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Abstract

Oxidative injuries, such as those related to reactive oxygen species (ROS), have been implicated in
various retinal and optic nerve disorders. Many ROS detection methods have been developed.
Although widely utilized, many of these methods are useful only in post mortem tissues, or require
relatively expensive equipment, or involve intraocular injection. In the present study, we
demonstrated and characterized a chemiluminescent probe L-012 as a noninvasive, /1 vivo ROS
detection agent in the mouse retina. Using optic nerve crush (ONC) and retinal ischemia/
reperfusion (I/R) as mouse injury models, we show that L-012 produced intensive luminescent
signals specifically in the injured eyes. Histological examination showed that L-012 administration
was safe to the retina. Additionally, compounds that reduce tissue superoxide levels, apocynin and
TEMPOL, decreased injury-induced L-012 chemiluminescence. The decrease in L-012 signals
correlated with their protective effects against retinal I/R-induced morphological and functional
changes in the retina. Together, these data demonstrate the feasibility of a fast, simple,
reproducible, and non-invasive detection method to monitor /n vivo ROS in the retina.
Furthermore, the results also show that reduction of ROS is a potential therapeutic approach for
protection from these retinal injuries.

Corresponding author: lok-Hou Pang, Department of Pharmaceutical Sciences, North Texas Eye Research Institute, University of
North Texas Health Science Center, 3500 Camp Bowie Boulevard, Fort Worth, TX76107, USA, iok-hou.pang@unthsc.edu.

These authors contributed equally to the manuscript.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fan etal. Page 2

Introduction

Mitochondrial respiration is the primary source for production of reactive oxygen species
(ROS), including superoxide. Ordinarily endogenous antioxidant enzymes inside or outside
the mitochondria degrade these highly reactive molecules. However, excessive levels of ROS
can overwhelm these intrinsic defense mechanisms leading to damage including oxidative
and nitrative modifications to cellular proteins, lipid peroxidation, DNA damage, and
ultimately neuronal death (Manzanero et al., 2013; Bryan et al., 2012). Mitochondrial
dysfunction and increased ROS generation have been linked to numerous CNS
neurodegenerative conditions, such as amyotrophic lateral sclerosis, Parkinson’s disease,
Alzheimer’s disease, and cognitive declines observed in normal aging (Emerit et al., 2004).
In addition to their pathogenic and pathophysiological roles, however, ROS is also believed
to contribute to physiological processes regulating cell fate, stress responses, vascular tone,
and wound healing.

Retinal neurons are particularly susceptible to oxidative stress because of the high levels of
oxygen consumption, glucose oxidation, and polyunsaturated fatty acids in the retina (Arden
and Sivaprasad, 2011). Unsurprisingly, ROS has been demonstrated to be involved in many
retinopathies and optic neuropathies, such as age-related macular degeneration (Winkler et
al., 1999), retinopathy of prematurity (Wilkinson-Berka et a/., 2013), diabetic retinopathy
(Wilkinson-Berka et al., 2013), retinal ischemia (Osborne et al., 2004), optic nerve trauma
(Kanamori et al., 2010), and glaucoma (Aslan ef a/., 2008). Generation of ROS following
ischemic injury, more specifically during reperfusion (Kuriyama et a/., 2001), is amongst the
earliest pathogenic changes leading to immune cell infiltration and neuron apoptosis (Bonne
et al., 1998). Therefore, ROS represents a prime therapeutic target against injury caused by
retinal ischemia.

While several strategies for removal of ROS have been developed, /n7 vivo monitoring of
ROS is technically challenging. Current detection methods include fluorescent probes such
as dihydroethidium (DHE), spectrophotometric measurements, electron spin resonance
spectroscopy, spin traps, and markers for oxidation and nitration of proteins, lipids, and
DNA. These are all useful for assessment of oxidative stress in cultured cells, ex vivo biopsy,
or post mortemtissue samples, but not for /n vivo applications (Halliwell and Whiteman,
2004). Techniques developed for /n vivo measurement of ROS include magnetic resonance
imaging (Berkowitz et al., 2015; Berkowitz et al., 2016), which requires specialized
equipment not available to many laboratories, or intravitreal injection of detecting agents
(Rayner et al., 2016), which limits the ability to perform repeated, frequent evaluations.
Prunty and colleagues successfully used a sensitive ROS-activated fluorescent probe for /n
vivo imaging of retinal oxidative stress (Prunty et al., 2015), but this requires the animals to
be kept in total darkness for 48 h to prevent photo-bleaching while the probe is accumulated
in the eye, which severely limits its usefulness in detecting ROS changes shortly after injury
or experimental manipulation. It is desirable to develop a technique that will overcome these
limitations: requirement of relatively expensive equipment, intraocular injection, or a 48-h
accumulation period.
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Recent studies have demonstrated that L-012 (8-amino-5-chloro-7-phenylpyrrido [3,4-4d]-
pyridazine-1, 4 (2H, 3H) dione), a highly sensitive chemiluminescent probe (Nishinaka et
al., 1993), can be used to detect subcutaneous ROS activity by /n vivo luminescent imaging
(Kielland et al., 2009; Zhou et al., 2012). Because of the ability for light to penetrate through
the transparent media of the eye, we hypothesized that L-012 chemiluminescence from the
retina could be detected by non-invasive /n vivo imaging in mouse models of ocular injury.
In the present study, we characterized and optimized the use of L-012 as a non-invasive /n
vivo method to assess temporal accumulation of ROS in the mouse retina following retinal
ischemia/reperfusion (I/R) and optic nerve crush (ONC) injuries. Furthermore, we
demonstrate the selectivity of L-012 through rapid modulation of luminescence, and the
neuroprotective potential of early detection using two selective inhibitors of superoxide
accumulation.

Materials and Supplies

Animals

Equipment

Materials

Female C57BL/6J mice (9- to 12-week old) were purchased from Jackson Laboratory (Bar
Harbor, ME, USA) and Guangdong Animal Experimental Center (Guangzhou, Guangdong,
China). All animals were maintained and handled in accordance with the Association for
Research in Vision and Ophthalmology Statement for the Use of Animals in Ophthalmic and
Vision Research. The University of North Texas Health Center and Shenzhen Eye Hospital
Institutional Animal Care and Use Committees approved the research protocol prior to
initiation of the study.

In vivo detection of L-012 signal required a small animal imaging system (IVIS Lumina
XR™; Caliper LifeSciences, Hopkinton, MA, USA), which consists an enclosed, dark
chamber with a warming pad to maintain animal body temperature. Luminescence signals
were imaged by a CCD camera and were analyzed using the Living Image Software™
(PerkinElmer, Waltham, MA, USA).

Images of retina cross-sections were acquired using a Nikon Eclipse Ti inverted microscope
(Nikon, Melville, NY, USA) containing the CRi Nuance FX multispectral imaging system
(Caliper LifeSciences). Fluorescence was evaluated by equipping the microscope with a
Semrock (Rochester, NY, USA) BrightLine TRITC-A-NTE filter cube (exciter:
FF01-542/20-25, emitter: FF01-620/52-25, dichroic: FF570-Di01-25x36). Fluorescence was
quantified using ImageJ software (NIH, Bethesda, MD, USA).

Electroretinography (ERG) was conducted using the HMSERG system (Ocuscience, Rolla,
MO, USA). Amplitude and implicit times of waveforms were measured and analyzed in
ERGView v4.380R software (Ocuscience).

L-012 was purchased from Wako Chemicals (catalog number: 120-04891; Richmond, VA,
USA). Other materials and their respective suppliers are as follows: ketamine (Henry Schein
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Animal Health, Dublin, OH, USA), xylazine (Akorn, Lake Forest, IL, USA), acepromazine
(Henry Schein Animal Health), isoflurane (Henry Schein Animal Health), Alcaine®
ophthalmic solution (0.5% proparacaine HCI; Alcon, Fort Worth, TX, USA), Bacitracin zinc
with polymixin B sulfate ophthalmic ointment (Akorn), 1% tropicamide ophthalmic solution
(Bausch & Lomb Pharmaceuticals Inc., Claremont, CA, USA), Artificial Tears Solution™
(Rugby, Rockville Center, NY, USA), Gonak™ lubricant eye drop (Akorn), OxiSelect™
protein carbonyl ELISA Kit (Cell Biolabs, San Diego, CA, USA), Tissue-Tek OCT (Sakura
Finetek, Torrance, CA, USA), ProlongGold anti-fade reagent with DAPI (Molecular Probes,
Life Technologies, Grand Island, NY, USA), Dihydroethidium (DHE) (Thermo Fisher
Scientific, Waltham, MA, USA), TEMPOL (4-hydroxy-2,2,6,6-tetramethylpiperidine-N-
oxyl; Sigma-Aldrich, St. Louis, MO, USA), Apocynin (4-hydroxy-3-methoxyacetophenone;
Sigma-Aldrich), Evans blue (Sigma-Aldrich).

Detailed Methods

Mouse models of injury

Crush of the mouse ON was conducted as previously reported (Liu et al., 2014; Choudhury
et al., 2015). Briefly, mice were anesthetized by intraperitoneal injection of ketamine and
xylazine (100 and 10 mg/kg, respectively). Topical anesthesia of the eye was achieved by
topical administration of Alcaine® ophthalmic solution. The left ON of mice in the crush
group was exposed intraorbitally through a small window made between the surrounding
muscles and vascular plexus, and crushed approximately 1 mm posterior to the globe with a
self-closing forceps for 10 s. In the sham surgery group the left ON was exposed similarly
but not crushed. Bacitracin zinc with polymixin B sulfate ophthalmic ointment was topically
administered post surgery to prevent ocular infection.

Retinal I/R was induced as described previously (Kim et al,, 2013; Nashine et a/., 2014;
Silverman et al., 2016). Briefly, mice were anesthetized with a ketamine/xylazine/
acepromazine cocktail (100/10/3 mg/kg, intraperitoneally) followed by cannulation of the
anterior chamber with a 30-gauge needle connected to a reservoir filled with sterile PBS.
The reservoir was elevated to generate an intraocular pressure (IOP) of 120 mmHg for 1 h to
induce retinal ischemia. Afterwards, the cannula was removed and retinal circulation was
allowed to resume.

In vivo L-012 chemiluminescence imaging

Retinal ROS detection by the chemiluminescent probe L-012 was captured using the small
animal /n7 vivo imaging system. L-012 dissolved in sterilized distilled water was
administered intraperitoneally using an insulin syringe with a 31-gauge needle at the
indicated dose in a volume of 100 L. (Notes: Attempts to use saline or PBS to dissolve
L-012 at =15 mg/mL often led to precipitation. Aqueous solution of L-012 has been shown
to be stable for more than 4 h at 37°C (Zielonka et al., 2013). Frozen stocks of L-012
aqueous solution kept at —20°C were stable for at least 6 months.) Animals were
anesthetized by isoflurane inhalation during the recording procedure. Prior to imaging,
pupils were dilated by 1% tropicamide ophthalmic solution, the cornea was moistened with
Avrtificial Tears Solution™, and their body temperatures were maintained at 37°C. Mice were
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examined for acceptability into the study prior to imaging as defined by a set of inclusion
criteria including full pupil dilation and absence of cataract or cornea abnormalities as
observed with an ophthalmoscope. Initially, mice were placed supine to visualize and
compare light signals from both eyes simultaneously (Figure 1A). For signal quantitation,
mice were placed on their side with the injured eye oriented towards the camera (Figure 1B).
Images of chemiluminescence were acquired sequentially and summed in 5-min exposure
intervals, from 15 to 45 min after L-012 injection. Light emission was quantified as
photons/s/cm?/steradian. Data were analyzed using the Living Image Software™.

Ex vivo correlation of L-012 imaging signals

Detection of ROS in the retina by L-012 was validated by a retinal protein carbonyl assay
and by DHE staining. As markers of protein oxidation, retinal soluble protein carbonyl
groups were quantified by the OxiSelect™ protein carbonyl ELISA Kit. At the indicated
time points after injury, retinas were rapidly dissected from both eyes of euthanized mice.
Each retina was placed in 200 pL PBS and homogenized on ice. The protein concentration
of the supernatant was assayed and diluted to 10 pg/mL by PBS dilution. Samples in
duplicates (100 pL each) were reacted with dinitrophenylhydrazine (DNPH), followed by an
anti-DNPH antibody and HRP-conjugated secondary antibody. The quantity of protein
carbonyl groups in retinal samples was determined by comparing their colorimetric
absorbance values with that of an oxidized BSA standard curve.

Additionally, the superoxide indicator DHE was used to detect superoxide contents in the
retina. Enucleated mouse eyes without fixation were submerged in Tissue-Tek OCT and
snap frozen in methylbutane placed in liquid nitrogen. Eyes were cryo-sectioned at a
thickness of 10 pm, placed on Superfrost Plus microscope slides (Thermo Fisher Scientific),
and allowed to dry at room temperature for 1 h. Sections were gently washed in PBS
followed by incubation with 5 uM DHE at 37°C for 25 min. Sections were then washed once
in PBS and mounted with ProlongGold anti-fade reagent with DAPI. Images were taken
using a Nikon Eclipse Ti inverted microscope equipped with a Semrock BrightLine TRITC-
A-NTE filter cube (exciter: FF01-542/20-25, emitter: FF01-620/52-25, dichroic: FF570-
Di01-25x36) and the CRi Nuance FX multispectral imaging system. Fluorescence was
quantified using ImageJ.

Experimental manipulation of ROS level

Compounds known to decrease ROS levels were tested in the two models of ocular injury.
TEMPOL, a superoxide dismutase (SOD)-mimetic and ROS scavenger (Thiemermann,
2003; Thaler et al.,, 2011), was dissolved in PBS and administered intraperitoneally (100
mg/kg in 100 uL). Apocynin, a selective reversible NADPH oxidase (NOX) inhibitor that
efficiently reduces ROS production in various experimental models (Stefanska and
Pawliczak, 2008; Haruta et a/., 2009), was dissolved in PBS and 0.7% DMSO at a
concentration of 50 mg/kg in 100 uL, and administered intraperitoneally.

Histology evaluation of the retina

Mice were euthanized immediately following their final live imaging session. Eyes were
enucleated, fixed in 4% paraformaldehyde at 4°C overnight, paraffin embedded, and
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sectioned at a thickness of 5 um. Retina cross-sections were evaluated for morphological
changes after H&E staining. For thickness measurements, entire retinas were imaged, from
ora serrata to ora serrata through the optic nerve head, and thicknesses of the inner plexiform
layer (IPL), inner nuclear layer (INL), outer nuclear layer (ONL), and the whole retina
including all layers were measured using calibrated calipers in ImageJ (Liu et al., 2014).
Three sections were randomly selected per retina and four cross sectional measurements (at
two peripheral and two central locations) of each cross section were recorded. The mean
thickness values from the 12 measurements from each retina are reported.

Electroretinography

The abilities of TEMPOL and apocynin to protect against loss of visual function resulting
from retinal I/R were determined. Mice were pretreated with either vehicle (PBS),
TEMPOL, or apocynin 30 min prior to injury, and daily administration for 7 d after I/R.
Visual function was measured using scotopic flash electroretinography (ERG) once weekly
over a 4-week period (Kim et al., 2013). Mice were dark adapted overnight, anesthetized
with 2% isoflurane, and connected to the HMSERG system. Body temperature was
maintained at 37°C. A ground electrode was placed subcutaneously by the tail and reference
electrodes were inserted under each eye. Both eyes were dilated using 1% tropicamide, and
corneas were anesthetized topically with 0.5% proparacaine. Silver-thread electrodes were
placed across the apex of the cornea and held in place with Gonak™ lubricant eye drop
coated contact lenses. Eyes were exposed to a series of light flashes at increasing intensities
(0.1,0.3, 1, 3, 10, and 25 cd.s/m?). Amplitude and implicit times of waveforms were
measured and analyzed in ERGView v4.380R software.

Evaluation of blood-retina barrier function: Evans blue extravasation

Blood-retina barrier function was evaluated using the sensitive method of Evans blue
extravasation into the retina (Xu et a/., 2001). Briefly, Evans blue dye (45 mg/kg) was
injected into the tail vein of mice. After the dye circulated in the blood for 2 h, animals were
anesthetized by ketamine/xylazine/acepromazine cocktail (100/10/3 mg/kg,
intraperitoneally), and then 0.4-0.5 mL of blood was collected through the left ventricle and
centrifuged at 12,000xg for 15 min at 4°C. The plasma was diluted 100x with formamide.
After blood collection, mice were perfused via the left ventricle with PBS followed by 1%
paraformaldehyde (approximately 5 mL). Retinas were then dissected from enucleated eyes
and placed in pre-weighed tubes. They were vacuum-dried for 1 h and weighed. In each
sample, 120 uL formamide was added, incubated for 18 h at 75°C for dye extraction, and
centrifuged at 12,000xg for 30 min at 4°C. The Evans blue dye contents in blood and retina
supernatants were assayed by comparing ODgyq nm With a standard curve. Blood-retina
barrier permeability was calculated as “Evans blue in retina sample/dry weight of retina
sample/Evans blue concentration in plasma/circulation time (2 h)”, and has a unit of “nL (of
plasma)/ug (of retina dry weight)/h”.

Statistical analysis

Data were analyzed using Prism software (Graphpad, San Diego, CA, USA). One-way
ANOVA followed by Bonferroni’s test for multiple comparisons was used to compare
differences among three or more groups. Paired or unpaired (as specified in the figure
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legends) Student’s #test was used for comparison between two groups. A p value of <0.05
was regarded as statistically significant. Data are presented as mean + SEM.

Results

Optic nerve injury increased L-012 chemiluminescence in the retina

L-012 chemiluminescence has recently been identified as a highly sensitive method for non-
invasive /n vivo detection for ROS in systemic inflammation (Kielland et a/., 2009; Zhou et
al., 2012). We tested if this method can be used to detect ROS accumulation in the retina
after optic nerve or retinal injury. Figure 1A shows that 1 d after ONC in the mouse,
intraperitoneal injection of L-012 (75 mg/kg) produced a time-dependent, transient increase
in the chemiluminescence signal. As expected, the signal was detected only in the ONC eye,
while no detectable signal was observed in the contralateral sham control eye. For
quantification, mice were oriented with their studied eye facing towards the camera to allow
maximal visualization. Figure 1B shows such configuration when a signal of an injured eye
was collected. Results of preliminary studies also demonstrated that pupil size affected the
signal intensity. Constriction of the mouse pupil by topical administration of pilocarpine
significantly reduced the signal, whereas the chemiluminescence intensity was maximal
when the pupil was fully dilated (data not shown). These results indicate that the signal
originated posterior to the iris, likely from the retina. For subsequent studies, 1%
tropicamide ophthalmic solution was administered to produce mydriasis prior to L-012
imaging.

To optimize the dose of L-012 that provided maximal dynamic range of retinal ROS signal,
we compared the peak chemiluminescence intensities of three concentrations (7.5, 25, and
75 mg/kg, ip) of the compound at 1 d after ONC. As shown in Figure 1C, the signal intensity
depended on the dose of L-012, and 75 mg/kg generated the maximal signal (p < 0.001 vs
the lower doses). Thus, this dose of L-012 was used in the following studies.

The retinal L-012 chemiluminescence was time-dependent in two aspects; it was dependent
on the time after L-012 injection during each imaging session, and the time after ONC. As
dictated by the compound’s pharmacokinetic characteristics, peak retinal signal was
typically observed at 20 min after L-012 injection, which faded in later time points (Figure
1D). The temporal profile after ONC shows that L-012 signal was clearly detectable at 1 d
and 3 d after ON injury, with 1 d being the most prominent. At 1 d after ONC, significant
differences (p < 0.05) of light intensities existed between the crushed and sham groups at
time points of 15, 20, 25 min. At 3 d after ONC, the luminescence was significantly lower;
signals at 15 and 20 min 3 d post-ONC were significantly (p < 0.05) lower than those at 1 d
(Figure 1D). Interestingly, the L-012 signal at 4 h, 5 d, or 7 d after ONC was below the
detection limit of the imager (data not shown). These data suggest that ROS accumulation
produced by ONC was highest approximately 1 d after injury, and decreased thereafter.

Optic nerve injury did not significantly affect blood-retina barrier function

Theoretically, increase in L012 signal in the retina could be the result of injury-induced
change in blood-retina barrier function. We used a previously reported, sensitive technique
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to evaluate this barrier function. As shown in Figure 1E, at 1 d after ONC, no significant
change of dye permeation into the retina was detected compared to the contralateral
uninjured eye, indicating that under the current study conditions, ONC did not significantly
affect blood-retina barrier function, and the change in L012 signal was not a result of
breakdown of this barrier.

Optic nerve injury increased protein carbonylation in the retina

To further confirm that the increase in L-012 signal in the eye correlated to accumulation of
ROS, we assessed retinal protein carbonylation. Excessive accumulation of ROS leads to
oxidative damage. A common modification of proteins by oxidative damage is the addition
of carbonyl groups to amino acid side chains (Dalle-Donne et al., 2006). Detection of retinal
protein carbonyl contents by ELISA provides a quantitative measurement of retinal oxidative
damage. There was a significant increase in retina soluble protein carbonyl contents at 1 d
and 3 d after ONC compared with that of sham control at the same time points. Similar to
the /n vivo imaging results, the carbonylation levels were higher at 1 d relative to 3 d after
ON injury (Figure 1F), although the magnitudes of changes did not perfectly match those of
L-012 signals. These results indicate a correlation between /n vivo imaging findings and post
mortem biochemical oxidation assessments, and suggest that the L-012 chemiluminescence
is a useful technique for /in vivo measurement of retinal oxidative damage. It should be noted
that only RGCs are damaged by ONC injury, and total retinal extracts were used for this
ELISA experiment, further demonstrating the sensitivity of this imaging technique.

L-012 treatment did not affect retina morphology

Muice treated with multiple L-012 injections did not show any observable gross
abnormalities, either behaviorally or anatomically. After four L-012 intraperitoneal
injections (75 mg/kg), one injection every other day, mouse retina sections showed no
morphological evidence of retinal abnormalities compared to control animals that did not
receive L-012 treatment (Figure 1G). Mice with ONC with or without L-012 treatment had
lower density of cells in the ganglion cell layer (GCL) as previously demonstrated (Liu et
al., 2014; Choudhury et al., 2015). These observations agree with previously published
reports from others that L-012 is safe and indicate that it did not cause gross toxicity to
retinal tissues.

Superoxide reduction decreased optic nerve injury-induced retinal L-012
chemiluminescence

TEMPOL, a SOD-mimetic and superoxide scavenger, and apocynin, a selective NOX
inhibitor, have both been shown to effectively and significantly reduce /n vivo levels of
superoxide following tissue injury (Lu et al., 2013; Zhang et al., 2012; Dohare et al., 2014).
To evaluate the potential molecular involvement of L-012 chemiluminescence with ROS at 1
d after ONC, the peak time to observe ROS accumulation, TEMPOL (100 mg/kg) or
apocynin (50 mg/kg) were administered intraperitoneally 15 min prior to L-012 injection
and live imaging. Under these conditions, both TEMPOL and apocynin significantly (p <
0.01) lowered the L-012 signal. L-012 signal intensity decreased to 33.7% of vehicle after
TEMPOL treatment and 26.7% after apocynin treatment (Figure 1H). Since apocynin
inhibits the conversion of O, to superoxide, and TEMPOL is an effective superoxide
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scavenger, these findings indicate that reactive oxygen species, especially superoxide, in the
retina account for the majority of the L-012 chemiluminescence associated with ON injury.

Retinal ischemia/reperfusion increased L-012 chemiluminescence and retinal superoxide

To explore the involvement of ROS and the potential usefulness of L-012 in other retina
injury models, retinal I/R injury was also examined. Similar to ONC, I/R injury produced
significant L-012 chemiluminescence in the mouse retina (Figure 2B), compared to the
control eye (Figure 2A). Again similar to ONC, the emission intensity was highest at 1 d
after I/R injury when compared to subsequent days (Figure 2C).

We utilized DHE, a superoxide indicator, to verify the presence of superoxide in retina
cross-sections after I/R. Without DHE labeling, no fluorescence was observed under
identical study conditions (data not shown). There was a baseline DHE labeling in the
uninjured retinas, while DHE labeling in retinas 24 h post I/R showed an increased signal.
Representative images of control and injured retinas are shown in Figures 2D & 2E. The
most dramatic changes appeared to be in the ganglion cell layer (GCL), where cell bodies of
retinal ganglion cells and displaced amacrine cells are located, and outer nuclear layer
(ONL), where photoreceptor cells are located. Fluorescent intensity was quantified in all
nucleated layers of the retina to further identify the increases in superoxide levels. There
were statistically significant increases (p<0.001) in both the GCL and ONL in comparison to
uninjured retinas (Figure 2F). Levels of superoxide after I/R in the inner nuclear layer (INL),
where somas of bipolar, Miller, horizontal, and amacrine cells are present, appeared higher
than that of control retinas, but the change did not reach statistical significance (Figure 2F).

Changes in L-012 chemiluminescence reflected changes in retinal superoxide level.
Similarly, we confirmed that, by retinal Evans blue extravasation, the potential change of
blood-retinal barrier was not an important contributory factor to the enhancement of this
L-012 signal. As seen in Figure 2G, I/R showed a trend of small, but not significant, increase
in Evans blue extravasation, which could not explain the dramatic increase in the L-012
signal. In addition, apocynin or tempol did not affect Evans blue extravasation, while they
significantly suppressed ocular L-012 signal (Figure 3A).

Superoxide reduction decreased retinal ischemia/reperfusion-induced L-012
chemiluminescence

Similar to results observed in the ONC model, 1 d after retinal I/R injury, both TEMPOL
and apocynin significantly (p<0.01) suppressed chemiluminescent signals in the eye
compared to vehicle-treated animals (Figure 3A). No statistical differences were detected
between treatments with these two compounds.

Superoxide reduction was neuroprotective against retinal ischemic injury

Given the significant reduction in L-012 signals following TEMPOL and apocynin
treatments, we hypothesized that early treatment targeting the reduction of ROS would
protect animals against morphological and functional damage resulting from retinal I/R
injury. Mice were pretreated with either TEMPOL (100 mg/kg, ip) or apocynin (50 mg/kg,
ip) 30 min prior to ischemia, followed by a daily administration of the respective compound
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for 7 d post injury. To evaluate retinal functional changes, scotopic flash ERG readings with
different flash intensities were assessed weekly for 28 d. Using the b-wave responses at
3,000 mcd.s/m? as an example, retinal I/R caused a time-dependent decrease in ERG
amplitudes compared to uninjured eyes (Figure 3B), which corroborates our previous
findings (Kim et al., 2013; Nashine et al., 2014). Interestingly, TEMPOL treatment
moderately, but not significantly, improved b-wave amplitudes compared to vehicle (Figure
3B). In contrast, animals receiving apocynin recorded b-wave amplitudes that were
significantly (p<0.05) higher than that of vehicle-treated I/R-injured mice at all time points.
The ERG response of the apocynin treatment group at 28 d was similar to that of the
uninjured eyes, although they were significantly lower in earlier time points (Figure 3B).
The same conclusion can be derived from examining the ERG responses to different flash
intensities at the 28 d time point. In I/R-injured eyes, b-wave amplitudes were significantly
decreased to approximately half of those of uninjured eyes in all flash intensities (Figure
3C). While TEMPOL treatment partially protected against the insult-induced ERG
reduction, apocynin produced complete protection; mice treated with apocynin demonstrated
b-wave amplitudes were indistinguishable from those of uninjured mice (Figure 6C).
Treatment with TEMPOL or apocynin did not affect ERG responses in uninjured eyes
(Figure 3D).

In addition to functional abnormalities, retinal I/R also induces morphological changes in the
retina. We showed previously that these injuries caused a significant thinning of the IPL and
INL, contributing to the thinning of the whole retina (Kim et a/., 2013; Nashine et al., 2014).
In the present study, we confirmed these findings. Careful measurement of retinal cross-
sections (Figure 3E, 3F) from all treatment groups at 28 d after I/R indicated significant
(p<0.001) thinning of the whole retina (269.5 £ 5.8 pm) in the vehicle-treated I/R group
compared to uninjured eyes (325.3 + 6.9 um) (Figure 3G). The thinning was most prominent
in the IPL and INL, but not ONL (Figure 3H-3J). Similar to our ERG results, while
treatment with TEMPOL partially protected against the I/R-induced thinning, treatment with
apocynin completely protected against the injury-induced changes (Figure 3G-3I). Both
compounds did not significantly affect ONL thickness (Figure 3J) or thicknesses of all layers
in uninjured retinas (data not shown).

Potential Pitfalls and Trouble Shooting

We have successfully demonstrated a method for non-invasive in vivo imaging of ROS
production using L-012 chemiluminescence in the eyes of mice following retinal I/R and
ONC injuries. We confirmed that L-012 detects superoxide in the retina through the use of
ex vivo assays and modulation of luminescence with two separate superoxide inhibitors.
Finally, we showed that treatment with apocynin is a viable neuroprotective strategy, capable
of significantly rescuing against functional and morphological deficits resulting from retinal
I/R injury.

This method is simple to perform, and as shown by the data, produces relatively
reproducible results. This method can be used to monitor ROS changes in other ocular injury
models. However, the imaging time point needs to be optimized according to ROS
production in each injury model. The major limitation of the current detection method is that
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it did not produce an image with sufficiently high resolution to pinpoint the regional or
cellular location of signals in the retina. We have tried to use the Micron IV™ Retinal
Imaging Microscope (Phoenix Research Labs, Pleasanton, CA, USA) to observe an ONC-
injured retina in a L-012-treated mouse, but were unable to detect a clear signal, likely due
to issues related to signal intensity and detection sensitivity. Furthermore, in order to
optimize the signal detection, it is obviously important to minimize any optical interference
between the retina and the CCD camera. Thus, before image acquisition, we carefully
examined the mouse eyes using an ophthalmoscope to ensure that the pupil was fully dilated
and there was no cataract or cornea abnormality. It also is essential to position the mouse
head correctly so that the eye is directly facing the camera, and to keep the cornea moist
during the imaging procedure. We also would like to caution future users that it is important
to minimize bleeding during or after surgery. Bleeding may activate neutrophils, which
produce large amounts of superoxide and other free radicals, thus generating increased
background noise added to the injury-induced signal. However, this theoretically would
occur in both the injury group and sham-operated group, which is an important control. In
addition, given that activated neutrophils could potentially confound the results of ex vivo
assays and histology, the chemiluminescent assessment is a good way of screening potential
outliers. Selected important points for best practice are listed in Table 1.

Additional Discussion

Numerous studies have previously established the significance of L-012 in the detection of
ROS in cell culture (Daiber et al., 2004; Sohn et al., 1999; Nishinaka ef a/., 1993). However,
only recently has the sensitivity of this luminol derivative been tested for the subcutaneous
detection of reactive oxygen and nitrogen species. Injection of inflammatory stimulants such
as lipopolysaccharides, ethanol, polylactide microspheres, polyethylene glycol particles, and
Compound 48/80 were all identified /n vivoto increase ROS as detected by L-012
chemiluminescence (Hu et al., 2015; Kielland ef al., 2009; Zhou et al., 2012). Given these
successes, we decided to test this compound’s sensitivity in a previously unstudied tissue,
the retina, using injury models known to increase ROS. Only injured eyes produced a
detectable luminescent signal following systemic administration of L-012. From this we can
conclude that L-012 is capable of crossing the blood-retina barrier, previously unknown
prior to this study. This finding opens the possibility for observation of superoxide in the
retina and perhaps in the brain using models of focal or global ischemia. While other
barriers to ROS detection in the brain exist, primarily the skull, the ability to cross blood
retina barriers presents for the first time a noninvasive /n vivo method of superoxide
measurement in the CNS.

To confirm the detection of superoxide in the retina, we employed DHE fluorescence in
retinal cross sections (Figure 2C). Accumulation of ROS including superoxide has been
described following ischemic injury in different tissues (Osborne et al., 2004; Mehta et al.,
2007; Fraser, 2011). Several of these studies have measured superoxide /n situ using DHE.
Likewise, in the retina, DHE has been used to visualize increased superoxide in mouse
models of diabetic retinopathy, retinopathy of prematurity, uveitis, and retinal ischemia (Du
et al., 2013; Sasaki et al., 2009; Stevenson et al., 2010; Edgar et al., 2015). Our studies also
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revealed a significant increase in DHE signals between control and ischemic eyes at 24 h
post injury, corresponding to our /in vivo findings with L-012.

To further identify that the signal detected during live imaging was due to accumulation of
superoxide generation, we tested apocynin and TEMPOL. Both compounds were previously
shown to reduce L-012 chemiluminescence following LPS treatment (Kielland et a/., 2009),
and as expected both significantly reduced luminescence in the injured eyes. Recently it was
proposed that L-012 does not directly react with superoxide, but rather forms an
endoperoxide, which then becomes excited. It was further proposed that apocynin inhibits
luminescence by inhibiting the production of this end product rather than reducing
superoxide level (Zielonka et al., 2013). However, Kielland et al (Kielland et a/., 2009)
observed that the nitric oxide synthase inhibitor, NC-nitro-L-arginine methyl ester (L-
NAME), almost completely eliminated L-012 luminescence when compared to apocynin,
contradicting the proposed endoperoxide involvement. Along with superoxide, L-012 is
known to react with peroxynitrite in cell culture (Daiber ef al., 2004). While we have not
evaluated the presence of reactive nitrogen species (RNS) following retinal injury, L-NAME
has previously been shown to preserve retinal morphology but fails to rescue ERG b-wave
amplitudes after retinal ischemia (Ju et a/., 2000; Ostwald et a/., 1995). In comparison, we
found both TEMPOL and apocynin eliminated as much as 85% of the L-012 luminescence
detected during peak activity /n vivo. Thus, our findings indicate that most of the retinal
L-012 signal originated from the accumulation of ROS rather than RNS. However, we
cannot rule out the possibility that the remaining signal may be a result of the reaction of
L-012 with RNS. Future studies combining NOX and nitric oxide synthase inhibitors may
shed light on the contribution of RNS in these ocular injuries.

To evaluate the contribution of ROS in injury-induced retinopathy, we tested whether either
TEMPOL or apocynin is sufficient to provide protection against ischemic-induced damage.
Previous studies have demonstrated that free radicals play an important role in the
development of retinal I/R-induced injury, and the treatment with free radical scavengers,
such as superoxide dismutase and catalase reduce the severity of reperfusion damage in
various animals (Szabo et al., 1991; Nayak et al., 1993; Yamamoto et al., 1994; Chen and
Tang, 2011). Activation of NF-E2-related factor 2 (Nrf2), a major regulator of antioxidant
response in the cell, is protective against retinal I/R injury (Wei et al., 2011; He et al., 2014;
Pan et al., 2014; Xu et al., 2015). Treatment with many other antioxidants, for example,
EGB 761, extract of Ginkgo biloba, lutein, quercetin, vitamin E, crocin, crocetin, and
resveratrol have all been shown to be at least partially protective against this retinal insult
(Szabo et al., 1991; Dilsiz et al., 2006; Ishizuka et al., 2013; Qi et al., 2013; Vin et al., 2013,
Avrikan et al., 2015; Chen et al., 2015).

We found that, consistent with its effect in reducing I/R injury-induced L-012
chemiluminescence, apocynin produced statistically significant protection in both visual
function and retinal morphology. These findings corroborate previously published results
showing the involvement of NOX and in that expression of NOX-1 was significantly
increased in retinal ganglion cells following retinal ischemia, thereby increasing their
susceptibility to apoptosis (Dvoriantchikova et al., 2012). Furthermore, genetic deletion of
Nox genes protects the retina from neovascularization, microglial activation and infiltration,
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and neuronal death (Wilkinson-Berka et al., 2014; Chan et al., 2013; Yokota et al., 2011).
Apocynin also has previously been shown to reduce DHE fluorescence (Fujita et al., 2012;
Yokota et al., 2011) and minimize neovascularization (Al-Shabrawey ef a/., 2005; Al-
Shabrawey et al., 2008) after retinal ischemia. However, to our knowledge, our study is the
first to demonstrate both functional and morphological protection from retinal ischemia
using this NOX inhibitor. In contrast, TEMPOL showed a trend of protection, but produced
less and often statistically insignificant benefits (Figures 3B—-3J). As a superoxide scavenger,
TEMPOL has been shown to increase neuronal survival, decrease apoptosis biomarkers, and
improve neuromotor score following cerebral ischemia (Chiarotto et a/., 2014; Deng-Bryant
et al., 2008; Dohare et al., 2014). The reason for its lack of significant protective effect in
our model is not clear. Nonetheless, we speculate that the transient increase in superoxide
levels in the tissue between its production and elimination by scavenging may be sufficient
to initiate the pathological changes in the retina. Increased TEMPOL concentrations may
lead to better protection. Clarification awaits further investigation.

In conclusion, we have established and characterized the use and safety of the
chemiluminescent compound L-012 for non-invasive /in vivo measurement of superoxide
generation following two different retinal injuries. Using this early detection as guidance for
treatment, we were able to significantly rescue loss of visual function and preserve retinal
morphology against ischemic injury with the NOX inhibitor apocynin. We propose L-012 as
a viable tool for diagnostic detection of superoxide in other animal models of retinal injury.
Clinically, further improvement of this technique may prove to be a useful tool for
examining and diagnosing patients following ischemic events or other retinal disorders to
prevent or minimize pathophysiological changes due to oxidative stress.
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HIGHLIGHTS
. ROS production during retinal injury can be imaged in mouse eyes /7 vivo
using L-012.
. L-012 luminescence in vivo corresponded to ROS detection ex vivo.
. ROS inhibitors blocked L-012 retinal injury-induced luminescence and

protected the retinas from injury.
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Figure 1. Characterization of L-012 chemiluminescence in mouse optic nerve crush-induced

retina injury

(A) L-012 chemiluminescence was detected in the injured (left) mouse eyes following ONC.
No chemiluminescence in the contralateral (right) sham control eye. (B) For subsequent

quantifications, animals were positioned so that the injured eye was facing the camera.

Radiance is shown as pseudocolor overlay with photo image of the mouse head. (C)
Relationship of L-012 dose and radiance at 20 min after L-012 injection, 1 d post ONC. ***;
P<0.001 vs the 7.5 mg/kg group by one-way ANOVA and Bonferroni’s test (n=5). (D) Time
courses of L-012 chemiluminescence. Quantification of radiance was obtained from 15 min
to 45 min, in 5-min exposure intervals, after L-012 injection (75 mg/kg, ip) at 1 d and 3 d
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after ONC. *: P<0.05 vs the respective sham control groups (n=5) by unpaired Student’s #
test. The data points 3 d after ONC were not statistically different. (E) Evaluation of blood-
retina barrier function by Evans blue retina permeation assay. At 1 d after ONC, mice were
injected with Evans blue intravenously. Levels of Evans blue in retinas in the ONC-injured
and its contralateral sham control eyes were assayed and compared 2 h later. No statistically
significant difference (P>0.05) was detected by paired Student’s #test (n=4). (F)
Quantification of ONC induced retinal oxidative damage at 1 d and 3 d post-crush by protein
carbonyl ELISA. *: P<0.05 vs the respective sham control groups (n=6) by unpaired
Student’s #test. (G) Histological evaluation of retinal cross sections of sham or ONC mice,
with or without multiple L-012 injections (75 mg/kg, ip, at 1 d, 3 d, 5d, and 7 d post-crush).
Mice were euthanized and retina samples collected at 7 d after sham or ONC operation.
Other than a reduced cell density in the ganglion cell layer in the ONC groups, no additional
abnormality was observed. L-012 did not appear to damage the retina. Three animals from
each group were assessed. GCL: ganglion cell layer, INL: inner nuclear layer, ONL: outer
nuclear layer. (H) Effect of TEMPOL (100 mg/kg, ip, 15 min prior to L-012 injection) and
apocynin (50 mg/kg, ip, 15 min prior to L-012 injection) on the L-012 (75 mg/Kkg, ip) signal
at 1 d post-ONC. Radiance values at 20 min after L-012 injection are shown. **; P<0.01 vs
the ONC group by one-way ANOVA and Bonferroni’s test (n=5). All data are shown as
mean + SEM.
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Figure 2. Retinal accumulation of ROS after ischemia/reperfusion
(A) No chemiluminescence in the contralateral control eye. (B) L-012 chemiluminescence

was detected in the injured (left) mouse eyes following retinal I/R. (C) Chemiluminescence
signal at 20 min after L-012 injection (75 mg/kg, ip) at indicated time points after retinal
I/R. ***: P<0.001 vs the 1 d group by one-way ANOVA and Bonferroni’s test (n=7). (D, E,
F) Post mortem detection of superoxide in retina with DHE. Representative images of retina
cross sections from control (D) and I/R (E) groups labeled with DHE. Retina samples were
collected at 24 h after I/R. (F) Differences in fluorescence intensities were quantified in the
three nucleated layers of the retina. Superoxide was observed to be significantly increased in
the ganglion cell layer (GCL) and outer nuclear layer (ONL), but not the inner nuclear layer
(INL). ***: P<0.001 vs control by unpaired Student’s #test (n=4). Data are shown as mean
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+ SEM. (G) Evaluation of blood-retina barrier function by Evans blue retina permeation
assay. At 1 d after I/R, mice were injected with Evans blue intravenously. In groups with
apocynin (50 mg/kg) or TEMPOL (100 mg/kg) treatments, the drugs were administered
intraperitoneally 15 min prior to Evans blue injection. Levels of Evans blue in retinas of the
I/R-injured and contralateral control eyes were assayed 2 h after Evans blue injection. No
statistically significant difference (P>0.05) was detected by paired Student’s #test (No drug
treatment groups: n=10; Apocynin-treated groups, n=6; TEMPOL-treated groups, n=7).
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Figure 3. Protective effects of TEMPOL and apocynin against retina ischemia/reperfusion-
induced damge

(A) L-012 (75 mg/Kkg, ip) chemiluminescence was significantly reduced by TEMPOL (100
mg/kg, ip, 15 min prior to L-012 injection) and apocynin (50 mg/kg, ip, 15 min prior to
L-012 injection) at 1 d post-injury. Radiance values at 20 min after L-012 injection are
shown. **: P<0.01 vs the “I/R + Vehicle” group by one-way ANOVA and Bonferroni’s test
(n=5). (B) Reduction of superoxide was protective against I/R-induced loss of visual
function. Scotopic flash ERG was measured weekly following retinal I/R. The mice were
treated with either vehicle, TEMPOL (100 mg/kg, ip), or apocynin (50 mg/kg, ip) 30 min
prior to injury, then once daily from 1 d to 7 d. The time course plot shows b-wave
amplitudes in response to a flash intensity of 3,000 med.s/m? in each treatment group. While
all three I/R groups displayed signifcant loss of b-wave amplitudes compared to the
uninjured control group as early as 7 d, apocynin produced significant protection compared
to the “I/R + Vehicle” group. TEMPOL treatment demonstrated a trend of protection, but the
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improvement was not significantly different from the “I/R + Vehicle” group. *: P<0.05 vs
“Uninjured” group, and #: P<0.05 vs “I/R + Vehicle” group, by one-way ANOVA followed
by Bonferroni post hoc test (n=6-7). (C) b-wave amplitudes in response to all flash
intensities of the same animals in Figure 3B at 28 d post-injury. Amplitudes of apocynin-
treated mice were similar to the uninjured eyes, while TEMPOL produced a trend of
improvement compared to the “I/R + Vehicle” group. (D) TEMPOL and apocynin did not
affect b-wave amplitudes of the contralateral uninjured eyes. At 28 d, the mice were
euthanized and their retinas sectioned and H&E stained. L-012 did not affect the gross
morphology of the mouse retina (E) & (F). However, I/R significantly decreased thicknesses
of the whole retina (G), inner plexiform layer (IPL)(H), and inner nuclear layer (INL)(1), but
not outer nuclear layer (ONL)(J). Apocynin was significantly protective against retinal
thinning (G-J). It appeared that retina layers of the TEMPOL-treated mice were thicker than
those of the “I/R + Vehicle” group, the differences were typically not significant (G-J). **:
P<0.01, ***: P<0.001 vs Uninjured group by one-way ANOVA followed by Bonferroni post
hoctest (n=6-7). Data are shown as mean + SEM.
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Table 1
Selected Important Points for Best Practices
. Dissolving L-012 in saline appears to increase chances of precipitation of the probe. We recommend to dissolve it in distilled
water.
. We recommend optimization of time points of imaging according to each injury model.
. Before image acquisition, it is important to observe the mouse eyes carefully using an ophthalmoscope to ensure that the pupil

was fully dilated and there was no cataract or cornea abnormality.

. It is important to position the mouse head correctly so that the eye is directly facing the camera and to keep the cornea moist
during the imaging procedure.

. It is important to minimize bleeding during or after surgery. Bleeding may cause activation of neutrophils, which produce large
amount of superoxide and other free radicals, generating unnecessary noise to injury-induced signals. A sham-operated control
group is important.
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