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Purposk. To investigate whether edaravone (3-methyl-1-phenyl-
2-pyrazolin-5-one), a free radical scavenger, would be neuro-
protective against photoreceptor cell death in a rat model of
retinal detachment (RD).

MerHODS. RD was induced in adult Brown Norway rats by
subretinal injection of sodium hyaluronate. Edaravone (3, 5, or
10 mg/kg) or physiologic saline was administered intraperito-
neally once a day until death on day 3 or 5. Oxidative stress in
the retina was assessed by 4-hydroxynonenal staining or ELISA
for protein carbonyl content. Photoreceptor death was as-
sessed by TUNEL and measurement of the outer nuclear layer
thickness. Western blot analysis and caspase activity assays
were performed. Inflammatory cytokine secretion and inflam-
matory cell infiltration were evaluated by ELISA and immuno-
staining, respectively.

ResuLts. RD resulted in increased generation of ROS. Treat-
ment with 5 mg/kg edaravone significantly reduced the ROS
level, along with a decrease in TUNEL-positive cells in the
photoreceptor layer. A caspase assay also confirmed decreased
activation of caspase-3, -8, and -9 in RD treated with edaravone.
The level of the antiapoptotic Bcl-2 was increased in detached
retinas after edaravone treatment, whereas the levels of the
stress-activated p-ERK1/2 were decreased. In addition, edara-
vone treatment resulted in a significant decrease in the levels of
TNF-a, MCP-1, and macrophage infiltration.

Concrusions. Oxidative stress plays an important role in pho-
toreceptor cell death after RD. Edaravone treatment may aid in
preventing photoreceptor cell death after RD by suppressing
ROS-induced photoreceptor damage. (Invest Ophthalmol Vis
Sci. 2011;52:3825-3831) DOI:10.1167/i0vs.10-6797

here are approximately 30,000 new nontraumatic retinal
detachments (RDs) per year in the United States, and it is
one of the most common causes of photoreceptor death and
vision loss. Treatment options for RD are mainly surgical, such
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as reattachment with buckle or pneumatic reattachment with
gas, and no optimal medical treatment has been found so far.
Although the anatomic success rate of reattachment surgery is
over 90%, the visual acuity is not always restored after success-
ful reattachment surgery, suggesting functional impairment of
the photoreceptors during RD.

The separation of the neurosensory retina from the under-
lying retinal pigment epithelium (RPE) reduces the photore-
ceptor outer segments’ O, and nutrient supply, thus causing a
relative hypoxic state in the photoreceptor layer." These kinds
of stress stimuli can lead to the generation of reactive oxygen
species (ROS).? Excessive generation of ROS and the conse-
quent induction of oxidative stress is one of the factors that
trigger cellular response to RD® and is also a major cytotoxic
factor for photoreceptor apoptosis.*> ROS are usually scav-
enged by endogenous enzymes such as ascorbate, tocopherol,
glutathione, and pyridine nucleotides. However, excessive free
radicals, such as those generated during ischemia, can damage
the endothelial cells and neurocytes during reperfusion.®’
Moreover, several studies in animal models of retinal degener-
ation have highlighted the importance of antioxidants in the
inhibition of degenerative disease.®® Antioxidants such as di-
phenylene iodonium sulfate, allopurinol, and superoxide dis-
mutase, which are known to scavenge free radicals, have been
studied for the prevention of apoptosis.'®™'* However, these
chemicals may not be appropriate for use in the clinic because
of their toxicity and instability.'*'>

Edaravone (3-methyl-1 phenyl-2-pyrazolin-5-one) is a potent
hydroxyl radical scavenger that can eliminate hydrogen oxide
radicals that induce lipid peroxidation. Several studies have
shown that it has antioxidative and antiapoptotic effects.'®~'®
Moreover, it has been approved in Japan for the treatment of
acute brain infarction since 2001, reducing the mortality rate
when administered during the acute stage of stroke.'®

The purpose of this study was to investigate the role of
oxidative stress caused by ROS in a rat model of RD and
whether edaravone can prevent death of photoreceptor cells
by reducing the level of ROS.

METHODS

Animals

All animal experiments followed the guidelines of the ARVO Statement
for the Use of Animals in Ophthalmic and Vision Research and were
approved by the Animal Care Committee of the Massachusetts Eye and
Ear Infirmary. Male Brown Norway rats (8 -10 weeks) were purchased

from Charles River Laboratories (Wilmington, MA). A total of 89 rats
between 200 and 300 g in weight were used.

Creation of Retinal Detachment

RD was created (Provisc; Alcon, Fort Worth, TX), as previously de-
scribed.?® Briefly, after anterior chamber puncture was performed via
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the corneal limbus, to lower intraocular pressure, approximately one-
half of the superonasal-inferotemporal neurosensory retina was de-
tached by the subretinal injection of 1% sodium hyaluronate into the
subretinal space.

Treatment with Edaravone

Rats were separated into four groups. After induction of RD, three
groups (n = 10 each) of rats were given once-daily intraperitoneal
injection of 3, 5, and 10 mg/kg of edaravone until the day of death. A
fourth group (n = 8) received once-daily intraperitoneal injection of
physiologic saline. These doses were selected based on previous stud-
ies that had demonstrated the effectiveness of the drug.?"** Edaravone
(Mitsubishi Pharma Corporation, Tokyo, Japan) was dissolved in di-
methyl sulfoxide (DMSO) and was diluted with physiologic saline to a
concentration of 3 mg/mL.

Immunohistochemical Detection of
4-Hydroxynoneal in the Retina

On days 3 and 5 after RD creation, the eyes were enucleated and
embedded in OCT compound (Tissue Tek; Sakura Finetec, Torrance,
CA). Serial sections of the eyes in the sagittal plane through the optic
nerve head were cut at 10 um thickness on a cryostat (CM1850; Leica,
Heidelberg, Nussloch, Germany) at —20°C and prepared for staining.
After fixation in acetone, endogenous peroxidase activity was blocked
by 0.3% hydrogen peroxide (Sigma-Aldrich, St. Louis, MO) for 15
minutes and subsequently with 5% skim milk for 1 hour, to block
nonspecific binding. Subsequently, sections were incubated with anti-
4-hydroxynoneal (HNE) Ab (Alpha Diagnostics, San Antonio, TX) at
4°C overnight. Thereafter, sections were incubated for 30 minutes at
room temperature with HRP-conjugated secondary antibody against
rabbit IgG (Dako, Carpinteria, CA). For signal detection, the sections
were incubated with AEC substrate-chromogen solution for 5 minutes
according to the manufacturer’s protocol (Envision System-HRP; Dako)
and then washed with distilled water. Finally, the sections were coun-
terstained with Mayer’s hematoxylin (Sigma-Aldrich). Light microscopy
was used to obtain images of the retina at a final magnification of X200.

TUNEL and Evaluation of ONL Thickness Ratio

A terminal dUTP nick-end labeling (TUNEL) assay was performed
according to the manufacturer’s protocol (ApoTag Fluorescein In Situ
Apoptosis Detection Kit; Chemicon, Temecula, CA) as previously re-
ported.® The number of TUNEL-positive cells was counted in the
photoreceptor layer in nine sections per eye. The center of the de-
tached retina was determined and photographed. To be considered
TUNEL-positive, each green fluorescent signal had to correspond pre-
cisely to the location of a DAPI-stained cell nucleus and had to be
significantly brighter than the faint green background of most cell
nuclei. The sum of TUNEL-positive cells in the nine sections of each
eye was adjusted for the size of the sections.

The ratio of the ONL thickness to the thickness of neuroretina in
the central area of the detached retina was determined by Image J
software (developed by Wayne Rasband, National Institutes of Health,
Bethesda, MD; available at http://rsb.info.nih.gov/ij/index.html) and
compared to that in the attached retina.

Immunohistochemistry

For immunostaining of macrophages, the sections were incubated with
mouse anti-rat monocytes/macrophage (ED-1) monoclonal antibody
(1:100; Millipore, Billerica, MA) overnight at 4°C. Alexa Flour 488-
conjugated goat anti-mouse IgG (Invitrogen, Carlsbad, CA) was used as
the secondary antibody and incubated at room temperature for 1 hour.
Images of the retina were taken with an upright fluorescence micro-
scope (DM RXA; Leica, Solms, Germany), and the number of ED-1-
positive cells was counted.
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Western Blot Analysis

Retinas from experimental eyes with RD and control eyes without
RD were dissected from the RPE-choroid at day 1 after creation of
RD. Samples were run on 4% to 12% Bis-Tris gel (NuPAGE; Invitro-
gen) electrophoresis and transferred onto PVDF membranes (0.45
um pores; Millipore, Billerica, MA). After they were blocked with
3% nonfat dried milk, the membranes were incubated overnight
with primary antibody (Bcl-2 antibody, Bax antibody, phospho-
ERK1/2, ERK1/2; 1:1000; Cell Signaling, Danvers, MA). The blotted
membranes were then incubated for 30 minutes at room temperature
with HRP-labeled anti-rabbit secondary antibody (1:10,000; Jackson Im-
munoResearch, West Grove, PA). Immunoreactive bands were visualized
by ECL and exposure to film (RX; Fujifilm, Tokyo, Japan).

ELISA for Protein Carbonyl Content, MCP-1,
and TNF-«

The amount of carbonyl formation in protein was determined with a
protein carbonyl ELISA kit (Oxiselect; Cell Biolabs, San Diego, CA)
according to the manufacturer’s instructions for retinal lysates. The
levels of TNF-a and MCP-1 were determined with rat TNF-a (R&D
Systems, Inc., Minneapolis, MN) and MCP-1 (R&D Systems, Inc.) ELISA
kits, according to the manufacturer’s protocol.

Caspase Activity Assay

The activity of caspases-3, -8, and -9 was assessed by using colorimetric
assay kits (Casp-3-C and Casp-8-C for caspase-3 and -8; Sigma-Aldrich;
APT173 for caspase-9, Chemicon-Millipore), per the manufacturers’
instructions. Fifty micrograms of retinal lysates were incubated with
the substrate corresponding to the investigated caspases for 1 hour at
37°C. Optical densities were read at 405 nm and normalized to read-
ings from a blank sample (a well filled with buffer).

Statistical Analysis

The results are expressed as the mean * SE. Statistical analysis was
performed nonparametrically with Mann-Whitney U test (SPSS ver. 17.0;
SPSS Inc., Chicago, IL). P < 0.05 was considered statistically significant.

RESULTS

Expression of 4-HNE and Quantification of PCC
after RD

ROS generation leads to DNA, lipid, and protein peroxidation.
A major representative of lipid peroxidation is 4-HNE gener-
ated from omega 6-poly unsaturated fatty acid. To assess the
oxidative retinal damage after RD, we thus performed immu-
nostaining with anti-4-HNE antibody. Three days after RD,
4-HNE staining was detected at the inner plexiform layer (IPL),
inner nuclear layer (INL), and the outer plexiform layer (OPL),
whereas there was minimal staining in the attached retina
(Figs. 1A, 1B). 4-HNE expression in the IPL, INL, and OPL
decreased with edaravone treatment (Figs. 1C, 1D).

We next performed ELISA for PCC, which provides a quan-
titative assessment of oxidative protein in tissue. The carbonyl
content per milligram protein in the detached retina was sig-
nificantly higher than in the attached retina (P = 0.004). In
contrast, PCC was significantly decreased in the edaravone-
treated group compared with that in those treated with saline
after RD (P < 0.01; Fig. 1E)

Inhibition of RD-Induced Photoreceptor Death
with Edaravone

Dose-response experiments with edaravone (3, 5, or 10 mg/
kg) to assess protection of photoreceptor cell loss revealed that
the optimum protection was obtained at 5 mg/kg. Edaravone at
that dose significantly prevented the reduction of the ONL
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Ficure 1. Quantification of oxidative retinal damage in retina with HNE immunostaining and ELISA for
PCC. Although there was minimal 4-HNE staining in AR (A), increased 4-HNE staining at the IPL and the
ONL was noted 3 days after creation of RD (B). Decreased 4-HNE staining was noted after treatment with
both (C) 5 (D) and 10 mg/kg edaravone. (E) There was a significant decrease in PCC 3 days after RD in
the edaravone treatment group compared with the saline-treated group (P < 0.01). Data are expressed as
the mean * SE; n = 5-7. **P < 0.01. GCL, ganglion cell layer; Eda, Edaravone. Original magnification:

X200.

thickness ratio at 3 and 5 days after RD (P < 0.001 and P =
0.041, respectively). Whereas 3 mg/kg did not show any pro-
tective effect, 10 mg/kg edaravone showed a protective effect
only on day 3 (P = 0.041; Fig. 2E).

Next, we assessed photoreceptor death after RD by TUNEL
staining. Doses of 5 and 10 mg/kg edaravone substantially sup-
pressed TUNEL-positive cells in the ONL (585.9 * 305.7 cells/
mm?>, P < 0.01; and 543.3.0 = 300.1 cellsymm?, P = 0.002,
respectively) 3 days after RD. On the other hand, 10 mg/kg
edaravone showed a significant increase in TUNEL-positive cells 5
days after RD (1000.8 = 244.5 cells/mm?>; P = 0.004), suggesting
possible toxicity of high doses of edaravone (Fig. 2D).

The caspase family is a central regulator of apoptosis. We
previously described that caspases are activated in the retina
after RD.?* In accordance with that study, RD induced activa-
tion of caspase-8, -9, and -3 at 24 hours after RD (P < 0.05).
Treatment with 5 mg/kg edaravone significantly suppressed
caspase activation (P < 0.01; Fig. 3).

Reduced Inflammatory Cytokine Expression and
Macrophage Infiltration after RD with Edaravone

ROS is a critical mediator of the inflammatory cascade.?>*® We
previously demonstrated that inflammatory cytokines are mark-

/TUNEL |B

RD+ Eda 5mg/kg
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edly elevated in experimental RD?® and that tissue-infiltrated
macrophages mediate photoreceptor death.?” Increased levels
of MCP-1 and TNF-a were noted with RD, and treatment with
5 mg/kg edaravone significantly reduced their expression 3
days after RD (P < 0.01; Fig. 4). Concurrent with the suppres-
sion of inflammatory cytokines, edaravone suppressed the sub-
retinal infiltration of macrophages (ED-1-positive cells) 3 days
after RD (P < 0.01; Fig. 5).

Edarvone Downregulates p-ERK1/2 and
Upregulates Antiapoptotic Bcl-2 in
Detached Retinas

Mitogen-activated protein (MAP) kinases are known to be the
transducers of stress stimuli.?®** Among the three subgroups
of MAP kinases, ERK1/2 activation is associated with RD.*° As
in a previous study, Western blot analysis showed that expres-
sion of phosphorylated ERK1/2 was upregulated with RD,
whereas edaravone treatment downregulated phosphorylation
of p-ERK1/2 (Figs. 6A, 6B)

The Bcl-2 family member proteins Bcl-2 and Bax are thought
to be central regulators of ischemia and trauma-associated
neuronal apoptosis.>**? To further confirm mitochondria-me-
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FIGURE 2. Effect of edaravone on ONL thickness ratio and photoreceptor cell death with TUNEL staining compared with saline treatment 3 and
5 days after RD. Quantification of TUNEL (+) cells showed significantly decreased TUNEL (+) cells/mm? with treatment of (B) 5 and (C) 10 mg/kg
edaravone, compared with the saline-treated group (A) at 3 days after RD creation (both, P < 0.01). (D) Five days after RD creation, 10 mg/kg
edaravone treatment showed a significant increase in photoreceptor cell death (P = 0.004). (E) Treatment with 5 mg/kg edaravone significantly
prevented the reduction of the ONL thickness ratio on days 3 and 5 after RD (P < 0.001 and P = 0.041, respectively). Whereas treatment with
10 mg/kg showed a protective effect on day 3 (P = 0.041), prolonged treatment until day 5 showed no added protective effect (P = 0.25). Data
are expressed as the mean * SEn = 5-7. "P < 0.05. P < 0.01. GCL, ganglion cell layer; Eda, Edaravone. Original magnification: (A-C) X10; scale
bar, 100 wm.
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FIGURE 3. Decreases in caspase activation after treatment with edaravone 24 hours after RD creation. Activity of caspase-3 (A), -8 (B), and -9 (C)
in AR, RD, and RD treated with 5 mg/kg edaravone. RD induced activation of caspase-8, -9, and -3, 1 day after RD, and treatment with 5 mg/kg
edaravone significantly suppressed activation of these caspases. Data are expressed as the mean *= SE, n = 6. *P < 0.05, *P < 0.01.

diated apoptosis, we examined the protein levels of the anti-
apoptotic Bcl-2 and the proapoptotic member of the same
family, Bax.

While there was an increase in the expression of Bax 24
hours after RD creation, there was no significant change in the
level of Bcl-2. However, edaravone treatment upregulated Bcl-2
expression, whereas it did not affect the expression of Bax
(Figs. 6A, 6C, GD).

DISCUSSION

ROS overproduction has been implicated as a key mediator of
photoreceptor death in many ocular diseases, including RD,>”
age-related macular degeneration,>® retinitis pigmentosa,>*>°
and macular dystrophy.® We thus wanted to investigate
whether ROS scavengers can have an effect on RD-induced
photoreceptor cell loss.

In our rodent model of experimental RD, we found evi-
dence of a substantial increase in oxidative stress. Elevated
levels of oxidized lipids and proteins in the form of 4-HNE and
PCC, respectively, were found in the retina after RD. Treat-
ment with the free radical scavenger edaravone, significantly
reduced the expression of both markers (Fig. 1), along with a
decrease in TUNEL-positive cells in the photoreceptor layer
(Fig. 2). This finding indicates that ROS may be an important
therapeutic target in preventing photoreceptor cell death after
RD. We should note that the dose of edaravone used in our
study was significantly higher than the doses used in patients
that suffer stroke, but is similar to that used in other animal
studies. The discordance in the doses needed between animals
and humans presumably can be attributed to the different
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pharmacokinetics and route of administration (intravenous in
humans versus intraperitoneal in rats).

Along with ROS expression, RD induces proinflammatory
cytokine and chemokine secretion. Vitreous samples from pa-
tients with RD exhibited significantly higher levels of TNF-o>”® and
MCP-1,%* compared with samples from patients with a macular
hole or idiopathic premacular fibrosis. In vivo experimental RD
studies also showed that RD is strongly associated with the
production of MCP-1 and TNF-a.?*?” In the present study,
edaravone treatment significantly reduced the expression of
the inflammatory cytokines TNF-o and MCP-1 and the number
of infiltrating macrophages after RD (Figs. 4, 5).

In experimental RD, the apoptosis of photoreceptor cells
has been related to the activation of both intrinsic and extrinsic
apoptotic pathways.>*#1%2 The present study also confirmed
that RD increased the activation of caspase-8, -3, and -9. How-
ever, their activity was significantly decreased after edaravone
treatment (Fig. 3). This result is in line with the ischemia-
reperfusion injury model study which showed that edaravone
functions as a neuroprotective agent by blocking cytosolic
release of cytochrome ¢ and caspase-3 activation®>#* and by
suppressing the Fas-signaling pathway.*> Moreover, these data
indicate that reduction of ROS also has an effect in modulating
the intrinsic apoptotic pathway. In fact, ROS are known trig-
gers of the intrinsic apoptotic cascade via interactions with
proteins of the mitochondrial permeability transition com-
plex.#°

Previous studies demonstrated that upregulation in expres-
sion of Bcl-2, the antiapoptotic protein located in the outer
membrane of the mitochondria, inhibits the opening of the
permeability transition complex, thus decreasing apoptotic

MCP-1 (pg/mg)

Attached retina Attached retina
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FIGURE 4. ELISA analysis of TNF-«
(A) and MCP-1 (B) activity three days
after RD creation. While the level of
MCP-1 and TNF-a was increased after
RD, treatment with edaravone signif-
icantly reduced MCP-1 and TNF-« ex-
pression. Data are expressed as the
mean * SE, n = 4-6. *P < 0.05,
P < 0.01.
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FIGURE 5. Evaluation of macro-
phage infiltration with ED-1 stain-
ing in frozen sections. Three days
after RD creation, a significantly de-
creased number of macrophages
(arrowbead) was observed in the
edaravone-treated group (B) com-
pared with the saline-treated group
(A). Quantification of ED-1 positive
cells (C). *P < 0.01. Data are ex-
pressed as the mean = SEn = 5-7.
GCL, ganglion cell layer; Eda, Edara-
vone. (A, B) Original magnification:
X10; scale bar, 100 wm.

cell death.*” Furthermore, Bcl-2 overexpression has been
found to inhibit photoreceptor degeneration,® and retinal
neurons overexpressing Bcl-2 are protected against axotomy-
induced cell death.*® With induction of RD, a trend in decrease
of Bcl-2 along with a statistically significant upregulation of Bax
(the proapoptotic member of the Bcl-2 family) was noted (Fig. 0).
Edaravone treatment lead to increased levels of Bcl-2 protein,
whereas the Bax levels were unaffected, thus tilting the bal-
ance in favor of the antiapoptotic member of the Bcl-2 family of
proteins.

MAP kinase (ERK, JNK, and p38) is a family of stress-related
kinases that have been implicated in various neural injuries and
diseases.’® Among the members of the family, ERK1/2 has
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been implicated by some studies as a death-promoting kinase
and could be activated by oxidative stress and ROS.>'>2
Zacks?° reported that RD is associated with ERK1/2 activation,
but not with that of JNK or p38. In the present study, ERK1/2
was activated after RD, and its activation was significantly
reduced with edaravone treatment (Fig. 6). This finding sug-
gests that ERK activation may be related to the participation of
ROS in neuronal cell death, in concordance with an in vitro
study showing that oxidative stress can activate ERK and that
complete inhibition of the first phase of ERK1/2 activation can
protect cells from oxidative stress-induced cell death.>?

In summary, in our rodent model of RD, cell death, as
determined by TUNEL positivity, was localized in the photore-
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ceptor layer. After systemic treatment with edaravone, con-
comitant reduction of ROS, macrophage infiltration, inflamma-
tory cytokines, caspase activation, and photoreceptor cell
death were noted in the rat retina. This result leads to the
conclusion that edaravone may decrease cell death by inhibit-
ing macrophage function and infiltration. We previously re-
ported that MCP-1 is a key mediator of early infiltration of
macrophage/microglia after RD.?” In accordance with this re-
sult, MCP-1 upregulation after RD was substantially decreased
with edaravone treatment. However, upregulation in the anti-
apoptotic protein Bcl-2 and downregulation of ERK1/2 with
edaravone treatment suggests that edaravone may have a direct
effect in preventing photoreceptor cell death.

Edaravone has been studied, not only in in vivo experimen-
tal settings, but also in clinical practice. Most of the studies
included patients with acute ischemic stroke (AIS). A clinical
trial has shown that the administration of edaravone alone
within 72 hours of the onset of AIS significantly reduced the
infarct volume and produced sustained benefits during a
3-month follow-up period.>* Recently, a study showed that
improved visual acuity was observed when edaravone was
administered in conjunction with vitrectomy in patients with
branch retinal vein occlusion.>” Taken all together, these find-
ings suggest that edaravone could be used in retinal diseases
related to oxidative damage characterized by separation of the
neurosensory retina from the RPE, including rhegmatogenous
RD, AMD, retinal vein occlusion, and diabetic retinopathy.
However, there is a report suggesting possible toxicity result-
ing in renal failure in stroke patients treated with edaravone.>®
We observed photoreceptor toxicity with edaravone treatment at
higher doses, detecting increased cell death in the photoreceptor
layer (Fig. 3). Nevertheless, we did not see any toxic effect with
a lower dose when given for 5 days. Therefore, although there is
a need for additional studies to determine the most appropriate
dosing, these results suggest that reducing oxidative stress may
offer a new therapeutic target in treating RD.

In conclusion, this study provides substantial evidence of
the role of ROS in photoreceptor cell death after RD. After RD,
the ROS level is upregulated, along with increased production
of proinflammatory cytokines and subsequent caspase activa-
tion resulting in the cell death of photoreceptor cells. We were
able to reduce photoreceptor cell loss by reducing ROS with
edaravone. It is likely that edaravone absorbed free radicals gen-
erated by RD and/or inhibited their functions, thereby preventing
free radical-mediated photoreceptor death after RD.
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