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CHAPTER 7

ABSTRACT
Purpose: Glucocorticoids (GCs) are used as treatment in diabetic macular edema, a
condition caused by blood-retinal barrier (BRB) disruption. The proposed mechanisms by
which GCs reduce macular edema are indirect anti-inflammatory effects and inhibition of
VEGF production, but direct effects on the BRB endothelium may be equally important.
Here, we investigated direct effects of GCs on the endothelium to understand the specific
pathways of GC action, to enable development of novel therapeutics lacking the adverse
side effects 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 after 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 differential effects 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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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
inflammatory 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),
inflammation and other yet unknown mechanisms. GCs are used to treat DME, as they often
have a rapid beneficial effect on retinal swelling (Kiernan & Mieler 2009; Dugel et al. 2015).
However, GCs are associated with severe adverse side effects in the eye, such as increased
intraocular pressure leading to glaucoma (Kocabora et al. 2008), and cataract formation
(Chu et al. 2008). The proposed mechanisms by which steroids reduce macular edema are
mostly indirect, e.g. by anti-inflammatory effects and by inhibition of VEGF production
in non-endothelial cells, but direct effects 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 effects on BRB endothelial cells, may help to identify
novel pathways or targets that may allow DME treatment strategies that circumvent adverse
effects of GC therapy.
GCs are relatively small, lipophilic hormones, which allows them to enter target cells
by passive diffusion. 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-inflammatory) 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 effects of transrepression and transactivation, GCs can exert rapid non-genomic
effects through direct actions on signaling cascades in the cytoplasm (Tasker et al. 2006),
but these effects are not well understood as yet.
Besides the extensively studied anti-inflammatory effects (usually transrepression
activity through NF-κB or AP-1), GCs have been reported to have direct barrier-enhancing
effects 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,

133

CHAPTER 7

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). These 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). Thus, besides the anti-inflammatory actions, which may mainly work via nonendothelial cells, GCs have direct effects on the BRB endothelial cells, but these effects are
poorly understood.
In the present study, we investigated the effects 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 identified 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 effects 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 quantification
BRECs were grown in 12-well plates coated with collagen type IV (Sigma, Beverwijk, The
Netherlands) and fibronectin (Merck Millipore, Amsterdam, The Netherlands), treated
with the GCs Dex, HC and TA for 24 h, and harvested in 500 µl TRIzol reagent (Invitrogen;
Landsmeer, The Netherlands). We tested various concentrations of the 3 GCs in qPCR
experiments to determine their optimum concentrations for maximum effects, 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, The 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 RNAsefree water. RNA yield was measured using a NanoDrop spectrophotometer (Thermo
Scientific, Wilmington, DE) and 1 µg RNA was treated with DNAse-I (Invitrogen) and
reverse transcribed into first strand cDNA with Maxima First Strand cDNA Synthesis Kit
(ThermoFisher). 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%.
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Immunofluorescence staining
BRECs were grown on plastic coverslips coated with collagen type IV and fibronectin.
Immunofluorescence 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; Thermo Scientific). 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. Specificity of the staining reaction was
checked on the basis of absence of fluorescence 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. The day after seeding the cells on Transwell inserts (0.33
cm2, pore size 0.4 µm; Greiner Bio-One, Alphen a/d Rijn, The Netherlands), medium
of the upper compartment was refreshed. After 3 days, part of the medium of the lower
compartment was refreshed, and medium of the upper compartment was changed
completely. Pre-buffered 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
after 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 after
24 h for the 48 h condition. Fluorescent tracers of different sizes (766 Da Cy3, 50 µg/ml (GE
Healthcare, Eindhoven, The 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. After 2 h, 50 µl (upper
compartment) and 200 µl (lower compartment) samples were collected. Concentrations of
the tracer molecules were measured with a fluorescence plate reader (CLARIOstar, BMG
Labtech, De Meern, The 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 software
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% confluence 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 reflected
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 after 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. Differences between groups were determined using analysis of
variance (ANOVA) followed by Dunnett’s test for multiple comparisons. Differences were
considered statistically significant when P ≤ 0.05. Statistical analyses and graphing were
performed using GraphPad Prism 6 software (GraphPad Software, La Jolla, CA).

RESULTS
TA decreases permeability for molecular tracers
To assess the effects of GCs on BRB function, we performed permeability assays for
molecular tracers of different sizes in our in vitro BRB model. We used a small 766 Da Cy3tracer, 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).
After 24 h of stimulation with HC (10 µg/ml), Dex (1 µM) or TA (10 µg/ml), effects
on permeability were not observed (data not shown). After 48 h, permeability for all 3
molecular tracers was significantly 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.

Effects on the paracellular pathway: GCs enhance the expression of
tight and adherens junctions
To investigate the effects of GCs on paracellular permeability, we tested their effects on
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Figure 1. Effects of GCs on permeability of BRECs for differently-sized fluorescent tracers. Treatment
with TA (10 µg/ml), but not HC (10 µg/ml) and Dex (1 µM) significantly 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.

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 after treatment with all
3 GCs for 24 h (Fig. 2A). Expression of ZO-1 was not affected by GC stimulation at the
mRNA level, whereas VE-cadherin mRNA levels were upregulated after 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
after GC treatment, particularly after HC and Dex stimulation (Fig. 2B, D). VE-cadherin
protein levels were not changed after treatment with HC or TA, in line with the mRNA
findings. 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.

Effects 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 reflected 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 caveolin1, the primary structural protein of caveolae (Stan 2005), after 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 vesiclemediated transcytosis (Herrnberger et al. 2012; Stan et al. 2012), was slightly upregulated
after 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 after
treatment with all 3 GCs (Fig. 3C).
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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) Immunofluorescence staining of claudin5, 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).
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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.

Effects of TA and HC on claudin-5 and occludin expression are
mediated via the GR
To assess whether the effects 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 effect on expression of tight and adherens junction mRNA (Fig. 4A, white bars),
ruling out direct effects 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 after 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 effect 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). These
data suggest that the effects of TA on the tight junction components occludin and claudin-5
are, at least partly, GR-mediated, but that the effect of TA on ZO-1 expression may occur
independent of GR translocation.
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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) Immunofluorescence 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.

Effects of TA on caveolin-1 and MFSD2A expression are not GR
mediated
Next, we checked whether the effects 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 effect not affected by preincubation with RU-486 (Fig. 5A, C), suggesting that regulation

140

GLUCOCORTICOIDS AND BRB FUNCTION

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 different mechanisms. PLVAP mRNA expression was
not significantly affected 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).
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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 effects
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
effects on mRNA expression of caveolin-1, PLVAP and MFSD2A. Moreover, we investigated
the effect of TA on VEGF-induced changes, either by simultaneously adding VEGF and TA
(for 24 h) or by adding TA at 24 h after VEGF stimulation (48 h VEGF stimulation in total).
Whereas caveolin-1 mRNA expression was increased after TA alone and after combined TA
and VEGF stimulation, VEGF alone had no direct effect 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 after 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 VEGFinduced upregulation of PLVAP when added at 24 h after VEGF stimulation (Fig. 6B).
MFSD2A expression was reduced after TA treatment alone and after combined TA and
VEGF treatment, whereas VEGF induced increased MFSD2A levels after 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 significantly 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 effects 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). These results indicated that paracellular permeability was not affected in BRECs
under these circumstances. In the present study, claudin-5 protein staining was decreased
after 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 beneficial effect 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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(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.

In order to confirm 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 reflecting
cell adherence and barrier stabilization within 20 h after cell seeding. Triple cytokine
stimulation resulted in decreased impedance as compared to control cells, and this effect
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
effect 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 after
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. These
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 effects of 3 different 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 effects 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-inflammatory effects. This is logical, as GCs can repress
transcription of pro-inflammatory 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 effects 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 effects of GCs must comprise more than (indirect)
anti-inflammatory effects, since in the eye, the observed reduction of macular edema can
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be very rapid. That this may be due to direct effects 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 significant reduction in permeability for small (766
Da) and large (66 kDa and 70 kDa) molecular tracers. These experiments were performed
in monocultures of BRECs, and as the endothelium has only a limited contribution to the
production of pro-inflammatory cytokines (Kim et al. 2008; Wang et al. 2010), it is not
likely that GCs act by anti-inflammatory mechanisms in these experiments. Secondly,
TA enhanced the barrier function of unstimulated cells, i.e., there were no inflammatory
conditions at hand. Therefore, we conclude that GCs induce barrier properties and restore
BRB function at least partly via direct effects on the endothelium.
The effects 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 after 24 h (Felinski
et al. 2008) and 48 h (Antonetti et al. 2002). In addition, claudin-5 protein expression was
significantly increased in BRECs after 24 h HC treatment, whereas no effects 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). These data indicate that different endothelial barrier cell lines do not
respond uniformly to GCs, and that the tested GCs have differential effects on endothelial
cells. Differential effects of GCs have also been shown in trabecular meshwork cells, where
TA affected proteins involved in cell morphology or cell adhesion, and Dex affected RNA
posttranscriptional modification 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 different levels depending on the specific 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). The decrease in paracellular leakage after treatment with GCs may very well be
caused by an increase in tight junction assembly, although we could demonstrate this effect
in BRECs only for TA, and only after 48 h. It is possible that the unique pharmacokinetics
of GCs underlie different modes of actions and/or the duration of the effect 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 effects on the endothelium require more
time than molecular effects, which favors transcriptional transactivation or transrepression
actions of GCs, rather than non-genomic effects 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 effects of TA on ZO-1 were independent of the GR. Previously, an occludin
enhancer element (OEE) was identified 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). Thus, 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 effects of GCs on transcytosis may be more important for
the successful resolution of vasogenic edema than barrier-enhancing effects in terms of
decreased paracellular leakage. Here, we found that GCs increased mRNA expression of
the key scaffolding protein of caveolae, caveolin-1, in BRECs. This 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 after
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, caveolin1 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 caveolin1 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 specifically 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). Thus, 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, confirming 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 beneficial to endothelial cell
barrier function, since simultaneous addition diminished the cytokine-induced reduction
in impedance. Furthermore, adding TA at 6 h after triple cytokine stimulation also partly
restored barrier function, underlining the therapeutic potential of TA.
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In conclusion, we identified TA as the most potent GC in improving barrier function
in our in vitro model of the BRB. These effects of TA are not exclusively GR-mediated.
In addition, the different GCs have differential effects on BRECs, which should be kept
in mind when investigating GC actions. We demonstrated that TA has barrier-inducing
effects 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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