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Vascular Expression of Permeability-Resistant Occludin
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Diabetic retinopathy is one of the leading causes of vi-
sion loss and blindness. Extensive preclinical and clini-
cal evidence exists for both vascular and neuronal
pathology. However, the relationship of these changes
in the neurovascular unit and impact on vision remains
to be determined. Here, we investigate the role of tight
junction protein occludin phosphorylation at S490 in
modulating barrier properties and its impact on visual
function. Conditional vascular expression of the phos-
phorylation-resistant Ser490 to Ala (S490A) form of
occludin preserved tight junction organization and
reduced vascular endothelial growth factor (VEGF)-
induced permeability and edema formation after intra-
ocular injection. In the retinas of streptozotocin-
induced diabetic mice, endothelial-specific expression
of the S490A form of occludin completely prevented
diabetes-induced permeability to labeled dextran and
inhibited leukostasis. Importantly, vascular-specific ex-
pression of the occludin mutant completely blocked the
diabetes-induced decrease in visual acuity and contrast
sensitivity. Together, these results reveal that occludin
acts to regulate barrier properties downstream of VEGF
in a phosphorylation-dependent manner and that loss
of inner blood-retinal barrier integrity induced by diabe-
tes contributes to vision loss.

Diabetic retinopathy (DR) is a progressive multifactorial
disease with a complex pathogenesis with progressive dis-
ruption of the normal interaction between neuronal, glial,
and vascular cells comprising the neurovascular unit (1).
In addition to well-characterized vascular defects, human

studies and animal models reveal diabetes leads to in-
creased neuronal cell death and thinning of the inner reti-
na (1,2). Clinically, these alterations manifest by apparent
vascular lesions in the retinal fundus of patients with dia-
betes and also by reduced contrast sensitivity and im-
paired color vision, demonstrating pathology in both
vascular and neural sensory retina that may occur in DR
(3,4). However, how these pathomechanisms interact in
the retina remains unknown, and specifically, whether al-
terations in the blood retinal barrier permeability affect
vision or neural cell death remains to be directly tested.

Vascular endothelial growth factor (VEGF) has been
shown to have a central role in vascular alterations in DR,
leading to increased vascular permeability and neovascula-
rization (5-7). Targeting VEGF with antibodies or traps
successfully reduces the occurrence of diabetic macular
edema and improves vision or prevents further vision loss
in approximately half of treated patients (8-11).

We previously demonstrated that VEGF, acting through
the protein kinase C-B (PKCB) pathway, stimulates phos-
phorylation of the tight junction protein occludin at
Ser490 (S490), increasing ubiquitination of occludin and
trafficking of tight junctions to the cytoplasm and result-
ing in increased paracellular gaps and increased vascular
permeability in retinal vascular endothelial cells (12,13).
However, the relative contribution of occludin Ser490
phosphorylation to VEGE- or diabetes-induced vascular
permeability in vivo has not been previously investi-
gated. Further, the contribution of vascular permeabili-
ty to visual loss has not been directly tested. Here, we
describe a mnovel mouse model with conditional
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expression of a Ser490 to Ala (S490A) mutant form of
occludin that prevents phosphorylation at this site and
subsequent uibiquitination. Using vascular endothelial-
restricted, Cre-controlled expression, we demonstrate
that expression of this junctional stable form of occlu-
din reduces VEGF-driven permeability and edema for-
mation in vivo in a phosphorylation-specific manner.
Importantly, the expressing S490A occludin mutant
completely protects against diabetes-induced perme-
ability and preserves visual function, without affecting
neuronal cell loss or retinal thinning. To our knowl-
edge, this is the first demonstration of a tight junction
point mutant controlling VEGF- or diabetes-induced
permeability in vivo, and the results reveal a critical
role of barrier maintenance in preservation of vision.

RESEARCH METHODS AND DESIGN

Animal Experiments

All animal procedures were conducted in accordance
with the Association for Research in Vision and Oph-
thalmology (ARVO) Statement for the Use of Animals
in Ophthalmic and Vision Research and approved by
the University of Michigan Institutional Animal Care
and Use Committee.

Gene targeting to the ROSA26 locus with Zn-finger nu-
cleases was used to create transgenic animals with CAG
promoter, followed by floxed stop for conditional expres-
sion of wild-type (WT) occludin (WtOCC) or mutated
Ser490 to Ala occludin (S490AOCC) using oocyte injec-
tion. Supplementary Fig. 1A provides a schematic of the
construct. To allow conditional vascular expression of the
transgenes, these mice were then crossed with Tek-Cre
mice from The Jackson Laboratory or PDGFb-improved
(i)Cre mice, a gift from Dr. Fruttiger (14). To control for
the contribution of endogenous occludin, the PDGF-iCre
mice expressing WtOCC or S490AOCC were crossed with
Occ™® mice, a gift from Dr. Turner’s laboratory (15)
(Supplementary Fig. 34). Inducible Cre was achieved by
tamoxifen injection (30 pg in 3 pL volume) at postnatal
day 3 into the milk sac.

For intravitreal injections, mice were anesthetized, and
a 32-gauge needle was used to generate a hole for an in-
travitreal injection (1 pL/eye) using a 5-mL Hamilton
syringe of PBS or recombinant mouse VEGF (R&D Sys-
tems). The dose of VEGF and the time after the injec-
tion are specified in each figure legend.

For the diabetes studies, 2-month-old male Tek-Cre
and Tek-S490AOCC mice were made diabetic by an intra-
peritoneal injection of 65 mg/kg streptozotocin (STZ) for
5 consecutive days. Blood glucose levels were measured
after 2 days of the last injection, and animals with levels
>250 mg/dL were considered diabetic.

Western Blotting
Retina lysates were prepared and Western blots per-
formed as previously described (16). Detailed information
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on the antibodies is provided in the Supplementary
Material.

Retinal Vascular Permeability

For permeability measures after VEGF, mice were injected
with a mixture of FITC-BSA (200 mg/kg body wt) and 70-
kDa rhodamine B isothiocyanate (RITC)-dextran (50 mg/
kg body wt). After 2 h of tracer circulation, retinas were
harvested and processed as previously described (16). For
representative purposes, retinal vascular leakage was also
qualitatively assessed in retina whole mounts after 30
min of 70-kDa RITC-dextran-TR dye circulation. Stitched
images of the whole retina were obtained using a
DM6000 (Leica Microsystems) fluorescence microscope.
Vascular permeability was also measured in retinal sec-
tions after 4 months of diabetes, as previously described
(17). Results were normalized against background intensi-
ty and to the levels of tracer in the plasma and averaged,
where n equals the number of eyes tested. These measure-
ments were done in a masked fashion.

MRI

MRI was used to assess inner blood-retinal barrier (BRB)
integrity in vivo using a dedicated small-rodent 7-T MRI
system located at Trinity College Dublin, as previously de-
scribed (18). A quantitative assessment of inner BRB in-
tegrity was made using dynamic contrast-enhanced MRI,
in which the passage of gadolinium-diethylenetriamine
pentaacetic acid from the vasculature into the retinal tis-
sue was monitored for 10 min after injection.

Retinal Immunostaining and Microscopy

Retinal whole-mount staining was performed as previ-
ously described (19). Detailed information on antibodies
is provided in the Supplementary Material. For tight junc-
tion border localization, images were obtained with a Lei-
ca TCS SP5 confocal microscope (Leica Microsystems) by
projecting a z-stack of 10 serial images over a depth of 5
pm, and border staining was quantified by a rank scoring
system, as described previously (16).

The total number of positive inflammatory cells in dia-
betic retinas were manually counted in stitched images of
each whole retina, obtained on a on a DM6000 fluores-
cence microscope (Leica Microsystems) and normalized
per retinal area. Representative images from the superfi-
cial and deep capillary plexus were obtained on a Leica
TCS SP5 confocal microscope (Leica Microsystems). Reti-
nal vessel architecture was assessed by staining whole ret-
inas with Alexa Fluor 488 conjugated isolectin B4 (IB4).
Images of the superior, intermediate, and deep capillary
plexus were obtained in a masked fashion, as described
above, and vessel density, number of branch points, total
vessel length, and number of terminal vessels were deter-
mined using Imaris software (Oxford Instruments).
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Spectral Domain Optical Coherence Tomography

A spectral domain optical coherence tomography (Biopti-
gen) imaging system was used to measure retinal thick-
ness. The total thicknesses of four points on the retina,
350 pm from the optic nerve head, were selected manual-
ly within the retinal image and averaged. Inner retina, de-
fined as the inner nuclear layer through the nerve fiber
layer, and outer retina, defined as the photoreceptor layer
through outer plexiform layer, were also measured. These
measurements were done in a masked fashion.

Visual Acuity and Contrast Sensitivity

An optokinetic tracking system (OptoMotry, Cerebral Me-
chanics) was used to test visual acuity and contrast sensi-
tivity. Mice were provided an alternating, rotating sine
wave grating stimulus on computer screens, in three-di-
mensional space. In a masked fashion, the tester recorded
the presence or absence of head tracking, and a simple
staircase method was used to determine the highest level
of spatial frequency or lowest level of contrast visible to
the mice. The tests were done at 100% contrast with a
drift speed of 12 degrees/s, starting at a spatial frequency
of 0.042 cycles/degree for acuity. Contrast sensitivity
tests were done at a spatial frequency of 0.064 cycles/de-
gree with a drift speed of 12 degrees/s, starting at 100%
contrast. Contrast sensitivity is expressed as an inverse
percentage to facilitate data interpretation.

Electroretinograms

A Celeris System (Diagnosys, Lowell, MA) was used to as-
sess electroretinograms (ERGs). The mice received 0.5%
tropicamide to stimulate eye dilation and 0.5% propara-
caine to numb the eyes. After dark adaptation overnight,
scotopic responses were recorded for 0.01, 0.1, 1, 10, and
32 candela*s/m? intensity stimuli. The a- and b-wave am-
plitudes and implicit times were calculated by the soft-
ware, and the oscillatory potentials were selected and
summed. These measurements were done in a masked
fashion.

DNA Fragmentation by TUNEL Assay

DNA fragmentation as a measure of cell death was de-
tected by TUNEL assay using the Click-iT TUNEL Alexa
Fluor 647 Imaging Assay (Thermo Fisher) in retinal cross
sections, according to the manufacturer’s instructions.
Images from six sections spaced to cover the total retinal
thickness were obtained using a DM6000 fluorescence mi-
croscope (Leica Microsystems) in a masked fashion, and
TUNEL™ cells were manually counted.

Statistical Analysis

Results are expressed as mean + SEM. The two-tailed Stu-
dent t test was performed to assess the statistical differ-
ence between two groups. One-way ANOVA was used to
calculate the statistical difference between three or more
groups using Prism 8.0 (GraphPad Software), with P <
0.05 considered statistically significant.
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Data and Resource Availability

The data sets generated and/or analyzed during the cur-
rent study are available from the corresponding author
upon reasonable request.

RESULTS

Occludin S490 Phosphorylation Contributes to
VEGF-Induced Retinal Permeability in Mice

To determine whether occludin phosphorylation on
Ser490 is required for VEGF-induced permeability in vivo,
we first compared the VEGF-induced occludin phosphory-
lation time course in C57Bl6J mice with the permeability
time course. Intravitreal injection of VEGF induced a
rapid increase in occludin S490 phosphorylation, as early
as 15 min, peaking at 1 h and lasting up to 36 h after
VEGF injection (Fig. 1A). Similarly, using retinal cross-sec-
tional imaging of extravasation of RITC 70-kDa dextran,
we observed that the intravitreal injection of VEGF also
induced a rapid and transient increase in BRB perme-
ability, peaking at 36 h postinjection and resolving
after 60 h (Fig. 1B).

To determine the role of occludin S490 phosphoryla-
tion in VEGF-induced permeability in vivo, we generated
mice conditionally expressing WT (WtOCC™'*) or the
S490A mutant occludin (S490A0CC +/+) in vascular endo-
thelial cells using the Tek promoter (Supplementary Fig.
1A). These mice expressed EGFP from a downstream ribo-
some entry site that was restricted to the vasculature in
all three capillary layers of the retina (Supplementary Fig.
1B), and Tek-Cre"; S490A0CC™""™ had a fourfold increase
in occludin compared with Tek-Cre™ controls in whole-re-
tina lysates (Supplementary Fig. 1C). Expression of the
occludin mutant did not alter retinal vessel architecture
of the mature animal (Supplementary Fig. 1D and E).
Vessel permeability to FITC-BSA and 70-kDa RITC-
dextran was assessed by measuring the amount of extrav-
asated tracer into the retina 36 h after VEGF injection.
No difference was found in the VEGF permeability re-
sponse driven by Cre expression alone under the Tek pro-
moter (Supplementary Fig. 2A and B). Expression of WT
occludin induced an apparent decrease in VEGF-induced
permeability (Supplementary Fig. 2A and B), although
no statistical difference was observed compared with
Tek-Cre’ controls. However, the expression of S490A mu-
tant occludin decreased VEGF-induced permeability com-
pared with Tek-Cre™ controls (Fig. 1C and D). As shown
in the representative whole-mounted retinas, the 70-kDa
RITC-dextran demonstrated extensive leak from the
retinal vessels after VEGF injection in the Tek-Cre " mice,
but this leak was visibly diminished in the retinas of
Tek-Cre*; S490AOCC™™ animals (Fig. 1E).

The effect of the S490A occludin mutation was further
corroborated in nonterminal experiments using contrast-
enhanced MRI (gadolinium as a tracer: 742 Da), which
provides a quantitative measure of permeability in living
animals. VEGF-induced permeability was measured at
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Figure 1—0Occludin S490 phosphorylation contributes to VEGF-induced retinal permeability in mice. Mice were given an intravitreal injec-
tion of 200 ng VEGF in one eye and vehicle in the other. Retinas were collected at different times after VEGF injection to assess occludin
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36 h in live animals. These studies confirmed that S490A
occludin also protects against VEGF-induced BRB perme-
ability to small molecules, as evidenced by the decreased
accumulation of gadolinium within the eye compared
with Tek-Cre™ control animals (Fig. 1F and G). Further,
to confirm that the decrease in VEGF-induced permea-
bility was not due to decreased VEGF signaling, we as-
sessed extracellular signal-regulated kinase (ERK) 1/2
phosphorylation by Western blot as a measure of VEGFR2
downstream signaling. Intravitreal injection of VEGF pro-
moted a robust increase in ERK1/2 phosphorylation in
the retinas of both Tek-Cre and S490A-expressing mutant
occludin animals (Supplementary Fig. 2C and D), indicat-
ing that VEGFR2 general activation was not hindered.

To investigate whether the S490A occludin mutant
could prevent VEGF-induced tight junction disassembly in
retinal vessels in vivo, we performed immunostaining for
occludin, claudin-5, and zonula occludens 1 (ZO-1) tight
junction proteins all known to have a critical role in main-
taining barrier properties in retinal vessels. Border stain-
ing of these proteins was graded by masked observers by
binning to categories based on the percentage of border
staining (16). We chose 1 h and 36 h after the VEGF
injection because these times corresponded with peak oc-
cludin phosphorylation and peak vascular hyperpermeabil-
ity, respectively. After 1 h of VEGF, there were very
minor alterations caused in tight junction organization
(Supplementary Fig. 2E). However, at 36 h after the
VEGF injection, all 3 proteins demonstrated reduced
border staining (Fig. 1I-K and Supplementary Fig. 2F),
consistent with occludin phosphorylation leading to sub-
sequent junction endocytosis. As can be observed in Fig.
1H, VEGF induced a reduction of claudin-5 at the cell bor-
der in both the superficial and deep capillary plexus com-
pared with the clear staining at the junctions of the cell
borders in vehicle-injected eyes of Tek-Cre animals. More-
over, the effects of VEGF in tight junction organization at
the cell border were more severe in the deep capillary lay-
er than in the superficial layer, at least for this time point
(Fig. 1H-K and Supplementary Fig. 2F). Strikingly, tight
junction organization was significantly protected for all
three proteins in both the superficial and deep capillary
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plexus when the S490A occludin mutant was expressed
(Fig. 1H-K and Supplementary Fig. 2F), demonstrating
that the S490A occludin mutant maintains the tight junc-
tion strands intact after VEGF injection, consistent with
preventing the increase in vascular permeability.

Given that overexpressing occludin alone was previ-
ously shown to reduce tumor necrosis factor-induced per-
meability in intestine (15) that and expression of the
WtOCC vyielded an apparent decrease in VEGF-induced
permeability compared with controls, although not in a
statistically significant manner (Supplementary Fig. 24
and B), we further explored the direct effect of inhibiting
S490 phosphorylation. To directly compare the effect of
the occludin point mutant to wild type occludin, we gen-
erated mice with floxed endogenous occludin, the tamoxi-
fen-inducible PDGFb promoter driving Cre and either WT
(PDGFiCre™; Occ™® WtOCCt’™) or S490A mutant occlu-
din (PDGFiCre™; OccV i, s490a0cct’ *) to allow vascular
endothelial-specific deletion of endogenous occludin and
simultaneous expression of the transgene after induction
by tamoxifen injection at postnatal day 3 (Supplementary
Fig. 3A and B). Gene deletion of endogenous occludin
made the effect of the S490A point mutant much more
evident compared with WT occludin. Vascular permeabili-
ty to FITC-BSA and 70-kDa dextran in response to the in-
travitreal injection of VEGF was reduced in PDGFiCre™;
Occ®; S490A0CC™™" animals compared with PDGFiCre™;
ocVE: wrocct’t (Fig. 2A and B). The expressing S490A
occludin mutant also reduced VEGF-induced edema forma-
tion, as measured by retinal thickness using OCT, com-
pared with WT mice expressing occludin (Fig. 2C and D).
Knocking out endogenous occludin alone did not affect
VEGF-induced permeability response to the solute tracers
(Supplementary Fig. 3C and D). However, an increase in
edema formation after VEGF injection was observed
(Supplementary Fig. 3E).

Blocking Occludin S490 Phosphorylation in the Retinal
Vasculature Prevents the Increase in BRB Permeability
and Leukostasis Induced by Diabetes

Given that VEGF is a major driver of diabetes-induced ret-
inal vascular permeability and that we previously ob-

S490 phosphorylation by Western blot (A), or BRB permeability to 70-kDa dextran in cross sections (B) (n = 6-8). AU, arbitrary units; TR,
tetramethylrhodamine. Tek-Cre™ and Tek-Cre*; S490AOCC ™" mice were given an intravitreal injection of 200 ng VEGF in one eye
and vehicle in the other and retinal vascular permeability to FITC-BSA (C), and 70-kDa dextran (D) was determined after 36 h of VEGF
intravitreal injection by extracting the extravasated dye into the tissue. Data were normalized to the vehicle injected eye of each
mouse. E: Representative images of 70-kDa RITC-dextran fluorescence in whole-mounted retinas, showing vascular leakage sites in-
duced by VEGF (n = 3). Scale bar: 1 mm. Vascular permeability to gadolinium (742 Da) was determined by dynamic contrast-enhanced
MRI 36 h after VEGF (100 ng). F: Representative coronal images showing extravasated gadolinium in color scale and magnification of
highlighted regions of VEGF-injected eyes. G: Signal was quantified and normalized to the vehicle injected eye of each mouse. a.u., ar-
bitrary units. H: Representative images of claudin-5 staining in the superficial and deep capillary plexus in retina flat mounts, 36 h after
VEGF injection (n = 3-4). Scale bar: 50 um. Masked scoring of claudin-5 (/), occludin (J), and ZO-1 (K) border staining, ranking in five
categories of loss, of at least four pictures per retina. Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by
two-tailed Student t test (C, D, and G), one-way ANOVA, followed by the Dunnett (A and B) or the Sidak post hoc test (/-K). See also
Supplementary Figs. 1 and 2.
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Figure 2—Blocking occludin S490 phosphorylation prevents
VEGF-induced permeability and edema formation. PDGFiCre™*;
Occ™™ WtOCC** and PDGFiCre*; Occ™; S490AOCC** mice
were given an intravitreal injection of 200 ng VEGF in one eye and
vehicle in the other, and after 36 h, retinal vascular permeability to
FITC-BSA (A) and 70-kDa dextran (B) was determined by extracting
the extravasated dye into the tissue. TR, tetramethylrhodamine.
Data were normalized to the vehicle-injected eye of each mouse.
VEGF-induced retinal edema formation was determined by mea-
suring retinal thickness by OCT (C), and the percentage change
from baseline was calculated (D). Data are represented as mean =
SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by two-tailed Student ¢
test (A and B) or one-way ANOVA, followed by Sidak post hoc test
(D). See also Supplementary Fig. 3.

served that VEGF and diabetes both promote loss of BRB
integrity and reduced border junctional staining (20), we
hypothesized that occludin S490 contributes an impor-
tant role in diabetes-induced retinal vascular permeability.
Therefore, we next tested whether occludin S490 phos-
phorylation is also required for diabetes-induced perme-
ability in a mouse model of type 1 diabetes. Diabetes was
induced by STZ injection in Tek-Cre” and Tek-Cre™;
S490A0CC™"* mice. Conditional expression of the S490A
occludin mutant had no impact on blood glucose levels or
body weight of the mice (Supplementary Fig. 4A and B).
Retinal vascular permeability to 70-kDa dextran was as-
sessed at 4 months after diabetes induction by quantify-
ing leaked RITC-dextran dye into the inner plexiform
layer and outer nuclear layer of cross-sectioned retinas.
Cross-section analysis and quantifying leaked dye in the
retinal parenchyma without flushing dye from the vessels
was found to better represent the changes in diabetes-in-
duced permeability as opposed to the extraction methods
used above, because flushing dye from vessels was often
incomplete in diabetic animals, as observed by whole--
mount microscopy. Diabetes induced a 3.3-fold increase
the inner and a fourfold increase in the outer retina of
RITC-dextran in control Tek-Cre® animals. However,
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vascular expression of S490A occludin mutant was able to
completely prevent this diabetes-induced increase in per-
meability (Fig. 3A and B).

Inflammation with adhesion of leukocytes also has
been reported to contribute to the pathophysiology of di-
abetic retinopathy (21,22). Upregulation of proinflamma-
tory cytokines and chemokines attracts leukocytes to the
vasculature and contributes to an activation of microglia
resulting in vascular and neuronal damage (23). To inves-
tigate whether the expressing S490A occludin mutant re-
duced leukocyte number, whole retinas were stained for
CD45, a leukocytes marker, and Ibal, a microglia/macro-
phage marker. The number of CD45% and Ibal™ cells
were counted throughout retinal whole mounts. At 4
months after diabetes induction, there was a 1.5-fold in-
crease in the number of CD45" cells on the vessel wall or
perivascular space (Fig. 3D) and a 1.3-fold increase in
Ibal™ cells in the retinal parenchyma (Fig. 3E) of Tek-Cre
diabetic animals compared with nondiabetic controls.
Cross-section staining revealed these changes in both
the superficial (Fig. 3C) and deep capillary layers
(Supplementary Fig. 5). However, in animals express-
ing S490A occludin, the diabetes-induced increase in
both CD45" and Ibal™ cells was completely prevented
(Fig. 3B).

Vascular Expression of S490A Occludin Mutant Did
Not Affect Retinal Thinning and Cell Death Induced by
Diabetes

As diabetic retinopathy progresses, many cell types in the
retina become affected, and neuronal changes as well as
vascular alterations are now an established feature of the
pathology (1,24). We next determined whether protection
of the BRB prevented neuronal cell loss during diabetes.
Measures of retinal thickness over time in the STZ model
of C57Bl6J mice, Ins2 Akita, and db/db mouse model re-
veal retinal thinning in diabetes (25) as a marker of
retinal degeneration. We performed retinal thickness
measures by OCT after 2 and 4 months of diabetes induc-
tion. At 4 months after diabetes induction, retinal thin-
ning of the inner, outer, and total retinal thickness was
observed in Tek-Cre" animals, and expression of the
S490A point mutant of occludin failed to prevent this
thinning (Fig. 4A-D). To further address cell loss, we mea-
sured cell death by performing a TUNEL assay in retinal
cross sections after 4 months of diabetes induction. Im-
ages from six sections, spaced to cover the total retinal
thickness, were obtained to quantify TUNEL" cells. Dia-
betes increased cell apoptosis in Tek-Cre™ control animals
as previously reported (2), and Tek-Cre™; S490A0CC A
animals also showed a similar increase in apoptosis, with
most of the apoptotic cells observed in the outer nuclear
layer (Fig. 4E and F). Diabetes did not decrease ganglion
cell density, as measured by the number of positive
RBPMS cells in retinal cross sections (Supplementary Fig.
6A and B).
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Figure 3—Blocking occludin phosphorylation at S490 prevents diabetes-induced BRB permeability and leukostasis. Diabetes was in-
duced by STZ injection in Tek-Cre* and Tek-Cre™; S490AOCC** mice. A: After 4 months, retinal vascular permeability to 70-kDa dextran
(red) was determined in retinal cross sections counterstained with Hoechst (blue) for nuclei visualization. Scale bar: 50 um. Ctr, control;
GCL, ganglion cell layer; IPL, inner plexiform layer; ONL, outer nuclear layer. B: Quantification of the intensity of extravasated dye to the in-
ner plexiform and outer nuclear layers. AU, arbitrary units; TR, tetramethylrhodamine. C: Representative confocal images from the superfi-
cial capillary plexus of retinas stained with vessel marker isolectin B4 (IB4) (gray), leukocyte marker CD45 (red), and microglia/
macrophage marker Iba1 (green). Scale bar: 50 um. The humber of CD45™ (D) and Iba1+ (E) cells were counted in the whole retina from
stitched images. Ctrl, control. Data are represented as mean + SEM. *P < 0.05, ***P < 0.001 by one-way ANOVA, followed by the Sidak

post hoc test. See also Supplementary Figs. 4 and 5.

Blocking Occludin S490 Phosphorylation in the Retinal
Vasculature Prevents the Decrease in Visual Acuity
and Contrast Sensitivity Induced by Diabetes

To determine whether maintenance of the BRB pro-
tects visual function in diabetes, we assessed the vi-
sual acuity and contrast sensitivity of the mice by
tracking the optokinetic response in a virtual cylin-
der. Diabetes led to a significant decrease of 17% in
visual acuity and 45% in contrast sensitivity at 4
months (Fig. 5A and B), similar to previously re-
ported diabetes changes (26,27). Strikingly, both de-
fects observed at 4 months after diabetes induction
were completely ameliorated by expressing S490A
mutant of occludin specifically in the vascular endo-
thelium (Fig. 5A and B).

To further assess neuronal function, scotopic ERGs
(Supplementary Fig. 6C) were recorded at increasing light
intensities and a- and b-wave amplitude, and implicit
times were determined. Oscillatory potentials were iso-
lated and the amplitude of the four peaks summed. Four
months of diabetes did not induce a significant alteration
in the a- or b-wave amplitude, a-wave implicit time, or os-
cillatory potentials summed amplitudes across all light in-
tensities in both Cre control and S490A animals (Fig. 5C,
D, F, and G). However, in the Tek-Cre animals, diabetes
led to a significant decrease in the b-wave implicit time, a
faster response that was normalized in S490AOCC ani-
mals (Fig. 5E). These results suggest that the expressing
S490A occludin mutant prevents alterations in inner
retina function at 4 months after diabetes induction.
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Figure 4—Blocking occludin S490A phosphorylation does not prevent neuronal cell death induced by diabetes. In vivo OCT was used to
measure total (A), inner (inner nuclear layer through nerve fiber layer) (B), and outer (photoreceptor layer through outer plexiform layer) (C)
retinal thickness was at 2 and 4 months after diabetes induction (n = 14-24). D: Representative OCT from Tek-Cre™ and Tek-Cre™;
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cells per retinal mm? after 4 months of diabetes induction. Ctr, control GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear
layer. Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by one-way ANOVA, followed by the Sidak post hoc

test. See also Supplementary Fig. 6.

DISCUSSION

The current study demonstrates that phosphorylation of
occludin at S490 regulates both VEGF and diabetes-in-
duced retinal vascular permeability. Further, by protecting
the BRB by expressing the point mutant of occludin
in vascular endothelium, visual acuity and contrast sensi-
tivity were preserved in a diabetes model. Previous re-
search found that phosphorylation of the tight junction
protein occludin at S490 is a required step in VEGF-in-
duced permeability in endothelial cell culture (12,13). Spe-
cifically, PKC@ directly phosphorylates occludin S490 in a
VEGF-dependent manner leading to subsequent ubiquiti-
nation by the ligase Itch. The ubiquitinated occludin is en-
docytosed through interaction with multiple chaperones
and leads to tight junction disassembly with internaliza-
tion of additional tight junction proteins such as claudin-
5 and ZO-1.

In this work, expression of the occludin S490A mutant
targeted to the vascular endothelium in mice reduced or
prevented the increase in permeability of the BRB in
response to VEGF or diabetes, demonstrating that

stabilizing occludin at the junctional complex prevents
junction disassembly and consequent increase in VEGEF-
induced paracellular barrier permeability in vivo. How-
ever, the occludin mutant blocked half of the VEGF-in-
duced permeability, and failure to block transcellular
transport in the BRB might account for the remaining ob-
servable permeability. Previous studies have shown VEGF
may also act through plasmalemma vesicle-associated pro-
tein (PLVAP) to increase transcellular transport (28). To
our knowledge, this is the first example of a tight junction
protein point mutant controlling permeability in vivo.

The current study corroborates and extends previous
work revealing the role of occludin in regulating barrier
properties. Specifically, we demonstrate that occludin
phosphorylation at S490 regulates barrier properties
downstream of VEGF in vivo. Similarly, other phosphory-
lation sites have been described to contribute a role in
barrier regulation and cell signaling (29,30); for example,
¢-Src phosphorylation of occludin at Y398 and Y402 trig-
gers its dissociation from ZO-1, leading to tight junction
destabilization in epithelial cells (31), whereas Ser408
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Figure 5—Expressing S490A occludin mutant prevents diabetes-induced decrease in visual function. Diabetes was induced by STZ injec-
tion in Tek-Cre™ and Tek-Cre*; S490AOCC*'* mice. Visual function was assessed with an OptoMotry by measuring the optokinetic re-
sponse after 2 and 4 months of diabetes induction. A: Visual acuity was measured as the spatial frequency thresholds of the grating at
100% contrast until animals no longer tracked (n = 13-22). Ctr, control. B: Contrast sensitivity was determined as the minimum contrast
that generates tracking (n = 18-36). At 4 months after diabetes induction, scotopic ERG responses were recorded at increasing stimulus
intensities. Implicit time and amplitude of a-wave (C and D) and b-wave (E and F) were calculated by the software. G: Oscillatory potentials
were isolated and summed (n = 22-50). cds, candelas. Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001 by
one-way ANOVA, followed by the Sidak post hoc test. See also Supplementary Fig. 6.

phosphorylation controls paracellular pore formation in
intestinal epithelia (32). Interestingly, occludin knockout
mice revealed that occludin is not required for tight junc-
tion assembly (33). Likewise, we did not observe any basal
retinal vascular permeability effect in PDGFiCre™; Occ™®
mice. Lack of endogenous occludin did increase the ef-
fect of VEGF-induced retinal thickness, a measure of
edema formation; however, no effect was observed in
VEGF-induced solute flux in the animals with occludin
gene deletion. This may be due to compensation of
other MARVEL protein, such as MARVELD? (tricellu-
lin) in the occludin knockout, which has been shown
to localize at bicellular junctions in the absence or

downregulation of occludin, both in vitro and in vivo
(34,35). In contrast to deletion of occludin, expression
of the S490A mutant reduced VEGF-induced perme-
ability by half, demonstrating a dominant negative ef-
fect of the mutant. Further, expression of transgenic
WtOCC or S490AOCC in the context of endogenous
occludin deletion allowed direct quantification of the
contribution of S490 phosphorylation on VEGF-in-
duced permeability. These experiments demonstrated
that S490 phosphorylation specifically contributes to
the regulation of VEGF-induced permeability.

It was notable that the expression of S490A occludin
had a partial reduction of permeability after a bolus
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of VEGF but completely blocked diabetes-induced perme-
ability. Importantly, the S490A mutant prevented an in-
crease in inflammation as measured by CD45 leukocytes
and Ibal cell count. Leukostasis is known to block
capillaries and lead to ischemia and infiltration of macro-
phages, and expansion of microglia are known to further
aggravate BRB breakdown (23). Maintaining barrier integ-
rity might prevent this expansion of inflammation and re-
lease of inflammatory factors. Specifically, the greater
effectiveness of the S490A occludin point mutant in
diabetes may be related to preventing regions of perme-
ability and vascular dysfunction from expanding due to
ischemia and relative hypoxia with associated inflamma-
tion. Blocking this process early may be protective of ad-
vancing barrier loss and associated inflammation and
ultimately preserve visual function. Further investigation
of the mechanism by which occludin S490A phosphoryla-
tion impacts leukostasis and potentially diapedesis would
be of great interest.

The effect of anti-VEGF therapy on improving visual
outcomes in patients with diabetes has been rigorously
demonstrated by multicenter clinical trials (36-38). In ad-
dition, a phase III clinical trial showed blocking the down-
stream effector PKCP was effective in preventing vision
loss and inhibiting macular edema in patients with DR
(39,40). Our previous research demonstrated S490 of oc-
cludin as a target of PKCB (12), and the current study re-
vealed that expressing a permeability-resistant S490A
occludin mutant in the vascular endothelium was able to
prevent the loss of visual acuity and contrast sensitivity
in a model of type 1 diabetes. These results suggest that
loss of the BRB contributes to visual dysfunction in DR
beyond cystoid edema formation and that early protection
of the vasculature can preserve vision. The data strongly
implicate BRB dysfunction as a cause of visual deficit in
the STZ mouse model of DR.

Recent studies demonstrate the required role of the
blood-brain barrier in maintenance of brain function,
with conditional knockout in adult mice of claudin-5 lead-
ing to impairments in learning and memory and to anxi-
ety-like behavior, with eventual seizures and death by 3-4
weeks (41). In addition, suppression of claudin-5 levels at
the inner retina can induce retinopathy in both mouse
and nonhuman primate models (18). Here the S490A oc-
cludin mutant preserved claudin-5 at the cell border
maintaining retinal barrier properties.

Importantly, in the current study, expression of the oc-
cludin point mutant did not alter neural apoptosis or reti-
nal thinning at the 4-month time point. The observed
retinal neural cell loss may affect other components of vi-
sion not studied or may impact vision after more exten-
sive cell loss. Nevertheless, at the 4-month time point,
loss of vision was clearly associated with altered barrier
properties because preservation of the vascular barrier
maintained vision.

Diabetes Volume 70, July 2021

ERG studies revealed diabetes-induced changes in inner
retinal signaling that were preserved by maintaining the
BRB. At this time point, diabetes had no detectable effect
on a- or b-wave amplitude. That no change was observed
in scotopic ERG a- and b-wave amplitudes despite retinal
thinning in diabetes was not surprising, because targeted
genetic studies reveal similar levels of apoptosis and inner
retinal thinning without change in the scotopic ERG (42).
Multifocal ERG studies in humans have shown that diabe-
tes induces focal changes, which often coincide with vas-
cular lesions (43,44) that full-field ERG may fail to detect.
However, diabetes decreased the b-wave implicit time
that was reversed by expressing the occludin mutant, sug-
gesting altered inner retinal signaling in diabetes that is
preserved by maintaining BRB function.

Determining how loss of the barrier is causative for
loss of vision warrants future studies on specific retinal
neural cell-regulated electrochemical signaling. In the
brain, barrier maintenance has been linked with proper
neuronal activity in the context of epilepsy. Blood-brain
barrier dysfunction has been shown to be temporally and
anatomically associated with epileptic seizures in patients
(45), and disruption of endothelial tight junctions directly
results in a hypersynchronous epileptiform activity in ro-
dent models (46,47). Notably, diabetes decreased the
b-wave implicit time that was corrected in the S490A-
expressing animals, suggesting that the electrical micro-
environment in the inner nuclear layer of the retina is
altered by loss of the barrier, potentially decreasing the
threshold signaling of ON-bipolar and Miiller cells. This
altered signaling may impact the delicate balance re-
quired for the visual response and lead to the observed
reduced visual acuity and contrast sensitivity, similar to
kainate-induced blood-brain barrier permeability that
has been proposed to alter neural signaling through al-
tered electrical environment (48). However, changes in
neural signaling, including altered glutamate or other
neurotransmitters, may also contribute to the altered
acuity and contrast sensitivity in diabetes that is cor-
rected by barrier maintenance.

In summary, the findings of this study highlight the
role of BRB maintenance in the preservation of visual
function in diabetes and mechanistically reveal occludin
S490 phosphorylation as an important regulator of BRB
permeability in response to VEGF and diabetes. Preserva-
tion of barrier properties by expressing a point mutant of
the tight junction protein occludin in the vascular endo-
thelium was shown to maintain vision in a model of dia-
betic retinopathy.
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