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Figure | Best-corrected visual acuity before and after intravitreal injection of bevacizumab.
Notes: BCVA did not change significantly after | week or | month in the DME group (P=0.34) but did in the BRVOME group (P=0.049), with the most significant
improvement being | week after IVB (P=0.03); Freidman test compared between three points pre-IVB, | week post-IVB, | month post-IVB; 1P<0.05, Scheffe’s paired

comparison compares between groups, *P<0.05.

Abbreviations: BCVA, best-corrected visual acuity; BRYOME, branch retinal vein occlusion-associated macular edema; DME, diabetic macular edema; IVB, intravitreal

bevacizumab; logMAR, logarithm of the minimum angle resolution.

There are no reports on the influence of IVB on intraocu-
lar microcirculation predating the current study. Our study,
in which we analyzed the results of only a single injection,
broadly agrees with existing reports showing that [VB leads
to a significant improvement in FT and BCVA in patients with
BRVOME.*’ Some earlier papers also found a similar improve-
ment in patients with DME,* but our study contradicts such
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Figure 2 Foveal thickness before and after intravitreal injection of bevacizumab.
Notes: FT did not change significantly | week or | month after IVB in the
DME group (P=0.20), but did in the BRYOME group (P<0.001). FT improved in
patients with BRVOME both | week and | month after IVB (P=0.007 and P<0.001,
respectively); Friedman test compared between three points pre-IVB, | week post-
IVB, | month post-IVB; 1P<<0.01; Scheffe’s paired comparison compared between
groups, ¥P<0.01.

Abbreviations: BRVOME, branch retinal vein occlusion-associated macular edema;
DME, diabetic macular edema; FT, foveal thickness; IVB, intravitreal bevacizumab.

findings. The exact reason for this discrepancy is unclear, but it
may be related to differences in injection times and follow-up
periods, pre-IVB BCVA, differences in the demographics of
the DME patients, or the small number of participants in this
study. One of the most interesting findings of this study, that
IVB reduces MBR in all regions of the eye in patients with
DME, has not been previously reported. Previous reports
on post-IVB ocular circulation used color Doppler imaging
(CDI) and found that blood flow decreased after [VB in the
ophthalmic artery, the posterior ciliary artery, and the central
retinal artery.'>*! These studies were unable to report on blood
flow within the eye itself, however, as the intraocular vessels
are too small to allow CDI to function. Access to LSFG was
therefore a major advantage of this study since it allowed us to
directly measure MBR in the retinal vessel, ONH, and choroid
and confirm the reduction of ocular blood flow in eyes with
DME. We also observed a decrease in choroidal MBR in the
BRVOME group, most likely because, as shown in previous
reports,*>* the choroid lacks an autoregulation system and is
casily affected by exercise. Our findings for the choroid were
based on measurements taken of the MBR in retinal regions
lacking large vessels, in accord with established practice for
LSFG measurement of the choroid.**

Another interesting finding of our study was that the lack
of structural improvement in the DME patients may have been
related to the decrease in MBR in the ONH observed before
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Figure 3 Mean blur rate in the retinal artery, retinal vein, optic nerve head, and choroid before and after intravitreal injection of bevacizumab.

Notes: In patients with DME, a comparison of MBR values before, | week after, and | month after IVB revealed significant changes in all measured regions (retinal artery,
P=0.02; retinal vein, P=0.04; ONH, P<0.001; and choroid, P=0.04). MBR after | week fell significantly in the retinal artery by 10.6% (P=0.03) and in the ONH by 7.27%
(P=0.049). MBR after | week also fell by 14.8% (P=0.19) in the retinal vein and by 6.97% (P=0.15) in the choroid, but these differences were not significant. MBR after | month
fell significantly in the retinal vein by 17.3% (P=0.049) and in the ONH by 17.1% (P<<0.001). MBR after | month also fell by 14.7% in the retinal artery (P=0.08) and 16.7% in
the choroid (P=0.06), but these differences were not significant. In patients with BRVOME, a comparison of MBR values before, | week after, and | month after IVB revealed
a significant change only in the choroid (P=0.04). Significant changes in MBR were not observed in the retinal artery (P=0.09), retinal vein (P=0.33), or the ONH (P=0.50).
Significant changes in blood flow were not found after | week in any of the measured regions (retinal artery, P=0.39; retinal vein, P=0.84; ONH, P=0.50; and choroid, P=0.09).
Furthermore, significant changes were not found in blood flow after | month in any of the measured regions (retinal artery, P=0.10; retinal vein, P=0.67; ONH, P=0.84; and
choroid, P=0.07). Finally, significant changes were not found when comparing blood flow | week and | month after IVB in any of the regions (retinal artery, P=0.73; retinal
vein, P=0.33; ONH, P=0.84; and choroid, P=1.00); Friedman test compared between points pre-IVB, | week post-IVB, | month post-IVB; 1P<.0.05, iP<<0.01; Scheffe’s paired
comparison compares between groups, *P<<0.05, **P<0.01.

Abbreviations: BRYOME, branch retinal vein occlusion-associated macular edema; DME, diabetic macular edema; VB, intravitreal bevacizumab; MBR, mean blur rate;
ONH, optic nerve head.
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Figure 4 Relationship between foveal thickness and mean blur rate in eyes with diabetic macular edema.

Notes: Pre-IVB MBR was not correlated with pre-IVB FT (P=0.33) (A). However, post-IVB MBR was correlated with post-IVB FT (R= ~0.80, P=0.01) (B). Furthermore,
pre-IVB MBR was correlated with post-IVB FT (R=-0.71, P=0.002) (C). One MBR sample is represented by one pixel.

Abbreviations: FT, foveal thickness; IVB, intravitreal bevacizumab; MBR, mean blur rate.
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Figure 5 Relationship between foveal thickness and mean blur rate in eyes with branch retinal vein occlusion-associated macular edema.

Notes: Pre-IVB MBR was not correlated with pre-IVB FT (P=0.77) (A), nor was post-IVB MBR correlated with post-IVB FT (P=0.13) (B). In addition, pre-IVB MBR was not
correlated with post-IVB FT (P=0.32) (C). One MBR sample is represented by one pixel.

Abbreviations: FT, foveal thickness; IVB, intravitreal bevacizumab; MBR, mean blur rate.

Figure 6 Representative eye with diabetic macular edema.

Notes: Images from a 59-year-old man with DME in his right eye; Fundus color photographs (A and D), color LSFG maps (B and E), and axial OCT images at fovea (C and F)
are shown. Pre-IVB findings are above (A, B, and C) and findings | month after IVB are below (D, E, and F). In the color LSFG maps (B and E), the numbers | and 2 indicate
the rectangular scanning areas for the retinal artery and vein, respectively; 3 and 4 indicate the circular and square scanning areas for the optic nerve head and choroid,
respectively. Pre-IVB MBR was 30.1 in the retinal artery, 43.6 in the retinal vein, 31.0 in the optic nerve head, and 7.0 in the choroid. MBR | month after IVB was 22.6 (24.9%
decrease) in the retinal artery, 30.3 (30.5% decrease) in the retinal vein, 24.2 (21.9% decrease) in the optic nerve head, and 5.8 (17.1% decrease) in the choroid. Decimal best-
corrected visual acuity in the right eye was 0.3 before IVB and did not change | month after IVB. FT in the right eye was 425 pm before IVB and 272 um | month after IVB.
Abbreviations: DME, diabetic macular edema; FT, foveal thickness; IVB, intravitreal bevacizumab; LSFG, laser speckle flowgraphy; MBR, mean blur rate; OCT, optical
coherence tomography.
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Figure 7 Representative eye with branch retinal vein occlusion-associated macular edema.

Notes: Images from a 65-year-old woman with BRVOME in her left eye. Fundus color photographs (A and D), color LSFG maps (B and E), and axial OCT images at fovea
(C and F) are shown. Pre-[VB findings are above (A, B, and C) and findings | month after IVB are below (D, E, and F). In the color LSFG maps (B and E), the numbers
| and 2 indicate the rectangular scanning areas for the retinal artery and vein, respectively; 3 and 4 indicate the circular and square scanning areas for the optic nerve head
and choroid, respectively. Pre-IVB MBR was 5.9 in the retinal artery, 35.7 in the retinal vein, 23.5 in the optic nerve head, and 7.2 in the choroid. MBR | month after IVB was
14.0 (12.0% decrease) in the retinal artery, 33.4 (6.4% decrease) in the retinal vein, 26.0 (10.6% increase) in the optic nerve head, and 6.2 (13.9% decrease) in the choroid. Decimal
best-corrected visual acuity in the right eye was 0.5 before IVB and did not change after | month. FT in the right eye was 364 um before IVB and 264 pum | month after IVB.
Abbreviations: BRYOME, branch retinal vein occlusion-associated macular edema; FT, foveal thickness; IVB, intravitreal bevacizumab; LSFG, laser speckle flowgraphy; MBR,

mean blur rate; OCT, optical coherence tomography.

IVB and 1 month after [IVB. We observed no such association
in the BRVO group. This is an interesting discrepancy that
may be related to the pathogenesis of each type of macular
edema. However, it should be noted that the characteristics
of the two groups in our study did not match perfectly, dif-
fering in sex distribution and pre-IVB BCVA. From these
results, however, we believe that it is fair to speculate that
the effect of bevacizumab on intraocular tissues changes in
the presence of systemic diseases such as diabetes. In our
study, the eyes with DME probably experienced the effects
of excessive VEGF over the entire retina, while the effects
were limited to the obstructed retinal vein and its surrounding
tissues in the eyes with BRVOME. The eyes with BRVOME
even showed an increase in MBR after [VB, particularly in
the artery, although we could not confirm the significance of
the difference statistically. If such an increase occurs, it is
likely to be part of retinal autoregulation, as a compensatory
increase in arterial flow rate to maintain retinal circulation. We
believe that this is because in eyes with BRVOME, the retinal
vessels are less damaged than in eyes with DME. Most stud-
ies of DR have noted upregulation of inducible nitric oxide
synthase,*3¢ with subsequent capillary degeneration, pericyte
loss and permeability.’”** Though the status of ocular blood
flow in DR is still the subject of debate,**° CDI and laser Dop-
pler flowmetry have revealed that the velocity of blood flow in
the ophthalmic artery and choroidal blood flow both decrease
in eyes with DR.*'*> We believe that retinal autoregulation

may be impaired in patients with DR and, furthermore, that the
additional decrease in retinal circulation caused by IVB leads
to an acceleration of the original chronic ischemia in eyes with
DR, explaining the appearance of macular ischemia after [IVB
in patients with underlying diseases such as diabetes.'*!* Cau-
tion is therefore indicated when administering anti-VEGF
antibodies, including bevacizumab, to DR patients. Even in
eyes with BRVOME, although VB can lead to a temporary
reduction of the condition, we cannot exclude the possibility
that IVB may also cause an adverse reduction in ocular cir-
culation, particularly in the choroid. Thus, follow-up care in
patients undergoing IVB should include LSFG examinations
of ocular blood circulation, in addition to standard examina-
tions of retinal structure and function.

It is difficult to make a prognosis on the structure and
function of eyes with macular edema after IVB, especially
for eyes with DME. Several biochemical mechanisms may
contribute to the vascular disruptions that characterize DR
and DME.* The pathogenesis of DME is still unclear but is
thought to have several clinical aspects, including inflamma-
tion, disruption of the capillary barrier, and dysfunction of
the retinal pigment epithelium. In our study, pre-IVB MBR
in the ONH was significantly correlated with post-IVB FT of
eyes with DME, a result indicating that IVB is not effective
for patients with DME and low MBR. We believe that MBR
of the ONH can be regarded as a clinically reliable preinter-
ventional parameter, and that the predictive value of pre-IVB
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MBR may prove to be of importance, especially because
LSFG measurements of MBR in the ONH have been reported
to be highly reproducible.* In fact, IVB is not always fully
effective in reducing DME, and the pathogenesis of DME
may include an [VB-sensitive mechanism related to vascular
hyperpermeability (elevated MBR) and a non-IVB-sensitive
mechanism, possibly related to impairment of the retinal
pigment epithelium. Thus, we believe that the pathogenesis
of DME may depend not only on VEGF, but also on other
mechanisms suppressed by corticosteroids, as intravitreal
injection of triamcinolone acetonide showed better results
than IVB in reducing DME and improving BCVA.* There
are also reports showing that BRVOME is closely related to
intraocular levels of cytokines such as macrophage inflam-
matory protein-1f and interleukin-6 but not of VEGF.

Our study was limited by a small sample size, the exclu-
sion of types of macular edema besides BRVOME and
DME, the restriction of the data to 1 month after IVB, and
by the fact that characteristics were not matched between the
two groups. We were also not able to find more than a weak
connection between visual acuity and MBR. Nevertheless,
we believe our results show that in eyes with BRVOME,
IVB is currently a good choice to aid in recovery of FT and
visual acuity, without a concomitant decrease in retinal blood
flow, at least until such time as other antibodies are ready
for clinical use. Furthermore, we are the first to report that
pre-IVB MBR is significantly correlated with post-IVB FT
in patients with DME, indicating the possible existence of
VEGF- and MBR-dependent DME.

In conclusion, we found that in patients with BRVOME,
there was no significant change in MBR in the retinal artery,
retinal vein, or ONH. In patients with DME, MBR in all
measured areas decreased significantly. Furthermore, pre-
TVB MBR was significantly correlated with post-IVB FT
in patients with DME, but there was no such correlation
in patients with BRVOME. Higher pre-IVB MBR in these
patients was an indicator of lower post-IVB FT. Measuring
MBR with LSFG, therefore, has the potential to serve as
a noninvasive and objective biomarker to help clinicians
determine the value of [VB treatments for patients with DME.
The focus of further investigation should be a determination
of MBR relationship to the mechanism behind IVB-induced
reduction of DME and BRVOME.
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Critical Neuroprotective Roles of Heme
Oxygenase-1 Induction Against Axonal
Injury-Induced Retinal Ganglion Cell

Death

Noriko Himori, Kazuichi Maruyama, Kotaro Yamamoto, Masayuki Yasuda,
Morin Ryu, Kazuko Omodaka, Yukihiro Shiga, Yuji Tanaka, and

Toru Nakazawa*

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

Although axonal damage induces significant retinal gan-
glion cell (RGC) death, small numbers of RGCs are able
to survive up to 7 days after optic nerve crush (NC) injury.
To develop new treatments, we set out to identify pat-
terns of change in the gene expression of axonal
damage-resistant RGCs. To compensate for the low den-
sity of RGCs in the retina, we performed retrograde label-
ing of these cells with 4Di-10ASP in adult mice and 7
days after NC purified the RGCs with fluorescence-
activated cell sorting. Gene expression in the cells was
determined with a microarray, and the expression of Ho-1
was determined with quantitative PCR (gPCR). Changes
in protein expression were assessed with immunohisto-
chemistry and immunoblotting. Additionally, the density
of Fluoro-gold-labeled RGCs was counted in retinas from
mice pretreated with CoPP, a potent HO-1 inducer. The
microarray and gPCR analyses showed increased
expression of Ho-1 in the post-NC RGCs. Immunohisto-
chemistry also showed that HO-1-positive cells were
present in the ganglion cell layer (GCL), and cell counting
showed that the proportion of HO-1-positive cells in
the GCL rose significantly after NC. Seven days after NC,
the number of RGCs in the CoPP-treated mice was
significantly higher than in the control mice. Combined
pretreatment with SnPP, an HO-1 inhibitor, suppressed
the neuroprotective effect of CoPP. These results reflect
changes in HO-1 activity to RGCs that are a key part
of RGC survival. Upregulation of HO-1 signaling
may therefore be a novel therapeutic strategy for glau-
coma. © 2014 Wiley Periodicals, Inc.

Key words: heme oxygenase-1;
glaucoma; neuroprotection

retinal ganglion cell;

According to global surveys (Quigley, 1996), glau-
coma is the second most common cause of blindness, after
cataracts. It is the foremost type of optic neuropathy, in
which the ultimate cause of vision loss is thought to be
retinal ganglion cell (RGC) apoptosis (Yucel et al., 2003).
The RGCs are the only neurons connected to the brain
by the optic nerve, and a significant dying off of these

© 2014 Wiley Periodicals, Inc.

cells is characteristic of glaucoma. There are a variety of
mechanisms causing RGC death, including oxidative
stress (Izzotti et al., 2006; Ferreira et al., 2010; Yuki et al.,
2011), excitatory amino acids such as glutamate (Sullivan
et al., 2006; Harada et al., 2007), endoplasmic reticulum
stress (Uchibayashi et al., 2011), and nitric oxide (Neufeld
et al.,, 1999). Therefore, neuroprotection of the RGCs
has recently drawn attention as a new approach to glau-
coma therapy.

Several studies have provided evidence that oxida-
tive stress and the related damage contribute to glaucoma-
tous degeneration of the RGCs (Tezel, 2006). Oxidative-
stress-induced change can either cause RGC damage and
death directly or trigger downstream effects (Tezel, 2006).
Although an elevated intraocular pressure (higher than 21
mmHg) is the greatest risk factor for primary open-angle
glaucoma, normal-tension glaucoma (NTG), the most
common type worldwide and the prevalent type in Asia
(Iwase et al. 2004), occurs in eyes with normal intraocular
pressure (10-21 mmHg). The pathogenesis of RGC death
in NTG has yet to be elucidated, even though the vulner-
ability of the RGCs is well known. Nerve crush (NC) is a
commonly used model of axonal injury that provides
insight into the mechanisms involved in the death of the
RGCs. It involves applying a precise, short-term,
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synchronous insult to the axons, which results in second-
ary RGC apoptotic cell death resembling glaucoma.

Several studies have used microarrays for genome-
wide analysis of the retina in models of glaucoma and in
DBA/2] mice (Steele et al., 2006; Panagis et al., 2010).
The RGCs represent only a small percentage of the total
cell population in the retina, however, and microarray
analysis can miss many responses specific to the RGCs. To
supplement the broad analysis provided by microarray,
therefore, we also used fluorescence-activated cell sorting
(FACS) to isolate the RGCs from other cells in the retina.

Heme oxygenase (HO), the rate-limiting enzyme in
heme catabolism, catalyzes the degradation of heme to
biliverdin, with the concurrent release of iron and carbon
monoxide. Three isoforms have been identified, HO-1,
HO-2, and HO-3 (Mancuso, 2004). HO-1 (also known
as heat-shock protein 32) is induced by certain cellular stress
conditions, including heat shock (Shibahara et al., 1987),
oxidative damage (Keyse and Tyrrell, 1989), and ische-
mia—reperfusion injury (Takeda et al., 1994). The use of
gene transfer or drugs to induce HO-1 has been shown to
inhibit apoptosis and to provide cellular protection after
injury (L1 Vold et al., 2007; Lai et al., 2008; Peng et al.,
2008, 2011). Recently, such newly proposed neuropro-
tective strategies have become the subject of investigation
as new goals for glaucoma therapy (Lebrun-Julien and Di
Polo, 2008; Weber et al., 2008). Changes during the early
stages of glaucoma may increase the vulnerability of the
R GCs, which might explain the progression of vision loss
in patients despite IOP-lowering therapy in open angle
glaucoma or in non-IOP-dependent types of glaucoma
such as NTG. Insights into the mechanisms of axonal-
damage-induced RGC death are therefore urgently
needed to aid in the development of new neuroprotective
treatment strategies for patients with glaucoma.

MATERIALS AND METHODS

Animals
Adult, 10-12-week-old male C57BL/B6 mice (SLC, Shi-

zuoka, Japan), housed in covered cages, were maintained and
handled in accordance with the guidelines of the ARVO State-
ment 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 Guide-
lines for the care and use of laboratory animals.

Surgery

Retrograde labeling was performed according to estab-
lished procedures (Ryu et al., 2012; Shanab et al., 2012). Briefly,
the mice were anesthetized with a ketamine/xylazine mixture.
The RGCs were retrogradely labeled with a fluorescent tracer,
Fluoro-Gold (FG; Fluorochrome, Englewood, CO), or carbocy-
anine dye N-4-[4-didecylaminostryryl]-N-methyl-pyridinium
iodide (4Di-10ASP; Molecular Probes, Eugene, OR). Either 3%
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4Di-10ASP in dimethylformamide or 1 pl of 2% aqueous FG in
1% dimethylsulfoxide (DMSO) was injected into the superior
colliculus with a 32-G needle. Seven days after FG labeling, an
NC procedure was performed in the animals’ right eyes.

Seven days after NC, the mice were sacrificed, and their
complete retinas were placed on glass slides with the ganglion
cell layer facing upward. RGC density was determined by
counting tracer-labeled RGCs in 12 distinct areas under a
microscope as previously described (Himori et al., 2013).

RGC Purification and Quantitative RT-PCR (qPCR)

The 4Di-10ASP-labeled RGCs were purified according
to established procedures (Himori et al,, 2013). Briefly, the
4Di-10ASP-labeled mice were cuthanized 7 days after NC.
The retinas were rapidly dissected, incubated in a digestion
solution containing papain (10 U/ml; Worthington, Lakewood,
NJ) and L-cysteine (0.3 mg/ml; Sigma, St. Louis, MO) in
HBSS (37°C for 15 min; CO, incubator), rinsed twice in
HBSS, and then triturated to create a single-cell suspension.
The dissociated cells were promptly sorted using a FACS Aria
IT (Becton-Dickinson, San Jose, CA). The 4Di-10ASP-labeled
RGCs were detected with a 585/42 filter. The cells were
sorted directly into 350 il of buffer RLT Plus (Qiagen, Valen-
cia, CA) with 1% B-mercaptoethanol, frozen immediately, and
stored at —80°C untl further use. Samples of the post-NC
RGCs and non-NC controls each contained 6,000 RGCs.
Total RNA was extracted from FACS-purified RGCs by using
an R Neasy Micro Kit (Qiagen) according to the manufacturer’s
protocol. The RINA was then concentrated using RNeasy
MinElute Spin columns (Qiagen), and first-strand ¢DNA syn-
thesis was performed with the SuperScript IIT First Strand Syn-
thesis SuperMix for qRT-PCR (Invitrogen, Carlsbad, CA).
Tagman Fast Universal PCR master mix (4352042; Applied
Biosystems, Foster City, CA) was used for qPCR to quantify
mRNA levels by using commercially available Tagman probes
for Ho-1 (Mm00516007_m1) and Gapdh (Mm99999915_g1).
Relative gene expression levels were calculated by using the
AACt method. The mRNA levels were normalized to Gapdh
as an internal control.

DNA Microarray Analysis

Isolation of RGCs was performed as described above.
Each sample contained ~100,000 RGCs, pooled from four to
six individually sorted retinas, and yielded 50 ng of total RNA,
which is enough for microarray analysis (Kurabo Industries,
Osaka, Japan). We analyzed mRNA expression using Geno-
palR ROSM-JX chips (Mitsubishi Rayon, Tokyo, Japan)
equipped with 219 oligonucleotide DNA probes in hollow
plastic fibers specially designed to detect mouse mRNA
sequences. Hybridization signals were analyzed using a DNA
chip analyzer according to the manufacturer’s instructions.
DNA chip data were compared for analysis by Kurabo custom
analysis services (Kurabo). Increases more than twofold were
regarded as significant. The gene list is given in Table 1.

Immunohistochemistry

Immunohistochemistry was performed according to our
previous publications (Nakazawa et al., 2006, 2007). The eyes
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TABLE 1. Genes

Accession No. Gene symbol Gene description NC— NC+ Ratio
NM_015760.3 Nox4 NADPH oxidasc 4 (Nox4) 12 98 8.30
NM_009663.1 Alox5ap Arachidonate 5-lipoxygenase activating protein (Alox5ap) 43 332 7.68
NM_009155.3 Sepp1 Selenoprotein P, plasma, 1 (Seppt) 212 1,399 6.60
NM_008871.1 Serpinel Serine (or cysteine) peptidase inhibitor, clade E, member 1 (Serpinel) 101 653 6.49
NM_001037859.2 Csflr Colony- stimulating factor 1 receptor (Csflr) 1105 7.041 6.37
NM_010907.1 Nitkbia Nuclear factor of kappa light polypeptide gene enhancer in 339 1,974 5.82
B-cells inhibitor, alpha (Nfkbia)

NM_009463.2 Ucpl Uncoupling protein 1 (mitochondrial, proton carrier) (Ucpl) 12 62 5.04
NM_009740.1 Bel10 B-cell leukemia/lymphoma 10 (Bcl10) 26 132 5.00
NM_010554.4 Ma Interleukin 1 alpha (I112) 133 610 4.60
NM_001009935.2 Txnip Thioredoxin interacting protein (Txnip) 212 969 4.57
NM_019823.3 Cyp2d22 Cytochrome P450), family 2, subfamily d, polypeptide 22 (Cyp2d22) 132 556 4.22
NM_008185.2 Gsttl Glutathione S-transferase, theta 1 (Gstt1) 234 945 4.04
NM_010442.1 Hmox1 Heme oxygenase (deeycling) 1 (Hmox1) 329 1,074 3.27
NM_024264.4 Cyp27al Cytochrome P450, tamily 27, subfamily a, polypeptide 1 (Cyp27al) 104 335 3.21

NM_008493.3 Lep Leptin (Lep) 7 23 3.14
NM_008509.2 Lpl Lipoprotein lipase (Lpl) 212 663 3.12
NM_001044384.1 Timp1 Tissue inhibitor of metalloproteinase 1 (Timp1) 27 76 2.84
NM_010361.2 Gstt2 Glutathione S-transferase, theta 2 (Gstt2) 47 132 2.79
NM_133994.3 Gstt3 Glutathione S-transferase, theta 3 (Gstt3) 64 169 2.64
NM_009744.3 Belo B-cell leukemia/lymphoma 6 (Bcl6) 124 309 2.50
NM_008116.2 Ggtl Gamma-glutamyleransferase 1 (Ggt1) 36 90 2.49

NM_011671.4 Ucp2 Uncoupling protein 2 (mitochondrial, proton carrier) (Ucp2) 5 12 2.31

NM_029555.2 Gstk1 Glutathione S-transferase kappa 1 (Gstk1) 91 210 2.30

NM_013602.2 Mtl Metallothionein 1 (Mt1) 11,218 25,656 2.29

NM_010358.4 Gstm1 Glutathione S-transferase, mu 1 (Gstm1) 457 1,044 2.29

NM_008184.3 Gstm6 Glutathione S-transferase, mu 6 (Gstm6) 37 83 2.24
NM_011480.3 Srebfl Sterol regulatory element binding transcription factor 1 (Srebfl) 518 1,141 2.20

were enucleated as described in the histological analysis section,
fixed in 4% paraformaldehyde overnight at 4°C, immersed in a
20% sucrose solution, and embedded in an optimal cutting tem-
perature compound (Sakura Finetechnical, Tokyo, Japan). Ten-
micrometer-thick cryosections were mounted on the slides and
incubated with blocking buffer (10% goat serum, 0.5% gelatin, 3%
BSA, and 0.2% Tween 20 in PBS). Next, they were incubated
with rabbit polyclonal anti-HO-1 antibody (1:200; Enzo Life Sci-
ences, Farmingdale, NY) and mouse monoclonal ant-C38 anti-
body (graciously donated by T. Wakabayashi; Wakabayashi et al.,
2010) overnight at 4°C. The sections were incubated with Alexa
488 secondary antibody (1:200; Invitrogen) for 1 hr. Photographs
of the retina were taken in areas 500 pun and 1,000 pm from the
center of the optic nerve using fluorescence illumination (Axio-
vert-200; Carl Zeiss, Jena, Germany). Cell counts were performed
as described previously (Nakazawa et al., 2008). Briefly, a blind
count was performed of immunopositive cells colocalized with
DAPI-stained nuclei from four sections of a single eye’s ganglion
cell layer (GCL). The numbers were then averaged.

Experimental Protocol

Injections were prepared as follows: cobalt protopor-
phyrin IX (CoPP; Frontier Scientific, Logan, UT) was first dis-
solved in 0.1 N NaOH and further diluted to a final
concentration of 0.02 N with PBS. Tin protoporphyrin (SnPP;
Frontier Scientific) was dissolved in equal amounts of PBS and
0.1 N NaOH. The mice received intraperitoneal (IP) injections
of CoPP (10 pmol/kg body weight) every 24 hr before NC for

3 days and after NC for 6 more days. IP injection of SnPP (10
pmol/kg body weight), when performed, was simultaneous

with injection of CoPP. We then examined the number of
RGCs 7 days after NC as described above.

Immunoblot Analysis

Three days after the administration of CoPP, the retinas
were isolated and placed into a lysis buffer (Thermo Fisher Scien-
tific, Waltham, MA) containing a 1% protease inhibitor cocktail
(Sigma) and a 1% phosphatase inhibitor cocktail (Sigma). Cell
lysates were clarified by centrifugation at 15,000¢ at 4°C for 20
min. Each sample was separated with SDS-PAGE and electro-
blotted onto a polyvinylidene fluoride (PVDF) membrane (Milli-
pore, Bedford, MA). After nonspecific binding had been blocked
with 4% BlockAce (Yukijirushi, Sapporo, Japan), the membranes
were incubated at 4°C overnight with a rabbit polyclonal anti-
body against HO-1 (1:1,000; Enzo) or B-actin (1:5,000; Sigma).
The membranes were then incubated with a horseradish
peroxidase-conjugated anti-mouse or anti-rabbit immunoglobu-
lin secondary antibody for 1 hr. The signals were visualized with
chemiluminescence (ECL blotting analysis system; Amersham,
Arlington Heights, IL), measured in Image Lab statistical software
(Bio-Rad, Hercules, CA), and normalized to B-actin.

Statistical Analysis

All data are expressed as mean &plunmn; SD. The values
were processed for statistical analysis (Mann-Whitney U test),
followed by a two-tailed Student’s t-test. Comparisons between
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Fig. 1. RGC purification using FACS from dissociated retinas retro-
gradely labeled with 4Di-10ASP. A: Representative photograph of a
flat-mount retina. The RGCs were labeled with 4Di-10ASP (green).
B,C: Representative photographs of dissociated retinal cells before
sorting. 0.2% of the cells were 4Di-10ASP+ RGCs before sorting.
The arrows indicate RGCs. D: FACS analysis of retinal cells. E,F:
Representative photographs of dissociated retinal cells after sorting. G:

multiple groups were analyzed by using the Krtiskal-Wallis, fol-
lowed by Steel’s, tests. Differences were considered statistically
significant at P < 0.05.

RESULTS

Isolation of RGCs With FACS and Changes in
RGC Gene Expression 7 Days After NC

RGCs were retrogradely labeled with 4Di-10ASP 7
days after NC (Fig. 1A). The ratio of 4Di-10ASP™ RGCs
in a sample of dissociated retinal cells before sorting was
only 0.2% (Fig. 1B,C). Our FACS analysis showed that,
before sorting, there were relatively few large and highly
fluorescent cells in the dissociated retinas (Fig. 1D). Sorting
greatly increased the proportion of these cells (Fig. 1E,F).
We then examined post-NC changes in gene expression
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Graphs comparing RGC gene expression changes in control and NC
mice. Changes were determined by qPCR. measurements of mRINA
levels in the RGCs. mRNA expression of Ho-1 in the RGCs had
increased 1 (control, n=4; NC, n=4), 4 (control, n=35; NC,
n=>5), and 7 (control, n=4; NC, n=15) days after NC. NC, nerve
crush. *P < 0.05, **P < 0.01 Scale bars =20 pm.

in these FACS-sorted RGCs. Table 1 shows the genes
with the greatest increases in expression, as determined by
microarray analysis. The expression of each of these genes
increased twofold or more. We also examined the expres-
sion of the Ho-1 gene in the purified RGCs with qPCR.
Normalized to Ho-1 expression levels in control RGCs,
there were increases of 2.7 &= 0.58, 3.6 = 1.1, and 4.4 =+
2.2 times, at 1, 4, and 7 days after NC, respectively. qPCR
thus showed increased Ho-1 expression in the RGCs at
every stage following NC (P < 0.05, P<0.01; Fig. 1G).

Immunohistochemical Detection of HO-1
After NC

HO-1 immunoreactivity was not observed in nor-
mal retinas (Fig. 2A). However, 1, 4, and 7 days after



