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Retinal ganglion cell degeneration triggered by axonal injury is
believed to underlie many ocular diseases, including glaucoma
and optic neuritis. In these diseases, retinal ganglion cells are
affected unevenly, both spatially and temporally, such that
healthy and unhealthy cells coexist in different patterns at
different time points. Herein, we describe a temporally and
spatially regulated adeno-associated virus gene therapy aiming
to reduce undesired off-target effects on healthy retinal neu-
rons. The Mcp-1 promoter previously shown to be activated
in stressed retinal ganglion cells following murine optic nerve
injury was combined with the neuroprotective intracellular
transcription factor Nrf2. In this model, Mcp-1 promoter-
drivenNRF2 expression targeting only stressed retinal ganglion
cells showed efficacy equivalent to non-selective cytomegalo-
virus promoter-driven therapy for preventing cell death. How-
ever, cytomegalovirus promoter-mediated NRF2 transcription
induced cellular stress responses and death of Brn3A-positive
uninjured retinal ganglion cells. Such undesired effects were
reduced substantially by adopting the Mcp-1 promoter.
Combining a stress-responsive promoter and intracellular ther-
apeutic gene is a versatile approach for specifically targeting
cells at risk of degeneration. This strategy may be applicable
to numerous chronic ocular and non-ocular conditions.
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INTRODUCTION
Glaucoma, characterized by progressive loss of retinal ganglion cells
(RGCs), is one of the leading causes of blindness worldwide. It is a
multifactorial disease, although elevated intraocular pressure (IOP)
remains the only proven therapeutic target. In glaucoma and many
other ocular conditions, RGC death can occur unevenly across the
retina such that stressed cells and healthy cells reside next to each
other in a pattern that varies over time.1 Oxidative stress is an impor-
tant factor in glaucoma pathogenesis. A large body of evidence from
analysis of patient’s biological samples2–5 and animal models has es-
tablished a strong link between glaucoma and elevated oxidative
stress markers, both dependent on IOP6,7 and independent of IOP.8,9

Adeno-associated virus (AAV) gene therapy allowing long-term
expression of a therapeutic gene is a promising approach to treat
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chronic ocular conditions. In all AAV-mediated ocular gene therapy
trials published to date,10–14 a constitutively active promoter, chicken
b-actin promoter, was chosen to drive the transgene to maximize
expression, except for a trial in which the human RPE65 promoter
was used.11 However, such promoters result in unregulated expres-
sion of the therapeutic gene in all AAV-transduced cells, including
both injured and healthy cells that may coexist within the same
retina. This could induce stress responses by triggering a non-phys-
iological condition in the healthy ones. To circumvent this problem,
tissue- or cell-specific promoters have been used to restrict expres-
sion of the target (therapeutic) gene to cell types at risk of damage.11

While this strategy helps to direct transgene expression to the target
cell type, it is of limited use for conditions in which healthy and
unhealthy cells are mixed within that population. We studied the
temporal transcription profiles of various stress pathway-related
promoters and response elements in RGCs using AAV2-based
reporters in a murine optic nerve crush (ONC) model.15 Through
this work, we identified the monocyte chemoattractant protein
1 (Mcp-1) promoter involved in leukocyte recruitment16 as being
capable of driving reporter gene expression in stressed RGCs preced-
ing their death with relatively low background activity. The therapeu-
tic utility of AAV-mediated delivery of NRF2, a transcription factor
inducing the expression of multiple antioxidant genes,17 for treating
RGCs was demonstrated in a murine model of ONC.18 However, as
the study used a constitutive cytomegalovirus (CMV) promoter con-
nected to a human b-globulin intron to drive NRF2 expression,
concern regarding off-target effects on neighboring healthy RGCs
remained.

In the current study, we explored the therapeutic utility of
combining the Mcp-1 promoter with the transcription factor gene
17 ª 2017 The Author(s).
://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Temporal Profile of Mcp-1 Promoter Transcription Activity and

RGC Death following Murine ONC

(A) Schematic representation of the AAV2/2 construct. The Mcp-1 promoter was

designed to drive EGFP reporter gene expression (pMcp-1.EGFP). (B) Quantifica-

tion of EGFP-positive cells and dying cells labeled with Sytox Orange each in a

different group of mice (N = 8 for each group) before ONC and 5, 10, 15, and

20 days after injury. Images were obtained using in vivo confocal microscopy. The

y axis indicates the number of Sytox-positive or EGFP-positive cells relative to that of

the samemouse 5 days after ONC, presented in percentages. The x axis designates

days after ONC. (C) Retinal flat mount prepared at 1, 5, and 10 days after ONC,

showing colocalization of EGFP driven by the Mcp-1 promoter and Sytox Orange

following ONC. Colocalization of Sytox Orange and EGFP is not seen at day 10. The

arrowheads designate Sytox-positive cells in which Mcp-1 promoter is activated.

Vector was injected at 2.0 mL (1.0� 1012 gc/mL) per injection. ITR, inverted terminal

repeat; hGHpA, human growth hormone polyadenylation signal. EGFP (green),

Sytox Orange (red). Scale bar, 20 mm.
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NRF2 to achieve spatially and temporally coordinated neuroprotec-
tion in a murine model of ONC to overcome the potential off-target
toxicity of constitutive promoter-mediated gene therapy on healthy
RGCs.
Molecu
RESULTS
Upregulation of Mcp-1 Promoter Transcription Parallels RGC

Death

We previously demonstrated that the Mcp-1 promoter is activated
before detectable early apoptotic changes in a murine ONC model
and that Mcp-1 promoter activation occurs mostly in RGCs.15 How-
ever, whether Mcp-1 promoter activity increases and returns to base-
line in parallel with RGC death is unknown. Following intravitreal
injection of an EGFP-based reporter AAV2 driven by the Mcp-1
promoter (AAV2/2.pMcp-1.GFP) (Figure 1A), Sytox Orange, a fluo-
rescent cell death marker amenable to in vivo real-time imaging, was
used to assess the temporal profile of Mcp-1 promoter activation in
relation to RGC death following ONC (Figure 1B). We found that up-
regulation of Mcp-1 promoter activity preceded RGC death triggered
by injury, as previously reported,15 and returned to baseline by
20 days after injury, in parallel with cessation of RGC death. Micro-
scopic study revealed that some cells transcribing Mcp-1-EGFP also
expressed Sytox Orange at 5 days after injury, consistent with the
direct association of the Mcp-1-mediated stress response with RGC
death (Figure 1C). In a similar experiment, colocalization of Sytox
Orange and CMV promoter-driven EGFP was observed, indicating
that CMV promoter is also used in injured cells (Figure S1).
Mcp-1 Promoter Driven Overexpression of BDNF or NRF2

Reduces RGC Death following Murine ONC

Next, we assessed the utility of the Mcp-1 promoter for effective gene
therapy following murine ONC. Two AAV2 constructs were made
carrying either human BDNF orNRF2 driven by the Mcp-1 promoter
(AAV2/2.pMcp-1.BDNF and AAV2/2.pMcp-1.NRF2) (Figure 2A).
Both genes have been shown to prevent RGC death in retinal injury
models using constitutive promoters.18–20 Five days after ONC,
expression levels of both Mcp-1 promoter-driven transgenes were
elevated at the RNA level (Figure 2B) and the protein level (Fig-
ure 2C). Moreover, retinal cell death was reduced 46.2% by BDNF
expression (p = 0.0069) and 62.1% by NRF2 overexpression (p =
0.00037) (Figure 2D). These findings were supported by expression
analyses of constitutive RGC marker mRNAs (Brn3a, Brn3b, and
Thy1), which showed higher levels in eyes treated with either
construct compared to untreated control eyes. However, this effect
was more consistent in mice treated with NRF2 compared to
BDNF (Figure 2E). This may partially reflect the possible difference
in the therapeutic effect size between the two vectors detected by
in vivo cell death imaging (Figure 2D). Expression levels of all three
markers were higher in eyes treated with AAV2/2.pMcp-1.NRF2,
whereas only Brn3b expression was elevated following treatment
with AAV2/2.pMcp-1.BDNF.
Early Stress-Responsive Mcp-1 Promoter-Driven and

Constitutive CMV-Driven NRF2 Overexpression Have

Comparable Therapeutic Effects

Overexpression of the secreted protein BDNF by a subset of stressed
RGCs could act on many surrounding RGCs. Alternatively, overex-
pression of NRF2, an intracellular transcription factor, would be
lar Therapy: Methods & Clinical Development Vol. 5 June 2017 131
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restricted to the subset of cells infected by the vector. Therefore, NRF2
was chosen as the therapeutic gene to explore the potential of tempo-
rally and spatially targeted gene therapy using the Mcp-1 promoter.
To directly compare the therapeutic efficacy of a constitutive pro-
moter (CMV) and the early stress-responsive Mcp-1 promoter,
AAV vectors expressing NRF2 under the control of these promoters
were generated (AAV2/2.pCMV.NRF2 and AAV2/2.pMcp-1.NRF2)
(Figure 3A). Expression ofNRF2 confirmed by RT-PCR did not differ
before and after ONC in the eyes treated with AAV2/2.pCMV.NRF2
(Figure 3B). This was different from the eyes treated with AAV2/
2.pMcp-1.NRF2, which showed a 31.8-fold increase in NRF2 expres-
sion following ONC (Figure 3B). The eyes treated with either of the
two constructs showed lower numbers of dying RGCs after ONC
injury than untreated contralateral control eyes as assessed by intra-
vitreal Sytox Orange injection and imaging (Figure 3C). Furthermore,
the therapeutic efficacies were similar for the two AAV2 vectors.
However, expression levels of constitutive RGC markers were more
consistently elevated by AAV2/2.pMcp-1.NRF2 (Figure 3D). To test
the functional efficacy of these gene therapies, visual acuity and
contrast sensitivity were measured after treatment. While we found
no treatment effect on visual acuity using either vector 1 month
post-ONC, both Mcp-1 and CMV promoter-driven NRF2 expression
improved contrast sensitivity (52.2%, p = 0.003, and 66.7%, p = 0.019,
respectively) with no difference in efficacy (percentage increase) be-
tween treatments (Figure 3E). The reason for the discrepancy between
therapeutic effect on visual acuity and contrast sensitivity is unclear.
However, the improvements in contrast sensitivity, but not in visual
acuity, following treatment are not unprecedented.21 It may reflect a
modest therapeutic effect on the vision-guided behavior.

Constitutive Overexpression of NRF2 by the CMV Promoter

Induces a Greater Stress Response in Healthy RGCs Than

Overexpression by the Mcp-1 Promoter

We found that overexpression of NRF2 by the Mcp-1 promoter re-
sulted in similar treatment efficacy to overexpression by CMV in a
murine axonal injury model as assessed molecularly, histologically,
and behaviorally. However, the Mcp-1 promoter is expected to be
transcribed minimally in healthy cells, whereas the CMV promoter
should be constitutively transcribed in both injured and healthy cells
with no temporal and spatial specificity. This is of particular concern
for clinical application, because indefinite overexpression of the target
gene or genes in healthy cells will create a non-physiological intracel-
lular environment that may lead to cell loss or disruption of function.
Figure 2. Therapeutic Utilities of Mcp-1 Promoter-Driven BDNF and NRF2 Ove

(A) Schematic representation of the AAV2/2 constructs. Construct carried BDNF (pMc

promoter. (B) qRT-PCR analysis of therapeutic gene expression levels 5 days after injury

treated contralateral eyes (N = 8 per group). (C) Typical western blots using antibodie

(arrowhead) represents uncleaved NRF2, while the lower band (30 kb) is its cleaved fra

(D) Representative in vivo confocal images of cell death visualized with Sytox Orange 5

panels are images from the ONC eyes. Quantification of Sytox-positive RGCs from in viv

graphs show levels of mRNA expression in ONC eyes. Values are expressed relative to t

2.0 mL (1.0 � 1012 gc/mL) per injection for all experiments. Data represent means ±

polyadenylation signal; No Inj, no injection; ND, non-detectable; NS, not significant.
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Before testing this possibility, we first differentially measured the
expression of endogenous Nrf2 and exogenous NRF2. The endoge-
nous Nrf2 expression was not affected by the treatment of AAV2/
2.pCMV.NRF2 or AAV2/2.pMcp-1.NRF2. However, we found a
44.4-fold increase in exogenous NRF2 accompanied by a 5.3-fold in-
crease in expression of Ho-1, a direct transcription target of NRF2, in
the healthy eyes of wild-type mice treated with AAV2/2.pCMV.NRF2
compared to the healthy eyes treated with AAV2/2.pMcp-1.NRF2
(Figure 4A). Furthermore, expression levels of the endoplasmic retic-
ulum stress marker Aftf4 and the cell death pathway gene p53 were
elevated only in eyes treated with AAV2/2.pCMV.NRF2 compared
to untreated eyes and eyes treated with AAV2/2.pMcp-1.NRF2 (Fig-
ure 4B). Meanwhile, expression of Tgfb1 was elevated in the eyes
treated with either vector. This result was confirmed by immunohis-
tochemistry, which showed increased expression of Chop, indicating
activation of endoplasmic reticulum stress, and p53, reflecting activa-
tion of a cell death pathway, in the ganglion cell layer (GCL) after
treatment with AAV2/2.pCMV.NRF2 (Figure 4C). Similarly, expres-
sion levels of the stress markers Hif1a and Nfkb1 were substantially
upregulated by CMV promoter-driven NRF2 expression, not by
Mcp-1 promoter-driven NRF2 expression, in healthy RGCs of un-
treated eyes.

Constitutive Expression of NRF2 by CMV Promoter Induces

Stress Response that Could Be Diminished by Using MCP-1

Promoter

Next, we generated a bicistronic construct in which either the Mcp-1
promoter or the CMV promoter drives the simultaneous expression
of NRF2 and EGFP to visually track NRF2 expression (AAV2/
2.pMcp-1.NRF2-2A-EGFP and AAV2/2.pCMV.NRF2-2A-EGFP)
over time in uninjured RGCs (Figure 5A). After injecting these con-
structs into the healthy eyes of wild-type mice, we monitored the
number of transduced (EGFP emitting) cells periodically over the
ensuing 8 months by in vivo ophthalmoscopy (Figures 5B and 5C).
As expected, in the absence of axonal injury, the Mcp-1 promoter
induced barely detectable EGFP expression, indicating low back-
ground promoter activity, while injection of the CMV promoter re-
sulted in numerous EGFP-positive cells in uninjured eyes. Most
importantly, the number of EGFP-positive cells gradually decreased
over 1–8 months (�36.3% reduction; Cochran-Armitage trend test,
p = 0.025) (Figures 5B and 5C). This was in contrast with the
AAV2/2.CMV.EGFP-treated eyes, which showed no decline of
EGFP-positive cells during the same period. The result indicates
rexpression in Murine ONC

p-1.BDNF) or NRF2 (pMcp-1.NRF2) as the therapeutic gene driven by the Mcp-1

. The graphs show relative mRNA expression levels in ONC eyes compared to non-

s against human BDNF (left) or NRF2 (right) 5 days after ONC. The 66 kDa band

gment. b-actin and TATA-box binding protein (TBP) were used as internal controls.

days after ONC. The upper panels are images from control eyes, whereas the lower

o images (right; N = 10 per group). (E) qRT-PCR analysis of RGC marker genes. The

he non-treated eye 7 days after ONC (N = 8 per group). Each vector was injected at

SEM, *p < 0.05. ITR, inverted terminal repeat; hGHpA, human growth hormone

lar Therapy: Methods & Clinical Development Vol. 5 June 2017 133

http://www.moleculartherapy.org


Figure 3. Comparison of Therapeutic Efficacy between CMV Promoter- and Mcp-1 Promoter-Driven NRF2 Expression in Murine ONC

(A) Schematic representation of the AAV2/2 constructs. Each construct carried NRF2 as the therapeutic gene driven by either the CMV promoter (pCMV.NRF2) or the Mcp-1

promoter (pMcp-1.NRF2). (B) qRT-PCR analysis of human NRF2 gene expression 5 days after injury. The graphs show mRNA expression levels in the ONC eyes relative to

(legend continued on next page)
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that the NRF2 overexpression induces degeneration of RGCs. To
distinguish these possibilities, we first compared the mRNA expres-
sion levels of RGC markers Brn3a, Brn3b, and Thy1 2 months after
treating healthy wild-type mice with either AAV2/2.pMcp-1.NRF2
or AAV2/2.pCMV.NRF2 (Figure 5D). There was no difference in
the expression levels of Brn3b and Thy1 between the two treatment
groups (Figure 5E). However, the expression of Brn3a was reduced
by 20.8% in eyes treated with the constitutive promoter (AAV2/
2.pCMV.NRF2). We confirmed that this decrease was due to a spe-
cific reduction of BRN3A-positive RGCs through immunohisto-
chemistry and comparative quantification of BRN3A-positive cells
and DAPI-positive cells in retinal sections at 4 months (Figure 5F).

DISCUSSION
In this study, we found that AAV-mediated overexpression of the
therapeutic transcription factor NRF2 driven by the early stress-
responsive Mcp-1 promoter rescued RGCs in ONCmodel mice while
minimizing undesired off-target effects on healthy RGCs associated
with constitutive promoters. The use of a stress-responsive promoter
provides a substantial advantage over a constitutive promoter for
gene therapy of many chronic diseases in which damaged and healthy
cells are intermixed within the same tissue. Therefore, Mcp-1 pro-
moter-driven therapy may be effective for a variety of ocular and
non-ocular conditions.

The finding that the rescue effect of AAV2/2.pMcp-1.NRF2 following
ONC was more consistent compared to AAV2/2.pCMV.NRF2 was
unexpected. Although the mechanism by which such a difference
occurs is largely unknown, the negative off-target effects of AAV2/
2.pCMV.NRF2 on RGCs, as shown in Figures 4 and 5, could have
contributed the result. Likewise, the reason NRF2 overexpression is
toxic to Brn3a-expressing cells, but not Brn3b-expressing cells, is
not clear. Highly homologous POU-domain Brn3a and Brn3b tran-
scription factors share identical transcriptional features. However,
the functional roles of these transcription factors in RGCs differ,
possibly because of the cell types in which the protein is expressed.22

Expression of p53 known to strongly inhibit Brn3a-mediated expres-
sion of the Bcl-2 proto-oncogene that protects neuronal cells from
programmed cell death23 was elevated in the eyes overexpressing
NRF2. This may have partly contributed to the death of Brn3a-posi-
tive RGCs.

Accumulating clinical evidence indicates that oxidative stress is a key
pathogenic process in many chronic conditions affecting the retina,
including age-related macular degeneration (AMD),24,25 diabetic
retinopathy,25,26 retinitis pigmentosa,27 and glaucoma,3,28, which
together account for most blindness cases in developed countries.
contralateral control (No ONC) eyes (N = 8 per group). (C) Representative images of cell d

(left panel). The upper panels are images from control eyes, and the lower panels are fro

(D) qRT-PCR analysis of RGC marker genes. The graphs show levels of mRNA expres

(E) Measurement of visual acuity (left panel) and contrast sensitivity (right panel) 1 month

per injection for all experiments. Data represent mean ± SEM, *p < 0.05. ITR, inverted

injection; NS, not significant.
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These clinical findings are well supported by basic research on animal
models of these conditions, which have provided evidence for the
involvement of oxidative stress and the therapeutic potential of anti-
oxidant therapy.29 However, epidemiological studies have shown that
simple oral intakes of antioxidative nutrients are not free of systemic
side effects. For example, intake of vitamin E, an antioxidant, at a dose
shown to be effective for preventing AMD has been linked to
increased risk of prostate cancer.30 Such evidence of deleterious
non-target effects provides compelling rationale to restrict the thera-
peutic gene or agent to a defined tissue or cell subset. Gene therapy
allowing local and long-term expression could be a particularly attrac-
tive approach for chronic intractable diseases. Others have demon-
strated the therapeutic efficacy of AAV-mediated NRF2 delivery in
murine models of retinitis pigmentosa and ONC.18 Likewise, the
concept of driving the antioxidative Nrf2 gene by an early stress-
inducible promoter should be effective for treating many ocular dis-
eases other than glaucoma, because off-target expression of trans-
genes and associated long-term toxicity is a significant concern for
most chronic ocular conditions. Mcp-1, a soluble chemokine that
can be detected from patient ocular fluid samples, is a sensitive
marker for the stress response of ocular cells in many chronic ocular
conditions. Elevated protein expression levels, reflecting increased
transcription of the Mcp-1 promoter, have been demonstrated in
ocular fluid samples from patients with chronic blinding ocular dis-
eases, including AMD,31,32 diabetic retinopathy,33 uveitis,34 retinal
detachment,35–37 and retinitis pigmentosa.38 Likewise, increased
MCP-1 in the aqueous humor has been reported in glaucoma.39,40

Although the cellular source of this increased MCP-1 remains unde-
termined, robust expression in multiple disorders suggests that the
Mcp-1 promoter used in the current study could be broadly appli-
cable for early stress-responsive gene therapy in many blinding dis-
eases, including glaucoma.

The utility of inducible promoters, including drug-inducible pro-
moters, is well recognized in the ocular field.41–44 However, successful
in vivo application of such promoters in animal models of ocular dis-
ease and neurodegeneration is rare. A successful in vivo application of
a hypoxia-inducible promoter for treatment of ischemic retinopathy
models has been reported.45 Similarly, the utility has been reported in
the murine middle cerebral artery occlusion model.46 In that model,
the hypoxia response element coupled to the BDNF gene delivered
into the ipsilateral caudate-putamen reduced infarct volume.

In conclusion, Mcp-1 promoter-driven NRF2 overexpression only in
stressed RGCs efficiently prevented degeneration following nerve
crush injury while substantially reducing the off-target death of
healthy neighboring RGCs. This approach is versatile and potentially
eath visualized by Sytox Orange 5 days after ONC using in vivo confocal microscopy

m ONC eyes. Quantification of Sytox-positive RGCs (right panel; N = 8 per group).

sion in ONC eyes relative to contralateral eyes 7 days after ONC (N = 8 per group).

after ONC (N = 6 per group). Each vector was injected at 2.0 mL (1.0� 1012 gc/mL)

terminal repeat; hGHpA, human growth hormone polyadenylation signal; No Inj, no
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Figure 4. Off-Target Effects of NRF2 Expression Driven by the Mcp-1 Promoter versus CMV Promoter in Healthy RGCs of Wild-Type Mice

(A) qRT-PCR analysis of Ho-1 gene expression in wild-type mice treated or untreated with a therapeutic vector (AAV2/2.pCMV.NRF2 or AAV2/2.pMcp-1.NRF2). Ho-1

expression is regulated by NRF2 (N = 8 per group). (B) qRT-PCR analysis of RGC marker genes in wild-type mice treated or untreated with therapeutic vector. The graphs

show levels of mRNA expression in the retina 2 months after AAV injection relative to the contralateral untreated eyes (N = 8 per group). (C) Representative images of retinal

section immunoreactivity for Chop (left) and p53 (right) 2 months after AAV injection. Each vector was injected at 2.0 mL (1.0� 1012 gc/mL) per injection for all experiments. All

data represent means ± SEM, *p < 0.05. GCL, ganglion cell layer; INL, inner nuclear layer; No Inj, no injection; NS, not significant. Scale bar, 50 mm.
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Figure 5. Comparative Evaluation of Toxicity from NRF2 Expression Driven by the CMV or Mcp-1 Promoter in Healthy RGCs in Wild-Type Mice

(A) Schematic representation of the AAV2/2 vectors used in (B) and (C). Bicistronic constructs were composed of the Mcp-1 promoter (pMcp-1.NRF2-2A-EGFP) or CMV

promoter (pCMV.NRF2-2A-EGFP) driving NRF2 connected to EGFP via the self-cleaving peptide (2A). (B) Representative in vivo images of NRF2-expressing EGFP-positive

cells (RGCs) in wild-type mice 1, 4, and 8 months after AAV injection obtained using confocal microscopy. (C) Quantification of NRF2-expressing EGFP-positive RGCs from

in vivo images (N = 5 each). (D) Schematic representation of the AAV2/2 constructs used in (E) and (F). Each construct carried NRF2 as the therapeutic gene driven by either

(legend continued on next page)
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could be applied to many other conditions in which oxidative stress
plays a central pathogenic role.

MATERIALS AND METHODS
Animals

This study used adult (6- to 32-week-old) male C57BL/6J mice (Japan
SLC). The animals were housed in a 14 hr light and 10 hr dark cycle
with free access to food and water. Surgical procedures were per-
formed under deep anesthesia induced by intraperitoneal administra-
tion of a mixture of ketamine (37.5 mg/kg) and medetomidine
(0.625 mg/kg). The medetomidine effect was reversed by intraperito-
neal injection of 1 atipamezole (.25 mg/kg). All mice were handled
and maintained in accordance with the Association for Research in
Vision and Ophthalmology (ARVO) guidelines for the Use of Ani-
mals in Ophthalmic and Vision Research and intramural guidelines
for the care and use of animals. All experimental procedures were
conducted after approval by the ethics committee for animal experi-
ments at the Tohoku University Graduate School of Medicine. Mice
were masked before any quantification to limit subjective bias. Ani-
mals were randomly assigned to AAV-treatment or no-treatment
groups from a given litter of mice. The contralateral eye served as in-
ternal control to which no treatment was indicated partly, because
there were no differences in RT-PCR of RGC marker expression be-
tween the eyes with no treatment and those treated with AAV2/
2.pCMV.EGFP following ONC (Figure S2). The estimate of sample
size was calculated with an animal experimentation sample size calcu-
lator (http://www.lasec.cuhk.edu.hk/sample-size-calculation.html).

Axonal Injury

ONC to induce axonal injury in RGCs was performed as described
previously.47 In brief, the optic nerve was exposed while avoiding
the blood vessel and was crushed approximately 2 mm posterior to
the eyeball with forceps for 5 s. Several minutes after ONC, normal
retinal circulation was confirmed through direct observation of the
fundus. Antibiotic ointment was then applied to the treated eye.

AAV Construction

To construct pMcp-1.BDNF and pMcp-1.NRF2 vectors, a fragment
of the murine Mcp-1 promoter (560 bp immediately upstream of
the initiation codon ATG; accession number U12470) and BDNF
cDNA (KIBB9810; Promega) or NRF2 cDNA (KIBB7828; Promega)
were inserted into a pAAV-MCS Promoterless Expression Vector
(Cell Biolabs). To construct pMcp-1.NRF2-2A-EGFP, the same frag-
ment of the Mcp-1 promoter, NRF2 cDNA, linker peptide 2A cDNA,
and EGFP cDNA (Clontech) were inserted into the pAAV-MCS Pro-
moterless Expression Vector using the Gibson assembly system (New
England Biolabs). To construct pCMVNRF2-2A-EGFP, Nrf2 cDNA,
the CMV promoter (pCMV.NRF2) or the Mcp-1 promoter (pMcp-1.NRF2). (E) qRT-PCR

apeutic vector. The graphs show mRNA expression levels in the retina 2 months after

histochemical analysis of retinal sections stained with anti-Brn3a antibodies (green) 4 m

show quantification of Brn3a-positive cells per DAPI-positive cells (center; N = 6 each) a

injected at 2.0 mL (1.0 � 1012 gc/mL) per injection for all experiments. All data represen

layer; INL, inner nuclear layer; 2A, self-cleaving peptide; ITR, inverted terminal repeat; h
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2A peptide, and egfp cDNA (Clontech) were inserted into a pAAV-
CMVp-MCS Expression Vector (Cell Biolabs) using the Gibson as-
sembly system (New England Biolabs). For pAAV.CMV.EGFP using
pAAV-GFP vector (Cell Biolabs), viral vectors AAV2/2 were gener-
ated and purified following a method described previously.48 Each
vector (1.0 � 1012 genome copy [gc]/mL) was injected at 2.0 mL per
injection into the vitreous of an anaesthetized mouse. The dose was
the same in all experiments involving intravitreal injection of AAV
in this study.

In Vivo Cellular Imaging

Cell death labeling was performed using Sytox Orange (Life Technol-
ogies) as described previously.49 Sytox Orange (2.5 nM) was injected
intravitreally at 1.0 mL/injection. Images were acquired using confocal
ophthalmoscopy (Nidek F10; Nidek) 10 min post-injection as
described previously.15 Briefly, mice were anaesthetized and pupils
were dilated with 2.5% phenylephrine and 1.0% tropicamide. Blue
laser light (488 nm) was used for EGFP excitation, and a band path
filter set to 510–550 nm was used to capture emission. Green laser
light (532 nm) was used for excitation, and a barrier filter set at a cut-
off of 555 nm was used to capture Sytox Orange emission. Clear
distinction between signals from Sytox Orange and EGFP was not
possible. The focus was adjusted at the RGC layer in the posterior
pole immediately posterior to the retinal surface. Six raw images
were averaged to obtain an image of the posterior pole, with the optic
nerve head aligned in the center for analysis. The number of fluores-
cent cells was quantified from a single image at a given time point per
mouse by an observer blinded to treatment history.

qRT-PCR

Total RNA was extracted from the retina using the miRNeasy Plus
Mini Kit (QIAGEN) according to the manufacturer’s instructions.
One microgram of total RNA was reverse transcribed in a 10 mL re-
action mixture using SuperScript III (Thermo Fisher Scientific), and
qRT-PCR was performed (7500 Fast Real-Time PCR System; Thermo
Fisher Scientific). The 20 mL qRT-PCR mixture contained 1.0 mL of
cDNA, 1.0 mL of TaqMan probe (Thermo Fisher Scientific), and
1� TaqMan Fast Universal PCR Master mix (Thermo Fisher Scien-
tific). PCR was performed in 96-well plates using an initial denatur-
ation step of 95�C for 20 s, followed by 40 cycles of 95�C for 3 s
and 60�C for 20 s. For relative comparison of gene expression, we
analyzed qRT-PCR data using the comparative Ct method
(2-DDCT) normalized to Gapdh as the endogenous control. The
following TaqMan probes were used: Atf4 (Mm00515324; Thermo
Fisher Scientific), BDNF (Hs02718934; Thermo Fisher Scientific),
Ho-1 (Mm00516005; Thermo Fisher Scientific), Nfkb1
(Mm00476379; Thermo Fisher Scientific), NRF2 (Hs00975961;
analysis of RGC marker genes in wild-type mice treated or untreated with a ther-

AAV injection relative to the contralateral untreated eyes (N = 8 each). (F) Immuno-

onths after AAV injection (left), with highly magnified images shown in insets. Graphs

nd DAPI-positive cells (right; N = 6 each) in the GCL from images. Each vector was

t means ± SEM. *p < 0.05 with Cochran-Armitage test for trend. GCL, ganglion cell

GHpA, human growth hormone polyadenylation signal. Scale bar, 50 mm.
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Thermo Fisher Scientific), Gapdh (Mm99999915; Thermo Fisher
Scientific), Brn3a (Mm02343791; Thermo Fisher Scientific), Brn3b
(Mm00454754; Thermo Fisher Scientific), Thy1 (Mm00493681;
Thermo Fisher Scientific), Tgfb1 (Mm00441729; Thermo Fisher Sci-
entific), and p53 (Mm01731290; Thermo Fisher Scientific).

Western Blot

Isolated mouse retina was lysed in a radioimmunoprecipitation
(RIPA) buffer supplemented with a protease inhibitor (Roche) by
two 30 s sonications on ice. Nuclear proteins were isolated using a
Nuclear Extraction Kit (Abcam) according to the manufacturer’s in-
structions. Total protein concentration was measured with the Pierce
bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scienti-
fic). Mouse retinal proteins (15 mg each) were separated by SDS-
PAGE on 4%–15% gradient gels (Bio-Rad) and transferred to polyvi-
nylidene fluoride (PVDF) membranes (Millipore). The membranes
were blocked in 5% milk/phosphate buffered saline with tween 20
(PBS-T) for 1 hr and then incubated with antibodies against BDNF
(AB1513, 1/1,000; Millipore), NRF2 (sc-13032, 1/1,000; Santa Cruz
Biotechnology), b-actin (F5316, 1/2,000; Sigma-Aldrich), and TBP
(#8515, 1/1,000; Cell Signaling Technology) for 1 hr. Immunolabeled
membranes were washed three times with PBS-T for 10 min each,
incubated with horseradish peroxidase (HRP)-conjugated anti-rabbit
immunoglobulin G (IgG) antibodies (A0545, 1/2,000; Sigma-Aldrich)
for 1 hr, and then washed four times for 5 min each with PBS-T. The
immunogenic reaction was detected by ECL Prime (GE Healthcare).

Immunohistochemistry

Eyes were fixed in 4% paraformaldehyde, embedded in optical coher-
ence tomography (OCT) compound (Sakura Finetek), and sectioned
using a cryostat (CM3050; Leica Microsystems). The section was
blocked with 5% donkey serum for 30 min, incubated with goat
anti-Brn3a antibody (sc-31984, 1:100; Santa Cruz Biotechnology),
mouse anti-chop antibody (#2895, 1:500; Cell Signaling Technology),
or rabbit anti-p53 antibody (sc-6243, 1:100; Santa Cruz Biotech-
nology) for 1 hr and then stained with an appropriate secondary
antibody (anti-goat Alexa Fluor 488, anti-rabbit Alexa Fluor 488, or
anti-mouse Alexa Fluor 488; Thermo Fisher Scientific) and DAPI
(Vector Labs) for an additional 45 min. For primary antibodies raised
in mice, frozen sections were treated in using the Mouse on Mouse
Immunodetection kit (BMK-2202, Vector Labs) according to the
manufacturer’s instructions. Cells in the GCL were counted in a
1 mm2 area on each side of the optic nerve under a 20� objective
in five 60-mm-spaced sections from each retina.

Optomotry

Visual acuities and contrast sensitivity were measured by observing
the optokinetic responses of mice to rotating sinusoidal gratings
(OptoMotry, Cerebral Mechanics)50 as described previously.48 The
protocol yields independent measures of right and left eye acuity
based on unequal sensitivities to pattern rotation direction, as the mo-
tion in the temporal-to-nasal direction dominates the tracking
response.48 Mice were housed under standard lighting conditions
for at least 6 hr before they were placed in the recording chamber.
Molecu
Visual acuity and contrast sensitivity reported for each eye are the av-
erages of four trials conducted on separate days.

Statistical Analysis

Differences between two groups were assessed using unpaired Stu-
dent’s t test. A p value of <0.05 was inferred as significant. The Co-
chran-Armitage test (p < 0.05) was applied to assess increasing or
decreasing trends in the number of EGFP-positive cells during the
8 months after treatment (Figure 5C) using R (http://www.
R-project.org). Normal distribution was assessed by Kolmogorov-
Smirnov test using R. All values are expressed as mean ± SEM.
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