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Purposke. Extracellular accumulation of all-trans-retinaldehyde (atRAL), a highly reactive
visual cycle intermediate, is toxic to cells of the outer retina and contributes to retinal and
macular degenerations. However, the contribution of atRAL to retinal capillary function
has not been studied. We hypothesized that atRAL released from the outer retina can
contribute to retinal vascular permeability. We, therefore, tested the contribution of atRAL
to retinal ischemia-reperfusion (IR)-induced vascular permeability.

MetHobs. IR was induced in mice by transient increase in intraocular pressure followed
by natural reperfusion. The visual cycle was ablated in the Lrat/~ mice, reduced by
dark adaptation or the use of the RPEG5 inhibitor and atRAL scavenger emixustat. Accu-
mulation of FITC-BSA was used to assess vascular permeability and DNA fragmentation
quantified cell death after IR. Primary bovine retinal endothelial cell (BREC) culture was
used to measure the direct effects of atRAL on endothelial permeability and cell death.

Resurrs. Inhibition of the visual cycle by Lrat~/~, dark adaptation, or with emixustat, all
reduced approximately half of IR induced vascular permeability at 48 hours. An increase
in BREC permeability with atRAL coincided with lactate dehydrogenase (LDH) release, a
measure of cell death. Both permeability and toxicity were blocked by emixustat.

Concrusions. Outer retinal pathology may contribute to vascular permeability by release
of atRAL, which can act directly on vascular endothelial cells to alter barrier properties
and induce cell death. These studies may have implications for a variety of blinding eye
diseases that include outer retinal damage and retinal vascular permeability.
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iabetic retinopathy (DR) remains the leading cause of
blindness in working age adults. Recent advances in
therapy targeting vascular endothelial growth factor coupled
with glucocorticoid treatment or laser photocoagulation
provide effective treatment for many, but not all, patients that
present with vascular dysfunction. Although much atten-
tion has focused on vascular abnormalities, there is intrigu-
ing clinical anecdotal evidence that loss of rod photorecep-
tors is protective against DR, a phenomenon that has been
explained by the relative retinal hypoxia produced by the
large oxygen demands of the rods. A survey of patients with
diabetes with photoreceptor degeneration due to retinitis
pigmentosa revealed less evidence of retinopathy, suggest-
ing rods and cones contribute to the pathology of DR.!?
Morphological studies of the outer retinal layer in
animal models of diabetes have revealed varying results
regarding loss of rod and cones or synaptic connec-
tivity, but no definitive analysis has yet been provided
(reviewed in Ref. 3). However, in animal models of diabetes,
photoreceptors were identified as a major contributor of
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oxidative stress because diabetic mice lacking photorecep-
tors due to opsin gene deletion or iodoacetic acid treatment
exhibited dramatically reduced retinal superoxide produc-
tion.* Further, spectral domain optical coherence tomogra-
phy analyses revealed that the inner segment/outer segment
(IS/0S), also called the inner segment ellipsoid band, and
the external limiting membrane (ELM) were thinned in
patients with DR, and that this outer retinal damage corre-
lated with vision loss® and diabetic macular edema (DME).%’
Importantly, these outer retinal changes may persist after
resolution of edema and loss of ELM integrity at the time
of DME predicts poor visual acuity after resolution of
edema.” A recent study found that patients with long-term
diabetes but who are resistant to complications (Gold Medal-
ists) possessed elevated intravitreal levels of retinal bind-
ing protein 3 (RBP3).2 The RBP3, made by rods and cones,
functions to transport retinols between cells as part of the
visual cycle. Animal models of diabetes revealed diminished
RBP3 content in vitreous and retina.® Furthermore, restora-
tion of RBP3 levels, through injection of the protein, viral
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gene delivery, or transgenic expression, ameliorated retinal
vascular permeability, capillary dropout, and visual func-
tional defects in diabetic rats and mice.?

The visual cycle regenerates 11-cis-retinal (11cRAL) for
use as the chromophore of rod and cone visual pigments
(reviewed in Refs. 9,10). Absorption of light by opsin-bound
11-cRAL leads to photoisomerization and release of the
chromophore as all-trans-retinaldehyde (atRAL). The classic
visual cycle describes conversion of free atRAL to all-trans-
retinol (atROL) in rods by retinal dehydrogenase and trans-
port to the retinal pigment epithelium (RPE) by RBP3. There,
lecithin:retinol acyltransferase (LRAT) converts atROL to all-
trans-retinyl ester (atRE) followed by isomerization to 11-cis-
retinol (11cROL) catalyzed by the enzyme RPE 65kD protein
(RPEG5). Finally, the visual cycle is completed when 11cROL
is converted to 11cRAL by dehydrogenase reaction and trans-
ported back to rods bound by RBP3. A similar intraretinal
visual cycle utilizes Miiller cells to produce 11cROL from
atROL released by cones. Oxidation of 11cROL within cones
then completes the regeneration of 11cRAL.

To prevent toxicity of the reactive aldehyde and promote
efficiency of the visual cycle, the retinoid aldehyde inter-
mediates are bound by cellular retinal binding proteins
(CRALBPs) within cells and by RBP3 extracellularly. Using
Abca4-/- Rdh8-/- mice, which are defective in both the trans-
port of atRAL from the outer segment disk to the cyto-
plasmic surface and its dehydrogenation, respectively, Chen
et al. demonstrated that abnormal accumulation of atRAL
caused rod toxicity by nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activation and reactive oxygen
species (ROS) formation in a G-protein coupled receptor-
dependent manner.!! Toxicity due to abnormal accumula-
tion of atRAL and its condensation products is associated
with several degenerative retinal diseases, including Stargart
disease, retinitis pigmentosa (RP), and age-related macular
degeneration (AMD).!! AtRAL toxicity has been attributed
to several mechanisms, including creation of oxidative and
nitrosive stress,’> ROS production leading to endoplasmic
reticulum stress and mitochondrial dysfunction,'® intracel-
lular calcium elevation,'"* Bax-mediated apoptosis,'> and
NRLP3 inflammasome activation.'®

Inhibitors of the visual cycle and atRAL scavengers have
been developed for potential use as therapeutics. Given
the evidence for outer retinal damage in diabetes, these
same compounds are being explored in diabetic models.
Animal studies have provided evidence that inhibition of
RPEGS5 with retinylamine shows some protection from loss
of visual acuity, capillary degeneration, and retinal vascu-
lar permeability induced by diabetes.!” Emixustat (originally
ACU-4429) is a primary-amine containing inhibitor of RPE65
retinoid isomerase activity.'® The primary amine of emixu-
stat also reacts with the aldehyde group of atRAL to form
a Schiff base, thus effectively scavenging and detoxifying
atRAL.”

In the current study, we wished to determine if atRAL
toxicity can be extended to vascular cells and thus contribute
to the retinal vascular permeability response following reti-
nal injury. We explored the contribution of outer retinal
atRAL toxicity to retinal vascular permeability using a mouse
ischemia reperfusion (IR) model that we recently demon-
strated to include a robust retinal vascular permeability
response to injury.?’ DR contains an ischemic element that
drives capillary leakage, but robust animal models of DR
that recapitulate the human condition are not forthcom-
ing. Although the IR model is not a model of human DR,
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it is likely to model pathogenic elements of capillary leak-
age with corresponding clinical relevance. Here, we demon-
strate that ablation of atRAL production in Lrat knockout
mice, terminating the visual cycle by dark adaptation or
inhibition of the visual cycle with emixustat, each signifi-
cantly reduced, but did not ameliorate, IR-induced vascular
permeability. In contrast, treatment with MB-002 to inhibit
the visual cycle without sequestering atRAL did not inhibit
the vascular permeability response. Further, we demonstrate
that atRAL acts directly on endothelial cells in culture to
induce cell damage and barrier permeability.

MATERIALS AND METHODS
Animal Care and Use

All animals were treated in accordance with the guidelines
of the Institutional Animal Care and Use Committee of the
University of Michigan College of Medicine and in compli-
ance with the ARVO Statement for the Use of Animals in
Ophthalmic and Visual Research. Animals were treated with
emixustat or MB-002 24 hours before ischemia via intraperi-
toneal (IP) injection (8 mg/kg). In some cases, emixustat
was injected 24 hours before ischemia and again 1 hour
before ischemia. Lrat/~ mice were obtained from Jackson
Laboratories (stock # 018866) and bred for studies. Dark
adaptation was for 18 hours before ischemia, and for these
animals, ischemia was performed under a dim red light after
which they were returned to the dark room for 48 hours until
harvest. The harvest also took place under a dim red light.

Spectral Domain-Optical Coherence Tomography

In vivo images of retinal structure were obtained using a
spectral domain-optical coherence tomography (SD-OCT)
(Bioptigen, Durham, NC, USA). Rectangular volumes consist-
ing of 1000 A-scans by 100 B-scans over a 1.4 x 1.4-mm
area centered on the optic nerve head (ONH) were taken
for visualization of retinal anatomy. Retinal thicknesses were
measured at 350 pm from the ONH using the InVivoVue
Diver Analysis software (Bioptigen). Measurements of total
retinal thickness from the top of the retinal ganglion cell
layer to the retinal pigment epithelium were obtained in
nasal, temporal, superior, and inferior regions of the retina.
The four measurements were averaged to generate an aver-
age total retinal thickness.

Retinal Ischemia-Reperfusion Injury

Procedures were performed as previously described.?®
Briefly, animals were anesthetized, and ischemia was applied
to the eyes by increasing the intraocular pressure (IOP) to
cut off the blood supply from the retinal artery. Elevated
IOP was maintained for 90 minutes by continuous injec-
tion of sterile saline through a needle inserted into the ante-
rior chamber of the eye and connected to a hanging saline
bag to provided 120 mm Hg of pressure. For the sham-
treated group, contralateral eyes were treated by insertion
of a needle into the anterior chamber of the eye through
the cornea. IOPs of ischemic eyes were monitored using
a microtonometer (TonoLab, Icare, Helsinki, Finland) and
ranged from 75 to 100 mm Hg. Reperfusion occurred natu-
rally after removal of the needle. Animals were harvested
after 4 hours or 48 hours of reperfusion.
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Retinal Vascular Permeability

For measures of blood-retinal barrier (BRB) integrity using
Sulfo-NHS Biotin deposition and cross linking, deeply anes-
thetized mice were injected in the femoral vein with Sulfo-
NHS-Biotin that was allowed to circulate for 5 minutes,
followed by flushing with PBS and perfusing with 2%
paraformaldehyde (PFA) in PBS. Eyes were post fixed in
PFA prior to retina dissection. Retinas were dissected and
subjected to cryosection or whole mount staining and subse-
quent image analysis. Whole mount retinas or cross sections
were incubated with rabbit anti-collagen intravenous (IV)
antibody (Millipore) followed by Texas Red Streptavidin
(Vector) and Alexa-Fluor 488 conjugated donkey anti-rabbit
IgG (Jackson Immuno Research) secondary fluorescent anti-
body. Retina samples were imaged using Leica DM6000 fluo-
rescent microscope and TCS SP5 confocal microscope (Leica,
Wetzlar, Germany).

For FITC-BSA retinal accumulation as a measure of vascu-
lar permeability, procedures were performed as previously
described.?® Briefly, under anesthesia, animals received a
femoral vein injection of FITC-BSA (200 mg/kg). After 2
hours, animals were re-anesthetized, blood samples were
taken, and transcardially perfused with warm saline via the
left ventricle for 2 minutes. Retinas were harvested and dried
overnight; dry weights were used for data normalization.
FITC-BSA was extracted from retinal tissues. Fluorescence
of extracts and plasma samples was measured using a plate
reader and compared to a standard curve. To obtain rates of
FITC-BSA accumulation, retinal extract values were normal-
ized to the plasma concentration, retinal dry weight, and dye
circulation time.

DNA Fragmentation

Procedures were performed as previously described.!
Briefly, the presence of cytoplasmic nucleosomes formed
by DNA cleavage was assayed using a Cell Death Detection
ELISA kit (Roche, Indianapolis, IN, USA) according to the
manufacturer’s instructions. The results were expressed as
optical density of light absorbance at 405 nm (with a 490 nm
reference wavelength) and normalized to retinal wet weight.

Bovine Retinal Endothelial Cell Culture

Primary BREC were isolated and grown in culture as previ-
ously described.???*> Cell monolayer ion flux was measured
by electrical resistance using an electrical cell-substrate
impedance sensing (ECIS)-ZO system at 4000 Hz (Applied
Biophysics, Troy, NY, USA). BREC were seeded on 8-well
8W10E™ ECIS plates containing gold electrodes. Cells were
left to grow overnight, followed by media change to step-
down media (1% serum and 100 nm hydrocortisone) for 48
hours. Cells were treated with atRAL (Sigma) (10 uM), the
resistance was recorded for 48 hours after the addition of
atRAL at the indicated concentration. BREC were seeded on
0.4 pm pore transwell filters (Corning Costar, Acton, MA,
USA) in MCDB media and switched to stepdown media 48
hours before the start of the experiment. The cells were
treated with atRAL, emixustat or atRAL, and emixustat at
the indicated concentration. Cell monolayer permeability to
70 kDa RITC-dextran (Sigma) was determined as previously
described.??
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Lactate Dehydrogenase Release Assay

Cell cytotoxicity was assessed using the CytoTox 96 Cyto-
toxicity Assay (Promega Corporation, Madison, WI, USA)
according to the manufacturer’s protocol. Briefly, cells were
incubated for 4 or 48 hours after the addition of atRAL
or DMSO control at 37°C and the relative accumulated
lactate dehydrogenase (LDH) activity in media measured and
normalized to the maximum possible LDH release caused
by complete cell lysis. To determine the maximum LDH
that could be released, lysis solution was added to control
wells 45 minutes prior to supernatant harvest. The assay was
performed using 50 pL supernatant from each well of the
assay plate, this was combined with 50 pL/well reconstituted
substrate mix. Stop solution was added after a 30 minute
incubation followed by reading the absorbance at 490 nm.

Statistical Analysis

All studies were repeated in duplicate or triplicate and
presented as an accumulation of multiple independent
experiments. Statistical analysis was performed using Prism
software (GraphPad, La Jolla, CA, USA) using one-way anal-
ysis of variance with Tukey’s or Sidak’s post hoc analysis
for multiple conditions or by #-test with two conditions and
a P < 0.05 was considered statistically significant. All data
is expressed as mean +/- SEM with *< 0.05, **< 0.01, **<
0.001, or ***< 0.0001.

RESULTS

Sulfo-NHS-Biotin Leak is Increased Following IR
Injury

Previous studies have revealed that IR injury induces a rapid
increase in permeability of the retina followed by inflam-
mation in mice.?’ In rats, the IR-induced permeability has
been shown to be dependent on vascular endothelial growth
factor,?124%5 modeling aspects of vascular alterations in reti-
nal eye diseases, such as DR and retinal vein occlusion.
Here, sulfo-NHS-biotin accumulation and crosslinking was
used to identify regions of increased permeability. Whole
mount images of retinas after IR revealed extensive sulfo-
NHS-biotin staining compared to very little deposition in
the control samples (Fig. 1A). Cross sections of the retinas
revealed that permeability to the sulfo-NHS-biotin occurred
adjacent to blood vessels with high co-localization with
Col IV-positive basement membranes around blood vessels
(Fig. 1B). The sulfo-NHS-biotin deposition was observed in
the inner retina near the vasculature with limited or no depo-
sition in the outer retina.

Genetic Inhibition of Visual Cycle Reduces
Permeability and Cell Death Following IR Injury

In order to determine the contribution of the outer retinal
visual cycle to IR-induced retinal vascular permeability, we
tested the effect of IR injury on Lrat~/~ mice that are defec-
tive in formation of all-trans-retinyl ester in the RPE, ulti-
mately preventing formation of atRAL. Ischemia was induced
in Lrat”/~ mice and C57BL/6] age matched controls and
permeability to FITC-BSA was measured at 48 hours after
reperfusion by extracting and quantifying the deposited dye
(Fig. 2A). In wildtype C57BL/6] controls, vascular permeabil-
ity increased 5.8-fold (P < 0.0001, Sham versus IR) in IR reti-
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Ficure 1. Retinal IR injury caused vascular permeability. Mice
underwent IR injury and sulfo-NHS-biotin deposition and crosslink-
ing was measured at 48 hours after reperfusion. (A) Whole mount
retinas with full field view (scale bar, 1 mm) or (B) cross sections
(scale bar, 50 nm) were stained with sulfo-NHS-biotin (red) and with
anti-Col IV antibody (green). The sulfo-NHS-biotin co-localized with
Col-IV near inner retinal blood vessels. Example image of two reti-
nas with identical results.

nas when compared to sham retinas as determined by FITC-
BSA accumulation. Vascular permeability in Lrat~~ mice
increased 3.7-fold (P < 0.01, Lrat~/~-Sham versus Lrat™/~-
IR) 48 hours after ischemia. When comparing IR versus
Lrat”/~-IR, there was an approximately 50% reduction in
permeability in the Lrat”~-IR compared to control IR (P <
0.05, IR versus Lrat/~-IR, n > 13). Thus, lack of a function-
ing visual cycle diminished the vascular leakage observed
after IR injury.

To determine if vascular permeability caused retinal
edema, the effects of IR injury on retinal thickness were
determined using optical coherence tomography (OCT;
Fig. 2B). IR induced a slight but significant 6.2% increase in
retinal thickness in C57BL/GJ mice at 48 hours. As expected,
both sham and IR retinas in the Lrat~/~ mice were signif-
icantly thinner than the retinas of C57BL/GJ mice due to
retinal degeneration, in contrast to control mice, retinas
of Lrat”/~ mice exhibited no increase in retinal thickness
after IR. Thus, not only was vascular leakage attenuated,
but apparent retinal edema after IR injury was prevented
in Lrat~/~ mice.

A DNA fragmentation assay was used to determine the
effect of Lrat deficiency on retinal cell death at 48 hours after
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Ficure 2. Lrat”/~ reduces IR-induced retinal pathology. (A)
Lrat™~ mice or age matched controls underwent IR injury and
permeability to FITC-BSA was measured at 48 hours after reperfu-
sion. Lrat~/~ mice had significantly reduced permeability response,
but permeability was still significantly increased in response to
injury. Results are expressed relative to the vehicle-sham group with
an n > 13 for each group. (B) Lrat~/~ mice were imaged by OCT
before ischemia B and at 48 hours after reperfusion with an 7 >
13/group. Control animals reveal an increase in thickness indicative
of edema caused by IR injury, a response that was absent in Lrat™/~
mice. (C) Lrat~/~ mice exhibit reduced DNA fragmentation after IR.
At 48 hours after IR, Lrat~/~ mice or age matched control animals
were euthanized and retinas were harvested for DNA fragmentation
ELISA assay, with 7 > 8/group. Lrat~/~ mice demonstrated less cell
death at 48 hours after IR compared to control IR animals.
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Ficure 3. Dark adaptation reduces permeability 48 hours after IR
injury. Mice were dark adapted for 18 hours prior to IR injury.
For dark-adapted animals, the ischemia procedure was performed
under dim red light and animals were returned to dark housing for
48 hours, until being harvested under dim red light. Light-adapted
control mice were kept in normal dark/light cycle for the entire
72 hour period. Results are expressed relative to sham under normal
light conditions with an 7 > 21/group. Dark adaptation significantly
reduced IR induced permeability.

ischemia. Compared to sham control groups, IR-injured reti-
nas of both control and Lrat~~ mice demonstrated greatly
increased cell death; however, the increase in retinas of the
Lrat~~ mice was 26% less than that caused by injury of the
C57BL/6] retinas (Fig. 2C). Thus, Lrat~/~ mice that lack the
visual cycle and do not produce atRAL, exhibited less retinal
cell death following IR injury.

Dark Adaptation Blocks Permeability After IR
Injury

To further explore the contribution of the visual cycle to
retinal vascular permeability after IR injury, we used dark
adaptation in C57BL/GJ mice. The visual cycle and levels
of retinoids are dramatically reduced by dark adaptation,
with atRAL decreasing from 165 pmol/eye in light to 16
pmol/eye in the dark.?® Mice were dark adapted for 18 hours,
the IR procedure was carried out under dim red light, and
the animals returned to a dark room after IR. This exper-
imental group was compared to control animals that were
maintained in the normal 12 hours light/12 hours dark cycle
before and after IR and underwent ischemia in the light.
Animals were processed at the same time to avoid confound-
ing diurnal cycle effects. Vascular permeability was signifi-
cantly increased by 6.1-fold (P < 0.0001) in IR retinas 48
hours after ischemia when compared to sham retinas (Fig. 3).
Strikingly, animals housed in the dark, prior to and follow-
ing, ischemia, exhibited a significantly reduced permeability
response of only 2.6-fold. Thus, similar to the effects of lack-
ing the visual cycle in Lrat-/- mice, the permeability response
to injury in dark adapted mice was again approximately half
that of the control animals.

Emixustat Treatment Abates Permeability After IR
Injury

In order to further determine whether the visual cycle activ-
ity contributes to alterations in vascular permeability and
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to help identify the mechanism of vascular disfunction, we
treated C57BL/6] mice with visual cycle inhibitors. Emixu-
stat acts as both an inhibitor of RPE65 and as an atRAL
scavenger via its primary amine.!” Animals were treated via
IP injection with a single dose of emixustat at 24 hours
before ischemia and compared to control animals treated
with vehicle injection. Vascular permeability was signifi-
cantly increased by 2.6-fold in control animals 48 hours
after IR (P < 0.0001, Fig. 4A). Similar to the effects seem
in Lrat~~ and dark-adapted mice, treatment with emixustat
significantly reduced the effect of IR on vascular permeabil-
ity (P < 0.05), with only a 1.9-fold increase in treated mice.
Emixustat was previously shown to both inhibit RPEG5, thus
reducing the visual cycle, and to form a Schiff base between
its primary amine and the aldehyde group of atRAL, thus
act as a detoxifying scavenger.!® MB-002 is a derivative of
emixustat with an alcohol group substituted for the primary
amine group. MB-002 exhibits the same ability to inhibit
RPEG5 activity in vivo, but without the ability to react with
and sequester atRAL.!” Treatment with an identical dosage
of MB-002 had no effect on the vascular permeability caused
by IR (see Fig. 4A), suggesting both chemical inhibition of
the visual cycle and atRAL scavenging are necessary for inhi-
bition of vascular leak after injury. Emixustat did not alter
IR-induced retinal cell death at 48 hours after ischemia, as
no difference in the increase of DNA fragmentation caused
by IR injury was observed between emixustat-treated and
control mice (Fig. 4B).

Because emixustat only induced a partial reduction in
permeability after IR, we increased the injections of this drug
to determine if this could further decrease vascular perme-
ability after IR injury. Mice were treated with a first dose of
emixustat at 24 hours before ischemia and a second dose 1
hour before ischemia. The results show that an additional
dose of emixustat yielded similar inhibition of the perme-
ability response as previously seen with a single dose given
24 hours before ischemia, with a reduction of approximately
half of the IR induced permeability (Supplementary Fig. S1).

The effect of emixustat on atRAL production and scaveng-
ing was further substantiated using Lrat~~ mice. Because
Lrat”/~ mice fail to generate atRAL, we hypothesized that
emixustat would have no further effect on the reduction of
permeability observed in Lrat~~ mice. Figure 4C demon-
strates that Lrat/~ animals treated with emixustat did not
display a further attenuation of the permeability response
compared to the untreated Lrat~~ animals, thus substanti-
ating emixustat’s effect on inhibition of visual cycle as the
mechanism of action in reducing vascular permeability after
IR injury.

Previous studies in rats have demonstrated that IR
induces a rapid vascular endothelial growth factor-
dependent increase in vascular permeability that is measur-
able within hours, long before increase in inflammatory
factor expression.”> Because emixustat is thought to act
by preventing atRAL production and sequestering eventual
atRAL released from damaged photoreceptors, we hypothe-
sized that it would have no effect on the immediate vascular
permeability response to IR injury. Emixustat was, therefore,
injected 24 hours before IR and permeability was assessed
at 4 hours after ischemia. Unlike at 48 hours after IR injury,
emixustat was not effective at blocking vascular perme-
ability at this early time point. Vascular permeability was
significantly increased in both control (3.4-fold) and emixu-
stat treated (3.3-fold) animals, with no significant differ-
ence between these groups (Fig. 4D). These data are consis-
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FiGure 4. Inhibition of RPE65 with emixustat reduces permeability 48 hours after IR injury. (A) C57BL/6] mice were treated with emixustat
or MB002 by IP injection at 24 hours before ischemia. At 48 hours after IR, animals were evaluated for vascular permeability of FITC-BSA.
Results are expressed relative to the vehicle-sham group, where n > 17/group. Emixustat significantly reduced permeability of FITC-BSA
after IR compared to vehicle-treated control, but MB-002 did not have a significant effect. (B) Emixustat does not affect IR-induced cell
death. C57BL/6J mice were treated with emixustat 24 hours before ischemia. At 48 hours after IR, animals were euthanized and retinas were
harvested for DNA fragmentation assay with an 7 > 7. (C) Emixustat does not have any additive effect on permeability in Lrat~/~ mice.
Lrat™~ mice were treated with emixustat 24 hours before ischemia and at 48 hours after IR animals were tested for FITC-BSA permeability
and compared to Lrat~/~ mice without emixustat. Results are expressed relative to the Lrat/~ mice sham-group, with an # > 13/group.
(D) Emixustat does not affect early permeability after IR. C57BL6J mice were treated with emixustat 24 hours before IR injury and perme-
ability to FITC-BSA was measured beginning at 4 hours after reperfusion. Results are expressed relative to the vehicle-sham group, with

n > 13/group.

tent with the hypothesis that ischemia induced outer retinal
damage leading to release and extracellular accumulation
of atRAL that contributed to retinal vascular permeability,
perhaps by directly acting upon vascular cells.

All-trans Retinal Induces Permeability in
Endothelial Cell Culture

In order to directly assess the effect of atRAL on endothe-
lial barrier properties and viability, primary endothelial
cell culture was used. Barrier properties of BREC treated
with atRAL were studied using real-time measures of trans-
endothelial electrical resistance (TEER), a measure of ion
permeability across the monolayer, using the ECIS Z-theta
system with 4000 Hz cycling. Treatment of BREC with 10 pM
atRAL caused a 25% decrease in TEER by 4 hours after treat-
ment (Fig. 5A). This initial effect resolved over the course
of the next 12 hours, followed by secondary decrease in
TEER starting at 32 hours and reaching approximately 20%
at 48 hours. Using BREC grown on 0.4 pM pore-containing

Transwell filters, the effects of atRAL treatment on endothe-
lial permeability to a 70 kDA RITC-dextran tracer was also
measured over a 4 hour time course. It was found that both 8
and 10 pM atRAL caused a dramatic increase in solute perme-
ability when compared to control cells, although neither 4
or 6 pM atRAL caused any change in permeability (Fig. 5B).
Permeability was also assessed 48 hours after the addition
of atRAL and no difference was seen between control and 10
UM atRAL treated cells (Supplementary Figure S2) indicating
the effect of atRAL is transient.

As expected, co-treating cells with emixustat to sequester
and detoxify the atRAL was able to block the effect of atRAL
on BREC permeability. Cells were treated with emixustat
alone, atRAL alone, or emixustat plus atRAL and permeabil-
ity measurements began 2.5 hours after the addition of the
compounds (Fig. 5C). Treatment with 16 uM of emixustat
alone had no effect on 70 kDa dextran permeability. Treat-
ment with 8 pM atRAL alone again increased permeability,
although inclusion of either 16 or 8 pM emixustat along
with 8 pM atRAL completely prevented the atRAL-induced
permeability. These studies demonstrate that atRAL directly
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Ficure 5. AtRAL induces permeability in BREC cell culture. (A)
BREC cells were plated on 8-well ECIS chambers for measure of
TEER with an alternating current frequency of 4000 Hz. Confluent
cell cultures were switched to stepdown media 48 hours prior to
being treated with atRAL at the indicated final concentrations and
electrical resistance was recorded for 48 hours following atRAL addi-
tion. Data (n > 8/group) are presented with (asterisk) indicating
time points with significant differences compared to DMSO-treated
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induces endothelial permeability and the scavenger activity
of emixustat can prevent this effect on endothelial barrier
properties.

All-trans Retinal Causes Endothelial Cell Death

The effects of atRAL concentration on the endothelial cell
death were assessed by measuring the amount of LDH
released into the media at 4 hours after atRAL addition to
the cultures. Significant amounts of LDH were released when
atRAL was added at concentrations greater than or equal to
6 uM, with LDH release reaching approximately 50% that
caused by total cell lysis at a concentration of 30 utM atRAL
(Fig. 6A). The addition of 8 pM emixustat at the same time
as atRAL was able to completely prevent the release of LDH
into the media (Fig. 6B). LDH release was also tested at 48
hours after the addition of atRAL. According to the manufac-
turer of the LDH assay, LDH has an estimated half-life of 9
hours in the media (Promega). At 48 hours after atRAL addi-
tion, the release of LDH was not different when compared
to control (see Supplementary Fig. S2).

Di1scusSION

The current study provides strong evidence that atRAL
released from damaged photoreceptors contributes to capil-
lary permeability after retinal injury by directly causing toxi-
city to endothelial cells. Using a mouse IR injury model that
exhibits sustained retinal vascular permeability, we reveal
that preventing the visual cycle and blocking atRAL produc-
tion by genetic ablation of Lrat or dark adaptation, or slow-
ing the visual cycle by inhibiting RPEG5 with emixustat
treatment, ameliorates approximately half of the IR-induced
vascular permeability to FITC labeled albumin at 48 hours
after ischemia. Further, emixustat treatment had no further
effect on the permeability response in the Lrat”~ mice,
strongly indicating an on-target effect of emixustat inhibi-
tion of visual cycle as well as scavenging atRAL. Previous
studies in rats revealed that inhibition of VEGF using beva-
cizumab (avastin) antibody was able to prevent IR induced
retinal permeability.?!?> Similar studies in mice have yet
to be reported, but it is likely that VEGF or inflammatory
cytokines contribute to the IR-induced vascular permeability
response in mice and account for the portion of the response
not attributable to atRAL toxicity.

That atRAL per se contributes to vascular permeabil-
ity was supported by multiple lines of evidence. First,
we demonstrate that the permeability marker sulfo-NHS
biotin was deposited in the basement membrane around
the vascular bed of the inner retina after IR. Although

control group by 2-way ANOVA and post hoc test. (B) AtRAL induces
solute permeability in BREC monolayers. BREC cells were grown
to confluence on transwell filters and switched to stepdown media
48 hours before the addition of atRAL at the final concentrations
indicated. Cell permeability to 70 kDa RITC-dextran was measured
over a 3.5-hour time course starting at 2.5 hours after addition of
atRAL. Data (n > 8/group) represent the relative diffusive perme-
ability (Po) compared to the sham group, with all control values
ranging between 0.4 and 0.7 x 10~¢ cm/sec. (C) Emixustat is able
to block atRAL-induced permeability. BREC cells were plated on
transwell filters and switched to stepdown media 48 hours before
the addition of atRAL and/or emixustat. Cell monolayer permeabil-
ity to 70 kDa RITC-dextran was measured 2.5 hours later with 7 >
7/group.
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Ficure 6. The atRAL induces cell death in endothelial cells. (A)
BREC were plated on 96-well culture plates and switched to step-
down media 48 hours before the addition of atRAL for 4 hours at the
indicated concentrations (1 > 6/group). Cell viability was assessed
by measuring the activity of LDH released into the media. Values
were normalized to the total LDH activity released by cell lysis
and subtracted from the percent of LDH released in the control
group with no atRAL. (B) Emixustat is able to attenuate cell death
induced by atRAL treatment. BREC were plated on 96-well plates
and cells were switched to stepdown media 48 hours before the
addition of atRAL and/or emixustat at the indicated concentrations
(n > 6/group) and cell viability assayed by normalized LDH release
in the media.

extensive staining could be observed around the normally
permeable choroidal vessels, little or no leak was observed
across the RPE. Second, atRAL acted directly on endothe-
lial cells in culture to increase monolayer permeability to
both ion flux and to 70 kDa RITC-dextran flux. The concen-
tration response curve suggests that induction of endothe-
lial cell damage or death directly contributed to increased
endothelial permeability. Emixustat co-treatment with atRAL
prevented the effects of atRAL on permeability and cell
death, most likely through its documented ability to act as an
atRAL scavenger. These studies also help to explain why MB-
002, which can effectively inhibit RPE65 activity but lacks a
primary amine group to scavenge atRAL, failed to inhibit IR-
induced permeability. Both visual cycle inhibition and atRAL
scavenging ability were necessary for the drug effectiveness
of emixustat in vivo after IR. Similarly, emixustat was an
effective inhibitor of light-induced damage to outer retina in
Abca4~/~; Rdh8/~ mice, whereas MB-002 was ineffective.'?
It should be noted that Abca4~~; Rdh8~/~ mice were used in
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the previous study because they exhibit increased accumula-
tion of atRAL compared to normal mice upon light-induced
damage. In the IR injury model, normal levels of atRAL seem
to be sufficient to contribute to endothelial damage.

Using magnetic resonance imaging, a previous study
observed accumulation of tracer in both the vascularized
and avascular portions of the rabbit retina after IR, lead-
ing to the conclusion that leakage across the RPE occurred
after injury.?” Whereas, in the current study, cross-linkage of
retina-accumulated NHS-biotin tracer allowed microscopic
analysis at high resolution showing that nearly all vascular
leakage was around the retinal blood vessels. These species
differences may be due to the fundamental difference of reti-
nal vessel anatomy, with the blood vessels confined to the
medullary ray region that is superficial to the rabbit retina,
rather than forming capillary networks in the ganglion, and
inner nuclear region within the mouse retina. However, the
present study does not preclude potential leak across the
RPE at time points after IR injury that were not examined.
However, the focus of this study was to determine if atRAL
released from the photoreceptors can contribute to vascular
permeability following retinal injury and if direct effects of
atRAL on endothelial cells may cause this effect. Our data
support these hypotheses.

Our in vitro studies suggest that atRAL can directly affect
endothelial cells causing permeability and damage or death.
Because the aldehyde group of atRAL is highly reactive, it
is probably that the response is due to the direct effects of
nucleophilic addition reactions with thiols and amines of
cellular proteins. Several previous studies have documented
cellular toxicity of atRAL."'"'® Toxic effects of atRAL include
membrane and DNA damage.”® However, no studies have
identified the precise molecular mechanism of atRAL toxi-
city. Interestingly, a recent study suggested that systemic
retinaldehyde treatment can reduce visual dysfunction and
retinal superoxide production in diabetes.” However, the
systemic effect of the retinaldehydes may be very differ-
ent than the local endothelial effect with systemic deliv-
ery potentially providing an anti-oxidant response or even
conversion to active retinoic acid that acts through nuclear
receptors. In the current study, the genetic, dark adapta-
tion and chemical inhibition of the visual cycle provides
compelling evidence that local atRAL contributes to vascular
permeability in the retinal IR injury model.

The current results are consistent with a recent study of
IRBP3 as a factor elevated in patients resistant to DR and
acting as a potential protective factor® IRPB3 was found
to act in two mechanisms that may contribute to reduction
in pathology of diabetic retinopathy. IRBP3 reduced VEGF
signaling to endothelial cells and IRBP3 reduced GLUT1-
mediated glucose uptake in Muller cells.® However, IRBP1
has been shown to reduce NADPH oxidase production of
reactive oxygen species, mitochondrial dysfunction and cell
death caused by atRAL treatment of 661W cell.®® In addi-
tion, IRBP17/~ explant retinas had elevated atRAL after light
exposure.’® Therefore, the IRBP proteins may also act by
binding and reducing free atRAL acting on vascular perme-
ability.

In conclusion, in the IR model of retinal induced vascular
permeability in mice, atRAL generated from the outer retina
contributes to approximately half of the vascular permeabil-
ity at the 48 hour time point. Recent studies suggest diabetes
includes outer retina damage and, previous studies using
the more limited visual cycle inhibitor retinylamine, already
demonstrated efficacy in reducing retinal vessel loss and
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capillary permeability in a diabetes model.'” Herein, both
in vitro and in vivo studies reveal that atRAL can act directly
on capillary endothelial cells to induce permeability and cell
death and suggest atRAL as a potential therapeutic target to
control capillary permeability in retinal ischemic diseases.
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