
Journal of Zhejiang University-SCIENCE B (Biomedicine & Biotechnology) 2021 22(9):746-756
www.jzus.zju.edu.cn; www.springer.com/journal/11585
E-mail: jzus_b@zju.edu.cn

Endoplasmic reticulum stress is involved in retinal injury induced
by repeated transient spikes of intraocular pressure
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Abstract: Clinically, a large proportion of glaucoma patients undergo repeated intraocular pressure (IOP) spike (Spike IOP)
attacks during their sleep, which may facilitate retinopathy. In this study, we established a mouse model of repeated transient
Spike IOP to investigate the direct damage to the retina following Spike IOP attacks, and elucidated the underlying molecular
mechanism. We analyzed the changes in the number of retinal ganglion cells (RGCs) via immunofluorescence. Thereafter, we
detected retinal cell apoptosis via terminal deoxynucleotidyl transferase deoxyuridine triphosphate (dUTP) nick-end labeling
(TUNEL) staining, and performed RNA sequencing (RNA-seq) to reveal the underlying molecular mechanism. Finally, we
validated the expression of key molecules in the endoplasmic reticulum (ER) stress pathway using quantitative real-time
polymerase chain reaction (qRT-PCR) and western blot analysis. Results revealed a time-dependent RGC loss in Spike IOP,
evidenced by a reduction in the number of Brn3a-positive RGCs in experimental eyes following a 7-d continuous treatment with
Spike IOP. In addition, TUNEL staining indicated that apoptosis of retinal cells started in the outer nuclear layer (ONL), and
then spread to the ganglion cell layer (GCL) with time. RNA-seq analysis revealed that ER stress might be involved in Spike
IOP-induced retinal injury. This result was corroborated by western blot, which revealed upregulation of ER stress-related
proteins including binding immunoglobulin protein/glucose-regulated protein 78 (BiP/GRP78), phosphorylated inositol-
requiring enzyme 1 (p-IRE1), unspliced X-box-binding protein 1 (XBP1-u), spliced X-box-binding protein 1 (XBP1-s),
phosphorylated c-Jun N-terminal kinase (p-JNK), C/EBP-homologous protein (CHOP), and B-cell lymphoma 2 (Bcl-2)-
associated X protein (Bax). These findings indicate that repeated IOP transients are detrimental to the retina, while ER stress
plays an important role in retinal cell apoptosis in this situation. Notably, repeated Spike IOP among glaucoma patients is a
crucial factor for progressive retinopathy.
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1 Introduction

Glaucoma, characterized by progressive degener‐
ation of retinal ganglion cells (RGCs) and their axons,
is a major cause of irreversible vision loss worldwide.
It is estimated that 111.8 million people, aged 40‒
80 years, will suffer from glaucoma by 2040 (Tham
et al., 2014). Although the exact pathophysiology of

glaucoma is not well understood, intraocular pressure
(IOP) elevation has been identified as a strong risk
factor for its development and progression. To date,
reducing IOP either by medication or surgery is the
only proven approach for slowing progression of
optic neuropathy (Weinreb et al., 2014). Therefore, IOP
monitoring represents a significant strategy for reducing
pathologically high IOP to the desired level.

Currently, IOP profiles of patients with glaucoma
are obtained from spot measurements during clinical
visits within office hours. However, most patients
present with normal or close to normal IOP during
this period. Data from several IOP measurements
within a 24-h period showed that approximately two
thirds of all glaucoma patients exhibited Spike IOP
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outside regular office time, and this most frequently
happened during the nocturnal or sleep period (Barkana
et al., 2006). Repeated occurrences of peak IOP within
a short time, or fluctuations in IOP which cannot be
captured by a static measurement method, may contribute
to retinal injury (Asrani et al., 2000; Nouri-Mahdavi
et al., 2004; Konstas et al., 2012). In the present
study, we specifically established a mouse model that
received a sequence of transient moderate increments
in IOP (50 mmHg; 1 mmHg=0.133 kPa) to simulate
occurrence of repeated Spike IOP attacks during sleep
time in glaucoma patients. We used this model to inves‐
tigate the effects of this change in IOP on the retina.

2 Materials and methods

2.1 Animals

Adult male C57BL/6 mice (eight weeks old;
wild type (WT)) were purchased from the Model
Animal Research Center of Nanjing University (China).
The animals were kept under a 12-h light/dark cycle
at constant temperature (26 ℃), with food and water
available ad libitum. All animal experiments were
conducted in adherence to the Association for Research
in Vision and Ophthalmology (ARVO) Statement for
Use of Animals in Ophthalmic and Visual Research,
with approval from the Animal Ethics Committee
of Zhongshan Ophthalmic Center of Sun Yat-sen
University, Guangzhou, China.

2.2 Establishment of a Spike IOP mouse model

Mice were first anesthetized by intraperitoneal
injection with 1% (0.01 g/mL) sodium pentobarbital
(0.01 mL/g). Eyes were fully dilated bilaterally using
1% (0.01 g/mL) tropicamide and topically anesthetized
with 0.5% (5 g/L) tetracaine hydrochloride. Then a
32-gauge needle connected to a column of saline
(0.9% (9 g/L) NaCl) was inserted into the anterior
chamber of the right eye, as previously described
(Zhao et al., 2020). The peak IOP value was set at
50 mmHg by positioning the column at the appropriate
height. According to the following equation (at standard
atmospheric pressure): pressure (mmHg)=column
height (cm)×10/13.6 (with a mercury density of
13.6 g/cm3 and water density of 1 g/cm3), 50 mmHg
is equivalent to a column with a 68-cm water height.
For Spike IOP, the mice’s eyes were rapidly increased

to 50 mmHg for 1 min by infusing saline, and then
the infusion was cut off with forceps for 1 min. This
operation was consistently repeated seven times. Control
eyes were operated in the same way, without a pressure
increase. Antibiotic eye ointment was used postopera‐
tively to prevent infection. Mice were treated with Spike
IOP for 1, 3, and 7 d. After 1 d of Spike IOP induction,
four mice were randomly selected for whole-mount
retinas and three for terminal deoxynucleotidyl
transferase deoxyuridine triphosphate (dUTP) nick-end
labeling (TUNEL) assay. We applied a similar design in
mice that underwent 3 d of Spike IOP induction. For
mice undergoing a seven-consecutive-day induction,
two, four, three, six, and six were randomly selected for
RNA sequencing (RNA-seq), whole-mount retinas,
TUNEL assay, quantitative real-time polymerase
chain reaction (qRT-PCR), and western blot analyses,
respectively.

2.3 Tissue preparation and immunofluorescence
of whole-mount retinas

Mice were anesthetized using an overdose of
sodium pentobarbital, and then subjected to intracardiac
perfusion with ice-cold phosphate-buffered saline
(PBS) followed by 4% (volume fraction) paraformal‐
dehyde (PFA). Four mice were used for whole-mount
retinas and three for frozen retinal sections. Their
eyes were enucleated and immersed into 4% PFA for
another 2 h at room temperature. For frozen retinal
sections, anterior segments were removed, and the
eyes were dehydrated overnight in 30% (0.30 g/mL)
sucrose solutions at 4 ℃. Eye cups were frozen at
−80 ℃ after being embedded in optimal cutting
temperature compound (Sakura, Torrance, CA, USA).
Frozen sections (15 µm; through the optic nerve
head) were obtained and stored at −20 ℃. For whole
mounts, the retinas were isolated from eye cups and
dissected by four radial incisions. Frozen sections and
whole-mount retinas were prepared after 1-, 3-, and 7-d
of Spike IOP treatment.

The retinas were first incubated in a blocking
solution containing 0.5% (volume fraction) Triton X-
100 and 5% (0.05 g/mL) bovine serum albumin (BSA)
for 2 h at room temperature, and then with a mouse
polyclonal anti-Brn3a (1: 50 (volume ratio; the same
below); ABN1376; Merck, USA) at 4 ℃ overnight. The
samples were rinsed three times with 0.01 mol/L PBS,
and then incubated with a secondary antibody, donkey
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anti-mouse Alexa Fluor 488 (1:800; A21202; Invitrogen,
USA), for 2 h at room temperature. Cell nuclei were
counterstained with 4',6-diamidino-2-phenylindole
(DAPI; Sigma Aldrich, St. Loius, MO, USA) for 5 min,
washed three times, and then mounted on glass slides
with the ganglion cell layer (GCL) facing up. The
slides were cover-slipped using 70% (volume fraction)
glycerin, and images were acquired using a fluores‐
cence microscope (DMI 8, Leica, Germany). To quantify
immuno-positive RGCs, each retina was divided into
central, middle, and peripheral areas, at distances of
1, 2, and 3 mm from the optic disc, respectively; then
three areas in each quadrant (total 12) were selected
for counting under a 40× objective lens (311 μm×
233 μm microscope fields). Finally, we calculated
the average number of Brn3a-positive cells per mm2.
Quantification was performed by two investigators
in a blinded manner.

2.4 TUNEL assay

We obtained frozen retinal sections from another
three mice at each time point, and stained them using
a TUNEL kit (Vazyme Biotech Co., Ltd., China)
according to the manufacturer’s instructions, to
detect retinal neuronal apoptosis. Briefly, tissue sec‐
tions were re-hydrated in 4% PFA at room tempera‐
ture for 30 min and penetrated with proteinase K for
10 min. The sections were incubated in equilibration
buffer for 20 min, and then with a TUNEL reaction
mixture at 37 ° C for 1 h in a humidified and dark
chamber. Finally, we examined the sections under a
fluorescence microscope (DMI 8, Leica), and two
observers counted the number of TUNEL-positive
cells in the whole section in a blinded manner.
Twelve sections (six from control eyes and six
from experimental eyes) from three mice were used
for TUNEL study at each time point.

2.5 RNA-seq analysis

We isolated total RNA of each retina from two
control eyes and two experimental eyes, and purified
it using the TRIzol reagent (Invitrogen, Carlsbad, CA,
USA) according to the manufacturer’s instructions.
The RNA was quantified and used to construct libraries
using the TruSeq® Stranded Total RNA LT Library
Prep Kit (Illumina, USA) following the manufacturer’s
instructions. The complementary DNA (cDNA) libraries
(average insert size of (300±50) bp) were sequenced

on an Illumina NovaseqTM 6000 platform (LC-Bio
Technology Co., Ltd., Hangzhou, China) according to
the vendor’s recommended protocol, to generate 2×
150 bp paired-end reads (PE150).

We removed adaptors from the reads using Cut‐
adapt software (Version cutadapt-1.9; https://cutadapt.
readthedocs.io/en/stable/guide.html), and then trimmed
low-quality bases; the next step involved mapping the re‐
sulting clean reads onto a reference genome using HISAT2
software (Version hisat2-2.0.4; http://daehwankimlab.
github.io/hisat2). Mapped reads for each sample were
assembled using StringTie (Version stringtie-1.3.4d.
Linux_x86_64; http://ccb. jhu. edu/software/stringtie/
index. shtml? t=manual), with default parameters; then
all transcriptomes from all samples were merged using
gffcompare software (Version gffcompare-0.9.8. Linux_
x86_64; http://ccb.jhu.edu/software/stringtie/gffcompare.
shtml) to reconstruct a comprehensive transcriptome.
Finally, we estimated expression levels for all transcripts
using StringTie and Ballgown, and we analyzed
expression levels for messenger RNAs (mRNAs) by
calculating fragments per kilobase of exon model
per million mapped reads (FPKM). Differential gene
expression analysis was performed using R package
edgeR or DESeq2, and then gene ontology (GO) and
Kyoto encyclopedia of genes and genomes (KEGG)
enrichment analyses were performed to reveal gene
function.

2.6 qRT-PCR

We validated the expression of key molecules
in the endoplasmic reticulum (ER) stress pathway using
qRT-PCR. Briefly, retinas were individually collected
from six mice (six control eyes and six experimental
eyes) after 7 d of Spike IOP induction, and their total
RNAs were extracted using TRIzol reagent (Invitrogen).
The RNA was quantified, and then reverse-transcribed
to cDNA using the First-Strand cDNA Synthesis Kit
(Applied Biological Materials (ABM) Inc., Rich‐
mond, BC, Canada) according to the manufacturer’s
instructions. We performed qRT-PCR on the cDNA
in a Roche LightCycler 384 system, using SYBR
Green Master Mix (Roche Life Science, Basel,
Switzerland). We evaluated the threshold cycle of
fluorescence units to quantify the amount of each
mRNA level and used β-actin as the endogenous
amplification control. Primer sequences for the target
genes are listed in Table S1.
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2.7 Western blot analysis

Control and experimentally treated eyes from
six mice were enucleated after 7 d of Spike IOP
induction, and their retinas were immediately frozen in
liquid nitrogen after dissection. To extract proteins,
each sample was lysed in 100 µL ice-cold radio-
immunoprecipitation assay (RIPA) buffer (Fd Bosci‐
ence, Hangzhou, China) supplemented with protease
inhibitors and sonicated. The homogenates were cen‐
trifuged at 12 000g at 4 ℃ for 5 min, and the super‐
natants were collected and mixed with 6× loading
buffer (Fd Boscience). Proteins were denatured at
95 ℃ for 5 min, separated on a 12% (0.12 g/mL)
sodium dodecyl sulfate-polyacrylamide gel electro‐
phoresis (SDS-PAGE), and then electroblotted onto
polyvinylidene fluoride membranes (Millipore, Bedford,
MA, USA). The membranes were blocked with 5%
(0.05 g/mL) skim milk at room temperature for 2 h,
and then incubated overnight at 4 ℃ with the follow‐
ing primary antibodies: anti-binding immunoglobulin
protein/glucose-regulated protein 78 (anti-BiP/GRP78)
antibody (1: 2000 (volume ratio; the same below);
Signalway Antibody, MD, USA), anti-phosphorylated
inositol requiring enzyme 1 (anti-p-IRE1) antibody
(1: 2000; Signalway Antibody), anti-X-box-binding
protein 1 (anti-XBP1) antibody (1:1000; Proteintech,
Wuhan, China), anti-C/EBP-homologous protein (anti-
CHOP) antibody (1:1000; Signalway Antibody), anti-
B-cell lymphoma-2 (anti-Bcl-2) antibody (1:500;
Proteintech), anti-Bcl-2-associated X protein (anti-
Bax) antibody (1: 500; Proteintech), anti-c-Jun N-
terminal kinase (anti-JNK) antibody (1:1000; Signalway
Antibody), and anti-phosphorylated c-Jun N-terminal
kinase (anti-p-JNK, Thr183/Tyr185) antibody (1:1000;
Signalway Antibody). The membranes were washed
three times with Tris-buffered saline with Tween
20 (TBST) (10 min for each wash), and then incubated
with goat anti-mouse horse radish peroxidase (HRP)-
conjugated (1:5000; Thermo, Carlsbad, CA, USA) or
goat anti-rabbit HRP-conjugated secondary antibody
(1:5000; Thermo) at room temperature for 2 h. The
membranes were washed three times with TBST, and
then scanned on an MP ChemiDoc Imaging System
(Bio-Rad Laboratories, Inc., Berkeley, CA, USA).
Densitometric values of the resulting western blot
bands were analyzed using ImageJ software (Version
1.52a; the National Institutes of Health, USA).

2.8 Statistical analysis

Data were expressed as mean±standard error of
the mean (SEM). We compared the two groups with a
Student’s t-test, implemented in SPSS software (Ver‐
sion 21.0; Chicago, IL, USA), with P≤0.05 considered
statistically significant. We generated graphs using
GraphPad Prism 8 (Version 8.0.1; La Jolla, USA).

3 Results

3.1 Time-dependent RGC loss with Spike IOP
treatment

A single acute and significant increase in IOP
within a short time, or even a few minutes, results in
RGC loss, whereas a short-time and moderate IOP
elevation may not be sufficient to cause RGC apoptosis.
To determine whether repeated attacks of intermittent
moderate IOP elevation can cause RGC loss, we estab‐
lished a Spike IOP mouse model, and then analyzed
the number of RGCs using immunostaining for whole-
mount retinas with the RGC-specific marker Brn3a
(Fig. 1a) . Our results revealed loss of RGCs in a time-
dependent manner in eyes treated with Spike IOP.
Representative images showed no evidence of a reduc‐
tion in density of Brn3a+ RGCs in experimental eyes
following Spike IOP induction for 1 and 3 d in the
central, middle, and peripheral areas compared with
that in corresponding control eyes (Fig. 1b). However,
we observed a significant decrease in the density of
Brn3a+ RGCs in the central, middle, and peripheral
areas after 7 d of consecutive Spike IOP induction,
relative to control eyes (P<0.05; Fig. 1b). These results
suggested that repeated Spike IOP was detrimental
to RGC survival.

3.2 Retinal cell apoptosis from the outer nuclear
to the ganglion cell layer

To further examine Spike IOP’s damaging effects
on the retina, we performed TUNEL staining on control
and experimental retinal sections. Strikingly, we first
detected a few TUNEL-positive cells in the outer
nuclear layer (ONL) 1 d after Spike IOP induction
(Fig. 2a). TUNEL-positive cells significantly increased
in retinal sections after 3 d of consecutive Spike IOP
induction. These were scattered within the ONL, indi‐
cating that photoreceptor cells were the initial target
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of damage. Seven days of consecutive Spike IOP of
the eyes resulted in some apoptosis that spread inward
to the inner nuclear layer (INL) (Fig. 2a). In addition,
several TUNEL-positive cells emerged in the GCL
(Fig. 2a), but we did not observe any in the retinal
sections of control eyes. Taken together, these results
indicated that Spike IOP resulted in apoptosis of
various retinal neurons, which started in the ONL
and then spread to the GCL as time went on. Because
the retinal damage was most obvious after Spike
IOP treatment for 7 d (Fig. 2b), we carried out the
follow-up molecular mechanism exploration at this
time point.

3.3 Effect of Spike IOP induction on ER stress in
retinas

To gain insights into the underlying molecular
mechanism of Spike IOP-induced retinal neuronal apop‐
tosis, we performed whole transcriptome profiling using
RNA-seq. A total of 3516 genes were differentially

expressed between purified control and experimental
retinas (fold change≥1.4 or ≤0.6; P≤0.05), of which
1462 and 2054 were downregulated and upregulated,
respectively, in the Spike IOP-induced group. A detailed
analysis of these genes revealed that most of them
were associated with apoptosis and ER stress (Fig. 3a).
Furthermore, GO of the differentially expressed genes
revealed that they were enriched in the following
biological process: “intrinsic apoptotic signaling
pathway in response to endoplasmic reticulum stress”
(GO: 0070059), “response to oxidative stress” (GO:
0006979), “positive regulation of mitogen-activated
protein kinase (MAPK) cascade” (GO: 0043410),
“apoptotic process” (GO: 0006915), and “cellular
calcium ion homeostasis” (GO: 0006874), among
others (Fig. 3b). These transcriptomic changes be‐
tween the control and experimental groups indicated
activation of the apoptosis signaling pathway and
involvement of ER stress in retinal injury induced by
Spike IOP.

Fig. 1 Brn3a immunostaining and quantification of RGCs in a whole-mount retina from control eyes and experimental
eyes after 1, 3, and 7 d of Spike IOP induction. (a) Representative images were taken from the central, middle, and
peripheral areas (scale bar=50 µm). (b) RGCs in the central, middle, and peripheral areas were counted and averaged.
Data are presented as mean±SEM of 16 fields per area. * P<0.05. Spike IOP: intraocular pressure (IOP) spike; RGC:
retinal ganglion cell; SEM: standard error of the mean.
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3.4 Involvement of IRE1 signaling pathway in
retinal neuronal apoptosis

To date, three major signaling pathways, namely
the protein kinase-like ER kinase (PERK), activating
transcription factor 6 (ATF6), and IRE1 pathways,
have been shown to regulate ER stress (Lin et al.,
2019). We used qRT-PCR to further determine the effect
of Spike IOP treatment on patterns of expression of
specific genes associated with the aforementioned
signaling pathways. Results revealed significant upregu‐
lation of unspliced XBP1 (XBP1-u; 1.69-fold) and
spliced XBP1 (XBP1-s; 1.79-fold) in the experimental
group relative to the control group. However, we found
no significant differences in the relative mRNA expres‐
sion levels of BiP/GRP78, CHOP, or Bax between
the two groups (Fig. 4a). Meanwhile, the anti-apoptosis
gene Bcl-2 was significantly downregulated in retinas
treated with Spike IOP relative to controls (P<0.05;
Fig. 4a).

We also performed western blot analysis to assess
levels of protein expression across the ER stress sig‐
naling pathways. We found significant upregulation
of p-IRE1, BiP/GRP78, XBP1-u, and XBP1-s in
Spike IOP-treated retinas relative to control retinas
(Figs. 4b and 4c). Persistent and severe ER stress caused
overloaded accumulation of misfolded and unfolded
proteins in ER. This overwhelmed its self-processing
ability, and induced cellular apoptosis by activating the
JNK, CHOP, and caspase 12 signaling pathways.
Correspondingly, we found significant upregulation
of p-JNK and CHOP in the experimental group com‐
pared with the control group (Fig. 4b).

4 Discussion

Peak IOP and the associated fluctuations have
been proposed as major contributors to glaucoma
development and progression (Zeimer et al., 1991;

Fig. 2 TUNEL staining of retinal sections. (a) Presence of retinal neuronal apoptosis in mice in the Spike IOP group at 1,
3, and 7 d after treatment (scale bar=50 µm). (b) TUNEL-positive cells were counted and averaged in six sections from
three mice per group at each time point. Data are presented as mean±SEM. *** P<0.001. DAPI: 4',6-diamidino-2-
phenylindole; TUNEL: terminal deoxyuridine triphosphate (dUTP) transferase nick-end labeling; Spike IOP: intraocular
pressure (IOP) spike; SEM: standard error of the mean.
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Konstas et al., 2012; Xu SC et al., 2016; Xu LJ et al.,
2020). However, single IOP measurement in a sitting
position, during routine outpatient time, does not
reflect either a true spike or fluctuation of IOP
throughout the day. Previous studies have shown
that most patients exhibit the highest IOP levels
during the nocturnal/sleep period (Liu et al., 2003,

2010), and these levels are more significant in the
supine, rather than the lateral decubitus, body position.
Variations in sleep-related IOP may be a potential
risk for glaucoma progression, especially in patients
with anxiety traits.

To mimic a situation that may happen during the
sleep period in glaucoma patients, we treated mice

Fig. 3 RNA sequencing results. (a) Heatmap showing differentially expressed genes associated with ER stress. (b) GO
showing differentially expressed genes enriched in apoptotic and other ER stress-related responses. ER: endoplasmic
reticulum; GO: gene ontology; MAPK: mitogen-activated protein kinase.

Fig. 4 Molecular markers related to ER stress in retinas of mice treated with or without Spike IOP. (a) Expression
profile of different molecules in retinas quantified by qRT-PCR. β-actin was used as an endogenous amplification
control. (b) Representative western blot showing changes in the expression of ER stress-related proteins. (c) Quantitative
analysis of western blot of ER stress-related proteins. Data are expressed as mean±SEM (n=6). * P<0.05. Spike IOP:
intraocular pressure (IOP) spike; mRNA: messenger RNA; XBP1-u: unspliced X-box-binding protein 1; XBP1-s: spliced
X-box-binding protein 1; Bcl-2: B-cell lymphoma-2; GRP78: glucose-regulated protein 78; CHOP: C/EBP-homologous
protein; Bax: Bcl-2-associated X protein; p-IRE1: phosphorylated inositol requiring enzyme 1; p-JNK: phosphorylated
c-Jun N-terminal kinase; ER: endoplasmic reticulum; qRT-PCR: quantitative real-time polymerase chain reaction;
SEM: standard error of the mean.
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with a sequence of IOP spikes, and then analyzed the
effects of repeated IOP spikes on the retina. Immuno‐
fluorescence of the whole retina showed a reduction
in the number of RGCs after 7 d of consecutive induc‐
tion. These results are consistent with RGC apoptosis
detected via the TUNEL assay. Interestingly, TUNEL
staining revealed the emergence of photoreceptor cell
apoptosis, and this preceded RGC damage after the
first day of Spike IOP induction. Moreover, apoptosis of
photoreceptors became more evident after 3 and 7 d
of treatment. This phenomenon has not been previously
reported. Actually, loss or swelling of photoreceptors
has been observed in various animal glaucoma models
and in clinical glaucoma patients (Panda and Jonas,
1992; Nork et al., 2000; Choi et al., 2011; Zhao et al.,
2020). Overall, our results demonstrated that repeated
rapid IOP transients at 50 mmHg can cause injury to
all three major retinal nuclear layers. Strikingly, it is
evident that neuronal apoptosis in Spike IOP proceeds
from the ONL to the GCL, which is contrary to
previous findings of an acute ocular hypertension
mouse model previously treated with 60 mmHg for 2 h
(Zhou et al., 2019). Instead of a single increase in IOP
induction, we applied a sequence of transient spikes
in mice. We hypothesized that retinal neurons may
have different susceptibility to distinct IOP levels. In
our mouse model, we assumed that increasing IOP
could directly damage retinal cells, although we cannot
rule out the possibility of retinal injury occurring due to
the ischemic insult.

RGC has been considered an initial damage site
in glaucoma patients. Particularly, one of the potential
risk factors is that in humans, the optic nerve and
primary vascular vessels pass through the lamina
cribrosa, where pressure may increase in response to
IOP elevation, thereby disrupting retrograde transpor‐
tation of brain-derived neurotrophic factors (BDNFs) and
cutting off nutrition supply to the inner retina, which
is followed by RGC degeneration (Hou et al., 2016;
Li et al., 2020). Unlike in the human system, mice lack
a lamina cribrosa, which may partially weaken the
impact of IOP elevation on RGCs, although other retinal
neurons may be susceptible as initial sites (May and
Mittag, 2006). Photoreceptor cells convert the light
falling on the retina into electrical signals, demanding
a great deal of energy and oxygen, which may lower
oxygen levels in the outer retina to zero (Sim and
Fruttiger, 2013). However, repeated IOP transients

may break the balance of a low oxygen microenviron‐
ment in the ONL, a process that is difficult to com‐
pensate for owing to the fact that the outer retina is
devoid of blood vessels. This structural characteristic
may predispose photoreceptors to death due to internal
stress-induced activation of the inflammatory response
and apoptotic signaling pathway. Similar to our find‐
ings, Ortín-Martínez et al. (2015) reported that an adult
rat model of laser-photocoagulation-induced ocular
hypertension showed progressive outer retinal pathology
characterized by low numbers of L- and S-cone outer
segments throughout the retina, which is independent
of RGC loss. This may be attributed to a temporary/
transient ischemia of the retina and the choroid induced
by ocular hypertension that could disturb photoreceptor
or pigment epithelial cell metabolism, thereby increas‐
ing the oxidative stress level (García-Ayuso et al.,
2013; Wang et al., 2017). Apart from loss of photore‐
ceptors at an early time point, we observed successive
retinal cell apoptosis during later stages, which might
be a secondary event. A previous study, using different
animal models of inherited photoreceptor degenera‐
tion, showed that retinal remodeling following photo‐
receptor degeneration impaired RGC survival (Garcia-
Ayuso et al., 2018). Therefore, it is rational to assume
that Spike IOP-induced photoreceptor apoptosis
disrupts the normal connection of the synapse, thereby
causing progressive degeneration of other retinal
neurons. Additionally, microglia can be simultaneously
activated with initiation of photoreceptor death, with
degeneration likely to be accompanied by microglial
proliferation and migration to the outer retina (di
Pierdomenico et al., 2017, 2019). Since neurotoxic
microglia have also been implicated in causing RGC
death, we hypothesized that photoreceptor apoptosis
accompanied by activated microglia spreading inward
to the inner retina may mediate secondary apoptosis
in RGCs. However, the interaction between these
cells needs further investigation.

To uncover the potential molecular mechanisms
underlying retinal neuronal death, we analyzed RNA-
seq data from the control and 7-d Spike IOP treatment
groups and found that 3516 genes were differentially
expressed between the groups. GO analysis of upregu‐
lated genes in retinas treated with Spike IOP revealed
that most of them were apoptotic, whereas some were
involved in ER stress-related responses. This indicated
that retinal neuronal apoptosis may be partially attributed
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to ER stress. Accumulating evidence has demonstrated
that ER stress plays a vital role in the pathophysiology
of neurodegenerative diseases, including Alzheimer’s
disease (AD), Parkinson’s disease (PD), Huntington’s
disease (HD), retinitis pigmentosa, age-related macular
degeneration (AMD), and glaucomatous retinopathy
(Yang et al., 2007; Salminen et al., 2010; Hu et al.,
2012; Kroeger et al., 2012; Hetz and Saxena, 2017).
Integrating our RNA-seq evidence with previous find‐
ings affirms the role played by ER stress in loss of
retinal neurons following prolonged Spike IOP
treatment.

The ER is an intracellular organelle responsible
for protein synthesis, proper folding, and secretion, as
well as exerting essential quality control functions.
Cellular stress induced by ischemia, hypoxia, and other
factors has been shown to perturb ER homeostasis.
This causes impaired protein assembly, followed by
aggregation of unfolded and misfolded proteins (Kim
et al., 2008), and triggers the unfolded protein response
(UPR). Three major sensors, namely PERK, ATF6,
and IRE1, have been implicated in regulation of UPR
(Lin et al., 2019). UPR is a self-protective response
that plays an important role in restoring ER functions.
However, in case of prolonged and severe ER stress
conditions, pro-apoptotic signaling pathways are
initiated through regulation of CHOP, JNK, and
caspase expression.

In the present study, qRT-PCR results revealed
upregulation of XBP1, which is consistent with western
blots. XBP1, a downstream transcription factor of
p-IRE1, is a key molecule of the IRE1 signaling path‐
way. Under normal physiological (non-stressed) con‐
ditions, IRE1 interacts with BiP/GRP78 and main‐
tains it in an inactive state. However, under ER stress,
IRE1 dissociates from BiP/GRP78 and is phosphory‐
lated into an active form (p-IRE1), which transfers
XBP1-u into XBP1-s. Consequently, XBP1-s protein
translocates into the nucleus, binds to the promoters of
its targeted genes, and triggers UPR. Although IRE/
XBP1 is thought to be protected by production of
XBP1-s, the effect on neuroprotection in vivo remains
unclear. Hu et al. (2012) reported that deletion of
XBP1 in RGCs caused no significant effects on RGC
survival after acute traumatic injury of the optic nerve
(Hu et al., 2012), while its deletion in the nervous
system prolonged lifespan in an amyotrophic lateral
sclerosis model (Hetz et al., 2009). Moreover, activation

of IRE1 has also been shown to initiate expression of
apoptotic pathways by regulating expression of JNK,
as well as CHOP transcription, under severe ER stress
conditions. Specifically, JNK triggers cellular apopto‐
sis mainly by phosphorylating Bcl-2, while CHOP
promotes apoptosis through downregulating Bcl-2
expression. Additionally, JNK has been shown to
promote activation of pro-apoptotic protein Bax.

In our Spike IOP mouse model, upregulation of
XBP1-s was accompanied by robust activation of the
apoptotic signaling pathway, as evidenced by significant
upregulation of p-JNK, CHOP, and Bax/Bcl-2 proteins.
Overall, the pro-apoptosis effects outweigh pro-survival
effects under the current Spike IOP conditions, which
causes retinal neuronal death. Previous studies have
demonstrated that modulating ER stress molecules,
such as inhibition of JNK and CHOP, rescues retinal
neurodegeneration (Sun et al., 2011; Yang et al., 2016;
Kumar et al., 2019). Although our results suggested
that the IRE1 signaling pathway may play an important
role in retinal injury induced by Spike IOP, it is not
clear whether applying interventions, such as use of
an inhibitor, on key ER stress markers can alleviate
neuronal apoptosis. Further studies are needed to
prove this phenomenon. Nevertheless, we have success‐
fully revealed a special damage pattern on the retina
following sequential IOP spike injury, and unraveled
the underlying molecular expression changes.

5 Conclusions

In summary, our results demonstrated that repeated
transient IOP spikes caused retinal injury, and this
was accompanied by neuronal apoptosis that spread
inward from the ONL to the GCL. Analysis of transcrip‐
tomic changes revealed that ER stress is involved in
loss of retinal neurons. The animal model established
here has potential for exploration of detrimental effects
of IOP changes and temporary/transient ischemia on
the retina. Considering that a single IOP measurement
cannot reflect true IOP spikes or fluctuations, a more
optimal measurement approach is needed for effective
clinical assessment of the risk for glaucoma progression
according to IOP value. In addition, we recommend
that clinicians adopt more proactive strategies when
glaucoma progression is disproportionate to IOP eleva‐
tion measured during regular outpatient time. Finally,
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more attention should be paid to potential photore‐
ceptor defects and impaired visual function in glau‐
coma patients.
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