (at least 6 to 8 retinas per group) were treated by hypotonic lysis to enrich for 
retinal vessels (Kowluru et al., 1998). Each retina was incubated in 1 ml sterile water for 2 
h at 4 ºC. Next, retinas were spun down and sterile water was replaced with sterile water 
containing 40 µg DNase I (Life Technology, Breda, �e Netherlands) and le� for 5 min 
at room temperature. Retinas were spun down, supernatant was removed and the retinal 
vessels were resuspended in 500 µl TRIzol reagent (Invitrogen, Bleiswijk, �e Netherlands) 
and stored at -20 ºC until further processing. Total RNA was isolated according to the 
manufacturer’s protocol and dissolved in RNAse-free water. RNA yield was measured using 
a NanoDrop spectrophotometer (�ermo Scienti�c, Wilmington, DE) and 1 µg of RNA was 
treated with DNAse-I (Invitrogen) and reverse transcribed into �rst strand cDNA with a 
Maxima First Strand cDNA Synthesis Kit (�ermoFisher). Real-time quantitative PCR was 
performed on 20x diluted cDNA samples using a CFX96 system (Bio-Rad, Hercules, CA) 
as described previously (Klaassen et al., 2009). Speci�city of the primers was con�rmed 
by NCBI BLAST. �e presence of a single PCR product was veri�ed 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 
speci�city of the primers. Relative gene expression was calculated using the equation: R = 
E-Ct, where E is the mean e�ciency of all samples for the gene being evaluated and Ct is 
the cycle threshold for the gene as determined during real-time PCR. Primer e�ciencies 
(E) were determined with LinRegPCR so�ware (Ruijter et al., 2009) and ranged from 1.631 
to 1.973. PCR products that did not show a single melting temperature peak were excluded 
from analysis. Expression data was normalized by the global mean normalization method 
(Mestdagh et al., 2009) using expression data of 30 genes in total.

2.3. Retinal wholemount staining
Enucleated mouse eyes were washed in PBS and �xed in 4% paraformaldehyde for 5 min, 
transferred to 2x PBS for 10 min and retinas were dissected in PBS. Isolated retinas were post-
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�xed in methanol and stored in -20 ºC until further use. For immuno�uorescence staining, 
retinas were brie�y washed in 2x PBS and incubated in wholemount-blocking bu�er (1% 
fetal calf serum, 3% TritonX-100, 0.5% Tween20, 0.2% sodium azide in 2x PBS) for 2 h at 
room temperature. Next, retinas were incubated overnight with the following antibodies: 
rabbit anti-glial �brillary acidic protein (diluted 1:400, Cat # Z0334; GFAP; Dako, Heverlee, 
Belgium), mouse monoclonal anti-alpha-smooth muscle actin (α-SMA) antibody (diluted 
1:200, Cat # C6198; Cy3 labeled, Sigma-Aldrich, Zwijndrecht, �e Netherlands), isolectin 
B4 (diluted 1:30, Cat # I21411; Alexa Fluor-488 labeled, Invitrogen) or rabbit polyclonal 
anti-NG2 antibody (diluted 1:100, kindly provided by prof. W. Stallcup from the Burnham 
Institute, La Jolla, CA) diluted in wholemount blocking bu�er. GFAP was used as a marker 
for astrocytes, α-SMA as marker for smooth muscle cells and pericytes, isolectin B4 was 
used to detect endothelial cells and NG2 was used as marker for pericytes. A�er 3 wash 
steps (3 times 30 min in wholemount blocking bu�er), secondary antibody was added and 
wholemounts were incubated for 2-3 h (goat-anti-rabbit Alexa Fluor-633 or goat-anti-rabbit 
Cy3; Invitrogen, diluted 1:100 in wholemount blocking bu�er). A�er overnight washing in 
wholemount blocking bu�er, retinas were mounted on glass and covered in Vectashield 
(Vector Laboratories, Burlingame, CA). All staining procedures were performed under 
gentle agitation at room temperature. 

For staining of the cryostat sections, samples were �xed for 10 min using 4% 
paraformaldehyde, permeabilized for 10 min with 0.2% Triton X-100 and blocked for 1 h 
with 10% normal goat serum. Staining was done in wholemount blocking bu�er with anti-
rabbit Apq4 (diluted 1:100, Cat # AB2218; Millipore, Amsterdam, �e Netherlands) for 2 h, 
followed by secondary antibody incubation (goat-anti-rabbit Cy3) for 1 h.

Images of retinal wholemounts were taken at the central retina (at the site of the optic 
disc), the middle retina and the peripheral retina and were captured using a confocal laser 
scanning microscope SP8 (Leica Microsystems, Wetzlar, Germany) with a 20x or 63x 
objective at the Cellular Imaging Core Facility of the Academic Medical Center. Speci�city 
of the staining was checked by absence of �uorescent signal in samples that were stained in 
the absence of primary antibody. 

2.4. Transmission electron microscopy (TEM)
Eyes were harvested and immersion �xed in McDowell �xative in phosphate bu�er. To 
facilitate access of the �xative into the eye, eyes were punctured with a 29 G (which equals 
diameter of 0.287 mm) needle and the cornea was dissected. Samples were processed for 
routine TEM, as described previously (Wisniewska-Kruk et al., 2016). Ultrathin sections 
of 80 nm were examined with a FEI Technai-12 G2 Spirit Biotwin microscope and 
micrographs were captured with a Veleta TEM camera (Emsis; Münster, Germany) using 
Radius acquisition so�ware (Emsis) at a magni�cation of 11.000-30.000 x, at the Electron 
Microscopy Center of the Academic Medical Center. 
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Figure 1. Ultrastructure of the neurovascular unit of the BRB of a mouse at P30. (A) Endothelial cells 
and pericytes share a basal lamina and are in close association. (B) Endothelial cells of the BRB have 
few pinocytotic vesicles and tight junctions seal the intercellular space in between endothelial cells, 
(b) is a magni�cation of the boxed region in (B). (C) Astrocytic end-feet envelope the retinal vessels 
and are in contact with pericytes and endothelial cells. EC = endothelial cell, PC = pericyte, AC = 
astrocyte, LB = basal lamina, L = vessel lumen, N = nucleus, rbc = red blood cell, * = tight junction, 
black arrow = abluminal caveola. Scale bar = 500 nm (A), 1 µm (B), 2 µm (C).

3. RESULTS AND DISCUSSION

3.1. Ultrastructure of the neurovascular unit 
�e close association of endothelial cells and pericytes, which share their basal lamina, 
and glial cells, which envelope the retinal vessels with their end-feet and a second basal 
lamina, is referred to as the neurovascular unit of the BRB in the mature retina (Fig. 
1A-C). �e endothelial cells of the BRB have no fenestrations, few pinocytotic vesicles and 
a continuous array of inter-endothelial tight junctions, which seal the intercellular space 
between endothelial cells  (Klaassen et al., 2013)(Fig. 1B and b). 
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3.2. An astrocytic meshwork precedes the vascular sprouting front 
during retinal development
Astrocytes have been shown to induce barrier properties of blood-brain barrier and BRB 
cells in vitro (Nakagawa et al., 2009; Wisniewska-Kruk et al., 2012), and they are a major 
source of VEGF production in conditions with pathological retinal vascularization (West 
et al., 2005). Con�rming previous studies, the retinal vasculature appeared to follow an 
astrocytic meshwork when forming the super�cial vascular plexus during development (Fig. 
2A)(Dorrell et al., 2002; Gariano and Gardner, 2005; O’Sullivan et al., 2017), as detected by 
staining for GFAP in retinal wholemounts. GFAP-positive cells emerged from the optic 
disc and were found in close contact with retinal vessels in the ganglion cell layer at all time 
points (Fig. 2A-I), but not in the intermediate and deep capillary layers (data not shown). 
�e time of appearance of glial cells during vascular development is di�erent between 
retina and brain. In the rat cerebral cortex, angiogenesis begins as early as E12, whereas 
astrocytes are �rst generated directly a�er birth, and physical contact with vessels is made 
during the �rst postnatal week (Daneman et al., 2010). In the retina, astrocytes appear 
before vascularization, and both ablation of astrocytes altogether, or shortly a�er birth 
during early postnatal development, resulted in severely impaired retinal vascularization 
and mispatterning of growing vessels (O’Sullivan et al., 2017), suggesting that the role of 
astrocytes in vascularization of the retina is more critical than in the brain. In the retina, 
astrocytes are tightly wrapped around arteries and even more so around veins (Fig. 2C-I), 
and GFAP expression is stronger in the central retina as compared to the middle and 
peripheral retina (Fig. 2C). From P9 onwards, the astrocytes had a more stellate shape (Fig. 
2D-I), indicating a more mature astrocyte phenotype (West et al., 2005). 

Astrocytes make contact with blood vessels through their astrocytic end-feet, which are 
polarized structures that �rmly attach to the abluminal surface of capillaries (Abbott et al., 
2006). We investigated the developmental expression pattern of 2 markers for the polarized 
astrocytic end-feet, aquaporin 4 (Aqp4) and laminin α2 chain (Lama2). Expression of 
Aqp4, a water channel protein involved in the control of ion concentration and volume 
regulation (Nagelhus et al., 1998), increased signi�cantly during development. �ere was 
very low mRNA expression during the �rst postnatal week, followed by a steep increase 
from P9 to P15 (Fig. 2J). �is was con�rmed at the protein level in retinal cryostat sections, 
where there was no Aqp4 expression at P5 (data not shown) and only few Apq4-positive 
cells around vessels in the ganglion cell layer at P9 (Fig. 2L). At P13 and P25, strong Aqp4 
expression was observed around retinal vessels in all the 3 vascular layers (Fig. 2M-O). 
�is pattern may be consistent with astrocyte end-feet, as it coincided with the time point 
that astrocytes acquire a stellate shape (Fig. 2D), a phenotype which suggests that the 
cells have become mature and polarized. Aqp4 is also expressed by horizontal cells and 
Müller cells (Bosco et al., 2005; Hamann et al., 1998), but the staining pattern we observed  
was not consistent with the localization of these cell types. It has been suggested that the 
speci�c Aqp4 localization at the end-feet membrane of astrocytes allows transcellular water 
redistribution and the maintenance of extracellular osmolality during neuronal activity, 
without inducing inappropriate volume changes in the extracellular space (Hamann et al., 
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Figure 2. Astrocytes precede the retinal vasculature during development. (A) At P3, astrocytes 
emerge from the optic disc (indicated by an asterisk) and an astrocytic meshwork was preceding 
the retinal vasculature, as shown with immunostaining of retinal wholemounts for GFAP (purple). 
Vasculature is stained by using isolectin B4 (green). GFAP-positive cells are found in close association 
with retinal vessels in the super�cial vascular plexus at (B) P5, (C) P7, (D) P9, (E) P11, (F) P13, (G) 
P15, (H) P17 and (I) P25. mRNA expression of the marker for polarized astrocytic end-feet Aqp4 (J) 
increases during development of the retina, whereas (K) Lama2 mRNA levels decrease from P3 to 
P7-9 and stabilize from P9 onwards. n=7-11 for all time points. Data are depicted as mean±s.d. 
At the protein level, we observed a few Aqp4-positive cells in the ganglion cell layer at P9 (L), as 
shown with retinal cryostat sections. At P13 (M) and P25 (N), there was strong Aqp4 expression 
around retinal vessels in all the 3 vascular layers. (O) Higher magni�cation of a retinal vessel which 
is enveloped by Aqp4-expressing astrocytic end-feet. In (L-O), brightness of the IB4 and Aqp4 signal 
was enhanced to the same extent at all ages, to improve clarity. IB4 = isolectin B4, GFAP = glial 
�brillary acidic protein, Aqp4 = aquaporin 4, a = artery, v = vein, * = optic disc. Scale bar (A-I) = 100 
µm, (L-N) = 50 µm, (O) = 15 µm.
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1998; Nagelhus et al., 1998). If this is the case, the marked increase in retinal perivascular 
Aqp4 expression between P9 and P15, in either astrocytes and/or other glial cells, may 
be related to the opening of the mouse eye (around P14), which is preceded by increased 
spontaneous retinal waves (i.e., bursts of action potentials among neighboring retinal 
ganglion cells)(Ackman et al., 2012; Rochefort et al., 2009; �ompson et al., 2017). 

Besides the shared basal lamina of endothelial cells and pericytes, astrocytes provide 
a second basal lamina that is in contact with the retinal endothelial cells (Fig. 1C). Lama2 
is an astrocyte-derived basal lamina component, and also a marker of polarized astrocytic 
end-feet. In the blood-brain barrier, Lama2 expression is critically involved in gliovascular-
pericyte interactions (Armulik et al., 2010; Menezes et al., 2014). Moreover, Lama2-/- mice 
had signi�cant vascular abnormalities and a defective (leaky) blood-brain barrier (Menezes 
et al., 2014). During development, we observed a ~2-fold decrease in Lama2 mRNA 
expression from P3 to P7-9, and stable Lama2 mRNA expression from P11 onwards (Fig. 
2K).

3.3. Expression of alpha-smooth muscle actin (α-SMA) increases 
during retinal development
�e interaction of smooth muscle cells and pericytes with endothelial cells is crucial for 
vessel stabilization. Unlike pericytes in other parts of the body, pericytes of the central 
nervous system are considered to originate from the neural crest (reviewed in Armulik 
et al., 2011). α-SMA is the predominant actin isoform found in smooth muscle cells, and 
is also expressed by a subset of mature pericytes (Nehls and Drenckhahn, 1991). In the 
retinal vasculature, expression of α-SMA is associated with smooth muscle cell and pericyte 
maturation and vessel stability (Benjamin et al., 1998). Smooth muscle cells and pericytes 
express growth factors that regulate whether vessels are stable or undergo remodeling. 
�erefore a role has been suggested for these cells in pruning of retinal vessels during the 
formation of a highly organized vasculature (Uemura et al., 2002). Here, we observed a 
relative decrease in α-SMA mRNA expression during development (Fig. 3A). However, 
at P3, α-SMA protein expression was weak and only visible in the most proximal part of 
vessels of the central retina (Fig. 3B), indicating that there is a proximal-to-distal gradient of 
maturation in the retinal vessels, as has been reported previously (Fruttiger, 2007; Hughes 
and Chan-Ling, 2004). α-SMA protein expression increased during maturation of the retinal 
vasculature (Fig. 3B-J) and this allowed for the identi�cation of arteries and veins, since 
α-SMA is expressed in higher amounts around arteries (characterized by tightly packed 
actin �laments) than veins (with a more di�use and patchy staining, Fig. 3K; (Hughes and 
Chan-Ling, 2004)), and is not expressed around capillaries (data not shown). Of course, 
we cannot infer from these data whether α-SMA expression had any e�ect on the vascular 
remodeling processes that occur in the 2 weeks a�er birth. However, in α-SMA null mice, 
di�erences in retinal vascular patterning were not observed when compared to wildtype 
mice, and all vessels were covered by smooth muscle cells and pericytes, suggesting that 
α-SMA expression is not necessary for the development of a normal retinal vascular pattern 
(Tomasek et al., 2006). Nevertheless, lack of α-SMA expression resulted in altered BRB 
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Figure 3. Expression of a-SMA increases during development. (A) mRNA of a-SMA decreases during 
development. n=7-11 for all time points. Data are depicted as mean±s.d. (B) At P3, a-SMA expression 
(red) is weak and only expressed at the most proximal part of vessels in retinal wholemounts. 
Retinal vessels are stained with isolectin B4 (green). Expression of a-SMA protein increases during 
development in retinal wholemounts at (C) P5, (D) P7, (E) P9, (F) P11, (G) P13, (H) P15, (I) P17 and (J) 
P25. In (A-I), green and red levels were adjusted to improve clarity. (K) In arteries, a-SMA expression 
is strong and characterized by tightly packed actin �laments, whereas a-SMA staining in veins is more 
diffuse and patchy. IB4 = isolectin B4, a-SMA = alpha-smooth muscle actin, a = artery, v = vein. Scale 
bar (B-J) ~ 450 µm. Scale bar (K) = 50 µm.
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Figure 4. Pericytes precede the vascular sprouting front during retinal development. (A) Expression 
of CD13 mRNA in the retina increases during development, and stabilizes around P11. (B) Expression 
of NG2 mRNA is relatively stable during retinal development. n=7-11 for all time points. Data are 
depicted as mean±s.d. (C) At P5, NG2 protein expression (white) is visualized in retinal wholemounts 

function, including increased BRB permeability and decreased retinal function (Tomasek 
et al., 2006). �erefore, the presence of α-SMA appears to be crucial for a fully functional 
BRB.
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(continued) and show pericytes ensheathing arteries, capillaries and veins. (D) At P5, NG2-positive 
cells are in close proximity of tip cells in the retinal sprouting front stained with isolectin B4 (green) 
in the ganglion cell layer. Perivascular NG2 staining is observed in the super�cial vascular plexus, and 
the intermediate and deep capillary layers at P13 (E) and P25 (F). (G) NG2 expression in a retinal artery 
and vein at higher magni�cation. (H) mRNA expression of N-cadherin decreased during development. 
IB4 = isolectin B4, a = artery, cap = capillary, v = vein. Scale bar = 100 µm.

3.4. NG2-positive pericytes invade the retina together with the 
vascular sprouting front during retinal development
Pericytes are required for the formation of the blood-brain barrier and are essential for 
stabilization of mature vessels (Armulik et al., 2010; Daneman et al., 2010). To date, a marker 
that is entirely pericyte-speci�c is not known, and the markers that are currently used may 
di�er in expression during di�erent developmental or pathological stages (Armulik et al., 
2011). Expression of CD13 mRNA, a type II membrane metalloprotease, that is used to 
identify brain pericytes (Kunz et al., 1994), increased during development of the retina, and 
stabilized around P11 (Fig. 4A). NG2 mRNA expression, a chondroitin sulfate proteoglycan 
that is considered to be one of the most reliable pericyte markers (Hughes and Chan-Ling, 
2004; Schlingemann et al., 1990), was relatively stable during development (Fig. 4B). NG2 
protein expression was found at all time points and stained pericytes ensheathing arteries, 
capillaries and veins (Fig. 4C-F). We observed NG2-positive cells in close proximity to the 
vascular tip cells at P5 (Fig. 4D). Perivascular NG2 staining was observed in the super�cial 
vascular plexus, as well as in the descending intermediate and deep capillary layers (Fig. 
4E, F), and was present around all vessel types in the retina (Fig. 4G). mRNA expression 
of N-cadherin, a cell-adhesion molecule which is involved in endothelial cell – pericyte 
interactions (Armulik et al., 2011), initially decreased from P3 to P11, the period associated 
with high angiogenic activity, and stabilized from P11 onwards (Fig. 4H). Together, 
these data suggest that pericytes are present around endothelial tubes during early vessel 
formation, and that they localize in the vicinity of tip cells. �is is not completely in line 
with an earlier report by Fruttiger (2002), who showed by in situ hybridization of PDGFRβ, 
in combination with immuno�uorescence of collagen type IV in retinal wholemounts, 
that pericyte recruitment lagged slightly behind the leading edge of the sprouting network 
(Fruttiger, 2002). However, this discrepancy can be explained by the use of di�erent markers, 
since PDGFRβ-positive cells are co-recruited with angiogenic sprouts when PDGF-B is 
released by angiogenic endothelial cells (Armulik et al., 2011), whereas NG2-positive cells 
have been shown to be activated, extramural pericytes (Schlingemann et al., 1990) which 
may play a role in early stages of angiogenesis (Ruiter et al., 1993). High molecular weight-
melanoma associated antigen (HMW-MAA), the previous name of human NG2, has been 
shown to be a marker of pericytes associated with vascular sprouts and capillaries during 
angiogenesis (Schlingemann et al., 1990; Ruiter et al., 1993).

By recent work the essential role of pericytes in maintaining the integrity of the blood-
brain barrier during development has been well established. Two studies showed that 
absolute pericyte coverage of brain vessels controls relative blood-brain barrier permeability 
(Armulik et al., 2010; Daneman et al., 2010), and that recruitment of pericytes to the vessels 
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temporally correlated with the onset of barrier properties (Daneman et al., 2010). �is is 
not the case in the BRB, where pericytes are already associated with retinal vessels long 
before the BRB is completely functional, which is, in the mice that we investigated, around 
P15 (van der Wijk et al., submitted). In addition, a recent study showed that there was 
no apparent vascular remodeling and leakage a�er pericyte ablation in  the adult retina, 
whereas during postnatal development, pericyte ablation caused severe vascular defects and 
BRB disruption (Park et al., 2017). Nevertheless, in pathological conditions such as diabetic 
retinopathy, early hallmarks are pericyte loss and increased BRB permeability (Hammes, 
2005). �us, in the retina, pericyte recruitment may not be directly and temporally related 
to barrier genesis, but close association of pericytes with retinal vessels may be essential for 
BRB formation and function. 

4. CONCLUDING REMARKS
Here, we provide a spatio-temporal overview of recruitment and maturation of the 
neurovascular unit during development of the mouse BRB. Although the BRB closely 
resembles the blood-brain barrier in terms of function and molecular and cellular 
composition, there are some di�erences in vascular and barrier development. In the retina, 
astrocytes migrate ahead of the vasculature and even provide a template along which the 
retinal vasculature can grow, which is not the case in the brain. In addition, we observed 
NG2-positive extramural pericytes in close proximity to vascular tip cells. Moreover, 
pericytes are associated with retinal vessels before the BRB is functional, whereas the timing 
of barrier genesis in the brain has been temporally correlated with pericyte recruitment. 
Considering the astrocytic template, and the fact that the pericyte-to-endothelial ratio 
is even higher in the retina than it is in the brain (Stewart and Tuor, 1994), we suggest 
that perivascular cells may be of greater importance in the retina, when compared to the 
brain. Together, our data indicate that recruitment of all cell types of the neurovascular 
unit is a prerequisite for proper retinal vascularization, and that a functional BRB is formed 
a�er maturation of the neurovascular unit. In the mouse, a functional BRB is completed 
around the time of eye opening and may be required for the increased sensory input which 
accompanies vision.
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ABSTRACT
Insight into the molecular and cellular processes in blood-retinal barrier (BRB) 
development, including the contribution of paracellular and transcellular pathways, is still 
incomplete, but may help to understand the inverse process of BRB loss in pathological eye 
conditions. In this comprehensive observational study, we describe in detail the formation 
of the BRB at the molecular level in physiological conditions, using mice from postnatal 
day (P)3 to P25. Our data indicate that immature vessels already have tight junctions, but 
that the BRB is functional from P15 onwards. Expression of the endothelial cell-speci�c 
protein plasmalemma vesicle-associated protein (PLVAP), that is known to be involved 
in transcellular transport and associated with BRB permeability, decreased during 
development and was absent when a functional barrier was formed. Moreover, with the use 
of transgenic heterozygous Plvap mice, we show that PLVAP is involved in the formation of 
both the retinal vasculature and the BRB. 
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INTRODUCTION 
Homeostasis of the neural retina is maintained by the blood-retinal barrier (BRB), formed 
by the neurovascular unit consisting of endothelial cells of the retinal capillaries, pericytes 
and glial cells (1, 2). In humans, the retinal vasculature develops around mid-gestation 
(3). Initially, this vasculature lacks a functional BRB, which is formed during further 
di�erentiation to mature endothelium. In pathological conditions such as diabetic macular 
edema, the acquired BRB properties are lost in the adult retina (4), causing blindness. �e 
molecular and cellular events in BRB development are poorly understood, but may help 
to understand the events in BRB loss. In fact, such understanding may even enable the 
development of alternative treatment strategies for pathological eye conditions involving 
BRB loss. 

We have previously identi�ed a speci�c set of genes that is associated with BRB integrity 
(5). �e most important were either genes involved in paracellular transport (claudin-5 and 
occludin), or vesicular/transcellular transport-related genes caveolin-1 and plasmalemma 
vesicle associated protein (PLVAP, or PV-1). In the brain, expression of the endothelial cell-
speci�c protein PLVAP is negatively correlated with blood-brain barrier (BBB) function (6, 
7), and PLVAP protein is not detected when a functional BBB is formed (8, 9). PLVAP is also 
absent in mature barrier endothelium of the BRB and the testis (10, 11). Conversely, PLVAP 
is upregulated in monkey retina a�er intravitreal injections of vascular endothelial growth 
factor (VEGF), a major inducer of BRB breakdown (12, 13). Moreover, increased PLVAP 
expression in capillaries is associated with loss of the BBB in brain tumors (7, 14) and of the 
BRB in human patients with diabetic retinopathy (15). 

PLVAP is a structural component of fenestral and stomatal diaphragms on fenestrae, 
caveolae and trans-endothelial channels (16). Recent generation of Plvap-de�cient mice 
highlighted the structural role of PLVAP in the maintenance of size-selective permeability in 
fenestrated endothelia (17, 18). In fact, Plvap-de�cient mice that survive postnatally, showed 
growth retardation and anemia (17), and selective loss of plasma proteins with subsequent 
edema and dyslipidemia, eventually leading to a lethal, protein-losing enteropathy (18). 
Crucially, a human form of PLVAP de�ciency caused by a nonsense mutation in the Plvap 
gene resulted in a nearly identical disease pro�le to that observed in Plvap-de�cient mice, 
and was characterized by hypoproteinemia, hypoalbuminemia, and hypertriglyceridemia 
(19). �ese observations indicate that in non-barrier endothelium, PLVAP prevents 
excessive protein leakage into tissues, a function that is apparently not needed in a patent 
BBB or BRB. In addition to this structural role of PLVAP in non-barrier vessels, our group 
has demonstrated that PLVAP is actively involved in BRB loss (20), and also has a key role 
in physiological and pathological angiogenesis (manuscript in preparation).

In the present observational study, we give a comprehensive overview of the 
development of the BRB in mice, with respect to paracellular and transcellular transport 
and VEGF signaling. Moreover, we focus on the role of PLVAP in this process and with the 
use of transgenic heterozygous Plvap mice (Plvap+/-), we show that PLVAP is involved in the 
formation of the retinal vasculature and the BRB.
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MATERIALS AND METHODS

Generation of transgenic mice
Animal experiments were performed with the approval of the Animal Ethics Committee 
of the University of Amsterdam and in compliance with the Association for Research in 
Vision and Ophthalmology (ARVO) Statement for the Use of Animals in Ophthalmic and 
Vision Research. 

Plvap+/- mice were generated by targeting exon 1 on the Plvap locus by homologous 
recombination in strain 129/SvEvBrd-derived embryonic stem cells. �e chimeric mice 
were bred to C57BL/6-Tyrc-Brd albino mice to generate F1 heterozygous animals. �is 
progeny was intercrossed to generate F2 wildtype, heterozygous, and homozygous mutant 
progeny. �e B6;129S5-Plvaptm1LEX/Mmucd mice were imported from the Mutant Mouse 
Regional Resource Center (MMRRC; Davis, CA) and further bred in the animal facility at 
the Animal Research Institute of the Academic Medical Center (ARIA). Because complete 
knockout of Plvap results in the majority of cases in in utero and perinatal mortality, and 
the homozygous Plvap mice that do survive showed postnatally a very strong phenotype 
and died within 2 to 4 weeks, we used heterozygous Plvap mice (Plvap+/-), which have 
signi�cantly decreased Plvap expression (Fig. S1), and no apparent systemic phenotype (17, 
18). 

To study the development of the BRB, neonatal (wildtype) mice were killed on postnatal 
days (P)3, P5, P7, P9, P11, P13, P15, P17, P25 with an intracardial injection of ketamine-
medetomidine-atropine for young mice (until P13), older mice were euthanized with 
CO2 asphyxiation. Heterozygous littermates were killed on P5, 9, 13 and 25. Eyes were 
enucleated and either snapfrozen in liquid nitrogen (for qPCR or immunohistochemistry) 
or processed immediately for retinal wholemount staining. 

Genotyping
Genotyping was performed by PCR analysis, using Fw and Rv primers (5’ – 
TCCTCTTCGTGTCGCTCATTCAG and 5’ – CTTACCAGGTCGCCTTGGCAC), 
resulting in a 289 bp PCR fragment for the wildtype allele and Fw and Rv primers (5’ – 
GTTGCATGTACTACACCAGG and 5’ – GCAGCGCATCGCCTTCTATC), resulting in a 
395 bp fragment for the targeted allele. Genomic DNA was obtained from toes. Genomic 
DNA was isolated using the quick and dirty protocol according to Truett et al. (21). PCR 
analysis was performed with GoTaq® Hot Start Green Master Mix (Promega, Leiden, �e 
Netherlands) containing GoTaq® Hot Start Polymerase, dNTPs, MgCl2 and reaction bu�ers 
in 25 µl reaction volumes. �e cycling conditions consisted of hot start initiation at 94 ºC 
for 5 min, followed by denaturation for 15 sec at 94 ºC, annealing for 30 sec at 60 ºC and 
elongation for 40 sec at 72 ºC, for 40 cycles. 

Western blot analysis
Protein was extracted from kidney samples on ice by homogenizing the tissue in RIPA 
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bu�er (�ermoFisher, Landsmeer, �e Netherlands) supplemented with protease 
inhibitors. Insoluble constituents were removed by centrifugation for 10 min at 4 ºC, at 
maximum speed. For western blot analysis, 50 µg protein was subjected to SDS-PAGE on 
a precast gradient gel (Bio-Rad, Veenendaal, �e Netherlands) and transferred to a PVDF 
membrane (Merck Millipore, Amsterdam, �e Netherlands) by wet blotting. A�er blocking 
for 1 h with 5% BSA in tris-bu�ered saline with 0.05% Tween20 (TBS-T), membranes were 
incubated overnight at 4 ºC with rat anti-pan ECA (MECA-32) IgG2a antibody (Santa Cruz 
Biotechnology, Santa Cruz, CA), diluted 1:500 in 5% BSA in TBS-T. A�er washing in TBS-T, 
membranes were incubated for 1 h at room temperature with rabbit anti-rat-HRP (Dako, 
Heverlee, Belgium), diluted 1:10.000 in 0.5% BSA in TBS-T. Membranes were washed 
twice in TBS-T and once in TBS, incubated for 5 min with chemiluminescent substrate 
(SuperSignal™ West Pico Chemiluminescent Substrate, �ermoFisher) and visualized on an 
ImageQuant™ LAS 4000 Imager (GE Healthcare, Eindhoven, �e Netherlands).  

RNA isolation and mRNA quanti�cation
Retinas (at least 6 to 8 retinas per group) were treated by hypotonic lysis to enrich for retinal 
vessels (22). Each retina was incubated in 1 ml sterile water for 2 h at 4 ºC. Next, retinas 
were spun down and sterile water was replaced with sterile water containing 40 µg DNase I 
(Life Technology, Breda, �e Netherlands) and le� for 5 min at room temperature. Retinas 
were spun down, supernatant was removed and the retinal vessels were resuspended in 500 
µl TRIzol reagent (Invitrogen, Bleiswijk, �e Netherlands) and stored in -20 ºC until further 
processing. Total RNA was isolated according to the manufacturer’s protocol and dissolved in 
RNAse-free water. RNA yield was measured using a NanoDrop spectrophotometer (�ermo 
Scienti�c, Wilmington, DE) and 1 µg of RNA was treated with DNAse-I (Invitrogen) and 
reverse transcribed into �rst strand cDNA with Maxima First Strand cDNA Synthesis Kit 
(�ermoFisher). Real-time quantitative PCR was performed on 20x diluted cDNA samples 
using a CFX96 system (Bio-Rad, Hercules, CA) as described previously (5). Speci�city of 
the primers was con�rmed by NCBI BLAST. �e presence of a single PCR product was 
veri�ed 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 speci�city of the primers. Relative gene expression was calculated using 
the equation: R = E-Ct, where E is the mean e�ciency of all samples for the gene being 
evaluated and Ct is the cycle threshold for the gene as determined during real-time PCR. 
Primer e�ciencies (E) were determined with LinRegPCR so�ware (23) and ranged from 
1,817 to 1,979. PCR products that did not show a single melting temperature peak were 
excluded from analysis. Expression data was normalized by the global mean normalization 
method using expression data of all tested genes (24). 

Retinal wholemount and cryostat section staining
Enucleated mouse eyes were washed in PBS and �xed in 4% paraformaldehyde for 5 min, 
transferred to 2x PBS for 10 minutes and retinas were dissected in PBS. Isolated retinas 
were post-�xed in methanol and stored in -20 ºC until further use. For immuno�uorescent 
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staining, retinas were brie�y washed in 2x PBS and incubated in wholemount-blocking 
bu�er (1% fetal calf serum, 3% TritonX-100, 0.5% Tween20, 0.2% sodium azide in 2x PBS) 
for 2 h at room temperature. Next, retinas were incubated overnight with the following 
antibodies: rabbit-anti-claudin-5 (diluted 1:250, Cat # 34-1600, �ermoFisher), Isolectin 
B4 (Alexa Fluor-488 labeled, diluted 1:30, Cat # I21411, Invitrogen) or rat-anti-MECA-32 
(diluted 1:100, Cat # 553849, BD Pharmingen, Breda, �e Netherlands) diluted in 
wholemount blocking bu�er. A�er 3 wash steps (3 times 30 min in wholemount blocking 
bu�er), secondary antibody was added for 2-3 h (diluted 1:100, goat-anti-rabbit Alexa Fluor-
633, goat-anti-rabbit Cy3 or goat-anti-rat Cy3; Invitrogen) diluted in wholemount blocking 
bu�er. When retinas were stained with rat-anti-MECA-32, 2% normal mouse serum was 
added to the secondary antibody mix. A�er overnight washing in wholemount blocking 
bu�er, retinas were mounted on glass and covered in Vectashield (Vector Laboratories, 
Burlingame, CA). All staining procedures were performed under gentle agitation at room 
temperature. For staining of the cryostat sections, the samples were �xed for 10 min with 
4% paraformaldehyde, permeabilized for 10 min with 0.2% TritonX-100 and blocked for 
1 h with 10% normal goat serum. Staining was done in wholemount blocking bu�er with 
rabbit-anti-mouse IgG (Dako) or rabbit-anti-�brinogen (Abcam) for 2 h, followed by 
secondary antibody incubation (goat-anti-rabbit Cy3) for 1 h.

Images of wholemounts were taken at the central (at the site of the optic nerve head), 
middle and peripheral retina and were recorded using a confocal laser scanning microscope 
SP8 (Leica Microsystems, Wetzlar, Germany) with a 20x or 63x objective at the Cellular 
Imaging Core Facility of the Academic Medical Center. Speci�city of the staining was 
checked by absence of �uorescent signal in samples where primary antibody was omitted. 

For quanti�cation of vascular density, x-y-sections at the super�cial, intermediate and 
deep layer were taken at 4 regions around the central retina (starting at the optic nerve head) 
and measurements of these regions were averaged per retina. Images were thresholded and 
binarized with Matlab (version R2015a; MathWorks, Natick, MA) from which vascular 
coverage was determined (ratio of black pixels to total amount of pixels). 

Modi�ed Miles’ assay in the skin
Mice (n=5 per group) were anesthetized with an intraperitoneal (i.p.) injection of 
ketamine-medetomidine-atropine mix, directly followed by an i.p. injection with 150 µl 
Evans Blue dye (EB; 30 mg/ml; Sigma Aldrich, Zwijndrecht, �e Netherlands). �e back 
skin was shaved, EB was allowed to circulate for 20 min and then mrVEGF164 (200 ng; 
Sanquin, Amsterdam, �e Netherlands) and histamine (500 ng; Sigma Aldrich) in 25 µl 
PBS were injected intradermally into �ank skin. PBS (25 µl) was used as negative control 
and injections were performed in duplo. A�er 20 min, mice were euthanized with an 
overdose of pentobarbital (250 mg/kg) and the tissue containing extravasated EB dye was 
harvested with an 8 mm biopsy puncher and incubated for 18 h in 200 µl formamide at 70 
ºC. Extracted EB was quanti�ed using a spectrophotometer (BMG POLARstar; MTX Lab 
Systems, Bradenton, FL) set at 650 nm. Measurements from skin were normalized to EB 
circulating in the bloodstream taken from a cardiac puncture. To correct for di�erences 
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between the experiments, factor correction was applied using Factor Correction so�ware 
v2015.2.0.0 (25).

Transmission electron microscopy (TEM) of mouse eyes
Eyes were harvested and immersion �xed in McDowell phosphate bu�er. To facilitate entry 
of the �xative into the eye, eyes were punctured with a 29 gauge needle and the cornea was 
cut o�. Samples were processed for routine TEM, as described in Wisniewska-Kruk et al., 
2016. Ultrathin sections of 80 nm were examined with a FEI Technai-12 G2 Spirit Biotwin 
microscope and micrographs were taken with a Veleta TEM camera (Emsis; Münster, 
Germany) using Radius acquisition so�ware (Emsis) at a magni�cation of 30.000x at the 
Cellular Imaging Core Facility of the Academic Medical Center. �e images were quanti�ed 
with iTEM so�ware (Olympus So� Imaging Solutions; Olympus, Tokyo, Japan). �e number 
of caveolae in endothelial cells was manually counted on the luminal and abluminal side in 
retinal capillaries in the inner or outer plexiform layer, and expressed per µm endothelial 
cell wall. A total of 54 capillaries was analyzed for WT mice (n=2), and 49 capillaries for 
HET mice (n=4).  

Statistics
Data are depicted as mean ± standard deviation (s.d.). Di�erences between groups were 
tested using a Mann-Whitney U test for nonparametric data or ANOVA with post-hoc 
Bonferroni’s test, where appropriate. Di�erences were considered statistically signi�cant 
when P ≤ 0.05. Statistical analyses and graphing were performed using GraphPad Prism 6 
(GraphPad So�ware Inc., La Jolla, CA) so�ware.

RESULTS

Development of the murine retinal vasculature
As previously described (26), retinal vascularization in the murine eye started with the 
growth of a super�cial vascular network in the ganglion cell layer. Vascularization started 
at the optic nerve head and grew radially outwards where it reached the periphery of the 
retina around P7 (Fig. S2A-C). �e intermediate and deep capillary layers in the inner and 
outer plexiform layers developed by sprouting angiogenesis from the capillaries around 
retinal veins in the super�cial plexus, starting around P7 (Fig. S2C, D-G). In the �rst 2 
weeks a�er birth, the super�cial vasculature remodeled from a very dense capillary-like 
meshwork to a highly organized hierarchical patterning of arteries, capillaries and veins. 
�e deep capillary plexus was more or less formed and connected at P13, whereas the 
intermediate layer was still in the process of connecting at that time point (Fig. S2E). At 
P25, all 3 vascular layers were formed and connected (Fig. S2F, H). 
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A functional BRB is formed around P15
To assess at what time point the BRB was functional, we performed an immunohistochemical 
staining for plasma protein IgG, as an endogenous marker of protein leakage, on cryostat 
sections of mouse eyes at di�erent postnatal ages. In mature and functional barrier 
endothelium, plasma proteins are con�ned to the lumen of the vessels, whereas extravasation 
of plasma proteins indicates an immature or leaky barrier (12). In the �rst postnatal weeks, 
IgG was localized in and around the super�cial vessels in the ganglion cell layer, indicating 
leakage of the protein out of the vessels (Fig.1). At P13, there were still vessels with IgG 
around them, but also vessels where IgG was con�ned to the vessel lumen. In contrast, 
from P15 onwards IgG was con�ned to the vessels in the inner retina, which suggests that 
at this time point, the BRB was closed and hence, functional (Fig.1). Similar results were 
obtained with �brinogen (data not shown). Staining of IgG in the choriocapillaris can be 
regarded as a positive control of plasma protein leakage at all time points (Fig.1), since the 
choriocapillaris consists of fenestrated endothelium and is known to be highly permeable 
(10). 

Endothelial junction gene expression is sequentially regulated 
during BRB formation 
Endothelial cells of the BBB and BRB are known to form a tight barrier with limited 
paracellular and transcellular transport, to strictly maintain homeostasis of the neural 
tissue. In pathological BRB loss, increased paracellular leakage through disruption of tight 
and adherens junctions is one of the known mechanisms (4, 27). In line with this, during 
development, expression of VE-cadherin (VE-cad), occludin and claudin-5 mRNA levels 
increased in retinal vessels from neonatal mice (Fig. 2A). VE-cad and occludin mRNA 
levels almost doubled from P3 to P5, and VE-cad levels increased until P11, from where 
it showed a marked decrease. Occludin peaked at P17 and was almost 5-fold higher as 
compared to P3. Claudin-5 started to increase from P5 onwards and peaked at P15. mRNA 
levels of ZO-1 and β-catenin, which is involved in Wnt-signaling but also part of adherens 
junctions, showed a relative decrease over time. When comparing the abundance of the 
tight and adherens junction components (based on arbitrary units, see Methods section), 
claudin-5, ZO-1 and β-catenin were present at relatively high levels already at P3, whereas 
VE-cad and occludin were less abundant (Fig. 2A). Moreover, staining of retinal vessels 
in wholemounts con�rmed that claudin-5 protein was present at all time points (Fig. 2B) 
and in all 3 vascular plexi (data not shown). At P5, claudin-5 protein was localized at 
the cell membranes and in the cytoplasm. �e cell membrane localization appeared less 
pronounced as compared to later time points (Fig. 2C). �ese data indicate that expression 
of tight and adherens junctions is temporally regulated, and that already at P5 the immature 
vessels have tight junctions, before a functional BRB is formed. 
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Figure 1. Leakage of the plasma protein IgG in the retina during BRB development. Retinal cryostat 
sections were stained for IgG (red), endothelial cells (isolectin B4; green) and nuclei (DAPI; blue). In 
the �rst postnatal weeks, leakage of IgG from the vessels occurred in the retinal ganglion cell layer, 
whereas at P15, IgG was con�ned to the lumen of blood vessels. RGC = retinal ganglion cell layer, 
IPL = inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, ONL = outer nuclear 
layer, Ch = choriocapillaris. Scale bar = 100 µm.
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PLVAP expression in the retinal vasculature decreases during BRB 
development 
During BRB development, we observed a decrease in Plvap mRNA levels over time, with 
a signi�cant decrease from P3 to P9, and virtually no expression from P9 onwards (Fig. 
3A). Immunolocalization of PLVAP protein was visualized using the monoclonal MECA-32 
antibody in retinal wholemounts. PLVAP protein expression followed a similar pattern as 
Plvap mRNA transcript levels over time (Fig. 3B). PLVAP expression was high at P3 and P5 
and decreased until immunoreactivity of PLVAP protein was absent in retinal wholemounts 
at P17 and P25. At early time points, PLVAP was expressed in all retinal vessels, i.e. arteries, 
capillaries and veins. However, PLVAP was not expressed in the �lopodia of tip cells at 
the vascular sprouting front (Fig. 3C). Expression was highest in the super�cial vascular 
plexus and a low signal was observed in the deep capillary plexus at P9 (data not shown). 
�ese data indicate a negative relationship between PLVAP expression and formation of the 
barrier. 

Figure 2. Expression of tight junctions increases during BRB development. (A) mRNA levels of VE-
cadherin, b-catenin, occludin, ZO-1 and claudin-5 in the retinal vasculature from P3 to P25. n=7-11 
for all time points. Data are depicted as mean±s.d. (B) Protein expression of claudin-5 (grey) in retinal 
wholemounts was present at all ages. Scale bar = 200 µm. (C) At P5, claudin-5 was localized at the 
cell membrane, and its membrane expression increased on later time points. Retinal veins are shown. 
Scale bar = 10 µm (P5) and 50 µm (P25).
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Reduced PLVAP expression delays retinal vascularization at P5, but 
does not a�ect retinal vascular density at later time points
To further investigate the role of PLVAP in barrier endothelium, we made use of transgenic 
Plvap mice. To con�rm that Plvap+/- mice have less PLVAP, we checked mRNA and protein 
levels in kidneys, and observed signi�cantly reduced PLVAP expression in Plvap+/- mice 
as compared to wildtype (Fig. S1A-C). We assessed whether PLVAP is necessary for the 
formation of the vascular network in the retina by comparing retinal vascularization at 
P5, P9, P13 and P25 in wildtype and Plvap+/- mice. We recently observed that decreased 
expression of PLVAP leads to reduced migration, sprouting and tip cell numbers in vitro, 
and that sprouting endothelial cells in the retina in Plvap+/- mice have less �lopodia at P5 
as compared to wildtype controls (manuscript in preparation). In the present study, we 
found that retinal vascularization was delayed in Plvap+/- mice at P5, with 58.0±10.1% of 
the retina vascularized in wildtype animals, versus 44.0±9.3% in Plvap+/- mice (P<0.05; Fig. 
S3A-C). Despite this delay at P5, vascularization of the Plvap+/- retina followed essentially 
the same pattern as that of wildtype mice, with a fully vascularized retina at P25 (Fig. 
S3D-G). Quanti�cation in the central retina showed that vascular density of the super�cial, 
intermediate and deep layers was not a�ected by reduced PLVAP expression at P9 and P13 

Figure 3. Retinal Plvap expression decreases during BRB development. (A) Plvap mRNA levels were 
highest at P3 in the retinal vasculature and decreased from P3 to P25; n=7-11 for all time points. Data 
are depicted as mean±s.d. (B) Immunolocalization of PLVAP protein was visualized using MECA-32 
antibody (grey) in retinal wholemounts. Isolectin B4 (IB4, green) was used to stain the retinal vessels. 
PLVAP expression decreased over time. Scale bar = 200 µm. (C) PLVAP was not expressed in the 
�lopodia of tip cells. White line outlines MECA-32 expression (outlined with magic wand tool in 
ImageJ) and white arrows indicate �lopodia. Images are captured of a retina at P3. Scale bar = 40 µm.
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(Fig. S4A, B). �ere was a trend towards a less dense vasculature in Plvap+/- mice at P25, but 
this did not reach statistical signi�cance (Fig. S4C). However, a closer examination of the 
fully vascularized retinas (≥P25) revealed that, instead of capillaries branching o� of veins 
in the super�cial vascular plexus to form the parallel intermediate and deep capillary layers, 
the retinal vein itself traversed across the di�erent retinal layers in a number of eyes, ending 
in the deep capillary layer. �is was more o�en the case in Plvap+/- mice (20.6% of veins, 
2.7% of arteries) than in wildtype mice (9.8% of veins, 3.3% of arteries; Table S1, Video S1). 
Taken together, these data indicate that reduced PLVAP expression during development 
does not a�ect vascular density in the retina eventually, but does have a temporary e�ect 
on vascular growth, and on the spatial distribution of veins in the fully developed retina. 

Reduced PLVAP expression a�ects retinal tight junctions
To determine whether reduced PLVAP expression during development a�ects BRB 
formation, we selected 3 crucial time points (P5, P13 and P25), to compare expression 
of BRB-speci�c components of wildtype and Plvap+/- mice. At P5, the super�cial retinal 
vasculature was still extending from the central retina to the periphery. At P13, the deep 
capillary layer was formed, and at P25, the formation of all 3 vascular plexi was complete. At 
all ages, no Plvap mRNA was detected in the retinal vasculature of Plvap+/- mice (Fig. 4A), 
whilst PLVAP protein was present at P5, but not at P13 and P25 (Fig. 4B). 

�e mRNA expression of tight and adherens junction genes followed the same pattern 
over time in wildtype and Plvap+/- mice, e.g., VE-cad increased from P5 to P13, but then 
decreased again between P13 and P25, and occludin expression increased (Fig. 4C-F). 
However, when compared to wildtype mice, VE-cad mRNA levels were lower in Plvap+/- 
mice at all time points (Fig. 4C), and there were no di�erences in β-catenin expression 
levels between wildtype and Plvap+/- mice (data not shown). In contrast, occludin mRNA 
levels at all three time points, and ZO-1 at P25 were higher in Plvap+/- mice (Fig. 4D, E). 
Whereas claudin-5 mRNA levels were lower at all time points in Plvap+/- mice (Fig. 4F), 
protein expression of claudin-5 at P5 and P25 did not appear much di�erent (Fig. 4G, H). 
�ese data indicate that PLVAP directly or indirectly a�ects gene expression of endothelial 
junctions, which may a�ect paracellular permeability.

Reduced PLVAP expression a�ects BRB transport mechanisms
PLVAP is a structural component of caveolae (16), and is involved in transcellular transport 
(20). �e levels of caveolin-1, the primary structural protein of caveolae (28), increased over 
time in the retinal vasculature, but levels were similar in Plvap+/- and wildtype mice, both at 
the mRNA (Fig. 5A) and protein level (Fig. 5B). However, several other molecules involved 
in transcellular (caveolar) transport were increased in Plvap+/- mice. Dynamin-1 and -2, 
essential for the �ssion of plasma membrane caveolae to form free transport vesicles (29) 
and Pacsin2, involved in the formation of caveolae (30), were increased in Plvap+/- mice at 
P25 (Fig. 5C, D, E). Expression of �otillin-1 and -2 (Flot1 and -2, respectively), 2 membrane-
associated proteins  involved in endocytosis that are expressed in the mouse retina (5, 31), 
also showed higher mRNA expression at P5 (Flot1) or all time points (Flot2) as compared 
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Figure 4. Reduced PLVAP expression affects retinal tight junctions. (A) Plvap mRNA was not detected 
in retinal vasculature of Plvap+/- mice (HET), whereas expression levels were signi�cantly higher in 
wildtype mice (WT) at P5 and P13. (B) PLVAP protein expression was visualized in retinal wholemounts 
of HET mice using MECA-32 (grey) and isolectin B4 (IB4, green) at P5, P13 and P25. Scale bar = 
100 µm. mRNA levels of VE-cadherin (C), occludin (D), ZO-1 (E) and claudin-5 (F) in the retinal 
vasculature in WT and HET mice at P5, P13 and P25; n=7-8 for both groups at each time point. Data 
are depicted as mean±s.d. *P<0.05, **P<0.01, ***P<0.001. Protein expression of claudin-5 (grey) 
in retinal wholemounts of WT and HET mice at P5 (G) and P25 (H). Scale bar = 50 µm (P5 and P25).
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Figure 5. Reduced PLVAP expression affects BRB transport mechanisms. (A) mRNA levels of caveolin-
1 in the retinal vasculature of Plvap+/- (HET) and wildtype (WT) mice. (B) Caveolin-1 protein expression 
(grey) was similar in retinal wholemounts of HET and WT mice at P5 and P25. a = artery, v = vein. 
Scale bar = 100 µm. mRNA levels of �ot-1 (C), �ot-2 (D), dynamin-1 (E), dynamin-2 (F), pacsin-2 (G), 
mfsd2a (H), and Glut-1 (I) in the retinal vasculature of WT and HET mice of P5, P13 and P25; n=7-8 for 
both groups at each time point. *P<0.05, **P<0.01, ***P<0.001. Data are depicted as mean±s.d. 
Leakage of IgG from retinal vessels at P5 (J) and P25 (K) was similar in WT and HET mice. Scale bar = 
100 µm (P5) and 50 µm (P25).
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to wildtype mice (Fig. 5F, G). In contrast, Msfd2a, a known suppressor of transcytosis in 
BBB and BRB formation (32, 33), was signi�cantly less expressed in Plvap+/- mice at all time 
points (Fig. 5H). In addition, mRNA levels of the glucose transporter Glut1 (an indicator 
of BBB function and development; 34), were signi�cantly lower in Plvap+/- mice at all time 
points (Fig. 5I). Although above results suggest a compromised transcellular transport, IgG 
staining in retinal cryostat sections was similar in wildtype and Plvap+/- mice at P5 and P25 
(Fig. 5J, K). Together, these data indicate that decreased PLVAP levels during development 
lead to altered expression of molecules involved in (caveolar) transport, without functional 
changes in protein permeability as shown by IgG leakage patterns. 

PLVAP expression does not a�ect the number of caveolae in the 
retina
Given the changes in components of caveolae-dependent transport in Plvap+/- mice, we 
compared retinal capillaries in the inner and outer plexiform layer of wildtype and Plvap+/- 
mice at the ultrastructural level. In human retinal explants, we previously showed that 
knockdown of PLVAP expression blocked the formation of caveolae a�er VEGF stimulation, 
but that basal levels of caveolae in endothelial cells were not a�ected (20). In line with 
this, we did not �nd any di�erences in the number of abluminal and/or luminal caveolae 
between wildtype and Plvap+/- mice (Fig. 6A-C). In both groups, there was a paucity of 
endothelial caveolae, and there were more located on the abluminal side as compared to the 
luminal side (Fig. 6C). 

Figure 6. PLVAP expression does not affect the number of caveolae in the retina. Caveolae were 
observed at the abluminal and luminal side of endothelial cells in wildtype (WT) (A) and Plvap+/- (HET) 
(B) mice at P30, as shown on the ultrastructural level with transmission electron microscopy. (C) 
Quanti�cation of the number of caveolae per µm in retinal capillaries at the luminal and abluminal 
side in WT and HET mice. Data are depicted as mean±s.d. ***P<0.001. EC = endothelial cell, p 
= perivascular cell, LB = lamina basalis, TJ = tight junction, L = lumen, N = nucleus, large arrow = 
abluminal caveolae, small arrow = luminal caveolae. Scale bar = 500 nm.
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VEGFR expression during retinal vascularization 
VEGF signaling is a main driver of angiogenesis during development and of 
neovascularization in pathological conditions, such as proliferative diabetic retinopathy 
(1). In addition, PLVAP expression is regulated by VEGF in a VEGF receptor 2 (VEGFR2)-
dependent manner (35). In developing retinal vessels of wildtype mice, we found similar 
patterns of mRNA levels of VEGFR2 (Kdr) and its co-receptors Nrp1 and Nrp2, with high 
expression at P3 and a decrease over time (Fig. 7C,G,I), and this pattern matched the 
pattern of Plvap expression (Fig. 3A). In contrast, VEGFR1 (Flt1) expression was low at 
P3 but showed a steep increase over time, with high expression at P25 (Fig. 7A). VEGFR3 
(Flt4) expression was more capricious, starting low at P3 but increasing erratically over 
time (Fig. 7E). mRNA levels of Vegfa started o� high and decreased over time in the retinal 
vasculature of wildtype mice (Fig. 7K). �e expression patterns of VEGFR1, -2, -3, Nrp1 
and -2, and Vegfa were similar in Plvap+/- and wildtype mice (Fig. 7B,D,F,H,J,L). However, 
at P25, Vegfa expression was signi�cantly higher in retinal vessels of Plvap+/- mice, whereas 
VEGFR2 and -3 (at P5 and P13) and Nrp1 expression (at all time points) were lower. �is 
suggests that during development VEGF signaling is di�erent in Plvap+/- mice as compared 
to wildtype mice.

Reduced PLVAP levels protect against VEGF- and histamine-induced 
vascular leakage in continuous endothelium
Previously, we have shown that knockdown of PLVAP prevents both VEGF-induced 
permeability in an in vitro model of the BRB, and hypoxia-induced retinal vascular leakage 
in an in vivo mouse model (20). To assess whether reduced PLVAP expression protects 
Plvap+/- mice from VEGF-induced vascular leakage, we performed a modi�ed Miles assay 
using the dorsal skin, which has continuous, non-fenestrated endothelium, but contains 
caveolae with stomatal diaphragms (17). Evans Blue extravasation under basal (PBS-
injected) conditions was similar in wildtype and Plvap+/- mice (Fig. 8A. B). Histamine, a 
known inducer of vascular leakage (36) but not of PLVAP expression, was used as a positive 
control. In wildtype mice, VEGF (200 ng) and histamine (500 ng) both caused increased 
extravasation of Evans Blue, although this increase did not reach statistical signi�cance for 
VEGF (P=0.06). In accordance with our previous results, VEGF injections did not result in 
increased vascular leakage in Plvap+/- mice (Fig. 8A, B), con�rming the necessity of PLVAP 
in VEGF-induced vascular leakage. Unexpectedly, histamine-induced vascular leakage was 
also decreased in Plvap+/- mice (Fig. 8A, B), indicating that PLVAP may also be downstream 
of histamine signaling, and that PLVAP is necessary for histamine-induced leakage. 
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Figure 7. Expression of VEGFR1, -2, -3, NRP1, -2 and VEGF-A during retinal vascularization in 
wildtype (WT) and Plvap+/- (HET) mice. mRNA levels of VEGFR1 (A), VEGFR2 (C), VEGFR3 (E), NRP1 
(G), NRP2 (I) and VEGF-A (K) in the retinal vasculature of WT mice from P3 to P25; n=7-11 for all 
ages. mRNA levels of VEGFR1 (B), VEGFR2 (D), VEGFR3 (F), NRP1 (H), NRP2 (J) and VEGF-A (L) in the 
retinal vasculature of WT and HET mice at P5, P13 and P25; n=7-8 for both groups at each time point. 
*P<0.05, **P<0.01. Data are depicted as mean±s.d.
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Figure 8. Reduced PLVAP levels protect against VEGF- and histamine-induced vascular leakage. A 
modi�ed Miles assay was performed in the dorsal skin of Plvap+/- (HET, n=5) and wildtype (WT, n=5) 
mice treated with VEGF (200 ng), histamine (500 ng) and PBS as a control. (A) In WT mice, histamine 
and VEGF caused increased extravasation of Evans Blue (EB), which was not the case in HET mice. 
**P<0.01. Data are depicted as mean±s.d. (B) Representative images of skin injected with PBS, VEGF 
or histamine in WT and HET mice.

DISCUSSION
Here, we conducted a comprehensive study using neonatal mice from P3 to P25 to describe 
all aspects of BRB development, with a special focus on PLVAP. We show that PLVAP 
expression decreases during BRB formation, and that it is absent when a functional barrier 
is formed. Moreover, using Plvap+/- mice, we show that PLVAP is necessary for retinal 
vascularization during early development and that vascular permeability mechanisms and 
VEGF signaling are a�ected in Plvap+/- mice. 

One of the limitations of this study is that we report mainly data on mRNA expression, 
which may not necessarily result in di�erences in protein levels and cannot be readily 
correlated to functional di�erences. For instance, mRNA levels at P5 and P25 for claudin-5 
were more or less similar, whereas there was still IgG extravasation in the retina at P5, but 
not at P25 and thus, mRNA levels cannot be correlated to IgG leakage. In addition, claudin-5 
protein was already clearly present at P5, and located at the tight junctions. Furthermore, 
our study is largely observational and descriptive in nature. However, since our knowledge 
of cellular and molecular development of the BRB is still incomplete, exploratory research 
as this study is needed in order to design subsequent studies focused on the mechanisms 
at play. Lastly, we have made use of genetically modi�ed mice, in which the full knockout 
condition has a major systemic phenotype and is o�en embryonically lethal. �erefore, we 
used heterozygous mice for our experiments, which has the advantage that these mice, to 
our knowledge, do not have systemic defects (Stan et al., 2012; Herrnberger et al., 2012). 
Heterozygous mice express PLVAP during development, albeit much less than wildtype 
mice, therefore the e�ects we observed may be even greater when PLVAP is completely 
ablated. However, a conditional PLVAP knockout in which PLVAP expression can be 
temporally silenced would be even more valuable to further study the role of PLVAP in 
barrier endothelium, as systemic and compensatory e�ects can be minimized in such a 
model.
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Taking a closer look at the maturation of the BRB, we found that mRNA levels of the 
tight junction genes claudin-5 and occludin increased over time. From our analyses, it 
appeared that claudin-5 and occludin expression stabilized in the third postnatal week, 
con�rming previous studies (37). In contrast, ZO-1 and β-catenin showed a decrease over 
time, and VE-cad peaked around P11 and then decreased as well. �is points towards 
temporal di�erences in the recruitment of di�erent components to form the tight and 
adherens junctions. Indeed, it has been shown that adherens junctions precede tight 
junctions at intercellular contacts, and that adherens junctions in�uence tight junction 
organization (38). Protein expression of claudin-5 was already clearly present and localized 
at the cell membranes from P5 and onwards. �is suggests that immature vessels already 
have tight junctions, con�rming 2 recent reports that angiogenesis occurs simultaneously 
with barrier genesis in the BBB (34) and that the tight junctions in retinal vessels in mice 
are functional as early as P1 (33). 

To our knowledge, this is the �rst study to follow the time course of PLVAP and BRB 
gene expression in detail during BRB development. PLVAP is regularly used as a marker of 
immature or leaky retinal vessels, and in addition to VEGF, is transcriptionally regulated by 
canonical Wnt/β-catenin signaling during development (39). When inactivating di�erent 
components of the Wnt signaling pathway (e.g. Wnt-receptor ligands, receptors or co-
receptors), Plvap is upregulated and vessels become leaky, also in adult mice (40). In these 
studies, PLVAP was expressed in wildtype mice at P7 and P8 (41, 42), but not at P15 (43). 
Using mice from postnatal day 3 to 25, our study con�rms and expands these observations, 
showing a gradual decrease in Plvap expression. Expression of β-catenin mRNA also 
decreased during development, but considering the dual role of β-catenin in endothelium 
(adherens junctions and Wnt signaling), we cannot conclude anything about β-catenin 
mRNA levels in relation to PLVAP expression. PLVAP protein expression was found in all 
retinal vessels (arteries, capillaries and veins), which is in agreement with an earlier report 
using the monoclonal MECA-32 antibody in mouse brain tissue (6). While the MECA-32 
antibody speci�cally recognizes murine PLVAP, these results contrast with other studies, 
because antibodies against human PLVAP (PAL-E, 174/2) do not stain arterioles, arteries 
and large veins (44, 45). 

With the generation of Plvap-de�cient mice, large steps have been taken towards 
unraveling the function of PLVAP in fenestrated and continuous endothelia of peripheral 
organs by 2 independent research groups (17, 18). However, in mature barrier endothelium 
PLVAP is normally absent, except in pathological conditions like diabetic retinopathy (15), 
brain tumors (7, 14) and ischemic brain tissue (46, 47). Using Plvap+/- mice, we tried to 
elucidate the role of PLVAP in barrier endothelium. Our data suggest that, in addition to 
its role in transcellular permeability, PLVAP may also a�ect paracellular permeability via 
e�ects on endothelial junctions. Expression levels of ZO-1 and particularly occludin were 
higher in Plvap+/- animals, whereas claudin-5 and VE-cad were lower, although this was 
not apparent for claudin-5 protein expression using retinal wholemounts. Whether these 
di�erences are caused by direct or indirect e�ects of reduced PLVAP expression requires 
further investigation. However, in our previous studies in vitro, we observed a modest 
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bene�cial e�ect of Plvap inhibition on junctions of bovine retinal endothelial cells, but 
no di�erences in permeability to a small molecular tracer (20), making a direct e�ect of 
PLVAP on paracellular permeability less likely. 

By immunostaining of endogenous markers of protein leakage in retinal cryostat 
sections, we found signs of extravasation of plasma proteins during the �rst postnatal 
weeks, whereas the barrier was closed at P15 in wildtype mice. �ese observations support 
our hypothesis that the absence of PLVAP is a prerequisite for the BRB to be functional, 
as PLVAP protein expression was still present from P3 to P15, but virtually absent at later 
time points. However, reduced PLVAP levels during development in Plvap+/- mice had some 
unexpected e�ects on the expression of components of the transcellular transport pathway. 
Plvap+/- mice had increased mRNA expression of Flot1, Flot2, Pacsin2, and dynamin-1 and 
-2, which are all proteins involved in caveolar transport. In addition, Mfsd2a, a recently 
described suppressor of transcytosis in the BBB (32) and BRB (33), was signi�cantly 
downregulated in Plvap+/- mice, suggesting that these mice may have impaired inhibition of 
transcytosis. Nevertheless, expression of caveolin-1, the key structural protein of caveolae, 
was similar in wildtype and Plvap+/- retinal vessels, as was the number of endothelial 
caveolae. In addition, large di�erences in IgG extravasation were not observed between 
wildtype and Plvap+/- mice. In fact, in the few homozygous knockout (Plvap-/-) mice that 
we were able to obtain, we also did not �nd leakage of IgG from the retinal vessels at P15. 
�is suggests that despite the increased expression of the vesicular transcellular transport 
machinery and downregulation of Mfsd2a, there is no obvious increase in transcytosis 
under basal conditions in the retinal vessels of these mice. Considering these data and the 
fact that the absence, rather than the presence, of PLVAP is needed for a functional BRB, 
it seems that the course of barrier formation in Plvap+/- mice may di�er from the wildtype 
situation, but that the �nal result is the same, i.e. a highly restrictive barrier with very 
limited transport. However, it should be noted that staining for serum proteins in �xed 
retinal sections is suboptimal, as it does not cover leakage in the entire retina. �erefore, it 
would be interesting to con�rm our results of BRB permeability status with other functional 
assays, like Evans Blue tracer extravasation or HRP tracer combined with EM in future 
experiments, to study this aspect in more detail. 

Although we did not observe di�erences in basal retinal permeability between wildtype 
and Plvap+/- mice, we have shown before that knockdown of PLVAP prevented hypoxia- and 
VEGF-driven increases in retinal permeability (20). In contrast, knockdown of PLVAP in 
fenestrated endothelium caused a size-selective increase in permeability, but did not appear 
to have an e�ect on permeability in continuous endothelium (17, 18). In line with this, 
we did not observe di�erences in basal permeability between wildtype and Plvap+/- mice 
in continuous endothelium of the dorsal skin. However, reduced PLVAP levels prevented 
VEGF- and histamine-induced permeability. �us, the role of PLVAP in basal permeability 
may be more structural (acting as a size-selective molecular ‘sieve’), whereas in pathological 
(VEGF- or hypoxia-induced) permeability conditions, the role of PLVAP may be more 
active, e.g. by enhancing the VEGF signal to the endothelium. Alternatively, lack of PLVAP 
could render the continuous endothelium with a more barrier-like endothelium status, 
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limiting permeability to a minimum. �is is in line with our previous �ndings, in which 
human umbilical vein endothelial cells had increased trans-endothelial electric resistance 
and decreased permeability a�er PLVAP knockdown (Wisniewska-Kruk et al., 2016). 

Our group and others (46, 47) have found strong indications that PLVAP is not only 
a marker of vascular permeability, but is also actively involved in angiogenesis. In the 
present study, we observed that vascularization of Plvap+/- retinas was delayed during early 
development at P5, whereas the vasculature was normalized at P13. We were able to obtain 
a retinal wholemount and frozen tissue of one Plvap-/- mouse at P5, showing an even more 
severe delay in vascularization (Fig. S5A-C, n=1 for Plvap-/-). To our surprise, even in Plvap-/- 
mice, the retinal vasculature at P15 and P32 was more or less similar as in wildtype and 
Plvap+/- mice (Fig. S5D-G, n=1 for Plvap-/- for both time points). Based on these �ndings, we 
conclude that PLVAP is necessary for initial retinal developmental angiogenesis, but that 
compensatory mechanisms eventually ensure development of a normal vasculature. �is is 
corroborated by the fact that we did not �nd signi�cant di�erences between wildtype and 
Plvap+/- mice when quantifying vessel density at time points beyond P5. 

In the retina, development of the super�cial vascular plexus is driven by a physiological 
hypoxia-driven upregulation of VEGF (26). Moreover, migration of angiogenic sprouts is 
dependent on signaling via VEGFR2, located on the tip cell �lopodia (48), and VEGFR2 
expression in activated endothelium correlates strongly with expression of VEGF-A (49). 
In the current study, we found that VEGFR1 expression increased over time, whereas 
VEGFR2 was initially high, but decreased and stabilized with low expression at later 
time points. �ese data are in line with a report showing that in control human eyes and 
PBS-injected monkey eyes, retinal vessels stained positively for VEGFR1, but expression 
of VEGFR2 and VEGFR3 was low or absent (50) and indicates that in quiescent retinal 
endothelium there is constitutive expression of VEGFR1, but not of VEGFR2 and -3. 
In contrast, in the majority of diabetic human eyes and VEGF-injected monkey eyes, 
expression of all 3 VEGF-receptors was observed, and VEGFR2 expression coincided 
with PLVAP expression in leaky retinal microvessels (50). We have found recently that 
PLVAP directly or indirectly regulates VEGFR2 transcription (manuscript in preparation). 
Here, we observed that VEGFR2 expression in the retinal vasculature followed the same 
expression pattern as Plvap, and as expression of its co-receptors Nrp1 and Nrp2. Only at 
P5, we found that VEGFR2 transcript levels were decreased in Plvap+/- retinas. �is was also 
the only time point at which we observed a delay in retinal vascularization in Plvap+/- mice. 
�ese observations suggest that during early retinal vascular development, reduced PLVAP 
levels result in diminished angiogenesis, possibly via reduced VEGFR2-mediated signaling. 
At later time points, this defect is overcome and vascularization proceeds normally, despite 
some resulting venous anomalies that we report here. �e higher incidence of aberrant 
retinal veins, traversing from the ganglion cell layer all the way to the outer plexiform layer, 
may also relate to this defective VEGF-signaling in Plvap+/- mice, e.g. by not conveying the 
cues to halt migration and growth of endothelial sprouts at the right location.  

In conclusion, in this comprehensive study we showed that during BRB formation, 
expression of tight and adherens junctions is temporally regulated and that immature 
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vessels already have tight junctions. In addition, we speci�ed the role of PLVAP in barrier 
endothelium by demonstrating, with the use of Plvap+/- mice, that PLVAP is essential in the 
retina during early development for proper retinal vascularization. �ese data con�rm a role 
for PLVAP in angiogenesis, likely mediated by VEGF signaling. Moreover, we suggest that 
in di�erentiated barrier endothelium, the absence of PLVAP appears to be a prerequisite for 
a functional BRB, since there is retinal vascular leakage at times when PLVAP expression 
is high, and PLVAP is absent when the barrier was intact. Taken together, our data indicate 
that PLVAP expression may be permissive for vascular leakage as part of the transcytosis 
machinery, rather than it having a regulatory role.
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SUPPLEMENTAL INFORMATION

Figure S1. PLVAP expression in wildtype and Plvap+/- mice. (A) Plvap+/- mice (HET) showed signi�cantly 
lower Plvap mRNA expression levels in kidney as compared to wildtype (WT) mice. Also on the protein 
level, there was signi�cantly less PLVAP expression in kidneys from HET mice, as compared to WT (B). 
(C) Quanti�cation of PLVAP expression from kidney samples of WT and HET mice. *P<0.05. Data are 
depicted as mean±s.d.

Figure S2. (right page) Vascularization of wildtype retinas. Retinal vascularization of the mouse eye 
was imaged in retinal wholemounts using isolectin B4 (green) at postnatal (P) age 3 (A), P5 (B) and P7 
(C). (D) At P9, the super�cial vascular plexus reached the periphery, and the intermediate and deep 
capillary plexi started to be generated. (E) At P13, the deep capillary plexus was connected, whereas 
the intermediate capillary plexus was still being generated. (F) At P25, all 3 vascular plexi were 
generated and connected. (G) Formation of the intermediate and deep capillary plexi were initiated 
through sprouting angiogenesis from the super�cial vascular plexus. Image shows a sprouting vessel 
from the super�cial into the intermediate layer at P13. (H) Confocal image of a retinal cryostat section 
at P25, showing 3 parallel vascular plexi in the retinal ganglion cell layer and the inner and outer 
plexiform layers. Nuclei are stained with DAPI (blue). IB4 = isolectin B4, v = vein, a = artery, asterisks 
(*) indicate veins from which capillaries sprout into the intermediate and deep capillary layers shown 
as bright green dots, C = central retina, M = middle retina, P = peripheral retina, RGC = retinal 
ganglion cell layer, IPL = inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, 
Ch = choriocapillaris.
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Figure S3. Vascularization of the Plvap+/- (HET) retina. Retinal vascularization was imaged in retinal 
wholemounts using isolectin B4 (green) at P5, P9, P13 and P25. At P5, retinal vascularization was 
delayed in HET mice (B), when compared to WT mice (A). (C) Quanti�cation of retinal vascularization 
at P5. (D) At P9, the super�cial vascular plexus reached the periphery, and the intermediate and deep 
capillary plexi started to be generated. (E) At P13, the deep capillary plexus was connected, whereas 
the intermediate capillary plexus was still being generated. (F) At P25, all 3 vascular plexi were 
generated and connected. (G) Confocal image of a retinal cryostat section at P25, showing 3 parallel 
vascular plexi in the retinal ganglion cell layer and the inner and outer plexiform layers. 
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(continued) Nuclei are stained with DAPI (blue). IB4 = isolectin B4, C = central retina, M = middle 
retina, P = peripheral retina, RGC = retinal ganglion cell layer, IPL = inner plexiform layer, INL = inner 
nuclear layer, OPL = outer plexiform layer, Ch = choriocapillaris.
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Figure S4. Reduced PLVAP expression does not alter vascular density. Vascular density of the retina 
was visualized with isolectin B4 in wildtype (WT) and Plvap+/- mice (HET) at P9 (A), P13 (B) and P25 (C) 
and quanti�ed in the central retina, using Matlab software; n=3-5 per time point for HET and n=4-8 
per time point for WT. Scale bar = 200 µm. Data are depicted as mean±s.d.
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Figure S5. Vascularization of the Plvap-/- (KO) retina. Retinal vascularization at P5 was visualized 
in retinal wholemounts using isolectin B4 (green). In KO mice, the retinal vasculature at P5 was 
signi�cantly delayed as compared to wildtype (WT) and Plvap+/- (HET) mice (A-C). Confocal images of 
a retinal cryostat section at P5 (D) and P15 (E) in Plvap-/- mice. At P15, 3 parallel vascular layers were 
formed. Nuclei are stained with DAPI (blue). (F) At P15, the deep capillary plexus was connected, 
whereas the intermediate capillary plexus was still being generated. (G) At P32, all 3 vascular plexi 
were formed and connected. The retinal vasculature was similar as in WT and HET mice, although 
there may be less arteries, which was compensated for by more arterial branching in the central 
retina. IB4 = isolectin B4, C = central retina, M = middle retina, P = peripheral retina, RGC = retinal 
ganglion cell layer, IPL = inner plexiform layer, INL = inner nuclear layer, OPL = outer plexiform layer, 
Ch = choriocapillaris.
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Table S1. Number of veins and arteries traversing from the super�cial plexus to the deep capillary 
layer in retinas from wildtype (WT; n=14) and Plvap+/- (HET; n=17) mice.

Video S1. Traversing retinal veins in the retina of a Plvap+/- (HET) mouse. A 3D image of the retinal 
vasculature was generated from a confocal z-stack of a retinal wholemount. The vasculature is depth 
coded (red = super�cial vascular plexus, green/yellow = intermediate capillary layer, blue = deep 
capillary layer). The artery in the middle grows into the super�cial vascular plexus, with capillaries 
branching off to generate the parallel intermediate and deep capillary layers. The 2 retinal veins 
(indicated by the white drawing pins) grow from the optic nerve head into the super�cial vascular 
plexus, but traverse the retinal layers, ending in the deep capillary layer.

  Veins Veins Veins Arteries Arteries Arteries
  imaged traversing traversing imaged traversing traversing 
  (n) (n) (% of (n) (n) (% of
    imaged)   imaged)

WT (n=14)  61 6 9.8 92 3 3.3
HET (n=17) 68 14 20.6 111 3 2.7
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ABSTRACT
Loss of blood-retinal barrier (BRB) properties induced by vascular endothelial growth factor 
(VEGF) and other factors is an important cause of diabetic macular edema. Previously, 
we found that the presence of plasmalemma vesicle-associated protein (PLVAP) in retinal 
capillaries associates with loss of BRB properties and correlates with increased vascular 
permeability in diabetic macular edema. In this study, we investigated whether absence of 
PLVAP protects the BRB from VEGF-induced permeability. We used lentiviral-delivered 
shRNA or siRNA to inhibit PLVAP expression. �e barrier properties of in vitro BRB models 
were assessed by measuring transendothelial electrical resistance, permeability of di�erently 
sized tracers, and the presence of endothelial junction complexes. �e e�ect of VEGF on 
caveolae formation was studied in human retinal explants. BRB loss in vivo was studied in 
the mouse oxygen-induced retinopathy model. �e inhibition of PLVAP expression resulted 
in decreased VEGF-induced BRB permeability of fluorescent tracers, both in vivo and in 
vitro. PLVAP inhibition attenuated transendothelial electrical resistance reduction induced 
by VEGF in BRB models in vitro and significantly increased transendothelial electrical 
resistance of the nonbarrier human umbilical vein endothelial cells. Furthermore, PLVAP 
knockdown prevented VEGF- induced caveolae formation in retinal explants but did not 
rescue VEGF-induced alterations in endothelial junction complexes. In conclusion, PLVAP 
is an essential cofactor in VEGF-induced BRB permeability and may become an interesting 
novel target for diabetic macular edema therapy.

CHAPTER 4

70



INTRODUCTION
Diabetic macular edema (DME) is the most frequent cause of vision loss among patients 
with diabetic retinopathy (DR). DME is a complex disease that has been associated with 
increased vascular permeability due to loss of the inner blood-retinal barrier (BRB).1 
Disruption of the BRB leads to abnormal inflow of proteins and fluids into retinal tissue, 
which results in thickening of the central fovea and loss of visual acuity. Vascular endothelial 
growth factor (VEGF)-A, a potent inducer of vasopermeability and angiogenesis, is a major 
mediator in this process.2-4 �e inner BRB is composed of endothelial cells, pericytes, and 
astrocytes, which form the neurovascular unit.1,5 �e robust interactions among these BRB 
components are crucial for formation and maintenance of a physical and biochemical 
barrier between the retina and the vasculature.6-8 Despite the fact that the mechanisms of 
BRB breakdown in DR are multifactorial9 and a�ect all components of the neurovascular 
unit,10-12 the most prominent pathologic changes are  observed  in  endothelial  cells.13-

15  To  date,  two mechanisms are known to contribute to VEGF-induced endothelial cell 
permeability: increased paracellular transport that involves changes in endothelial junction 
integrity and increased transcellular transport in endothelial cells mediated by caveolae.10,13-

15 �e e�ects of VEGF on altered tight junction integrity and decreased junctional protein 
expression have been extensively studied,5,10,13,16,17 but the e�ect of augmented caveolae 
formation in endothelium on BRB permeability remains not fully understood. 

Plasmalemma vesicle-associated protein (PLVAP, PV-1) is an endothelial cell-specific 
protein18,19 that is known to be a structural component of caveolae, transendothelial channels, 
and fenestrae.20,21 PLVAP is widely expressed in capillaries and the venous vasculature but is 
absent in intact BRB and blood-brain barrier (BBB) endothelia.22-27 However, in pathologic 
conditions, such as DR,22,23,28 ischemia, or cancer,24,26,27 PLVAP expression in the BRB 
and BBB is highly upregulated and associated with increased barrier permeability.23,25 In 
addition, PLVAP expression has been described to be present in immature and incompletely 
developed vasculature of the BRB and BBB.29-32  Recently, we studied the Akimba mouse, a 
model of advanced DR with hyperglycemia and high levels of intraocular VEGF, in which 
we found a correlation between Plvap mRNA levels and the degree of fluorescein leakage.10 
PLVAP expression in endothelium is triggered by VEGF6,13,26,28,33 in a VEGF receptor 
(VEGFR)-2-dependent manner.26 �erefore, PLVAP may be involved in VEGF-induced 
BRB loss in DR.

Although PLVAP expression has been associated with BRB loss, a functional contribution 
of this protein to increased vascular permeability has not yet been found. �is study 
examines the role of PLVAP in BRB loss in vivo and in vitro. To this end, we have assessed 
the changes that occur in permeability and in endothelial junctions and caveolae formation 
a�er knocking down PLVAP to elucidate the mechanisms that underlie the regulatory role 
of PLVAP in vascular permeability.
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MATERIALS AND METHODS

Lentiviral constructs
For knockdown of PLVAP expression, shRNA lentiviral pLKO.1 constructs (SIGMA/TRC; 
Sigma-Aldrich, Zwijndrecht, the Netherlands) were used. Control cells were transduced 
with nontargeting shRNA (MISSION Non-Target shRNA Control Vector; Sigma-Aldrich). 
Virus particles were generated by co-transfecting the constructs with three packaging 
plasmids, pMDLg/pRRE, pMD2G, and RSV-Rev (Addgene, Cambridge, MA), into 293T 
cells. �e sequences of PLVAP shRNA and Non-Target shRNA were 5’-CCGGCCCTTT
CACACACACTTTCTACTCGAGTA-GAAAGTGTGTGTGAAAGGGTTTTTTG-3’ and 
5’-CCGGCAACAAGATGAAGAGC-ACCAACTCGAGTTGGTGCTCTTCATCTTGTTG
TTTTT-3’, respectively.

In vitro BRB model
Cells were isolated as described previously.6 �ree di�erent models were assembled to 
study endothelial barrier permeability, including i) a bovine retinal endothelial cell (BREC) 
monolayer, ii) a triple co-culture model with BRECs, pericytes, and astrocytes, and iii) 
human umbilical vein endothelial cells (HUVECs). In the triple co-culture model, BRECs 
were seeded on top of the Transwell filter, primary rat astrocytes were seeded on the reverse 
side of the Transwell filters, and bovine primary pericytes were cultured on the bottom 
of a 24-well plate in which a Transwell filter was placed, as described previously.6 �ree 
independent experiments were performed for each model (n=11).

Permeability assay
�ree days a�er assembling each of the models, shRNA lentiviral particles (50 pg/mL) 
were added to the cells. A�er 24 hours, cells were stimulated apically with 200 ng/mL 
human recombinant VEGF-A (Sanquin, Amsterdam, the Netherlands). Permeability was 
measured 72 hours a�er stimulation by adding 766 Da Cy3 (GE Healthcare, Eindhoven, 
the Netherlands) and 70 kDa of fluorescein isothiocyanate (FITC)-dextran (FD; Sigma-
Aldrich). Concentrations of the tracer molecules were determined using a fluorescence 
plate reader (BMG POLARstar; MTX Lab Systems, Vienna, VA), as described previously.6 
Transendothelial electrical resistance (TEER) was measured in real time with the CellZscope 
system (NanoAnalytics, Münster, Germany) and expressed as Ωxcm2. In all experimental 
conditions, data were collected in quadruplicate. �ree independent experiments were 
performed for each model.

RNA isolation and Real-Time PCR
Total RNA was isolated using TRIzol reagent (Life Technol- ogies, Bleiswijk, the 
Netherlands) following the manufacturer’s protocol. Total RNA (1 µg) was treated with 
DNase I (Amplification Grade; Life Technologies) and reverse transcribed into first-strand 
cDNA using a Maxima First Strand cDNA Synthesis Kit (�ermo Scientific, Roskilde, 
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Denmark).6 Real-time PCR was performed using a CFX96 system (Bio-Rad; Hercules, CA) 
as described previously.13 Expression data were normalized by the geometric mean of the two 
most stable housekeeping genes (ACTG1 and GAPDH), as determined by NormFinder.34 
�ree independent experiments were performed for each model (n=6). Primer sequences 
for bovine PLVAP were described previously.13 �e primer sequences for ACTG1 and 
GAPDH were as follows: ACTG1, forward 5’-GATCTGGCACCACACCTTTT-3’, reverse 
5’-CCACATACATGGCAGGAGTG-3’; GAPDH, forward 5’-GGCGTGAACCACGAGAA-
GTATAA-3’, reverse 5’-CCCTCCACGATGCCAAAGT-3’.

Oxygen-induced retinopathy mouse model
Animal experiments were performed with the approval of the Animal Ethics Committee 
of the University of Amsterdam and in compliance with the Association for Research in 
Vision and Ophthalmology statement for the Use of Animals in Ophthalmic and Vision 
Research. From postnatal day 7 (P7), C57BL/6 mice were exposed to 75% oxygen for 5 
days.35 At P12, pups were divided randomly, anesthetized, and injected intraocularly with 1 
µL of 50 µM anti-Plvap siRNA (Accell SMARTpool; �ermo Scientific), treated with control 
siRNA (Accell Green Non-targeting siRNA; �ermo Scientific), or remained untreated. 
Pups were then returned to room air. At P17, fluorescein angiography was performed, and 
alternatively, eyes were analyzed for PLVAP expression and vascular leakage indicated by 
IgG extravasation into retinal tissue. Two independent experiments were performed (n=6).

For evaluation of blood vessel tortuosity, retinas were flat mounted and stained with 
isolectin IB4 probe conjugated with Alexa-647 (Life Technologies). A minimum total 
of four blood vessels (arterioles and venules) were measured per retina (n=8 per group) 
using ImageJ version 1.48v (NIH, Bethesda, MD; http://imagej.nih.gov/ij). �e tortuosity 
index was expressed as a quotient: vessel curve length (mean length, 788 µm) over the line 
distance between the two ends.

Fluorescein angiography
At P17, oxygen-induced retinopathy (OIR) mice were anesthetized. �e pupils of the mouse 
eyes were dilated with tropicamide eye drops (Mydriacyl; Alcon Laboratories, Fort Worth, 
TX). A plano contact lens (Cantor + Nissel, Brackley, UK) was placed on the mouse eye to 
prevent dehydration of the cornea. Next, mice were injected intracardially with a mixture 
of 70 kDa FD (10 mg/mL; Sigma-Aldrich) and sodium fluorescein [approximately 4 kDa, 
10% in phosphate-bu�ered saline (PBS); Sigma-Aldrich]. Immediately a�er injections, 
image acquisition was started using the scanning laser ophthalmoscope HRA2 (Heidelberg 
Engineering, Heidelberg, Germany). �e HRA2 was operated in the fluorescence mode with 
the excitation light provided by a 488-nm Argon laser. All images were acquired by using 
the automatic real-time mode. Eyes were enucleated 20 minutes a�er perfusion of tracers, 
dissected, and fixed in 4% paraformaldehyde for 4 hours at 4ºC. Next, retinas were washed 
in PBS to remove sodium fluorescein from the tissue and flat mounted. Images of retinas 
were recorded using a wide-field fluorescence microscope (Leica, Mannheim, Germany). 
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�e images were processed in GIMP so�ware version 2.8v (GNU Image Manipulation 
Program; GNOME Foundation, Cambridge, MA; http://www.gimp.org).

Fluorescence immunohistochemistry
Mouse retinas were permeabilized with 0.5% Triton X-100 for 30 minutes and incubated for 
1 hour with 2% normal goat serum (Dako, Glostrup, Denmark). Subsequently, retinas were 
incubated overnight at 4oC with isolectin IB4 (Alexa-546 conjugated; Invitrogen), anti-
PLVAP antibody (rat monoclonal, MECA-32; Abcam, Cambridge, UK), or anti-mouse IgG 
antibody (Dako). Next, retinas were washed three times for 30 minutes in PBS, and Cy3-, 
Cy5-, FITC-, or Alexa-488-conjugated secondary antibodies (Jackson Immuno- Research, 
Su�olk, UK) were added. A�er 2 hours of incubation, retinas were washed three times 
for 30 minutes in PBS. Finally, retinas were flat mounted and covered with fluorescence 
mounting medium (Dako).

BRECs or HUVECs were cultured on collagen- or gelatin- coated plastic coverslips 
(Nunc, �ermo Scientific), respectively. Cells were fixed and stained as described previously.6 
�e following antibodies were used: anti-claudin-5 (rabbit polyclonal; Life Technologies), 
anti-vascular endothelial cadherin (rabbit polyclonal; Abcam), anti-zonula occludens 
protein 1 (rabbit polyclonal; Life Technologies), anti-VEGFR2 (rabbit polyclonal; Abcam), 
phalloidin (Texas Red-X; Invitrogen, Life Technologies), and anti-PLVAP (174/2; Abcam). 
Nuclei were stained using 1 µg/mL Hoechst dye (Life Technologies). Images were recorded 
using a confocal laser scanning microscope SP8 (Leica). In all experiments, specificity of 
the staining was tested by omitting primary antibody. �ree independent experiments were 
performed (n=8).

To quantify actin stress fibers, GIMP so�ware was used. Images of BRECs stained with 
phalloidin probe were converted to gray scale images with three shades of gray. Stress fibers 
were assessed by quantifying only the brightest pixels divided by the total amount of gray 
pixels, representing the amount of total fiber.

Cell-based enzyme-linked immunosorbent assay
BRECs were seeded in a 96-well plate (Corning, Canton, MA). A�er reaching confluence, 
cells were transduced with lentiviral constructs and 24 hours later stimulated with 200 ng/ 
mL human recombinant VEGF. Cells were fixed with 4% paraformaldehyde and stained as 
described previously.6 �e following primary antibodies were used: anti-claudin-5 (rabbit 
polyclonal; Life Technologies), anti-vascular endothelial cadherin (rabbit polyclonal; 
Abcam), and anti-occludin (mouse monoclonal; Life Technologies). Primary antibodies 
were detected using horseradish peroxidase-conjugated antibody (rabbit anti-mouse and 
swine anti-rabbit antibody; Dako). Next 3,3’,5,5’-tetramethylbenzidine (Merck, Whitehouse 
Station, NJ) was added. �e reaction was stopped with 1M H2SO4 (Merck). �e absorbance 
was measured on a plate reader (Bio-Rad) with excitation at 450 nm and emission at 655 
nm. Two independent experiments were performed (n=7).
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Electron microscopy
Human donor eyes were provided by the Euro Cornea Bank (Beverwijk, �e Netherlands) 
a�er removal of corneal buttons for transplantation. �e use of human material was in 
accordance with the international declaration of Helsinki. �e Euro Cornea Bank obtained 
permission from the donors for eye autopsy and the use of clinical information for research 
purposes. Retinas were dissected from donor eyes (57-year-old man and 62-year-old 
woman, with no clinical manifestations of diabetes or DR) and sampled using an 8-mm 
biopsy puncher (Stiefel, Watford, UK). Retinas were cultured in neurobasal medium (Gibco, 
Life Technologies) supplemented with B27 Serum Free Supplement (Gibco) and antibiotics 
(1% penicillin streptomycin; Life Technologies). A�er overnight incubation with lentiviral 
shRNA constructs (short hairpin control and PLVAP), retinas were stimulated a�er 72 
hours with 100 ng/mL human recombinant VEGF, and samples were fixed and stored in 
McDowell phosphate bu�er.36 A�er fixation, the samples were washed in 0.1 M phosphate 
bu�er followed by washing in distilled water, osmication for 75 minutes in 1% OsO4 in 
water, and additional washing in distilled water. For contrast enhancement in the electron 
microscope, biopsy specimens were block stained overnight in 1.5% aqueous uranyl acetate 
and then dehydrated through incubation in ethanol and embedded in epon 812 (Electron 
Microscopy Sciences, Hatfield, PA). �e resin blocks were polymerized for 48 hours at 60ºC. 
Ultrathin sections of 90 nm were cut on a Reichert EM UC6 (Leica) with a diamond knife, 
collected on Formvar (Structure Probe Inc., West Chester, PA) coated grids, and stained 
with uranyl acetate and lead citrate. Micrographs were taken with a Veleta Transmission 
Electron Microscopy camera (Olympus, So� Imaging Solutions, Münster, Germany). 
�e images were masked and analyzed using iTEM so�ware version 6076 (Olympus So� 
Imaging Solutions). �e number of caveolae in endothelial cells was assessed by counting 
the caveolae-like membrane invaginations on the luminal and abluminal side in retinal 
blood vessel. A mean of 28.5 µm of endothelium, including luminal (mean = 13.3 µm) and 
abluminal (mean = 15.2 µm) linear length of blood vessel, was evaluated for the presence of 
caveolae (n = 15 from two di�erent donors).

Statistical analysis
One-way analysis of variance followed by Bonferroni’s multiple comparison test were used 
to evaluate the statistical significance of the data. Results are expressed as mean ± SEM. P < 
0.05 was considered significant.

RESULTS

PLVAP inhibition reduces VEGF-induced BRB permeability in vitro
�e endothelial barrier in our in vitro BRB model is formed by BRECs. �e basal PLVAP 
expression in these cells is low, but stimulation with 200 ng/mL VEGF for 72 hours leads 
to significant induction of PLVAP expression, both at the mRNA (Figure 1A) and protein 
level (Figure 1B). Knocking down PLVAP significantly blocked VEGF-induced PLVAP 
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expression (Figure 1, A and B), thus confirming an efficient inhibition by shRNA.
To study whether increased PLVAP expression in retinal capillaries is necessary for loss of 

BRB integrity, we knocked down PLVAP expression in BRECs and induced BRB breakdown 
using 200 ng/mL VEGF. As expected, stimulation of BRECs with VEGF resulted in a clear 
decrease in TEER values, which reflects the loss of endothelial barrier properties (Figure 
1C). Knockdown of PLVAP expression in BRECs before VEGF stimulation considerably 
diminished the decrease in TEER values (Figure 1C), suggesting that the absence of PLVAP 
in endothelial cells has a protective e�ect on VEGF-induced BRB breakdown. Consistently, 
knockdown of PLVAP expression in BREC monolayers prevented VEGF-induced 
permeability for small 766-Da (Figure 1D) and large 70-kDa (Figure 1E) fluorescent tracers 
72 hours a�er stimulation. Given the fact that the BRB is formed by endothelial cells, 
pericytes, and astrocytes,1 we further investigated the e�ect of knocking down PLVAP on 
VEGF-induced permeability in the triple co-culture BRB model. Knockdown of PLVAP in 
the triple co-culture BRB model did not significantly reduce VEGF-induced permeability 
for 766-Da tracers (Figure 1F) but significantly inhibited the permeability for 70-kDa 
molecules 72 hours a�er stimulation (Figure 1F). Overall, these data indicate that PLVAP is 
necessary for VEGF-induced BRB loss.

E�ect of PLVAP inhibition on endothelial junction protein expression 
and integrity
On the basis of TEER and permeability measurements of BRECs cultured on Transwell 
filters in the presence of increasing doses of VEGF (data not shown), we decided to use a 
dose of 200 ng/mL for subsequent in vitro experiments. VEGF stimulation of BRECs for 12 
hours resulted in endothelial junction disorganization along the cell periphery and increased 
cytoplasmic staining of claudin-5, zonula occludens protein 1, and vascular endothelial 
cadherin protein (Figure 2A), as determined by immunofluorescence. Furthermore, by 
using cell-based enzyme-linked immunosorbent assay, we found that VEGF induces a 
downregulation of vascular endothelial cadherin and occludin expression in BRECs (Figure 
2B). Knockdown of PLVAP expression had only a modest positive e�ect on the preservation 
of endothelial junction integrity (Figure 2A) and did not rescue them from VEGF-induced 
degradation (Figure 2B).

In our previous study, we found that VEGF-induced stress fiber formation in endothelial 
cells leads to the formation of gaps between endothelial cells, which may directly  contribute  
to  increased  barrier  permeability.6 A significant reduction in stress fiber formation a�er 
inhibition of PLVAP expression was observed in VEGF-stimulated BRECs (Figure 2C), 
which may contribute to the maintenance of the contact between endothelial cells and the 
barrier integrity.

Knockdown of PLVAP reduces the number of endothelial caveolae 
in human retinal explants after VEGF stimulation
To investigate the potential role of PLVAP in increased endothelial cell permeability via 
induction of caveolae-mediated transcellular transport in these cells, ex vivo cultured 
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human retinas were transduced with shRNA and cultured in the presence or absence of 100 
ng/mL VEGF. In control samples incubated with VEGF, a significantly increased number of 
caveolae was observed in endothelial cells (Figure 3A). Knockdown of PLVAP expression 
significantly blocked this VEGF-induced formation of caveolae (Figure 3B) but did not alter 
the basal levels of caveolae in endothelial cells. No di�erences in the ratio between luminal 
and abluminal number of caveolae were observed among all investigated conditions (data 
not shown). 
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Figure 1. Inhibition of plasmalemma vesicle-associated protein (PLVAP) expression reduces vascular 
endothelial growth factor (VEGF)einduced permeability in the in vitro blood-retinal barrier (BRB) 
model. Relative PLVAP mRNA (A) and protein (B) levels in control and shRNA transduced bovine retinal 
endothelial cells (BRECs) that were cultured in the presence or absence of VEGF. mRNA expression 
was measured using real-time PCR, and protein levels were quantified using cell-based enzyme-linked 
immunosorbent assay. Lentiviral delivered shPLVAP constructs significantly block VEGF-induced PLVAP 
expression, both at the mRNA and protein levels. C: Changes in real-time transendothelial electrical 
resistance (TEER) in control (shCON) and shRNA (shPLVAP) expressing BRECs, cultured in the presence 
or absence of VEGF. Knockdown of PLVAP expression reduces the VEGF-induced decrease in TEER 
values. D and E: Relative permeability after knocking down PLVAP expression of 767-Da Cy3 (D) and 
70-kDa dextran tracer (E) was measured in BREC monolayers. F and G: Relative permeability in the 
triple co-culture BRB model of 767-Da Cy3 (F) and 70-kDa dextran (G) after knocking down PLVAP in 
endothelial cells. Endothelial permeability in all BRB models was induced by 200 ng/mL VEGF for 72 
hours. *P < 0.05, **P < 0.01, and ***P < 0.001.
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Figure 2. Knockdown of plasmalemma vesicle-associated protein (PLVAP) expression does not 
prevent vascular endothelial growth factor (VEGF)-induced alterations in tight junction complexes. A: 
The presence of 200 ng/mL VEGF leads to loss of tight junction integrity in bovine retinal endothelial 
cells (BRECs). Tight junction staining is presented in red and nuclear staining in blue. B: Inhibition of 
PLVAP expression has a modest effect on the preservation of the tight junction integrity and does 
not prevent downregulation of tight junction protein expression in BRECs after VEGF stimulation 
(200 ng/mL), as determined by cell-based enzyme-linked immunosorbent assay. Protein levels and 
statistical comparisons are relative to untreated controls. C: Silencing of PLVAP expression in BRECs 
reduces VEGF-induced stress fiber formation. F-actin filaments were stained using the phalloidin 
probe. Stress fibers were selected on the basis of on staining intensity (as described in Materials and 
Methods). Images were recorded using confocal microscopy. Data is presented as means ± SD. *P < 
0.05. VE-Cad, vascular endothelial cadherin; ZO-1, zonula occludens protein 1.

Knockdown of PLVAP reduces hypoxia-induced retinal vascular 
leakage in vivo
To confirm the functional role of PLVAP in retinal vascular permeability in vivo, we 
evaluated the e�ects of knocking down Plvap expression in the mouse OIR model. In this 
model, P7 mouse pups are exposed to 75% oxygen until P12, which results in large capillary 
obliteration. Next, pups are removed from the hyperoxia and placed in normoxia, which 
leads to onset of hypoxia and an overexpression of hypoxia-induced growth factors, such as 
VEGF, which is a potent inducer of angiogenesis and vessel permeability.

In the OIR model, we observed both high PLVAP protein expression in endothelium 
and vascular leakage in the retina, as indicated by extravasation of endogenous IgG 
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Figure 3. Inhibition of plasmalemma vesicle-associated protein (PLVAP) expression in human retinal 
explants blocks vascular endothelial growth factor (VEGF)-induced caveolae formation in endothelial 
cells. A: Human retinal explants were transduced with shRNA constructs [control (shCON) and shRNA 
(shPLVAP)] and cultured in the presence or absence of 100 ng/mL VEGF for 72 hours. VEGF stimulation 
induced caveola formation in endothelial cells, whereas inhibition of PLVAP expression significantly 
blocked this process. Only caveolae-like invaginations on the luminal and abluminal side in retinal 
blood vessel were scored per linear micrometer of endothelium. Examples of caveolae are marked 
by black arrowheads. B: Quantification of caveolae in endothelial cells of blood vessels present in 
human retinal explants. *P < 0.05, **P < 0.01. Scale bar = 1 µm. E, endothelial cell; L, lumen of a 
blood vessel; P, pericyte.

molecules (Figure 4A). In most samples, PLVAP expression was visibly upregulated in the 
neovascular tu�s, which are a hallmark of the OIR model. Immunofluorescence analysis 
of OIR retinas revealed that intraocular treatment with Plvap-targeting siRNA resulted in 
decreased PLVAP protein expression in retinal blood vessels at P17 compared with eyes 
treated with control siRNA (Figure 4B). Furthermore, knockdown of Plvap expression in 
OIR eyes significantly reduced retinal vascular leakage of 70-kDa FITC-labeled dextran 
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Figure 4. Knockdown of plasmalemma vesicle-associated protein (PLVAP) expression reduces blood-
retinal barrier (BRB) leakage and tortuosity of blood vessels in oxygen-induced retinopathy (OIR). A: 
PLVAP expression and extravasation of endogenous mouse IgG (m-IgG), a marker of BRB permeability, 
increase in OIR retinas. Note the formation of vascular tufts as a result of pathological angiogenesis 
triggered by retinal hypoxia. B: Intraocular treatment with siRNA targeting Plvap results in significantly 
reduced PLVAP protein expression in the retinal vasculature in OIR compared with control nontargeting 
siRNA treatment (siCON). Images were recorded using confocal microscopy. C: Inhibition of Plvap 
expression in OIR retinas results in decreased extravasation of fluorescently labeled tracers into 
the retina (top row). Images were recorded using wide-field fluorescence microscopy. Examples of 
images representing tracer leakage are shown in the middle row. In addition, vascular leakage in OIR 
retinas was visualized by fluorescence angiography (bottom row). Images are representative for each 
experimental group. D: Quantification of fluorescently labeled tracers that leaked into the retina. 
The extravasation of the 70-kDa tracer into retinal tissue was quantified using graphic software. E: 
Inhibition of Plvap expression in OIR retinas results in decreased tortuosity of blood vessels. F: Blood 
vessel tortuosity index is expressed as a quotient: length of curved blood vessel over linear distance 
between ends. *P < 0.05, ***P < 0.001. Scale bar = 100 µm (B).

(Figure 4, C and D) and tortuosity of blood vessels (Figure 4, E and F) compared with 
untreated eyes and eyes treated with control siRNA. Fluorescein angiography images of 
live animals revealed di�use leakage of fluorescently labeled tracers (4 and 70 kDa) from 
preexisting retinal blood vessels with no significant di�erences among all experimental 
conditions (Figure 4C). Overall, these results indicate that PLVAP plays a critical role in 
hypoxia-driven increased vascular permeability and vascular tortuosity in the OIR model.
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PLVAP knockdown induces barrier properties in HUVECs
In physiological conditions, PLVAP protein expression is absent from barrier 
endothelium,22,23,28 but it is widely expressed in other endothelia of the vascular system.18,37 
�erefore, we hypothesized that inhibition of PLVAP expression in a nonbarrier type of 
endothelium, such as HUVECs, results in the formation of an endothelial barrier. HUVECs 
express considerable levels of PLVAP (Figure 5A) and form a relatively permeable barrier, 
as indicated by low TEER values (Figure 5B). Knockdown of PLVAP expression in HUVECs 
resulted in a twofold increase in TEER value (Figure 5B) and significantly reduced 
permeability for 766-Da (Figure 5C) and 70-kDa fluorescent tracers (Figure 5D) compared 
with untreated HUVECs. �ese results indicate that PLVAP expression in nonbarrier 
endothelium is a prerequisite for a permeable endothelial functional barrier phenotype.
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Figure 5. Blocking plasmalemma vesicle-associated protein (PLVAP) expression leads to barrier 
formation in nonbarrier type of endothelium. A: PLVAP protein expression in human umbilical vein 
endothelial cells (HUVECs). Images were recorded using confocal microscopy. B-D: Knockdown of 
PLVAP expression in HUVEC induces increased transendothelial electrical resistance (TEER) values (B) 
and decreased permeability for 766-Da (C) and 70-kDa (D) tracers. Permeability of HUVEC monolayers 
was measured 72 hours after lentiviral delivery of shRNA constructs. *P < 0.05, **P < 0.01, and ***P 
< 0.001.

DISCUSSION
Disruption of the BRB in patients with DR leads to leakage of plasma proteins and fluid from 
the microvasculature and subsequent retinal edema. Although the mechanisms responsible 
for BRB loss in DR are not completely understood, VEGF is one of the key mediators in 
this process.2,4 High VEGF levels induce PLVAP expression,26,28 which in physiological 
conditions is absent from the intact BRB.18,19,22,23 In organs with blood-tissue barriers, such 
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as the brain and eye, the presence of PLVAP indicates the lack of a blood-tissue barrier22,25 
and correlates with increased microvascular permeability in pathologic conditions, such as 
brain tumors,24,26,27 brain ischemia,25 and DR.23,28,38

We observed a significant reduction of VEGF-induced BRB permeability in vitro and 
of BRB loss in vivo a�er knockdown of PLVAP expression. VEGF disrupts the endothelial 
barrier by inducing tight junction phosphorylation and degradation6,13-16,39 and increasing 
transendothelial transport mediated by caveolae.13,40-42 We hypothesized that PLVAP 
knockdown would mainly have an e�ect on transcellular transport because it is a structural 
component of caveolar diaphragms.21 Indeed, we observed in vitro the most prominent 
e�ect of PLVAP silencing on VEGF-induced permeability for large fluorescent tracers (70 
kDa), which we hypothesize to preferentially cross the endothelium via the transcellular 
pathway. Similarly, we observed in in vivo studies a significantly reduced leakage of the 
70-kDa tracer, whereas no e�ect on leakage of the small molecule sodium fluorescein 
(approximately 4 kDa) was observed in mice injected with siRNA against Plvap in the OIR 
model. Furthermore, this finding is consistent with the finding that inhibition of PLVAP 
prevented the induction of caveolae by VEGF in human retinal explants. Our data on tight 
junction integrity further support the idea that inhibition of PLVAP mainly a�ects the 
transcellular pathway because VEGF-induced disruption of tight junctions could not be 
prevented by inhibition of PLVAP, despite a reduction in stress fiber formation.

Knockdown of PLVAP expression in human retinal explants blocked VEGF-induced 
caveolae formation but did not alter the basal levels of caveolae, which is in agreement 
with previous reports.43 �is finding suggests that PLVAP is necessary for the formation 
of new caveolae in conditions with increased permeability. �e finding that inhibition of 
PLVAP has a similar e�ect on caveolae formation and permeability in the presence of VEGF 
suggests that the e�ects of PLVAP on vascular permeability are explained by its structural 
role in caveolae. In our previous studies, we found that intraocular injections of VEGF in 
cynomolgus monkeys not only increased the expression of PLVAP protein28 but also caused 
a shi� in the distribution of caveolae from a predominantly abluminal localization to a 
predominantly luminal localization, similar to the situation in nonbarrier endothelium.42

VEGFR2 is the key mediator of VEGF signaling in endothelial cells2,44 and is localized 
in caveolae.45 �erefore, reduced numbers of caveolae may alter VEGF signaling. Co-
regulated expression of VEGFR2 and PLVAP was observed in previous studies.38 In healthy 
patients, in which the BRB is intact, low numbers of caveolae and low VEGFR2 and 
PLVAP protein levels were found. On the other hand, in DR both VEGFR2 and PLVAP are 
expressed in retinal capillaries with BRB loss as demonstrated by leakage of endogenous 
plasma proteins.23,33,38 Besides VEGFR2, caveolae harbor many other receptors involved 
in vascular permeability, including transforming growth factor-β receptors,46 that may be 
reduced as well in the absence of PLVAP in endothelial cells. Consistent with this notion, 
we found in the present study that nonbarrier endothelial cells (HUVECs), which have 
constitutive expression of PLVAP, form a tighter endothelial barrier a�er knockdown of 
PLVAP expression. Hence, absence of PLVAP expression in physiologic conditions in the 
retina seems to be essential for maintaining BRB properties.
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Outside the eye and brain, PLVAP is expressed in large and medium-sized veins 
and in continuous and fenestrated endothelia.18 In these fenestrations, PLVAP forms 
diaphragms that may work as a sieve to regulate nonspecific transport of plasma proteins. 
In PLVAP knockouts, increased vascular leakage40 may be explained by the absence of these 
fenestral sieves, whereas in VEGF-induced conditions, PLVAP may also regulate VEGFR2 
availability and therefore also facilitate a VEGF-induced decrease in endothelial junctions.47 
�is finding may explain why plasma proteins in normal vascular beds and tumors have 
occasionally been found to extravasate paracellularily.48

Although our present and previous data clearly indicate a function of caveolae in VEGF-
induced vascular permeability,1,10,13,42 the exact molecular function of caveolae in relation to 
PLVAP in BRB permeability remains incompletely understood and needs to be addressed 
in future studies. Our results indicate that PLVAP can be an interesting novel therapeutic 
target for the treatment of DME. �is finding is further supported by our recent study in the 
Akimba mouse,10 a model that presents many clinical features of DR, including DME,11 in 
which we found a correlation between PLVAP levels and the degree of fluorescein leakage in 
the retina. �e Akimba mouse was generated by crossing the Kimba mouse, which has high 
levels of intraocular VEGF, and the Akita mouse, which spontaneously develops diabetes.11 

In the Kimba mouse, we found a strong but statistically insignificant correlation between 
PLVAP levels and the degree of fluorescein leakage, suggesting that other factors other than 
VEGF play a role in the induction of PLVAP.

�e currently available clinical approaches to treat DR are laser surgery, corticosteroids, 
and anti-VEGF therapy. Because VEGF is involved in many physiological processes in the 
retina, such as neurogenesis, neuroprotection, glial growth, and endothelial cell survival,49 
the long-term use of anti-VEGF compounds may potentially lead to serious adverse e�ects, 
such as photoreceptor degeneration11 and Müller cell death.50 In addition, VEGF-neutralizing 
antibodies in proliferative DR may shi� the balance between VEGF and connective tissue 
growth factor concentrations in the eye, which can result in fibrosis, retinal detachment, 
and vision loss.51,52 �erefore, knockdown of PLVAP expression, which attenuates caveolae 
formation and moderates hypoxia-induced vascular tortuosity, may provide a safer, 
endothelium-specific approach for DR and DME therapy. However, systemic inhibition of 
PLVAP potentially interferes with crucial functions of PLVAP in organ homeostasis.18,37,43 
Because the eye has limited fluid exchange with other parts of the body, the preferred 
route for delivery of inhibitors of PLVAP would therefore be intravitreally by injection or 
implantation of slow-release drug delivery systems.

In conclusion, our study presents the first functional evidence that PLVAP plays a key 
role in BRB loss induced by VEGF and other factors and suggests that PLVAP regulates 
permeability in nonbarrier endothelia.
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ABSTRACT 
Leukostasis in the retinal microvasculature in animal model studies of diabetes is 
associated with the development of diabetes-like retinopathy. �erefore, it is generally 
assumed that adhesion of leukocytes is a central event inciting a chronic, low-grade form 
of in�ammation that causes the vascular abnormalities that are speci�c for the early stages 
of diabetic retinopathy (DR), which culminate in diabetic macular edema, proliferative 
DR, and vision loss in humans. Here, we review the literature critically with respect to 
leukostasis and assess its pathologic consequences in the human diabetic retina. First, 
we review the pathologic processes that are known to be involved in the development of 
human DR. �en, we summarize experimental evidence for the role of leukostasis in the 
development of DR and the mechanisms involved in leukostasis in the retina. Based on 
our critical review, we conclude that leukostasis may be an epiphenomenon of the diabetic 
retinal milieu, rather than a crucial, speci�c step in the development of human DR. 
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INTRODUCTION
DR is a leading cause of blindness in working-age individuals in developed countries [1]. 
�e earliest clinical changes in the diabetic retina occur in the microvasculature and, as 
such, DR has traditionally been considered a vascular disease. Pericyte loss, thickening 
of the vascular basal lamina (or LB), breakdown of the BRB, and acellular capillaries are 
preclinical phenomena that are considered hallmarks of the early stages of DR [2]. As the 
disease progresses, saccular microaneurysms and hemorrhages appear and increasingly 
larger areas of nonperfused capillaries become evident. �is nonperfusion, in combination 
with the loss of BRB, facilitates the formation of retinal exudates and retinal edema in the 
macula with loss of vision. In more-advanced disease, when the areas of nonperfused retina 
become large enough, neovascularization may develop, which leads to vitreal hemorrhaging, 
scarring, and retinal detachment with subsequent severe vision loss. Although each of these 
individual signs of DR may also be observed in other ischemic retinopathies, the usual 
constellation of these findings in the fundus of a patient with DR is so specific that no other 
diagnosis is possible. �erefore, DR is a unique disease of the retina, which only develops 
in patients with diabetes, and is initiated by hyperglycemia or other factors related to the 
diabetic milieu. It develops independently of other diabetic microvascular complications, 
but the local cause of the specific sensitivity of the retina to the diabetic milieu is still a 
matter of debate [3]. �erefore, the major questions in DR research are 1) how does diabetes 
cause the onset and progression of DR, and 2) why is the retina specifically sensitive to 
diabetes? Here, we review and discuss the possible role of leukostasis and associated 
low-grade inflammation in DR in the context of those questions.

LEUKOSTASIS IN ANIMAL MODELS OF THE DIABETIC 
RETINA

Leukostasis in situ
�e phenomenon of leukostasis in the vasculature of retinas of diabetic rats was first 
described by Schröder et al. [4]. In their histochemical study of retinal whole mounts 
obtained from perfusion-fixed diabetic rats, significantly more capillary-occluding 
monocytes and granulocytes were observed as compared with control rats. �ese capillary-
occluding leukocytes also displayed a strong spatial correlation with focal endothelial 
swelling, capillary loss, and formation of intraretinal microvascular abnormalities. Because 
the leukocytes were found to be activated in the diabetic rats and because of their known 
ability to induce cellular damage by releasing cytotoxic products, it was speculated that 
occluding leukocytes have a causal role in the pathogenesis of DR through the induction of 
direct damage to the endothelium and surrounding tissue [4].

Some 10 years later, strong support for that hypothesis was presented by Joussen et 
al. [5], who observed high numbers of propidium iodide–stained retinal endothelial 
cells, indicating increased numbers of dead or dying cells in mice with 11 mo of STZ-
induced diabetes or 22 mo of galactosemia. �is was not the case in nondiabetic controls 
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or in transgenic diabetic ICAM-1-/- and CD18-/- mice, in which less retinal leukostasis was 
observed. �ese transgenic mice also displayed reduced DR-associated retinal vascular 
pathology, including BRB breakdown, endothelial cell and pericyte loss, and acellular 
capillaries. �e authors concluded that in long-term diabetes in rodents, a chronic, low-grade 
inflammation, initiated by leukostasis, induced the specific abnormalities of PCDR. �ese 
early abnormalities are considered to cause the initiation of more-advanced disease and 
vision loss in human DR and hence, the hypothesis that human DR is an inflammatory 
disease was born [6].

Recently, additional evidence for a causal role of leukocyte- induced vascular damage 
in PCDR in rodents was reported by various research groups, who demonstrated that a�er 
several intervention methods, decreased leukostasis led to decreased diabetic sequelae in 
diabetic animal models [5, 7–10], which will be further discussed in the “Experimental 
evidence for the role of leukostasis in the development of vascular pathology in DR” section

Leukostasis in vitro
In vitro studies using isolated retinal microvascular endothelial cells have been performed 
to further elucidate the specific e�ects of the hyperglycemic milieu on leukostasis. In 
one study, BRECs were exposed to high concentrations (20–100 mM) of D-glucose. �is 
resulted in a dose-dependent increase in leukocyte adhesion. However, similar e�ects 
were obtained when BRECs were incubated in the presence of the same concentrations of 
mannitol instead of D-glucose, indicating that increased leukocyte adhesion was due to 
hyperosmolarity, rather than to the specific e�ect of excess D-glucose levels [11]. A similar 
experiment was performed with human retinal endothelial cells, which showed elevated 
leukocyte adhesion in the presence of high D-glucose concentrations (46 mM), whereas 
that e�ect was not observed when mannitol (30 mM) or L-glucose (30 mM) was used 
[12], suggesting that increased leukocyte adhesion to human retinal endothelial cells is a 
D-glucose–specific reaction and not a nonspecific reaction to a hyperosmotic environment. 
�is interexperimental variation illustrates the difficulty of using in vitro models to study a 
complex systemic human disease, such as diabetes.

Leukostasis in vivo
Nishiwaki et al. [13] developed a technique to analyze leukocyte dynamics in the retinal 
microvasculature of laboratory animals in vivo. Leukocytes were labeled by an i.v. injection 
of acridine orange and were then visualized in the retinal microvasculature using a scanning 
laser ophthalmoscope. In various animal models, increased leukostasis in the retinal 
microvasculature was reported a�er short- and long-term diabetes using this technique 
[14–16]. On the other hand, in rhesus monkeys with spontaneous diabetes type 2 [17], 
static leukocytes in retinas with histologic evidence of DR were not di�erent from those in 
retinas without signs of DR. Moreover, the db/db mouse, a model for diabetic dyslipidemia, 
did not show increased leukostasis in the retina [18].

Unfortunately, the toxic nature of acridine orange prevents the study of leukostasis in 
the retinal vasculature of humans with diabetes. A safe technique for visualizing leukocytes 
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in humans has yet to be developed. �erefore, the study of leukostasis in human retinal 
vasculature is not yet possible, and as a consequence, most of the current data on retinal 
leukostasis is derived from animal models of DR.

PROPOSED MECHANISMS OF LEUKOSTASIS
�ere are 3 mechanisms that have been proposed to lead to increased leukostasis in the 
retina during the development of DR: 1) decreased retinal blood flow or perfusion pressure; 
2) narrowing of capillary lumina; and 3) increased leukocyte–endothelium adhesion.

Decreased retinal blood flow and perfusion pressure 
�e state of retinal blood flow in diabetes is controversial, with studies reporting both 
decreased and increased blood flow in the diabetic retina [19, 20]. One study of retinal 
hemodynamics showed that the number of static leukocytes increased in diabetic rats, 
whereas leukocyte passage time through retinal capillaries was similar to that in controls 
[15]. In contrast, Abiko et al. [14] showed that increased leukostasis in Zucker diabetic 
fatty rats was accompanied by reduced retinal blood flow. However, treatment of diabetic 
rats with the antioxidant α-lipoic acid prevented the occurrence of leukostasis but did not 
normalize retinal blood flow. �erefore, it seems unlikely that decreased retinal blood flow 
or perfusion pressure is the mechanism of retinal leukostasis.

Narrowing of capillaries
Luminal narrowing of retinal capillaries has been observed in diabetic OLETF rats [21] 
and primates with VEGF-induced retinopathy [22]. �e exact mechanisms by which the 
narrowing occurs are largely unknown. In primates with VEGF-induced retinopathy, 
hypertrophy of the endothelial cells has been shown to cause lumen narrowing in retinal 
capillaries [22]. Vascular constriction has been proposed as a mechanism of leukostasis 
through capillary narrowing because expression of the vasoconstrictor ET-1 was found 
to be increased in the retinal vasculature of diabetic rats [23, 24], whereas the expression 
of ET-1 receptors on retinal pericytes was also found to be increased [24]. ET-1 receptor 
antagonists limited leukostasis in the retinas of rats with STZ-induced diabetes, but that 
e�ect was attributed to decreased VEGF production, rather than to vasoconstriction [25]. 
�erefore, the evidence is minimal at best that capillary constriction is a cause of leukostasis 
in the diabetic retina. 

Vascular compression from LB thickening has also been suggested to cause lumen 
narrowing [26]. LB thickening is a well-established, histopathologic feature of DR [27, 28], 
but it has not been shown to cause lumen narrowing or leukostasis in retinal capillaries [29]. 
Furthermore, there is no spatial correlation between the vascular complications attributed 
to increased leukostasis, which occur nonuniformly throughout the retina of patients with 
diabetes, whereas LB thickening occurs uniformly, making LB thickening a less-likely cause 
of leukostasis [30].
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Lumen narrowing has yet to be demonstrated in retinal capillaries of humans, but a 
number of findings support the feasibility that it causes leukostasis in humans. First, 
leukocytes isolated from patients with diabetes have decreased elasticity [31]. Because the 
diameter of most leukocytes is roughly twice that of the average retinal capillary, adequate 
elasticity is crucial for leukocyte passage. Second, vessels in the diabetic retina have been 
shown to be more tortuous compared with nondiabetic retinas in both rodents [21, 32] and 
humans [33]. �erefore, more-rigid leukocytes can become trapped at tortuous sites when 
blood flow is hampered in retinas of patients with diabetes. However, to date, no direct 
evidence exists for this mechanism of leukostasis in the human diabetic retina.

Increased leukocyte-endothelium adhesion
Considerably more evidence has been generated in both animal models and patients that 
implicate low-grade, chronic inflammation in inducing leukocyte–endothelial adhesion as a 
major mechanism of increased leukostasis in diabetic retinas [5]. Leukocytes isolated from 
diabetic rats and humans show increased adhesion to endothelial cells in vitro [34, 35]. 
Additionally, leukocytes from diabetic rats and patients express increased levels of the β2-
integrins CD11a, CD11b, and CD18 [34, 36]. �ese adhesion molecules, in conjunction with 
their endothelial counterparts ICAM-1 and VCAM-1, have a crucial role in inflammation 
because they are required for firm leukocyte–endothelial cell adhesion. Abs against CD11a, 
CD11b, and CD18 prevented adhesion in vitro, and CD18 blockade suppressed leukocyte 
adhesion in retinal capillaries of diabetic rats in vivo [34]. Furthermore, activated leukocytes 
that were injected into healthy mice were shown to interact with retinal endothelium in 
association with increased ICAM-1 staining [37]. �at indicates that activated leukocytes 
have the capacity to locally upregulate endothelial ICAM-1 expression. Administration 
of anti–ICAM-1 Abs significantly reduced leukostasis in diabetic rats [38]. Moreover, 
leukostasis did not occur in ICAM-1– or CD18-deficient mice at 11 mo of STZ-induced 
diabetes or 22 mo of galactosemia [5].

In the diabetic human retina, the relevance of ICAM-1 expression has not yet been 
established. Both increased and unaltered ICAM-1 expression has been found [39, 40]. 
�e di�erent results of these 2 studies may be explained by the size of the control groups. 
One study used a small group of 6 control retinas, 4 of which were devoid of ICAM-1 
staining, whereas 2 were not [40]. �e other study included a control group equal in size 
to the diabetic groups that were studied (n = 19). In that study, most of the control retinas 
exhibited low to moderate ICAM-1 staining that was similar to that in diabetic retinas 
[39].   

In agreement with the latter study, moderate, constitutive, endothelial ICAM-1 
expression has been reported in human retinal capillaries in vivo [41] and in human retinal 
endothelial cells in vitro [42, 43]. Moreover, the adhesion molecules VCAM-1, E-selectin, 
and P-selectin, which are important in the inflammatory process through their tethering of 
leukocytes to the endothelium, have not been found expressed in the healthy or diabetic 
human retinal microvasculature [39, 40].
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CURRENT PARADIGM OF LEUKOCYTE-INDUCED 
VASCULAR PATHOLOGY LEADING TO DR  
In this section, we present a synopsis of data regarding the molecular processes that lead to 
leukostasis and PCDR, as observed in diabetic animal models. Furthermore, we attempt to 
incorporate those processes into a simplified chain of events that represents the theory of 
how leukostasis and low-grade inflammation lead to the specific vascular pathology of DR.

Many biologic factors and conditions have been shown to modulate retinal leukostasis. 
Tables 1 and 2 contain a comprehensive list of factors and conditions that either induce 
or reduce leukocyte adhesion in the retinal circulation in experimental models. �e 
hyperglycemic state induced by diabetes has been proposed to lead to DR through 3 major 
pathologic biochemical processes: 1) increased flux of glucose metabolites through the 
polyol pathway [56], 2) nonenzymatic protein glycosylation and the resulting accumulation 
of AGEs [57, 58], and 3) increased oxidative stress from accumulation of ROS [43, 59, 60]. 
�ese latter 2 processes have also been implicated in increased retinal leukostasis. Systemic 
administration of AGEs leads directly to increased retinal leukostasis in mice [48], whereas 
various antioxidant therapies neutralize the diabetes-induced increase in leukostasis [14, 
61].

Table 1. Factors known to increase retinal leukostasis

Factors increasing leukostasis Fold increase*

Diabetes 1.9 [44]–4.8 [17]

Increased glucose 1.9 [12]

Hyperosmolarity 1.6 [11]

VEGF 4.8 [45]–14.5 [46]

TNF-a 13–92 [46, 47]

IL-1b 4.5 [46]

Platelet-activating factor 13.6 [46]

AGEs 2.7 [48]

Insulin 2.5 [49]

Hypertension 2–2.7 [50]

Hypercholesterolemia 2.1 [51]
*Fold increase relative to control experiments.

Hyperglycemia itself may also directly lead to increased leukostasis through PKC-β 
activation, likely via de novo synthesis of diacylglycerol [62]. AGEs and ROS also lead to 
activation of PKC-β [14, 63]. As such, it is conceivable that PKC-β activation is a common 
mechanism through which AGEs, ROS, and hyperglycemia lead to leukostasis and DR. 
Activation of PKC-β leads to increased transcription of various proteins and growth 
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Table 2. Factors known to decrease diabetes-induced retinal 
leukostasis

Factors decreasing leukostasis in DM Fold decrease* 

Aspirin 4.9 [52]

COX-2 inhibitor 5.6 [52]

Etanercept (anti–TNF-a) 5.1 [52]

Endothelin 2.1 [25]

Antioxidants

a-lipoic acid 1.6 [14]

D-a-tocopherol 1.7 [14]

Corticosteroids 2.3 [53]

PKC-b inhibition 1.7 [14]

PPAR-g signaling 1.6 [44]

5-Lipoxygenase deficiency 15 [54]

12/15-Lipoxygenase  deficiency 6.5 [54]

AMA0428 (r-kinase inhibitor) 1.4 [7]

Vitamin B (Metanx) 1.7 [55]

*Fold decrease relative to diabetic controls with vehicle only.

factors, such as VEGF [64], which can lead to enhanced vascular permeability and retinal 
leukostasis and coincides with increased ICAM-1 expression [45]. In human DR, a PKC-β 
inhibitor was shown to moderately reduce visual loss, need for laser treatment, and macular 
edema progression in patients with diabetes [65]. In the rat retina, inhibition of PKC-β 
activation has been shown to ameliorate diabetes-induced leukostasis [14].

Leukocytes activated by the diabetic milieu in rodents and patients with diabetes adhere 
to the retinal vasculature and induce endothelial apoptosis [9, 43, 66] through Fas–Fas 
ligand interactions [66]. It has further been proposed that this chain of events possibly leads 
to vision loss via 2 separate pathways [66]. First, breakdown of the BRB can (at least in part) 
occur via induction of apoptosis in the endothelium. �is endothelial cell death results in 
vascular leakage, which may contribute to the development of macular edema. Second, 
the accumulative e�ect of endothelial cell death because of the chronic nature of diabetes 
may lead to replicative senescence and avascular capillaries. �at results in areas of retinal 
nonperfusion and hypoxia that induces increased VEGF expression, which ultimately 
leads to retinal neovascularization [66]. A schematic representation of those proposed 
pathways based on animal model studies is shown in Fig. 1. Despite the fact that the scheme 
is a simplified representation of the processes at hand, it provides an adequate overview 
of mechanisms of vascular pathology of DR in rats and mice, including leukostasis and 
inflammation.
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Figure 1. Schematic diagram of the role of leukostasis in the development of DR in animal models 
based on current literature. Pathways represented by dashed arrows are based on conjecture, whereas 
solid arrows represent pathways that have been shown to be involved.
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EXPERIMENTAL EVIDENCE FOR THE ROLE OF LEUKO-
STASIS IN THE DEVELOPMENT OF VASCULAR PATHOLOGY 
IN DR
�e mounting evidence that leukostasis has a role in the development of sequelae 
characteristic for PCDR in diabetic animal models is the major basis of the assumption 
that human DR is a disease caused by low-grade, chronic inflammation [6]. �is idea is not 
new (DR was initially termed “diabetic retinitis” [67]), but the data implicating increased 
retinal microvascular leukostasis as having a specific causal role in the development of 
PCDR has provided new support for the chronic inflammation hypothesis. �e evidence 
seems substantial that this is the case in animal models, but a critical analysis of the current 
literature reveals conflicting evidence of this causal role.

TNF-α–dependent leukostasis was shown to be responsible for increased endothelial 
cell death and BRB leakage in rat retinas as early as 1 wk a�er induction of diabetes [52]. 
�e TNF-α–dependent nature of VEGF-induced leukostasis was demonstrated in TNF-α 
knockout mice. However, BRB leakage was not significantly altered in that model, and the 
absence of TNF-α and leukostasis did not prevent or reduce retinal neovascularization when 
those mice were used in an oxygen-induced retinopathy assay [46]. Taken together, these 
data suggest that leukostasis may not be essential in animal models for the development of 
PCDR.

Leukostasis did not occur in ICAM-1-/- and CD18-/- mice with STZ-induced type 1 
diabetes up to 11 mo. Retinas of those mice exhibited significantly fewer acellular capillaries 
and no altered numbers of pericytes and endothelial cells as compared with wild type 
diabetic mice [5]. STZ-induced diabetic, transgenic mice expressing neutrophil inhibitory 
factor, which is a selective antagonist for the integrin complex Mac-1 (CD11b/ CD18), do 
not develop retinal leukostasis, and in those mice degeneration of retinal capillaries and 
retinal superoxide production were inhibited [9]. In addition, recent studies demonstrated 
that inhibition of ROCK signaling [7], VEGFR1 blockade [68], retinal overexpression of 
ACE-2 [69], or inhibition of the VEGF coreceptor neuropilin-1 [70] attenuated leukostasis 
in the retina of mice with STZ-induced diabetes, and that was accompanied with decreased 
diabetes-induced retinal complications. �ese data suggest that leukostasis is causal for the 
development of sequelae characteristic for PCDR and non-proliferative DR.

In contrast, several recent studies provide evidence that this causal association is not 
always the case. Spontaneously diabetic db/db mice, known to develop acellular capillaries 
at 34 wk of age, showed no increase in leukostasis, suggesting that other factors than 
leukostasis lead to acellular capillaries in this model of type 2 diabetes [18]. Both STZ-
induced diabetic mice deficient in either 5-lipoxygenase or 12/15-lipoxygenase, which are 
inducers of chronic inflammation and ROS production, demonstrated a similar reduction 
in leukostasis. However, pericyte loss and numbers of acellular capillaries were reduced only 
in the 5-lipoxygenase–deficient diabetic mice, whereas in the 12/15-lipoxygenase–deficient 
diabetic mice, those sequelae developed in spite of the reduction in leukostasis [54]. 
Moreover, when STZ-induced diabetic mice were treated with the medical food product 
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Metanx (containing the active forms of vitamins B9, B6, and B12; Alfasigma, Covington, LA, 
USA), multiple inflammation-related molecular abnormalities, such as leukostasis, ICAM-1 
expression, and activation of NF-κb in the retina, were significantly inhibited, but no e�ects 
were observed on degeneration of retinal capillaries and formation of pericyte ghosts [55].

In our opinion, these studies provide evidence that dissociates the occurrence of 
leukostasis and low-grade inflammation from the development of the specific diabetic 
retinal sequelae. Reasons for these contradictory results can possibly be found in di�erences 
in methodologies and diabetic models that have been used (toxin-induced type 1 diabetes 
vs. genetically inbred strains of spontaneously induced, type 2 diabetes) or perhaps in the 
genetic di�erences among species. �is 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 seen in human DR (Table 3).

RELEVANCE OF LEUKOSTASIS IN THE DEVELOPMENT OF 
DR IN HUMAN DIABETES
In this section, we set out to assess the relevance of leukostasis in the development of human 
DR. In addition to di�erences in sizes and functions of ocular tissues between species, 
di�erences in vascular patterns [86], cellular composition [87], cellular metabolism, and 
biochemistry [88] have been demonstrated.

Furthermore, a discrepancy in NF-κb expression and activation exists between STZ-
induced diabetes in rats and human patients with diabetes. NF-κb is exclusively expressed 
in retinal vascular pericytes of human patients with diabetes [89], whereas in diabetic 
rats, its activity is increased in both retinal endothelial cells and pericytes [90]. �is is a 
crucial di�erence because NF-κB has an essential role in inflammatory processes, including 
leukostasis. Moreover, NF-κB is also involved in retinal pathology in experimental rodent 
diabetes through induction of various molecules, such as ICAM-1 and Fas in retinal 
vascular endothelial cells [66, 52, 55, 91], whereas increased vascular expression of either 
ICAM-1 [39] or Fas [unpublished data] was not found in human diabetic retinas.

�e ocular di�erences between man and rodent are further illustrated by the various 
interventions that e�ectively decrease leukostasis and its associated sequelae in rodents but 
fail to be e�ective in preventing or slowing down progression of DR in humans. Treatment 
of diabetic rats with antioxidants reduces retinal leukostasis as well as the formation of 
pericyte ghosts and acellular capillaries [14, 61, 92]. Although properly 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 decreased 
incidence of DR [93]. Aspirin therapy reduces the formation of diabetic retinal sequelae in 
dogs [94] and rats [95] but has not proven to be e�ective in slowing down the progress of 
DR in humans [96].

Inhibition of PKC-β has also led to significantly decreased diabetes-induced retinal 
vasculopathies, including leukostasis in animal models [14], but the preventive e�ect on the 
incidence or progression of DR in humans is very small. Finally, intravitreal corticosteroid 
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injections seem to have similar e�ects in animal models and human diabetes because 
leukostasis and vascular leakage are decreased in diabetic rats [16], and diabetic macular 
edema and visual acuity in humans are improved [96], which is in agreement with the 
hypothesis that DR is a disease of chronic inflammation. However, corticosteroids may 
also have a substantial direct e�ect on BRB endothelium, independent of their anti-
inflammatory actions [97].

�us far, the only therapies proven to decrease the incidence and progression of DR in 
humans is strict control of hypertension and glucose levels in the blood using insulin [98, 
99] or sulphonylureas [98]. Surprisingly, s.c. or ocular administration of insulin in rats 
leads to increased retinal leukostasis [49] and vascular pathology [100], respectively. �is, 
however, is likely due to the direct e�ects of insulin on its many receptors in the retina, 
whereas the beneficial e�ects of systemically administered insulin in humans with diabetes 
are derived from its ability to lower blood glucose levels. Studies on the e�ect 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, the reported outcome measurements vary. In animal studies, those 
measurements usually consist of quantitative biochemical data or qualitative pathology, 
whereas in human DR studies, the outcomes are mainly based on vascular macropathology 
and vision loss, neither of which occurs in current animal models of DR. Second, 
quantification of leukostasis in the human retina in vivo remains problematic. �erefore, 
the exact role of leukostasis in human DR remains speculative.

CONCLUSION: IS LEUKOSTASIS A MAIN PLAYER IN DR 
DEVELOPMENT OR AN EPIPHENOMENON?
Leukostasis and associated signs of low-grade inflammation are increased in most rodent 
models of DR. �e evidence that these phenomena have a specific causal role in the 
pathogenesis of DR in these models is conflicting. As shown in Table 1, various factors 
lead to increased leukostasis in the rodent retina. However, not all of those factors lead 
to the sequelae characteristic for PCDR or nonproliferative DR, such as pericyte loss and 
acellular capillaries. Retinal leukostasis is also observed in rodent models of hypertension 
[50], insulin resistance [14], hypercholesterolemia [51], and hyperinsulinemia [49]. �ose 
disease 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 
considered to precede those events. Leukostasis likely contributes to retinal vascular 
leakage, but it is not necessary for it to occur [46]. Furthermore, increased leukostasis 
does not reduce overall retinal blood flow [14]. Locally decreased blood flow induced 
by leukocyte capillary plugging might cause the development of acellular capillaries and 
regional hypoperfusion, but then, it would be expected to happen in the retinas of rodents 
with hypertension, hypercholesterolemia, and hyperinsulinemia, as well, which is not the 
case. Leukostasis can induce apoptosis of microvascular endothelial cells [9, 43, 66] and 
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thus result in acellular capillaries and hypoperfusion. However, those sequelae are also 
observed in diabetic rodents without leukostasis [18]. Finally, when leukostasis is absent in 
diabetic retinas, the specific hallmark sequelae of PCDR or nonproliferative DR still occurs 
to the same degree [54, 55].

Taken together, it must be concluded that there is no compelling evidence for a significant 
role for leukostasis in the development of DR in humans. Increased leukostasis seems to 
be a result of aspecific endothelial cell dysfunction, rather than a crucial, specific step in 
the development of DR and is, therefore, likely an epiphenomenon of the retinal diabetic 
milieu. However, it cannot be ruled out (and is perhaps likely) that leukostasis enhances the 
pathogenic e�ects of the diabetic milieu on the retina. More research is needed to further 
elucidate the relevance of leukostasis and low-grade inflammation in the development of 
DR in the human retina. Improved animal models for DR, detailed pathologic studies in 
human DR, and the ability to quantify in vivo leukocyte dynamics in the human retina are 
critical to this endeavor.
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ABSTRACT
PURPOSE. Proin�ammatory cytokines such as tumor necrosis factor (TNFα) may have 
a causative role in blood–retinal barrier (BRB) disruption, which is an essential step in 
the development of diabetic macular edema. �e purpose of our study was to determine 
whether TNFα increases permeability in an in vitro model of the BRB and to explore the 
mechanisms involved.
METHODS. Primary bovine retinal endothelial cells (BRECs) were grown on Transwell 
inserts and cells were stimulated with TNFα or a combination of TNFα, IL1β, and VEGF. 
Molecular barrier integrity of the BRB was determined by gene and protein expression of 
BRB-speci�c components, and barrier function was assessed using permeability assays.
RESULTS. TNFα reduced the expression of tight and adherens junctions in BRECs. 
Permeability for a 376 Da molecular tracer was increased a�er TNFα stimulation, but not 
for larger tracers. We found that 3’,5’-cyclic adenosine monophosphate (cAMP) stabilized 
the barrier properties of BRECs, and that TNFα signi�cantly decreased intracellular 
cAMP levels. When BRECs were preincubated with a membrane-permeable cAMP 
analog, the e�ects of TNFα on claudin-5 expression and permeability were mitigated. �e 
e�ects of TNFα on barrier function in BRECs were largely independent of the small Rho 
guanosine triphosphate (GTP)ases RhoA and Rac1, which is in contrast to TNFα e�ects 
on the nonbarrier endothelium. �e combination of TNFα, IL1β, and VEGF increased 
permeability for a 70 kDa-FITC tracer, also mediated by cAMP.
CONCLUSIONS. TNFα alone, or in combination with IL1β and VEGF, induces 
permeability of the BRB in vitro for di�erently sized molecular tracers mediated by cAMP, 
but independently of Rho/Rac signaling.
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INTRODUCTION
More than one third of diabetic persons have some form of diabetic retinopathy (DR), and 
approximately 5% to 10% develop vision-threatening complications such as proliferative 
DR and macular edema1; the latter is the leading cause of vision loss in DR.2 Although 
disruption of the blood-retinal barrier (BRB) is an essential step in the development of 
diabetic macular edema, its mechanisms are poorly understood. �is lack of understanding 
precludes the development of novel e�ective treatment strategies. Focal and di�use BRB 
disruption is caused by retinal ischemia as a result of capillary nonperfusion3 and eventually 
leads to vascular leakage and the development of diabetic macular edema. Although it is 
widely accepted that vascular endothelial growth factor (VEGF) is one of the main drivers 
of BRB disruption, a subset of patients does not bene�t from therapeutics targeting VEGF.4  
Furthermore, these invasive treatments are burdensome for the patient, requiring monthly 
to bimonthly intravitreal injections5 for several years.

In addition to VEGF, it has been suggested that proin�ammatory cytokines such as 
tumor necrosis factor (TNFα) have a causative role in BRB disruption.6-8 Indeed, there are 
studies that show elevated TNFα levels in the vitreous of patients with active DR,9-12 but 
also studies that do not.13 Furthermore, (small) clinical trials using anti-TNFα antibodies 
or soluble TNFα receptors in patients with diabetic macular edema or other ocular diseases 
have had limited success to date.6,14-17 �erefore, whether and how proin�ammatory 
cytokines contribute to the development of BRB disruption and subsequent macular edema 
is still controversial.

In nonbarrier type endothelium of peripheral origin, TNFα is known to induce vascular 
leakage via the second messenger molecule 3’,5’-cyclic adenosine monophosphate (cAMP) 
and the Rho family of small GTPases, including Rac1 and RhoA. Upon receptor binding, 
TNFα can lower intracellular cAMP levels and inactivate Rac118,19 or activate RhoA.20-22 
�is leads to the disruption of adherens junctions and stress �ber formation and eventually 
increased permeability. Although these actions of TNFα have been shown to greatly a�ect 
peripheral (micro)vascular permeability, little is known about these mechanisms in the 
context of barrier-forming endothelia such as that of the BRB. �e purpose of the present 
study was to address the following questions: In an in vitro model of the BRB, (a) does 
TNFα induce endothelial permeability and, if so, (b) is TNFα-induced endothelial barrier 
permeability mediated by cAMP and/or small Rho GTPases?

MATERIALS AND METHODS

Cell cultures
Bovine retinal endothelial cells (BRECs) were isolated from freshly enucleated cow eyes 
obtained from the slaughterhouse and cultured as described previously.23 First passage 
BRECs were used in all experiments, and the cells were kept in complete Dulbecco’s 
modi�ed Eagle’s medium containing 25 mM HEPES and 4.5 g/l glucose (Lonza, Breda, 
�e Netherlands), supplemented with 10% fetal calf serum, 1x MEM nonessential amino 
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acids (�ermo Fisher Scienti�c, Landsmeer, �e Netherlands), Fungizone® Antimycotic 
(Gibco, Landsmeer, �e Netherlands), 1% penicillin-streptomycin-glutamine (PenStrep; 
Invitrogen, Landsmeer, �e Netherlands), 2 mM L-glutamine (�ermo Fisher Scienti�c), 
and 10 µg/ml hydrocortisone (Sigma- Aldrich, Zwijndrecht, �e Netherlands) in 10% CO2 
at 37ºC.

Human umbilical vein endothelial cells (HUVECs; passage 3) were isolated as described 
previously.24 HUVECs were cultured in 2% gelatin-coated plates and kept in M199 basal 
medium (Gibco) supplemented with 1% PenStrep, 10% fetal calf serum, and 10% human 
serum at 5% CO2 at 37ºC. �e experiments were repeated with HUVECs of at least three 
donors.

In vitro BRB model
An in vitro model of the BRB was developed by us23 and was used in this study with minor 
adaptations. When cells were con�uent, they were transferred to 24-well Transwell inserts 
(0.33 cm2, pore size 0.4 µm; Greiner Bio-One, Alphen a/d Rijn, �e Netherlands) coated 
with collagen type IV (Sigma-Aldrich). �e next day, fresh medium was given to the cells 
and in some experiments supplemented with 312.5 µM 8-(4-chlorophenylthio(CPT))-
cAMP (Sigma-Aldrich) and 17.5 µM RO-20-1724 (a speci�c phosphodiesterase [PDE] 
inhibitor, to prevent cAMP breakdown25; Calbiochem, Darmstadt, Germany). Based on a 
literature search, o�-target e�ects of RO-20-1724 on endothelial cells are unlikely. A�er 3 
or 4 days (depending on the duration of stimulation), rhTNFα (10 ng/ml; ProSpec, Ness 
Ziona, Israel) or a combination of rhTNFα (10 ng/ml), rhIL1β (10 ng/ml; ProSpec), and 
rhVEGF-165 (25 ng/ml; R&D Systems, Abingdon, UK) was added in 20 µl to the apical side 
of the insert.

Permeability analysis
Permeability assays were performed at 2, 6, and 24 hours a�er TNFα or triple cytokine 
(TNFα, IL1β, and VEGF) stimulation. Fluorescent tracers of di�erent sizes (376 Da 
�uorescein sodium salt, 250 µg/ml [Invitrogen]; 766 Da Cy3, 50 µg/ml [GE Healthcare, 
Eindhoven, �e Netherlands], 70 kDa FITC- dextran, 250 µg/ml [Invitrogen], or BSA-FITC, 
250 µg/ml [Invitrogen]) were added to the apical side of the Transwell insert, and samples 
were collected from the upper and lower compartments a�er 4 hours. Concentrations of 
the tracer molecules were measured with a �uorescence plate reader (BMG POLARstar; 
MTX Lab Systems, Bradenton, FL, USA), and tracer passage to the lower compartment 
was calculated on the basis of the initial concentration in the upper compartment. �e 
permeability of stimulated cells was calculated relative to that of unstimulated cells.

 Immuno�uorescence staining
BRECs were grown to con�uence on collagen type IV- and �bronectin-coated plastic 
coverslips (Nunc, �ermo Fisher Scienti�c). Preincubation with 8-(4-CPT)-cAMP and 
RO-20- 1724 was performed during the night before stimulation with TNFα by changing 
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the medium to medium supplemented with 312.5 µM 8-(4-CPT)-cAMP and 17.5 µM 
RO-20-1724. �e cells were �xed with ice-cold 75% ethanol for 15 minutes at -20ºC (anti-
claudin-5 antibody), or with 4% paraformaldehyde for 15 minutes at 4ºC (other antibodies) 
and stained as described previously.23 �e following primary antibodies were used: rabbit 
anti-claudin-5 (cat. 34-1600, 1:100; Invitrogen), rabbit- anti-ZO1 (cat. 61-7300; 1:250, 
Invitrogen), rabbit-anti VE- cadherin (cat. ab33168; 1:400, Abcam, Cambridge, UK) or a 
phalloidin probe conjugated with Texas Red (cat. T7471; 1:200, �ermo Fisher Scienti�c). 
�e secondary antibodies directed against the relevant species were conjugated with Alexa 
Fluor-488 (1:100; �ermo Fisher Scienti�c) or Cy3 (1:100; Jackson ImmunoResearch, 
Su�olk, UK). Cells were mounted on glass slides with Vectashield containing 4’,6- 
diamidino-2-phenylindole (Vector Laboratories, Burlingame, CA, USA) for nuclear 
staining and embedding. Images were recorded using a confocal laser scanning microscope 
SP8 (Leica Microsystems, Wetzlar, Germany) at the van Leeuwenhoek Centre for Advanced 
Microscopy, AMC. Speci�city of the staining reaction was checked by the absence of 
�uorescence signal in samples when the primary antibody was omitted.

F-actin staining of four independent experiments was quanti�ed using Confocal Leica 
Application Suite X so�ware (Leica Microsystems). In each experiment, six to eight regions 
of interest of approximately 725 µm2 were selected per image, and the pixel intensity of these 
regions was averaged per condition. To correct for di�erent pixel intensities between the 
experiments, factor correction was applied using Factor Correction so�ware v2015.2.0.0.26

RNA isolation and mRNA quanti�cation
BRECs were grown to con�uence in a 12-well plate and harvested in 500 µl TRIzol reagent 
(Invitrogen). Total RNA was isolated according to the manufacturer’s protocol and dissolved 
in RNAse-free water. RNA yield was measured spectrophotometrically using NanoDrop 
(�ermo Scienti�c, Wilmington, DE, USA), and 1 µg RNA was treated with DNAse-I 
(Invitrogen) and reverse transcribed into �rst-strand cDNA with a Maxima First Strand 
cDNA Synthesis Kit (�ermoFisher). Real-time quantitative PCR was performed on 20x 
diluted cDNA samples using a CFX96 system (Bio-Rad, Hercules, CA, USA) as described 
previously.27 Primer details are published in Klaassen et al.27 Data were normalized to the 
geometric mean of the most stable reference genes as determined with NormFinder.28

Measurement of intracellular cAMP levels
Intracellular levels of cAMP in BREC lysates were measured using the acetylated format of 
the Direct cyclic AMP ELISA kit (Enzo Life Sciences, Raamsdonkveer, �e Netherlands), 
according to the manufacturer’s protocol. Absorbance was measured at 405 nm using a 
microplate spectrophotometer (VERSAmax, Molecular Devices, Sunnyvale, CA, USA), 
and data were analyzed with So�Max Pro so�ware (v5.4.1, Molecular Devices). Protein 
concentration of the cell lysate was measured with Precision Red Advanced Protein Assay 
(Cytoskeleton, Inc., Denver, CO, USA). Concentrations of intracellular cAMP (pmol/ml) of 
unstimulated cells were set to one and compared to cAMP levels of treated cells.
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RhoA and Rac1 activation assays
Activated RhoA and Rac1 in BREC lysates was measured with the absorbance-based RhoA 
or Rac1 Activation Assay G-LISA (Cytoskeleton, Inc.), according to the manufacturer’s 
protocol. Absorbance was measured at 490 nm using a microplate spectrophotometer 
(VERSAmax, Molecular Devices).

Statistics
Data are depicted as mean ± standard deviation. Experimental conditions were carried out 
in triplicate, and at least three independent experiments were performed. �e di�erences 
between groups were determined using an unpaired Student’s t-test or analysis of variance 
followed by Dunnett’s test for multiple comparisons. Di�erences were considered 
statistically signi�cant when P < 0.05. Statistical analyses and graphing were performed 
using GraphPad Prism 6 (GraphPad So�ware, Inc., La Jolla, CA, USA) so�ware.

RESULTS

TNFα reduces mRNA and protein levels of tight and adherens 
junctions
Stimulation of BRECs with TNFα (10 ng/ml) for 24 hours signi�cantly reduced mRNA 
expression of the tight junction components claudin-5 and zona occludens (ZO)-1, vascular 
endothelial (VE)-cadherin and β-catenin, the main constituents of adherens junctions (Fig. 
1A). On the protein level, expression of claudin-5 appeared to be similar to that in control 
cells a�er 24 hours of stimulation with TNFα, except that claudin-5 was expressed in a 
more ru�ed manner around cell membranes (Fig. 1B). Protein expression of ZO-1 and VE- 
cadherin was reduced a�er 24-hour TNFα stimulation compared to control cells (Fig. 1B). 
In contrast with what has been reported for peripheral endothelium (dermal, pulmonary, 
umbilical vein)18,20,29,30 and with what we observed in HUVECs (Supplementary Fig. S1), 
TNFα did not induce stress �ber formation in BRECs (Fig. 1C), and F-actin content was 
similar in control and TNFα-stimulated cells (Fig. 1D).

TNFα increases permeability only for small molecular tracers
To test the e�ect of TNFα-induced downregulation of endothelial junctions on barrier 
function, we performed permeability assays for molecular tracers of di�erent sizes. TNFα 
increased the permeability of BREC monolayers for a small molecular tracer, sodium 
�uorescein (376 Da) a�er 6-hour and 24-hour stimulation (Fig. 2A) to 131% and 125%, 
respectively (P < 0.05). Permeability for two larger tracers (766 Da and 70 kDa) was not 
altered a�er TNFα treatment (Figs. 2B, 2C). �ese data suggest that TNFα has a selective 
e�ect on the paracellular transport pathway, likely as a consequence of disrupted tight 
junctions.
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Figure 1. Effect of TNFa on endothelial junctions and the actin cytoskeleton in BRECs. (A) Stimulation 
of BRECs with TNFa (10 ng/ml) for 24 hours signi�cantly decreased mRNA levels of the tight junction 
components claudin-5 and ZO-1, and the adherens junction components VE- cadherin and b-catenin. 
(B) Immuno�uorescence staining of claudin-5 (red) shows a ruf�ed border around the cell membrane 
after 24 hours of stimulation with TNFa. Nuclear staining is shown in blue. ZO-1 (gray) and VE-
cadherin (green) immuno�uorescence staining is reduced after TNFa stimulation. (C) TNFa did not 
induce stress �ber formation in BRECs as shown by immuno�uorescence staining with a phalloidin 
probe to label �lamentous actin (F-actin; red). (D) Quanti�cation of F-actin content showed similar 
results in control cells and TNFa-stimulated cells. **P < 0.01, ***P < 0.001. Data are depicted as 
mean ± standard deviation. Red scale bar is 50 µm. White scale bar is 10 µm.

Figure 2. Effect of TNFa on permeability for differently-sized �uorescent tracers. (A) TNFa (10 ng/
ml) signi�cantly increased permeability for sodium �uorescein (376 Da) after 6 hours and 24 hours 
of stimulation. (B) Permeability for a 766 Da-Cy3 tracer and (C) 70 kDa-FITC tracer was not changed 
after TNFa stimulation. *P < 0.05. Data are depicted as mean ± standard deviation.
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cAMP has a stabilizing e�ect on barrier properties
Although cAMP signaling in barrier-forming endothelium in pathologic conditions has 
not been thoroughly investigated, the stabilizing e�ects of cAMP on barrier-endothelium 
properties in vitro are well known.23,31 To con�rm that cAMP stabilizes the endothelial 
barrier in our BRB model, we used 8-(4-CPT)-cAMP (a membrane-permeable cAMP 
analog32) and RO-20-1724 (a PDE IV inhibitor) to increase intracellular cAMP levels. 
We found a marked increase in barrier function, re�ected by low permeability for both 
small (376 Da, 766 Da) and large (70 kDa) tracers with addition of the two compounds 
(Figs. 3A–C). A concentration-response experiment for RO-20-1724 revealed that 17.5 µM 
RO-20-1724 (a concentration regularly used in BRB and BBB cell models)23,25,33,34 resulted 
in the lowest permeability (data not shown). �e addition of 17.5 µM RO-20-1724 alone 
signi�cantly decreased permeability to sodium �uorescein and the 766 Da-Cy3 tracer, but 
this e�ect was reduced when simultaneously low levels (3.1 µM or 31.2 µM) of 8-(4-CPT)- 
cAMP were added to the cells. For all 3 tracers, permeability was lowest and signi�cantly 
decreased when compared with control when 312.5 µM 8-(4-CPT)-cAMP in combination 
with 17.5 µM RO-20-1724 was added. Based on these �ndings, subsequent experiments 
were performed using 312.5 µM 8-(4- CPT)-cAMP and 17.5 µM RO-20-1724.

In addition, cAMP induced reorganization of the actin cytoskeleton (Figs. 3D, 3E). A�er 
preincubation of the cells with 8-(4-CPT)-cAMP and RO-20-1724, the F-actin content was 
signi�cantly reduced and transverse actin stress �bers were decreased in numbers, whereas 
the amount of cortical F-actin bundles was increased. �ese actin rearrangements resulted 
in an altered morphology of the BRECs (i.e., less elongated; Fig. 3F) and may underlie in 
part the mechanisms of strengthening of the endothelial barrier by cAMP.

TNFα decreases intracellular cAMP levels
Similar to the peripheral endothelium,18,30,35 intracellular cAMP levels in BRECs were 
decreased a�er TNFα stimulation. Intracellular cAMP was signi�cantly reduced up to at 
least 24 hours a�er the addition of TNFα (Fig. 4A), suggesting that TNFα-induced barrier 
disruption is mediated by reduced intracellular cAMP levels. Stimulating the cells with 
8-(4-CPT)-cAMP and RO-20-1724 led to an approximately 10-fold increase in intracellular 
cAMP levels a�er 24 hours (Fig. 4B), and preincubation of the cells with 8-(4-CPT)-cAMP 
and RO-20-1724 prevented the TNFα-induced reduction in intracellular cAMP levels (Fig. 
4C).

The e�ects of TNFα on barrier function are largely independent of 
the small Rho GTPases RhoA and Rac1
To test the activation state of Rac1 and RhoA, we measured GTP-bound (i.e., activated) 
RhoA and Rac1 in BREC lysates a�er TNFα stimulation. Because small Rho GTPases are 
generally activated very rapidly and transiently upon stimulation, we measured activation at 
5, 30, and 120 minutes a�er TNFα stimulation. We observed a small increase in both RhoA 
and Rac1 activation as compared to unstimulated cells a�er TNFα stimulation. �e e�ects 
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Figure 4.  Intracellular cAMP levels after TNFa stimulation. (A) TNFa (10 ng/ml) signi�cantly reduced 
intracellular cAMP levels when compared with control in BRECs up to at least 24 hours after 
stimulation. (B) Preincubation of BRECs for 24 hours with 312.5 µM 8-(4-CPT)-cAMP (cAMP) and 
17.5 µM RO-20-1724 led to signi�cantly increased intracellular cAMP levels. (C) TNFa had no effect 
on intracellular cAMP levels when cells were preincubated with cAMP and RO-20-1724. **P < 0.01. 
Data are depicted as mean ± standard deviation.

Figure 3. Effects of various concentrations of 8-(4-CPT)-cAMP (cAMP) and RO-20-1724 on BRECs. 
Permeability for sodium �uorescein (A), 766 Da- Cy3 tracer (B), and 70 kDa-FITC tracer (C) decreased 
with increasing concentrations of cAMP and was lowest when 17.5 µM RO-20-1724 and 312.5 µM 
cAMP were added simultaneously. (D) Preincubation of BRECs with 312.5 µM cAMP and 17.5 µM 
RO-20-1724 resulted in decreased transverse actin stress �bers and increased cortical F-actin bundles 
as shown by immuno�uorescence using a phalloidin probe (red). (E) Quanti�cation of F- actin content 
indicated a signi�cantly decreased F-actin signal when compared with control cells. (F) Morphology of 
BRECs changed after addition of cAMP and RO-20-1724 as shown with VE-cadherin staining (green). 
Control cells are elongated, whereas addition of cAMP and RO-20-1724 to the BRECs resulted in a 
more cobblestone-like morphology. Nuclear staining is shown in blue. *P < 0.05, **P < 0.01, ***P < 
0.001. Data are depicted as mean ± standard deviation. Green scale bar is 50 µm.
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Figure 5. Effect of TNFa on activation of the small GTPases Rac1 and RhoA. (A) RhoA activation 
was slightly elevated after TNFa (10 ng/ml) stimulation (not signi�cant), both in control cells in 
the presence of control medium (circles) and cells preincubated with 312.5 µM 8-(4-CPT)-cAMP 
(cAMP) and 17.5 µM RO-20-1724 (squares). (B) TNFa signi�cantly increased Rac1 activation after 
30 minutes when compared with unstimulated cells in the control medium (circles). TNFa-induced 
Rac1 activation did not occur when cells were preincubated with 312.5 µM cAMP and 17.5 µM RO-
20-1724 (squares). *P < 0.05 versus unstimulated cells in the control medium. Data are depicted as 
mean ± standard deviation.

on RhoA activation were not statistically signi�cant (Fig. 5A). �irty minutes a�er TNFα 
addition, Rac1 activation showed a modest increase when compared with unstimulated cells 
(1.4-fold, P < 0.05, Fig. 5B). However, taking the small e�ects of TNFα on RhoA activation 
into consideration, the balance of Rac1/RhoA activation is not altered by TNFα. �erefore, 
the e�ects of TNFα on BRECs appear to be largely independent of RhoA and Rac1.

Preincubation with 8-(4-CPT)-cAMP and RO-20-1724 prevents 
claudin-5 downregulation and TNFα-induced increase in 
permeability for sodium �uorescein
Finally, we determined whether the TNFα-induced decrease in intracellular cAMP levels 
was responsible for the disruption of tight junctions and increased permeability. We found 
that preincubation of the cells with 8-(4-CPT)-cAMP and RO-20- 1724 e�ectively prevented 
the downregulation of claudin-5 mRNA levels (Fig. 6). Whereas TNFα stimulation reduced 
claudin-5 mRNA levels to 69% a�er 24 hours (P < 0.001), this e�ect was not observed when 
cells were preincubated with 8- (4-CPT)-cAMP and RO-20-1724 (Fig. 6A). On the protein 
level, we also found an unchanged and strong claudin-5 expression at the cell border in 
8-(4-CPT)-cAMP- and RO-20-1724-treated cells, despite addition of TNFα (Fig. 6B). �is 
e�ect was speci�c for claudin-5, as 8-(4-CPT)-cAMP and RO-20-1724 treatment did not 
prevent downregulation of ZO-1 and VE- cadherin (Supplementary Fig. S2). In addition, 
the TNFα-induced increased permeability for sodium �uorescein was prevented when cells 
were preincubated with 8-(4-CPT)-cAMP and RO-20-1724 (Fig. 6C), and also for the larger 
tracers there was no increased permeability a�er TNFα stimulation (Figs. 6D, 6E). �ese 
data indicate that TNFα is not able to exert its disruptive e�ects on the barrier of BRECs 
when intracellular cAMP levels are high. In addition, they show that reduced claudin-5 
levels may be necessary for the functional BRB disruption induced by TNFα.
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Simultaneous stimulation with TNFα, IL1β, and VEFG increases 
permeability for large molecular tracers, and this is reduced by 
preincubation with 8-(4-CPT)-cAMP and RO-20-1724
Because in (low grade) in�ammatory states, such as DR, there is usually an interplay of 
multiple cytokines in the local microenvironment, we tested the e�ects of simultaneous 
stimulation with TNFα (10 ng/ml), IL1β (10 ng/ml), and VEGF (25 ng/ml) on permeability 
status of BRECs. Stimulating the cells with this triple cytokine combination of 6 hours caused 
no change in permeability for sodium �uorescein, both without and with preincubation 
with 8-(4-CPT)-cAMP and RO-20-1724 (Fig. 7A). A nonsigni�cant trend for increased 
permeability for a 766 Da tracer (165% of control) was observed, which was less when 
cells were preincubated with 8-(4-CPT)-cAMP and RO-20-1724 (118% of control, Fig. 7B). 
However, permeability for a large 70 kDa molecular tracer was signi�cantly increased to 
400% when compared with unstimulated cells a�er triple cytokine stimulation (P < 0.05). 
�is e�ect was largely prevented by preincubation of the cells with 8-(4-CPT)-cAMP and 
RO-20-1724 (136% of control, Fig. 7C). Because these results are indicative of selective 
transport for large tracers, we also tested permeability for FITC-conjugated BSA (66 
kDa) because albumin is known to be predominantly translocated via the transcellular 

Figure 6.  Preincubation of BRECs with 312.5 µM 8-(4-CPT)-cAMP (cAMP) and 17.5 µM RO-20-1724 
prevented the TNFa-induced effects on claudin-5 expression and permeability. (A) TNFa (10 ng/ml) 
reduced mRNA expression of claudin-5, and this downregulation was prevented by preincubation 
of BRECs with cAMP and RO-20-1724. (B) On the protein level, claudin-5 expression as shown by 
immuno�uorescence staining (red) was continuous around the cell membrane in TNFa-stimulated 
cells that were preincubated with cAMP and RO-20-1724. Nuclear staining is shown in blue. TNFa 
did not induce permeability for sodium �uorescein (C), 766 Da-Cy3 (D), and 70 kDa-FITC (E) when 
cells were preincubated with cAMP and RO-20-1724. ***P < 0.001. Data are depicted as mean ± 
standard deviation. Red scale bar is 50 µm.
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route.36 Permeability was increased signi�cantly a�er 6-hour stimulation with the triple 
cytokine combination (121% of control, P < 0.05), and this was not the case when cells were 
preincubated with 8-(4-CPT)- cAMP and RO-20-1724 (Fig. 7D). �ese data suggest that 
cAMP may be a key signaling molecule in cytokine-induced permeability in BRECs and 
that modulation of intracellular cAMP levels may prevent cytokine-induced increases in 
permeability for large proteins, which is a prerequisite for the formation of macular edema.

Figure 7. Effect of triple cytokine stimulation on permeability for differently sized �uorescent tracers 
with and without preincubation with 312.5 µM 8-(4-CPT)-cAMP (cAMP) and 17.5 µM RO-20-1724. 
(A) Simultaneous stimulation with TNFa (10 ng/ml), IL1b (10 ng/ml), and VEGF (25 ng/ml; triple 
combi) for 6 hours did not change permeability for sodium �uorescein (376 Da), both without and 
with preincubation of cells with cAMP and RO-20-1724. (B) Permeability for a 766 Da-Cy3 tracer 
was slightly but nonsigni�cantly increased after triple cytokine stimulation and to a lesser extent 
when cells were preincubated with cAMP and RO-20-1724. (C) Permeability for a 70 kDa-FITC tracer 
was signi�cantly increased to 400% of control after triple cytokine stimulation and this increase was 
largely reduced by preincubating the cells with cAMP and RO-20-1724. (D) Permeability for BSA-FITC 
was signi�cantly increased after triple cytokine stimulation, and this was not the case when cells 
were preincubated with cAMP and RO-20-1724. *P < 0.05. Data are depicted as mean ± standard 
deviation.

DISCUSSION
Our in vitro study shows that TNFα reduces the expression of tight and adherens junctions 
in BRECs and thereby increases permeability for small molecules in our BRB model. 
In contrast, a combination of TNFα with IL1β and VEGF causes selectively increased 
permeability for large tracers. Furthermore, our data suggest that both TNFα- and TNFα/
IL-1b/VEGF-induced permeability in BRECs is mediated by cAMP and that barrier 
integrity can be rescued by increased intracellular cAMP levels. 

�e increased permeability of our cells a�er TNFα stimulation alone was small and 
speci�c for the small molecular tracer of 376 Da. �ese results do not match the �ndings 
of a previous study where an almost 4-fold increase in permeability was reported for a 70 

CHAPTER 6

122



kDa tracer by TNFα in BRECs.37 However, in agreement with this study, we found that 
mRNA expression of pivotal tight and adherens junction molecules was decreased a�er 
TNFα treatment, and this was con�rmed on the protein level. In addition, we did not 
observe any changes in the cytoskeletal arrangements and hence no gaps between cells 
a�er TNFα stimulation. �erefore, it seems unlikely that large molecular tracers with the 
size of small proteins such as albumin can pass through the cellular monolayer. We cannot 
readily explain the contradictory results of tracer permeability of our study and the report 
of Aveleira et al.37 other than by di�erences in medium supplements and cell isolation 
method. On the basis of our results, however, we suggest that TNFα in the absence of IL1β 
and VEGF selectively a�ects the paracellular pathway in retinal endothelial cells, resulting 
in increased permeability for small solutes and water.

We found that, similar to the situation in peripheral endothelial cells,18,30,35 TNFα 
caused a signi�cant reduction in intracellular cAMP levels. In bovine aortic endothelial 
cells and HUVECs, it has been shown that hydrolysis of cAMP was consistently increased 
in the cytosol a�er TNFα treatment, most likely because of the activation of PDE II and 
IV.30,35 We did not investigate the mechanism underlying the TNFα- mediated reduction in 
intracellular cAMP levels in this study. However, it may well be at least partly attributable 
to PDE IV activation because the addition of RO-20-1724 and 8-(4-CPT)-cAMP to BRECs 
selectively prevented TNFα-induced changes. �e mechanism of the TNFα-induced 
destabilization of barrier function appears to be di�erent in retinal (barrier forming) 
endothelium than in endothelial cells of peripheral (nonbarrier forming) origin, as in our 
e�ort to identify the signaling pathways involved we found some interesting di�erences 
with endothelial cells of peripheral origin. Whereas multiple studies on nonbarrier 
endothelium have shown that TNFα induces permeability via RhoA or Rac1 GTPase 
activation or inhibition,18,20-22 respectively, we did not �nd evidence for such roles of these 
GTPases in our BRB endothelium. Rac1 activation was induced to a certain extent by TNFα, 
but the ratio of activated RhoA/Rac1 remained unchanged. In addition, the activation of 
Rap1 (another family member of the small Rho GTPases) was also unchanged a�er TNFα 
stimulation in BRECs (unpublished results). �erefore, it can be assumed that, although in 
these cells cAMP plays a central regulatory role in endothelial permeability, as is the case in 
the peripheral endothelium, the downstream pathway activated by cAMP is not the same. 
�is may re�ect di�erences between the barrier and nonbarrier endothelia, and may be in 
line with the need for the barrier endothelium to be more robust in preventing molecules 
entering the neural tissues from the bloodstream. However, endothelial cell responses to 
TNFα may be species dependent,35,38 and thus care should be taken in interpreting and 
extrapolating these data to the human situation.

We were able to prevent TNFα-induced permeability for sodium �uorescein by elevating 
the intracellular cAMP levels using exogenous cAMP and by preventing cAMP degradation. 
�e protective e�ect of cAMP on TNFα-induced BRB disruption in BRECs was dependent 
on claudin-5, as we found that preincubation of the cells with 8-(4-CPT)-cAMP and RO-
20-1724 did not rescue the expression of ZO-1 and VE-cadherin a�er TNFα stimulation. In 
contrast, the rescuing e�ect of cAMP on claudin-5 expression was su�cient to prevent the 
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TNFα- induced increased permeability for sodium �uorescein. �is is in line with �ndings 
in claudin-5-knockout mice, which show only increased permeability of tracers <800 Da in 
the brain.39 In fact, the intermediate-sized tracer of 766 Da that we have used may be just on 
the borderline of the molecules that can pass or not pass through the disrupted junctions.

In addition to direct barrier-promoting e�ects of increased levels of cAMP, as shown in 
the present study, 8-(4-CPT)-cAMP and RO-20-1724 may have additional e�ects that may 
be bene�cial for the diabetic retina. We observed a downregulation of vascular adhesion 
molecule-1, intracellular adhesion molecule-1, and E-selectin a�er addition of 17.5 µM 
RO-20-1724 alone, whereas intracellular cAMP levels were similar as in unstimulated cells 
a�er 24 hours (data not shown). �is suggests that RO-20-1724 may have anti-in�ammatory 
e�ects as well as barrier-promoting e�ects, as was also shown in other cell types40 and 
animal models.41 Furthermore, 8-(4-CPT)-cAMP is a highly lipophilic analog with good 
membrane permeability, and once in the cell, can activate downstream targets with anti-
in�ammatory potential, such as protein kinase A.32

With the e�ects observed in this study, it seems unlikely that TNFα alone can cause an 
in�ux of proteins and lipids into the neural retina and thereby disrupt Starling’s forces with 
consequent macular edema.42 However, it may be possible that TNFα makes the retinal 
endothelial cells more prone to the e�ects of VEGF and other cytokines. Indeed, we found 
that simultaneous stimulation of the cells with TNFα, IL1β, and VEGF, three cytokines 
that are known to be increased in the vitreous of DR patients,9,11,12 caused a signi�cant 
increase in permeability for a 70 kDa-FITC tracer and a BSA-FITC tracer, but not for 
the two smaller tracers. Increased transport of macromolecules such as albumin induced 
by this combination of cytokines can lead to an increased tissue oncotic pressure and 
subsequent edema in vivo. �is possibility is further supported by a study in which BRB 
function was assessed at di�erent time points in a streptozotocin-induced diabetic mouse 
model and a mutant (Ins2Akita) diabetic mouse model, both lacking TNFα. It was concluded 
that neither TNFα nor in�ammation were necessary for early BRB breakdown, but were 
essential for BRB breakdown at later time points as the disease progressed.43 We suggest 
that the interplay between di�erent cytokines, rather than one cytokine alone, leads to the 
development of vision-threatening edema, prompting the need for multitargeted therapy.

�e prominent di�erence in permeability a�er triple cytokine stimulation of BSA-FITC 
(121% of control) and the 70 kDa-FITC tracer (400% of control) may be a result of 
di�erent modes of transportation. Both molecules are hydrophilic, have a comparable 
molecular weight and have a diameter that does not allow them to pass via paracellular 
junctions2 (BSA-FITC approximately 7.2 nm,44 70 kDa-FITC approximately 12 nm45). 
Indeed, albumin was observed to translocate predominantly through receptor-mediated 
transcytosis.36,46 �erefore, the uptake of BSA-FITC by the cells requires free binding sites, 
which can be a rate-limiting factor. In contrast, dextrans do not adsorb to the cell surface 
and are internalized via nonspeci�c �uid-phase endocytosis.47 More pronounced e�ects of 
cytokines on �uid-phase permeability, which has been shown to occur in the BBB,48  than 
on receptor-mediated transcytosis can explain the di�erence in transcellular transport for 
these two similarly sized �uorescent tracers. Alternatively, it is possible that a larger portion 
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of albumin is targeted for degradation or recycling in the cell instead of being transported 
to the extracellular compartment. Although it was rather surprising that the triple cytokine 
stimulation did not induce increased permeability for sodium �uorescein a�er 6 hours, this 
is not uncommon in patients with diabetic macular edema. Several studies reported that 
patients presenting with cystoid abnormalities on optical coherence tomography had no 
signs of leakage on �uorescein angiography or vice versa.49,50 Hence, leakage of small solutes 
and larger proteins do not always occur in concert in the retina. Regardless, our �ndings are 
limited to an in vitro model of the BRB and a monoculture of endothelial cells, and it is of 
high interest to validate our �ndings on the BRB in an in vivo retinal environment.

We conclude that TNFα alone induces small-molecule permeability of the BRB in 
vitro, whereas the combination of TNFα, IL1β, and VEGF induces permeability to large 
molecules and provide evidence that this permeability is mediated via cAMP. �is suggests 
that TNFα can contribute to the development of retinal vascular leakage and consequently 
diabetic macular edema, although likely as part of a multifaceted pathogenesis.
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SUPPLEMENTARY FIGURES

Supplementary Figure 1. TNFa (10 ng/ml) induced stress �ber formation in HUVECs. 
Immuno�uorescence staining with a phalloidin probe against F-actin (grey) showed thick �lamentous 
actin bundles traversing through the endothelial cells (white arrows), indicating stress �ber formation. 
Grey scale bar is 50 µm. 

Supplementary Figure 2. Preincubation with 312.5 µM 8(4-CPT) cAMP (cAMP) and 17.5 µM 
RO-20-1724 did not prevent the TNFa-induced effects on ZO-1 and VE-cadherin. TNFa (10 ng/ml) 
signi�cantly decreased mRNA expression of ZO-1 (A) and VE-cadherin (B) after 24h and this could not 
be prevented by preincubation of BRECs by cAMP and RO-20-1724. (C) Immuno�uorescence staining 
of ZO-1 (grey) shows a decrease after stimulation with TNFa both in cells grown in normal medium 
and in medium with cAMP and RO-20-1724. (D) Immuno�uorescence staining of VE-cadherin 
(green) shows a slight decrease after stimulation with TNFa, which was also the case when cells were 
preincubated with cAMP and RO-20-1724. **P<0.01. Data are depicted as mean ± s.d. White scale 
bar is 50 µm.
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ABSTRACT
Purpose: Glucocorticoids (GCs) are used as treatment in diabetic macular edema, a 
condition caused by blood-retinal barrier (BRB) disruption. �e proposed mechanisms by 
which GCs reduce macular edema are indirect anti-in�ammatory e�ects and inhibition of 
VEGF production, but direct e�ects on the BRB endothelium may be equally important. 
Here, we investigated direct e�ects of GCs on the endothelium to understand  the speci�c 
pathways of GC action, to enable development of novel therapeutics lacking the adverse 
side e�ects of the presently used GCs. 
Methods: Primary bovine retinal endothelial cells (BRECs) were grown on Transwell inserts 
and treated with hydrocortisone (HC), dexamethasone (Dex) or triamcinolone acetonide 
(TA). Molecular barrier integrity of the BRB was determined by mRNA and protein 
expression, and barrier function was assessed using permeability assays. In addition, we 
investigated whether TA was able to prevent barrier disruption a�er stimulation with VEGF 
or cytokines.
Results: Treatment of BRECs with GCs resulted in upregulation of tight junction mRNA 
(claudin-5, occludin, ZO-1) and protein (claudin-5 and ZO-1). In functional assays, only 
TA strengthened the barrier function by reducing endothelial permeability. Moreover, 
TA was able to prevent cytokine-induced permeability in human retinal endothelial cells 
and VEGF-induced expression of plasmalemma vesicle-associated protein (PLVAP), a key 
player in VEGF-induced retinal vascular leakage, in BRECs. 
Conclusion: GCs have di�erential e�ects in an experimental in vitro BRB model. TA is the 
most potent in improving barrier function, both at the molecular and functional level, and 
TA prevents VEGF-induced expression of PLVAP. 
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INTRODUCTION 
Glucocorticoids (GCs) are a subclass of adrenal cortex-derived steroids involved in 
numerous physiological functions throughout the human body, such as regulation of 
stress responses, maintenance of circadian rhythms and suppression of immune reactions 
(Clark &  Belvisi 2012). GCs suppress immune reactions by inhibiting the early phases of 
in�ammatory responses, e.g., by mediating vascular adhesion and permeability (Salvador 
et al. 2014) and are used as drugs because of these actions. In addition, GCs are used as 
therapeutic agents to reduce vasogenic edema in the central nervous system (Murayi &  
Chittiboina 2016; Pitter et al. 2016), including cerebral edema secondary to brain tumors, 
and diabetic macular edema (DME) in the eye. 

DME is the leading cause of vision loss in the working-age population (Yau et al. 2012), 
and is a result of vascular leakage caused by disruption of the blood-retinal barrier (BRB). 
In DME, BRB disruption is mediated by vascular endothelial growth factor-A (VEGF), 
in�ammation and other yet unknown mechanisms. GCs are used to treat DME, as they o�en 
have a rapid bene�cial e�ect on retinal swelling (Kiernan &  Mieler 2009; Dugel et al. 2015). 
However, GCs are associated with severe adverse side e�ects in the eye, such as increased 
intraocular pressure leading to glaucoma (Kocabora et al. 2008), and cataract formation 
(Chu et al. 2008). �e proposed mechanisms by which steroids reduce macular edema are 
mostly indirect, e.g. by anti-in�ammatory e�ects and by inhibition of VEGF production 
in non-endothelial cells, but direct e�ects on BRB endothelium may be important as well 
(Klaassen et al. 2013). A better understanding of the mechanisms by which GCs restore 
the BRB, in particular of their direct e�ects on BRB endothelial cells, may help to identify 
novel pathways or targets that may allow DME treatment strategies that circumvent adverse 
e�ects of GC therapy. 

GCs are relatively small, lipophilic hormones, which allows them to enter target cells 
by passive di�usion. Once in the cytoplasm, GCs bind to the intracellular glucocorticoid 
receptor (GR) complex which causes a conformational change that leads to the shedding of 
heat-shock protein 90 (Hsp90). A nuclear localization signal becomes exposed upon Hsp90 
release and the ligated GR complex is translocated to the nucleus (Felinski &  Antonetti 
2005). Here, it can physically interact with (pro-in�ammatory) transcription factors, such 
as NF-κB or AP-1, which represses gene transcription (Newton 2014). Alternatively, the GR 
complex can directly bind to glucocorticoid response elements within the promoter region 
of target genes, causing transactivation (Beato 1989). In addition to these relatively slow 
genomic e�ects of transrepression and transactivation, GCs can exert rapid non-genomic 
e�ects through direct actions on signaling cascades in the cytoplasm (Tasker et al. 2006), 
but these e�ects are not well understood as yet.

Besides the extensively studied anti-in�ammatory e�ects (usually transrepression 
activity through NF-κB or AP-1), GCs have been reported to have direct barrier-enhancing 
e�ects on brain and retinal endothelial cells. In immortalized human and murine brain 
endothelial cell lines (hCMEC/D3 and cEND, respectively), dexamethasone (Dex) and 
hydrocortisone (HC) upregulate expression of the junctional proteins claudin-5, occludin 
and VE-cadherin (Forster et al. 2005; Forster et al. 2006; Forster et al. 2008). In addition, 
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downregulation of the matrix metalloproteinase MMP-9 was observed in Dex-treated 
cEND cells (Blecharz et al. 2010), which may reduce MMP-mediated degradation of tight 
junctions. In bovine retinal endothelial cells (BRECs), GC treatment increased expression of 
tight and adherens junction proteins and altered localization and phosphorylation status of 
junctional components (Antonetti et al. 2002; Felinski et al. 2008). �ese molecular changes 
resulted in enhanced barrier properties of blood-brain barrier and BRB endothelial cells, 
as demonstrated by increased trans-endothelial electrical resistance (TEER) and decreased 
permeability to molecular tracers (Antonetti et al. 2002; Forster et al. 2006; Felinski et 
al. 2008). �us, besides the anti-in�ammatory actions, which may mainly work via non-
endothelial cells, GCs have direct e�ects on the BRB endothelial cells, but these e�ects are 
poorly understood.   

In the present study, we investigated the e�ects of 2 synthetic GCs that are used in the 
ocular clinic, Dexamethasone (Dex) and triamcinolone acetonide (TA), and the naturally 
occurring GC, hydrocortisone (HC), in an in vitro model of the BRB (Wisniewska-Kruk 
et al. 2012). As we identi�ed TA as the most potent GC in restoring the BRB in BRECs, 
when compared to HC and Dex, we further studied the mechanisms of the e�ects of TA on 
BRECs.  

MATERIAL AND METHODS

Cell culture
BRECs were isolated from freshly-enucleated cow eyes obtained from the abattoir and 
cultured as described previously (van der Wijk et al. 2017), in the absence of HC. First 
passage BRECs were used in all experiments.

RNA isolation and mRNA quanti�cation
BRECs were grown in 12-well plates coated with collagen type IV (Sigma, Beverwijk, �e 
Netherlands) and �bronectin (Merck Millipore, Amsterdam, �e Netherlands), treated 
with the GCs Dex, HC and TA for 24 h, and harvested in 500 µl TRIzol reagent (Invitrogen; 
Landsmeer, �e Netherlands). We tested various concentrations of the 3 GCs in qPCR 
experiments to determine their optimum concentrations for maximum e�ects, on the basis 
of literature and drug potency (Nehme &  Edelman 2008; Edelman 2010; Schwartz et al. 
2016) (data not shown). On the basis of these results, we performed all further experiments 
with 10 µg/ml HC (Sigma), 1 µM Dex (~400 ng/ml; Sigma) and 10 µg/ml TA (Vistrec®, Alcon 
Nederland BV, Breda, �e Netherlands). Preincubation with the GC receptor antagonist 
RU-486 (10 µM (Felinski et al. 2008), Sigma) was performed 1 h before GC stimulation. 
Total RNA was isolated according to the manufacturer’s protocol and dissolved in RNAse-
free water. RNA yield was measured using a NanoDrop spectrophotometer (�ermo 
Scienti�c, Wilmington, DE) and 1 µg RNA was treated with DNAse-I (Invitrogen) and 
reverse transcribed into �rst strand cDNA with Maxima First Strand cDNA Synthesis Kit 
(�ermoFisher). Real-time quantitative PCR was performed on 20x diluted cDNA samples 
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using a CFX96 system (Bio-Rad, Hercules, CA) as described previously (Klaassen et al. 
2009). Primer details are published in Klaassen et al. (2009). Data was normalized to the 
geometric mean of 4 reference genes (Hmbs, Gapdh, Yhwaz and Actb), and is presented as 
mean values relative to control, which was set at 100%.

Immuno�uorescence staining
BRECs were grown on plastic coverslips coated with collagen type IV and �bronectin. 
Immuno�uorescence staining was performed as described previously (van der Wijk et al. 
2017), using the following primary antibodies: rabbit anti-claudin-5 (cat. 34-1600, 1:100; 
Invitrogen), rabbit-anti-ZO1 (cat. 61-7300; 1:250, Invitrogen), rabbit-anti VE-cadherin 
(cat. ab33168; 1:400, Abcam, Cambridge, UK). Secondary antibodies directed against the 
relevant species were conjugated with Alexa Fluor-488 (1:100; �ermo Scienti�c). Images 
were recorded using a confocal laser scanning microscope SP8 (Leica Microsystems, 
Wetzlar, Germany) at the Cellular Imaging core facility of the AMC, and exposure time 
and gain were kept constant between treatments. Speci�city of the staining reaction was 
checked on the basis of absence of �uorescence signal in samples that were incubated in the 
absence of primary antibody. 

In vitro BRB model 
An in vitro model of the BRB was used as previously described (van der Wijk et al. 2017) 
with the following adjustments. �e day a�er seeding the cells on Transwell inserts (0.33 
cm2, pore size 0.4 µm; Greiner Bio-One, Alphen a/d Rijn, �e Netherlands), medium 
of the upper compartment was refreshed. A�er 3 days, part of the medium of the lower 
compartment was refreshed, and medium of the upper compartment was changed 
completely. Pre-bu�ered medium was used at all times to ensure the correct pH of the 
medium.

Permeability analysis 
Permeability assays were performed in the in vitro BRB model using BRECs at 24 or 48 h 
a�er GC stimulation. GCs were added in a volume of 10 µl medium to the upper and lower 
compartments of the Transwell inserts, once for the 24 h condition, and a second time a�er 
24 h for the 48 h condition. Fluorescent tracers of di�erent sizes (766 Da Cy3, 50 µg/ml (GE 
Healthcare, Eindhoven, �e Netherlands), 70 kDa FITC-dextran, 250 µg/ml (Invitrogen) 
or 66 kDa BSA-FITC, 250 µg/ml (Invitrogen)) were added in a volume of 15 µl to the upper 
compartment of the Transwell insert on the day of the experiment. A�er 2 h, 50 µl (upper 
compartment) and 200 µl (lower compartment) samples were collected. Concentrations of 
the tracer molecules were measured with a �uorescence plate reader (CLARIOstar, BMG 
Labtech, De Meern, �e Netherlands) and tracer passage to the lower compartment was 
calculated on the basis of the initial concentration in the upper compartment. To correct for 
inter-experiment variation, factor correction was applied using Factor Correction so�ware 
v2015.2.0.0 (Ruijter et al. 2006). 
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Impedance measurements of HRECs 
Human retinal endothelial cells (HRECs; Innoprot, Derio-Bizkaia, Spain) at passage 8 were 
grown to 80% con�uence in EGM2 medium (Lonza, Basel, Switzerland) in the absence 
of hydrocortisone and transferred to xCELLigence plates (E-Plate VIEW 16 PET, ACEA 
Biosciences, San Diego, CA) at 20.000 cells per well in 200 µl medium. Impedance was 
measured in real time (expressed as unit-less cell index) and stabilized cell index re�ected 
barrier stabilization. At the indicated time points, rhTNFα (10 ng/ml; ProSpec, Ness 
Ziona, Israel), rhIL1β (10 ng/ml; ProSpec) and rhVEGF-165 (25 ng/ml; R&D Systems, 
Abingdon, UK), and/or TA (10 µg/ml) were added to the cells in 200 µl EGM2 media. 
Impedance measurements were stopped a�er 40 h. Data are presented as normalized cell 
index, normalized to the time point just prior to addition of cytokines and/or TA. Two 
independent experiments were completed with a total of n=11 wells per condition. Bar 
graphs show pooled data of all the wells from the 2 experiments. 

Statistics 
Data are depicted as mean ± standard deviation (s.d.). Experimental conditions were 
performed in triplicate and averaged and at least 3 independent experiments were performed, 
unless otherwise indicated. Di�erences between groups were determined using analysis of 
variance (ANOVA) followed by Dunnett’s test for multiple comparisons. Di�erences were 
considered statistically signi�cant when P ≤ 0.05. Statistical analyses and graphing were 
performed using GraphPad Prism 6 so�ware (GraphPad So�ware, La Jolla, CA). 

RESULTS 

TA decreases permeability for molecular tracers
To assess the e�ects of GCs on BRB function, we performed permeability assays for 
molecular tracers of di�erent sizes in our in vitro BRB model. We used a small 766 Da Cy3-
tracer, which is small enough to be transported through endothelial junctions (paracellular 
transport), whereas the larger FITC-conjugated dextran (70 kDa) and the FITC-conjugated 
BSA (66 kDa) cannot pass endothelial junctions in barrier endothelium, and are therefore 
most likely transported via transcytosis (Klaassen et al. 2013; van der Wijk et al. 2017). 
A�er 24 h of stimulation with HC (10 µg/ml), Dex (1 µM) or TA (10 µg/ml), e�ects 
on permeability were not observed (data not shown). A�er 48 h, permeability for all 3 
molecular tracers was signi�cantly decreased in TA-treated cells, but not in HC-treated 
and Dex-treated cells (Fig. 1A-C), suggesting that TA, but not HC and Dex, reduces both 
paracellular and transcellular permeability.

E�ects on the paracellular pathway: GCs enhance the expression of 
tight and adherens junctions
To investigate the e�ects of GCs on paracellular permeability, we tested their e�ects on 
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molecular components of the main regulators of the paracellular pathway, the tight and 
adherens junctions. Stimulation of the cells with TA for 24 h enhanced occludin mRNA 
expression (Fig. 2A). Claudin-5 mRNA expression was increased a�er treatment with all 
3 GCs for 24 h (Fig. 2A). Expression of ZO-1 was not a�ected by GC stimulation at the 
mRNA level, whereas VE-cadherin mRNA levels were upregulated a�er stimulation with 
Dex only (Fig. 2A). 

Immunohistochemical staining showed that claudin-5 protein was aligned at the cell 
borders of adjacent endothelial cells, and its alignment was enhanced by all 3 GCs (Fig. 2B, 
C). Although ZO-1 mRNA levels were not altered, ZO-1 protein expression was increased 
a�er GC treatment, particularly a�er HC and Dex stimulation (Fig. 2B, D). VE-cadherin 
protein levels were not changed a�er treatment with HC or TA, in line with the mRNA 
�ndings. In contrast, VE-cadherin expression in Dex-treated cells was increased (Fig. 2B), 
especially at the tricellular junctions (Fig. 2E). Taken together, these results indicate that all 
3 GCs induce the expression of tight and adherens junction proteins. 

E�ects on the transcellular pathway: GCs induce caveolin-1 
expression and reduce MFSD2A expression
In barrier-forming endothelia of the blood-brain barrier and BRB, the rate of transcytosis is 
low, which is re�ected by a paucity of caveolae in brain and retinal endothelial cells (Hofman 
et al. 2000). Here, we found that all 3 GCs induced increased mRNA expression of caveolin-
1, the primary structural protein of caveolae (Stan 2005), a�er 24 h treatment (Fig. 3A). 
mRNA expression of PLVAP, a marker protein of leaky vessels in mature barrier-forming 
endothelium (Schlingemann et al. 1999; Wisniewska-Kruk et al. 2016) involved in vesicle-
mediated transcytosis (Herrnberger et al. 2012; Stan et al. 2012), was slightly upregulated 
a�er stimulation with TA (~1.5-fold, Fig. 3B). On the other hand, mRNA expression 
of MFSD2A, a suppressor of transcytosis (Chow &  Gu 2017), was downregulated a�er 
treatment with all 3 GCs (Fig. 3C). 

Figure 1. Effects of GCs on permeability of BRECs for differently-sized �uorescent tracers. Treatment 
with TA (10 µg/ml), but not HC (10 µg/ml) and Dex (1 µM) signi�cantly decreased permeability for a 
766 Da-Cy3 tracer (A), 70 kDa-FITC tracer (B) and 66 kDa BSA-FITC tracer (C) after 48 h. **P<0.01, 
***P<0.001 vs. unstimulated cells. Data are depicted as mean ± s.d.

GLUCOCORTICOIDS AND BRB FUNCTION

1
2
3
4
5
6
7
8
&

137



Figure 2. Effect of GCs on tight and adherens junctions of BRECs. (A) mRNA levels of the tight junction 
components occludin, claudin-5 and ZO-1, and the adherens junction component VE-cadherin after 
24 h treatment with HC (10 µg/ml), Dex (1 µM) and TA (10 µg/ml). *P<0.05, **P<0.01, ***P<0.001 
vs. unstimulated cells. Data are depicted as mean ± s.d.  (B) Immuno�uorescence staining of claudin-
5, ZO-1 and VE-cadherin proteins after 24 h stimulation with HC, Dex and TA. Scale bar is 50 µm. 
(C-D) Enlarged areas (2.5 x) of images shown in (B). (C) GCs enhanced the alignment of claudin-5 
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(continued) along the contours of cells. (D) ZO-1 expression was increased after GC treatment, 
particularly in HC-treated and Dex-treated cells. (E) VE-cadherin expression was increased after Dex 
treatment, particularly at the tricellular junctions (white arrow).

E�ects of TA and HC on claudin-5 and occludin expression are 
mediated via the GR
To assess whether the e�ects of GCs on tight and adherens junction expression are GR 
mediated, we pretreated the cells with RU-486, a GR antagonist that prevents translocation 
of the ligated GR-complex into the nucleus (Agarwal 1996), thus inhibiting GR-mediated 
transactivation or transrepression. Addition of 10 µM RU-486 (Felinski et al. 2008) alone 
had no e�ect on expression of tight and adherens junction mRNA (Fig. 4A, white bars), 
ruling out direct e�ects of this antagonist on gene expression, but preincubation of the 
cells with RU-486 1 h before stimulation with TA (largely) prevented TA-induced increased 
mRNA expression of occludin, claudin-5 and ZO-1 (Fig. 4A, dark grey bars). VE-cadherin 
mRNA levels were unchanged a�er stimulation with either TA alone, RU-486 alone or TA 
and RU-486 (Fig. 4A). Similar results of the expression of all genes were obtained with HC 
stimulation (data not shown). 

Immunohistochemical staining showed that claudin-5 protein staining was stronger in 
TA-stimulated cells and addition of RU-486 had no direct e�ect on claudin-5, yet when cells 
were preincubated with RU-486, TA was not able to induce claudin-5 expression (Fig. 4B). 
ZO-1 protein expression was increased in TA-stimulated cells, but a slight increase was also 
observed in cells treated with RU-486 alone. In addition, ZO-1 expression was higher when 
RU-486 and TA were added together (yet there was also more cytoplasmic ZO-1 staining; 
Fig. 4B). Protein expression of VE-cadherin was similar in all conditions (Fig. 4B). �ese 
data suggest that the e�ects of TA on the tight junction components occludin and claudin-5 
are, at least partly, GR-mediated, but that the e�ect of TA on ZO-1 expression may occur 
independent of GR translocation.

Figure 3. Effect of GCs on the expression of genes involved in transcytosis of BRECs. mRNA levels of 
(A) caveolin-1, (B) PLVAP and (C) MFSD2A after 24 h stimulation with HC (10 µg/ml), Dex (1 µM) and 
TA (10 µg/ml). *P<0.05, **P<0.01, ***P<0.001 vs. unstimulated cells. Data are depicted as mean 
± s.d.
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E�ects of TA on caveolin-1 and MFSD2A expression are not GR 
mediated
Next, we checked whether the e�ects of GCs on the expression of genes involved in 
transcytosis and transcellular transport were mediated via the GR. Cells treated with TA 
showed increased caveolin-1 mRNA expression and decreased MFSD2A mRNA expression, 
an e�ect not a�ected by preincubation with RU-486 (Fig. 5A, C), suggesting that regulation 

Figure 4. Effects of TA on tight and adherens junctions of BRECs in the presence or absence of 
RU-486. (A) mRNA levels of occludin, claudin-5, ZO-1 and VE-cadherin after 24 h stimulation with TA 
(10 µg/ml), RU-486 (10 µM) or preincubation for 1 h with RU-486 followed by 24 h stimulation with 
TA. *P<0.05, **P<0.01, ***P<0.001 vs. unstimulated cells. ##P<0.01 vs. TA-stimulated cells. Data are 
depicted as mean ± s.d. (B) Immuno�uorescence staining of claudin-5, ZO-1 and VE-cadherin proteins 
after 24 h stimulation with TA in the absence or presence of RU-486 preincubation. Claudin-5 protein 
expression was increased in TA-stimulated cells, and this effect was diminished when cells were 
preincubated with RU-486 and then stimulated with TA. Protein expression of ZO-1 was increased 
after TA stimulation, but also in RU-486 treated cells. Protein expression of VE-cadherin was similar 
in all conditions. Scale bar is 50 µm.
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of the expression of these genes by TA is not mediated by GR translocation. On the 
other hand, HC-induced upregulation of caveolin-1 and downregulation of MFSD2A 
was diminished in the presence of RU-486 (data not shown), suggesting that TA and HC 
regulate expression of these genes via di�erent mechanisms. PLVAP mRNA expression was 
not signi�cantly a�ected by TA or RU-486 treatment, although simultaneous treatment 
with TA and RU-486 decreased PLVAP mRNA when compared to cells treated with TA 
(Fig. 5B).

Figure 5. Effects of TA on the expression of genes involved in transcytosis in BRECs in the presence or 
absence of RU-486. mRNA levels of (A) caveolin-1, (B) PLVAP and (C) MFSD2A after 24 h stimulation 
with TA (10 µg/ml), RU-486 (10 µM) or preincubation for 1 h with RU-486 followed by 24 h stimulation 
with TA. *P<0.05, **P<0.01, ***P<0.001. ##P<0.01 vs. TA-stimulated cells. Data are depicted as 
mean ± s.d.

TA attenuates VEGF-induced upregulation of PLVAP expression
VEGF is a key contributor in BRB disruption (Antonetti et al. 2012) in DME and other 
conditions, and GCs have been suggested to restore barrier function by counteracting e�ects 
of VEGF and by reducing VEGF production (Heiss et al. 1996; Kim et al. 2008; Igarashi et al. 
2013). We stimulated BRECs with VEGF (25 ng/ml) for either 24 h or 48 h, and assessed the 
e�ects on mRNA expression of caveolin-1, PLVAP and MFSD2A. Moreover, we investigated 
the e�ect of TA on VEGF-induced changes, either by simultaneously adding VEGF and TA 
(for 24 h) or by adding TA at 24 h a�er VEGF stimulation (48 h VEGF stimulation in total). 
Whereas caveolin-1 mRNA expression was increased a�er TA alone and a�er combined TA 
and VEGF stimulation, VEGF alone had no direct e�ect on caveolin-1 mRNA expression 
(Fig. 6A). VEGF is a well-known inducer of PLVAP expression (Hofman et al. 2000) and 
indeed caused a ~4-fold and ~6.5-fold upregulation of PLVAP mRNA a�er 24 h and 48 
h, respectively (Fig. 6B). Crucially, simultaneous stimulation of VEGF and TA for 24 h 
prevented  VEGF-induced upregulation of PLVAP expression, and TA also reduced VEGF-
induced upregulation of PLVAP when added at 24 h a�er VEGF stimulation (Fig. 6B). 
MFSD2A expression was reduced a�er TA treatment alone and a�er combined TA and 
VEGF treatment, whereas VEGF induced increased MFSD2A levels a�er 24 h (Fig. 6C). 
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Figure 6. Effects of VEGF and TA on the expression of genes involved in transcytosis in BRECs. (A) 
mRNA levels of caveolin-1 were increased after TA treatment, whereas VEGF had no direct effect on 
caveolin-1 expression. (B) Stimulation with VEGF (25 ng/ml) for 24 h and 48 h signi�cantly increased 
mRNA expression of PLVAP. Addition of TA in combination with VEGF (24 h) or at 24 h after VEGF 
stimulation (48 h) prevented the VEGF-induced upregulation of PLVAP. (C) TA decreased MFSD2A 
expression when added alone or in combination with VEGF. *P<0.05, **P<0.01, ***P<0.001 vs. 
unstimulated cells. #P<0.05, ##P<0.01, ###P<0.001 vs. VEGF-stimulated cells. Data are depicted as 
mean ± s.d.

TA attenuates e�ects of TNFα, IL1β and VEGF on endothelial barrier 
function
Previously, we have shown that simultaneous stimulation of BRECs with TNFα, IL1β and 
VEGF for 6 h resulted in increased permeability for the 70 kDa-FITC and 66 kDa BSA-FITC 
tracers, but not in changes in permeability for smaller molecular tracers (van der Wijk et 
al. 2017). �ese results indicated that paracellular permeability was not a�ected in BRECs 
under these circumstances. In the present study, claudin-5 protein staining was decreased 
a�er 24 h stimulation with TNFα (10 ng/ml), IL1β (10 ng/ml) and VEGF (25 ng/ml; Fig. 
7A). As described before, TA prevented the triple cytokine-induced downregulation of 
claudin-5 expression (Fig. 7A), and also had a bene�cial e�ect on claudin-5 alignment on 
cell-cell borders.
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Figure 7. Effects of TNFa, IL1b and VEGF (triple cytokine) stimulation in the absence or presence of 
TA on BRECs and HRECs. (A) Claudin-5 expression was diminished after triple cytokine stimulation 
in BRECs, and this effect was prevented in the presence of TA. Scale bar is 50 µm in the left-hand 
images, and 20 µm in the right-hand images. (B) Representative impedance trace of an xCELLigence 
experiment using HRECs. Impedance measurements stabilize within 20 h indicating that a stable 
barrier has formed. Upon addition of compounds to the cells, impedance increases shortly resulting 
from temperature and pH changes, also in (PBS) control cells (dark blue line). TA treatment (green line) 
increased impedance levels, whereas triple cytokine stimulation (orange line) decreased impedance 
levels. Simultaneous addition of TA and triple cytokine (light blue line) or addition of TA 6 h after 
triple cytokine stimulation (purple line) partly prevented or restored the cytokine-induced decrease in 
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In order to con�rm our tracer permeability data in BRECs (van der Wijk et al. 2017), 
we repeated this experiment in HRECs and measured impedance of HREC monolayers 
(expressed as cell index) using the xCELLigence system. Figure 7B shows the raw data 
of a representative impedance trace with the initial steep increase in cell index re�ecting 
cell adherence and barrier stabilization within 20 h a�er cell seeding. Triple cytokine 
stimulation resulted in decreased impedance as compared to control cells, and this e�ect 
was maintained until the end of the experiment. In contrast, addition of TA to the cells 
induced increased impedance levels, indicating an enhanced barrier function, although the 
e�ect was small. When HRECs were stimulated with triple cytokines in combination with 
TA treatment, impedance decreased as compared to control cells, but to a slightly lesser 
extent than cells stimulated with triple cytokines only. Moreover, addition of TA at 6 h a�er 
triple cytokine stimulation led to an initial drop in impedance, but over time impedance 
restored to levels similar to simultaneous stimulation with triple cytokines and TA. �ese 
experiments suggest that TA can partly restore endothelial barrier loss induced by a mix 
of cytokines. Pooled data from the end point (i.e. 40 h post seeding) of 2 independent 
experiments are presented in Figure 7C. 

DISCUSSION
In this study, we assessed the e�ects of 3 di�erent glucocorticosteroids on the retinal 
endothelium in an in vitro model of the BRB. Whereas all 3 GCs increased expression of 
tight and/or adherens junction components, only TA decreased basal and cytokine-induced 
leakage in the functional assays. In our attempt to elucidate the underlying mechanisms of 
barrier enhancement by TA, we found that at least the e�ects on claudin-5 are mediated via 
the GR, but that this is not the case for caveolin-1 and MFSD2A. 

Several mechanisms have been postulated by which GCs may improve DME or cerebral 
edema, mostly involving anti-in�ammatory e�ects. �is is logical, as GCs can repress 
transcription of pro-in�ammatory cytokines in multiple perivascular cell types, such as 
astrocytes, Müller cells and pericytes (Kim et al. 2008; Nehme &  Edelman 2008). Moreover, 
GCs have been shown to regulate VEGF expression in human brain astrocytes and pericytes 
(Kim et al. 2008), and thus may diminish VEGF-induced permeability and angiogenesis. In 
addition, GC treatment of endothelium in vitro reduces expression of adhesion molecules 
such as VCAM-1 and ICAM-1 (Sloka &  Stefanelli 2005; Mizuno et al. 2007), thereby 
limiting the adherence of leukocytes and their consequent e�ects on barrier function 
(although the relevance of leukostasis in human DR was challenged in a recent review (van 
der Wijk et al. 2017)). However, the e�ects of GCs must comprise more than (indirect) 
anti-in�ammatory e�ects, since in the eye, the observed reduction of macular edema can 

(continued) impedance. (C) Pooled data from all the wells of 2 independent xCELLigence experiments 
presented as normalized cell index at 40 h post-seeding (i.e. the end of the experiment). *P<0.05, 
***P<0.001 vs. unstimulated cells. ###P<0.001 vs. cytokine-stimulated cells. Data are depicted as 
mean ± s.d.

CHAPTER 7

144



be very rapid. �at this may be due to direct e�ects on the retinal endothelium is supported 
by our present observations that TA was able to enhance the endothelial barrier function 
under basal conditions, shown by a signi�cant reduction in permeability for small (766 
Da) and large (66 kDa and 70 kDa) molecular tracers. �ese experiments were performed 
in monocultures of BRECs, and as the endothelium has only a limited contribution to the 
production of pro-in�ammatory cytokines (Kim et al. 2008; Wang et al. 2010), it is not 
likely that GCs act by anti-in�ammatory mechanisms in these experiments. Secondly, 
TA enhanced the barrier function of unstimulated cells, i.e., there were no in�ammatory 
conditions at hand. �erefore, we conclude that GCs induce barrier properties and restore 
BRB function at least partly via direct e�ects on the endothelium.

�e e�ects of GCs on tight and adherens junction component expression, their assembly 
and phosphorylation have been described previously. In BRECs and HRECs, HC and Dex 
were shown to increase occludin content and phosphorylation status a�er 24 h (Felinski 
et al. 2008) and 48 h (Antonetti et al. 2002). In addition, claudin-5 protein expression was 
signi�cantly increased in BRECs a�er 24 h HC treatment, whereas no e�ects were seen on 
ZO-1 protein content (Felinski et al. 2008). Förster et al. reported in cEND cells (Forster 
et al. 2005) and hCMEC/D3 cells (Forster et al. 2008) that occludin and claudin-5 were 
upregulated by HC treatment, whereas claudin-5 was not responsive to Dex stimulation 
(Forster et al. 2006). �ese data indicate that di�erent endothelial barrier cell lines do not 
respond uniformly to GCs, and that the tested GCs have di�erential e�ects on endothelial 
cells. Di�erential e�ects of GCs have also been shown in trabecular meshwork cells, where 
TA a�ected proteins involved in cell morphology or cell adhesion, and Dex a�ected RNA 
posttranscriptional modi�cation and histone methylation (Schwartz et al. 2016). Here, we 
observed increased occludin, claudin-5 and ZO-1 expression upon 24 h GC stimulation, 
albeit to di�erent levels depending on the speci�c GC. VE-cadherin was upregulated at the 
mRNA and protein level only by Dex, as has also been shown in cEND cells (Blecharz et 
al. 2008). �e decrease in paracellular leakage a�er treatment with GCs may very well be 
caused by an increase in tight junction assembly, although we could demonstrate this e�ect 
in BRECs only for TA, and only a�er 48 h. It is possible that the unique pharmacokinetics 
of GCs underlie di�erent modes of actions and/or the duration of the e�ect in cell systems, 
since, e.g., Dex has an elimination half-life of hours and TA of several days (Edelman 2010). 
Moreover, this time frame suggests that functional e�ects on the endothelium require more 
time than molecular e�ects, which favors transcriptional transactivation or transrepression 
actions of GCs, rather than non-genomic e�ects that have been reported to take place very 
rapidly in the cytoplasm (Tasker et al. 2006).

Indeed, we found that TA and HC actions on occludin and claudin-5 expression are, at 
least in part, mediated via the GR, with the use of the GR antagonist RU-486. In contrast, it 
appears that the e�ects of TA on ZO-1 were independent of the GR. Previously, an occludin 
enhancer element (OEE) was identi�ed to be a GC-responsive sequence in the human 
occludin promoter region, but this OEE was not bound directly by the GR (Felinski et al. 
2008). Later, it was discovered that the OEE binds to the transcription factor p54/NONO 
upon GC stimulation, and that this transcription factor is not only necessary for induction 
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of occludin expression, but also for that of claudin-5 (Keil et al. 2013). �us, GR-mediated 
transactivation of occludin and claudin-5, through binding of the OEE sequence in these 
genes, may be induced upon stimulation with TA and HC, while other mechanisms may be 
responsible for ZO-1 upregulation.  

Given the size of plasma proteins like albumin (Tao &  Nicholson 1996), they are 
unlikely to pass through paracellular junctions of the BRB (Klaassen et al. 2013), even 
when these junctions are disrupted in conditions such as DME. Because extravasation of 
plasma proteins is probably the main determinant in oncotic pressure changes driving 
the development of DME (Cunha-Vaz &  Travassos 1984), this suggests that increased 
transcytosis would be the most important mechanism underlying the development of 
DME. Hence, ameliorating e�ects of GCs on transcytosis may be more important for 
the successful resolution of vasogenic edema than barrier-enhancing e�ects in terms of 
decreased paracellular leakage. Here, we found that GCs increased mRNA expression of 
the key sca�olding protein of caveolae, caveolin-1, in BRECs. �is is in line with an earlier 
study, where caveolin-1 expression was increased in vascular endothelium in vitro (human 
umbilical vein endothelial cells) and in vivo (rat aorta and lung arterial cells) treated with 
Dex (Igarashi et al. 2013). Moreover, mRNA levels of MFSD2A were downregulated a�er 
GC treatment, suggesting that GCs may impair the suppression of transcytosis. However, 
since we observed unchanged (HC and Dex) or decreased (TA) permeability in BRECs 
for large molecular tracers of 66-70 kDa upon GC treatment, it seems improbable that the 
upregulation of caveolin-1 and/or downregulation of MFSD2A, would lead to increased 
transcytosis rates. In addition to its involvement in vesicle-mediated transcytosis, caveolin-
1 also plays a role in signal transduction pathways, e.g. in VEGF signaling (Labrecque et 
al. 2003). Based on this, Igarashi et al. suggested that GC-induced increased caveolin-
1 expression in vascular endothelium led to attenuated VEGF signaling, as they also 
observed that pretreatment of endothelial cells with Dex reduced VEGF-induced protein 
phosphorylation, migration and tube formation (Igarashi et al. 2013). We found here that 
VEGF-induced upregulation of PLVAP mRNA was prevented by TA treatment. PLVAP is a 
protein speci�cally involved in trans-endothelial transcytosis, which is normally absent in 
barrier-forming endothelia (Schlingemann et al. 1997; Stan et al. 1999), but is upregulated 
in leaky vessels in diabetic retinopathy (Schlingemann et al. 1999). We have previously 
demonstrated that PLVAP is an essential factor in VEGF-induced vascular permeability in 
the retina (Wisniewska-Kruk et al. 2016). �us, by preventing VEGF-mediated upregulation 
of PLVAP, TA may be able to reduce VEGF-induced transcytosis in the retina. Although 
at this point rather speculative, our results may suggest that TA-induced upregulation of 
caveolin-1 is responsible for this process by attenuating VEGF signaling in the retina.

Finally, con�rming and extending data from a previous study (van der Wijk et al., 
2017), we observed that triple cytokine stimulation reduced the impedance of HRECs. 
Crucially, addition of TA to cytokine-stimulated HRECs was bene�cial to endothelial cell 
barrier function, since simultaneous addition diminished the cytokine-induced reduction 
in impedance. Furthermore, adding TA at 6 h a�er triple cytokine stimulation also partly 
restored barrier function, underlining the therapeutic potential of TA.
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In conclusion, we identi�ed TA as the most potent GC in improving barrier function 
in our in vitro model of the BRB. �ese e�ects of TA are not exclusively GR-mediated. 
In addition, the di�erent GCs have di�erential e�ects on BRECs, which should be kept 
in mind when investigating GC actions. We demonstrated that TA has barrier-inducing 
e�ects at the molecular and functional level on a primary source of retinal endothelium 
and, in addition to decreasing the permeability under basal conditions, TA diminished 
cytokine-induced barrier disruption and VEGF-induced expression of PLVAP, a key player 
in VEGF-induced retinal vascular leakage.
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GENERAL DISCUSSION AND SUMMARY
�e blood-retinal barrier (BRB) is formed by the retinal vascular endothelium and is 
regulated by the neurovascular unit, which is a cellular complex of endothelial cells, glial 
cells and pericytes. It protects the neural retina against disturbances of homeostasis, and 
from potentially harmful substances in the circulation. Disruption of the BRB results in 
vascular leakage and as a consequence edema formation and retinal damage. In this thesis, 
molecular and cellular mechanisms of BRB disruption are investigated in the context of 
DME and DR.

�e �rst part of this thesis is focused on the development of the BRB and the role of 
PLVAP in BRB development and disruption. A�er a general introduction in chapter 1, the 
temporal and spatial recruitment of the neurovascular unit in the neonatal mouse retina 
is described in detail in chapter 2. It was observed that astrocytes preceded the vascular 
sprouting front, and that pericytes and tip cells invaded the retina together as vascular 
sprouting front, suggesting that in the retina, recruitment of perivascular cell types is a 
prerequisite for retinal vascularization and BRB formation.  

Chapter 3 is a comprehensive study of the formation of the BRB in neonatal mice, 
showing that expression of tight and adherens junctions in the retina is temporally regulated, 
and that immature (and still leaky) vessels already have tight junctions. In addition, PLVAP 
expression decreased during BRB development, and the absence of PLVAP is a prerequisite 
for a functional BRB. With the use of heterozygous Plvap mice, it was shown that reduced 
PLVAP levels a�ect expression of proteins involved in both paracellular and transcellular 
transport, but without functional consequences for the BRB. Moreover, VEGF signaling was 
disturbed and these mice had a delay in retinal vascularization during early development, 
indicating a role for PLVAP in early developmental angiogenesis.

Chapter 4 describes the role of PLVAP in BRB permeability, both in vitro and in vivo. In 
an in vitro BRB model, knockdown of PLVAP resulted in signi�cantly diminished VEGF-
induced permeability for a 70 kDa molecular tracer, in both monocultures of BRECs and 
triple co-cultures of BRECs, pericytes and astrocytes. In human retinal explants, PLVAP 
inhibition prevented caveolae formation induced by VEGF stimulation, a phenomenon 
which may be involved in the reduction of endothelial permeability by PLVAP inhibition. 
Knockdown of PLVAP reduced hypoxia-induced retinal permeability in the mouse oxygen-
induced retinopathy model, showing that PLVAP is involved in both VEGF-mediated and 
hypoxia-mediated BRB disruption.  

�e second part of this thesis consists of a literature review and in vitro studies of the 
BRB to establish the role of in�ammation in the pathogenesis of DR or DME (chapter 5 and 
6), and the e�ects of glucocorticoids on the BRB (chapter 7). In chapter 5, the prevailing 
paradigm that leukostasis and subsequent low-grade in�ammation are central causes of 
early DR is questioned because of con�icting evidence in the literature on the causal role 
of leukostasis in DR.

In chapter 6, the controversy on the role of pro-in�ammatory cytokines in BRB 
disruption in the context of DME was studied in vitro. TNFα induced permeability for small 
molecular sodium �uorescein, but not for larger tracers, whereas TNFα in combination 
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with IL1β and VEGF induced permeability for the larger molecules 70 kDa FITC-dextran 
and 66 kDa albumin-FITC. Both permeability e�ects were mediated by a second messenger 
molecule, cyclic AMP. However, the downstream pathway activated by cyclic AMP 
appeared to be di�erent in barrier endothelium in comparison to non-barrier endothelium. 
�is study shows the relevance of TNFα in BRB disruption and DME as part of its complex 
pathogenesis.

�e e�ects of glucocorticoids on retinal endothelial cells are described in chapter 
7. Glucocorticoids directly a�ected barrier properties of BRECs. Hydrocortisone, 
dexamethasone and triamcinolone acetonide induced improved tight junction expression 
and/or localization. Triamcinolone acetonide, but not hydrocortisone and dexamethasone 
reduced endothelial permeability for small (766 Da) and larger (70 kDa-FITC and 66 
kDa albumin-FITC) molecular tracers. �e 3 glucocorticoids also increased expression of 
caveolin-1, and triamcinolone acetonide prevented VEGF-induced upregulation of Plvap 
expression. We identi�ed triamcinolone acetonide as the most potent glucocorticoid in 
retinal endothelium, and show that most, but not all, e�ects of triamcinolone acetonide are 
mediated via the glucocorticoid receptor in BRECs. 

CONCLUDING REMARKS
�e studies described in this thesis unraveled cellular and molecular mechanisms of BRB 
formation and BRB disruption. We have shed light on the function of PLVAP in barrier 
endothelium and thereby raised new hypotheses for the unique role of PLVAP in the central 
nervous system (CNS), i.e., that the absence of PLVAP is imperative for a functional BRB 
and BBB, and that acquisition of PLVAP is necessary for loss of the CNS barriers. �erefore, 
lack of PLVAP may provide continuous endothelium with a more barrier-like endothelium 
status, whereas outside the CNS loss of PLVAP in fenestrated endothelium causes excessive 
extravasation of serum proteins from the circulation. 

In the light of a possible contribution of in�ammation in the development of DME and 
DR, it is concluded here that 1) retinal leukostasis is more likely an epiphenomenon of the 
diabetic retinal milieu than a crucial and speci�c step in human DR development, 2) the 
interplay of 3 cytokines (VEGF, TNFα and IL1β) induces increased BRB permeability for 
larger tracers but, e.g., TNFα alone is not potent enough to induce such changes, and 3) 
the mechanism of action of glucocorticoids on BRB function encompasses more than anti-
in�ammatory e�ects. On the basis of these conclusions, it can be stated that DR is primarily 
not an in�ammatory disease, although para-in�ammation may enhance the progression 
and severity of DR and DME. Ultimately, all roads seem to lead to VEGF, as hypoxia-
induced VEGF is the main driver of PLVAP expression – which is key in BRB permeability 
as observed in DR, and VEGF is needed in vitro to induce permeability changes for large 
tracers. Finally, the glucocorticoid triamcinolone acetonide directly enhances barrier 
properties of BRECs but may also prevent VEGF-induced upregulation of Plvap expression, 
which is highly likely to be important in the successful resolution of DME.

GENERAL DISCUSSION AND SUMMARY

1
2
3
4
5
6
7
8
&

153





&
Nederlandse samenvatting en conclusies                                                     

List of publications                                    
Curriculum vitae                                                              

Portfolio                                                          
Dankwoord



INTRODUCTIE VOOR DE LEEK
Ons lichaam bestaat uit miljarden cellen die samen weefsels vormen, en verschillende 
weefsels vormen samen weer organen. Alle verschillende celtypen hebben hun eigen functie. 
De wanden van onze bloedvaten zijn volledig bekleed met de zogeheten endotheelcellen 
(Fig. 1A). Deze endotheelcellen komen ook weer in vele soorten en smaken, a�ankelijk van 
in welke organen ze de bloedvatwand bekleden (Fig. 1B, C). Nieren bijvoorbeeld hebben 
als functie om het bloed te �lteren en urine te produceren. Voor nieren komt het dus goed 
uit als het endotheel doorlaatbaar is voor water en eiwitten of andere sto�en uit het bloed 
zodat er snel ge�ltreerd kan worden. In het netvlies (de retina) daarentegen, alsook in de 
hersenen, is het heel belangrijk dat er geen ongewenste sto�en uit het bloedvat treden die 
het omliggende neurale weefsel kunnen beschadigen. 

Figuur 1. Endotheelcellen hebben eigenschappen passend bij de verschillende benodigdheden van 
de organen. (A) De wanden van onze bloedvaten zijn volledig bekleed met endotheelcellen. (B) 
Endotheelcellen in de retina vormen een barrière tussen het bloed en het weefsel zodat er minimaal 
transport van stoffen plaatsvindt. Retinale endotheelcellen hebben daarom veel tight en adherens 
junctions en weinig transportblaasjes. (C) In de nieren is het endotheel doorlaatbaar voor water en 
eiwitten zodat er snelle �ltratie plaats kan vinden van het bloed. Endotheelcellen in de nier hebben 
weinig tight en adherens junctions en veel transportblaasjes. 
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Daarom hebben de retina en de hersenen een barrière tussen het bloed en het 
omliggende weefsel, respectievelijk de bloed-retina en bloed-hersen barrière. De bloed-
retina barrière wordt in de eerste plaats gevormd door de endotheelcellen (hoewel ook 
andere celtypen een belangrijke rol spelen in het in stand houden van de bloed-retina 
barrière). Deze speci�eke barrière-endotheelcellen zitten aan elkaar vast door eiwitten 
die tight en adherens junctions vormen, een soort ritssluiting tussen de cellen. Daarnaast 
hebben de barrière-endotheelcellen zeer weinig transportblaasjes (caveolae) die sto�en 
vanuit het bloed naar het weefsel vervoeren. Deze eigenschappen zorgen ervoor dat er 
onder normale omstandigheden bijna geen uittreding van eiwitten of andere sto�en uit de 
bloedvaten van de retina plaatsvindt. 

Er zijn echter omstandigheden waarbij er schade optreedt aan de endotheelcellen (of 
andere celtypen) in de retina, waardoor de bloed-retina barrière verbroken wordt. Wanneer 
dit gebeurt treden eiwitten uit de bloedvaten, gevolgd door water (het principe van 
osmose, een mechanisme dat het evenwicht tussen eiwitten in bloed en weefsel bewaart), 
met vochtophoping in de neurale weefsels tot gevolg (oedeem). Dit is een proces dat bij 
patiënten met suikerziekte optreedt. Jarenlang hoge suikers in het bloed hee� allerlei 
e�ecten op het lichaam, en een groot deel van deze patiënten ontwikkelt uiteindelijk 
diabetische retinopathie. Diabetisch macula oedeem, dus vochtophoping in de retina 
als gevolg van een verbroken bloed-retina barrière door diabetes, is een ernstige klinische 
vorm van diabetische retinopathie. In veel gevallen leidt diabetisch macula oedeem tot 
vermindering van het zicht of zelfs blindheid. 

Al decennialang wordt onderzoek gedaan naar hoe de bloed-retina barrière precies 
wordt verstoord bij patiënten met diabetisch macula oedeem, en dit hee� veel opgeleverd. 
Zo is bekend dat het sto�e vascular endothelial growth factor (VEGF) verhoogd wordt 
aangemaakt in de retina van deze patiënten. De verhoogde VEGF productie leidt er toe 
dat de ritssluitingen tussen endotheelcellen verbroken worden, maar ook dat er meer 
transportblaasjes in de endotheelcellen worden aangemaakt; het endotheel wordt dus meer 
doorlaatbaar (permeabel). Een belangrijke speler in dit proces lijkt het eiwit plasmalemma-
vesicle associated protein (PLVAP). De aanmaak van dit eiwit wordt sterk beïnvloed door 
VEGF, en het is betrokken bij de hogere doorlaatbaarheid van het endotheel in de retina. 
De bevinding dat VEGF een grote rol speelt in de ontwikkeling van diabetisch macula 
oedeem hee� succesvolle medicijnen opgeleverd die de beschikbaarheid van VEGF in de 
retina verminderen. Er is echter ook een groep patiënten die onvoldoende baat hee� bij 
deze medicijnen. Een andere optie is het gebruik van corticosteroïden, die bij een grote 
groep patiënten een snel positief e�ect hebben op het macula oedeem. Steroïden hebben 
echter ook nadelen: zo is het e�ect vaak niet blijvend, en ondervinden patiënten bij deze 
medicijnen in veel gevallen negatieve bijwerkingen. 

Alles in beschouwing genomen is er dus nog veel ruimte voor verbetering in de 
behandeling van patiënten met diabetisch macula oedeem. Hiervoor is nog meer kennis 
en gedetailleerder begrip nodig van de processen die leiden tot beschadiging van de 
bloed-retina barrière. In dit proefschri� heb ik geprobeerd meer inzichten te verkrijgen 
in deze processen. Ik heb met behulp van muismodellen in kaart gebracht hoe de bloed-
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retina barrière bij pasgeboren muizen precies wordt gevormd, omdat dit wellicht als een 
omgekeerd model kan dienen voor pathologische situaties waarbij de barrière verloren gaat. 
Daarnaast hebben we met genetisch gemodi�ceerde muizen die minder PLVAP aanmaken 
onderzocht wat de rol van PLVAP is in de vorming en het behoud van de bloed-retina 
barrière. Ook hebben we de bloed-retina barrière nagebootst in het lab door endotheelcellen 
uit het netvlies van koeien te isoleren en te kweken. Aan deze cellen in kweek kunnen 
vervolgens allerlei sto�en toegevoegd worden om bepaalde omstandigheden te simuleren, 
zoals VEGF of steroïden. Op deze manier kan direct onderzocht worden wat de e�ecten van 
deze sto�en op de endotheelcellen zijn, en dus op welke manier de bloed-retina barrière 
beïnvloed wordt. In de volgende sectie zijn de resultaten van mijn onderzoeken samengevat 
en algemene conclusies getrokken.

SAMENVATTING
De bloed-retina barrière (BRB) wordt gevormd door het vasculaire endotheel van de 
retina en gereguleerd door de neurovasculaire eenheid, een complex van endotheelcellen, 
gliacellen, pericyten en een basale lamina. De BRB is betrokken bij handhaving van de 
homeostase van de neurale retina en beschermt deze tegen potentieel gevaarlijke sto�en in 
de bloedsomloop. Als de BRB niet meer intact is, dan leidt dit tot vaatlekkage met als gevolg 
vochtophoping (oedeem) en schade aan de retina. In dit proefschri� zijn de cellulaire en 
moleculaire mechanismen van BRB beschadiging onderzocht in de context van diabetisch 
macula oedeem (DMO) en diabetische retinopathie (DR).

In het eerste deel van dit proefschri� ligt de focus op de ontwikkeling van de BRB 
en de rol van plasmalemma vesicle-associated protein (PLVAP) in BRB ontwikkeling en 
beschadiging. Na de inleiding in hoofdstuk 1, wordt in hoofdstuk 2 in detail beschreven 
hoe en in welk stadium de verschillende cellulaire componenten van de neurovasculaire 
eenheid in de retina van neonatale muizenpups verschijnen. Vastgesteld is dat astrocyten 
voor de neovasculaire spruiten in de neurale retina uit migreren, en pericyten samen met 
de neovasculaire spruiten in de retina verschijnen, hetgeen suggereert dat de perivasculaire 
celtypen nodig zijn voor retinale bloedvatvorming en ontwikkeling van de BRB. 

Hoofdstuk 3 is een uitgebreide studie van de ontwikkeling van de BRB in pasgeboren 
muizenpups. Hier werd de expressie van endotheliale intercellulaire eiwitverbindingen in 
de retina gedurende de eerste 25 dagen na geboorte gevolgd en gedemonstreerd dat onrijpe 
nog lekkende vaten toch tight junctions hebben. Daarnaast bleek dat de expressie van PLVAP 
afneemt tijdens de ontwikkeling en afwezigheid van PLVAP expressie bleek een voorwaarde 
te zijn voor een functionele BRB. In heterozygote Plvap+/- muizen werd aangetoond dat 
verminderde PLVAP expressie invloed hee� op de expressie van genen die betrokken 
zijn bij zowel paracellulair als transcellulair transport, zonder dat dit invloed hee� op het 
functioneren van de BRB. In de Plvap+/- muizen bleek vascular endothelial growth factor 
(VEGF) signalering verstoord te zijn en de retinale bloedvatvorming vertraagd, hetgeen 
duidt op een rol voor PLVAP in bloedvatvorming in de vroege ontwikkelingsfase.

In hoofdstuk 4 wordt de rol van PLVAP in BRB permeabiliteit in vitro en in vivo 
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beschreven. In een in vitro celmodel resulteerde het remmen van PLVAP in signi�cant 
verminderde vascular endothelial growth factor (VEGF)-geïnduceerde permeabiliteit voor 
moleculaire tracers van 70 kDa, zowel in mono-cultures van bovine retinal endothelial cells 
(BRECs), als in co-cultures van BRECs, pericyten en astrocyten. In humane retinale explants 
bleek remming van PLVAP het vormen van endotheliale caveolae na stimulatie met VEGF 
te verhinderen, hetgeen een verklaring kan zijn voor de verminderde permeabiliteit na 
remming van PLVAP. PLVAP remming verminderde ook hypoxia-geïnduceerde vaatlekkage 
in de retina in het hypoxie-geïnduceerde retinopathie muizenmodel, hetgeen aantoont dat 
PLVAP betrokken is bij VEGF- en hypoxia-gemedieerde lekkage van de BRB. 

Het tweede deel van dit proefschri� bestaat uit een literatuurreview en in vitro studies 
betre�ende de rol van ontsteking in de pathogenese van DMO en DR (hoofdstuk 5 en 6) 
en de e�ecten van glucocorticoïden op de BRB (hoofdstuk 7). In hoofdstuk 5 wordt het 
heersende paradigma dat leukostase en daaropvolgende chronische ontsteking belangrijke 
oorzaken zijn van vroege DR ter discussie gesteld vanwege tegenstrijdig bewijs in de 
literatuur betre�ende de causale rol van leukostase in DR. Het paradigma bleek voornamelijk 
gebaseerd te zijn op dierproefstudies en er zijn bij de mens vrijwel geen indicaties gevonden 
dat leukostase en/of chronische ontsteking een rol van betekenis spelen in de ontwikkeling 
van vroege DR.

In hoofdstuk 6 wordt de rol van pro-in�ammatoire cytokines in BRB schade in de 
context van DMO bestudeerd in vitro. Tumor necrosis factor (TNFα) bleek permeabiliteit 
voor laag-moleculaire tracers zoals �uoresceïne (376 Da), maar niet voor hoog-moleculaire 
tracers zoals 70 kDa FITC-dextran te induceren, terwijl TNFα in combinatie met IL1β en 
VEGF daarentegen permeabiliteit voor de hoog-moleculaire tracers 66 kDa albumin-FITC 
en 70 kDa FITC-dextran induceerde. Beide e�ecten werden gemedieerd door de second 
messenger cyclisch AMP. De signaaltransductie route die geactiveerd werd door cyclisch 
AMP is een andere in barrière endotheel dan in niet-barrière endotheel. RhoA en Rac1 
worden in niet-barrière endotheel geactiveerd, respectievelijk geremd via cyclisch AMP na 
TNFα stimulatie, maar de e�ecten van TNFα op BRECs waren ona�ankelijk van deze kleine 
Rho GTPase eiwitten. Deze bevindingen duiden op een rol van TNFα in BRB lekkage en 
DMO als onderdeel van een complexe pathogenese en benadrukken de speci�eke regulatie 
van doorlaatbaarheid in barrière endotheel. 

De e�ecten van glucocorticoïden op retinale endotheelcellen worden beschreven in 
hoofdstuk 7. Glucocorticoïden hebben een direct e�ect op de barrière eigenschappen 
van BRECs. Hydrocortison, dexamethason en triamcinolon acetonide verhoogden 
tight junction expressie en de lokalisatie van deze eiwitten op de celmembraan. Voorts 
reduceerde triamcinolon acetonide, maar niet hydrocortison en dexamethason, de 
endotheliale permeabiliteit voor laag- (766 Da) en hoog- (66 en 70 kDa) moleculaire 
tracers. Alle 3 glucocorticoïden verhoogden expressie van caveoline-1, en triamcinolon 
acetonide reduceerde VEGF-geïnduceerde verhoging van Plvap expressie. Op basis van 
deze bevindingen is door ons geconcludeerd dat triamcinolon acetonide de meest potente 
glucocorticoïd is voor retinaal barrière endotheel en dat de meeste, maar niet alle, e�ecten 
van triamcinolon acetonide gemedieerd worden via de glucocorticoïd receptor in BRECs. 
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CONCLUSIES
De studies beschreven in dit proefschri� hebben een aantal cellulaire en moleculaire 
mechanismen van BRB vorming en BRB schade aan het licht gebracht. De functie 
van PLVAP in barrière endotheel is deels opgehelderd en op basis daarvan zijn nieuwe 
hypothesen geformuleerd met betrekking tot de unieke rol van PLVAP in het centrale 
zenuwstelsel. Afwezigheid van PLVAP is essentieel voor een functionele BRB en bloed-
hersen barrière, en het verwerven van PLVAP expressie leidt tot verlies van barrièrefuncties 
in het centrale zenuwstelsel. Daarnaast kan remming van PLVAP expressie continu (niet-
barrière) endotheel wellicht voorzien van een barrière-achtige status, terwijl verlies van 
PLVAP expressie in perifeer gefenestreerd (lekkend) endotheel paradoxaal leidt tot een 
toename van uittreding van plasma eiwitten uit de circulatie.

Betre�ende de rol van chronische ontsteking in de ontwikkeling van DMO en DR wordt 
in dit proefschri� geconcludeerd dat 1) het waarschijnlijk is dat retinale leukostase een 
bijverschijnsel van het diabetische milieu is en geen cruciale stap in de ontwikkeling van DR 
bij de mens, 2) het samenspel van 3 cytokines (TNFα, IL1β en VEGF) BRB permeabiliteit 
induceert voor hoog-moleculaire tracers, maar bijvoorbeeld TNFα op zichzelf deze 
veranderingen niet teweeg brengt, en 3) e�ecten van glucocorticoïden op de BRB meer 
inhouden dan louter anti-in�ammatoire e�ecten. Op basis van deze conclusies kan gesteld 
worden dat DR geen chronische ontstekingsziekte is, ook al kan para-in�ammatie het 
verloop en de ernst van DR en DMO versnellen en/of verergeren. Uiteindelijk lijkt expressie 
van VEGF de grote boosdoener bij DR en DMO, aangezien hypoxie-geïnduceerde expressie 
van VEGF  PLVAP expressie induceert, hetgeen BRB permeabiliteit verhoogt zoals 
voorkomt bij DR. Bovendien is VEGF in vitro nodig om veranderingen in permeabiliteit 
te induceren voor hoog-moleculaire tracers. Verder is geconcludeerd dat de glucocorticoïd 
triamcinolon acetonide de barrière functie van BRECs verbetert via directe e�ecten op de 
barrière endotheelcellen en deze glucocorticoïd VEGF-geïnduceerde verhoging van PLVAP 
expressie kan voorkomen, wat waarschijnlijk minstens zo belangrijk is voor het succesvol 
behandelen van DMO en DR. 
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waren veel mensen dat met ons eens (hoewel borrels met 3 tot 5 man, inclusief wij zelf, ook 
geen uitzondering waren). Naast hoogtepunten als de kerstborrels met 50 man heb ik ook 
erg genoten van onze kroegentochten, waar belangrijk werk (met een goede locatie ben je 
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van de boekenclub bedanken (waar we met gepaste trots over praten), bij deze is BC Het 
Boekenleggertje ook vereeuwigd in print.

Dan eindig ik bij de familie. Charlotte en Judith, toen ik in de afgelopen jaren zo nu 
en dan ging nadenken over mijn verdediging dacht ik er vrijwel meteen over om jullie als 
paranimfen (een soort gevederde getuigen) te vragen, en gelukkig zeiden jullie ja. Bedankt 
dat jullie me gaan �ankeren in misschien wel het engste uurtje van mijn leven. Nog meer 
dank voor altijd een welkom gevoel, dat geldt natuurlijk ook voor de rest van de familie, 
Gerard en Ernst en alle kinderen. Papa en mama, ik hoop dat het ook zonder te zeggen 
duidelijk is dat ik jullie heel erg nodig heb, misschien niet voor de praktische uitvoering van 
mijn werk maar in het algemeen.

Dat was het dan, het woord ‘dank’ is 21 keer genoemd dus ik denk dat dit met recht een 
Dankwoord mag heten. Op naar de volgende uitdaging! 

168



ADDENDUM

1
2
3
4
5
6
7
8
&

169



170



NOTES

171



Y
O

U
 B

U
ILD

 M
E U

P, Y
O

U
 B

R
EA

K
 M

E D
O

W
N

 - M
o

lecu
lar m

ech
an

ism
s o

f B
R

B
 d

evelo
p

m
en

t an
d

 d
isru

p
tio

n
          A

n
n

e-Eva van
 d

er W
ijk

YOU BUILD ME UP, 
YOU BREAK ME DOWN

Anne-Eva van der Wijk

Molecular mechanisms of 
blood-retinal barrier development 
and disruption




