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The vascular hypothesis of glaucoma proposes that retinal ganglion cell axons traversing

the optic nerve head (ONH) undergo oxygen and nutrient insufficiency as a result

of compromised local blood flow, ultimately leading to their degeneration. To date,

evidence for the hypothesis is largely circumstantial. Herein, we made use of an induced

rat model of glaucoma that features reproducible and widespread axonal transport

disruption at the ONH following chronic elevation of intraocular pressure. If vascular

insufficiency plays a role in the observed axonal transport failure, there should exist

a physical signature at this time point. Using a range of immunohistochemical and

molecular tools, we looked for cellular events indicative of vascular insufficiency, including

the presence of hypoxia, upregulation of hypoxia-inducible, or antioxidant-response

genes, alterations to antioxidant enzymes, increased formation of superoxide, and

the presence of oxidative stress. Our data show that ocular hypertension caused

selective hypoxia within the laminar ONH in 11/13 eyes graded as either medium or

high for axonal transport disruption. Hypoxia was always present in areas featuring

injured axons, and, the greater the abundance of axonal transport disruption, the

greater the likelihood of a larger hypoxic region. Nevertheless, hypoxic regions were

typically focal and were not necessarily evident in sections taken deeper within the

same ONH, while disrupted axonal transport was frequently encountered without any

discernible hypoxia. Ocular hypertension caused upregulation of heme oxygenase-1—an

hypoxia-inducible and redox-sensitive enzyme—in ONH astrocytes. The distribution and

abundance of heme oxygenase-1 closely matched that of axonal transport disruption,

and encompassed hypoxic regions and their immediate penumbra. Ocular hypertension

also caused upregulations in the iron-regulating protein ceruloplasmin, the anaerobic

glycolytic enzyme lactate dehydrogenase, and the transcription factors cFos and p-cJun.

Moreover, ocular hypertension increased the generation of superoxide radicals in the

retina and ONH, as well as upregulating the active subunit of the superoxide-generating

enzyme NADPH oxidase, and invoking modest alterations to antioxidant-response

enzymes. The results of this study provide further indirect support for the hypothesis

that reduced blood flow to the ONH contributes to axonal injury in glaucoma.
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INTRODUCTION

Glaucoma, the leading cause of irreversible blindness worldwide
(Quigley and Broman, 2006), encompasses a family of
neurodegenerative diseases, all of which feature a clinically
characteristic optic neuropathy (Casson et al., 2012). Despite
significant progress in recent decades, the pathogenesis of
glaucoma remains poorly understood, while therapeutic options
are restricted to reducing intraocular pressure (IOP), the
foremost treatable risk factor for the disease. In rodent (Howell
et al., 2007; Crish et al., 2010; Salinas-Navarro et al., 2010;
Chidlow et al., 2011b; Dengler-Crish et al., 2014), as well
as primate (Anderson and Hendrickson, 1974; Quigley and
Anderson, 1976; Minckler et al., 1977), models of glaucoma,
failure of orthograde axonal transport has emerged as the earliest
detectable pathological event. While the primary site of axonal
injury in glaucoma has not been unequivocally identified, data
from clinical, as well as animal, studies have highlighted the
crucial role played by the optic nerve head (ONH)—the location
where retinal ganglion cell (RGC) axons converge to form the
optic nerve and traverse the lamina—in this process. In simple
terms, two theories have been proposed to account for axonal
injury at the ONH in glaucoma: “the mechanical” and “the
vascular” theories (Fechtner and Weinreb, 1994).

The vascular hypothesis proposes that RGC axons passing
through the ONH undergo chronic or intermittent hypoxia,
ischemia, and/or hypoglycemia as a result of compromised
local blood flow (Flammer et al., 2002). The unmyelinated
axons of the ONH are thought to be highly vulnerable to a
decreased oxygen/nutrient supply owing to their prodigious
energy requirements, which are served by a high local
density of mitochondria (Barron et al., 2004). Deficits in
nutrients or oxygen will not only result in RGC axons
becoming bioenergetically compromised (Inman and Harun-Or-
Rashid, 2017), but, importantly, will also dramatically increase
production of reactive oxygen species (ROS), leading to oxidative
stress (Chrysostomou et al., 2013). The relationship between
ischemia-reperfusion and oxidative stress is well-known (Chen
et al., 2011). It seems paradoxical that low oxygen availability per
se would also result in an increase in ROS; however, numerous
studies have reported that hypoxia increases generation of ROS
within complex III of mitochondria (see Guzy and Schumacker,
2006). The rationale for this phenomenon is that during
hypoxia, mitochondrial electron transport slows, augmenting
the reduction state of electron carriers. This accumulation of
reducing equivalents favors superoxide production at low oxygen
concentrations. Thus, reperfusion is not essential for oxidative
stress. Oxidative stress itself represents the failure of endogenous
antioxidant defenses, which comprise both enzymatic and non-
enzymatic components, to efficiently detoxify oxidative free
radical species. Cumulative oxidative stress causes damage to
DNA, proteins and lipids.

There is a wealth of physiological data supporting blood flow
incompetence at the ONH in glaucoma individuals (Satilmis
et al., 2003; Schmidl et al., 2011; Yanagi et al., 2011); however,
direct evidence for the presence of ischemia/hypoxia within the
ONH is predictably sparse. Nevertheless, there is an increasing

body of indirect evidence for the vascular hypothesis, which
includes reports of increases in oxidative stress markers in the
serum, aqueous humor, and retina of glaucoma patients (Farkas
et al., 2004; Aslan et al., 2013; Benoist d’Azy et al., 2016). These
studies suggest a general compromise of antioxidant defenses in
glaucoma. Interestingly, oxidative stress-related events have also
been documented in ONH astrocyte and lamina cribrosa cell
cultures from glaucoma patients (Malone and Hernandez, 2007;
McElnea et al., 2011). In rodent models of glaucoma, convincing
evidence exists for enhanced ROS levels and increased oxidative
stress within the retina (see for example Moreno et al., 2004; Ko
et al., 2005; Inman et al., 2013); somewhat surprisingly, however,
the ONH itself has received scant attention.

In the current study, we made use of an induced rat model
of glaucoma that features reproducible and widespread axonal
transport disruption at the ONH by 24 h after chronic elevation
of IOP (Salinas-Navarro et al., 2010; Chidlow et al., 2011b).
It has been postulated that the model precipitates a crush-like
injury to ON axons (Vidal-Sanz et al., 2011); however, if vascular
insufficiency at the ONH—caused by ocular hypertension
(OHT)—plays a role in the observed axonal transport failure,
there should be a physical signature at this time point. Using a
range of immunohistochemical and molecular tools, we looked
for cellular events indicative of vascular insufficiency, including
the presence of hypoxia, upregulation of hypoxia-inducible or
antioxidant-response genes, alterations to antioxidant enzymes,
increased formation of superoxide, upregulation in ROS-
generating NADPH oxidase, and the presence of oxidative stress.

MATERIALS AND METHODS

Animals and Procedures
This study was approved by the South Australia
Pathology/Central Health Network Animal Ethics committee
and conforms with the Australian Code of Practice for the Care
and Use of Animals for Scientific Purposes, 2013. All procedures
were performed under anesthesia (100 mg/kg ketamine and 10
mg/kg xylazine), and all efforts were made to minimize suffering.
All experiments also conformed to the ARVO Statement for
the Use of Animals in Ophthalmic and Vision Research. Adult
Sprague-Dawley rats (220–300 g) were housed in a temperature-
and humidity-controlled environment with a 12-h light, 12-h
dark cycle, and were provided with food and water ad libitum.

Ocular hypertension was induced in the right eye of each
animal by laser photocoagulation of the trabecular meshwork, as
previously described (Ebneter et al., 2010). IOPs were measured
in both eyes using a rebound tonometer, factory calibrated
for use in rats. All animals demonstrated an adequate IOP
elevation (minimum increase in IOP of 10 mmHg). One
animal was excluded as a result of death under anesthesia
and 1 due to hyphema. The number of rats analyzed for
immunohistochemistry was as follows: 1 d time point, n = 28;
3 d time point, n = 16. Of the total number of rats analyzed at 1
d, n= 16 received an injection of pimonidazole for localization of
regions of hypoxia (see below), while n = 4 received an injection
of dihydroethidium for localization of superoxide radicals (see
below). Of the total number of rats analyzed at 3 d, n= 4 received
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an injection of dihydroethidium for localization of superoxide. In
addition to animals used for immunohistochemistry, a further 14
(1 d time point) and 12 (3 d time point) rats were analyzed by
qPCR/Western blotting. In all cases throughout the manuscript,
“n” number refers to the number of animals analyzed.

Tissue Processing and
Immunohistochemistry
For tissue harvesting of ONH for protein and RNA extraction,
all rats were humanely killed by transcardial perfusion with
physiological saline under terminal anesthesia. Eyes were
immediately enucleated and ONH samples were prepared using
the following method: the anterior portion and vitreous body
from each eye were removed. The remaining eye-cup was
subsequently dissected into a flattened whole-mount in the shape
of a “maltese-cross.” A biopsy punch of 2 mm in diameter (Stiefel
Laboratories, Brentford, United Kingdom, cat # BIOPSY-5918)
was then utilized to separate the ONH area from the remainder
of the ocular tissue. The initial 1 mm length of optic nerve was
also included within each sample, as was the very central central
portion of the retina. ONH samples were placed in 400 µl of

TRI-reagent and then sonicated. Subsequently, both total protein
and total RNA were extracted.

For tissue harvesting for paraffin embedding, all rats were
killed by transcardial perfusion with physiological saline under
terminal anesthesia. Eyes were immediately enucleated and
immersion fixed in 10% (w/v) neutral buffered formalin or,
in some cases, in Davidson’s fixative [22% formalin (37–40%)
solution, 33% ethanol (95%), 11.5% glacial acetic acid] for 24 h,
followed by routine processing for paraffin embedding. Eyes were
marked in a specific and recorded location to ensure correct
orientation during embedding and 4 µm serial sections were cut
using a rotary microtome.

Colorimetric immunohistochemistry was performed as
previously described (Chidlow et al., 2011a). Briefly, tissue
sections were deparaffinized and endogenous peroxidase activity
was blocked with H2O2. Antigen retrieval was performed by
microwaving sections in 10 mM citrate buffer (pH 6.0) and non-
specific labeling blocked with PBS containing 3% normal horse
serum. Sections were incubated overnight at room temperature
in primary antibody (see Table 1), followed by consecutive
incubations with biotinylated secondary antibody (Vector,
Burlingame, CA) and streptavidin-peroxidase conjugate (Pierce,

TABLE 1 | Primary Antibodies used in the study.

Protein Source Clone/Cat. No. Species Immunogen Dilution

8-Hydroxy-2′-

deoxyguanosine

Abcam Cat# ab48508 Mouse 8-Hydroxy-2′-deoxyguanosine conjugated

Keyhole Limpet Hemocyanin

1:20,000

Actin Sigma Clone AC-15 Mouse Slightly modified β-cytoplasmic actin N-terminal

peptide

1:20,000W

APP *C Masters Clone 22C11 Mouse Purified recombinant Alzheimer precursor A4

(pre A4695) fusion protein.

1:1,500

Ceruloplasmin Dako Cat# Q0121 Rabbit Ceruloplasmin isolated from human plasma 1:10,000W

cFOS Santa-Cruz Cat# sc-253 Rabbit Epitope mapping within an internal region of

c-Fos of human origin

1:5,000

CRALBP Abcam Cat# ab15051 Mouse Recombinant full length human CRALBP 1:2,000

gp91phox BD Biosciences Clone 53/gp91[phox] Mouse Mouse gp91[phox] aa. 450–556 1:500

HO-1 Enzo Life Sciences Cat# SPA-895 Rabbit Recombinant rat HO-1 (Hsp32) lacking the

membrane spanning region

1:2,500, 1:2,000W

Interleukin-6 R&D Systems Cat# AF506 Goat E. coli-derived recombinant rat IL-6

Phe25-Thr211

1:500

Iba1 Wako Cat# 019-19741 Rabbit Synthetic peptide corresponding to the

Iba1carboxy-terminal sequence

1:4,000f

LDH-A Santa-Cruz Cat# sc-27230 Goat Epitope mapping at the N-terminus of LDH-A

of human origin

1:2,000

Myelin basic protein Dako Cat# A0623 Rabbit Myelin basic, protein isolated from human brain 1:3,000

p67phox BD Biosciences Clone 29/p67phox Mouse Human p67 [phox] aa. 317-469 1:1,000W

p-cJUN CST Cat# 3270 Rabbit Synthetic phosphopeptide corresponding to

residues around Ser73 of human c-Jun

1:5,000

Pimonidazole Hypoxyprobe Inc Clone 4.3.11.3 Mouse Pimonidazole adducts 1:500

SOD-1 Calbiochem Clone 6F5 Mouse Purified recombinant fragment of human SOD1

expressed in E. Coli

1:2,500

SOD-2 Antibody Technology

Australia Pty Ltd

Cat# SOD2R Rabbit Human/rat/mouse SOD2 aa. 25–43 1:2,500

Transferrin receptor ThermoFisher Clone H68.4 Mouse Recombinant human transferrin receptor 1:500

Vimentin Dako Clone V9 Mouse Purified vimentin from porcine eye lens 1:200f

fDilution used for 2-step fluorescent immunostaining procedure; WDilution used for Western blotting; *Gifted by C Masters, University of Melbourne.
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Rockford, IL). Color development was achieved using NovaRed
substrate kit (Vector, Burlingame, CA) for 3 min. Sections
were counterstained with hematoxylin, dehydrated, cleared
in histolene, and mounted. Confirmation of the specificity of
antibody labeling was judged by themorphology and distribution
of the labeled cells, by the absence of signal when the primary
antibody was replaced by isotype/serum controls, by comparison
with the expected staining pattern based on our own, and other,
previously published results, and, in some instances, by the
detection within retinal samples of a protein at the expected
molecular weight by Western blotting.

For double labeling fluorescent immunohistochemistry,
visualization of one antigen was achieved using a 3-step
procedure (primary antibody, biotinylated secondary antibody,
streptavidin-conjugated AlexaFluor 488 or 594), while the
second antigen was labeled by a 2-step procedure (primary
antibody, secondary antibody conjugated to AlexaFluor 488 or
594). Sections were prepared as above, then incubated overnight
at room temperature in the appropriate combination of primary
antibodies. On the following day, sections were incubated with
the appropriate biotinylated secondary antibody for the 3-step
procedure plus the correct secondary antibody conjugated to
AlexaFluor 488 or 594 for the 2-step procedure, followed by
streptavidin-conjugated AlexaFluor 488 or 594. Sections were
then mounted using anti-fade mounting medium and examined
under a confocal fluorescence microscope.

Evaluation of Immunohistochemistry
All assessments were performed in a randomized, blinded
manner. The presence or absence of a hypoxic region within
each pimonidazole-injected rat was compared to the IOP of that
rat and also to the magnitude of axonal transport disruption
at the ONH. Disrupted axonal transport was assessed semi-
quantitatively by immunolabeling either for interleukin-6 (IL-6)
or β-Amyloid precursor protein (APP) accumulation throughout
the ONH using a 4-point grading system (undetectable, low,
medium, high; see Figure 1) as previously described (Chidlow
et al., 2011b, 2012). Our previous data have shown that IL-6 and
APP can be used interchangeably; they provide identical patterns
of immunolabeling within the ONH at 24 h after IOP elevation
and identical responses to tissue injury.

For assessment of the amount of heme oxygenase-1 (HO-
1), lactate dehydrogenase-A (LDH-A), p-cJun, cFos, transferrin
receptor, and NADPH oxidase immunoreactivities in treated
and control animals, photomicrographs (350 × 260 µm) of the
ONH (centered at ∼0.4 mm from the scleral margin), and of
the proximal myelinated ON (centered at ∼1.4 mm from the
scleral margin) were captured from each animal. The area of
axonal tissue available for analysis within each ONH typically
did not encompass the entire area of the photomicrograph,
hence the image was cropped. The corresponding image from
the ON of that animal was cropped identically, which permits
direct comparison of the % area stained in the ONH vs. the
ON. For HO-1, LDH-A, transferrin receptor, and NADPH
oxidase, images underwent color deconvolution to eliminate
haematoxylin staining. After manual thresholding, the area
of positive immunolabeling was measured. Evaluations were

performed using the ImageJ 1.42q software package platform
(http://rsb.info.nih.gov/ij/) and data are presented as % area of
immunolabeling ± SEM. For p-cJun and cFos, the number of
cells with unambiguous positive nuclear staining were counted
in each photomicrograph. The threshold for identification
of positive labeling was performed manually and took into
account comparison with template photomicrographs and inter-
animal variability in background labeling. Data are presented
as number of positive cells ± SEM. In addition, for HO-1,
two photomicrographs (350 × 260 µm) of the central retina,
taken at ∼500 µm from the ONH, were also captured and
analyzed for % area of immunolabeling, as outlined above.
Statistical analysis (control group vs. OHT group) was carried
out by Student’s unpaired t-test where parametric assumptions
were met or Mann–Whitney Rank Sum Test where they
were not.

Localization of Hypoxia
To detect cellular hypoxia, 60 mg/kg bodyweight pimonidazole
hydrochloride (HypoxyprobeTM-1 kit, Hypoxyprobe Inc,
Burlington, Massachusetts) diluted in sterile PBS was
administered by intraperitoneal injection 3 h prior to killing,
as previously described (Gardiner et al., 2005; Mowat et al.,
2010). Pimonidazole forms covalent adducts in cells that have
an partial pressure of oxygen which is <10 mmHg (Arteel
et al., 1995). The subsequent staining of tissue sections with
an anti-pimonidazole antibody reveals the presence of hypoxic
cells (Holcombe et al., 2008). Rats were killed by transcardial
perfusion with physiological saline, following which they were
immersion fixed in 10% neutral buffered formalin and processed
for paraffin embedding and immunohistochemistry, as described
above. In pimonidazole-injected animals, tissue sections from
three levels of the ONH were typically evaluated for hypoxia.

Localization of Intracellular Superoxide
The spatial production of superoxide was investigated by in
situ detection of the oxidation product of dihydroethidium
(DHE, Molecular Probes, USA). DHE, which is cell permeant,
is converted intracellularly to an ethidium derivative, in the
presence of superoxide (but not by hydrogen peroxide, hydroxyl
radical or peroxynitrite). This ethidium derivative exhibits peak
fluorescence in the red spectrum and binds to DNA (Zanetti
et al., 2005). Five microliters of DHE solution (stock solution
of 5 mM in dimethyl sufoxide, diluted to 200 µM in PBS) was
administrated by intravitreal injection to both eyes 3 h prior to
humane killing. Assuming a volume of vitreous humor of 100µl,
this equated to a final DHE concentration of ∼10 µM. Rats
were killed by transcardial perfusion with physiological saline
followed by 10% (w/v) neutral buffered formalin. After post-
fixation overnight, also in 10% (w/v) neutral buffered formalin,
10 µm sagital sections were prepared on a cryostat, rinsed with
PBS and then mounted in fluorescence-preserving mounting
medium. Slides were photographed using a confocal fluorescence
microscope with an excitation of 510–550 nm and an emission of
>580 nm.
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FIGURE 1 | Inter-animal variability in axonal transport disruption at the optic nerve head (ONH) 24 h after induction of ocular hypertension. (A) Overview of the

anatomy of the rat ONH, as labeled with the nuclear dye DAPI. The location at which RGC axons become myelinated is demarcated by myelin basic protein (green).

(B) In normal rats, minimal interleukin-6 is associated with RGC axons. (C–H) At 24 h after induction of chronic ocular hypertension, accumulation of interleukin-6 is

evident within axons in the prelaminar (arrowhead) and laminar (arrow) ONH. The abundance of axonal transport disruption varies markedly between animals, ranging

from a few to numerous immunopositive fibers, which can be classified, using a simple scoring system, as low, medium, or high; two examples are shown for each

category. ON, optic nerve; ret, retina. Scale bar: 100 µm.

Real-Time RT-PCR
Real time PCR (qPCR) studies were carried out essentially
as described previously (Chidlow et al., 2008). In brief,
tissues were dissected, total RNA was isolated and first strand
cDNA was synthesized from DNase-treated RNA samples.
Real-time PCR reactions were carried out in 96-well optical
reaction plates using the cDNA equivalent of 10 ng total
RNA for each sample in a total volume of 20 µl containing
1 × SYBR Green or 1 × SSO Advanced PCR master mix
(BioRad, Gladesville, Australia), forward and reverse primers.
Thermal cycling conditions were 95◦C for 3 min followed
by 40 cycles of amplification comprising 95◦C for 12 s,
appropriate annealing temperature for 30 s and 72◦C for
30 s. Primer pairs (Table 2) were designed from sequences
contained in the Genbank database using the primer design
software Primer 3 (http://bioinfo.ut.ee/primer3-0.4.0/primer3/)
and were selected wherever possible to amplify sequences

that spanned at least one intron. Primer sequences were
analyzed for Tm (melting temperature), secondary structure
and primer-dimer formation with NetPrimer analysis software
(http://www.premierbiosoft.com/netprimer). PCR assays were
performed using the CFX cycler (Bio-Rad) and all samples were
run in duplicate. All mRNAs amplified with high efficiency and
linearity during real-time PCR. Mean amplification efficiencies,
as determined by plotting cycle threshold as a function of
initial cDNA quantity, were in the range of 1.90–2.00. Results
obtained from the qPCR experiments were, therefore, quantified
using the comparative threshold cycle (CT) method (11CT)
for relative quantitation of gene expression, with a minor
correction for amplification efficiency (Pfaffl, 2001). The ONH
tissue extracts prepared via biopsy punch contain relatively
low, but variable, amounts of central retina. Consequently,
investigation into whether certain mRNAs, for example LDH-
A, are upregulated in ONH astrocytes following induction of
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ocular hypertension, is complicated by the fact that LDH-A,
for example, is abundantly expressed in healthy photoreceptors
and bipolar cells. To eliminate the influence of endogenous
expression of mRNAs within the retina, all pPCR values were
normalized to rhodopsin (which acts as a control for retinal
content) and then expressed relative to controls. Statistical
analysis was carried out by Student’s unpaired t-test. The null
hypothesis tested was that normalized CT differences of target
genes would be the same in control and treated ONH samples.

Western Immunoblotting
Electrophoresis/Western blotting was performed as previously
described (Chidlow et al., 2010). In brief, ONH protein
samples were prepared from TRI-reagent extracts as per the
manufacturer’s protocol. Extracted proteins were solubilized
in homogenization buffer containing 1% SDS, diluted with
an equal volume of sample buffer, and boiled for 3 min.
Electrophoresis was performed using non-denaturing 10%
polyacrylamide gels. After separation, proteins were transferred
to polyvinylidine fluoride membranes for immunoprobing.
Blocking of membranes was carried out in a solution of
tris-buffered saline containing 0.1% (v/v) Tween-20 and 5%
(w/v) non-fat dried skimmed milk. Membranes were then
incubated consecutively with the appropriate primary antibody
(Table 1), biotinylated secondary antibody and streptavidin-
peroxidase conjugate; inter-step washes were carried out in tris-
buffered saline (pH 7.4) containing 0.1% (v/v) Tween-20. Color
development was achieved using 3-amino-9-ethylcarbazole.
Images were captured and analyzed for densitometry using the
program, Adobe PhotoShop CS2. Densitometry values were
normalized for actin. Statistical analysis was carried out by
Student’s unpaired t-test (control group vs. OHT group). The null
hypothesis tested was that densitometry measurements for target
proteins (normalized for actin) would be the same in control and
OHT samples.

RESULTS

Ocular Hypertension Causes a Variable
Degree of Axonal Transport Disruption at
the Optic Nerve Head
Previous studies, including our own, have shown that laser
photocoagulation of the limbal tissues leads to a substantial and
immediate elevation of IOP in the treated eye with the peak value
occurring within the first 24 h (see Vidal-Sanz et al., 2011). Of the
16 rats injected with pimonidazole and detailed in Table 3, the
mean baseline IOP was 12.1 ± 2.9 mm Hg (mean ± SD) and
the mean IOP at time of death (24 h post-laser) was 36.7 ± 6.0

TABLE 3 | Characteristics of pimonidazole-injected rats.

Rat IOP IOP Axonal transport Pimonidazole HO-1

(baseline) (at 1 d) disruption labeling labeling

grade (ONH) (ONH)

1 12 40 Medium No Yes

2 10 36 Low No Yes

3 14 38 High Yes Yes

4 16 39 High Yes Yes

5 16 47 High Yes Yes

6 15 44 Medium Yes Yes

7 8 35 Medium Yes Yes

8 9 34 Low No Yes

9 11 25 Low No Yes

10 9 31 Medium No Yes

11 12 27 Medium Yes Yes

12 14 44 High Yes Yes

13 16 38 High Yes Yes

14 14 38 Medium Yes Yes

15 8 32 Medium Yes Yes

16 10 39 Medium Yes Yes

TABLE 2 | Primer sequences for mRNAs amplified by real-time RT-PCR.

mRNA Primer sequences Product size (bp) Annealing temperature Accession number

Rhodopsin 5′-CTCCATCTACAACCCAATCATC-3′ 187 63◦C NM_033441

5′-ACTCCTACAGTCAGCCACAGTC-3′

GCLM 5′-ATCTTGCCTCCTGCTGTGT-3′ 95 60◦C NM_017305

5′-CAGTTCTTTTGGGTCATTGTG-3′

LDH-A 5′-GCACTAAGCGGTCCCAAAAG-3′ 126 63◦C NM_017025

5′-ACAGCACCAACCCCAACAAC-3′

NQO1 5′-GGCTCTGAAGAAGAAAGGATGG-3′ 95 62◦C NM_017000

5′-GCTCCCCTGTGATGTCGTT-3′

NOX-2 5′-CACCCTTTCACCCTGACCTCT-3′ 215 63◦C NM_023965

5′-GCTCCCACTAACATCACCACCT-3′

Nrf2 5′-CGAAAAGGAGAGACAAGAGCAA-3′ 160 62◦C NM_031789

5′-GTGGGCAACCTGGGAGTAG-3′

Prdx6 5′-AAACTAAAACTGTCCATCCTCTACC-3′ 143 59◦C NM_053576

5′-ACCATCACACTCTCTCCCTTCT-3′

Transferrin receptor 5′-GTTTCCGCCATCTCAGTCATC-3′ 243 61◦C NM_022712

5′-CGGTCTGGTTCCTCATAGCC-3′
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mmHg. A similar magnitude of OHT was attained with all of the
other rats analyzed in this study (data not shown).

Following 24 h of OHT, a proportion of RGC fibers passing
through the ONH feature disrupted orthograde axonal transport.
This can be visualized using the neural tracer cholera toxin B
subunit, or by immunolabeling with antibodies directed against
amyloid precursor protein (APP), or interleukin-6 (Chidlow
et al., 2011b, 2012). In the current study, we used both APP
and interleukin-6 to visualize compromised axons. There can be
marked inter-animal variability in the extent of axonal transport
disruption after induction of OHT. Using a semi-quantitative
scoring system, ONH sections can be categorized as low, medium
or high (see Figure 1 for representative images). In general,
rats with higher IOPs display greater axonal transport injury
(Chidlow et al., 2011b). Categorization of the rats detailed in
Table 3 highlights this correlation: mean IOP for animals having
their level of damage categorized as low = 31.7 ± 5.9 mm
Hg; medium = 35.8 ± 5.5 mm Hg; high = 41.2 ± 4.1 mm
Hg. Nevertheless, on an individual basis, IOP (as determined
by rebound tonometry) is not a reliable predictor of pathology.
Moreover, due to the sectorial nature of RGC injury in glaucoma,
variability in the amount of axonal transport disruption is even
evident when comparing different levels within the same ONH.
It is important to consider these issues when assessing whether
OHT is associated with hypoxia.

Ocular Hypertension Leads to Selective
Hypoxia at the Optic Nerve Head
To detect any cellular hypoxia, pimonidazole was infused
systemically 3 h prior to rats being humanely killed. As detailed
in the Materials andMethods Section, pimonidazole forms stable
covalent adducts with cells that have an oxygen partial pressure
of <10 mmHg (Arteel et al., 1995), which can then be localized
immunohistochemically in tissue sections. No pimonidazole
labeling was evident in the optic nerve, ONH or retina of any
of the untreated eyes (data not shown). Of the 16 OHT eyes,
positive staining was detected within the ONH of 11 of them
(Table 3). The 11 eyes positive for pimonidazole had a mean
IOP of 38.3 ± 5.7 mm Hg, while the 5 negative eyes had a
mean IOP of 33.2 ± 5.6 mm Hg, a difference that did not reach
statistical significance (P = 0.11 by Student’s unpaired t-test).
Subdivision of the eyes by axonal transport disruption category
revealed the following: 0/3 graded low for axonal transport
disruption were positive for pimonidazole; 6/8 graded medium
were positive; 5/5 graded high were positive (Table 3). A number
of points are worth making regarding pimonidazole staining
in OHT eyes: (1) no two animals were alike as regards the
area or position of hypoxia; (2) pimonidazole always labeled
in areas of the ONH featuring injured axons; (3) the greater
the abundance of axonal transport disruption, the greater the
likelihood of a large hypoxic region; (4) pimonidazole staining
was observed in glial cells as well as axons; (5) hypoxic regions
were sometimes very focal and not evident in sections taken
deeper within the same ONH; (6) disrupted axonal transport was
frequently encountered without any pimonidazole labeling; (7)
no pimonidazole staining was observed in the prelaminar ONH,

even in animals with prominent axonal transport disruption at
this location; (8) no pimonidazole staining was observed in the
portion of the optic nerve distal to the ONH. Representative
images of pimonidazole staining in OHT eyes are provided in
Figures 2–4. The images shown illustrate the points made above.
Overall, the experiments with pimonidazole show that oxygen
availability to regions within the ONH is reduced to hypoxic
levels in someOHT eyes. It is highly likely that oxygen availability
is reduced to some degree throughout the ONH, just not to the
extent needed to produce covalent adducts of pimonidazole.

With regard to the retina, pimonidazole stained occassional
RGCs in OHT eyes, typically in specimens categorized as high for
axonal transport disruption. No unambiguous positive staining
was observed in other classes of cells within the retina (Figure 3).

Ocular Hypertension Induces Heme
Oxygenase-1 Expression in Optic Nerve
Head Astrocytes
Low tissue oxygen availability can lead to a multitude of gene
transcription changes mediated primarily via stabilization of two
key transcription factors: hypoxia-inducible factor-1a (HIF-1)
and nuclear factor erythroid 2-related factor 2 (Nrf2). HIF-1α
and Nrf2, respectively, bind to and activate genes that possess
the hypoxia response element and the antioxidant response
element. HRE target genes are classically involved in oxygen
homeostasis and anaerobic energy metabolism (Guillemin and
Krasnow, 1997), while ARE target genes are characteristically
antioxidant and detoxification enzymes (Wasserman and Fahl,
1997). Heme oxygenase-1 (HO-1) is a gene target of both Nrf2
and HIF-1. If low oxygen availability and increased production
of ROS are involved in axonal transport disruption following
induction of OHT, then HO-1 would be expected to be induced
by neighboring glial cells, as occurs in the brain (Schipper et al.,
2009).

Initially, we investigated HO-1 protein expression in dissected
ONH samples (see Section Materials and Methods) from rats
subjected to 1 and 3 d of OHT. The data showed a robust,
statistically significant (P < 0.001) upregulation of HO-1 in
treated ONH extracts at both time points (Figure 4). Next,
we performed immunolabeling of HO-1 in tissue sections. No
consistent patterns of HO-1 immunolabeling were evident in
the optic nerve, ONH or retina of any of the contralateral,
untreated eyes (data not shown). After 1 d of OHT, HO-
1 immunolabeling was upregulated within ONH astrocytes
(Figure 5, Supplementary Figure 1, Table 3). All rats analyzed,
including the 16 pimonidazole-injected rats, displayed positive
staining by ONH astrocytes (Figure 5). In the pimonidazole-
injected rats, HO-1 was upregulated in the hypoxic region and
immediate penumbra (Figures 5A–C). HO-1 expression was also
observed in ONH sections of pimonidazole rats that did not
feature an overt hypoxic region, including ONHs categorized as
low for axonal transport disruption (Figures 5D–G). The extent
of HO-1 expression closely matched the abundance of axonal
transport disruption (Figures 5H–K). At 1 d after induction of
OHT, HO-1 was largely restricted to the ONH. Quantification of
the area of HO-1 labeling in images taken from the central retina,
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FIGURE 2 | Localization of hypoxia within the optic nerve head (ONH) at 24 h following induction of ocular hypertension. (A–H) Double labeling immunofluorescence

of interleukin-6 (red), to demarcate those axons with disrupted axonal transport, with pimonidazole (green), to highlight hypoxic regions (arrows), in four representative

animals. (A–D) are low magnification images, while (E–H) show the same sections at higher magnification. In the examples presented, the rats with high axonal

transport disruption feature larger hypoxic regions than the rats with medium axonal transport disruption. The position of the hypoxic region can be seen to vary

markedly between animals. ON, optic nerve; ret, retina. Scale bars: (A–D) = 100 µm; (E–H) = 50 µm.

ONH and myelinated optic nerve revealed a dramatic increase
within the ONH, but only subtle changes in the retina and optic
nerve (Figure 5O). In the retina, HO-1 was most commonly
associated with astrocytes/Müller cell end feet in the prelaminar
ONH. Occasional astrocytes, Müller cells, and microglia were
HO-1-positive within the body of the retina (Figures 5L–N).
After 3 d of OHT, the distribution of HO-1 immunolabeling was
more widespread, encompassing retinal and ONH microglia, as
well as astrocytes, patches of Müller cells and occassional RGCs
(Supplementary Figure 1).

Ocular Hypertension Upregulates Lactate
Dehydrogenase-A Expression in the Optic
Nerve Head
Under conditions of reduced oxygen availability, metabolism of
glucose to lactate via anaerobic glycolysis becomes the principal
route by which cells generate ATP. Glycolytic genes have been
repeatedly identified as inducible by hypoxia (Hu et al., 2003).
To explore whether there is an alteration in glycolytic machinery
within the ONH at 1 d after induction of OHT, we investigated
expression of lactate dehydrogenase-A (LDH-A). qPCR analysis
of dissected ONH samples revealed a statistically significant two-
fold upregulation of LDH-A mRNA in the treated eye compared
to the contralateral eye (P < 0.05; Figure 6A). Immunolabeling
for LDH-A in control eyes revealed abundant expression within
photoreceptors and bipolar cells in the retina, and weak labeling
of axons and glial cells in the optic nerve (Figures 6C–E), in
agreement with previous work (Casson et al., 2016). Following
induction of elevated IOP, stronger expression of LDH-A was
observed within the ONH, but never more distally in the optic
nerve (Figures 6F–H). The upregulated expression within the
ONH encompassed glial cells and possibly axons. Quantification

of the area of LDH-A labeling in images taken from the ONH and
myelinated optic nerve confirmed the observed increase within
the ONH (P < 0.01), but not the optic nerve (Figure 6B).

Ocular Hypertension Selectively Affects
Iron-Regulating Proteins in the Optic Nerve
Head
Iron is crucial to the transport of molecular oxygen to
tissues and its depletion has the capacity to invoke or worsen
hypoxia (Chepelev and Willmore, 2011). A number of iron
homeostasis genes, including transferrin, transferrin receptor,
ceruloplasmin, and HO-1, are transcriptionally upregulated by
hypoxia in a HIF-dependent manner (Chepelev and Willmore,
2011), while ceruloplasmin has additionally been credited with
possessing antioxidant properties. To explore whether there is
an alteration in iron-regulating proteins within the ONH during
OHT, we investigated expression of transferrin receptor and
ceruloplasmin. qPCR analysis of dissectedONH samples revealed
no alteration in transferrin receptor mRNA in the treated
eye compared to the contralateral eye (P = 0.74; Figure 7C).
Immunolabeling for transferrin receptor in controls showed
punctate labeling of glial cells in the ONH and optic nerve
(Figure 7A). In agreement with earlier work (Moos, 1996),
capillary endothelial cells and columns of oligodendrocytes were
clearly positive for transferrin receptor (Supplementary Figure 2).
Following induction of elevated IOP, no discernible alteration to
the distribution of transferrin receptor was evident (Figure 7B).
Quantification of the area of immunolabeling in images taken
from the ONH confirmed this observation (P= 0.22; Figure 7C).

In contrast to transferrin receptor, ceruloplasmin protein
levels in dissected ONH samples from rats subjected to both
1 or 3 d of OHT were found to be significantly higher than
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FIGURE 3 | Localization of hypoxia within the optic nerve head (ONH) and retina at 24 h following induction of ocular hypertension. (A–D) Hypoxic regions can be very

focal, as shown by two images of pimonidazole (pimon) staining in the same rat ONH (B,D), each with an accompanying image of interleukin-6 (IL-6) to demarcate the

number of axons with disrupted axonal transport (A,C): hypoxia is not detectable in (B, yellow arrow), but a small hypoxic region is apparent in (D; yellow arrow). It is

notable that positive staining for pimonidazole is only observed in the portion of the ONH that displays greater axonal transport disruption (C vs. A). (E–H)

Pimonidazole staining is not evident in the prelaminar ONH (F,H, white and black arrowheads), even in animals with prominent axonal transport disruption at this

location (E,G) and featuring hypoxic regions within the laminar ONH (F,H, white and black arrows). (I–L) In the retina, very few cells stain positively for pimonidazole. In

animals with high axonal transport disruption, occassional cells in the GCL are observed (white and yellow arrows). GCL, ganglion cell layer; INL, inner nuclear layer;

ONL, outer nuclear layer. Scale bars: (A–D) = 100 µm; (E–H) = 50 µm; (I–L) = 25 µm.

FIGURE 4 | Evaluation of heme oxygenase-1 (HO-1) expression in optic nerve head (ONH) extracts at 1 and 3 d after induction of ocular hypertension, as determined

by Western immunoblotting. (A) Representative immunoblots from four animals at each time point are shown (C, control ONH; T, treated ONH). Single bands of the

expected molecular weight are apparent. β-actin immunoblots for the same samples are also shown, as gel-loading controls. (B) Quantification of HO-1 protein data.

Values (represented as mean ± SEM, where n = 12–14) are normalized for actin and expressed relative to controls. ***P < 0.001, by Student’s unpaired t-test.
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FIGURE 5 | Localization of heme oxygenase-1 (HO-1) immunolabeling within the optic nerve head (ONH) and retina at 24 h following induction of ocular hypertension.

(A–C) Images of axonal transport disruption as delineated by interleukin-6 (IL-6), pimonidazole (pimon) staining to demarcate any hypoxia, and HO-1, all within the

same plane of the ONH of rat 3. It can be seen that the distribution of HO-1 overlaps closely with those of axonal injury and hypoxia, but is somewhat more extensive

than the latter (arrows). (D–G) Of note, HO-1 is upregulated by ONH glial cells in ocular hypertensive rats that do not feature an overt hypoxic region. (H–K) HO-1 is

upregulated more robustly in rats that feature abundant axonal transport disruption. The distribution of HO-1 immunolabeling closely parallels that of IL-6 (see J,K:

black arrows, low IL-6/HO-1 expression; yellow arrows, high IL-6/HO-1 expression). (L–N) In the retina, HO-1 immunolabeling is sparse at 24 h. Macroglial cells in the

prelaminar ONH are often HO-1-positive (L). HO-1-labeled microglia located within the nerve fiber layer can sometimes also be observed (M). In the mid-central

retina, Müller cell processes (black arrow) and microglia present within the inner plexiform layer (yellow arrow) occassionally express HO-1 (N). GCL, ganglion cell

layer; INL, inner nuclear layer. Scale bars: (A–C) = 100 µm; (D–K) = 50 µm; (H–J) = 25 µm. (O) Quantification of HO-1 immunolabeling in the retina, optic nerve

head (ONH) and myelinated optic nerve (ON). Values represent mean ± SEM, where n = 24. ***P < 0.001, by Student’s unpaired t-test.

in controls (P < 0.01 for both) when analyzed by Western
blotting (Figures 7D,E). Ceruloplasmin displays a pattern of
immunolabeling within the control (Supplementary Figure 2)
and treated (data not shown) ONH that is characteristic of
astrocytes, suggesting that the increase in protein expression
following ocular hypertension derives from upregulation by this
cell type.

Ocular Hypertension Induces AP-1
Expression in the Optic Nerve Head
Activating protein-1 (AP-1), a pleiotropic transcription factor
and member of the leucine zipper family, is a dimer composed of
JUN/FOS or JUN/JUN subunits. AP-1 activation by transient and
prolonged hypoxia is a well-described phenomenon (Cummins
and Taylor, 2005). To explore whether AP-1 activation at the
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FIGURE 6 | Evaluation of lactate dehydrogenase-A (LDH-A) expression in the optic nerve head (ONH) at 1 d after induction of ocular hypertension. (A) Level of LDH-A

mRNA in ONH samples from OHT eyes, as measured by qPCR. Data are normalized for rhodopsin and expressed relative to controls. Values represent mean ± SEM,

where n = 14. *P < 0.05, by Student’s unpaired t-test. (B) Quantification of LDH-A immunolabeling in the ONH and myelinated optic nerve (ON). Values represent

mean ± SEM, where n = 14. **P < 0.01, by Student’s unpaired t-test. (C–H) Representative images of LDH-A immunolabeling within the ONH and proximal portion

of the myelinated optic nerve (ON) of a control eye and an eye analyzed at 24 h after induction of ocular hypertension. (C,F) are low magnification images, while

(D,E,G,H) show the same sections at higher magnification. In control rats, LDH-A is weakly expressed throughout retinal ganglion cell axons and by glial cells of the

ONH. In treated animals, LDH-A expression is markedly upregulated within the ONH, but not ON. Scale bar: (C,F) = 100 µm; (D,E,G,H) = 50 µm.

ONH corresponds temporally with axonal transport disruption,
we quantified the number of nuclei expressing cFos and the
active, phosphorylated form of cJun (p-cJun) at 1 d after
induction of OHT in images taken from theONH andmyelinated
optic nerve. In control eyes, very few cells in either the ONH
or proximal optic nerve displayed nuclear expression of cFos
or p-cJun (Figures 8B,C,J,K). In treated eyes, however, there
was a striking increase in expression of both cFos (P < 0.001)
and p-cJun (P < 0.001) at the ONH (Figures 8E,F,J,K). The
inductions of cFos (P = 0.11) and p-cJun (P = 0.10) did
not extend spatially into the optic nerve (Figures 8H–K). The
spatial extent of cFos and p-cJun upregulations were comparable
to that of HO-1 (Figures 8A,D,G). Moreover, double labeling
with the glial marker S100 revealed that expression of both
cFos and p-cJun was restricted to astrocytes (Supplementary
Figure 3).

Ocular Hypertension Induces Only Modest
Alterations to Nrf2 and Nrf2-Driven
Antioxidant Enzymes in the Optic Nerve
Head
Oxidative stress, brought about by excessive production of ROS,
is implicated in the pathogenesis of RGC loss during glaucoma
(Tezel, 2006). Upon redox perturbation, the transcription factor
Nrf2 controls the inducible expression of a multitude of genes
involved in protection against oxidative stress (Tebay et al.,
2015). We investigated expression of Nrf2 itself and some Nrf2-
responsive genes at the ONH during OHT. qPCR data of
dissected ONH samples revealed an increase in Nrf2 mRNA
in the treated vs. the contralateral eye of approximately two-
fold (P < 0.01) after 1 d of OHT (Figure 9A); however, by 3
d Nrf2 mRNA was no longer significantly elevated (P = 0.28).
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FIGURE 7 | Evaluation of iron-regulating proteins transferrin receptor and ceruloplasmin in the optic nerve head (ONH) at 1 and 3 d after induction of ocular

hypertension (A,B) Representative images of transferrin receptor (TR) immunolabeling within the ONH of a control eye and an eye analyzed at 24 h after induction of

ocular hypertension. Scale bar: 50 µm. (C) Quantification of transferrin receptor mRNA expression in ONH extracts, as measured by qPCR, and transferrin receptor

protein expression in tissue sections of the ONH. All values represent mean ± SEM, where n = 14. pPCR data are normalized for rhodopsin and expressed relative to

controls. (D) Representative immunoblots from three animals at each time point are shown (C, control ONH; T, treated ONH). Single bands of the expected molecular

weight are apparent. β-actin immunoblots for the same samples are also shown, as gel-loading controls. (E) Quantification of ceruloplasmin protein data. Values

(represented as mean ± SEM, where n = 12–14) are normalized for actin and expressed relative to controls. **P < 0.01, by Student’s unpaired t-test.

Examination of the levels of two key Nrf2 target genes, NQO1
and GCLM, failed to show any robust increases in expression at
either time point (Figures 9B,C), although the former transcript
almost reached significance at the 1 d time point (P = 0.06).

Western blotting data (Figures 9D–G) of dissected ONH
samples probed with antibodies directed against the cytoplasmic
(SOD-1) and mitochondrial (SOD-2) isoforms of superoxide
dismutase and the peroxide scavenging enzyme peroxiredoxin-
6 (Prdx6) revealed no alterations in any of the three enzymes
after 1 d of OHT (P = 0.50, P = 0.51, P = 0.80, respectively).
By 3 d of OHT, SOD-1, and Prdx6 remained unchanged
relative to normotensive eyes (P = 0.24, P = 0.30, respectively).
Interestingly, SOD-2 was consistently elevated at this later time
point (P < 0.001). We augmented these Western blotting results
by performing qPCR on ONH extracts and immunolabeling for
Prdx6 and SOD-2 in ONH tissue sections. The rationale for
these experiments was simply that Prdx6 is the peroxiredoxin
isoform expressed exclusively by astrocytes within the ONH
(Chidlow et al., 2016) and hence is of obvious interest, whilst
SOD-2 displayed an upregulated profile at the 3 d time point
and the cellular origin of this increase is of relevance. As regards
Prdx6, neither qPCR nor immunohistochemistry suggested an

upregulation of this enzyme during the early stages of OHT
(Figures 9H–J). In contrast, SOD-2 is present in all cells, but
within the ONH is predominantly visible, as expected, within the
unmyelinated axons (Figure 9K). After 3 d of OHT,more intense,
punctate SOD-2 labeling of axons was evident in zones of axonal
injury (Figures 9L,M); thus, it appears plausible that axons rather
than astrocytes represent the source of the additional SOD-2 that
was detected by Western blotting.

Ocular Hypertension Increases Generation
of Superoxide in the Retina and Optic
Nerve Head
Superoxide represents the primary ROS generated during
oxidative stress. Analysis of superoxide formation, accordingly,
represents a useful tool for identifying the likely sites of any
oxidative stress. Notwithstanding the mitochondrial respiratory
chain, the major cellular source of superoxide in disease scenario
is thought to be the dedicated superoxide-generating enzyme
NADPH oxidase (NOX), in particular the NOX-2 isoform
(Bedard and Krause, 2007). To shed light on superoxide
production during OHT, we performed in situ detection of
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FIGURE 8 | Evaluation of cFos and p-cJun expression in the optic nerve head (ONH) at 1 d after induction of ocular hypertension (OHT). (A–C) Representative images

of heme oxygenase-1 (HO-1), cFos, and p-cJun immunolabeling within a control ONH. (D–I) Representative images of HO-1, cFos, and p-cJun immunolabeling within

the ONH and proximal portion of the optic nerve (ON) of a rat analyzed at 24 h after induction of ocular hypertension. In the control ONH, few cell nuclei label positively

for cFos or p-cJun. In contrast, at 24 h after induction of OHT, numerous nuclei within the ONH, but not the ON, are cFos- and p-cJun-positive. Heme oxygenase-1

(HO-1) immunolabeling from the same rat is shown for comparative purposes. Scale bar: 50 µm. (J,K) Quantification of cFos and p-cJun immunolabeling in the ONH

and ON. Values represent mean ± SEM, where n = 24. ***P < 0.001, by Student’s unpaired t-test.

the oxidation product of dihydroethidium, and investigated the
levels and activity of NOX-2 by qPCR, Western blotting, and
immunohistochemistry.

In control eyes, superoxide formation, as determined
by oxidation of dihydroethidium, was barely detectable
(Figures 10A,D). After 1 d of OHT, RGCs throughout the retina
and glial cells at the prelaminar ONH were prominently stained,

whilst some Müller cells and axonal bundles in the central nerve
fiber layer displayed fainter staining (Figures 10B,E). After 3 d
of OHT, a similar pattern of staining was observed, although
by this later time point both Müller cell and axonal staining
were stronger (Figures 10C,F). Confirmation that superoxide
staining within the retinal inner nuclear layer principally
reflected Müller cells was achieved by double labeling with
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FIGURE 9 | Evaluation of antioxidant defenses in the optic nerve head (ONH) after induction of ocular hypertension (OHT). (A–C) Quantification of mRNAs encoding

the antioxidant response element genes Nrf2, GCLM, and NQO1 in ONH extracts, as measured by qPCR. Data are normalized for rhodopsin and expressed relative

to controls. Values represent mean ± SEM, where n = 12–14. **P < 0.01, by Student’s unpaired t-test. (D–G) Expression of the antioxidant enzymes SOD-1, SOD-2,

(Continued)
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FIGURE 9 | Continued

and Prdx6 in optic nerve head (ONH) extracts at 1 and 3 d after induction of ocular hypertension, as determined by Western immunoblotting. Representative

immunoblots from three animals at each time point are shown (C, control ONH; T, treated ONH). Single bands of the expected molecular weight are apparent. β-actin

immunoblots for the same samples are also shown, as gel-loading controls. Values (represented as mean ± SEM, where n = 12–14) are normalized for actin and

expressed relative to controls. ***P < 0.001, by Student’s unpaired t-test. (H) Quantification of Prdx6 mRNA expression in ONH extracts, as measured by qPCR. All

values represent mean ± SEM, where n = 14. Data are normalized for rhodopsin and expressed relative to controls. (I,J) Representative images of Prdx6

immunolabeling in ONH tissue sections from control and OHT eyes. Prdx6 is associated with astrocytes, but appears unchanged following OHT. (K–M) Representative

images of SOD-2 immunolabeling in ONH tissue sections from control and eyes subjected to 3 d of OHT. In controls optic nerves, SOD-2 expression is conspicuous

within axon bundles. Following 3 d of OHT, injured axon bundles display robust, punctate SOD-2 immunolabeling (arrows). Scale bar: (I,J) = 100 µm; (K–M) = 50 µm.

CRALBP (Figures 10G–I). All four animals at each time point
displayed analogous patterns of fluorescence. The protocol used
for determination of superoxide detection entailed intravitreal
injection of dihydroethidium. As such, penetration of the
compound to the optic nerve was likely highly inadequate and
the laminar region of the ONH stained only faintly. For this
reason, and also owing to the low “n” numbers, quantification
was not carried out.

qPCR data of dissected ONH samples revealed increases in
NOX-2 mRNA in the treated vs. the untreated, contralateral
eye of ∼1.5-fold at 1 d, and three-fold at 3 d, after induction
of OHT (Figure 11A). This difference only reached statistical
significance (P = 0.13 at 1 d; P < 0.05 at 3 d) at the
latter time point. Western blotting analysis of the regulatory
subunit of NOX-2, p67phox, revealed a similar trend: the
protein was barely detectable in control ONH extracts, was
unchanged at 1 d after induction of OHT, but was significantly
elevated after 3 d of OHT (P < 0.01; Figures 11B,C). To
provide a more informative spatial perspective, as well as
insight into activity, we immunolabeled tissue sections with
an antibody directed against the catalytic subunit of NOX-
2, gp91phox. In control eyes, occasional gp91phox-positive cells
were detected (data not shown). After 1 d of OHT, some
ONH sections displayed numerous gp91phox-positive cells, others
featured occasional faintly-labeled cells, while other ONHs
had no discernible gp91phox immunolabeling (Figures 11E,G).
Surprisingly, the expression of gp91phox did not reflect the
abundance of axonal transport disruption (Figures 11D,F).
Double labeling with the macrophage/microglial-specific marker
iba1 indicated that expression of gp91phox was restricted to this
cell type (data not shown). By 3 d of OHT, gp91phox-positive
microglia were observed in all ONH sections and also within the
inner retina (Figures 11H–K, Supplementary Figure 4), whilst
gp91phox-positive macrophages were prominent at the site of
laser trabeculoplasty, signifying inflammation at this location
(Supplementary Figure 4). Quantification of the area of gp91phox

immunolabeling in images taken from the ONH (Figure 11L)
revealed a significant increase within this region at 3 d (P < 0.01),
but not 1 d (P = 0.08).

Ocular Hypertension Does Not Appear to
be Associated with Oxidative DNA Damage
in the Optic Nerve Head
Oxidative stress leads to DNA, protein and lipid damage. The
guanine base in DNA or RNA is oxidized by ROS and changes
to 8-hydroxy-2′-deoxyguanosine, which can be monitored

immunohistochemically. 8-Hydroxy-2′-deoxyguanosine, thus,
serves as a useful measure of oxidative stress. We analyzed ONH
tissue sections from 1 and 3 d OHT eyes, but at neither of the
time points did we detect any positive labeling for -hydroxy-2′-
deoxyguanosine, even inONH sections with numerous gp91phox-
positive cells and axonal injury (Figure 11N). The validity of
the assay was proven by positive staining in eyes injected
with the excitotoxic glutamatergic agonist, N-methyl-D-aspartate
(Figure 11M).

DISCUSSION

Failure of orthograde axonal transport at the ONH has
been hitherto identified as the earliest pathological event
following chronic elevation of IOP. Analogous results have
been found in primates (Anderson and Hendrickson, 1974;
Quigley and Anderson, 1976, 1977; Minckler et al., 1977) and
pigs (Balaratnasingam et al., 2007), which possess a collagenous
lamina cribrosa, as well as rodents (Howell et al., 2007; Salinas-
Navarro et al., 2010; Chidlow et al., 2011b), which feature an
astrocyte-rich glial lamina (Sun et al., 2009). The underlying
cause of axonal injury at the ONH in response to OHT
is unknown, but conceivably involves bioenergetic deficiency
resulting from a decreased oxygen/nutrient supply (Inman and
Harun-Or-Rashid, 2017). In the current study, we have employed
a rat model of OHT that features reproducible and widespread
axonal transport disruption at the ONH by 24 h after chronic
elevation of IOP (Salinas-Navarro et al., 2010; Chidlow et al.,
2011b). Using a range of immunohistochemical and molecular
tools, we looked for cellular events that may be indicative of
vascular insufficiency.

Initially, we examined whether OHT-induced axonal
transport disruption is spatially and temporally associated with
oxygen deprivation. The hypoxia marker pimonidazole binds
cells with an oxygen tension of <10 mmHg (Arteel et al., 1995),
and has been successfully employed to reveal hypoxia within the
optic nerve in a rat model of anterior ischemic optic neuropathy
(Danylkova et al., 2006), and, within the retina in a murine
model of oxygen-induced retinopathy (Gardiner et al., 2005;
Mowat et al., 2010) and in rats subjected to acute elevation of
IOP (Holcombe et al., 2008). Our results revealed some hypoxic
staining within the laminar ONH in 11/13 eyes graded as either
medium or high for axonal transport disruption. Pimonidazole
always labeled in areas of the ONH featuring injured axons, and,
the greater the abundance of axonal transport disruption, the
greater the likelihood of a larger hypoxic region. Nevertheless,
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FIGURE 10 | Increased superoxide production in the retina and prelaminar optic nerve head (ONH) after induction of ocular hypertension (OHT). (A–F) Representative

images of sections of the prelaminar ONH and retina incubated with dihydroethidium (DHE, red) from a control eye, and from eyes subjected to ocular hypertension for

1 and 3 days. Sections are counterstained with the nuclear dye DAPI. Negligible fluorescence is evident in sections from the control. In contrast, after 1 day of OHT,

cells residing within the retinal ganglion cell layer (GCL, arrow), some cells within the inner nuclear layer (INL), and glial cells at the ONH display DHE fluorescence. After

3d of OHT, DHE staining is more prominent, notably by cells in the INL (arrowhead) and at the ONH. ONL, outer nuclear layer. (G–I) Double labeling

immunofluorescence of DHE (red) with the Müller cell marker CRALBP (green) at 3 days after induction of OHT. Scale bar: 50 µm.

hypoxic regions were typically focal and were not necessarily
evident in sections taken deeper within the same ONH, while
disrupted axonal transport was frequently encountered without
any pimonidazole labeling, and, hypoxia was not evident in
animals graded as low for axonal transport disruption. Overall,
it can be concluded that there is a negative effect of moderate,
chronic OHT upon ONH tissue oxygenation, coinciding with
axonal transport failure, but that the deficit in oxygen is not
uniform throughout the ONH. It is reasonable to postulate
the existence of areas of non-, or low, perfusion in watershed
zones in the ONH. In future, it may be worth analyzing serial
sections through the entire ONH for hypoxia and constructing
3-dimensional models. It is a weakness of the current study that
only three levels of each ONH were analyzed for the presence of
hypoxia.

In the cat, oxygen tension within the prelaminar ONH has
been reported to exist within the range of 10–32 mm Hg

(Shonat et al., 1992; Ahmed et al., 1994). Acute elevation of
IOP to ∼40 mm Hg—a level very similar to that measured
in our “high injury” cohort—yielded negligible impact upon
oxygen tension within the prelaminar ONH or retina (Shonat
et al., 1992; Ahmed et al., 1994), indicating a system with
effective autoregulation. As such, we might not have expected
to detect hypoxia at the ONH in the current study. A number
of factors might account for the apparent dissimilarity: firstly,
we only observed pimonidazole staining within the laminar, not
the prelaminar, ONH. To knowledge, oxygen tension within
the laminar ONH in response to elevation of IOP has not
been reported and may differ from the prelaminar region;
secondly, autoregulation may not function as efficiently during
prolonged OHT as compared to acute OHT; thirdly, the ONH
vasculature of the cat differs considerably from that of the rat.
Despite the low oxygen tension present in the inner retina
of the healthy rat eye (Yu and Cringle, 2001), chronic OHT
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FIGURE 11 | Evaluation of NADPH oxidase-2 (NOX-2) and 8-hydroxy-2′-deoxyguanosine in the optic nerve head (ONH) after induction of ocular hypertension (OHT).

(A) Quantification of NOX-2 mRNA in ONH extracts, as measured by qPCR. Data are normalized for rhodopsin and expressed relative to controls. Values represent

mean ± SEM, where n = 12–14. *P < 0.05, by Student’s unpaired t-test. (B,C) Expression of the regulatory subunit for NOX-2, p67phox, in optic nerve head (ONH)

extracts at 1 and 3 d after induction of ocular hypertension, as determined by Western immunoblotting. Representative immunoblots from three animals at each time

point are shown (C, control ONH; T, treated ONH). Single bands of the expected molecular weight are apparent. β-actin immunoblots for the same samples are also

shown, as gel-loading controls. Values (represented as mean ± SEM, where n = 12–14) are normalized for actin and expressed relative to controls. **P < 0.01, by

Student’s unpaired t-test. (D–K) Representative images of gp91phox (the catalytic subunit of NOX-2) immunolabeling in tissue sections from control and OHT eyes.

(D–G) After 24 h of OHT, gp91phox-positive cells (G, arrows) are evident in ONHs from some OHT rats, but not in others (F). The presence of gp91phox expression

appears not to be related to the exent of axonal transport disruption, shown alongside for comparative purposes (D,F). (H–K) After 3 d of OHT, all OHT eyes feature

gp91phox-positive cells, throughout the prelaminar (H) and laminar ONH (I–K). Double labeling immunofluorescence of gp91phox (red) with iba1 (green) reveals an

almost complete co-localization in microglia (I–K). (L) Quantification of gp91phox immunolabeling in the ONH. Values represent mean ± SEM, where n = 12–16. **P <

0.01, by Student’s unpaired t-test. (M,N) Representative images of 8-hydroxy-2′-deoxyguanosine (8-hydroxy-2′-dG) immunolabeling in the retina following injection of

the excitotoxic glutamatergic agonist, N-methyl-D-aspartate, and in the ONH (also shown in G) after 24 h of OHT. 8-Hydroxy-2′-dG-positive cells are numerous in the

positive control specimen, but not within the ONH of OHT rats. Scale bar: (D–G,N) = 50 µm; (H–K,M) = 25 µm.

did not give rise to noteworthy hypoxia in the retina, with
staining limited to occasional pimonidazole-positive cells in
the ganglion cell layer. These results essentially reflect those
previously reported following acute elevation of IOP, where RGC

hypoxia was not observed below an IOP of 70mmHg (Holcombe
et al., 2008). Our results show that autoregulation maintains
perfusion to the rat retina reasonably effectively even during
OHT.
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We did not assess vascular damage in the current study, as
we considered it unlikely as such early time points prior to axon
loss. In humans and monkeys with glaucoma, capillary drop out
within the optic disc has been shown to occur in proportion to
axon loss: as fibers atrophy, so do capillaries. Thus, capillaries
are not disproportionately lost early in glaucoma (Quigley et al.,
1984). Such results match those of Valiente-Soriano et al. (2015),
who found no abnormalities in the inner retinal vasculature
after 2 weeks of raised IOP that could account for the sectorial
loss of RGCs. As regards microvascular function, it has been
argued that raised IOP compresses capillaries, reducing blood
supply to axons, without causing actual capillary loss. There is
no strong evidence from fluorescein angiography that defects
at the ONH substantially precede neuron loss, but the great
difficulty, as noted by Quigley et al. (1984), is that the capillaries
of greatest interest in glaucoma pathogenesis are hidden from
clinical and angiographic view. In our study, hypoxia was not
detected at the superficial ONH, only within the laminar region.
As such, localized sub-optimal microvascular perfusion remains
a likely explanation for the observed hypoxia. As a final point,
rats in our study with a lower magnitude pressure rise tended
not to have detectable ONH hypoxia; thus, it might be predicted
that elevation of IOP for long periods of time may likewise
not produce hypoxia; however, longer term moderate ocular
hypertension may slowly damage ONH capillaries, eventually
resulting in hypoxia. Moreover, rats in this study were young
and ostensibly healthy; elevation of IOP in older humans
may conceivably elicit hypoxia at lower pressures owing to a
diminished abililty of capillaries to withstand any mechanical
stress.

We next investigated expression of HO-1, the inducible, rate-
limiting enzyme in heme catabolism. HO-1, a gene target of
both HIF-1 and Nrf2, is one of the most studied genes in
conditions of hypoxia and oxidative stress and is believed to
play an important role in the endogenous response of tissues to
oxidative injuries (Ryter et al., 2006; Jazwa and Cuadrado, 2010).
Our results showed a robust and consistent induction of HO-1
by astrocytes within the ONH after 1 d of OHT. The distribution
and abundance of HO-1 closely matched that of axonal transport
disruption. HO-1 expression encompassed hypoxic regions and
their immediate penumbra, but was also observed in ONH
sections of pimonidazole rats that did not feature an overt
hypoxic region, indicating that HO-1 is a sensitive and early
glial-expressed marker of axonal injury during OHT. At present,
it is unclear whether HO-1 within the ONH is upregulated
in response to lower-than-normal oxygen tension or a higher-
than-normal concentration of ROS. In cultured brain astrocytes,
both hypoxia (Kuwabara et al., 1996; Imuta et al., 2007) and
exogenously-applied oxidative stress (Lee et al., 2003) have been
shown to induce HO-1 expression. Of particular relevance to
glaucoma, oxidative stress also upregulates HO-1 expression in
cultured ONH astrocytes (Yu et al., 2009; Noh et al., 2013) and
cultured retinal astrocytes (Nahirnyj et al., 2013). Contrary to the
unambiguous results of this study, HO-1 mRNA was not found
to be upregulated in ONH extracts taken from rats with early
or advanced optic nerve injury profiles in the hypertonic saline
model of OHT (Johnson et al., 2011). An explanation for the
differing results likely relates to the chronology of IOP elevation,

axonal injury and HO-1 mRNA induction in the OHT model
used.While neuronal injury can lead to a prolonged upregulation
inHO-1 protein, themRNA itself is typically upregulated for only
a short time window.

In contrast to the ONH, HO-1 was not widely expressed
by retinal glial cells until 3 d after induction of OHT, a time
point coincident with a demonstrably increased signal for the
superoxide-sensitive marker DHE. Interestingly, RGCs displayed
strong labeling for DHE after just 1 d of OHT, but no HO-
1 immunolabeling was evident in the GCL until 3 d after
induction of OHT, and even then only in occasional cells.
The results are consistent with those of brain studies, for
example Dwyer et al. (1995), who compared HO-1 induction in
cultured cortical neurons and forebrain astrocytes following an
oxidative stress challenge and showed that in spite of increased
generation of free radicals in neurons, the HO-1 protein level
was relatively unchanged, whilst it was upregulated seven-fold
within a few hours in the astrocyte cultures. The efficacy of
astrocytes may be a factor in their own survival, and that of
neighboring neurons, in the face of oxidative challenge. Indeed,
the consensus reached from a wealth of studies is that acute
induction of HO-1 by oxidative stress is an adaptive mechanism
that controls the severity of neuronal damage. Over-expression
or pharmacological induction of HO-1 is neuroprotective in
numerous models of CNS injury (Schipper et al., 2009; Jazwa
and Cuadrado, 2010), including retinal ischemia-reperfusion
(Peng et al., 2008; Sun et al., 2010), optic nerve crush (Himori
et al., 2014), and diabetic retinopathy (Fan et al., 2012). The
products of HO-1 activity have potent antioxidant and anti-
inflammatory properties that are thought tomediate the observed
neuroprotection. Future studies should investigate whether
overexpression of HO-1 is neuroprotective in experimental
glaucoma.

HO-1 is one of many oxygen-regulated genes involved
in the adaptative response of cells to hypoxia. Other iron
metabolism genes, such as ceruloplasmin, transferrin receptor
and transferrin, have also been implicated (Chepelev and
Willmore, 2011), alongside genes encoding glucose transport
and glycolytic enzymes (Wenger, 2002). We found increased
levels of LDH-A and ceruloplasmin in the hypertensive ONH
concurrent with axonal transport disruption, HO-1 expression
and pimonidazole staining. The results are in agreement with
previous work showing that brain astrocytes upregulate glycolytic
genes, including LDH-A, in response to hypoxia (Marrif and
Juurlink, 1999; Mense et al., 2006). As a note of caution, it
should be acknowledged that analyzing LDH-A expression is
less informative than studying enzyme activity or lactate levels
in terms of demonstrating anaerobic glycolysis. Our finding of
upregulated ceruloplasmin likewise corresponds with previous
reports demonstrating increased expression of ceruloplasmin in
murine, primate and human glaucomatous retinas (Farkas et al.,
2004; Stasi et al., 2007).

Hypoxia-inducedmodification of gene expression is not solely
mediated via HIF-1. Other transcription factors, notably AP-1—a
dimer composed of JUN/FOS or JUN/JUN subunits—can also be
activated by hypoxia (Cummins and Taylor, 2005). Dimerization
between JUN/FOS subunits as well as phosphorylation of either
JUN or FOS is required for DNA-binding and transcriptional
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activity of AP-1. In the current study, we observed a striking
induction of both cFos and the phosphorylated form of cJun
by astrocytes within the ONH after 1 d of OHT. An identical
response was previously reported in monkeys with longer-term
experimental glaucoma (Hashimoto et al., 2005). AP-1 is a redox-
sensitive transcription factor, thus, increased ROS rather than
hypoxia may be the stimulus for its activation; nevertheless, this
finding underscores the rapid response of ONH astrocytes to
perturbations in homeostasis.

Any hypoxia or nutrient deficiency in the ONH (resulting
from vascular insufficiency) during OHT will likely result in
impaired mitochondrial functioning, an increased production
of ROS, and eventually, in oxidative stress-induced cell damage
(Chrysostomou et al., 2013). In an attempt to safeguard
homeostasis from oxidative stress, cells have evolved the means
to upregulate antioxidant genes under the control of the redox-
sensitive transcription factor Nrf2 (Tebay et al., 2015). Astrocytes
in the ONH occupy up to one half of the tissue volume—a
much greater percentage than in the myelinated optic nerve
(Skoff et al., 1986)—and they likely have a significant influence
upon the progression of glaucoma, whether supporting axonal
survival or contributing to neuroinflammation (Soto andHowell,
2014; Williams et al., 2017). Recent studies using cultured ONH
astrocytes have demonstrated that exogenously-administered
oxidative stress fortifies their antioxidant defenses, resulting in
elevated levels of Nrf2, SOD-2, HO-1, and Hsp27 (Malone and
Hernandez, 2007; Yu et al., 2008, 2009; Noh et al., 2013). In
the current study, we undertook preliminary analysis of ROS
formation and antioxidant defenses at 1 d after induction of
OHT when axonal transport disruption at the ONH is maximal,
and, following 3 d of OHT when axonal degeneration has
commenced. We found a significant upregulation of Nrf2—the
master regulator of antioxidant defenses (Tebay et al., 2015)—
in ONH extracts, but not of other well-described antioxidant
enzymes, such as NQO1, GCLM, Prdx6, or SOD-1. Prdx6, which
is expressed exclusively by astrocytes in the ONH (Chidlow
et al., 2016), was of particular interest given the finding of
increased expression in reactive astrocytes following ischemia-
reperfusion in the hippocampus (Zhang et al., 2013). Moreover,
we failed to detect any oxidative DNA damage to astrocytes
at either time point. While these results are suggestive of a
lack of detrimental oxidative stress within ONH astrocytes
concurrent with axonal transport injury, it should be noted that
only modest inductions of antioxidant genes were reported in
primary cortical astrocyte cultures subjected to oxidative stress
(Lee et al., 2003). Moreover, we did observe an increased level of
superoxide in ONH astrocytes, as well as a consistent elevation
of the mitochondrial isoform of superoxide dismutase (SOD-
2) in ONH extracts. Since SOD-2 is present in all cells with
mitochondria, and is abundant in non-myelinated axons in the
ONH, it was not feasible to delineate whether the increased
signal reflected any upregulation by astrocytes. Interestingly,
RGC somas also displayed increased superoxide after 1 d of OHT.
This finding matches the earlier work of Kanamori et al. (2010),
who identified superoxide labeling of RGC somas at 1 d after
optic nerve transection, and suggested that this represented an
upstream signal for RGC apoptosis following axonal injury.

While the mitochondrial respiratory chain is the major
contributor to excessive ROS, the dedicated superoxide-
generating enzyme NADPH oxidase (NOX), in particular the
phagocytic NOX-2 isoform, is increasingly being implicated
as a source of detrimental ROS in acute and chronic
neurodegenerative conditions (Ma et al., 2017). We postulated
that ONH glia, chiefly microglia, triggered by elevation of IOP,
upregulate NOX-2, and release a burst of superoxide, which
contributes to axonal transport failure. In fact, our data show
that there was no consistent pattern of NOX-2 expression after
1 d of OHT, concomitant with axonal transport disruption. It
must be concluded that NOX-2 does not contribute significantly
to initial axonal injury. Expression of NOX-2 by ONH microglia
was, however, widespread after 3 d of OHT. Presumably, this
response contributes to phagocytosis of injured axons. Future
work should determine whether inhibition of NOX-2 augments
axonal survival in glaucoma, as has been shown to be the case in
numerous other neurodegenerative conditions.

The overall results of this study provide tentative support for
the hypothesis that reduced blood flow to the ONH contributes
to RGC axonal injury; however, the data cannot be viewed as
providing direct evidence for a causative relationship between
hypoxia—or cellular events downstream of hypoxia—and axonal
transport failure. Future work needs to identify if reducing the
existence, or even the extent, of hypoxia, or if augmenting energy
availability and/or antioxidant defenses prevents the axonal
transport failure that occurs during OHT.

AUTHOR CONTRIBUTIONS

All authors had full access to all the data in the study and take
responsibility for the integrity of the data and the accuracy of
the data analysis. Study concept and design: GC, JW, and RC.
Acquisition of data: GC and JW. Analysis and interpretation
of data: GC and JW. Drafting of the manuscript: GC. Critical
revision of the manuscript for important intellectual content: JW
and RC. Statistical analysis: GC and RC. Obtained funding: GC.
Administrative, technical, and material support: RC.

FUNDING

Research supported by the Ophthalmic Research Institute of
Australia (ORIA/Quinlivan & Glaucoma Australia Grant) and
the National Health and Medical Research Council of Australia
(APP1050982).

ACKNOWLEDGMENTS

The authors are also indebted to Mark Daymon and Teresa
Mammone for expert technical assistance.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: http://journal.frontiersin.org/article/10.3389/fnins.
2017.00478/full#supplementary-material

Frontiers in Neuroscience | www.frontiersin.org 19 August 2017 | Volume 11 | Article 478

http://journal.frontiersin.org/article/10.3389/fnins.2017.00478/full#supplementary-material
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Chidlow et al. ONH Hypoxia in Experimental Glaucoma

REFERENCES

Ahmed, J., Linsenmeier, R. A., and Dunn, R. Jr. (1994). The oxygen distribution

in the prelaminar optic nerve head of the cat. Exp. Eye Res. 59, 457–465.

doi: 10.1006/exer.1994.1131

Anderson, D. R., and Hendrickson, A. (1974). Effect of intraocular pressure on

rapid axoplasmic transport in monkey optic nerve. Invest. Ophthalmol. 13,

771–783.

Arteel, G. E., Thurman, R. G., Yates, J. M., and Raleigh, J. A. (1995). Evidence that

hypoxia markers detect oxygen gradients in liver: pimonidazole and retrograde

perfusion of rat liver. Br. J. Cancer 72, 889–895. doi: 10.1038/bjc.1995.429

Aslan, M., Dogan, S., and Kucuksayan, E. (2013). Oxidative stress and potential

applications of free radical scavengers in glaucoma. Redox Rep. 18, 76–87.

doi: 10.1179/1351000212Y.0000000033

Balaratnasingam, C., Morgan, W. H., Bass, L., Matich, G., Cringle, S. J., and Yu,

D. Y. (2007). Axonal transport and cytoskeletal changes in the laminar regions

after elevated intraocular pressure. Invest. Ophthalmol. Vis. Sci. 48, 3632–3644.

doi: 10.1167/iovs.06-1002

Barron, M. J., Griffiths, P., Turnbull, D. M., Bates, D., and Nichols, P. (2004). The

distributions of mitochondria and sodium channels reflect the specific energy

requirements and conduction properties of the human optic nerve head. Br. J.

Ophthalmol. 88, 286–290. doi: 10.1136/bjo.2003.027664

Bedard, K., and Krause, K. H. (2007). The NOX family of ROS-generating

NADPH oxidases: physiology and pathophysiology. Physiol. Rev. 87, 245–313.

doi: 10.1152/physrev.00044.2005

Benoist d’Azy, C., Pereira, B., Chiambaretta, F., and Dutheil, F. (2016). Oxidative

and anti-oxidative stress markers in chronic glaucoma: a systematic review and

meta-analysis. PLoS ONE 11:e0166915. doi: 10.1371/journal.pone.0166915

Casson, R. J., Chidlow, G., Wood, J. P., Crowston, J. G., and Goldberg, I.

(2012). Definition of glaucoma: clinical and experimental concepts. Clin. Exp.

Ophthalmol. 40, 341–349. doi: 10.1111/j.1442-9071.2012.02773.x

Casson, R. J., Wood, J. P., Han, G., Kittipassorn, T., Peet, D. J., and Chidlow,

G. (2016). M-type pyruvate kinase isoforms and lactate Dehydrogenase A in

the mammalian retina: metabolic implications. Invest. Ophthalmol. Vis. Sci. 57,

66–80. doi: 10.1167/iovs.15-17962

Chen, H., Yoshioka, H., Kim, G. S., Jung, J. E., Okami, N., Sakata, H., et al.

(2011). Oxidative stress in ischemic brain damage: mechanisms of cell death

and potential molecular targets for neuroprotection. Antioxid. Redox Signal.

14, 1505–1517. doi: 10.1089/ars.2010.3576

Chepelev, N. L., and Willmore, W. G. (2011). Regulation of iron

pathways in response to hypoxia. Free Radic. Biol. Med. 50, 645–666.

doi: 10.1016/j.freeradbiomed.2010.12.023

Chidlow, G., Daymon, M., Wood, J. P., and Casson, R. J. (2011a). Localization of

a wide-ranging panel of antigens in the rat retina by immunohistochemistry:

comparison of Davidson’s solution and formalin as fixatives. J. Histochem.

Cytochem. 59, 884–898. doi: 10.1369/0022155411418115

Chidlow, G., Ebneter, A., Wood, J. P., and Casson, R. J. (2011b). The optic nerve

head is the site of axonal transport disruption, axonal cytoskeleton damage

and putative axonal regeneration failure in a rat model of glaucoma. Acta

Neuropathol. 121, 737–751. doi: 10.1007/s00401-011-0807-1

Chidlow, G., Holman, M. C., Wood, J. P., and Casson, R. J. (2010). Spatiotemporal

characterization of optic nerve degeneration after chronic hypoperfusion in the

rat. Invest. Ophthalmol. Vis. Sci. 51, 1483–1497. doi: 10.1167/iovs.09-4603

Chidlow, G., Wood, J. P., Ebneter, A., and Casson, R. J. (2012). Interleukin-6

is an efficacious marker of axonal transport disruption during experimental

glaucoma and stimulates neuritogenesis in cultured retinal ganglion cells.

Neurobiol. Dis. 48, 568–581. doi: 10.1016/j.nbd.2012.07.026

Chidlow, G., Wood, J. P., Knoops, B., and Casson, R. J. (2016). Expression and

distribution of peroxiredoxins in the retina and optic nerve. Brain Struct. Funct.

221, 3903–3925. doi: 10.1007/s00429-015-1135-3

Chidlow, G., Wood, J. P., Manavis, J., Osborne, N. N., and Casson, R. J. (2008).

Expression of osteopontin in the rat retina: effects of excitotoxic and ischemic

injuries. Invest. Ophthalmol. Vis. Sci. 49, 762–771. doi: 10.1167/iovs.07-0726

Chrysostomou, V., Rezania, F., Trounce, I. A., and Crowston, J. G. (2013).

Oxidative stress and mitochondrial dysfunction in glaucoma. Curr. Opin.

Pharmacol. 13, 12–15. doi: 10.1016/j.coph.2012.09.008

Crish, S. D., Sappington, R. M., Inman, D. M., Horner, P. J., and Calkins, D.

J. (2010). Distal axonopathy with structural persistence in glaucomatous

neurodegeneration. Proc. Natl. Acad. Sci. U.S.A. 107, 5196–5201.

doi: 10.1073/pnas.0913141107

Cummins, E. P., and Taylor, C. T. (2005). Hypoxia-responsive transcription

factors. Pflugers Arch. 450, 363–371. doi: 10.1007/s00424-005-

1413-7

Danylkova, N. O., Pomeranz, H. D., Alcala, S. R., and McLoon, L. K. (2006).

Histological and morphometric evaluation of transient retinal and optic

nerve ischemia in rat. Brain Res. 1096, 20–29. doi: 10.1016/j.brainres.2006.

04.061

Dengler-Crish, C. M., Smith, M. A., Inman, D. M., Wilson, G. N., Young, J. W.,

and Crish, S. D. (2014). Anterograde transport blockade precedes deficits in

retrograde transport in the visual projection of the DBA/2J mouse model of

glaucoma. Front. Neurosci. 8:290. doi: 10.3389/fnins.2014.00290

Dwyer, B. E., Nishimura, R. N., and Lu, S. Y. (1995). Differential expression of

heme oxygenase-1 in cultured cortical neurons and astrocytes determined by

the aid of a new heme oxygenase antibody. Response to oxidative stress. Brain

Res. Mol. Brain Res. 30, 37–47. doi: 10.1016/0169-328X(94)00273-H

Ebneter, A., Casson, R. J., Wood, J. P., and Chidlow, G. (2010). Microglial

activation in the visual pathway in experimental glaucoma: spatiotemporal

characterization and correlation with axonal injury. Invest. Ophthalmol. Vis. Sci.

51, 6448–6460. doi: 10.1167/iovs.10-5284

Fan, J., Xu, G., Jiang, T., and Qin, Y. (2012). Pharmacologic induction of heme

oxygenase-1 plays a protective role in diabetic retinopathy in rats. Invest.

Ophthalmol. Vis. Sci. 53, 6541–6556. doi: 10.1167/iovs.11-9241

Farkas, R. H., Chowers, I., Hackam, A. S., Kageyama, M., Nickells, R. W.,

Otteson, D. C., et al. (2004). Increased expression of iron-regulating genes in

monkey and human glaucoma. Invest. Ophthalmol. Vis. Sci. 45, 1410–1417.

doi: 10.1167/iovs.03-0872

Fechtner, R. D., and Weinreb, R. N. (1994). Mechanisms of optic nerve

damage in primary open angle glaucoma. Surv. Ophthalmol. 39, 23–42.

doi: 10.1016/S0039-6257(05)80042-6

Flammer, J., Orgül, S., Costa, V. P., Orzalesi, N., Krieglstein, G. K., Serra, L. M.,

et al. (2002). The impact of ocular blood flow in glaucoma. Prog. Retin. Eye Res.

21, 359–393. doi: 10.1016/S1350-9462(02)00008-3

Gardiner, T. A., Gibson, D. S., de Gooyer, T. E., de la Cruz, V. F.,

McDonald, D. M., and Stitt, A. W. (2005). Inhibition of tumor necrosis

factor-alpha improves physiological angiogenesis and reduces pathological

neovascularization in ischemic retinopathy. Am. J. Pathol. 166, 637–644.

doi: 10.1016/S0002-9440(10)62284-5

Guillemin, K., and Krasnow, M. A. (1997). The hypoxic response: huffing and

HIFing. Cell 89, 9–12. doi: 10.1016/S0092-8674(00)80176-2

Guzy, R. D., and Schumacker, P. T. (2006). Oxygen sensing by mitochondria at

complex III: the paradox of increased reactive oxygen species during hypoxia.

Exp. Physiol. 91, 807–819. doi: 10.1113/expphysiol.2006.033506

Hashimoto, K., Parker, A., Malone, P., Gabelt, B. T., Rasmussen, C., Kaufman,

P. S., et al. (2005). Long-term activation of c-Fos and c-Jun in optic

nerve head astrocytes in experimental ocular hypertension in monkeys and

after exposure to elevated pressure in vitro. Brain Res. 1054, 103–115.

doi: 10.1016/j.brainres.2005.06.050

Himori, N., Maruyama, K., Yamamoto, K., Yasuda, M., Ryu, M., Omodaka, K.,

et al. (2014). Critical neuroprotective roles of heme oxygenase-1 induction

against axonal injury-induced retinal ganglion cell death. J. Neurosci. Res. 92,

1134–1142. doi: 10.1002/jnr.23398

Holcombe, D. J., Lengefeld, N., Gole, G. A., and Barnett, N. L. (2008). The effects

of acute intraocular pressure elevation on rat retinal glutamate transport. Acta

Ophthalmol. 86, 408–414. doi: 10.1111/j.1600-0420.2007.01052.x

Howell, G. R., Libby, R. T., Jakobs, T. C., Smith, R. S., Phalan, F. C., Barter, J. W.,

et al. (2007). Axons of retinal ganglion cells are insulted in the optic nerve early

in DBA/2J glaucoma. J. Cell Biol. 179, 1523–1537. doi: 10.1083/jcb.200706181

Hu, C. J., Wang, L. Y., Chodosh, L. A., Keith, B., and Simon, M. C.

(2003). Differential roles of hypoxia-inducible factor 1alpha (HIF-1alpha)

and HIF-2alpha in hypoxic gene regulation. Mol. Cell. Biol. 23, 9361–9374.

doi: 10.1128/MCB.23.24.9361-9374.2003

Imuta, N., Hori, O., Kitao, Y., Tabata, Y., Yoshimoto, T., Matsuyama, T.,

et al. (2007). Hypoxia-mediated induction of heme oxygenase type I and

carbon monoxide release from astrocytes protects nearby cerebral neurons

from hypoxia-mediated apoptosis. Antioxid. Redox Signal. 9, 543–552.

doi: 10.1089/ars.2006.1519

Frontiers in Neuroscience | www.frontiersin.org 20 August 2017 | Volume 11 | Article 478

https://doi.org/10.1006/exer.1994.1131
https://doi.org/10.1038/bjc.1995.429
https://doi.org/10.1179/1351000212Y.0000000033
https://doi.org/10.1167/iovs.06-1002
https://doi.org/10.1136/bjo.2003.027664
https://doi.org/10.1152/physrev.00044.2005
https://doi.org/10.1371/journal.pone.0166915
https://doi.org/10.1111/j.1442-9071.2012.02773.x
https://doi.org/10.1167/iovs.15-17962
https://doi.org/10.1089/ars.2010.3576
https://doi.org/10.1016/j.freeradbiomed.2010.12.023
https://doi.org/10.1369/0022155411418115
https://doi.org/10.1007/s00401-011-0807-1
https://doi.org/10.1167/iovs.09-4603
https://doi.org/10.1016/j.nbd.2012.07.026
https://doi.org/10.1007/s00429-015-1135-3
https://doi.org/10.1167/iovs.07-0726
https://doi.org/10.1016/j.coph.2012.09.008
https://doi.org/10.1073/pnas.0913141107
https://doi.org/10.1007/s00424-005-1413-7
https://doi.org/10.1016/j.brainres.2006.04.061
https://doi.org/10.3389/fnins.2014.00290
https://doi.org/10.1016/0169-328X(94)00273-H
https://doi.org/10.1167/iovs.10-5284
https://doi.org/10.1167/iovs.11-9241
https://doi.org/10.1167/iovs.03-0872
https://doi.org/10.1016/S0039-6257(05)80042-6
https://doi.org/10.1016/S1350-9462(02)00008-3
https://doi.org/10.1016/S0002-9440(10)62284-5
https://doi.org/10.1016/S0092-8674(00)80176-2
https://doi.org/10.1113/expphysiol.2006.033506
https://doi.org/10.1016/j.brainres.2005.06.050
https://doi.org/10.1002/jnr.23398
https://doi.org/10.1111/j.1600-0420.2007.01052.x
https://doi.org/10.1083/jcb.200706181
https://doi.org/10.1128/MCB.23.24.9361-9374.2003
https://doi.org/10.1089/ars.2006.1519
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Chidlow et al. ONH Hypoxia in Experimental Glaucoma

Inman, D. M., and Harun-Or-Rashid, M. (2017). Metabolic vulnerability

in the neurodegenerative disease glaucoma. Front. Neurosci. 11:146.

doi: 10.3389/fnins.2017.00146

Inman, D. M., Lambert, W. S., Calkins, D. J., and Horner, P. J. (2013). alpha-

Lipoic acid antioxidant treatment limits glaucoma-related retinal ganglion

cell death and dysfunction. PLoS ONE 8:e65389. doi: 10.1371/journal.pone.

0065389

Jazwa, A., and Cuadrado, A. (2010). Targeting heme oxygenase-1 for

neuroprotection and neuroinflammation in neurodegenerative diseases.

Curr. Drug Targets 11, 1517–1531. doi: 10.2174/1389450111009011517

Johnson, E. C., Doser, T. A., Cepurna, W. O., Dyck, J. A., Jia, L., Guo, Y.,

et al. (2011). Cell proliferation and interleukin-6-type cytokine signaling are

implicated by gene expression responses in early optic nerve head injury in rat

glaucoma. Invest. Ophthalmol. Vis. Sci. 52, 504–518. doi: 10.1167/iovs.10-5317

Kanamori, A., Catrinescu, M. M., Kanamori, N., Mears, K. A., Beaubien, R., and

Levin, L. A. (2010). Superoxide is an associated signal for apoptosis in axonal

injury. Brain 133, 2612–2625. doi: 10.1093/brain/awq105

Ko, M. L., Peng, P. H., Ma, M. C., Ritch, R., and Chen, C. F. (2005).

Dynamic changes in reactive oxygen species and antioxidant levels in

retinas in experimental glaucoma. Free Radic. Biol. Med. 39, 365–373.

doi: 10.1016/j.freeradbiomed.2005.03.025

Kuwabara, K., Matsumoto, M., Ikeda, J., Hori, O., Ogawa, S., Maeda, Y., et al.

(1996). Purification and characterization of a novel stress protein, the 150-

kDa oxygen-regulated protein (ORP150), from cultured rat astrocytes and

its expression in ischemic mouse brain. J. Biol. Chem. 271, 5025–5032.

doi: 10.1074/jbc.271.9.5025

Lee, J. M., Calkins, M. J., Chan, K., Kan, Y. W., and Johnson, J. A. (2003).

Identification of the NF-E2-related factor-2-dependent genes conferring

protection against oxidative stress in primary cortical astrocytes using

oligonucleotide microarray analysis. J. Biol. Chem. 278, 12029–12038.

doi: 10.1074/jbc.M211558200

Ma, M. W., Wang, J., Zhang, Q., Wang, R., Dhandapani, K. M., Vadlamudi, R. K.,

et al. (2017). NADPH oxidase in brain injury and neurodegenerative disorders.

Mol. Neurodegener. 12:7. doi: 10.1186/s13024-017-0150-7

Malone, P. E., and Hernandez, M. R. (2007). 4-Hydroxynonenal, a product of

oxidative stress, leads to an antioxidant response in optic nerve head astrocytes.

Exp. Eye Res. 84, 444–454. doi: 10.1016/j.exer.2006.10.020

Marrif, H., and Juurlink, B. H. (1999). Astrocytes respond to hypoxia

by increasing glycolytic capacity. J. Neurosci. Res. 57, 255–260.

doi: 10.1002/(SICI)1097-4547(19990715)57:2<255::AID-JNR11>3.0.CO;2-6

McElnea, E. M., Quill, B., Docherty, N. G., Irnaten, M., Siah, W. F., Clark, A. F.,

et al. (2011). Oxidative stress, mitochondrial dysfunction and calcium overload

in human lamina cribrosa cells from glaucoma donors.Mol. Vis. 17, 1182–1191.

Mense, S. M., Sengupta, A., Zhou, M., Lan, C., Bentsman, G., Volsky, D. J.,

et al. (2006). Gene expression profiling reveals the profound upregulation of

hypoxia-responsive genes in primary human astrocytes. Physiol. Genomics 25,

435–449. doi: 10.1152/physiolgenomics.00315.2005

Minckler, D. S., Bunt, A. H., and Johanson, G. W. (1977). Orthograde and

retrograde axoplasmic transport during acute ocular hypertension in the

monkey. Invest. Ophthalmol. Vis. Sci. 16, 426–441.

Moos, T. (1996). Immunohistochemical localization of intraneuronal transferrin

receptor immunoreactivity in the adult mouse central nervous system. J. Comp.

Neurol. 375, 675–692. doi: 10.1002/(SICI)1096-9861(19961125)375:4<675::

AID-CNE8>3.0.CO;2-Z

Moreno, M. C., Campanelli, J., Sande, P., Sánez, D. A., Keller Sarmiento,

M. I., and Rosenstein, R. E. (2004). Retinal oxidative stress induced

by high intraocular pressure. Free Radic. Biol. Med. 37, 803–812.

doi: 10.1016/j.freeradbiomed.2004.06.001

Mowat, F. M., Luhmann, U. F., Smith, A. J., Lange, C., Duran, Y., Harten,

S., et al. (2010). HIF-1alpha and HIF-2alpha are differentially activated

in distinct cell populations in retinal ischaemia. PLoS ONE 5:e11103.

doi: 10.1371/journal.pone.0011103

Nahirnyj, A., Livne-Bar, I., Guo, X., and Sivak, J. M. (2013). ROS

detoxification and proinflammatory cytokines are linked by p38 MAPK

signaling in a model of mature astrocyte activation. PLoS ONE 8:e83049.

doi: 10.1371/journal.pone.0083049

Noh, Y. H., Kim, K. Y., Shim, M. S., Choi, S. H., Choi, S., Ellisman, M. H., et al.

(2013). Inhibition of oxidative stress by coenzyme Q10 increases mitochondrial

mass and improves bioenergetic function in optic nerve head astrocytes. Cell

Death Dis. 4, e820. doi: 10.1038/cddis.2013.341

Peng, P. H., Ko, M. L., Chen, C. F., and Juan, S. H. (2008). Haem oxygenase-1 gene

transfer protects retinal ganglion cells from ischaemia/reperfusion injury. Clin.

Sci. 115, 335–342. doi: 10.1042/CS20070384

Pfaffl, M. W. (2001). A new mathematical model for relative quantification in

real-time RT-PCR. Nucleic Acids Res. 29:e45. doi: 10.1093/nar/29.9.e45

Quigley, H., and Anderson, D. R. (1976). The dynamics and location of axonal

transport blockade by acute intraocular pressure elevation in primate optic

nerve. Invest. Ophthalmol. 15, 606–616.

Quigley, H. A., and Anderson, D. R. (1977). Distribution of axonal transport

blockade by acute intraocular pressure elevation in the primate optic nerve

head. Invest. Ophthalmol. Vis. Sci. 16, 640–644.

Quigley, H. A., and Broman, A. T. (2006). The number of people with

glaucoma worldwide in 2010 and 2020. Br. J. Ophthalmol. 90, 262–267.

doi: 10.1136/bjo.2005.081224

Quigley, H. A., Hohman, R. M., Addicks, E. M., and Green, W. R. (1984). Blood

vessels of the glaucomatous optic disc in experimental primate and human eyes.

Invest. Ophthalmol. Vis. Sci. 25, 918–931.

Ryter, S. W., Alam, J., and Choi, A. M. (2006). Heme oxygenase-1/carbon

monoxide: from basic science to therapeutic applications. Physiol. Rev. 86,

583–650. doi: 10.1152/physrev.00011.2005

Salinas-Navarro, M., Alarcón-Martínez, L., Valiente-Soriano, F. J., Jiménez-

López, M., Mayor-Torroglosa, S., Avilés-Trigueros, M., et al. (2010).

Ocular hypertension impairs optic nerve axonal transport leading to

progressive retinal ganglion cell degeneration. Exp. Eye Res. 90, 168–183.

doi: 10.1016/j.exer.2009.10.003

Satilmis, M., Orgül, S., Doubler, B., and Flammer, J. (2003). Rate of progression of

glaucoma correlates with retrobulbar circulation and intraocular pressure. Am.

J. Ophthalmol. 135, 664–669. doi: 10.1016/S0002-9394(02)02156-6

Schipper, H. M., Song, W., Zukor, H., Hascalovici, J. R., and Zeligman,

D. (2009). Heme oxygenase-1 and neurodegeneration: expanding frontiers

of engagement. J. Neurochem. 110, 469–485. doi: 10.1111/j.1471-4159.

2009.06160.x

Schmidl, D., Garhofer, G., and Schmetterer, L. (2011). The complex interaction

between ocular perfusion pressure and ocular blood flow - relevance for

glaucoma. Exp. Eye Res. 93, 141–155. doi: 10.1016/j.exer.2010.09.002

Shonat, R. D., Wilson, D. F., Riva, C. E., and Cranstoun, S. D. (1992). Effect of

acute increases in intraocular pressure on intravascular optic nerve head oxygen

tension in cats. Invest. Ophthalmol. Vis. Sci. 33, 3174–3180.

Skoff, R., Knapp, P. E., and Bartlett, W. P. (1986). “Astrocyte diversity in the

optic nerve: a cytoarchitectural study,” in Astrocytes, eds S. Fedoroff and A.

Vernadakis (New York, NY: Academic Press), 269–291.

Soto, I., and Howell, G. R. (2014). The complex role of neuroinflammation

in glaucoma. Cold Spring Harb. Perspect. Med. 4:a017269.

doi: 10.1101/cshperspect.a017269

Stasi, K., Nagel, D., Yang, X., Ren, L., Mittag, T., and Danias, J. (2007).

Ceruloplasmin upregulation in retina of murine and human glaucomatous

eyes. Invest. Ophthalmol. Vis. Sci. 48, 727–732. doi: 10.1167/iovs.06-0497

Sun, D., Lye-Barthel, M., Masland, R. H., and Jakobs, T. C. (2009). Themorphology

and spatial arrangement of astrocytes in the optic nerve head of the mouse. J.

Comp. Neurol. 516, 1–19. doi: 10.1002/cne.22058

Sun, M. H., Pang, J. H., Chen, S. L., Han, W. H., Ho, T. C., Chen, K. J., et al. (2010).

Retinal protection from acute glaucoma-induced ischemia-reperfusion injury

through pharmacologic induction of heme oxygenase-1. Invest. Ophthalmol.

Vis. Sci. 51, 4798–4808. doi: 10.1167/iovs.09-4086

Tebay, L. E., Robertson, H., Durant, S. T., Vitale, S. R., Penning, T. M., Dinkova-

Kostova, A. T., et al. (2015). Mechanisms of activation of the transcription

factor Nrf2 by redox stressors, nutrient cues, and energy status and the

pathways through which it attenuates degenerative disease. Free Radic. Biol.

Med. 88, 108–146. doi: 10.1016/j.freeradbiomed.2015.06.021

Tezel, G. (2006). Oxidative stress in glaucomatous neurodegeneration:

mechanisms and consequences. Prog. Retin. Eye Res. 25, 490–513.

doi: 10.1016/j.preteyeres.2006.07.003

Valiente-Soriano, F. J., Nadal-Nicolas, F. M., Salinas-Navarro, M., Jimenez-Lopez,

M., Bernal-Garro, J. M., Villegas-Perez, M. P., et al. (2015). BDNF rescues RGCs

but not intrinsically photosensitive RGCs in ocular hypertensive albino rat

retinas. Invest. Ophthalmol. Vis. Sci. 56, 1924–1936. doi: 10.1167/iovs.15-16454

Frontiers in Neuroscience | www.frontiersin.org 21 August 2017 | Volume 11 | Article 478

https://doi.org/10.3389/fnins.2017.00146
https://doi.org/10.1371/journal.pone.0065389
https://doi.org/10.2174/1389450111009011517
https://doi.org/10.1167/iovs.10-5317
https://doi.org/10.1093/brain/awq105
https://doi.org/10.1016/j.freeradbiomed.2005.03.025
https://doi.org/10.1074/jbc.271.9.5025
https://doi.org/10.1074/jbc.M211558200
https://doi.org/10.1186/s13024-017-0150-7
https://doi.org/10.1016/j.exer.2006.10.020
https://doi.org/10.1002/(SICI)1097-4547(19990715)57
https://doi.org/10.1152/physiolgenomics.00315.2005
https://doi.org/10.1002/(SICI)1096-9861(19961125)375:4<675::AID-CNE8>3.0.CO;2-Z
https://doi.org/10.1016/j.freeradbiomed.2004.06.001
https://doi.org/10.1371/journal.pone.0011103
https://doi.org/10.1371/journal.pone.0083049
https://doi.org/10.1038/cddis.2013.341
https://doi.org/10.1042/CS20070384
https://doi.org/10.1093/nar/29.9.e45
https://doi.org/10.1136/bjo.2005.081224
https://doi.org/10.1152/physrev.00011.2005
https://doi.org/10.1016/j.exer.2009.10.003
https://doi.org/10.1016/S0002-9394(02)02156-6
https://doi.org/10.1111/j.1471-4159.2009.06160.x
https://doi.org/10.1016/j.exer.2010.09.002
https://doi.org/10.1101/cshperspect.a017269
https://doi.org/10.1167/iovs.06-0497
https://doi.org/10.1002/cne.22058
https://doi.org/10.1167/iovs.09-4086
https://doi.org/10.1016/j.freeradbiomed.2015.06.021
https://doi.org/10.1016/j.preteyeres.2006.07.003
https://doi.org/10.1167/iovs.15-16454
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive


Chidlow et al. ONH Hypoxia in Experimental Glaucoma

Vidal-Sanz, M., Salinas-Navarro, M., Nadal-Nicolás, F. M., Alarcon-

Martinez, L., Valiente-Soriano, F. J., Miralles de Imperial, J., et al. (2011).

Understanding glaucomatous damage: Anatomical and functional data

from ocular hypertensive rodent retinas. Prog. Retin. Eye Res. 31, 1–27.

doi: 10.1016/j.preteyeres.2011.08.001

Wasserman, W. W., and Fahl, W. E. (1997). Functional antioxidant

responsive elements. Proc. Natl. Acad. Sci. U.S.A. 94, 5361–5366.

doi: 10.1073/pnas.94.10.5361

Wenger, R. H. (2002). Cellular adaptation to hypoxia: O2-sensing protein

hydroxylases, hypoxia-inducible transcription factors, and O2-regulated gene

expression. FASEB J. 16, 1151–1162. doi: 10.1096/fj.01-0944rev

Williams, P. A., Marsh-Armstrong, N., and Howell, G. R. (2017).

Neuroinflammation in glaucoma: a new opportunity. Exp. Eye Res. 157,

20–27. doi: 10.1016/j.exer.2017.02.014

Yanagi, M., Kawasaki, R., Wang, J. J., Wong, T. Y., Crowston, J., and Kiuchi, Y.

(2011). Vascular risk factors in glaucoma: a review. Clin. Exp. Ophthalmol. 39,

252–258. doi: 10.1111/j.1442-9071.2010.02455.x

Yu, A. L., Fuchshofer, R., Birke, M., Kampik, A., Bloemendal, H., and Welge-

Lüssen, U. (2008). Oxidative stress and TGF-beta2 increase heat shock protein

27 expression in human optic nerve head astrocytes. Invest. Ophthalmol. Vis.

Sci. 49, 5403–5411. doi: 10.1167/iovs.07-1478

Yu, A. L., Moriniere, J., Birke, M., Neumann, C., Fuchshofer, R., Kampik, A., et al.

(2009). Reactivation of optic nerve head astrocytes by TGF-beta2 and H2O2 is

accompanied by increased Hsp32 and Hsp47 expression. Invest. Ophthalmol.

Vis. Sci. 50, 1707–1717. doi: 10.1167/iovs.08-1961

Yu, D. Y., and Cringle, S. J. (2001). Oxygen distribution and consumption within

the retina in vascularised and avascular retinas and in animal models of

retinal disease. Prog. Retin. Eye Res. 20, 175–208. doi: 10.1016/S1350-9462(00)

00027-6

Zanetti, M., d’Uscio, L. V., Peterson, T. E., Katusic, Z. S., and O’Brien, T. (2005).

Analysis of superoxide anion production in tissue. Methods Mol. Med. 108,

65–72. doi: 10.1385/1-59259-850-1:065

Zhang, X., Yeung, P. K., McAlonan, G. M., Chung, S. S., and Chung,

S. K. (2013). Transgenic mice over-expressing endothelial endothelin-1

show cognitive deficit with blood-brain barrier breakdown after transient

ischemia with long-term reperfusion. Neurobiol. Learn. Mem. 101, 46–54.

doi: 10.1016/j.nlm.2013.01.002

Conflict of Interest Statement: The authors declare that the research was

conducted in the absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

The reviewer DI and handling Editor declared their shared affiliation.

Copyright © 2017 Chidlow, Wood and Casson. This is an open-access article

distributed under the terms of the Creative Commons Attribution License (CC BY).

The use, distribution or reproduction in other forums is permitted, provided the

original author(s) or licensor are credited and that the original publication in this

journal is cited, in accordance with accepted academic practice. No use, distribution

or reproduction is permitted which does not comply with these terms.

Frontiers in Neuroscience | www.frontiersin.org 22 August 2017 | Volume 11 | Article 478

https://doi.org/10.1016/j.preteyeres.2011.08.001
https://doi.org/10.1073/pnas.94.10.5361
https://doi.org/10.1096/fj.01-0944rev
https://doi.org/10.1016/j.exer.2017.02.014
https://doi.org/10.1111/j.1442-9071.2010.02455.x
https://doi.org/10.1167/iovs.07-1478
https://doi.org/10.1167/iovs.08-1961
https://doi.org/10.1016/S1350-9462(00)00027-6
https://doi.org/10.1385/1-59259-850-1
https://doi.org/10.1016/j.nlm.2013.01.002
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Neuroscience/archive

	fnins-11-00478.pdf
	Investigations into Hypoxia and Oxidative Stress at the Optic Nerve Head in a Rat Model of Glaucoma
	Introduction
	Materials and Methods
	Animals and Procedures
	Tissue Processing and Immunohistochemistry
	Evaluation of Immunohistochemistry
	Localization of Hypoxia
	Localization of Intracellular Superoxide
	Real-Time RT-PCR
	Western Immunoblotting

	Results
	Ocular Hypertension Causes a Variable Degree of Axonal Transport Disruption at the Optic Nerve Head
	Ocular Hypertension Leads to Selective Hypoxia at the Optic Nerve Head
	Ocular Hypertension Induces Heme Oxygenase-1 Expression in Optic Nerve Head Astrocytes
	Ocular Hypertension Upregulates Lactate Dehydrogenase-A Expression in the Optic Nerve Head
	Ocular Hypertension Selectively Affects Iron-Regulating Proteins in the Optic Nerve Head
	Ocular Hypertension Induces AP-1 Expression in the Optic Nerve Head
	Ocular Hypertension Induces Only Modest Alterations to Nrf2 and Nrf2-Driven Antioxidant Enzymes in the Optic Nerve Head
	Ocular Hypertension Increases Generation of Superoxide in the Retina and Optic Nerve Head
	Ocular Hypertension Does Not Appear to be Associated with Oxidative DNA Damage in the Optic Nerve Head

	Discussion
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References



