microarray analysis with axotomized purified RGCs
shows that significant changes in gene expression are an
essential aspect of the growth phase of axotomized RGCs
(Fischer et al., 2004). These data suggest that 3 days after
axotomy 1s a critical time point for determining the fate
of RGC:s.

The effect of GDNF on axonal growth was previ-
ously reported to be weak in vitro (Yin et al., 2003), and,
in agreement with this finding, we found that GDNF and
NRTN have no effects on axonal growth. Unlike GDNF
and NRTN, ARTN promotes axonal growth in mature
RGCs and might play a similar role in development, as
suggested by the high levels of GFRa3 expression during
development and in the early postnatal period when
R GCs are forming their connections and decline in matu-
rity. ARTN has also been shown to activate axonal
growth in the mature DRG via SFK- and extracellular
signal-related kinase-dependent signaling pathways (Jeong
et al., 2008). Like ARTN, Bcl-2-associated athanogene-1
has been reported to have dual effects on neuroprotection
and axonal growth in axotomized RGCs, inducing a
translocation of Raf-1 and ROCK?2 and interaction with
the inhibitory ROCK signaling cascade, which results in
dual effects on the prevention of apoptosis and axonal
regrowth (Planchamp et al., 2008). Phosphotase and ten-
sin homolog gene deletion also stimulates both RGC sur-
vival and axon regeneration after axotomy. (Park et al.,
2008) Thus, although several factors have been reported
to stimulate axon outgrowth alone (oncomodulin; Kuri-
moto et al., 2010) or survival alone (e.g., bcl2 overexpres-
sion [Chierzi et al,, 1999], GDNF [this study], and
BDNEF [Pernet and Di Polo, 2006]), ARTN is among the
factors that stimulate both cell survival and axonal growth.
In conclusion, we have demonstrated that increased
expression of GFRa3 and ARTN stimulate axonal
growth both in vivo and in vitro. Additional study using
anti-AR TN antibodies, a specific inhibitor of GFR a3, or
GFRa3-deficient mice will be required to conclude that
this pathway was critical for axon regeneration after nerve
crush. However, the GFRa3-dependent pathway may be
an attractive target to stimulate the survival and regenera-
tive capacity of RGCs following optic nerve injury.

ACKNOWLEDGMENTS

The authors thank Prof. Larry Benowitz for important
comment and discussion, Mrs. Junko Sato for technical
assistance, and Mr. Tim Hilts for editing the manuscript.

REFERENCES

Baloh RH, Enomoto H, Johnson EM Jr, Milbrandt J. 2000. The GDNF
family ligands and receptors: implications for neural development. Curr
Opin Neurobiol 10:103-110.

Brantley MA Jr, Jain S, Barr EE, Johnson EM Jr, Milbrande J. 2008.
Neurturin-mediated ret activation is required for retinal function.
J Neurosci 28:4123-4135.

Carmillo P, Dago L, Day ES, Worley DS, Rossomando A, Walus L,
Orozco O, Buckley C, Miller S, Tse A, Cate RL, Rosenblad C, Sah
DW, Gronborg M, Whitty A. 2005. Glial cell line-derived neurotro-

Journal of Neuroscience Rescarch

Role of Artemin on Axonal Growth 1645

phic factor (GDNF) receptor alpha-1 (GFR alpha 1) is highly sclective
for GDNF versus artemin. Biochemistry 44:2545-2554.

Chierzi S, Strettoi E, Cenni MC, Maffei L. 1999. Optic nerve crush:
axonal responses in wild-type and bcl-2 transgenic mice. | Neurosci 19:
8367-8376.

Fischer D, Pctkova V, Thanos S, Benowitz LI. 2004. Switching mature
retinal ganglion cells to a robust growth state in vivo: gene expression
and synergy with RhoA inactivation. ] Neurosci 24:8726-8740.

Hauck SM, Kinkl N, Dceg CA, Swiatck-de Lange M, Schoffmann S,
Ueffing M. 2006. GDNF family ligands trigger indirect neuroprotective
signaling in retinal glial cells. Mol Cell Biol 26:2746-2757.

Jeong DG, Park WK, Park S. 2008. Artemin activates axonal growth via
SFK~ and ERK-dependent signalling pathways in mature dorsal root
ganglia neurons. Cell Biochem Funct 26:210-220.

Koeberle PD, Bahr M. 2008. The upregulation of GLAST-1 is an indi-
rect antiapoptotic mechanism of GDNF and ncurturin in the adult
CNS. Cell Death Differ 15:471-483.

Kocberle PD, Ball AK. 2002. Neurturin cnhances the survival of axo-
tomized retinal ganglion cells in vivo: combined eftects with glial cell
line-derived neurotrophic factor and brain-derived neurotrophic factor.
Neuroscience 110:555-567.

Kurimoto T, Ishii M, Tagami Y, Nishimura M, Miyoshi T, Tsukamoto
Y, Mimura O. 2006. Xylazine promotes axonal regeneration in the
crushed optic nerve of adult rats. Neuroreport 17:1525-1529.

Kurimoto T, Yin Y, Omura K, Gilbert HY, Kim D, Cen LP, Moko L,
Kugler S, Benowitz LI. 2010. Long-distance axon regeneration in the
mature optic nerve: contributions of oncomodulin, cAMP, and pten
gene deletion. ] Neurosci 30:15654-15663.

Lin LF, Doherty DH, Lile JID, Bektesh S, Collins F. 1993. GDNF: a glial
cell line-derived neurotrophic factor for midbrain dopaminergic neu-
rons. Science 260:1130-1132.

Lindahl M, Timmusk T, Rossi |, Saarma M, Airaksinen MS. 2000.
Expression and alternative splicing of mouse Gfrad4 suggest roles in
endocrine cell development. Mol Cell Neurosci 15:522-533.

Nakazawa T, Nakano 1, Furuyama T, Morii H, Tamai M, Mori N.
2000. The SCG10-related gene family in the developing rat retina: per-
sistent expression of SCLIP and stathmin in mature ganglion cell layer.
Brain Res 861:399-407.

Nakazawa T, Nakano I, Sato M, Nakamura T, Tamai M, Mori N.
2002a. Comparative expression profiles of Trk receptors and She-
related phosphotyrosine adapters during retinal development: potential
roles of N-She¢/SheC in brain-derived neurotrophic factor signal trans-
duction and modulation. | Neurosci Res 68:668~680.

Nakazawa T, Tamai M, Mori N. 2002b. Brain-derived neurotrophic fac-
tor prevents axotomized retinal ganglion cell death through MAPK and
PI3K signaling pathways. Invest Ophthalmol Vis Sci 43:3319-3326.

Nakazawa T, Shimura M, Tomita H, Akiyama H, Yoshioka Y, Kudou H,
Tamai M. 2003. Inuinsic activation of PI3K/Akt signaling pathway and
its neuroprotective effect against retinal injury. Curr Eye Res 26:55-63.

Nakazawa T, Morii H, Tamai M, Mori N. 2005a. Selective upregulation
of RB3/stathmin4 by ciliary neurotrophic factor following optic nerve
axotomy. Brain Res 861:399-407.

Nakazawa T, Shimura M, Endo S, Takahashi H, Mori N, Tamai M.
2005b. N-methyl-D-aspartic acid suppresses Akt activity through pro-
tein phosphatase in retinal ganglion cells. Mol Vis 11:1173-1182.

Nakazawa T. Takahashi H, Nishijima K, Shimura M, Fuse N, Tamai M,
Hafezi-Moghadam A, Nishida K. 2007. Pitavastatin prevents NMDA-
induced retinal ganglion cell death by suppressing leukocyte recruit-
ment. ] Neurochem 100:1018-1031.

Ozden S, Iscnmann S. 2004. Neuroprotective properties of different
ancsthetics on axotomized rat retinal ganglion cells in vivo. J Neuro-
trauma 21:73-82.

Park KK, Liu K, Hu Y, Smith PD, Wang C, Cai B, Xu B, Connolly L,
Kramvis I, Sahin M, He Z. 2008. Promoting axon regeneration in the adult
CNS by modulation of the PTEN/mTOR pathway. Science 322:963-966.



1646 Omadaka et al.

Pernet V, Di Polo A, 2006. Synergistic action of brain-derived neurotro-
phic factor and lens injury promortes retinal ganghon cell survival but
leads to optic nerve dystrophy in vivo, Brain 129:1014-1026.

Planchamp V, Bermel C, Tonges L, Ostendorf T, Kugler S, Reed JC,
Kermer P, Bahr M, Lingor P. 2008. BAG1 promotes axonal outgrowth
and regeneradon in vivo via Raf-1 and reduction of ROCK activity,
Brain 131:2606~2619.

Sariola H, Saarma M. 2003, Novel functions and signalling pathways for
GDNF. J Cell Sei 116:3855-3862.

Trupp M, Scott R, Whittemore SR, Ibancz CF. 1999, Ret-dependent
and -independent mechanisms of glial cell line-derived neurotrophic
factor signaling in neuronal cells. | Biol Chem 274:20885-20894.

Wang JT, Kunzevitzky NJ, Dugas JC, Cameron M, Barres BA, Goldberg

JL. 2007, Disecase gene candidates revealed by expression profiling of

retinal ganglion cell development. ] Neurosci 27:8593-8603.

Ward M5, Khoobehi A, Lavik EB, Langer R, Young MJ]. 2007.
Neuroprotection of retinal ganglion cells in DBA/2] mice with
GDNF-loaded  biodegradable microspheres. | Pharm Sei 96:558~
568.

Worby CA, Vega QC, Chao HH, Scasholtz AF, Thompson RC, Dixon
JE. 1998, Identification and characterization of GFRalpha-3, a novel
coreceptor belonging to the glial cell line-derived neurotrophic receptor
family. | Biol Chem 273:3502-3508,

Yin Y, Cui Q, L1 Y, Irwin N, Fischer D, Harvey AR, Benowitz L1
2003, Macrophage-derived factors stimulate optic nerve regeneration.
J Neurosci 23:2284-2293.

Yin Y, Henzt MT, Lorber B, Nakazawa T, Thomas T'T, Jiang F, Langer
R, Benowitz LI 2006. Oncomodulin is a macrophage-derived signal
for axon regencration n retinal ganglion cells. Nat Neurosei 9:843—
852,

Joumal of Neuroscience Research



Clinical Ophthalmology

3

Dove

ORIGINAL RESEARCH

The effect of intravitreal bevacizumab on ocular
blood flow in diabetic retinopathy and branch
retinal vein occlusion as measured by laser
speckle flowgraphy

Fumihiko Nitta'
Hiroshi Kunikata'?
Naoko Aizawa'
Kazuko Omodaka'
Yukihiro Shiga'
Masayuki Yasuda'
Toru Nakazawa'-?

'Department of Ophthalmology,
Tohoku University Graduate School of
Medicine, Sendai, Japan; *Department
of Retinal Disease Control, Tohoku
University Graduate School of
Medicine, Sendai, Japan; *Department
of Advanced Ophthalmic Medicine,
Tohoku University Graduate School
of Medicine, Sendai, Japan

Correspondence: Hiroshi Kunikata
Department of Ophthalmology,
Tohoku University Graduate School
of Medicine, I-1 Seiryo-machi,
Aoba-ku, Sendai 980-8574, Japan

Tel +81 22 717 7294

Fax +81 22717 7298

Email kunikata@oph.med.tohoku.ac.jp

Background: This study evaluated the effect of intravitreal injection of bevacizumab (IVB)
on macular edema associated with diabetic retinopathy (DME) or branch retinal vein occlusion
(BRVOME) using laser speckle flowgraphy.

Methods: A comparative interventional study of 25 eyes from 22 patients with macular edema
(DME group: 12 eyes: BRVOME group: 13 eyes) who underwent IVB. Mean blur rate (MBR)
was measured in the retinal artery, retinal vein, optic nerve head (ONH), and choroid before
and after IVB.

Results: In the BRVOME group, there was no significant change in MBR in the retinal artery,
retinal vein or ONH, but choroidal MBR decreased significantly (P=0.04). In the DME group,
the MBR in the retinal artery, retinal vein, ONH, and choroid decreased significantly (P=0.02,
P=0.04, P<<0.001, and P=0.04, respectively). In the DME group, pre-IVB MBR in the ONH
was significantly correlated with post-IVB foveal thickness (R=—0.71, P=0.002). There was
no such correlation in the BRVOME group in the ONH.

Conclusion: TVB had a suppressive effect on circulation in eyes with DME but not in those
with BRVOME. This suggests that this noninvasive and objective biomarker may be a useful
part of pre-IVB evaluations and decision-making in DME.

Keywords: macular edema, mean blur rate, optic nerve head, biomarker, ocular circulation

Introduction

Macular edema is one of the main causes of reduced vision in various retinal diseases,
including diabetic retinopathy (DR) and branch retinal vein occlusion (BRVO).™ This
condition is difficult to treat successfully, even for experienced ophthalmologists. Cur-
rently, intravitreal injection of bevacizumab (IVB), an anti-vascular endothelial growth
factor (VEGF) antibody, is one of the most accepted treatments.** It can improve vision
by temporarily blocking VEGF action and subsequently reducing macular edema.
However, in cases of DR- or BRVO-associated macular edema (DME and BRVOME,
respectively), the effect of IVB is often insufficient, requiring the treatment to be
repeated many times.* ! It is not known why the effectiveness of the treatment is poor
in these cases, as the underlying mechanism of IVB’s ability to reduce macular edema
is still not well understood. Furthermore, the effect of IVB on retinal circulation is also
unknown, although there are a few reports that IVB causes a decrease in intraocular
and systemic circulation.'>" Particularly, [VB can adversely affect the visual prognosis
of patients with central retinal vein occlusion and underlying systemic diseases such

as diabetes, or ischemic heart or cerebrovascular diseases.'*'?
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Ischemic change after any medical intervention is
ordinarily cvaluated with fluorcscein angiography, but
this technique is invasive, can cause severe complications,
including anaphylactic shock, and its results can be affected
by time-dependent changes after injection. Recent innova-
tions in an alternative technique, laser speckle flowgraphy
(LSFG), have allowed us to quickly and easily monitor

16,17

changes in tissue circulation over time. The main
measurement parameter of LSFG, mean blur rate (MBR),
is an automatically calculated index of ocular blood flow
derived from the scatter pattern produced when the ocular
fundus is irradiated with laser light. MBR represents the
velocity of the blurring in the speckle pattern that is caused
by blood flow. Measured values of MBR correlate well
with absolute blood flow values measured with the hydro-

1819 Previous

gen gas clearance and microsphere methods.
reports have shown that despite being a relative value,
MBR can be considered an accurate representation of both
ocular blood flow and velocity.””?' The quality of LSFG
measurements mainly relies on the clarity of the ocular
media, but LSFG has already contributed to many recent
findings in glaucoma research, and is especially useful in
examining the relationship between glaucoma and ocular
circulation,'®->-%%

In this study, we hypothesized that IVB had a different
effect on ocular blood circulation in DME and BRVOME. We
evaluated the association between MBR and clinical findings
in post-IVB eyes in order to reveal the different pathogenesis
of DME and BRVOME, and to find new biomarkers of post-
[VB visual prognosis. Thus, our purpose was to evaluate the
effect of IVB in DME and BRVOME patients by examining
the association of MBR and clinical findings related to the
structure and function of the retina.

Materials and methods

Setting and design

This was an institutional, prospective, nonrandomized, inter-
ventional case series. Subjects were recruited from patients
referred to the Retina Service of Tohoku University Hospital.
Intravitreal intervention and follow-up were both performed
at this clinic.

Patients

The study comprised 25 eyes of 22 patients (eleven men
and eleven women, mean age: 67.5 years) with retinal dis-
ease (DR group: 12 eyes of nine patients with DR; BRVO
group: 13 eyes of 13 patients with BRVO) and macular
edema.

Each patient provided informed consent for their
participation in this study as well as for the treatments they
received. The study was approved by the institutional review
board of Tohoku University Graduate School of Medicine
(Protocol No 2013-164; May 17, 2013). The research was
conducted according to the provisions of the Declaration of
Helsinki, 1995 (as revised in Edinburgh, 2000).2%7

Intervention

In all eyes, after instillation of topical anesthetic (0.4%
oxybuprocaine hydrochloride; Benoxil), sterilization of the
eyelid (10% povidone-iodine Swabstick), and instillation
of 1.25% povidone-iodine (Isodine), 1.25 mg/0.05 mL of
bevacizumab (Avastin) was injected into the vitreous cavity
with a standard pars plana approach (3.5 mm posterior to the
limbus) using a 30-gauge needle.

Measurement of clinical findings

We measured best-corrected visual acuity (BCVA)
before, 1 week after, and 1 month after IVB. Similarly, we mea-
sured foveal thickness (FT) before, | week after, and 1 month
after [IVB. BCVA was measured with a logMAR chart
(5 m) (LVC-10; NEITZ Instruments, Tokyo, Japan), and retinal
thickness was measured with optical coherence tomography
(OCT) (OCT3000; Carl Zeiss Meditec AG, Jena, Germany).
The retinal thickness of the central fovea was defined as the
distance between the inner limiting membrane and the retinal
pigment epithelium, and was automatically calculated by the
OCT3000 software. A macular thickness map was made with
the OCT retinal mapping program from six radial scans inter-
secting at the fovea. The mean retinal thickness was calculated
in nine regions: the 1,000 wm central area and the four quad-
rants of the inner and outer rings. FT was defined as the value
of the 1,000 pm central area. Blood pressure and intraocular
pressure (IOP) were measured after 10 minutes of rest.

Measurement using laser speckle
flowgraphy

We measured MBR with the LSFG NAVI system (Softcare
Co., Ltd., Fukutsu, Japan) before, 1 week after, and 1 month after
[VB. The measurement conditions were kept constant as fol-
lows: angle of view, 21°; number of pixels measured, 750x360;
and laser power, 1.37 mW. Determination of MBR was made
with LSFG Analyzer software (version 3.0.47.0; Softcare Co.,
Fukutsu, Japan). We measured four regions: a selected retinal
artery, a selected retinal vein, the optic nerve head (ONH), and
the choroid. Measurements for the retinal artery and the retinal
vein were taken from sites near the ONH (within 1.5 papilla
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diameters). In patients with BRVOME, blood vessels in
the quadrant containing the obstruction were not selected in
order to avoid the influence of the hemorrhage. The mean
number of samples was 1,013, 1,482.3, and 47,785.2 in the
retinal artery, the retinal vein, and the ONH, respectively.
Measurement of the choroid was performed in a square area
(150x150 pixels; 19,479 samples) not containing retinal blood
vessels, in a temporal location located one papilla diameter
away from the ONH. Only a single measurement of each
region was performed.

Statistical analysis

Analysis was done with Ekuseru-Toukei 2006 software
(Social Survey Research Information Co., Ltd., Tokyo,
Japan). The data are presented as mean + standard deviation.
The significance of the difference between pre- and post-
IVB data was assessed with the Friedman test and Scheffe’s
paired comparison. We also used the Mann—Whitney U test
to compare characteristics other than sex and optic media
and clinical findings before and after IVB in the BRVO
and DR groups. Sex and optic media were compared with
Fisher’s exact test. The Spearman correlation coefficient was
used to determine the relationship between MBR and FT in
the ONH. A P-value of less than 0.05 was considered to be
statistically significant.

Results

A comparison of characteristics and findings before and after
IVB in the BRVOME and DME groups is shown in Table 1.
Before TVB, there were no significant differences in age,
optic media, [OP, or FT between the two groups, but there
were significant differences in sex distribution and visual
acuity. After IVB, there was no difference in IOP between
the two groups, but there was a significant difference in FT.
FT in the BRVOME group was significantly lower than in
the DME group | month post-IVB.

BCVA and FT before and after IVB are shown in
Figures I and 2, respectively. MBR in the retinal artery, reti-
nal vein, ONH, and choroid before and after [VB is shown
in Figure 3. In the DME group, MBR changed significantly
in all regions 1 week and 1 month after IVB (retinal artery,
P=0.02; retinal vein, P=0.04; ONH, P<<0.001; and choroid,
P=0.04). In the BRVOME group, MBR did not change sig-
nificantly 1 week or | month after IVB in any of the measured
regions (retinal artery, P=0.09; retinal vein, P=0.33; ONH,
P=0.50), except the choroid (P=0.04).

The relationship between FT and MBR in the ONH of
the DME group is shown in Figure 4. Pre-IVB MBR in the

Table | Comparison of characteristics and findings before and
after intravitreal injection of bevacizumab in groups with branch
retinal vein occlusion and diabetic retinopathy

Group BRVOME DME P-value
Number of eyes 13 12
Age 71.0£9.6 63.8:9.2 0.0565*
Sex (M: F) (49) (7:2) #0.0402°
Optic media (hael) (10:3) 0.3278°
(lens: pseudophakia)
BCVA (logMAR)

Pre-IVB 0.8£0.26 0.41£0.21 *+0.0016*

| week post-IVB 0.64+0.4 0.49:0.23 0.3355*

| month post-IVB 0.64+0.33 0.45:0.29 0.1245*
IOP (mmHg)

Pre-IVB 13.6+2.4 128£1.5 0.2409°

| week post-IVB 120523 13.4+23 0.1818°

| month post-1VB 12.9+2.1 12.6+2.2 0.8062°
Foveal thickness (jtm)

Pre-IVB 549.8+127.7 465.7£120.1 0.0727*

| week post-IVB 327.5£110.1 396.8=116.1 0.2108°

| month post-IVB 270.2+67.9 408.3+148.6 *%0.0036*

Notes: *Mann-Whitney U test; *Fisher's exact test. *P<<0.05; **P<0.01.
Abbreviations: BCVA, best-corrected visual acuity; BRYOME, branch retinal vein
occlusion-associated macular edema; DME, diabetic macular edema; IOP, intraocular
pressure; VB, intravitreal bevacizumab; logMAR, logarithm of the minimum angle
resolution; M, male; F, female.

ONH was not correlated with pre-IVB FT (P=0.33), but
post-IVB MBR in the ONH was correlated with post-IVB
FT (R=-0.80, P=0.009). Furthermore, pre-IVB MBR in the
ONH was correlated with post-IVB FT (R=—0.71, P=0.002).
The relationship between FT and MBR in the ONH of the
BRVOME group is shown in Figure 5. There were no equiva-
lent correlations in the ONH of the BRVOME group.

Representative eyes with DME and BRVOME are shown
in Figures 6 and 7, respectively.

Complications arising from IVB, such as endophthalmitis,
ocular hypertension, retinal detachment, and vitreous hemor-
rhage, did not occur in any of the patients in this study.

Discussion

We set out to investigate the effect of [IVB on the retina in
DME and BRVOME patients, in particular its effect on ocular
blood flow. We found that in BRVOME patients, there was
no significant change in MBR in any of the areas measured
in this study, with the exception of a significant decrease
in the choroid. In the group of patients with DME, there
was a significant decrease in MBR in all measured areas.
Interestingly, however, we observed that pre-IVB MBR in
the DME patients was significantly correlated with post-IVB
FT; specifically, higher MBR before IVB was correlated with
lower FT after IVB.

Clinical Ophthalmology 2014:8
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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; P<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 [VB 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

Pre-IVB |
800 1 week post-IVB
= 1 month post-IVB *k
700 I
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o
by
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N w B~ a D
o o
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DME BRVOME
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 BRYOME 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; #P<0.01; Scheffe’s paired comparison compared between
groups, *¥P<0.01.

Abbreviations: BRYOME, 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 IVB 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
easily 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 BRYOME, 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; {P<<0.05, 1/P<0.01; Scheffe’s paired
comparison compares between groups, *P<<0.05, ¥*P<0.01.

Abbreviations: BRVOME, branch retinal vein occlusion-associated macular edema; DME, diabetic macular edema; IVB, 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-I[VB 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; VB, 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 um 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-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 |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 um | month after IVB.
Abbreviations: BRVOME, 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.’”3¥ 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 [VB
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 IVB can lead to a temporary
reduction of the condition, we cannot exclude the possibility
that [VB may also cause an adverse reduction in ocular cir-
culation, particularly in the choroid. Thus, follow-up care in
patients undergoing I'VB should include LSFG examinations
of ocular blood circulation, in addition to standard examina-
tions of retinal structure and function.

Tt 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-1VB-sensitive
mechanism, possibly related to impairment of the retinal
pigment epithelium. Thus, we believe that the pathogenesis
of DME may depend not only on VEGEF, 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-I'VB 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 IVB treatments for patients with DME.
The focus of further investigation should be a determination
of MBR relationship to the mechanism behind [VB-induced
reduction of DME and BRVOME.
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Critical Neuroprotective Roles of Heme
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Injury-Induced Retinal Ganglion Cell

Death
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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-17 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 SnPR, 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. [t is the foremost type of optic neuropathy, in
which the ultimate cause of vision loss i1s thought to be
retinal ganglion cell (RGC) apoptosis (Yicel 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 ([zzott 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.,
gene transfer or drugs to induce HO-1 has been shown to
inhibit apoptosis and to provide cellular protection after
injury (Li 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 carly
stages of glaucoma may increase the vulnerability of the
RGCs, which might explain the progression of vision loss
in patients despite IOP-lowering therapy in open angle
glaucoma or in non-IOP- dcpcndcm 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]-IN-methyl-pyridinium
iodide (4Di-10ASP; Molecular Probes, Eugene, OR). Either 3%
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4Di-10ASP in dimethylformamide or Tl of 2% aqueous FG in
1% dimethylsulfoxide (IDMSO) was injected into the superior

colliculus with a 32-G needle. Seven dﬂ}’b 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 Tayer facing upward. RGC density was determined by
counting tracer-labeled RGCs in 12 distinct areas under a
microscope as previously described (Himort 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 euthanized 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 pl of buffer RLT Plus (Qiagen, Valen-
cia, CA) with 1% B-mercaptoethanol, frozen immediately, and
stored at —80°C undl 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 RNeasy 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 TIT First Strand Syn-
thesis SuperMix for gRT-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 mRINA 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 oxidase 4 (Nox4) 12 98 8.30
NM_009663.1 Alox5ap Arachidonate 5-lipoxygenase activating protein (Alox5ap) 43 332 7.68
NM_009155.3 Seppl Selenoprotein P, plasma, 1 (Sepp1) 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 Cstlr Colony- stimulating factor 1 receptor (Csf1r) 1105 7,041 6.37
NM_010907.1 Nfkbia Nuclear factor of kappa light polypeptide gene enhancer in 339 1,974 5.82
B-cclls inhibitor, alpha (Nfkbia)

NM_009463.2 Ucepl Uncoupling protein 1 (mitochondrial, proton carrier) (Ucpt) 12 62 5.04
NM_009740.1 Bel10 B-cell leukemia/lymphoma 10 (Bcl10) 26 132 5.00
NM_010554.4 IM1a Interleukin 1 alpha (I11a) 133 610 4.60
NM_001009935.2 Txnip Thioredoxin interacting protein (T'xnip) 212 969 4.57
NM_019823.3 Cyp2d22 Cytochrome P450, tamily 2. subfamily d, polypeptide 22 (Cyp2d22) 132 556 422
NM_008185.2 Gsttl Glutathione S-transferase, theta 1 (Gstel) 234 945 4.04
NM_010442.1 Hmox1 Heme oxygenase (decycling) 1 (Hmox1) 329 1,074 3.27
NM_024264.4 Cyp27al Cytochrome P450, family 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 Bel6 B-cell leukemia/lymphoma 6 (Bcl6) 124 309 2.50
NM_008116.2 Ggtl Gamma-glutamyltransferase 1 (Ggel) 36 90 2.49
NM_011671.4 Ucp2 Uncoupling protein 2 (mitochondrial, proton carrier) (Uep2) 5 12 2.31

NM_029555.2 Gstkl1 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 (Srebf') 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 anti-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 pm 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 unol/kg body weight) every 24 hr before NC for

3 days and after NC for 6 more days. IP injection of SnPP (10
pumol/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

Joumnal of Neuroscience Research
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Fig. 1. RGC purification using FACS from dissociated retinas retro-
gradely labeled with 4D1-10ASP. 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:
Reepresentative photographs of dissociated retinal cells after sorting. G:

multiple groups were analyzed by using the Kruskal-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

R GCs 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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increased 1 (control, n=4; NC, n=4), 4 (control, n=35; NC,
n=1>5), and 7 (control, n =4; NC, n =15) days atter NC. NC, nerve
crush. *P < 0.05, **P < (.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 gPCR.
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



1138 Himotri et al.

untreated

HO-1

C38

DAPI

Merge

Fig. 2. Changes in HO-1 expression atter NC. A-D: Normal retina. E-H: One day after NC. I-

el

L: Four days after NC. M=P: Scven days after NC. HO-1 immunorcactivity was detected in the
GCL 4 days and 7 days after NC. Arrows indicate HO-1 in the GCL. Scale bar = 50um.

NC, immunostaining showed that HO-1-positive cells
were present in the GCL (Fig. 2E,I,M). Double staining
for HO-1 and C38 protein showed that the cells express-
ing HO-1 were all RGCs, although not all RGCs
expressed HO-1 (Fig. 2H,L,P). We also found that, over
time, the ratio of C38 protein-stained RGCs to DAPI-
stained RGCs slowly decreased (P < 0.05; Fig. 3A). The
proportion of HO-1 positive cells, however, rose signifi-
cantly in the GCL after NC (P<0.05; Fig. 3B). This
tendency did not change near the optic nerve (500 pum)
and far from it (1,000 pm).

CoPP Upregulated the Expression of HO-1
Protein

It is difficult to collect cells including protein because
of their scarcity in the retina, especially after NC. We
could not obtain enough protein in purified RGCs for
immunoblot analysis, so we tried QPCR and immunoblot
analysis in the retina. The levels of Ho-1 mRNA in the
retina did not increase after 1 or 2 days of CoPP adminis-
tration (data not shown). However, 3 days of CoPP
administration resulted in increased Ho-1 mRNA expres-
sion. We therefore chose a CoPP treatment without NC
lasting for 6 days. The levels of HO-1 protein in the retina
also increased significantly 3 days after the injection of
CoPP (P < 0.05; Fig. 4B). Additionally, immunofluores-
cence analysis showed that IP injection of CoPP induced
expression of HO-1 in the GCL (Fig. 4C).

Effects of CoPP on Protection of RGCs From NC

Before NC, there was no significant difference in
the density of FG-labeled RGCs in mice treated with

vehicle (3,160 = 435 cells/mm®), CoPP (3,549 * 475
cells/mm?), or a combination of CoPP and SnPP (3,156
+ 658 cells/mm?). Seven days after NC, the density of
FG-labeled RGCs in the mice treated with CoPP was
significantly higher than in those treated with vehicle
(1,313 = 137 cells/mm? and 868 * 253 ceﬂs/mmz,
respectively, P<0.01, P<0.05), whereas the mice
treated with a combination of CoPP and SnPP (808 =
262 cells/mm”~) did not show a significant difference from
those treated with vehicle (Fig. 5).

DISCUSSION

It is well known that axonal damage induces significant
RGC death, but a small number of RGCs are neverthe-
less able to survive 7 days atter NC. To search for new
treatments for retinal diseases, we tried to identify patterns
of change in the gene expression of these axonal-damage-
resistant RGCs. A microarray assessment of sorted post-
NC RGCs revealed that the expression of HO-1, in par-
ticular, increased significantly. Immunofluorescence anal-
ysis also revealed that a significantly higher proportion of
HO-1-positive cells was present in the RGCs 1, 4, and 7
days atter NC and that the ratio of HO-1-positive cells in
the RGCs gradually increased during that time. Finally,
an examination of retinas pretreated with CoPP, which is
a nonsubstrate HO-1 inducer, revealed a higher density
of surviving RGCs after NC, whereas retinas pretreated
with both CoPP and SnPP showed no difference in
RGC survival from the untreated group. These data
strongly suggest that molecules expressed in surviving
RGCs, especially HO-1, contribute to the survival of
R GCs through a neuroprotective effect.

Journal of Neuroscience Research
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RGCs represent only a small fraction of the total
retinal cell population, so it is casy to overlook responses
specific to them. To overcome this obstacle, we used
FACS, a technique capable of identifying RGC-specific
changes that has recently been introduced (Fischer et al.,
2004). FACS functions by isolating RGCs from other
cells and examining gene expression in them exclusively.
Our experience indicates that a combination of sorting by
retrograde fluorescent labeling and cell size is most useful
in isolating the RGCs and allows us to obtain the purest
samples. Moreover, in our previous research, cell sorting
very clearly revealed markers specifically expressed by
RGCs (Himori et al., 2013). The ratio of 4Di-10ASP™
RGCs to 4/-6-diamino-2-phenylindole (DAPD) ™" cells
rose from only 0.2% to 96.4% with sorting (as shown in
Fig. 1). This high level of purity gave us exceptionally
large sample sizes for both the microarray and the qPCR
analyses and allowed us to perform very effective statistical
analyses of biological variations and obtain highly reliable
results. The possibility remains, however, that our analysis
was affected by the exclusion of small RGCs. Therefore,
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further experiments may be required to provide more
precise results.

Our previous work showed that expression of Ho-
1 had increased 1 day after NC (Himori et al., 2013).
Four days after NC, Ho-1 continued to have a high level
of expression. Seven days after NC, moreover, expres-
sion of Ho-1 had increased still further. This study
included a microarray analysis of the purified RGCs,
which clearly showed high HO-1 expression in the sur-
viving RGCs 7 days after NC. Approximately 7 days
after NC, even though almost all the RGCs were dis-
rupted by the apoptotic reaction, a fraction of cells sur-
vived. Although factors other than HO-1 might rise
after injection of CoPP, we focused on HO-1 because
many researchers have suggested that HO-1 has a strong
cellular protective effect in RGCs and in Muller cells
(Arai-Gaun et al., 2004; Sun et al., 2010). Increased lev-
els of HO-1 protein have been observed in RGCs
exposed to hydrostatic pressure in vitro and in mouse
retinas exposed to acute elevated IOP (Liu et al., 2007).
Hypothesizing that the neuroprotective factor after NC
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was stronger in these surviving RGCs than in the apo-
ptotic cells, we performed the microarray analysis, which
revealed the high expression of HO-1. Additionally,
experimental studies showed that free-radical scavengers
effectively prevented glaucomatous tissue injury, includ-
ing glutamate- and IOP-induced RGC death (Inomata
et al., 2006; Munemasa et al., 2009). Oxidative stress is
one of the most common stress signals inducing HO-1
expression, and it has been suggested that it plays a role

w rNC7day H Notreated l >

FG-labeled RGCs {(/mm?)
gggses

vehicle

vehicle

No trasgtment NC 7days

Fig. 5. Effect ot HO-1 on RGC protection atter NC. A: Representa-
tive photographs of RGCs in flat-mounted retinas. B: Quantitative
data on the density of RGCs after NC (n=4-7 in each group).
*P < 0105, #*P.< 0.01. Scale bar = 50pua.

in signaling RGC death in glaucoma (Tezel, 2006; Guo
et al., 2011).

HO-1 belongs to the heat shock family of proteins,
a group that can function as antioxidants, antiapoptotics,
cytoprotectors, or anti-inflammatory agents in different
pathologic conditions. The induction of HO-1 is regu-
lated at the level of transcription by HSF1, AP-1, NFk[3,
and Nrf2. Nrf2, in particular, has an important role in the
expression of HO-1 (Naidu et al., 2009; Koriyama et al.,
2010). Nrf2 normally resides in the cytoplasm bound by
its cytosolic inhibitor, Keap1, which targets it for proteo-
somal degradation (Itoh et al., 1997, 1999). Our previous
work suggested that the large quantity of ROS induced
by NC disrupts the association of Nrf2 and Keap1, which
leads to nuclear translocation of Nrf2 and the transcrip-
tional activation of cytoprotective genes (Himori et al.,
2013). We believe that mitochondrial dysfunction can
induce the generation of ROS and that HO-1 is a key
part of the antioxidant enzymes that form in response.
Additionally, members of the Bcl2 gene family, including
Bcl2, BelxL, and Bax, play an important role in regulating
RGC death in glaucoma (Nickells et al., 2008). Cell
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apoptosis stands out as one of the key parts of this biologi-
cal process. In this study, microarray and qPCR analyses
revealed that HO-1 is upregulated in the RGCs atter NC.
Although this might reflect only the nature of NC injury,
pharmacological induction of HO-1 with CoPP has also
been shown, in a previous study, to contribute to the
reduction of RGC death and to play a beneficial role in
retinal protection after ischemia—reperfusion injury (Sun
et al., 2010). Sun et al. found that HO-1 was related to a
reduction in the recruitment of macrophage infiltration in
the retina through the suppression of monocyte chemoat-
tractant protein. A different study showed that a combina-
tion of astrocytes and microglia could prevent excessive
inflammatory responses in the brain by regulating micro-
glial expression of HO-1 and production of ROS (Min
et al., 2006). Similarly, HO-1 probably has a role in the
inflammatory pathways involving NF-xB and MAPK sig-
naling, which are present in a commonly used model of
high-IOP-induced retinal ischemia. Previous reports have
shown that HO-1 overexpression can suppress inflamma-
tory responses such as NF-kB protein expression, inflam-
matory  cytokine upregulation, and  macrophage
infiltration after high-IOP-induced retinal ischemia. We
have also reported, from our previous research, that the
upregulation of antioxidants via the Keap1-Nrf2 pathway
was a very important part of the mechanism of cytoprotec-
tion (Himori et al., 2013). Building on our microarray
analysis, our future rescarch will include an ingenuity
pathway analysis to determine the most closely related oxi-
dative pathway involving HO-1.

In summary, microarray and qPCR data analyses
indicated that RGC gene responses were closely linked to
optic nerve injury in our mouse NC model. Neuropro-
tective strategies have been proposed and are being inves-
tigated as new goals for glaucoma therapy. Effective
neuroprotection, aimed at salvaging functional RGCs and
their axons before they are irreversibly damaged, requires
early intervention and targeting of upstream events. Iden-
tification of the early clinical molecular events in RGCs
would add to our understanding of the nature of glauco-
matous injury and provide potential targets for neuropro-
tective strategies. This study demonstrates that inducing
the overexpression of HO-1 may have promise as a neu-
roprotective treatment for glaucoma, and in particular for
NTG, which is the most prevalent type of glaucoma in
Asian countries.
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