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The molecular mechanisms of vascular leakage in diabetic macular edema and 

proliferative retinopathy are poorly understood, mainly due to the lack of reliable 

in vivo models. The Akimba (Ins2AkitaVEGF+/-) mouse model combines retinal 

neovascularization with hyperglycemia, and in contrast to other models, displays 

the majority of signs of advanced clinical diabetic retinopathy (DR). To study  

the molecular mechanism that underlies the breakdown of the blood-retinal 

barrier (BRB) in diabetic macular edema and proliferative DR, we investigated 

the retinal vasculature of Akimba and its parental mice Kimba (trVEGF029) and  

Akita (Ins2Akita). Quantitative PCR, immunohistochemistry and fluorescein 

angiography were used to characterize the retinal vasculature with special 

reference to the inner BRB. Correlations between the degree of fluorescein 

leakage and retinal gene expression were tested by calculating the Spearman’s 

correlation coefficient. Fluorescein leakage demonstrating BRB loss was 

observed in Kimba and Akimba, but not in Akita or wild type mice. In Kimba 

and Akimba mice fluorescein leakage was associated with focal angiogenesis 

and correlated significantly with Plvap gene expression. PLVAP is an endothelial 

cell-specific protein that is absent in intact BRB, but its expression significantly 

increases in pathological conditions such as DR. Furthermore, in Akimba mice 

BRB disruption was linked to decreased expression of endothelial junction 

proteins, pericyte dropout and vessel loss. Despite fluorescein leakage, no 

alteration in BRB protein levels or pericyte coverage was detected in retinas 

of Kimba mice. In summary, our data not only demonstrate that hyperglycemia 

sensitizes retinal vasculature to the effects of VEGF, leading to more severe 

microvascular changes, but also confirm an important role of PLVAP in the 

regulation of BRB permeability.

ABSTRACT
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INTRODUCTION

Diabetic retinopathy (DR) is a progressive disease that develops from asymptomatic 
vascular and neuronal changes into vision-threatening diabetic macular edema 
(DME) and proliferative DR (PDR) (Biallosterski et al., 2007; Hammes et al., 2011).  
DME is caused by loss of the blood-retinal barrier (BRB), but the detailed molecular 
mechanisms underlying increased permeability of the BRB in DR remain not fully 
understood. This is mainly due to the limitations of in vitro models and the lack of animal 
models that truly resemble the clinically significant retinal vascular pathology of DR.

The recently developed Akimba mouse, which displays unique features of 
advanced clinical DR (Rakoczy et al., 2010), including retinal leakage, edema, capillary 
non-perfusion, thinning of the retina and neovascularization, appears to be more 
suitable to study mechanisms of pathological BRB disruption and DME. The Akimba 
(Ins2AkitaVEGF+/-) mouse was generated by crossing the diabetes model Ins2Akita (Akita) 
(Barber et al., 2005), with the trVEGF029 (Kimba) mouse model (Lai et al., 2005; Van 
Eeden et al., 2006) in which photoreceptors transiently overexpress human vascular 
endothelial growth factor (hVEGF). Even though the sequence of events in the Akimba 
mouse may not be identical to those in human DR, it produces a retinal environment that 
is similar to that found in advanced human DR and may be a valuable model for studying 
the interplay between hyperglycemia and high levels of VEGF in the pathology of PDR 
and vascular leakage due to BRB breakdown in DME.

The BRB is composed of endothelial cells, pericytes and glial cells that form the 
neurovascular unit (Abbott et al., 2006; Klaassen et al., 2013). The presence and crosstalk 
between all cell types in this unit is crucial for barrier maintenance (Abbott et al., 2006; 
Armulik et al., 2010; Gesuete et al., 2011; Cohen-Kashi Malina et al., 2009; Hammes 
et al., 2002, 2011; Nakagawa et al., 2007, 2009; Paolinelli et al., 2011; Wisniewska-
Kruk et al., 2012). Endothelial cells have the most prominent role in maintaining BRB 
integrity by expressing adherens and tight junction complexes and an array of specific 
transcellular transporters (Abbott et al., 2006; Paolinelli et al., 2011; Klaassen et al., 2013).  
To date, two main mechanisms have been proposed to be involved in increased 
permeability of the BRB: paracellular transport by reduction of endothelial junction proteins 
(Wang et al., 2001; Nitta et al., 2003; Erickson et al., 2007; Cohen-Kashi Malina et al., 
2009; Klaassen et al., 2009) and increased transcellular transport via caveolae (Feng et 
al., 1999; Hofman et al., 2000; Witmer et al., 2003; Pascariu et al., 2004; Klaassen et al., 
2009).

Previous studies have shown that retinal capillaries in primate eyes exposed 
to exogenous VEGF, to mimic DR, were characterized by a significant increase in 
expression of plasmalemma vesicle-associated protein (PLVAP) (Hofman et al., 
2001a). PLVAP is an endothelium-specific protein (Schlingemann et al., 1985) that is 
absent in intact barrier endothelium, such as the BRB and the blood-brain barrier (BBB) 
(Schlingemann et al., 1988, 1997, 1999; Carson-Walter et al., 2005; Strickland et al., 2005;  
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Shue et al.,2008). However, in pathological conditions such as tumors (Schlingemann et 
al., 1988; Carson-Walter et al., 2005; Strickland et al., 2005; Shue et al., 2008), ischemia 
(Shue et al., 2008), DME (Schlingemann et al., 1997, 1999) and in leaky immature 
neovessels (Liebner and Plate, 2011), its expression significantly increases. PLVAP 
expression has been shown to be upregulated by VEGF in vivo and in vitro (Hofman et al., 
2000, 2001a; Witmer et al., 2004; Klaassen et al., 2009; Wisniewska-Kruk et al., 2012), 
and may therefore be involved in VEGF-induced BRB breakdown.

In order to reveal the mechanisms underlying BRB loss in DR, we have 
characterized on a molecular and functional level the retinal vasculature of Akimba and 
its parental mouse strains, with special reference to proteins involved in paracellular  
and transcellular transport across the BRB, pericyte coverage and angiogenesis. 
Furthermore, BRB leakage, as determined by fluorescein angiography, was correlated 
with altered expression of genes that were previously reported to be involved in BRB loss.

MATERIALS AND METHODS

Animals

All procedures were performed in accordance with the Association for Research in Vision 
and Ophthalmology statement for use of animals in ophthalmic and vision research and 
with approval from the Animal Ethics Committee of The University of Western Australia. 
Mice were housed, fed and anesthetized as previously described (Lai et al., 2009).  
All studies were performed on young (8-9 weeks postnatal) male mice. Four different 
mouse strains were investigated: wild type C57BL/6, Akita, Kimba and Akimba.

RNA isolation and mRNA quantification

Retinas were isolated from frozen eyes. To enrich for retinal vessels, retinas were treated 
by hypotonic lysis (Kowluru et al., 1998). Each retina was incubated in 1 ml sterile water for 
1 h at 4°C. After incubation at room temperature for 5 min with 40 µg DNase I (Invitrogen; 
Breda, The Netherlands), retinas were spun down and supernatant was removed.  
Total RNA was isolated using TRIzol reagent (Invitrogen) following the manufacturer’s 
protocol. The quality of isolated RNA was determined by the ExperionTM RNA StdSens 
Analysis Kit (Bio-Rad; Hercules, CA, USA). Samples with sharp ribosomal RNA bands 
and RQI (RNA Quality Indicator) values of 7.0 or higher were used for further analysis. 
Total RNA was treated with DNAse I (Amplification Grade; Invitrogen) and reverse 
transcribed into first strand cDNA using Maxima® First Strand cDNA Synthesis Kit (Thermo 
Scientific; Roskilde, Denmark). qPCR was performed using a CFX96 system (Bio-Rad). 
Expression data was normalized by the geometric mean of the most stable genes,  
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γ-actin (Actg) and TATA-box binding protein (Tbp), as was determined by NormFinder 
(Andersen et al., 2004).

Fluorescein angiography

Mice were anesthetized and injected intraperitoneally with 50 µl of 10% sodium 
fluorescein. The pupils of mice were dilated with tropicamide eye drops (Mydriacyl; Alcon 
Laboratories, NSW, Australia) before image acquisition. A contact lens was placed on  
the mouse eye to correct spherical optical aberration and to prevent dehydration of 
the cornea during imaging, as described previously (Rakoczy et al., 2010). To record 
fluorescein angiography, the Spectralis HRA + OCT (Heidelberg Engineering; Heidelberg, 
Germany) 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. 
Fluorescein leakage was graded by two masked observers based on a 4-grade scale, 
as described previously (Rakoczy et al., 2010). Images of eyes of all Kimba and Akimba 
mice were collected and randomly selected for the analysis.

Immunohistochemistry

Eyes from 8 to 9 weeks-old mice were embedded in TissueTek (Sakura, Torrance, CA, 
USA) and frozen. Tissue sections (10-mm thick) were fixed using 4% paraformaldehyde 
or ice cold acetone, permeabilized with 0.5% Triton-X (Sigma-Aldrich; St. Louis, MO, 
USA) and incubated with 10% normal goat serum in PBS (Dako; Heverlee, Belgium). 
The following primary antibodies were used: anti-PLVAP (rat monoclonal MECA-32; 
Abcam; Cambridge, UK), anti-NG2 (rabbit polyclonal; Abcam), anti-claudin-5 (rabbit 
polyclonal; Abcam), anti-occludin (mouse monoclonal; Zymed, Invitrogen), anti-ZO-1 
(rabbit polyclonal; Zymed), isolectin (IB4, Alexa Fluor 488 or 594; Invitrogen). Cy3- or 
FITC- or Alexa 488-conjugated secondary antibodies were purchased from Jackson 
ImmunoResearch (West Grove, PA, USA). Nuclei were stained using Hoechst dye  
(1 µg/ml; Invitrogen). Images were recorded at the van Leeuwenhoek Center for Advanced 
Microscopy (LCAM) at the Academic Medical Center, using a confocal laser scanning 
microscope SP2 (Leica Microsystems; Mannheim, Germany).

Statistics

Data was analyzed using IBM SPSS Statistics software (version 19, SPSS; Chicago, 
IL, USA). Correlations were evaluated by Spearman rank correlation coefficient,  
with a ρ of 0.6 or greater considered to be relevant. A two-tailed t-test was used to evaluate 
the statistical significance of the data. A two-tailed P < 0.05 was considered to indicate 
statistically significant differences.



chapter 2

22

2

RESULTS

Fluorescein angiography shows leakage in Kimba and Akimba mice

Significant fluorescein leakage of retinal vessels was found in eyes of Kimba (1.95 ± 0.22; 
N=10) and Akimba mice (2.50 ± 0.21; N=9), with no significant differences between these 
two groups (Fig. 1a). Fluorescein leakage was not observed in Akita (N=7) and wild type 
(N=9) mice. A great variation was observed in the severity of fluorescein leakage and 
morphological changes between eyes of mice of the same age and same genotype. 

In Kimba and Akimba mice, leakage was mostly focal and profuse, suggesting 
leakage from microaneurysms or focal areas of proliferating vessels in the retina  
(Fig. 1b). More diffuse perivascular fluorescein leakage, representing BRB loss of  
pre-existing vessels, was observed in retinas of Akimba, than of Kimba mice.  
In addition, larger avascular/non-perfused areas were present in close proximity to  
the optic nerve in Akimba mice (Fig. 1b), as compared to Kimba mice (Fig. 1b).

Fig. 1. Fluorescein leakage in mouse retinas. (a) Fluorescein leakage grade as determined by fluorescein angiography. 
Box plots show median, min and max values on a 4-grade scale (Rakoczy et al., 2010). **P < 0.01; ***P < 0.001. n.s., statistically not 
significant. (b) Fluorescein angiograms showing fluorescein leakage in eyes of wild type, Akita, Kimba and Akimba mice. In Kimba 
and Akimba mice foci of fluorescein leakage corresponded to capillary dropout/non-perfusion (asterisks) and microaneurysms 
(arrows).
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Expression of endothelial-specific genes and angiogenesis-related 
genes

Expression of four endothelial cell-specific genes was investigated: Cd34, endoglin 
(Eng), Cd31 and von Willebrand factor (vWF). Relatively higher transcription levels of 
endothelial-specific genes were observed in Akita mice, as compared to wild type mice, 
whereas in Akimba mice expression levels were significantly lower as compared to Kimba 
mice (Fig. 2a). Similar differences were observed in transcription levels of genes related 
to angiogenesis and angiogenic tip cells (Del Toro et al., 2010; Siemerink et al., 2012). 
The expression levels of chemokine (C-X-C motif) receptor 4 (Cxcr4), neuropilin 2 (Nrp2), 
angiopoietin 2 (Angpt2) and apelin (Apln) were relatively higher in retinas of Akita mice, as 
compared to wild type mice (Fig. 2b). In contrast, Akimba mice showed significantly lower 
expression levels of tip cell-related genes as compared to Kimba mice.
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Fig. 2. Endothelial cell-specific and tip cell-related gene expression. (a) Expression levels of endothelial cell-specific genes in 
wild type (WT), Akita, Kimba and Akimba mice. (b) Expression levels of endothelial tip cell-related genes. Note significantly lower 
expression levels of genes in Akimba mice, as compared to Kimba mice. Values represent expression levels (mean ± SD, N ≥ 6) 
relative to WT mice. *P < 0.05; ***P < 0.001.

Expression of endothelial junction proteins

Decreased endothelial junction protein expression is a known contributor to BRB 
leakage. In Akita mice no changes in protein expression patterns were found as detected 
by immunohistochemical staining (Fig. 3). Similarly, in Kimba mice, no alterations in 
expression of claudin-5 (CLDN5), occludin (OCLN) or zona occludens-1 (ZO-1) protein 
were observed (Fig. 3), despite high fluorescein leakage in retinas of these mice.  
In the retinal vasculature of Akimba mice, we found considerably lower expression of 
CLDN5 and OCLN (Fig. 3a and b, respectively), but not of ZO-1 (Fig. 3c), as compared 
to the other mouse strains.
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Fig. 3. Expression of endothelial junction proteins. Retinal sections stained for claudin-5 (CLDN5) (a), occludin (OCLN) 
(b) and zona occludens (ZO-1) proteins (c). Scale bars, 600 µm.

Expression of transcellular transport-related proteins

To assess the contribution of transcellular transport of endothelial cells to BRB permeability, 
mRNA and protein levels of caveolin-1 and PLVAP were investigated. No differences in 
caveolin-1 expression were detected between the investigated mouse strains (data not 
shown). In contrast, protein (Fig. 4a) and mRNA (Fig. 4b) levels of Plvap, were significantly 
higher in Kimba (mRNA levels, 42-fold; P < 0.01) and Akimba mice (mRNA levels, 16-fold; 
P < 0.001) as compared to wild type mice, with no significant differences between those 
mice (P = 0.077). In wild type mice, PLVAP staining was not found and hardly any staining 
was present in Akita mice. In Kimba and Akimba mice, PLVAP protein expression was 
mostly found in retinal blood vessels in the ganglion cell layer (RGC), but its presence 
was also detected in the outer plexi form layer and the outer nuclear layer (ONL) (Fig. 4a).
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Fig. 4. Vesicular transport-related proteins. (a) In retinal sections, PLVAP protein 
was present in retinal vessels of Kimba and Akimba mice, but not of Akita and 
wild type (WT) mice. Vessels positive for PLVAP were observed in the RGC, 
the outer plexiform layer and the ONL. Note dysmorphic changes of ONL in 
Kimba mice, which are likely to be caused by outgrowth of new blood vessels in 
this layer and breakdown of the retinal pigment epithelial cell layer; Scale bar,  
600 µm. (b) Transcription levels of Plvap in WT, Akita, Kimba and Akimba mice. 
Values represent expression levels (mean ± SD, N≥6) relative to wild type mice.  
**P < 0.01; ***P < 0.001.

Pericyte coverage of retinal vasculature

As pericyte loss is an early feature in DR (Hammes et al., 2002, 2011; Pfister et al., 
2008), we analyzed pericyte coverage of retinal vessels by studying expression of  
the pericyte-specific marker chondroitin sulfate proteoglycan (NG2). Less staining of NG2 
was detected in Akimba mice (Fig. 5a), as visualized by immunohistochemical staining, 
in comparison with the other mouse strains. Furthermore, some vessels in the RGC in 
these mice were lacking pericytes (Fig. 5b). In contrast, pericyte coverage on retinal blood 
vessels in Kimba and Akita mice was similar to that in wild type mice.
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Fig. 5. Pericyte coverage of retinal 
capillaries. (a) Pericytes as visualized by 
the anti-NG2 antibody in retinal sections.  
(b) Pericyte coverage is lacking in retinal capillaries 
of Akimba mice. White arrows indicate vessels 
lacking pericytes. Scale bars, 600 µm.
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Correlation between Plvap mRNA expression and the degree of 
fluorescein leakage in Kimba and Akimba mice

To further explore the molecular basis of BRB breakdown in Kimba and Akimba mice, 
we correlated mRNA levels of genes associated with angiogenesis and paracellular and 
transcellular transport with the degree of fluorescein leakage (Supplemental Table 1).  
From a list of tested genes only Plvap was correlated with fluorescein leakage in Kimba 
and Akimba mice. Especially in Akimba mice, a positive (ρ= 0.912) and statistically 
significant (P = 0.011) correlation between Plvap mRNA levels and fluorescein leakage 
was found (Fig. 6a). In support of a direct relationship between increased Plvap expression 
and functional leakage, immunohistochemical analysis identified colocalization in retinal 
vessels of PLVAP protein and extravasation of mouse endogenous IgG (150 kDa) in Kimba 
and Akimba mice (Fig. 6b). In wild type and Akita mice IgG leakage was not observed.

Fig. 6. Plvap expression is correlated with retinal vascular leakage in Kimba and Akimba mice. (a) Fluorescein leakage in retinal 
vessels of Kimba and Akimba mice was positively correlated with expression levels of Plvap. *, Significant change (P < 0.05).     
(b) IgG leakage was detected in retinal tissue in Kimba and Akimba mice around PLVAP-stained vessels (white arrows).
Scale bar, 600 µm.
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DISCUSSION

DR is a complex disease that from minor neuronal changes and increased BRB permeability 
may eventually progress to PDR and DME. PDR is known to be associated with elevated 
intraocular VEGF levels and formation of fragile, leaky neovessels. Although the precise 
pathogenesis of DR is unknown, it is characterized by chronic inflammation and tissue 
hypoxia associated with VEGF upregulation. Individual genetic variability in susceptibility 
to hypoxic induction of various growth factors including VEGF may be decisive whether 
or not diabetic patients will develop PDR. 

In the present study, we have investigated the effects of the VEGF-hyperglycemia 
interplay on the retinal vasculature using four mouse models. C57BL/6 mice provided  
a base line for retinal changes associated with aging. The Akita line showed how  
the retina responds to hyperglycemia over time, whereas the Kimba provided the model for 
retinal response to VEGF upregulation. Previous studies on the Kimba mice showed that 
even transient expression of VEGF can start the neovascular cascade (Van Eeden et al., 
2006) and that VEGF inhibition can limit but not eliminate retinal damage (Lai et al., 2005).  
The Akimba mice were used to study how VEGF-induced changes in the retinal 
vasculature were affected by hyperglycemia. We found that in the Akimba mice VEGF 
in combination with high glucose levels leads to more severe changes in the BRB than 
merely elevated glucose or VEGF levels alone as in Akita and Kimba mice, respectively. 
Although the sequence of events in the Akimba mice may not follow the etiology of PDR 
in humans, recent long term studies of the Akita mice (9 months) established that VEGF 
upregulation coincides with neovascular changes in these mice (Han et al., 2013). Our 
data argues that although upregulation of VEGF by inflammatory changes or hypoxia is a 
prerequisite for BRB breakdown, hyperglycemia exacerbates the vascular changes, thus 
we propose that both of them are required for the development of PDR.

To study the functional effect of hyperglycemia, high VEGF levels and the additive 
effect of both on BRB loss, we performed fluorescein angiography in Akita, Kimba 
and Akimba mice. Fluorescein leakage, an indicator of BRB loss, was observed only 
in 8-week-old Kimba and Akimba mice, but not in age-matched Akita mice. Increased 
vascular permeability has been previously reported in Akita mice, but after at least 
12 weeks of hyperglycemia (Barber et al., 2005). The fluorescein leakage in Kimba and 
Akimba mice indicates that high levels of VEGF are a prerequisite for BRB breakdown. 
Although the grade of fluorescein leakage was not statistically significant between 
the Kimba and Akimba mice, we observed a more widespread diffuse leakage from 
pre-existing vessels in Akimba than in Kimba mice and larger areas of nonperfusion  
and/or capillary dropout of the retinal vasculature in the proximity of the optic nerve.  
This congregation of nonperfused areas is similar to the areas of vascular non-perfusion 
and leakage observed in DME patients (Schlingemann and Witmer, 2009).

Background DR is characterized by thinning of the retina and the loss of  
the two cellular components of retinal capillaries crucial for BRB integrity: pericytes and 
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endothelial cells (Hammes et al., 2002, 2011). In Akita mice, an increase in mRNA levels 
of endothelial cell-specific markers as well as tip cell-specific markers was detected. 
Although angiogenesis is absent in Akita mice up to 6 months of age (Han et al., 2013; 
McLenachan et al., 2013), activation of the microglia (Kezic et al., 2013), and signs 
of retinal leukocytosis (Huang et al., 2011) have been documented at early age. We 
hypothesize that the increase in endothelial cell- and tip cell-specific mRNA levels in 
these mice may result from an activated endothelium due to prolonged hyperglycemia 
(Vagaja et al., 2012). In Akimba mice, lower transcript levels of endothelial cell-specific 
and tip cell-related genes, together with the non-perfused areas in the fluorescein 
angiograms, indicate a reduced number of retinal blood vessels as compared to Kimba 
mice. Furthermore, pericyte coverage of the remaining retinal blood vessels was reduced 
in 8-week old Akimba mice whereas it was unchanged in the age-matched Kimba and 
Akita mice, implying that hyperglycemia or high VEGF levels alone initiate a slower 
pace of pericyte loss. This supports the findings of Shen et al. (2006) who previously 
have described a delayed pericyte loss in Kimba mice. Altogether, our data suggest that 
the pre-existing retinal vasculature in Akimba mice is under such metabolic stress, that 
enhanced vascular occlusion and/or vasoregression occur.

In rats with streptozotocin (STZ)-induced diabetes or that have been intraocularly 
injected with VEGF, increased vascular permeability and BRB loss was linked to 
decreased levels of endothelial junction proteins (Antonetti et al., 1998; Klaassen et 
al., 2009) and elevated transcellular transport (Feng et al., 1999; Pascariu et al., 2004; 
Klaassen et al., 2009). Despite prominent fluorescein leakage in Kimba mice, we found no 
alteration in endothelial junction proteins in retinal blood vessels. In contrast, Akimba mice 
demonstrated significantly lower levels of endothelial junction proteins, which may have 
contributed to the more diffuse fluorescein leakage that was observed in the retinas of 
these mice, as compared to the mostly focal leakage in Kimba mice. These observations 
suggest that hyperglycemia is strongly associated with breakdown of the endothelial tight 
junctions in DR. 

Furthermore, in Kimba and Akimba mice we found significantly increased 
expression levels of the transcellular transport-related gene Plvap, as compared to 
Akita and wild type mice. PLVAP is an endothelial cell-specific protein (Schlingemann 
et al., 1985) that has been associated with loss of BRB and BBB (Schlingemann et al., 
1988, 1997, 1999; Carson-Walter et al., 2005; Strickland et al., 2005; Shue et al., 2008). 
Expression of PLVAP was detected in the retinal vasculature of Kimba and Akimba mice in 
pre-existing blood vessels of the RGC, which is in line with our previous studies in humans 
and primates (Schlingemann et al., 1999; Witmer et al., 2002), and in newly formed blood 
vessels in the photoreceptor layer. The high correlation between Plvap mRNA expression 
and leakage of both fluorescein and endogenous IgG suggests a direct involvement of 
Plvap in increased BRB permeability. There are several possible mechanisms by which 
it could contribute to vascular leakage: PLVAP may be involved in the formation of new 
leaky blood vessels and/or it may contribute to vascular permeability by increasing 
transcellular endothelial transport. This second scenario is possible because PLVAP is 
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one of structural components of caveolae (Schlingemann et al., 1985; Stan et al., 1999), 
which carry out transendothelial transport.

Although PLVAP levels were high in both Kimba and Akimba mice, a discrepancy 
in the BRB leakage was observed. The differences in fluorescein leakage may be 
attributed to the previously described more severe vascular changes in the Akimba mice 
that include increased paracellular leakage and vasoregression, which are likely to affect 
BRB permeability independently of PLVAP. 

The differences in vascular changes between Kimba and Akimba mice suggest 
that blood vessels in a hyperglycemic environment are undergoing changes that make 
them more sensitive to VEGF and can cause endothelial hypertrophy, luminal narrowing 
and capillary non-perfusion (Hofman et al., 2001b), leading to ischemia and then  
a pro-angiogenic response. This sequence of events could explain the known spread of 
diseased areas as observed in human patients with DR (Hofman et al., 2001b). Based on 
our results, we propose that even a small amount of VEGF in a hyperglycemic retina may 
induce microvascular changes and accelerate the local spread of background DR and 
finally conversion into PDR (Witmer et al., 2003).

In conclusion, our data show that the combination of hyperglycemia and high 
intraocular VEGF levels in Akimba mice has a greater impact on the retinal vasculature 
and BRB breakdown than merely elevated VEGF levels in Kimba mice. Furthermore, loss 
of inner BRB integrity and increased vascular permeability in Kimba and Akimba mice 
are strongly correlated with Plvap expression, which makes human PLVAP an interesting 
therapeutic target for DR.
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 Kimba mice Akimba mice

fluorescein leakage grade fluorescein leakage grade

Angpt1
Spearman`s Correlation 0.203 0.647

Sig. (2-tailed) 0.700 0.165

N 6 6

Angpt2
Spearman`s Correlation -0.145 0.912*

Sig. (2-tailed) 0.784 0.011

 N 6 6

Apln
Spearman`s Correlation -0.348 0.324

Sig. (2-tailed) 0.499 0.531

 N 6 6

b-catenin
Spearman`s Correlation -0.029 0.647

Sig. (2-tailed) 0.957 0.165

 N 6 6

Cav1
Spearman`s Correlation 0.116 0.618

Sig. (2-tailed) 0.827 0.191

 N 6 6

Cd31
Spearman`s Correlation -0.116 -0.147

Sig. (2-tailed) 0.827 0.781

 N 6 6

Cd34
Spearman`s Correlation 0.000 -0.059

Sig. (2-tailed) 1.000 0.912

 N 6 6

Cldn3
Spearman`s Correlation 0.029 0.051

Sig. (2-tailed) 0.957 0.935

 N 6 5

Cldn5
Spearman`s Correlation -0.522 -0.324

Sig. (2-tailed) 0.288 0.531

 N 6 6

Cldn12
Spearman`s Correlation -0.464 -0.088

Sig. (2-tailed) 0.354 0.868

 N 6 6

Ctgf
Spearman`s Correlation -0.522 -0.883

Sig. (2-tailed) 0.288 0.020

 N 6 6

Cxcr4
Spearman`s Correlation -0.116 0.235

Sig. (2-tailed) 0.827 0.653

 N 6 6

Supplemental Table 1

Correlation between fluorescein leakage in Kimba and Akimba mice and mRNA levels of 
all investigated genes. *Significant change (P < 0.05).
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Eng
Spearman`s Correlation -0.232 -0.559

Sig. (2-tailed) 0.658 0.249

 N 6 6

eNos
Spearman`s Correlation -0.290 -0.088

Sig. (2-tailed) 0.577 0.868

 N 6 6

Flot1
Spearman`s Correlation 0.203 0.687

Sig. (2-tailed) 0.700 0.132

 N 6 6

Flot2
Spearman`s Correlation 0.174 0.206

Sig. (2-tailed) 0.742 0.695

 N 6 6

Glut1
Spearman`s Correlation -0.116 0.687

Sig. (2-tailed) 0.827 0.132

 N 6 6

Jam1
Spearman`s Correlation -0.029 0.618

Sig. (2-tailed) 0.957 0.191

 N 6 6

Jam2
Spearman`s Correlation -0.145 0.177

Sig. (2-tailed) 0.784 0.738

 N 6 6

Jam3
Spearman`s Correlation -0.174 0.765

Sig. (2-tailed) 0.742 0.076

 N 6 6

Ng2
Spearman`s Correlation -0.145 0.314

Sig. (2-tailed) 0.784 0.544

 N 6 6

Nrp2
Spearman`s Correlation -0.377 -0.647

Sig. (2-tailed) 0.461 0.165

 N 6 6

Ocln
Spearman`s Correlation -0.029 0.412

Sig. (2-tailed) 0.957 0.417

 N 6 6

Plvap
Spearman`s Correlation 0.638 0.912*

Sig. (2-tailed) 0.173 0.011

 N 6 6

Rpe
Spearman`s Correlation 0.812* 0.235

Sig. (2-tailed) 0.050 0.653

 N 6 6

Tie2
Spearman`s Correlation -0.290 -0.265

Sig. (2-tailed) 0.957 0.612

 N 6 6
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Vamp1
Spearman`s Correlation 0.029 -0.147

Sig. (2-tailed) 0.957 0.781

 N 6 6

Vamp2
Spearman`s Correlation -0.058 -0.059

Sig. (2-tailed) 0.913 0.912

 N 6 6

VE-cad
Spearman`s Correlation -0.116 -0.029

Sig. (2-tailed) 0.827 0.956

 N 6 6

VEGF-A human
Spearman`s Correlation 0.348 0.677

Sig. (2-tailed) 0.499 0.140

 N 6 6

Vegf
Spearman`s Correlation 0.116 -0.412

Sig. (2-tailed) 0.827 0.417

 N 6 6

Vegfr1
Spearman`s Correlation -0.145 0.294

Sig. (2-tailed) 0.784 0.571

 N 6 6

Vegfr2
Spearman`s Correlation -0.232 0.383

Sig. (2-tailed) 0.658 0.454

 N 6 6

Vegfr3
Spearman`s Correlation -0.377 -0.059

Sig. (2-tailed) 0.461 0.912

 N 6 6

vWF
Spearman`s Correlation 0.016 0.912*

Sig. (2-tailed) 0.827 0.011

 N 6 6

ZO-1
Spearman`s Correlation 0.174 0.883*

Sig. (2-tailed) 0.742 0.020

N 6 6




