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Table 5. Predicted upstream regulators belonging to transcription factors after ONC.

Name Predicted activation Activation Z-score P-value of overlap Target molecules in dataset

ATF4 Activated 3.12 8.90E-18 AARS, ASNS, ATF3, CDKN1A, DDIT3, GARS, LGALS3, MTHFD2,
PSAT1, SARS, SERPINF1, SHMT2, SLC7A3, SLC7A5, TNFRSF12A,
TRIB3

TP53 Activated 2.44 2.83E-05 ATF3, ATG10, C1QC, CDKN1A, CLIC4, DUSP1, HMGN2, HMOX1,
IFI30, IGFBP3, KRT18, LGALS3, MMP9, SERPINB9, SESN2, TMEM43,
TRIB3

NFE2L2 Activated 213 4.79E-03 ADCYAP1, ARHGEF3, CELA1, FXYD1, HAX1, HMOX1, PSAT1,
SRXN1

DDIT3 Activated 2.00 3.20E-06 ATF3, ITGAM, SARS, TRIB3

Data were analyzed with Fisher's exact test. Differences were considered significant with a P<0.05 and |Z-score| = 2.

doi:10.1371/journal.pone.0093258.t005

that was repeated in our study. The immune system might also Conclusion

play an important role in the pathogenesis of axonal injury. ) ) ) )
We used RNA-seq technology to investigate the entire retinal

transcriptome profile in the early stages of post-axonal injury. A
pathway analysis of DEGs indicated that cell death and the
survival response were induced at an early stage after ONC. ER
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Figure 3. Interaction networks involved in axonal injury after ONC. The upstream analysis was performed with IPA. ATF4, TP53, NFE2L2,
DDIT3 and the target molecules of these upstream regulators were merged for this representation of the interaction networks after ONC.
doi:10.1371/journal.pone.0093258.g003
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stress was the main response in axonal injury, inducing many other
pathways (i.e., RGC marker down regulation, the antioxidative
response, the immune response, and axon regeneration). Our
transcriptomic approach to this investigation, which relied on
RNA-seq, was a powerful and effective method, and allowed us to
obtain a global view of gene expression changes in the retina after
axonal injury. We believe that our study has provided new insights
into the molecular mechanisms underlying axonal damage, and
may help in research aimed at the discovery of new biomarkers
and therapeutic targets for a variety of ocular diseases.

Materials and Methods

Animals

C57BL/6 mice (male, 12-week-old; SLC, Hamamatsu, Japan)
were used in this study. The surgical procedures were performed
under deep anesthesia with intramuscular administration of a
mixture of ketamine (100 mg/kg) and xylazine (9 mg/kg). All
animals were maintained and handled in accordance with the
guidelines of the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and the guidelines from the
declaration of Helsinki and the Guiding Principles in the Care and
Use of Animals. All experimental procedures described in the
present study were approved by the Ethics Committee for Animal
Experiments at Tohoku University Graduate School of Medicine,
and were performed according to the National Institutes of Health
guidelines for the care and use of laboratory animals.

Induction of axonal injury in mice

ONC was used to induce axonal injury as previously described
[10]. Brietly, the optic nerve was exposed, crushed 2 mm posterior
to the globe with fine forceps for 10 seconds, and released. A
fundus examination was used to confirm the appearance of normal
blood circulation, and antibiotic ointment was applied. The
operation was similar in the sham group, but after exposure, the
optic nerve was not crushed.

RNA extraction

Two days after surgery, the retinas of the mice were extracted
and immediately immersed in an RNA stabilization reagent
(RNase later sample and assay technology; Qiagen, Valencia, CA).
The retinas were then homogenized in Qjazol (Qiagen) with a
pestle homogenizer, and total RNA was extracted from the
homogenized mixture with a miRNeasy mini kit (Qiagen). The
resulting 48 individual samples (24 from the ONC group and 24
from the control group) were then assessed with a spectropho-
tometer to determine their total RNA concentration (NanoDrop
2000c, Thermo Scientific).

RNA sequencing

Thirty-six samples of purified RNA (18 from the ONC and 18
from the control group) were used for this analysis. In each group,
fixed quantities of RNA were taken from six samples and
combined into a single sample, in order to minimize the influence
of individual variations in the mice. This process yielded three
combined samples from both the ONC and control groups. The
quality of these six combined RINA samples was then assessed with
an Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto,
CA). The triplicated ONC and control samples used for the RNA-
seq analysis had RINA integrity numbers (RIN) ranging from 7.8 to
8.2 (Table S1). The ¢cDNA library of each sample was prepared
with Tlumina Tru-Seq RNA Sample Prep Kits (Illumina, San
Diego, CA) for 100 bp paired-end reads, according to the
manufacturer’s instructions. Each of the six ¢cDNA libraries was
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indexed for multiplexing. These six indexed libraries were
sequenced on one lane of the Mumina Hiseq2000 device.

Data were recorded in the FASTQ format and then imported to
CLC Genomics Workbench (version 6.0.1) (CLC Bio, Aarhus,
Denmark) for analysis [18,19]. All sequence reads were mapped to
the reference genome (NCBI37/mm9) with the RNA-seq mapping
algorithm included in CLC Genomics Workbench. The maximum
number of mismatches allowed for the mapping was set at 2. To
estimate gene expression levels, we calculated RPKM with CLC
Genomics Workbench, as defined by Mortazavi et al. [20], and
then analyzed differentially expressed genes (DEGs) in the control
and ONC samples. All sequence data have been deposited in the
Gene Expression Omnibus under the accession number
GSE55228.

Quantitative RT-PCR

Twelve samples of purified RNA (6 from the ONC and 6 from
the control group) were used for quantitative RT-PCR. Total
RNA (200 ng per sample) from the samples was first reverse-
transcribed into ¢cDNA using SuperScript III (Invitrogen Life
Technologies, Carlsbad, CA). Quantitative RT-PCR was then
performed with a 7500 Fast Real-Time PCR System (Applied
Biosystems, Foster City, CA) as previously described, with minor
modifications [73]. For each 20 pl reaction the following were
used: 10 pl TagMan Fast Universal PCR Master Mix (Applied
Biosystems, Foster City, CA), 1 ul Tagman probe, 1 pl template
DNA, and 8 pl DEPC water. Each sample was run in duplicate in
each assay. For a relative comparison of gene expression, we
analyzed the results of the real-time PCR data with the
comparative Ct method (27 AACTY " hormalized to Gapdh, an
endogenous control. All Tagman probes used for these reactions
are listed in Table S5.

Pathway analysis

Pathway and global functional analyses were performed with
IPA software [36,74,75]. The DEG datasets were uploaded to the
IPA application and mapped to IPKB. Each gene identifier was
then mapped to its corresponding IPKB. Networks of these genes
were generated based on their connectivity. The significance of the
association between the datasets and biofunctions were measured
using a ratio of number of genes from the dataset that map to the
pathway divided by the total number of genes in that pathway. An
upstream regulator analysis was performed to compare DEGs in
the datasets to those known to be regulated by a given upstream
regulator. Based on the concordance between them, an activation
score was assigned, showing whether a potential transcriptional
regulator was in an “activated” (z score = 2), “inhibited” (z score
= —2), or uncertain state.

Statistical analysis

RNA-seq data were analyzed and RPKM was calculated with
CLC Genomics Workbench [76]. A threshold RPKM value of 0.3
has been reported to balance the numbers of false positives and
false negatives [21,77]. We therefore excluded genes that did not
have RPKM > 0.3 in at least one group. This yielded 13160
genes, which we then used in the differential expression analysis.
P-values were calculated with the Student’s t-test and were
adjusted for multiplicity with the Bioconductor package gvalue
[78,79]. This software allows for selecting statistically significant
genes while controlling the estimated false discovery rate (FDR).
FDR < 0.1 with |FCG| > 1.5 was considered statistically
significant in the RNA-seq analysis. RT-PCR data were analyzed
with the Welch’s t-test. Statistical analysis of the RNA-seq and
RT-PCR data was performed with R software (version 3.0.1) [22].
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The significance of the pathway analysis was calculated with
Fisher’s exact test in the IPA application, If the P-values for RT-
PCR and IPA were less than 0.05, the result was considered
statistically significant.

Supporting Information

Table S1 RNA integrity numbers and summary of sequence
statistics.

(XLSX)

Table $2 Detailed mapping statistics.
XLSX)

Table $3 List of DEGs after ONC.
(XLSX)
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The Novel Rho Kinase (ROCK) Inhibitor K-115: A New
Candidate Drug for Neuroprotective Treatment in

Kotaro Yamamoto, Kazuichi Maruyama, Noriko Himori, Kazuko Omodaka, Yu Yokoyama,
Yukihiro Shiga, Ryu Morin, and Toru Nakazawa

Department of Ophthalmology, Tohoku University Graduate School of Medicine, Sendai, Miyagi, Japan

Purroste. To investigate the effect of K-115, a novel Rho kinase (ROCK) inhibitor, on retinal
ganglion cell (RGC) survival in an optic nerve crush (NC) model. Additionally, to determine
the details of the mechanism of K-115’s neuroprotective effect in vivo and in vitro.

MerHops. ROCK inhibitors, including K-115 and fasudil (1 mg/kg/d), or vehicle were
administered orally to C57BL/6 mice. Retinal ganglion cell death was then induced with NC.
Retinal ganglion cell survival was evaluated by counting surviving retrogradely labeled cells
and measuring RGC marker expression with quantitative real-time polymerase chain reaction
(qRT-PCR). Total oxidized lipid levels were assessed with a thiobarbituric acid-reactive
substances (TBARS) assay. Reactive oxygen species (ROS) levels were assessed by co-labeling
with CellROX and Fluorogold. Expression of the NADPH oxidase (Nox) family of genes was
evaluated with qRT-PCR.

Resurts. The survival of RGCs after NC was increased 34 = 3% with K-115, a significantly
protective effect. Moreover, a similar effect was revealed by the qRT-PCR analysis of 7hy-1.2 and
Brn3a, RGC markers. Levels of oxidized lipids and ROS also increased with time after NC. NC-
induced oxidative stress, including oxidation of lipids and production of ROS, was significantly
attenuated by K-115. Furthermore, expression of the Nox gene family, especially Nox 1, which is
involved in the NC-induced ROS production pathway, was dramatically reduced by K-115.

Concrusions. The results indicated that oral K-115 administration delayed RGC death.
Although K-115 may be mediated through Nox/ downregulation, we found that it did not
suppress ROS production directly. Our findings show that K-115 has a potential use in

Investigative Ophthalmology & Visual Science

neuroprotective treatment for glaucoma and other neurodegenerative diseases.

Keywords: oxidative stress, retinal ganglion cell, ROCK, glaucoma, neuroprotection, Nox

laucoma is well known as one of the world’s major causes

of secondary blindness,' and in Japan in particular,
glaucoma is quickly becoming the most common cause of
secondary blindness. Maintenance of low intraocular pressure
(IOP) is the classic treatment for glaucoma and is the only
therapy that has been shown to be effective in large-scale clinical
studies. The primary method of reducing IOP is generally
medication, mainly topical eye drops, although filtration surgery
is also used. These are the only current treatments for glaucoma.
Increased IOP is the most well-known risk factor for the
progression of glaucoma, and IOP reduction is usually effective
in slowing the progress of the disease. However, the majority of
glaucoma patients in Asia are affected by normal tension
glaucoma (NTG), and recent epidemiological studies have
revealed that IOP reduction alone cannot prevent the progres-
sion of visual field loss in these patents.?? In addition to
reducing IOP, reduction of damage to retinal ganglion cells
(RGCs) caused by IOP-independent risk factors such as
mechanical stress on the axons in the lamina cribrosa might be
useful for treating NTG.* Novel treatment strategies have
therefore recently been explored, such as protecting RGCs or
increasing retinal or choroidal blood flow. In particular, the
neuroprotection of RGCs has drawn attention as a new approach

Copyright 2014 The Association for Research in Vision and Ophthalmology, Inc.
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to glaucoma therapy because it is thought that the ultimate cause
of vision loss in glaucoma is RGC apoptosis.>

Several potential mechanisms of RGC death in glaucoma
have been hypothesized, including compromised blood flow in
the optic nerve,®” nitric oxide-induced injury to the optic
nerve,® % and glutamate excitotoxicity.!'"?* In addition to
these primary mechanisms, other studies have provided
evidence that oxidative stress contributes to the degeneration
of RGCs in glaucoma.'¥-17 However, the precise nature of the
damage caused to RGCs by oxidative stress remains unclear.
Moreover, treatments for oxidative stress in glaucoma patients
have not been established.

Rho kinase (ROCK) is a serine/threonine (Ser/Thr) protein
kinase and a key downstream effector of Rho.'®!° ROCK
controls multiple signaling pathways and many cellular
processes such as cytoskeletal rearrangement and cell move-
ment.?® Thus, it has recently been suggested that the Rho/
ROCK pathway is involved in a number of disorders. Indeed,
abnormal activation of ROCK has been observed in diabetic
nephropathy,?'-2¢ cardiovascular disease,'*2%27-31 and central
nervous system (CNS) diseases including Alzheimer’s dis-
ease,32-3* gpinal cord injury,*?35-38 stroke,’*-*¢ multiple
sclerosis,®? and glaucoma.*”%¢ In particular, a recent study

7126
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reported that the protein level of RhoA increased in the optic
nerve head of patients with primary open-angle glaucoma
(POAG),®” an effect that might lead to excessive activation of
ROCK. Many studies using models such as hypertension,
hyperlipidemia, and diabetes have demonstrated that ROCK
activation caused elevated oxidative stress levels via NADPH
oxidase (Nox), and that this was eliminated by oral adminis-
tration of the ROCK inhibitor fasudil.**

ROCK inhibitors are thought to be one of the most promising
candidates for the treatment of glaucoma. Previously, the
targeting of small Rho GTPase has been shown to increase
regeneration in models of optic nerve lesions.®® Specifically,
pharmacological inhibition of ROCK had a dose-dependent
regenerative effect on RGCs after an optic nerve crush (NC)
injury.®” Moreover, selective ROCK inhibitors have also been
shown to lower 1OP in rabbits,*® rats,°° and monkeys.®! This
compound had a direct effect on the trabecular meshwork and
the cells in Schlemm'’s canal. Recent research had provided a
great deal of data on the multiple potential therapeutic uses of
ROCK inhibitors in glaucoma, including both IOP mainte-
nance*#:53:55.62-65 und RGC neuroprotection.®©

K-115, an isoquinolinesulfonamide derivative, shows high
selectivity for ROCK inhibition, especially ROCK 2. The 50%
inhibitory concentration (ICsq) of K-115 for ROCK 1, ROCK 2,
PKACa, PKC, and CaMKIIa was 0.051, 0.019, 2.1, 27, and 0.37
UM, respectively.” In contrast, the IC5, of other ROCK
inhibitors such as ¥-27632 and fasudil was 2 to 18 times
higher than that of K-115. This high selectivity contributes to
the safety profile of K-115 because different protein kinases
have structurally similar active binding sites yet regulate
diverse signaling pathways.??%® Indeed, phase 1 and 2 clinical
trials have indicated that K-115 is a safe topical agent for IOP
reduction over an 8week course of treatment in healthy
volunteers and patients with POAG.%%70

METHODS

Materials

Fluorogold (FG) was purchased from Fluorochrome (Denver,
CO, USA). All chemicals used in this study’s thiobarbituric acid-
reactive substances (TBARS) assays were purchased from Wako
Pure Chemicals (Osaka, Japan), except for the protease
inhibitor cocktails, which were purchased from Sigma-Aldrich
(Tokyo, Japan). K-115, a ROCK inhibitor, was kindly provided
free of charge by Kowa Company, Ltd. (Nagoya, Japan). Fasudil
was purchased from Tokyo Chemical Industry Co., Ltd. (Tokyo,
Japan).

Animals

Nine- to 12-week-old male C57BL/6 mice (SLC, Shizuoka,
Japan) were used in this study. The animals in these
experiments were used in accordance with the ARVO
Statement for the Use of Animals in Ophthalmic and Vision
Research and the Guidelines for Animal Experiments of
Tohoku University. All animal experiments were conducted
with the approval of the Animal Research Committee,
Graduate School of Medicine, Tohoku University. Every assay
was conducted on a separate set of retinas.

Retrograde Labeling of RGCs and Optic Nerve
Surgery

To identify RGCs in the ganglion cell layer (GCL), retrograde
labeling was performed 7 days before optic nerve surgery.
Labeling was performed by injecting 1 pL of 2% aqueous FG
containing 1% dimethylsulfoxide (DMSO) into the superior
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colliculus, using a Hamilton syringe with a 32-gauge needle.
Seven days after retrograde labeling with FG, NC was
performed as described previously.”"72 Briefly, 15 minutes
after administration of K-115 or fasudil, the optic nerve was
crushed approximately 1 mm posterior to the eyeball without
damage to the retinal blood supply. Beginning the day after
surgery, K-115 or fasudil (I mg/kg) was then administered
orally once a day for 7 days.

Quantitative Real-Time RT-PCR

The retinas were directly lysed in Qiagen RNeasy RLT Lysis
buffer. Subsequent RNA extraction was performed with the
RNeasy Micro Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. Total RNA (50 ng) was reverse
transcribed using a SuperScript 1II First Strand Synthesis kit
(Life Technologies, Inc., MD, USA) to synthesize ¢cDNA. Real-
time quantitative RT-PCR was carried out with a 7500 fast real-
time PCR system (Applied Biosystems, Foster City, CA, USA)
using TagMan probes (Life Technologies, Inc.). The catalog
numbers of the predesigned TagMan probes were as follows:
Thy-1.2 (MmO00493681_m1), Brn3a (Mm02343791_m1), Nox1
(Mm00549170_m1), Nox2 (MmO01287743_m1), Nox3
(MmO01339132_m1), Nox4 (Mm00479246_m1), and GAPDH
(Mm99999915_g1). Relative gene expression levels were
calculated using the delta-delta Ct method.

TBARS Assay

The TBARS assay was carried out according to previously
reported methods”® 7" with minor modifications. TBARS assays
measure the total level of oxidized lipids based on the reaction
of malondialdehyde (MDA), one of the end products of lipid
peroxidation, with thiobarbituric acid (TBA).”> Briefly, the
retinal homogenate, in 1.15% KCI containing 1% protease
inhibitor cocktail and 0.5 mM butylated hydroxytoluene (BHT),
was added to a reaction mixture (0.81% SDS, 0.36% TBA, and
9% acetic acid) on ice. After heating the reaction mixture to
100°C for 1 hour, it was centrifuged at 20,000g for 10 minutes
at 4°C. The supernatant was collected and its fluorescence was
measured at 530 nm excitation and 550 nm emission. The
results were normalized to protein concentration, which was
determined with the bicinchoninic acid (BCA) protein assay kit
(Thermo Fisher Scientific, MA, USA).

In Vitro Lipid Peroxidation Inhibition Assay

Docosahexaenoic acid (DHA) was oxidized in a linoleic acid
model system to measure antioxidant activity, following the
method by Osawa and Namiki’® with minor modifications.
Briefly, K-115 was dissolved in PBS and added into a mixture of
5 mM DHA and an oxidizing agent (5 mM FeSO4/10 mM
ascorbic acid). In a parallel experiment, the sample was
replaced with a standard antioxidant, BHT, as a positive
control. The mixed solution was induced at 37°C for 2 hours.
The oxidized DHA solution (200 pL) was added to 500 pL of a
reaction mixture (0.81% SDS, 0.36% TBA, and 9% acetic acid)
on ice. After heating the reaction mixture to 100°C for 1 hour,
it was centrifuged at 20,000g for 10 minutes at 4°C. The
supernatant was collected and its fluorescence was measured
at 530 nm excitation and 550 nm emission.

In Situ Detection of ROS Production

FG-labeled mice were injected intravitreally with 1 pL 50 uM
CellROX Green Reagent (Life Technologies, Inc.). A Hamilton
syringe with a 32-gauge needle was used. Two hours after
injection, the mice were perfused with ice-cold saline,
followed by 4% paraformaldehyde (PFA). The eyes of the mice
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were collected and fixed in 4% PFA for 1 hour on ice. Following
fixation, the eyes were cryopreserved with increasing concen-
trations of sucrose and frozen in Tissue-Tek OCT compound
(Sakura Finetechnical, Tokyo, Japan). For nuclear staining, 14-
pm-thick cryosections were incubated in propidium iodide (PI)
solution for 10 minutes. FG- and CellROX-positive cells in the
GCL were counted in complete retinal sections taken through
the optic nerve. To avoid fluorescence bleed-through caused
by FG, fluorescence microscopy was carried out without
Vectashield mounting medium.

Measurement of ROS Levels in the Retina

Two hours after the intravitreal injection of 1 pL 50 pM
CellROX Green Reagent, the retinas were dissected in ice-cold
Dulbecco’s phosphate-buffered saline (DPBS) and frozen in
liquid nitrogen. The retinas were then homogenized in
radioimmunoprecipitation assay (RIPA) buffer (25 mM Tris-
HCI pH 7.6, 150 mM NacCl, 1% NP-40, 1% sodium deoxycholate,
0.1% SDS) containing 1% protease inhibitor cocktail on ice, and
centrifuged at 15,000g for 10 minutes at 4°C. The supernatant
was collected and its fluorescence was measured at 485 nm
excitation and 538 nm emission. The results were normalized
to protein concentration, which was determined with BCA
protein assay Kit.

Statistical Analysis

We used an unpaired #test to evaluate statistical differences in
the two samples. An ANOVA followed by Dunnett’s test was
used to compare the mean in the three groups. Data are
presented as means = standard deviation. The level of
statistical significance was set at P < 0.05.

REsuLTS

K-115 Exerts a Neuroprotective Effect on RGCs
After NC

There are several ROCK inhibitors that have been reported to
attenuate neuronal cell death after optic nerve injury.**-5%.77-79
We used a mouse NC model to determine whether K-115, a
novel ROCK inhibitor, exhibited the same neuroprotective
effect on RGCs. The density of RGCs in the control and PBS
treatment groups was 3815 = 430 RGCs/mm? and 1730 = 196
RGCs/mm?, respectively. Seven days after NC, the density of
surviving RGCs in the K-115 and fasudil treatment groups
decreased to 3022 = 306 RGCs/mm? and 2846 = 89 RGCs/
mm?, respectively (Figs. 1B-]). We also performed qRT-PCR to
evaluate the neuroprotective effects of K-115 and fasudil on
RGCs. This revealed that after NC, the mRNA level of Thy-1.2,
an early marker of RGC stress, fell by approximately 70, 50, and
40% in the PBS, K-115, and fasudil treatment groups,
respectively (Fig. 1K). Similarly, the mRNA level of Brn3a,
another marker of RGC, fell by approximately 90, 80, and 70%,
respectively. Our results thus demonstrated a significantly
increased RGC survival rate in the K-115- and fasudil-treated
group, compared to the PBS-treated group. The neuroprotec-
tive effect of K-115 was transient, as it did not promote
significant RGC protection at 14 or 28 days after NC
(Supplementary Fig. S1).

Inhibitory Effects of K-115 on Axonal Injury-
Induced Lipid Peroxidation In Vivo
We previously found that 4-hydroxynonenal (4-HNE)- and 8-

hydroxy-2'-deoxyguanosine (8-OHdG)-immunostained cells in-
creased in the GCL after NC.”? However, these markers do not
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always reflect the overall oxidative status of the retina.
Therefore, we measured the total level of oxidized lipids with
a TBARS assay. We found that the level of TBARS in the retina
increased with time after NC. As shown in Figure 2A, 4 and 7
days after NC, oxidized lipids had increased significantly in
comparison with the non-NC group (2.0 = 0.6 vs. 3.4 = 1.1
and 4.8 = 0.7 nmol/mg protein). We next investigated whether
K-115 inhibits lipid peroxidation in the retina after NC. We
found that administration of 1 mg/kg/d of K-115, which qRT
PCR analysis of RGC markers such as Thy-1.2 and Brn3a
revealed was an effective concentration (data not shown),
significantly attenuated the oxidation of lipids in the retina
after NC (Fig. 2B). This result suggests that K-115 can inhibit
the oxidative stress induced by axonal injury.

Antioxidant Effects of K-115 on the Free Radical-
Mediated Oxidative System

To further determine the inhibitory effect of K-115 on lipid
peroxidation after NC, we measured the TBARS level induced
by free radical-mediated oxidative stress. Since it is well known
that DHA is the major polyunsaturated fatty acid (PUFA) in the
retina,®” we assessed the oxidative level of DHA in an in vitro
system. Our in vivo system clearly indicated that K-115 had an
inhibitory effect on NC-induced lipid peroxidation. However,
as the functional mechanism behind this effect remained
unclear, we tried to determine if K-115 functions directly as an
antioxidant. Butylated hydroxytoluene, a well-known synthetic
antioxidant, efficiently delayed lipid peroxidation in compar-
ison to an untreated group, whereas the delay in peroxidation
after the administration of K-115 was significantly lower (Fig.
3). This indicated that K-115 did not, in fact, act as an
antioxidant reagent in this system.

Identification of ROS-Generating Cells in the GCL
After NC

Previously, our group found oxidative stress markers such as 8-
OHAG and 4-HNE in the GCL after NC,”? clearly indicating that
NC induces oxidative stress. Since ROS, including free radicals
such as superoxide anions and hydroxyl radicals, are one of the
main contributors to oxidative stress, we attempted to identify
the major source of ROS production in the GCL by performing
double labeling with the retrograde tracers FG and CellROX,
since these accumulate in the mitochondria and nucleus. As
shown in Figure 4A, the cells in the GCL that were positive for
the CellROX fluorescence signal were mostly RGCs. Interest-
ingly, however, some cells in the inner nuclear layer (INL) also
produced ROS 4 days after NC. The percentages of FG/CellROX
double-positive cells among the GCL cells 1, 4, and 7 days after
NC were 58, 88, and 73%, respectively (Fig. 4B). The percentage
of non-RGC cells positive for CellROX cells in the GCL reached a
maximum of 11% on day 4. These results indicate that
production of ROS after NC occurs mainly in RGCs.

K-115 Suppressed the Time-Dependent Production
of ROS in RGCs After NC Injury

As shown in Figures 4A and 4B, CellROX labeling identified the
location of ROS production, indicating that oxidative stress is
mainly induced in RGCs after NC. Furthermore, as shown in
Figure 1, K-115 dramatically altered the RGC death rate after
NC. This prompted an investigation of K-115’s role in
suppressing ROS production in RGCs using an in vivo model,
by first inducing ROS production with NC, and then assessing
the level of CellROX fluorescence. We found that after NC, the
percentage of FG/CellROX double-positive cells gradually
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K-115 and fasudil exerted a neuroprotective effect on RGCs after NC. (A) Chemical structures of K-115 and fasudil. (B-I) Representative
images of retrogradely labeled RGCs. (B-E) Higher-magnification versions of the upper panels. Scale bars: 200 pm (B-E) 50 pm (F-I). (J) Oral
administration of K-115 or fasudil (1 mg/kg daily) for 7 days significantly delayed cell death in post-NC RGCs (17 = 6 in each group). (K) Treatment
with K-115 or fasudil also delayed a reduction in mRNA of Thy-1.2 and Brn3a, RGC markers. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
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Inhibitory effects of K-115 on axonal injury-induced lipid peroxidation in vivo. (A) After NC, the level of lipid peroxidation increased in a

time-dependent manner in the retina compared with the nontreated control group (“Cont™). (B) Daily administration of K-115 for 7 days
significantly inhibited lipid peroxidation in mice after NC (*P < 0.05, *P < 0.01; error bars, SD; n = 6 in each group).

increased, reaching a maximum of 94% on day 4 before
decreasing to 78% on day 7 (Figs. 5A, 5B). With K-115
treatment, although the percentage of CellROX-positive RGCs
decreased in a time-dependent manner for 7 days, at all time
points the percentage of double-positive cells was at least 40%
lower than with PBS treatment. We also found that CellROX
fluorescence intensity in the retinal lysate was significantly
increased after NC, and that this elevated intensity was almost
completely suppressed by administration of K-115 (Fig. 5C).
These results indicate that K-115 treatment, rather that
inhibiting downstream ROS production after NC, such as lipid
peroxidation, inhibits ROS production itself through an
indirect mechanism.

Involvement of the Nox Family in NC-Induced ROS
Production

As previous reports indicated that the Rho/ROCK pathway is
involved in inducing the Nox family,2?882 we also performed
an investigation of the involvement of this family with ROS
production after NC. After NC, the mRNA levels of Nox7,
Nox2, and Nox4 in the PBS treatment group increased 5.6-, 3.2-,
and 5.7-fold relative to the control group (Fig. 6A). While K-115
had an inhibitory effect on NC-induced up-regulation of Nox/, it
had no effect on Nox2 and Nox4. We next considered the direct
involvement of the Nox family in NC-induced ROS production.
We found that within 5 minutes of treatment with the Nox
inhibitor VAS2870 after NC, CellROX fluorescence was almost
completely eliminated. This suggests that almost all ROS
production is derived from Nox1.

DiscussioN

The results of the present study strongly suggest that K-115, a
ROCK inhibitor, can prolong RGC cell survival by suppressing
oxidative stress through pathways involving the Nox family
(Fig. 7).

Both our present study and previous studies by others have
shown that oxidative stress is involved in RGC death after
axonal injury.!7-7283-8% In order to evaluate the efficacy of K-
115, we compared the density of FG-labeled RGCs in mice
treated with either PBS or ROCK inhibitors such as K-115 and

fasudil 7 days after NC, in addition to the qRT-PCR analysis of
RGC markers. We found that the neuroprotective effects of K-
115 and fasudil after NC were similar, but that the specificity of
the effect of K-115 on ROCK was 2 to 18 times higher than that
of fasudil. This might have been related to our finding that the
concentration-dependent neuroprotective effect of K-115 and
fasudil against active ROCK in the retina after NC reached a
plateau at 1 mg/kg/d. We therefore speculate that both ROCK
inhibitors have a similar protective effect against axonal injury.
Additionally, we found that K-115 dramatically suppressed
oxidative stress, including ROS production by the RGCs
themselves. Although the precise mechanism by which K-115
suppresses ROS production after NC has not yet been
adequately determined, our present results strongly indicate
that K-115 does not directly function as an antioxidant (Fig. 3).
Moreover, we confirmed that expression of Nox/, which is
strongly related to ROS production after NC, decreased with K-
115 treatment. Based on previous findings that fasudil, a
compound whose structure is similar to K-115, had an indirect
antioxidant effect in various disease models including hyper-
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Ficure 3. Antioxidative effects of K-115 on the free radical-mediated
oxidative system. The synthetic antioxidant BHT (50 mM) delayed lipid
peroxidation efficiently, but K-115 (1-1000 uM) did not show an
antioxidative effect (**P < 0.01; error bars, SD; n =3 in each group).
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cholesterolemia,”® diabetes,”! and ischemia,”? it is possible that

K-115 also had a similar antioxidant effect in our NC model.
Oxidative stress is implicated in neuronal cell death in many
neurodegenerative diseases, such as Alzheimer's disease !
amyotrophic lateral sclerosis,”® and Parkinson’s disease.”*?5 In
glaucoma it has been reported that increases in oxidative stress
markers can be found in a patient’s aqueous humor and
plasma.®%87 Our research to date, using an experimental
glaucoma model, strongly suggests that glaucoma should also
be considered as a chronic neurodegenerative disease associ-
ated with oxidative stress. One widely accepted measurement
of oxidative stress is the TBARS assay. Lipid peroxides, unstable
indicators of oxidative stress in cells, decompose to form more
complex and reactive compounds. Measurements of these end
products indicate the level of oxidative damage. Our study
demonstrated that the TBARS level in the entire retina

increased with time after NC, and was highest on the seventh
day. However, as indicated in our previous report, oxidative
stress appears to be higher in RGCs than in any other layer of
the retina.”?> Therefore, we suggest that oxidative stress-
induced RGC death directly affects the survival of RGCs after
NC. To protect RGCs from oxidative stress, we examined the
effects of the ROCK inhibitor K-115, and found that it could
inhibit increases in the TBARS level. In other words, K-115 can
suppress oxidative stress after NC.

ROCK inhibitors have been widely used as treatments for
various neurological disorders, including spinal cord inju-
ries 323538 gtroke 32740 multiple sclerosis,?? and Alzheimer’s
disease.??=3* It has previously been reported that targeting
small Rho GTPase has a positive dose-dependent effect on the
regeneration of RGCs after injuries such as NC.#9:59-77-79 In the
axonal injury model, it has been reported that ROCK activity
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