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Purprose. Increased endoplasmic reticulum (ER) stress is one of the earliest subcellular
changes in neuro-ophthalmic diseases. In this study, we investigated the expression of key
molecules in the ER stress pathways following nonarteritic anterior ischemic optic
neuropathy (AION), the most common acute optic neuropathy in adults over 50, and
assessed the impact of chemical chaperon 4-phenylbutyric acid (4-PBA) in vivo.

MerHops. We induced AION using photochemical thrombosis in adult mice and performed
histologic analyses of key molecules in the ER stress pathway in the retina and optic nerve.
We also assessed the effects of daily intraperitoneal injections of 4-PBA after AION.

Resurrs. In the retina at baseline, there was low proapoptotic transcriptional regulator C/EBP
homologous protein (CHOP) and high prosurvival chaperon glucose-regulated protein 78
(GRP78) expression in retinal ganglion cells (RGCs). One day after AION, there was
significantly increased CHOP and reduced GRP78 expressions in the ganglion cell layer. In the
optic nerve at baseline, there was little CHOP and high GRP78 expression. One day after
AION, there was significantly increased CHOP and no change in GRP78 expression.
Treatment immediately after AION using daily intraperitoneal injection of chemical chaperone
4-PBA for 19 days significantly rescued Brn3A" RGCs and Olig2™" optic nerve oligodendro-
cytes.

Concrusions. We showed for the first time that acute AION resulted in increased ER stress and
differential expression of ER stress markers CHOP and GRP78 in the retina and optic nerve.
Rescue of RGCs and oligodendrocytes with 4-PBA provides support for ER stress reduction as
possible treatment for AION.

Keywords: endoplasmic reticulum, ER stress, metabolic stress, AION, OCT, retinal ganglion
cell, optic neuropathy, chaperon, unfolded protein response, 4-phenylbutyric acid

onarteritic anterior ischemic optic neuropathy (AION) is

the most common acute optic neuropathy in those greater
than 50 years old.'™® Patients with nonarteritic AION typically
present with painless, sudden vision loss involving half or more
of the visual field in one eye, and there is a 25% risk of
contralateral eye involvement.* In human AION, ischemia
occurs initially posterior to the lamina cribrosa, in the posterior
ciliary artery territory,>>> involving the unmyelinated and the
anterior, myelinated portions of the optic nerve.

In photochemical thrombosis rodent models of AION, we
know that within 24 hours after ischemia, there is severe optic
nerve head edema and swelling6'13 as well as abnormal visual
evoked potential 1‘esp0nses,6’8’11 Acutely, there is also promi-
nent microglial activation and postischemic inflammatory
r<3sp0ns.t:.6’7‘12‘14 By week 1, there is massive degeneration of
retinal ganglion cell (RGC) axons, prominent loss of CNPase™
optic nerve oligodendrocytes, and anterograde optic nerve
demyelinatior1.6’7’11’15 By week 3, there is relatively stable,
irreversible thinning of the retina, loss of Brn3A" RGCs and
optic nerve oligodendrocytes per optical coherence tomogra-
phy (OCT) and histology.®®'1>"18 The severity of the acute
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retinal swelling correlated with that of the chronic thinning and
RGC loss."” Unfortunately, there is currently no effective
treatment for AION.

A promising therapeutic target in the treatment of vision
loss due to optic neuropathies is the unfolded protein response
(UPR) pathway, an endogenous and early line of defense against
many different types of injury.’®*' Early after insult, the
prosurvival pathway is activated, including activation of the
master endoplasmic reticulum (ER) chaperon glucose-regulated
protein 78 (GRP78), also known as the immunoglobulin heavy
chain-binding protein (BiP) or heat shock protein (HSP) A5.2022
GRP78 helps to translocate newly synthesized polypeptides
across the ER membrane, facilitate the folding and assembly of
proteins, target misfolded proteins for ER-associated degrada-
tion (ERAD), regulate calcium homeostasis, and serve as an ER
stress sensor.””> These adaptive responses help return cells to
homeostasis.?>*'"*% In contrast, prolonged ER stress leads to
activation of the proapoptotic pathway, including increased
expression of the UPR-regulated proapoptotic transcription
factor CCAAT/enhancer-binding protein (C/EBP) homologous
protein (CHOP) and activation of the PERK-eIF20-ATF4-CHOP
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FiGure 1.

Photochemical thrombosis model of AION. (A) Mouse fundus photography immediately after AION showing whitening of optic nerve

head due to ischemia. (B) Representative images of OCT line scan through optic disc of control (fop) and AION (bottom) eyes 1 day after AION.
Swelling around the optic nerve head is indicated by white asterisks. (C) Bar graph showing OCT GCC thickness measurements in control and
AION eyes at day 0 and 1 (7 =6, *P = 0.0001, 1-way ANOVA with Tukey multiple comparisons test). AION, anterior ischemic optic neuropathy;

GCC, ganglion cell complex; OCT, optical coherence tomography.

pathway, leading to activation of proapoptotic genes DRS5,
TRB3, BIM, and PUMA and decrease in the expression of
BCL2, which triggers apoptosis.23‘25’26 Increased ATF4-CHOP
heterodimers also restores translation, leading to increased
protein synthesis and further worsening of ER stress, ATP
depletion, oxidative stress, activation of the inflammatory
pathways, and cell death. 12027

The UPR pathway is important in many diseases that affect
vision, including optic neuropathies.?® Increased ER stress has
been described in animal models of vision loss,zg”)’0 including
in glaucoma,“’32 optic nerve crush,52'55 diabetic retinopa-
thy,g""g’S hyperglycemia,3‘6‘37 N-methyl-D-aspartate (NMDA)-in-
duced RGC loss,*® retinitis pigmentosa, experimental
autoimmune encephalomyelitis (EAE),*® and central nervous
system (CNS) ischemia or reperfusion injury.‘m'44 RNA
sequencing (RNAseq) analysis of transcriptome profile 2 days
following optic nerve crush in adult C57BL/6 mice showed
that among the 177 differentially expressed genes, the ER
stress-related gene ATF4 and its transactivated downstream
gene CHOP were particularly significantly upregulated.45
Deletion of the proapoptotic molecule CHOP has been shown
to improve RGC survival after ischemia-reperfusion injury,41’45
optic nerve crush,**?? experimental glaucoma,>"** and EAE.*®

Other than retinal neurons, increased ER stress is also
important in diseases involving CNS glia, including in optic
nerve oligodendrocytes, which exhibit selective vulnerability
in hypoxic-ischemic injury due to their glutamate receptor
expression.46 CHOP upregulation is detected in oligodendro-
cytes after NMDA-induced retinal injury®® and hypoxia.*’
CHOP upregulation is found in retinal astrocytes in DBA/2J
glaucoma model® and after retina ischemia.®>® Other than
blinding diseases, increased ER stress has been shown to play a
role in different neurological conditions such as stroke, *°
Alzheimer’s disease,>' Parkinson’s disease,’> amyotrophic
lateral sclerosis,”>* spinal cord injury,’>® and multiple
sclerosis.>®

Treatment aimed to reduce ER stress using chemical
chaperon 4-phenylbutyric acid (4-PBA)’""%* has been used to
treat cystic fibrosis and liver injury. 4-PBA has been tested in
animal models of vision loss and has shown to be protective in
EAE®® and glaucoma,“ even as an eye drop.62’64 There is also
promising benefit of 4-PBA in animal models of stroke,®0¢°

spinal cord ischemia,> and cardiac ischemic-reperfusion

injury.67’69 However, in one study of retinal ischemia (via high
intraocular pressure), 4-PBA given prior to ischemia rescued
100% of RGCs, while treatment after ischemia showed no
effect.’” Other than neurons, there is also evidence that 4-PBA
may act on glia. In a study of middle cerebral artery occlusion
in rat, 4-PBA had a significant impact on the level of
astrogliosis, which affected neuronal survival after stroke.”®
Also, 4-PBA treatment is associated with reduction of nitric
oxide synthase and TNFa and may have a role in dampening
postischemic inflammation and glial function.®®

In this study, we used the well-established photochemical
thrombosis model of AION to examine the expression patterns
of key molecules important in ER stress acutely after optic
nerve ischemia and determine the effects of chemical
chaperon 4-PBA on RGCs and optic nerve glia after AION.

MATERIALS AND METHODS
Animals

Adult male and female C57BL/6 mice (Charles River, Hollister,
CA, USA) were kept at constant temperature, with a 12-hour
light/dark cycle and food and water available ad libitum. We
performed all animal care and experiments in accordance with
the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research, with approval from the Stanford University
Administrative Panel on Laboratory Animal Care (APLAC). We
did not address differences in sex as a biological variable. All
procedures were performed under sedation with brief
exposure to isoflurane followed by intraperitoneal injection
of ketamine 50 to 100 mg/kg (Hospira, Inc., Lake Forest, IL,
USA) and xylazine 2 to 5 mg/kg (Bedford Laboratories, Bedford,
OH, USA). When necessary, the pupils of anesthetized mice
were pharmacologically dilated with 1% tropicamide (Alcon
Laboratories, Inc., Fort Worth, TX, USA) and 2.5% phenyleph-
rine hydrochloride (Akorn, Inc., Lake Forest, IL, USA). All
animals underwent serial manipulations (e.g., ischemia induc-
tion, repeat optical imaging measurements; see Fig. 1A), and
were sacrificed for histological analyses.



Investigative Ophthalmology & Visual Science

Increased ER Stress in Optic Nerve Ischemia

Photochemical Thrombosis Model of AION

Following injection of rose bengal (1.25 mM in phosphate-
buffered saline [PBS], 5 pL/g body weight) in tail vein, we
induced AION in adult mice using photochemical thrombo-
sis””"7? with low energy transpupillary laser light spots (400 um
spot diameter, 50 mW power, 1-second duration, 15 spots) using
a frequency doubled Nd:YAG laser (PASCAL; OptiMedica, Santa
Clara, CA, USA). To ensure consistency, AION induction for all
experiments in this study was performed by one person. Also, to
improve rigor and reproducibility, we consistently induced AION
in one eye and used the contralateral eye as control.

OCT and Segmentation

To measure retinal structural changes over time, we
performed spectral-domain OCT analysis using Spectralis
HRA+OCT instrument (Heidelberg Engineering, GmbH, Hei-
delberg, Germany).9’71’72 We used the circular “retinal nerve
fiber layer” (“RNFL™) scans, and manually segmented the
thickness of the ganglion cell complex (GCC) as described
previously.”’74 GCC is defined as the combined thickness of
the RNFL, ganglion cell layer (GCL), and inner plexiform layer
(Fig. 1). The segmentation was performed in a masked
fashion, and every effort was made to standardize the
segmentation process, which was performed by one well-
trained individual and visually confirmed by a second
investigator as needed.

Immunoblotting

We dissected retinae 1 day after AION induction and prepared
retinal lysates. We extracted total protein in 1X radioimmu-
noprecipitation assay buffer (Abcam, Burlingame, CA, USA).
For Western blot analysis, equal amount of protein (25 to 50
ng) was resolved by 12% Criterion XT Bis-Tris protein gel
electrophoresis and transferred to polyvinylidene difluoride
membranes (all from Bio-Rad, Hercules, CA, USA). Membranes
were blocked with Odyssey Blocking Buffer (LI-COR, Lincoln,
NE, USA) and incubated with primary antibodies against
CHOP (mouse, 1:1000, Thermo Fisher Scientific, Waltham,
MA, USA), control protein glyceraldehyde 3-phosphate
dehydrogenase (GAPDH; rabbit, 1:2000, Cell Signaling,
Danvers, MA, USA) or GRP78 (mouse, 1:1000, BD Bioscienc-
es, Franklin Lakes, NJ, USA), followed by incubation with
IRDye 680-conjugated goat anti-rabbit or IRDye 800-conjugat-
ed goat anti-mouse secondary antibodies (LI-COR). We
visualized positive bands on immunoblots using the Odyssey
Classic Imaging System and performed densitometry analysis
using Image Studio software (LI-COR).

Immunohistochemistry

At different time points after AION, we killed animals to
perform immunohistochemistry. Animals were Kkilled after
deep anesthesia, and we performed intracardiac perfusion
using 4% paraformaldehyde in PBS. The globe and optic nerve
were dissected en bloc, processed in serial sucrose gradients
(10%-30%), frozen, and cut into 12- to 15-um sections on
superfrost plus microscope glass slides for immunohistochem-
istry and fluorescence microscopy. For immunohistochemistry,
horizontal retinal and optic nerve sections on glass slides were
washed three times with washing buffer (0.5% Triton X-100 in
PBS) for 10 minutes, blocked with 10% normal donkey serum
in washing buffer for an hour, incubated in primary antibodies
overnight in 0.3% Triton X-100 in PBS, washed three times for
10 minutes each in washing buffer, incubated with secondary
antibody for 2 hours, washed three times again, and mounted
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with 4’,6-diamidino-2-phenylindole (DAPD-containing mount-
ing media (Vectashield; Vector Laboratories, Burlingame, CA,
USA) using Fisherbrand cover glasses (Thermo Fisher Scientif-
ic). For primary antibodies against, we used antibodies against
CHOP (1:50; catalog number MA1-250; Invitrogen, Waltham,
MA, USA) and GRP78 (1:200; catalog number 610978; BD
Biosciences, San Jose, CA, USA), Brn3A (1:500; catalog number
Sc-31984; Santa Cruz Biotechnology, Inc., Dallas, TX, USA),
GFAP (1:1000; catalog number ab4674; Abcam, Cambridge,
MA, USA), and Olig2 (1:200; catalog number AB9610; Millipore
Sigma, Burlington, MA, USA). For secondary antibodies, we
used AlexaFluor 488 donkey anti-mouse IgG (1:500; catalog
number A-21202, Invitrogen, Rockford, IL, USA), AlexaFluor
568 donkey anti-goat I1gG (1:500; catalog number A-11057;
Invitrogen), AlexaFluor 555 goat anti-chicken (1:500; catalog
number A-21437; Invitrogen), and AlexaFluor 647 donkey anti-
rabbit IgG (1:500; catalog number A-31573; Invitrogen).
Sections were consistently cut and processed by one investi-
gator and immunohistochemistry was performed by another to
minimize variations. We imaged the stained retinae and optic
nerves with upright epifluorescence microscopy (Nikon
Eclipse TE300 microscope; Nikon Corp., Tokyo, Japan) and
confocal fluorescence microscopy (Zeiss inverted LSM 880
laser scanning confocal microscope with AiryScan, Carl Zeiss,
Oberkochen, Germany).

Morphometric Analyses of Retinae and Optic
Nerves

To perform morphometric analysis, we took standard images of
the retinae and anterior optic nerve (at the beginning of
myelination zone) under masked condition with epifluores-
cence microscope (Nikon Eclipse ES800 microscope; Nikon
Corp.) using 20X objective (numerical aperture 0.75). For the
retina, we imaged horizontal retinal sections near the optic
nerve head using standardized parameters. To standardize
region of interest (ROID) of the retinae quantified, we imaged
three to four images per slide using the same magnification
(20X), located 1 to 2.5 mm away from the optic nerve head.
For the optic nerve, we imaged horizontal optic nerve sections
in the anterior optic nerve using same high-power field and
standardized parameters. To standardize area of the optic nerve
counted, we used the Olig2" staining to determine the
beginning of myelination, and imaged one high power field,
which is 200 pm from the Bruch’s membrane. Each high-power
field was imaged in different channels, and image from each
channel was quantified under masked condition using ImageJ
(http://rsbweb.nih.gov/ij/; provided in the public domain by
the National Institutes of Health, Bethesda, MD, USA). For
quantification, we opened each channel of each image in
Image], manually applied a standard ROI in the GCL. To
quantify number of CHOP" or GRP78" cells in the inner retina,
we outlined a specific ROI in the GCL and manually counted
the number of CHOP"DAPI" or GRP78 DAPI" cells in the ROI
under masked condition and normalized by the length of
retina. To quantify the intensity of CHOP staining in this ROI,
we used the Measure tool (in artificial fluorescence unit
[a.f.u.]). Quantification of the optic nerve was performed in the
same way as that of retinae, except using a ROI of 0.2 X 0.2 mm
(0.04 mm?) at the beginning of myelination. We counted the
number of CHOP'DAPI' cells or GRP78 DAPI' cells in the
ROI, the intensity of the immunofluorescence (in a.f.u.), and
area. For each data point, numbers from three to four images
were averaged to calculate the value for each eye, and then
data for all the eyes were used to calculate mean and standard
error of the mean. For all measurements, we compared the
area of the ROI as measured in Image]J to ensure that they were
identical.
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Treatment of Acute AION With Chemical Chaperon
4-PBA In Vivo

To assess the effect of chemical chaperon 4-PBA on AION, we
performed intraperitoneal injections of 4-PBA (40 mg/kg/d;
250 pL per injection) or PBS (control) immediately after AION
induction in one eye. Animals were treated daily for a total of
19 days from day O to day 18. To assess effect of treatment on
RGC survival, we killed the animals and performed whole
mount retinal preparations, which were immunostained with
antibody against Brn3A (to visualize RGCs) and then counter-
stained and mounted with DAPI- (to visualize nuclei) contain-
ing mounting media. We imaged the retinal and optic nerve
sections using Nikon epifluorescence microscope. For quanti-
fication of retinal GCL, we took four images at 1 mm away from
the optic nerve head and four images at 2.5 mm away from the
optic nerve head (total two images per quadrant, eight images
per eye) under masked condition (four quadrants, two images
of 0.14 mm? each, using the 20X objective, numerical aperture,
0.75). Then, we performed morphometric analyses using a
custom-written ImageJ script (Image] Macro, National Insti-
tutes of Health), which automatically calculates the number of
Brn3A" cells per image and density of Brn3A" cells/mm?® of
retina. Each automatically performed cell count was visually
reviewed under masked condition for quality control. To
measure the number of optic nerve oligodendrocytes, we
stained optic nerve sections (12-15 pm) with antibody against
Olig2, (1:200; catalog number AB9610; Millipore Sigma),
mounted in DAPI-containing mounting media (Vectashield;
Vector Laboratories) and performed fluorescence microscopy
(Nikon Eclipse E800 microscope; Nikon Corp.) using 20X
objective. The number of Olig2"DAPI" cells was manually
counted by one investigator under masked conditions.

Statistical Analysis

To determine statistical significance for OCT and the immuno-
histochemistry studies, we used the Mann-Whitney U test. For
Western blot, statistical comparisons between more than two
experimental groups were made with 1-way ANOVA tests
followed by Tukey multiple comparison test. Correlation was
performed using Pearson correlation coefficient. All data are
presented as mean * SEM unless otherwise indicated. We
performed statistical analysis using commercial statistical
software Prism (GraphPad, Inc., La Jolla, CA, USA) and
Microsoft Office Excel (Richmond, WA, USA). Statistical
significance was defined as P < 0.05.

RESULTS

Photochemical Thrombosis Model of AION and
Significant Retinal Swelling 1 Day After AION

We performed photochemical thrombosis AION model in adult
C57BL/6 mice.”’ 172 Immediately after AION induction, there
was expected whitening of the optic nerve head and narrowing
of the peripapillary vessels (Fig. 1A). One day after AION
induction, OCT imaging revealed significant thickening (swell-
ing) of the optic nerve head in the AION eyes (Fig. 1B). The
thickness of the GCC (combined RNFL, GCL, and inner plexiform
layer) increased significantly by 15 pm in the AION eyes
compared with contralateral, control eyes (day O control: 80.3
+ 0.6 um, n = 6 eyes; day 0 AION: 79.2 = 0.7 um, n = 6 eyes;
day 1 control: 81.3 = 0.8 pm, 72 =06 eyes; day 1 AION: 95 = 2.6
pum, 7 = 6 eyes; P < 0.0001 1-way ANOVA with Tukey multiple
comparison test; Fig. 1C). These findings were consistent with
what we reported in the past for experimental AION.””?
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Significant Increase in Proapoptotic ER Stress
Marker CHOP and Decrease in Prosurvival ER
Stress Marker GRP78 in the Retina 1 Day After
AION

Given the importance of the UPR pathway in animal models of
optic neuropathies and its likely importance in AION, we
assessed the protein expression of the proapoptotic transcrip-
tional factor CHOP and master chaperon GRP78 using Western
blot of retinal lysates. We quantified the expression of CHOP
and GRP78 as well as housekeeping molecule GAPDH”> and
compared the ratios of CHOP/GAPDH and GRP78/GAPDH in
naive, control, and day 1 AION eyes. We found that 1 day after
AION, there was a significant, 10-fold increase in CHOP
expression compared with naive and control eyes (naive:
0.0133 = 0.0097; control: 0.0101 * 0.0013; AION: 0.1464 *
0.0438; P = 0.015, 1-way ANOVA with Tukey multiple
comparison test; Fig. 2A). In contrast, there was no significant
change in the GRP78/GAPDH expression 1 day after AION,
although GRP78 expression decreased slightly (naive: 1.3115
+ 0.8211; control: 0.8900 * 0.4611; AION: 0.6126 =
0.2709; P = 0.65, 1l-way ANOVA with Tukey multiple
comparison test; Fig. 2B).

To assess RGC-specific change in CHOP expression, we
examined frozen horizontal retinal sections using immunohis-
tochemistry and morphometric analyses. One day after AION,
CHOP expression was increased in Brn3A" RGCs (Fig. 3A) and
GFAP" astrocytes in the inner retina (data not shown)
compared with controls. Quantification and comparison of
CHOP expression in the GCL revealed that there was little
CHOP"' expression in control eyes, which was previously
described, 348 and there was a significant, 6-fold increase in
the number of CHOP'DAPI" cells 1 day after AION (control:
4.9 = 0.2 cells/mm, n =4 eyes, AION: 29.6 * 1.1 cells/mm, n
=4 eyes; P = 0.03; Mann-Whitney U test; Figs. 3B, 3C). There
was also a significant, 3-fold increase in the intensity of CHOP
expression in the GCL in AION eyes compared with controls
(control: 0.57 £ 0.02 X 10° a.fu., n =4 eyes; AION: 1.69 *=
0.62 X 10° afu., n =4 eyes; P = 0.03, Mann-Whitney U test;
Fig. 3D). Such significant increase in CHOP expression is
consistent with an early and prominent increase in ER stress in
retinal neurons after AION.

In contrast to CHOP, the expression of GRP78 was high in
Brn3A™ cells in control eyes, which was previously described,”®
and this decreased 1 day after ATON (Fig. 4A). Quantification of
GRP78 expression in the GCL revealed that, 1 day after AION,
there was no change in the number of GRP78 'DAPI" cells in the
GCL (control: 30.0 = 1.5 cells/mm, 7 = 4 eyes; AION: 29.3 =*
1.2 cell/mm, 7 = 4 eyes; P = 0.68, Mann-Whitney U test; Figs.
4B, 40), but there was a significant decrease in the intensity of
GRP78" immunostaining in the GCL compared with controls
(control: 1.44 = 0.04 X 10° a.fu., n=4 eyes; AION: 0.81 = 0.04
X 10° afu., n=4 eyes, P=0.03, Mann-Whitney U test, Fig. 4D).
Differential expression of molecules important in ER stress with
an increase in the proapoptotic molecule CHOP (previous
paragraph) and a decrease in the prosurvival molecule GRP78 in
the retina within 1 day after AION may have additive effects that
promote cell death.

Significant Increase in CHOP but No Change in
GRP78 Expression in the Optic Nerve 1 Day After
AION

Given AION starts in the optic nerve, we measured CHOP and
GRP78 expression in the anterior optic nerve. In naive eyes
(not shown) and in contralateral control eyes on day 1, there
was minimal CHOP expression in the anterior, myelinated
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Ficure 2. One day after AION, there was a 10-fold increase in CHOP protein expression (A) but no change in GRP78 expression (B) compared with
naive and contralateral, control (ctrl) eyes on Western blot. We normalized CHOP and GRP78 expression with housekeeping protein GAPDH. *P =
0.01. CHOP, CCAAT/enhancer-binding protein homologous protein; GAPDH, glyceraldehyde 3-phosphate dehydrogenase; GRP78, glucose-regulated

protein 78.

portion of the optic nerve, which contains both oligodendro-
cytes and astrocytes (Fig. 5). One day after AION, there was
high CHOP expression in the anterior optic nerve, and double
labeling of CHOP'Olig2" cells revealed that this increase in
CHOP occurred in part in Olig2" oligodendrocytes (Fig. 5A).
Quantification of CHOP DAPI" cells in the anterior optic nerve

A Control

revealed a significant increase in the percentage of Olig2-+ cells
that are CHOP+ (control: 18.5 = 3.6%, n = 4 nerves; AION:
86.8 £ 5.1%,, n=4 nerves; P=0.03, Mann-Whitney U test; Fig.
5C) and intensity of CHOP"DAPI™ cells in the optic nerve of
AION eyes compared with controls 1 day after AION (control:
0.20 * 0.01 X 10° afu., n =4 nerves; AION: 0.82 = 0.03 X
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Ficure 3. Significant increase of CHOP expression in the GCL 1 day after AION. (A) Increased CHOP'Brn3A™ cells in the GCL 1 day after AION. (B)
Representative images showing increase in the number of CHOP" cells in the GCL and increase in CHOP immunoreactivity. (C) Bar graph showing
10-fold significant increase in CHOP'DAPI" cells in the GCL 1 day after AION (*P = 0.03, Mann-Whitney U test). (D) Significant increase in the
intensity of CHOP immunoreactivity in the GCL 1 day after AION (*P = 0.03, Mann-Whitney U test). Scale bar: 25 nm. GCL, ganglion cell layer.
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(C) Bar graph showing no change in the number of GRP78 DAPI" cells in the GCL. (D) Bar graph showing significant reduction of GRP78
immunoreactivity in the GCL 1 day after AION compared with control eyes (n = 4-5, *P = 0.03, Mann-Whitney U test). Scale bar: 25 pm.

10% afu., n = 4 nerves, P = 0.03, Mann-Whitney U test, Fig.
5D).

In contrast to CHOP, GRP78 expression in anterior optic
nerve was high in naive (not shown) and contralateral control
eyes on day 1, including in Olig2" oligodendrocytes (Fig. 6A).
One day after AION, there was still high GRP78 expression in
the anterior optic nerve (Fig. 6A). Quantification of GRP78
label in the anterior optic nerve revealed that there was no
change in the number (control: 1792.0 = 50.7 Cells/mmz, n=
3 nerves; AION: 1892.0 £ 150.2 cells/mmz, n =3 nerves, P =
0.700, Mann-Whitney U test; Fig. 6C) or the intensity of GRP78
in DAPI" cells in the AION group compared with controls
(control: 1.08 = 0.17 X 10° a.fu., n =3 nerves; AION: 1.02 =
0.12 X 10° a.f.u., n=>3 nerves, P=0.773, Mann-Whitney U test;
Fig. 6D). These findings indicated that AION was associated
with differential change in molecules important in ER stress
not only in the retina but also in the optic nerve glia.

Treatment With Chemical Chaperon 4-PBA Led to
Significant Rescue of Brn3A" RGCs and Preserved
Retinal Thickness After AION

To determine whether treatment with chemical chaperon 4-
PBA, which has been shown to reduce ER stress in vitro and in
viv0,57‘64 impact outcome after AION, we treated animals
within 30 minutes of experimental AION (one eye AION, one
eye control). The animals were treated daily for a total of 19
days of 40 mg/kg/d 4-PBA or equal volume PBS via
intraperitoneal injection. We performed OCT measurements
at baseline, day 1, and day 19 and killed animals at day 19 for
whole mount retinal preparation and optic nerve histologic
analyses (Fig. 7).

In the PBS-treated group, there was a significant 30% loss of
Brn3A" RGCs in the AION eyes (loss of 700 = 50 Brn3A™" cells/
mmz) compared with the control eyes (PBS-treated control
eyes: 2100 = 61 Cells/mmz, n = 5; PBS-treated AION eyes:
1425 + 154 cells/mm? n =5 eyes, P = 0.004, 1-way ANOVA
with Tukey multiple comparison test; Fig. 7B). With 4-PBA
treatment, there was a significant, 22% rescue of RGC in the
AION eyes compared with the PBS-treated AION eyes (PBS-
treated AION eyes: 1425 + 154 Brn3A" cells/mm?, =5 eyes;
4-PBA-treated AION eyes: 1823 = 80 Brn3A™" cells/mmz, n=10
eyes; increase in 4-PBA-treated eyes by 398 * 159 Brn3A®
cells/mm?; P = 0.0252, 1-way ANOVA with Tukey multiple
comparison test; Figs. 7A, 7B). This meant that after 4-PBA
treatment, there was no significant difference in number of
Brn3A" cells in the AION eyes compared with control eyes (4-
PBA-treated control eyes: 1980 * 49 cells/mm? n = 5; 4-PBA-
treated AION eyes: 1823 *= 80 cells/mmz, n = 10 eyes; P =
0.0777, 1-way ANOVA with Tukey multiple comparison test;
Fig. 7B), which strongly supported the therapeutic efficacy of
ER stress reduction in experimental AION.

Consistent with saving Brn3A" RGCs, 4-PBA-treatment also
significantly preserved the GCC thickness on OCT imaging in
the AION eyes. On day 19, there was a 5-um improved
thickness of the GCC in the 4-PBA-treated AION eyes
compared with the PBS-treated AION eyes (day 19 PBS-
treated AION eyes: 73.0 = 1.1 pm, 7 =5 eyes; day 19 4-PBA-
treated AION eyes: 77.9 £ 1.2 um, n =9 eyes; P=0.01, 1-way
ANOVA with Tukey multiple comparison test; Figs. 8B, 8C).
Compared with baseline at day 0, the 4-PBA-treated AION
eyes at day 19 had no significant thinning of GCC (day 0 4-PBA
eyes at baseline: 79.9 = 0.5 um, n = 9 eyes; day 19 4-PBA-
treated AION eyes: 77.9 £ 1.2 ym, n =9 eyes, P=0.14, 1-way
ANOVA with Tukey multiple comparison test; Figs. 8B, 8C). In
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FIGURE 5.

Significant increase of the percentage of CHOPOlig2" cells and intensity of CHOP immunoreactivity in the anterior optic nerve 1 day

after AION. (A) Increase in CHOPJrOIigZJr oligodendrocytes in the optic nerve 1 day after AION. (B) Representative images and (C) bar graph
showing significantly increased number of CHOP ' DAPI" cells in the optic nerve 1 day after AION (*P = 0.03, Mann-Whitney U test). (D) Bar graph
showing significantly increased CHOP immunoreactivity in the optic nerve 1 day after AION (*P = 0.03, Mann-Whitney U test). Scale bar: 25 pm.

contrast, in the PBS-treated AION eyes, there was 7 pm of
GCC thinning compared with the same eyes at baseline (day 0
PBS-treated controls: 80 = 0.31 um, n =5 eyes; day 19 PBS-
treated AION eyes: 73.0 = 1.1 pm, n =5 eyes, P = 0.007, 1-
way ANOVA with Tukey multiple comparison test; Fig. 8C).
There was significant correlation of the Brn3A" RGC count
and GCC thickness at day 19 after AION (r =0.5717, n =10
eyes, P =0.002; Fig. 8D).

Chemical Chaperon 4-PBA Also Rescued Optic
Nerve Olig2" Oligodendrocytes After AION

To assess the effect of 4-PBA treatment on oligodendrocytes
after AION, we quantified the number of Olig2" optic nerve
oligodendrocytes using immunohistochemical staining of frozen
15 um horizontal sections near the optic nerve head. We found
that treatment with 4-PBA led to significant preservation of
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Ficure 6. No change in GRP78 in the anterior optic nerve cells 1 day after AION. (A) No change in GRP78 Olig2" cells in the anterior optic nerve 1
day after AION. (B) Representative images and (C) bar graph showing no change in CHOP'DAPI" cells in the optic nerve 1 day after AION. (D) Bar
graph showing no change in the intensity of GRP78 immunoreactivity in the anterior optic nerve 1 day after AION (n = 4-5, P = 0.773, Mann-

Whitney U test). Scale bar: 25 pm.

Olig2" optic nerve oligodendrocytes 19 days after AION
compared with PBS-treated AION eyes (PBS-treated AION eyes:
313 *+ 39 cells/mm?, 7 = 5; 4-PBA-treated AION eyes: 808 * 20
cells/mm?, n=5 eyes; gain of 495 cells/mm?; P = 0.007, 1-way
ANOVA with Tukey multiple comparisons test; Figs. 7C, 7D).
There was no change in the optic nerve cells for the non-AION
control eyes under PBS and 4-PBA conditions (day 19 PBS-
treated control eyes: 1044 * 83 cells/mm?, n=4; day 19 4-PBA-

treated control eyes: 1103 = 73 cells/mmz, n=>5 eyes; Fig. 7D).
Despite treatment with 4-PBA, AION still resulted in loss of 27%
of Olig2" oligodendrocytes compared with control optic nerves
(4-PBA control eyes: 1103 = 73 cells/mm?, n =75 eyes; 4-PBA
AION eyes: 808 = 20 cells/mm?, n =5 eyes, P =0.016, 1-way
ANOVA with Tukey multiple comparison test; Fig. 7D).
However, AION eyes treated with PBS resulted in 70% cell loss
compared with non-AION PBS control eye (PBS control eyes:
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FiGure 7. 4-PBA treatment for 19 days led to significant preservation of Brn3A" RGCs and Olig2" optic nerve oligodendrocytes after AION. (A)
Representative Brn3A immunoreactivity in retinal whole mount in control (lef?) and AION (right) eyes after 19 days of PBS- (fop) and 4-PBA (bottom)
injections. Scale bar: 150 pm. (B) Bar graph showing significant preservation of Brn3A™ RGCs in the 4-PBA-treated AION eyes compared with PBS-
treated AION eyes (n = 9-10, *P = 0.012, **P = 0.001, 1-way ANOVA with Tukey multiple comparison test). There was significant loss of the Brn3A*
cells in the PBS-treated AION eyes compared with controls (**P = 0.004, 1-way ANOVA with multiple comparison test) but not in the 4-PBA-treated
AION eyes compared with controls. (C) Representative images of Olig2 " DAPI" cells in the anterior optic nerve in the PBS- (left) and 4-PBA- (right)
treated groups. Scale bar: 50 um. (D) Bar graph showing significant preservation of Olig2 " DAPI" cells in the 4-PBA-treated AION eyes compared with
PBS-treated AION eyes (n = 5-6, *P = 0.007, 1-way ANOVA with multiple comparison test). The 4-PBA treated group had 48% more Olig2*
oligodendrocytes in the anterior optic nerve compared with the PBS-treated group, although there was significant loss of Olig2" cells in both PBS- and
4-PBA-treated groups (*P=0.016 for both, 1-way ANOVA with multiple comparisons test). 4-PBA, 4-phenylbutyric acid; PBS, phosphate-buffered saline.

1044 = 83 cells/mm?, n = 4; PBS AION eyes: 313 = 39 cells/
mm?, # =5, P = 0.016, 1-way ANOVA with Tukey multiple
comparison test; Figs. 7C, 7D). Rescue of oligodendrocytes with
4-PBA treatment also correlated with GCC thickness (RGCs: r =

0.5717, n = 10 eyes, P = 0.002; oligodendrocytes: » = 0.5593, n
=5 eyes, P=0.020; Fig. 8E). There was no obvious difference in
the pattern of optic nerve oligodendrocytes loss in the anterior
or the posterior segment of the optic nerve (data not shown).
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Ficure 8. Treatment with 4-PBA for 19 days after AION induction significantly improved OCT GCC thickness. (A) Experimental design. (B)
Representative images of OCT line scan through optic disc in PBS- (fop) and 4-PBA- (bottom) treated AION eyes at day 0 (baseline) and day 19. (C)
Bar graph showing GCC thickness in PBS- and 4-PBA-treated AION eyes on days 0, 1, and 19. There was significant thickening of GCC at day 1 in
both groups and significant preservation of GCC thickness in the 4-PBA-treated AION eyes (7 =9-10, *P=0.01, 1-way ANOVA with Tukey multiple
comparison test). Scatter plots showing correlation between GCC thickness and the number of Brn3A" cells in retina (D) and Olig2™ cells (E) in the
anterior optic nerve in the all the eyes after 19 days post AION (both PBS and 4-PBA-treated groups). GCC versus Brn3A" RGCs: r=0.5717, n=10
eyes, P = 0.002; GCC versus Olig2" oligodendrocytes: r = 0.5593, n =5 eyes, P = 0.02 (circle and square shape represent PBS and 4-PBA treated

eyes, respectively). IHC, immunohistochemistry.

DISCUSSION

Our study revealed that 1 day after AION, there was a
significant, differential expression of molecules of the UPR
pathway, with increase in protein expression of the proapop-
totic transcription factor CHOP and decrease in protein
expression of the prosurvival master chaperon GRP78 in the
retina. In the optic nerve, there was also significant change in
the expression of CHOP but not GRP78. Such differential
expression of UPR pathway supports a model of AION
mechanism of disease where increased ER stress occurs in
both RGCs and optic nerve glia shortly after insult. This then
leads to rapid activation of both intrinsic (RGCs) and extrinsic
(oligodendrocytes, astrocytes) mechanisms that likely impact
the survival of RGC soma and axons, although we do not know
whether there is interaction between the two mechanisms.
Consistent with the idea that ER stress plays a role in
pathogenesis of AION, treatment with chemical chaperon 4-
PBA, which has been shown to reduce ER stress in vitro and in

vivo,>7-¢4 significantly preserved both Brn3A" RGCs and Olig2*

oligodendrocytes in the anterior optic nerve after AION.
Other than our study on AION, differential regulation of
GRP78 and CHOP expression, that is, reduced GRP78 and
increased CHOP expression, has been found in RGCs in animal
models of optic neuritis and traumatic optic neuropathy.””
Similarly, successful treatment of experimental optic neurop-
athies and improved RGC survival’”’® have also been
associated with differential expression of GRP78 and CHOP
in the opposite direction, that is, increased GRP78”° and
decreased CHOP expression in cells in the RGC layer.
Nakamura et al.”® showed that RGC loss after optic nerve
crush animal model was associated with decreased GRP78 and
increased CHOP expression and that treatment with bilberry
extract anthocyanins led to improved RGC survival, increased
GRP78 and decreased CHOP expressions, along with reduced
expression of BAX and ATF4, which are downstream of DDIT3
(CHOP). Jiang et al.”” showed that transplantation of human
umbilical cord cells as treatment for traumatic optic neurop-
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athy animal model led to improved RGC survival and increase
in expression of GRP78 and decrease in expression of CHOP.

Although 4-PBA treatment after retinal ischemia (via high
intraocular pressure) had no effect on survival of retinal
neurons,57 our data showed that 4-PBA treatment after AION
led to improved RGC and optic nerve oligodendrocyte survival.
Future studies are needed to determine whether 4-PBA
treatment indeed modulates ER stress as a means of exerting
these effects in AION. 4-PBA has also been shown to rescue
RGCs in retinal ischemia-reperfusion injury,”’ glucocorticoid-
induced ocular hypertension,“ and Leber congenital amauro-
sis® as well as oligodendrocytes in spinal cord injury.®!
Although we showed that 4-PBA rescued retinal neurons and
optic nerve oligodendrocytes after AION, we do not know
whether this is a direct effect of 4-PBA on RGCs and
oligodendrocytes or there may be interaction between the
two (e.g., rescue of RGCs led to preservation of the optic nerve
oligodendrocytes or vice versa). If chemical chaperon has
independent effects on both retinal neurons and optic nerve
oligodendrocytes, reduction of ER stress would be an ideal
type of therapy to treat AION or other optic neuropathies,
given visual restoration requires that RGCs, the axons, and the
optic nerve oligodendrocytes survive and function well. The
reduction of CHOP expression in the retina and optic nerve
after 4-PBA provides support that 4-PBA may reduce ER stress
in both cell types.

In a study of middle cerebral artery occlusion in rat, 4-PBA
had a significant impact on the level of astrogliosis, and this
impacted neuronal survival after stroke.”® In models of
multiple sclerosis and other CNS diseases, ER stress has been
associated with neuroinflammation.®* % 4PBA treatment has
been shown to reduce the expression of inducible nitric-oxide
synthase, TNFo, which may have a role in dampening post-
ischemic inflammation.®® Tn a rat stroke model, treatment
within 1 hour of ischemia was better than 3 hours, although
animals in both groups improved over days.66 Higher dose of 4-
PBA (120 mg/kg/d) was associated with better outcome than
15 or 40 mg/kg/d.66

Different studies have shown that treatment with 4-PBA
can reduce ER stress and salvage neurons. Retinal CHOP was
significantly increased in the inner retina after high intraoc-
ular pressure-induced ischemia.*" % In a study of high
intraocular pressure-induced retinal ischemia in rats, pretreat-
ment with 100 or 400 mg/kg rescued 100% of RGCs, while
posttreatment 1 hour after ischemia with either dose had no
effect on retinal neurons.’” In a study of middle cerebral
artery occlusion in rat, 4-PBA had a significant impact on the
level of astrogliosis, and this might have impacted neuronal
survival after stroke.”® Most of the studies of CNS stroke have
focused on neurons, and the data on this is mixed. In a
mouse®® and a rat® study of stroke, there was postischemic
increase in GRP78, CHOP, activation of caspase-12, and
number of TUNEL" (terminal deoxynucleotidyl transferase-
mediated dUTP nick end labeling) cells. An in vitro and in
vivo study of stroke revealed that there was decreased ER
stress protein expression (elF2o and ATF4) at 3 hours of
reperfusion in CA3 hippocampal neurons following ischemia
and increase in CA1 neurons at 12 hours of reperfusion.

Chemical chaperons like sodium phenylbutyrate and other
drugs that act on the UPR pathway and promote cell survival
are already in routine clinical use and is approved by the US
Food and Drug Administration for the treatment of metabolic
diseases.®*®” The older drug sodium phenylbutyrate (Buphen-
yD (C10H110,Na, molecular weight 180) has been used to treat
urea cycle abnormality and cystic fibrosis. More recently,
glycerol phenylbutyrate (a pre-pro drug converted to three
molecules of phenylbutyric acid [PBA] by pancreatic lipases
that was approved by the US Food and Drug Administration in

IOVS | May 2019 | Vol. 60 | No. 6 | 1963

2013) is a better tolerated drug and is associated with fewer
side effects.®® Other than sodium and glycerol phenylbutyrate,
there are other drugs that manipulate different aspects of the
ER stress pathway and are potential therapeutic considerations
for treatment of AION.®’

Limitations of our study include photochemical thrombosis
model to simulate human nonarteritic AION as discussed
above. Also, we only focused on the two most important UPR
molecules in acute AION, and it will be important to perform a
more detailed study to investigate the temporal and spatial
expression patterns of different members of the ER stress
pathway at different times after AION, the effect of ER stress
reduction with chemical chaperons (e.g., oral glycerol phenyl-
butyrate treatment after experimental AION), and the func-
tional impact of treatment using optokinetic responses®>®! or
visual evoked potential recordings.””

Our study highlights the clinical relevance of ER stress in
two aspects of human nonarteritic AION. First, increased ER
stress may be one of the earliest biomarkers of cell death in
RGCs and a measurement of ER stress in vivo, through retinal
imaging, blood testing, or other ways, may be useful to monitor
patients and determine their likelihood of responding to
treatment that reduces ER stress. Second, treatment to reduce
ER stress has not been used as treatment for loss of oxygen,
including stroke, AION, and other conditions. Given our
findings in animal studies that ER stress reduction can salvage
retinal neurons and optic nerve oligodendrocytes, which are
both critical for vision restoration, ER stress reduction is a
novel therapeutic approach for this devastating human
condition. It is important to emphasize that the human
nonarteritic AION and photochemical thrombosis rodent
model of AION are not the same, so if this drug is confirmed
in future studies to be of likely benefit in the treatment of
AION, a careful study of its efficacy in patients with non-
arteritic AION should be done. This is most ideally done as a
prospective, randomized, placebo-controlled clinical trial.
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