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Figure 2. Distribution of optical coherence tomography (OCT) macular map grid points correlated with visual acuity (VA). The greyscale

maps show the correlation coefficient of VA and the thickness of the retinal nerve fibre layer (RNFL) (a), ganglion cell complex (GCC)
(b), and ganglion cell layer plus inner plexiform layer (GCL + IPL) (c). The right side of the figure represents the nasal (the disc side) and the
left side represents the temporal. Darker shades of grey indicate a higher correlation coefficient, with a step scale of 0.1. Grid points
shown in white had no statistically significant correlation.

correlated grid points were round and centered in the

upper

nasal region, which includes the PMB. In the

GCL + IPL map, the correlation coefficient with VA ranged
from -0.31 to —0.51. The correlated area in this map was
flatter and closer to the PMB.

In the current study, we obtained data on the regional
correlation of HFA 10-2 test points and the OCT macular
map to VA in OAG patients. We found that areas with
higher correlation (r>0.4) were mainly located in the
PMB. In a previous study, we demonstrated that cpRNFLT
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in the temporal region, which includes the PMB, was
significantly correlated to VA (r=-0.4) in patients with
OAG.” We also found that the pathogenesis of this
decreased VA may be related to myopia and decreased
tissue blood flow in the temporal optic disc.” Interestingly,
other research has found that patients with strong fluctua-
tions in ocular perfusion pressure (OPP) also undergo sig-
nificant progressive loss of macular function.” Decreased
macular function is thus implicated in glaucoma, and
decreased OPP may also be related to the pathogenesis of
central VF deterioration.

In conclusion, we found that in patients with glaucoma,
VA was strongly correlated to HFA 10-2 and the OCT
macular map in the PMB area, suggesting that the analysis
of regional data from the HFA 10-2 or OCT macular map
may be a useful diagnostic tool in glaucoma patients with
decreased VA. These findings also suggest that the involve-
ment of the PMB in glaucomatous damage may make it a
useful biomarker of significantly deteriorated QOL.
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Citation analysis of the most- and
least-cited articles in Clinical and
Experimental Ophthalmology:
2000-2013

Citation analysis has become a key tool used to judge and
quantify the impact of scientific literature."* The funda-
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mental measure is the journal citation count that assesses
the frequency with which a published article is cited in the
scientific literature.! To ascertain whether differences
between most-cited and least-cited articles can be identi-
fied, we analysed the characteristics of the most- and least-
cited articles in Clinical and Experimental Ophthalmology
(CEO).

A core search was conducted (26 February 2014) via the
Web of Science database (http://thomsonreuters.com/
thomson-reuters-web-of-science/) for ‘Clinical and Experi-
mental Ophthalmology’ publications 2000-2013 (the journal
was launched in 2000). To avoid inclusion of extraneous
material, the search was refined by the primary journal
document types ‘Article’, ‘Letter’, ‘Editorial” and ‘Review’.
From 2355 articles identified (1434 original articles, 555
letters, 260 editorials and 106 reviews), a citation report
was generated and ordered according to total citations
received.

The 100 most-cited and 100 least-cited articles were
analysed in terms of title, authors, year published,
country, keywords, subject category, total citations and
average citations per year. For simplicity, the correspond-
ing author’s institution determined country of origin.
Subject categories were allocated according to the core
theme and selected keywords, including: anterior
segment, glaucoma, neuro-ophthalmology, visual sciences,
uveitis, medical retinal, vitreoretinal, ocular genetics,
ocular oncology, ophthalmic pharmacotherapy, oculo-
plastics and humanities. The 100 most-cited articles were
determined by the number of total citations accrued. The
100 least-cited articles were identified from those that
received zero citation in chronological order starting from
year 2000.

The top 20 most-cited articles are listed in Table 1 (top
100 available as Supporting information — online only).
The most-cited article, by Young ef al. (2000) had accrued
233 citations.”> Research groups featuring most promi-
nently in the top 100 most-cited articles included those of
Mitchell (Sydney) and McGhee (Auckland) - affiliated
with eight and seven articles, respectively. Anterior
segment and visual science topics were the most popular
subject categories in the top 100.

The average total citation count in the top 100 most-
cited articles was 44.4 (range 27-233) with 4.3 (range 1.9-
16.6) average annual citations. Interestingly, articles in the
most-cited group had on average twice the number of
authors (4.82)"° compared with the least-cited group
(2.28)"%. Single-author articles were more prevalent in the
least-cited group (43) than in the most-cited group (6).
Both groups comprised articles from an array of countries
(Table 2). Australia produced the greatest number of arti-
cles at 47% and 47%, followed by New Zealand at 12%
and 14%, in the most-cited and least-cited groups,
respectively.

Perhaps unsurprisingly, original articles were well-
represented in the most-cited 100 (75%), and underrepre-
sented in the least-cited 100 (34%), compared with overall
journal representation (61%). Notably, although reviews
represented only 4% of journal output, 22% of the most-
cited articles were reviews. In contrast, editorials and
‘letters to the editor’ represented a significant proportion of
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Purpose: In this study, we set out to establish an in vivo animal model of oxidative stress in the retinal
ganglion cells (RGCs) and determine whether there is a link between oxidative stress in the RGCs and
the activation of calpain, a major part of the apoptotic pathway.

Materials and methods: Oxidative stress was induced in the RGCs of C57BL/6 mice by the intravitreal
administration of 2,2’-azobis (2-amidinopropane) dihydrochloride (AAPH, 30 mM, 2 pl). Control eyes
were injected with 2 pl of vehicle. Surviving Fluorogold (FG)-labeled RGCs were then counted in retinal
flat mounts. Double staining with CellROX and Annexin V was performed to investigate the co-localiza-

Keywords:
Retinal ganglion cell
Oxidative stress

ng)};tizsm tion of free radical generation and apoptosis. An immunoblot assay was used both to indirectly evaluate

AAPH calpain activation in the AAPH-treated eyes by confirming o-fodrin cleavage, and also to evaluate the

SNJ-1945 effect of SNJ-1945 (a specific calpain inhibitor: 4% w/v, 100 mg/kg, intraperitoneal administration) in
these eyes.

Results: Intravitreal administration of AAPH led to a significant decrease in FG-labeled RGCs 7 days after
treatment (control: 3806.7 + 575.2 RGCs/mm?, AAPH: 3156.1 +371.2 RGCs/mm?, P < 0.01). CellROX and
Annexin V signals were co-localized in the FG-labeled RGCs 24 h after AAPH injection. An immunoblot
assay revealed a cleaved o-fodrin band that increased significantly 24 h after AAPH administration.
Intraperitoneally administered SNJ-1945 prevented the cleavage of a-fodrin and had a neuroprotective
effect against AAPH-induced RGC death (AAPH: 3354.0 +226.9 RGCs/mm?, AAPH+SNJ-1945:
3717.1 £ 614.6 RGCs/mm?, P < 0.01).
Conclusion: AAPH administration was an effective model of oxidative stress in the RGCs, showing that
oxidative stress directly activated the calpain pathway and induced RGC death. Furthermore, inhibition
of the calpain pathway protected the RGCs after AAPH administration.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Optic nerve fiber degeneration resulting in retinal ganglion cell
(RGC) death, which occurs in diseases such as glaucoma, can threa-
ten visual function and lead to blindness. Various studies have
investigated possible treatments aimed at preventing this process,
but the pathological mechanism of optic nerve degeneration and

Abbreviations: RGC, retinal ganglion cell; AAPH, 2,2’-azobis (2-amidinopropane)
dihydrochloride; FG, Fluorogold; NC, optic nerve crush; Ca?*, calcium ion; DPBS,
Dulbecco's phosphate-buffered saline; PFA, paraformaldehyde; CMC, carboxymeth-
ylcellulose; ROS, reactive oxygen species; AIF, apoptosis-inducing factor.

* Corresponding author at: Department of Ophthalmology, Tohoku University
Graduate School of Medicine, 1-1, Seiryo, Aoba, Sendai, Miyagi 980-8574, Japan.
Fax: +81 22 717 7298.

E-mail address: ntoru@oph.med.tohoku.ac.jp (T. Nakazawa).
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0006-291X/© 2014 Elsevier Inc. All rights reserved.

RGC loss is not yet well understood. Thus, viable neuroprotective
strategies have not yet been found.

Many neuroprotective strategies have been considered so far.
Among the most promising are those targeting oxidative stress,
which is associated with aging. Oxidative stress has a role in the
pathogenesis of various systemic diseases, and is known to induce
neuronal cell death in neurodegenerative diseases such as Alzhei-
mer’s disease, amyotrophic lateral sclerosis, and Parkinson’s dis-
ease [1-3]. Oxidative stress has also been implicated in
glaucoma, and it is necessary to better understand the underlying
mechanism of oxidative stress-induced dysfunction in order to
more effectively treat this disease [4,5]. Recently, a number of
studies demonstrated that optic nerve crush (NC), a commonly
used model of the axonal injury that occurs in ocular diseases such
as glaucoma, could help elucidate the cytotoxic role of oxidative
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stress in the process of RGC death [6,7]. In a previous study, we
showed that mice deficient in Nrf2, a key transcription factor reg-
ulating the expression of anti-oxidant genes, had significantly
fewer surviving Fluorogold (FG)-labeled RGCs than wild-type mice
7 days after NC. This result suggested that the regulation of oxida-
tive stress signaling was a potential neuroprotective treatment for
diseases affecting the optic nerve fiber and the RGCs.

Our previous research showed that the activation of calpain
played a key role in the process of RGC death after NC [7]. Calpain
is a member of the cysteine protease family that is regulated by
increased intracellular calcium ion (Ca?*) levels and is raised
locally through calcium channels. A large Ca?* influx into the cyto-
sol leads to calpain activation and cell death in various pathological
conditions [8-10]. However, although our previous studies showed
that NC caused oxidative stress and calpain activation in the retina
in vivo, NC is a model of axonal injury generally, not oxidative
stress specifically, and therefore cannot serve as a method of
directly evaluating the efficacy of neuroprotective strategies
against oxidative stress.

Therefore, to directly explore the effect of oxidative stress on
calpain activation, we established a new in vivo mouse model of
RGC degeneration caused by oxidative stress, using the intravitreal
administration of 2,2’-azobis (2-amidinopropane) dihydrochloride
(AAPH) [11]. In this report, we use this model to attempt to deter-
mine whether the calpain pathway has a causative role in oxidative
damage-induced RGC death, and whether inhibiting oxidative
stress-induced calpain activation has potential as a neuroprotec-
tive treatment for ocular diseases involving oxidative stress.

2. Materials and methods

This study used adult (10-12-week old) male C57BL/6 mice
(SLC, Shizuoka, Japan). All animals were maintained and handled
in accordance with the ARVO Statement for the Use of Animals in
Ophthalmic and Vision Research and the guidelines from the Dec-
laration of Helsinki and 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 Experi-
ments at Tohoku University Graduate School of Medicine.

2.1. Induction of oxidative stress in the retina

Intravitreal administration of AAPH was performed as previ-
ously described [12-14]. Briefly, each animal was anesthetized
with pentobarbital (50 mg/kg). Two microliters of AAPH (30 mM)
was injected intravitreally using a Hamilton syringe with a 32 G
needle under surgical stereomicroscopy. The same volume of Dul-
becco’s phosphate-buffered saline (DPBS) was injected in the con-
trol group. If lens injuries or vitreous hemorrhaging were observed
after the injection, the animals were excluded from the study.

2.2. Retrograde labeling of the RGCs and cell counting

Retrograde labeling was performed as described previously
using a fluorescent tracer, FG (Fluorochrome, LLC, Denver, CO,
USA), 7 days before the intravitreal injection of AAPH or DPBS
[12]. Briefly, the mice were anesthetized with a mixture of keta-
mine (100 mg/kg) and xylazine (9 mg/kg) prepared at room tem-
perature. Under full anesthesia, two small holes were drilled into
the skull at sites corresponding to the superior colliculi, and 2 pl
of 2% FG with 1% dimethylsulfoxide were injected using a Hamilton
syringe with a 32 G needle. Seven days after the intravitreal injec-
tion of AAPH or DPBS, the retinas were harvested and fixed with 4%
paraformaldehyde (PFA) for three hours. The retinas were then
placed on glass slides with the ganglion cell layer facing up. Vecta-

shield mounting medium (Vector Laboratories) and a cover glass
were also applied. RGC survival was determined by counting FG-
labeled RGCs in 12 distinct areas under the microscope [12]. Our
investigation of the effect of calpain used the calpain inhibitor
SNJ-1945 (Senju Pharmaceutical Co., Ltd). One day before adminis-
tration of AAPH, the FG-labeled mice received an intraperitoneal
administration of 4% w/v SNJ-1945 (100 mg/kg) in carboxymethyl-
cellulose (CMC). The control group received CMC without SNJ-
1945, Administration of SNJ-1945 continued daily until 7 days
after the AAPH injection, when the retinas were harvested. Fixation
of the retinas and RGC counting were then performed as described
above.

2.3. Immunoblot assay

Immunoblotting was performed as previously described with
minor modifications [13,14]. Isolated retinas were obtained surgi-
cally 3, 6 and 24 h after the intravitreal injection of AAPH or DPBS
and placed in a lysis buffer (25 mM Tris-HCl; pH 7.6, 150 mM Nacl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS, 1% protease inhibitor
cocktail; Sigma-Aldrich, 1% phosphatase inhibitor cocktail 2;
Sigma-Aldrich). Each sample was separated with SDS-PAGE and
electroblotted to polyvinylidene fluoride membranes (Immobi-
lon-P, Millipore). After blocking the membrane with 4% BlockAce,
(Yukijirushi), they were incubated with primary mouse monoclo-
nal antibodies against o-fodrin (1:750, Abcam), and B-actin
(1:5000, Sigma-Aldrich) overnight at 4 °C. The membranes were
then incubated with a horseradish peroxidase-conjugated goat
immunoglobulin secondary antibody. Detection of the antigen-
antibody complex was performed with the ECL Prime Western
Blotting Detection System (GE Healthcare). Signals were measured
in Image Lab statistical software (Bio-Rad, Hercules, CA, USA) and
normalized to B-actin.

2.4. Detection of free radicals and RGC apoptosis

Staining with CellROX Green Reagent (Life Technologies) and an
Annexin V-Cy3 detection kit (PromoKine) were used to evaluate
the generation of oxidative stress and apoptosis. One week after
FG labeling, 2 pl of AAPH 30 mM was injected in the mice intravit-
really. Twenty-two hours later, 1 pl of 100 uM CellROX and
25 x 1072 ug of Annexin V-Cy3 were injected intravitreally under
general anesthesia (performed with ketamine and xylazine).

The retinas were harvested 24 h after the injection of AAPH,
fixed with 4% PFA for 2 h and flat-mounted. The fluorescence of
the reagents was evaluated with a confocal laser microscope
(LSM780, Carl Zeiss, Oberkochen, Germany).

2.5. Detection of AAPH-induced calpain activation in the RGCs

To investigate the localization of calpain activation, we stained
the retinas with a fluorogenic substrate [15]. To identify the RGCs,
retrograde labeling was performed as described above, with Dil
(CellTracker CM-Dil, Life Technologies). One week after retrograde
labeling, the left eye of each mouse received an intravitreal injec-
tion of 2 pl of 30 mM AAPH, under anesthesia. As a control, the
contralateral eye was injected with 2 pl DPBS. Twenty-one hours
later, both eyes received intravitreal injections of fluorogenic
cell-permeable calpain substrate ((DABCYL)-TPLK~SPPPSPRE
(EDANS)-RRRRRRR-NH, calpain substrate IV, Millipore). The reti-
nas were harvested 24 h after AAPH injection, immediately fixed
with 4% PFA for 2 h and flat mounted. The fluorescence of the fluo-
rogenic substrate, representing the activation of calpain, was eval-
uated with an Axiovert 200 microscope (Carl Zeiss, Oberkochen,
Germany).
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2.6. Statistical analysis

Statistical analysis was performed using JMP pro 10.02 (SAS
Institute Inc.) software for Windows. Continuous variables were
expressed as mean values * standard deviation. The t-test was used
to analyze differences between pairs of groups. Multiple compari-
sons were done using ANOVA with Dunnett’s post hoc analysis. The
level of significance was 0.05 in all statistical tests.

3. Results
3.1. The effect of AAPH treatment on RGC survival

To investigate the effect of AAPH-induced oxidative stress on
RGC survival, we performed the intravitreal injection of AAPH
(30mM, 2 pl) or DPBS (2 pl) in the mice. Seven days after the
administration of AAPH, we counted the number of FG-labeled
RGCs and found that they had significantly decreased (control:
3806.7 +575.2 RGCs/mm?, ~ AAPH:  3156.1 + 371.2 RGCs/mm?,
P<0.01,n=8, Fig. 1). This finding indicated that the administration
of AAPH could induce significant RGC death.

3.2. Detecting oxidative stress, calpain activation and apoptosis in the
RGCs after AAPH treatment

In the control group, CellROX and Annexin V signals in the
retina were not co-localized. However, in the AAPH-treated group,
CellROX and Annexin V signals were co-localized with the
FG-labeled RGCs 24 h after AAPH injection (Fig. 2A). This result
indicated that oxidative stress occurred in the RGCs after AAPH
treatment. Next, in order to confirm the activation of calpain in
the RGCs, we used a fluorogenic calpain substrate to visualize
calpain activation (Fig. 2B). The expression of the fluorogenic
calpain substrate was co-localized with the Dil signal. This result
indicated that calpain activation occurred in the RGCs 24 h after
the administration of AAPH. In the control eyes, by contrast, we
did not observe calpain activation in the RGCs.

3.3. Blocking calpain activation prevents RGC death caused by
oxidative stress

To investigate the relationship between calpain activation and
AAPH treatment, we performed a immunoblot analysis. This anal-
ysis showed that the band of cleaved o-fodrin, a substrate of cal-
pain, was significantly detectible 24 h after AAPH administration,
but not after 3 or 6 h (Fig. 3A). The intensity of the band increased

A

significantly, by more than twofold. It is known that activated
calpain can cleave o-fodrin to a size of 145 kDa. This result indi-
cated that AAPH was able to induce RGC death through oxidative
stress, and suggested that it could be related to calpain activation.
We confirmed this result by treating the AAPH-injected eyes with
SNJ-1945, a specific calpain inhibitor (Fig. 3B). SNJ-1945 prevented
the cleavage of a-fodrin that occurred 24 h after AAPH injection
(SNJ-1945 treatment: 0.6 +0.3-fold change vs. no treatment,
P<0.05,n=4).

These results showed that AAPH-induced oxidative stress in the
RGCs caused calpain activation and subsequent RGC death. In order
to obtain further confirmation of these results, we performed the
intraperitoneal administration of SNJ-1945, and found that it sig-
nificantly reduced RGC death in our animal model (AAPH:
3369.8 £ 216.0 RGCs/mm?, AAPH+SNJ-1945: 3817.8 + 469.6 RGCs/
mm?, P < 0.05, Fig. 4).

4. Discussion

In this study, we used the intravitreal administration of AAPH, a
free radical generator, to establish an animal model of the oxida-
tive stress that occurs in the RGCs in neurodegenerative diseases
of the eye. We found that oxidative stress in this model was asso-
ciated with calpain activation in the retina and RGC death after
7 days. Moreover, AAPH administration successfully induced oxi-
dative stress, confirmed by the finding that CellROX and Annexin
V-Cy3 signals were co-localized in FG-labeled RGCs. AAPH admin-
istration also led to the activation of calpain in the retina after 24 h,
confirmed by an immunoblot analysis. Moreover, the intraperito-
neal administration of SNJ-1945 had a neuroprotective effect
in vivo, preventing the cleavage of o-fodrin and RGC death after
AAPH administration. These results indicate that oxidative stress-
induced RGC death is mediated in part through the calpain
pathway.

Previously, AAPH has been used to induce oxidative stress in
non-RGC retinal cells, such as the photoreceptors, in vitro [16,17].
Furthermore, it has been reported that oxidative stress can induce
apoptosis of the RGCs in vitro [18,19]. Our previous work has also
demonstrated the importance of oxidative stress, by showing that
mice deficient in Nrf2, a key transcription factor regulating anti-
oxidant genes, had significantly fewer surviving FG-labeled RGCs
after NC than wild-type mice [6], and that CDDO-Im, an extremely
potent Nrf2 activator, prevented NC-induced RGC death in vivo
[20]. Therefore, we expected that oxidative stress induced by AAPH
would cause equivalently significant damage to the RGCs in vivo.
Our results confirmed these expectations, showing that AAPH
administration reduced the number of RGCs by 17% after 7 days.
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Fig. 1. Comparison of RGC density in the control and AAPH-treated groups. (A) Representative appearance of RGCs in flat-mounted retinas with quantitative data on RGC
density 7 days after the intravitreal administration of AAPH. (B) Comparison of RGC density, determined by RGC counting, in the control and AAPH-treated groups. RGC
density decreased significantly, by 17%, in the AAPH treatment group compared to the control group. RGC: retinal ganglion cell; scale bar: 50 um, error bar: standard
deviation; t-test, **P< 0.01.
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CellIROX

Annexin V

Fig. 2. Oxidative stress, calpain activation and apoptosis 24 h after AAPH administration. (A) Representative images of flat-mounted retinas showing CellROX and Annexin V
signals, used to detect oxidative stress and apoptosis in the RGCs. CellROX and Annexin V signals were co-localized in the AAPH-treated retinas, while the DPBS-treated
retinas showed no CellROX or Annexin V signals. (B) Representative appearance of Dil-labeled RGCs in flat-mounted retinas, with calpain substrate IV signals showing calpain
activation. Twenty-four hours after AAPH administration, the control retinas showed no calpain substrate IV signals, while the AAPH-treated retinas showed co-localized

calpain substrate [V signals and Dil-labeled RGCs. Scale bar: 50 pum.

Previous studies have reported that mitochondrial-derived
death signaling is a major pathway of axonal damage-induced
RGC death [21,22]. Mitochondria play an important role in the reg-
ulation of cell viability [23]. Oxidative stress induces mitochon-
drial-derived reactive oxygen species (ROS) generation and
disturbs the function of calcium buffering [24-26]. To explore
the mechanism of RGC death in the current investigation, we
therefore assessed CellROX and Annexin V-positive RGCs in the
AAPH-treated retinas, and obtained results suggesting that apopto-
sis of the RGCs was induced by ROS.

ROS induce the processing of mitochondrial apoptosis-induc-
ing factor (AIF) and increase sensitivity to mitochondrial calpain,
resulting in AIF cleavage and apoptosis {27]. Using immunoblot-
ting, we investigated the AAPH-induced activation of calpain by
testing for cleaved o-fodrin. Our results indicated that AAPH
treatment induced fragmentation of o-fodrin as a result of cal-
pain activation in the overall retina. Moreover, the co-localiza-
tion of calpain substrate IV signals, which represent calpain
activation, and Dil-labeled RGCs confirmed that calpain was acti-
vated in the RGCs. This suggests that the calpain pathway may
be activated by an increased inflow of Ca®* through Ca®* chan-
nels under pathological conditions such as oxidative stress.
Moreover, previous studies have shown that oxidative stress
increases intracellular free Ca%* levels, and activates Ca**-depen-

dent enzymes [27-29]. These data suggest that oxidative stress
and dysfunctional calcium buffering in the mitochondria may
be major links with calpain activation in the retina, a finding
that is consistent with our results.

Additionally, SNJ-1945 administration demonstrated a potent
neuroprotective effect against AAPH-induced RGC death. Indeed,
the number of RGCs after AAPH administration in the mice that
received SNJ-1945 remained stable, in contrast with the mice that
underwent the administration of AAPH and vehicle. SNJ-1945
reduced calpain activation and led to reduced cleaved o-~fodrin
intensity 24 h after AAPH administration. This result is consistent
with past reports showing that oxidative stress caused calpain acti-
vation in RGCs that had been isolated in vitro [30] and that SNJ-
1945 had a neuroprotective effect in the RGCs [7,31]. Here, using
our in vivo model, we showed that the activation of calpain occurs
downstream of oxidative stress, and that the inhibition of calpain
activation was an effective way of preventing oxidative stress-
induced RGC damage.

The animal model of oxidative stress described here may be
appropriate for some purposes, such as investigating drug effects
in cells that are sensitive to oxidative stress, but for other purposes,
the intensity of AAPH-induced damage may be insufficient. Oppor-
tunities to refine this animal model therefore include the use of
other ROS generators, such as rotenone [32] and paraquat, which
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retinas. These results show that SNJ-1945 attenuated the intensity of a-fodrin cleavage. Error bar: standard deviation; t-test, *P < 0.05.
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Fig. 4. Comparison of RGC density with and without SNJ-1945. (A) Representative appearance of RGCs in flat-mounted retinas 7 days after the intravitreal administration of
AAPH. (B) Comparison of RGC density, determined by RGC counting, with and without SNJ-1945. RGC density was significantly higher with SNJ-1945, suggesting that SNJ-
1945 protected the RGCs from AAPH-induced damage. Scale bar: 50 pm. Error bar: standard deviation; t-test, *P < 0.05.

have a cytotoxic effect in retinal cells and dopaminergic cells
[33.34].

In conclusion, we successfully established an in vivo model of
oxidative stress in the RGCs with AAPH, and used this model to
demonstrate that the calpain pathway is activated downstream
of oxidative stress. Furthermore, suppressing calpain activation
reduced RGC death in our model, suggesting that it may be a good
candidate for neuroprotection therapy. Our findings may also be

useful in future investigations of oxidative stress-related ocular
diseases, such as glaucoma and diabetic axonal atrophy.
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RNA Sequence Reveals Mouse Retinal Transcriptome
Changes Early after Axonal Injury
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Abstract

Glaucoma is an ocular disease characterized by progressive retinal ganglion cell (RGC) death caused by axonal injury.
However, the underlying mechanisms involved in RGC death remain unclear. In this study, we investigated changes in the
transcriptome profile following axonal injury in mice (C57BL/6) with RNA sequencing (RNA-seq) technology. The experiment
group underwent an optic nerve crush (ONC) procedure to induce axonal injury in the right eye, and the control group
underwent a sham procedure. Two days later, we extracted the retinas and performed RNA-seq and a pathway analysis. We
identified 177 differentially expressed genes with RNA-seq, notably the endoplasmic reticulum (ER) stress-related genes Atf3,
Atf4, Atf5, Chacl, Chop, Egr1 and Trb3, which were significantly upregulated. The pathway analysis revealed that ATF4 was
the most significant upstream regulator. The antioxidative response-related genes Hmox1 and Srxn1, as well as the immune
response-related genes Clga, Clgb and Clgc, were also significantly upregulated. To our knowledge, this is the first
reported RNA-seq investigation of the retinal transcriptome and molecular pathways in the early stages after axonal injury.
Our results indicated that ER stress plays a key role under these conditions. Furthermore, the antioxidative defense and
immune responses occurred concurrently in the early stages after axonal injury. We believe that our study will lead to a
better understanding of and insight into the molecular mechanisms underlying RGC death after axonal injury.
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Introduction

Glaucoma is a leading cause of blindness worldwide [1]. It is
characterized by glaucomatous optic neuropathy (GON), and is
associated with optic nerve degeneration that results in progressive
visual dysfunction [2]. In glaucoma patients, the number of retinal
ganglion cells (RGCs) decreases due to axonal degeneration,
resulting in visual dysfunction. Despite the attempts of many
clinicians and scientists to identify the molecular mechanisms of
pathogenesis in glaucoma, they are not yet well understood,
possibly because of the multifactorial nature of glaucoma [3].

High intraocular pressure (IOP) is widely recognized as a major
risk factor for glaucoma, and treatment to lower IOP is currently
the only method that evidence has shown to prevent the
progression of the disease [4]. Recently, many varieties of IOP-
lowering eye drops have become clinically available to treat
glaucoma. However, substantial reductions in IOP, up to 30%, fail
to halt the progress of visual dysfunction in some patients,
particularly those with normal tension glaucoma (NTG) [5]. In
addition to IOP, risk factors for NTG include age, myopia [6],
parapapillary atrophy (PPA) [7] and reduced ocular blood flow
[8]. There is thus a necessity for further investigation of these IOP-
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independent mechanisms, and the development of new neuropro-
tective drug targets for glaucoma.

Many recent investigations have led to a growing understanding
of the underlying mechanism of RGC death in glaucoma, which
previous studies had found to be induced by axonal injury to the
lamina cribrosa [3]. However, those studies were mainly designed
around approaches that focused on only a few pathways [9,10]. In
order to overcome the heterogeneous and multifactorial nature of
glaucoma and find novel critical molecular targets for treatment, it
is necessary to use a global approach (ie., one including the
transcriptome and proteome).

A simple animal model mimicking the pathogenesis of glaucoma
is a useful tool in investigations of the mechanism of RGC death,
because standard excisional biopsy is impossible in the case of the
human retina [11]. In one of the most widely used models, optic
nerve crush (ONC) is performed in mice to induce axonal injury,
which is a contributor to the progression of RGC death in
glaucoma [10,12-14]. Interestingly, in this model the number of
RGCs is maintained for a short duration after ONC, and
significant RGC loss is not observed until day 3 [10]. Significant
axonal damage is known to occur in the retina before visual field
defects become detectible [15]. It would therefore be very useful to
develop diagnostic methods and drug targets that functioned in
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these carly stages of glaucoma. Analysis of post-ONC mouse
retinas in the early stages of axonal injury, before RGC loss (i.e.,
on day 2), may give us valuable insights to help achieve this goal.

Microarray analysis is a common way to evaluate the expression
level of large numbers of genes simultaneously. It has also been
used to evaluate changes after axonal injury both in the retina in
general and in isolated RGCs [16]. However, microarrays are only
capable of measuring known transcripts, and do not allow the
investigation of total genetic changes. By contrast, RNA sequenc-
ing (RNA-seq) is able to assess complete genes and splice variants,
with a high degree of reproducibility that matches that of
microarrays [17]. RNA-seq technology thus has the potential to
give us very useful, detailed information on the mechanisms of
disease, as well as unknown pathways and networks of disease, that
may lead to the discovery of new treatment strategies.

The purpose of this study was thus to use RNA-seq to
investigate the molecular mechanisms of damage in the early
stages of the response to axonal injury, before the onset of RGC
death. We believe that our study may open new avenues of
investigation into treatment strategies for axonal damage associ-
ated with ocular diseases, especially glaucoma.

Results

RNA-seq analysis and global gene expression profiles in
axonal injury

In order to investigate the transcriptome profile at an early stage
after axonal injury, but before significant RGC loss [10], we
performed an RNA-seq analysis of mouse retinas harvested 2 days
after ONC or sham operations. In order to obtain triplicate results,
three samples were obtained from each group, each sample being
a combination of material from six unique retinas. Each of these
samples was sequenced on one lane of the Illumina HiSeq2000
platform (Illumina, San Diego, CA). All sequence reads were
mapped to the reference genome (NCBI37/mm9) with CLC
Genomics Workbench (version 6.0.1) (CLC Bio, Aarhus, Den-
mark) [18,19]. The total number of reads per lane was
approximately 400 million, and the total number of reads per
sample ranged from 62.9 to 70.3 million. An average 73.8% of
total reads were mapped in pairs to the reference genome (Table
S1). Detailed mapping statistics are listed on Table S2. To
determine the expression level of various genes and compare them
between samples, we used variable RPKM (reads per kilobase of
exon per million mapped reads) [20]. To examine the overall
distribution of gene expression values, we created box plots of
RPKM expression values with CLC Genomics Workbench
(Figure 1A). Overall RPKM expression values were similar in
each sample. We excluded genes that did not have a mean RPKM
> 0.3 in at least one group, in order to remove background noise
[21]. The number of genes with a mean RPKM > 0.3 in at least
one group was 13160. These were used for the differential gene
expression analysis [19]. Fold change (FC) differences between the
mice that underwent ONC and those that underwent a sham
operation were calculated. The Student’s t-test was performed to
compare the groups with R software (version 3.0.1) [22]. P-values
were adjusted for multiplicity with the Bioconductor package
qvalue to control the false discovery rate (FDR) [23]. Differentially
expressed genes (DEGs) were defined as those with |FCG| > 1.5
and FDR < 0.1 [24]. It is known that the cells affected by ONC
are mainly RGCs. The abundance ratio of RGCs in retinal tissue
has been reported to very low (less than 0.5%) [25]. Furthermore,
an approximately 1.5 to 2-fold increase in gene expression (e.g., in
Jun, Fund and Gadd45a) has been reported to be a significant change
in a previous analysis of changes in the entire retina after optic
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nerve crush [26]. We therefore applied this relatively lower cutoff
(JFC] > 1.5 and FDR < 0.1) in the current study. We created a
volcano plot showing DEGs as red dots with the ggplot2 package
in R software [27] (Figure 1B). We also conducted a hierarchical
clustering analysis of DEGs from all samples with Ward’s method
of Fuclidean distances [28], and created a heatmap with the
heatmap.2 function of the gplots package of R software [29]. The
results indicated that gene expression was similar in each group

(Figure 1C).

Differentially expressed genes after ONC

The triplicate samples from the ONC and sham groups were
assayed for DEGs, and 177 DEGs (132 up- and 45 downregulated
genes) were identified (Table S3). The 10 most up- and
downregulated genes are listed in Table 1. The expression
changes of known RGC markers and axon regeneration markers
[16,30,31] are summarized in Table 2. We found that the
following RGC markers were significantly downregulated 2 days
after ONGC: Nefhe (-2.24-fold), Poudfl (-1.54-fold), Poudf2 (-2.40-
fold), Rbpms (~1.62-fold) and Sneg (~1.77-fold). Interestingly, the
expression of Thyl and Pouéf3 did not change significantly at this
time point (day 2). Generally, the expression of Thyl begins to
decrease 3 days after axotomy in rats [32]. The following axon
regeneration markers were significantly upregulated after ONG:
Gap43 (1.53-fold) and Sprria (23.81-fold).

A review of the published literature revealed that the following
sets of endoplasmic reticulum (ER) stress-related genes have been
shown to be significantly upregulated 2 days after ONC: 443, Aif%,
A3, Chacl, Ddit3, Egrl, Trib3 [33-35] (Table 2).

Significant networks and biological functions after ONC
revealed by pathway analysis

To investigate the pathways involved in axonal injury, the DEG
dataset was uploaded to Ingenuity Pathway Analysis (IPA,
Ingenuity Systems, Redwood City, CA) and mapped to the
Ingenuity Pathways Knowledge Base (IPKB) [36]. The 2 most
significant networks are shown in Figure 2. Network 1 (Figure 2A)
was associated with the “Cell Death and Survival”, “Cancer” and
“Cell Morphology” pathways. Network 2 (Figure 2B) was
associated with the “Neurological Disease”, “Nervous System
Development and Function” and “Tissue Morphology” pathways.
Table 3 lists the 5 most significant molecular and cellular
functions. The most significant biofunction response, according
to IPA, was for the “Cell Death and Survival” pathway, which
involved 45 genes (Table S4).

RT-PCR validation of RNA-seq data

To validate the RNA-seq findings, we prepared new mouse
retinas in each group, and performed RT-PCR on these new
groups of retinas. We selected 14 genes (Sprrla, Mmpl2, SoxlI,
AY3, Tnfrsf12a, Hmox1, Plat, Egrl, A5, Ddit3, Jun, Poudf2, Nefh and
Poudfl) involved in the “Cell Death and Survival” pathway, and
examined changes in their expression with RT-PCR (Table 4). We
found that results obtained with RT-PCR were similar to those
obtained with RINA-seq.

Upstream analysis and global network interactions after
axonal injury

In order to investigate molecular network interactions, IPA
performed an upstream regulator analysis. Table 5 shows the
transcription factors that IPA predicted to be upstream regulators.
The most significant was ATF4, but TP53, nuclear factor
(erythroid-derived 2)-like 2 (NFE2L2) and DNA-damage inducible
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