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A B S T R A C T

Ischemia/reperfusion (I/R) injury is a common pathological mechanism involved in many ocular diseases. I/R is
characterized by microvascular dysfunction and neurodegeneration. However, the mechanisms of neuro-
degeneration induced by I/R remain largely unknown. This study showed that the expression of long non-coding
RNA-CRNDE was significantly upregulated after retinal ischemia-reperfusion (RIR). LncRNA-CRNDE knockdown
alleviated retinal neurodegeneration induced by RIR injury, as shown by decreased reactive gliosis and reduced
retinal cells loss. Furthermore, lncRNA-CRNDE knockdown directly regulated Müller cell function and indirectly
affected RGC function in vitro. In addition, lncRNA-CRNDE knockdown led to a significant reduction in the release
of several cytokines after RIR. This study suggests that lncRNA-CRNDE is a promising therapeutic target for RIR.
1. Introduction

Retinal ischemia-reperfusion (RIR) is a major pathological process
contributing to permanent visual impairment and blindness associated
with multiple ocular diseases, such as age-related macular degeneration,
diabetic retinopathy, glaucoma, retinal vein occlusion, and retinopathy
of prematurity [1]. Current treatments of RIR mainly focus on arresting
disease progression using intraocular anti-angiogenic vascular endothe-
lial growth factor (VEGF) injections, angiostatic steroids and
anti-inflammatory eye drops, or surgery [2, 3, 4]. However, the retinal
neuroprotective effects of these therapeutic approaches are limited by
the fact that these treatments only target late-stage pathology. It is re-
ported that RIR injury is characterized by sequential events of reactive
oxygen species (ROS), leukocyte aggregation, inflammatory response,
intracellular calcium overload, glutamate-induced excitotoxic damage,
and retinal neurodegeneration [5, 6, 7]. Nevertheless, various underlying
physiological and pathological mechanisms contributing to RIR injury
need further elucidation. Consequently, these new insights may provide
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Long non-coding RNAs (lncRNAs) have been identified as non-coding
transcripts of longer than 200 nucleotides that do not harbor protein-
coding signatures [8]. Growing evidence has revealed that lncRNAs
may function as the novel gene expression moderators, playing a pivotal
role in the various biological processes, such as cell cycle, cell differen-
tiation, epigenetic regulation, and tissue homeostasis [9]. Recent studies
have shown that aberrant lncRNA expression is implicated in multiple
human diseases ranging from neurodegenerative diseases to cancers.
Furthermore, the homeostasis and plasticity of neuronal signaling are
required for sophisticated gene regulatory mechanisms [10]. Given the
important roles of lncRNAs in gene regulation and tissue homeostasis, the
findings suggest that lncRNAs play critical roles in neurodegeneration in
RIR injury.

Colorectal neoplasia differentially expressed (CRNDE) is located on
the long arm of chromosome 16 of the human genome. Although first
identified as a novel lncRNA gene in human colorectal cancer [11], it was
upregulated in multiple neoplastic tissues, such as colorectal cancer,
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renal cell carcinoma, breast cancer, and glioma. Indeed, subsequent
analysis revealed that CRNDE is the most upregulated lncRNAs in glio-
blastoma multiforme. It was found that lncRNA-CRNDE could regulate
the tumor cells’ proliferation, invasion, metastasis, and cellular plurip-
otency via specific pathways [12]. Besides cancer progression,
lncRNA-CRNDE is involved in fundamental processes of
hypoxic-ischemic brain damage, and its expression level is increased in a
time-dependent manner. This study also suggested lncRNA-CRNDE
silencing alleviated ischemic brain injury [13]. The retina and optic
nerve develop as a direct extension of the diencephalon in the course of
embryonic development. As a result, the brain and eye share several
characteristics, including similar microvasculature and many underlying
gene regulatory networks. Thus, lncRNA-CRNDE may play a functional
role in the pathogenesis of RIR injury. In the present study, we con-
structed a mouse RIR model to investigate the expression pattern of
lncRNA-CRNDE, and evaluated the effect of CRNDE silencing in vivo and
in vitro. Our study demonstrated that lncRNA-CRNDE expression was
significantly upregulated after RIR. LncRNA-CRNDE silencing alleviated
retinal neurodegeneration induced by RIR injury, as shown by decreased
reactive gliosis and reduced retinal cells loss in vivo. LncRNA-CRNDE
silencing directly regulated Müller cell function and indirectly affected
RGC function in vitro. LncRNA-CRNDE knockdown led to a significant
reduction in the release of several cytokines after RIR. This study pro-
vides novel insights into the molecular mechanisms of RIR injury and
suggests that lncRNA-CRNDE could serve as a therapeutic target for RIR.

2. Materials and methods

2.1. Animal preparation and ethics statement

All animal experiments performed in this study followed the guide-
lines of the ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research and approved by the Animal Ethics and Experimentation
Committee of Nanjing Medical University (NJMUEC-2018-28). Four-
week-old C57BL/6J male mice (supplied by the Experimental Animal
Center of Nanjing Medical University, China) were fed a standard diet,
provided water randomly, and housed in a 12-h light/12-h dark cycle.

2.2. Induction of RIR model

The RIR model was induced as previously described [14]. Briefly,
mice were anesthetized with an intraperitoneal injection of a mixture of
ketamine (80 mg/kg) and xylazine (4 mg/kg). Pupils were dilated with
0.5% tropicamide and 2.5% phenylephrine (Mydrin-P; Santen, Osaka,
Japan) followed by a few drops of topical anesthetic 0.4% oxybuprocaine
hydrochloride (Benoxil; Santen, Osaka, Japan) on the ocular surface. For
retinal ischemia, the anterior chamber was cannulated with a 30-gague
infusion needle connected by silicone tubing to a reservoir of sterile
0.9% saline, and intraocular pressure (IOP) increased to 90 mmHg. The
needle was pulled out carefully 45 min later, and the retinal blood supply
was restored after reperfusion. The sham operation, which served as the
control, was performed without elevating the IOP. The animals were
excluded if the cornea, iris and lens were injured during puncture, if the
puncture needle slipped out during anterior chamber pressor perfusion,
or if the retinal ischemia did not last for 45 min. After surgery, tobra-
mycin ointment (Alcon, USA) was applied to prevent bacterial infections.
Eyes were processed after 6h, 1,3, or 7 days postinjury.

2.3. Intravitreal injection

Total mice were randomly divided into 4 groups (4 animals/group),
(1) normal control group; (2) RIR group; (3) RIR þ scrambled (Scr) small
hairpin (shRNA) group; (4) RIRþ CRNDE shRNA. Random numbers were
generated using a online random order generator (https://www.graphpa
d.com/quickcalcs/randomize1/). All mice were anesthetized before
intravitreal injection by pupil dilation with 0.5% tropicamide and 2.5%
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phenylephrine. The adeno-associated virus (AAV) solution (2 μL, 1012 v.
g/ml) loaded with CRNDE shRNA or Scr shRNA was delivered into the
vitreous using a 33-gauge needle four weeks before the onset of reper-
fusion to maximize the transfection efficiency. CRNDE shRNA targeting
sequence was 5’- TCCCTTCACCTCACCTGGATCTCTT -3’ and Scr shRNA
targeting sequences was 5’- TTCTCCGAACGTGTCACGT -3’.

2.4. Electroretinogram (ERG) measurements

On the seventh day after RIR injury, retinal function was monitored
using full-field flash electroretinography. C57BL/6J male mice were
maintained in the complete darkness overnight before the ERG recording
session. Mice were anesthetizedwith ketamine (80mg/kg) and xylazine (4
mg/kg), and the pupils were dilated with topical 0.5% tropicamide and
2.5% phenylephrine before recording. Then, 0.4% oxybuprocaine hydro-
chloride was applied to topically anesthetize the corneas before a Gold-
plated wire loop contact lens electrode was placed on the tested eye. The
full-field flash ERGwas recorded using customDTLfiber electrodeswith an
Espion testing system and ColorDome LED/Xenon-full field stimulator
(Diagnosys LLC, Lowell,MA). Stainless steel needle electrodeswere inserted
into the skin between the two ears and into the base of the tail, serving as
reference and ground leads, respectively. After completing a scotopic in-
tensity series, photopic flash responses were recorded in the presence of an
adapting white light. Flash ERG records were bandpass filtered at 0.3 and
500 Hz. The amplitude of the a-wave and b-wave was measured by the
Roland Consult Color Ganzfeld Q450C recording machine.

2.5. Immunofluorescence analysis of retinal sections

Seven days after RIR, eyes were enucleated and processed for
immunohistology. For immunohistology, the eyeballs were fixed in 4%
paraformaldehyde (PFA) overnight, two days of incubated in 30% su-
crose, embedded in OCT compound (Thermo Scientific, 6502), and
stored at�80 �C. The tissue was then sectioned into 10-μm-thick slices by
a cryostat (Thermo Fisher Scientific, Walldorf, Germany). Immunofluo-
rescent analysis was performed as previously described [15]. The retinal
cross-sections were first dried and rehydrated in PBS. Retinal sections
were permeabilized with 0.5% Triton X-100 for 30 min and then blocked
with 10% bovine serum albumin (BSA) for 30 min. Six retinal sections
per eye were used for each staining. Tissues were incubated with the
appropriate primary antibodies at 4 �C overnight for each staining.
Subsequently washed with PBS, retinal sections were incubated with
fluorophore-conjugated secondary antibodies for 3 h at room tempera-
ture (Table 1). RGCs, amacrine cells, horizontal cells, bipolar cells,
microglia, Müller cells, and photoreceptor cells were labeled using spe-
cific antibodies. Finally, cell nuclei were stained with 4'6-dia-
midin-2-phenylindol (DAPI, Beyotime, c1002). The retinal sections were
observed using an Olympus IX-73 microscopy, and the fluorescent signals
were analyzed by ImageJ.

2.6. Quantitative real-time PCR analysis

For qRT-PCR analyses, the retina was dissected out, snap-frozen in a
lysis buffer with TRIzol reagent (Life Technologies, 15596026) in liquid
nitrogen, and stored at �80 �C until RNA extraction. The quality and
purity of RNA were detected spectrophotometrically. cDNA was con-
verted from total RNA using Prime Script RT Master Mix (Takara,
RR036A) according to the manufacturer’s instructions. Quantitative real-
time PCR was performed with SYBR Green (Thermo Fisher Scientific,
100029284), and the data collection was performed on the PikoReal
Real-Time PCR System (Thermo Scientific). The primers were synthe-
sized by Gene Pharma (Shanghai, China). The relative expression level of
indicated genes (lnc-CRNDE, ICAM-1, IL-6, TNF-α, and Rpl13a) was
compared with that of Rpl13a, and expression fold changes were calcu-
lated using 2-△△Ct methods [16]. The primer sequences of different
genes are tabulated in Table 2.

https://www.graphpad.com/quickcalcs/randomize1/
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Table 1. List of used primary and secondary antibodies, including cell type, dilution, and company.

Primary antibody Cell type Dilution Company Secondary Antibody with Dilution Company

NeuN RGCs 1:400 Abcam, ab177487 Alexa Fluor 594 Goat anti-rabbit, 1:500 Invitrogen

GFAP Glia 1:200 Abcam, ab68428 Alexa Fluor 594 Goat anti-rabbit, 1:200 Invitrogen

GS Müller cells 1:400 Abcam, ab228590 Alexa Fluor 594 Goat anti-rabbit, 1:500 Invitrogen

PKCα Bipolar cells 1:400 Abcam, ab32376 Alexa Fluor 488 Goat anti-rabbit, 1:500 Invitrogen

Calretinin Amacrine cells 1:200 Santa Cruz, sc-365956 Alexa Fluor 594 Goat anti-mouse, 1:500 Invitrogen

Calbindin Horizontal cells 1:200 Santa Cruz, sc-365360 Alexa Fluor 594 Goat anti-mouse, 1:500 Invitrogen

Rhodopsin Photoreceptor cells 1:400 Abcam, ab5417 Alexa Fluor 594 Goat anti-rabbit, 1:500 Invitrogen

Iba-1 microglia 1:100 HuaBio, ET1705-78 Alexa Fluor 594 Goat anti-rabbit, 1:500 Invitrogen
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2.7. Hematoxylin and eosin (HE) staining

For histological analysis, the eyeballs were fixed in 4% para-
formaldehyde (PFA, Biosharp Biotechnology, BL539A) overnight at 4 �C,
paraffin embedded, and sectioned (6 μm thick). Three sections per eye
were stained with HE to obtain a structural overview of the retinal layers.
After the HE staining, all slides were dehydrated in ethanol and then
incubated in xylene before being mounted with neutral balsam (Bio-
sharp, 69070060) and observed under an Olympus IX-73 microscope. For
each analysis, values were measured in triplicates and averaged.

2.8. Cell culture and transfection

Primary Müller cells were isolated from mice at postnatal day 7.
Briefly, eyeballs were incubated in serum-free media overnight. Retinas
were enzymatically incubated with trypsin (0.25%)/collagenase (65U/
mL) at 37 �C for 20 min, and then rinsed in Dulbecco’s modified Eagle
medium (DMEM, Gibco, C11995500BT) containing 10% fetal bovine
serum (FBS, Gibco, 10099141) to terminate digestion. Retinas were
dissected into small aggregates from the remaining tissue and plated in
primary Müller glia cell culture media: DMEM-high glucose, without L-
glutamine, with sodium pyruvate þ1% GlutaMax, 1% Penicillin/Strep-
tomycin, and 10% FBS. The isolated cells became confluent after the
cultures had been maintained for 7–10 days. The third passaged cells
were used for the subsequent experiments, and cultured cells were
identified using the antibodies against the glial fibrillary acidic protein
(GFAP) and glutamine synthetase (GS).

Primary RGCs were isolated and cultured according to the two-step
immunopanning protocol. Retinas were collected from C57BL/6J
mouse pups at postnatal day 0–3 and dissociated in papain solution (15
U/mL) and collagenase (70 U/mL) for 15 min. Subsequently, retina cell
suspensions were incubated with antimacrophage antiserum antibody-
coated flasks to remove adherent macrophages and microglial cells.
Non-adherent cells were incubated with mouse Thy1.2 monoclonal
antibody to purify RGCs. The purity of the primary RGCs in cultures were
determined by staining with the antibody Tuj1 (Abcam, ab18207), spe-
cific RGCs markers. Primary RGCs were cultured in serum-free Neuro-
basal-A medium (Gibco) supplemented with penicillin, streptomycin, 25
Table 2. Primer sequences for real-time PCR.

Primer sequence

lncRNA-CRNDE for mice Forward 5’-CTCTGGTCCAGGACGAAGACT-3'

Reverse 5’-CCTTTGCATCTCGATGGGAAC-3’

ICAM-1 mRNA for mice Forward 5’-GGAAGGGAGCCAAGTAACTGTGAAG-3’

Reverse 5’-GAGCGGCAGAGCAAAAGAAGC-3’

IL-6 mRNA for mice Forward 5'-TCCATCCAGTTGCCTTCTTG-3'

Reverse 5'-TTCCACGATTTCCCAGAGAAC-3'

TNF-α mRNA for mice Forward 5'- CTTCTG TCTACTGAACTTCGGG -3'

Reverse 5'- CAGGCTTGTCACTCGAATTTTG -3'

Rpl13a mRNA for mice Forward 5’-AGCCTACCAGAAAGTTTGCTTAC-3'

Reverse 5’-GCTTCTTCTTCCGATAGTGCATC-3’

3

ng/mL CNTF, 25 ng/mL BDNF, 10% FBS, 10 mM forskolin, and B27. All
cultures were incubated at 37 �C, in 5% CO2, and with 95% relative
humidity. Müller cells were transfected using Lipofectamine 2000 (Life
Technologies, 13778150) with three small interfering RNAs (siRNAs;
Gene Pharm) targeting lncRNA-CRNDE according to the manufacturer’s
protocol, and the transfection efficiencies of three CRNDE siRNAs were
77.2%, 34.1% and 37.1%, respectively (Figure 5B). The siRNA target
sequence was shown as follows (Table 3):

2.9. Cell proliferation assay

Cell proliferation was determined using 5-ethynyl-2’-deoxyuridine
(EdU) DNA Cell Proliferation kit (Beyotime, C0071S) following the
manufacturer’s protocol. After the required treatment, cells were incu-
bated with 1�EdU working liquid for 2 h and then fixed in 4% PFA for 15
min. After washing, cells are blocked with 0.3%Triton X–PBS for 15 min
and then incubated with click reaction liquid for 30 min at room tem-
perature in the dark. The cells were finally mounted using the anti-fade
medium containing 1� Hoechst 33342 (Beyotime, C0071S) and
observed under an Olympus IX-73 microscope.

2.10. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay

The MTT assay was used to measure the viability of the cells. Briefly,
Müller Cells (1�104) were plated in each well of a 96-well plate and
allowed to adhere for 24 h. After specific treatment, 30 μL of 0.5 mg/mL
MTT (BioFroxx, 1334GR001) (in PBS) was added to each well and
incubated for an additional 3 h at 37 �C. After discharging the medium,
200 μL DMSO/well was added to the culture cells to dissolve formazan
crystals [17]. The absorbance value in each well was measured at the
wavelength of 595 nm using a microplate reader (Molecular Devices).

2.11. Rhodamine 123 staining

Rhodamine123 assays were performed to determine the DNA
condensation and nuclear fragmentation. After the required treatment,
cells were incubated with the 10 μmol/L rhodamine123 (Solarbio,
R8030) at 37 �C for 1.5 h in the dark. The fluorescence intensity of
harvested cells was detected using an Olympus IX-73 microscope.
Table 3. siRNA sequences for CRNDE.

siRNA sequence

CRNDE siRNA1 sense 50-GGUGGAAGGAGGUGAUUUATT-30

antisense 5'-UAAAUCACCUCCUUCCACCTT-30

CRNDE siRNA2 sense 50-CACCUCUUUAAAUCUUGAUTT-30

antisense 50-AUCAAGAUUUAAAGAGGUGTT-30

CRNDE siRNA3 sense 50-CAUCCACACACAUACAAUATT-30

antisense 50-UAUUGUAUGUGUGUGGAUGTT-30

Scr siRNA sense 50-UUCUCCGAACGUGUCACGUTT-30

antisense 50-ACGUGACACGUUCGGAGAATT-30
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2.12. In vitro oxygen glucose deprivation/reoxygenation (OGD/R)-
induced cell damage

To mimic the murine model of RIR, primary Müller cells and RGCs
were subjected to oxygen-glucose deprivation for 6 h and subsequently
returned to normal environment for 12 h. Specifically, cells were cultured
in glucose-free medium containing 0.2% FBS and 1% penicillin/strep-
tomycin in a hypoxia chamber (95% N2 and 5% CO2) for 6 h after
transfection. Cells were then shifted to DMEM-high glucose (4.5 g/L),
supplemented with 10% FBS and reoxygenated in normoxic conditions
(95% air, 5% CO2) for 12 h. Normoxia control cells were maintained in
complete media under normoxic conditions.
2.13. Propidium iodide (PI)/calcein-acetoxymethyl (Calcein-AM) staining

Calcein-AM staining and PI double staining were used to discriminate
between viable and dead cells. Cells were stained with a mixture of 10
μmol/L Calcein-AM solutions (AAT Bioquest, 22002), 10 μmol/L PI
(Biofroxx, 1246MG100), and 3 μM Hoechst 33342 (Biofroxx,
2289MG025) for 15 min at 37 �C in the dark. After washing with PBS
three times, images of live cells (green) and dead cells (red) were
captured using a fluorescent microscope. The average percentage of PI-
positive cells was counted using the Image J software.
2.14. Hoechst staining

Hoechst 33342 fluorescent dye was used to detect DNA condensation
and nuclear fragmentation. After the required treatment, these cells were
washed with PBS three times and fixed with 4% PFA for 15 min at room
temperature. Subsequently, cells were washed with PBS and then stained
with Hoechst 33342 (Biofroxx, 2289MG025) for 15 min. Finally, these
stained cells were observed using an Olympus IX-73 microscope.
2.15. Enzyme-linked immunosorbent assay (ELISA)

Mice were anesthetized with intraperitoneal injection of a mixture of
ketamine (80 mg/kg) and xylazine (4 mg/kg), and then euthanized by
intraperitoneal injection of sodium barbiturate (100 mg/kg). Then
retinal tissue was collected and the samples of all groups were kept at 4
�C for biochemical assay. Biochemical indexes were determined using
commercial reagent kits (Abcam, UK) according to the manufacturer's
instructions. The indirect ELISA assay determined the concentrations of
TNF-α, IL-6, and ICAM-1 in the medium of retinal tissue. A microplate
Figure 1. The expression pattern of long non-coding RNA-CRNDE in vivo and vitro. A
conducted to detect the level of the lncRNA-CRNDE gene in the retinas after retinal isc
0.05 versus WT, one-way ANOVA followed by the Bonferroni post-hoc test. B. Retin
Müller cells after 3 h, 6 h or 9 h of OGD followed by 12 h of R (n ¼ 4). *P < 0.05
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reader measured the optical density (OD) values were measured at 450
nm by a microplate reader.

2.16. Statistical analysis

Data analysis was performed using GraphPad Prism 8 (GraphPad
Software, San Diego, CA). All results are expressed as means � SEM. For
the normally distributed data with equal variance, the significant dif-
ference was determined by one-way ANOVA to test the effect of group
followed by post-hoc Bonferroni’s test (when>2 groups were compared).
P < 0.05 was considered statistically significant.

3. Results

3.1. LncRNA-CRNDE is aberrantly expressed during RIR injury in vivo
and OGD/R injury in vitro

A previous study revealed that lncRNA-CRNDE expression levels are
significantly upregulated in ischemia-reperfusion injury [18]. Here, we
further determined whether RIR injury influenced lncRNA-CRNDE
expression in vivo and in vitro. The rodent RIR model is a
well-established animal model which resembles human acute retinal
artery occlusion such as CRAO or acute ocular hypertension such as
glaucoma. To test whether retinal lncRNA-CRNDE expression level
altered in response to RIR injury, eyes were collected at 6 h, 24 h, 3 d, 7 d,
and qPCR analysis demonstrated increased lncRNA-CRNDE expression in
RIR retinas (Figure 1A). In the RIR model, the circulatory disorder of the
retina is induced by elevating the IOP for a definite period. Induced high
IOP causes compressed retinal blood vessels and impaired blood flow.
The following natural reperfusion induces excessive oxidative stress. Our
preliminary results showed that CRNDE was mainly expressed in retinal
endothelial cells and Müller cells (data not shown). It is reported that
OGD/R is a classical in vitro model of RIR [5, 19]. Müller cells were
subjected to glucose free media in hypoxia condition to mimic the
ischemic phase of I/R, and then returned to normoxia and normal media
to mimic the reperfusion phase of I/R. qRT-PCR revealed that
lncRNA-CRNDE expression was significantly upregulated in Müller cells
subjected to OGD/R (Figure 1B). Collectively, these results indicate that
lncRNA-CRNDE is potentially involved in RIR injury.

3.2. LncRNA-CRNDE regulates RIR injury in vivo

To evaluate the effect of lncRNA-CRNDE in RIR injury, lncRNA-
CRNDE was knocked down in retinas before the onset of retinal
. Quantitative reverse transcription-polymerase chain reactions (qRT-PCRs) were
hemia-reperfusion (RIR) for 6 h, 24 h, 3 d, or 7 d in C57BL/6J mice (n ¼ 5). *P <

al qRT-PCRs were performed to detect the level of the lncRNA-CRNDE gene in
versus WT, one-way ANOVA followed by Bonferroni's post-hoc test.
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ischemia. The experiments were divided into four groups, lncRNA-
CRNDE silencing group (lncRNA-CRNDE shRNA), Sc shRNA group, RIR
group, and untreated group. qRT-PCR showed that CRNDE shRNA in-
jection significantly reduced the levels of CRNDE in the retinas
(Figure 2A).

After I/R injury induction, histomorphology of the HE-stained retina
was observed (Figure 2B). We found that retinal damage occurred rapidly
in mice with retinal edema, vacuolar degeneration, condensation of nu-
clear chromatin by HE staining as early as 6 h after RIR (Figure 2B).
Furthermore, the inner plexiform layer (IPL) thickness, total retina
thickness, and cell density in the ganglion cell layer (GCL) weremeasured
after the RIR injury. Regarding these histological features, a distinct
degradation of the whole retina started at the 6th hour after RIR, and
these changes persisted for seven days (Figure 2B). Furthermore, a
significantly reduced thickness of the whole retina and IPL were detected
at days 3 and 7 in ischemic eyes compared to the control group. LncRNA-
CRNDE shRNA treatment dramatically relieved the damage (Figures 2C,
2D). Consistently, cell counts of GCL decreased after 6 h of RIR, while
lncRNA-CRNDE shRNA mice presented no significant difference at this
point. Whereas, surviving cells decreased in the GCL of retinas on days 3
and 7 after RIR, which was relieved by lncRNA-CRNDE shRNA
(Figure 2E). These results indicated that lncRNA-CRNDE knockdown
attenuated progressive retinal thinning and loss of RGCs induced by RIR
injury, especially on day 7 after RIR. Considering these results, each
group was observed after 7 days of RIR for all studies below.

To further assess retinal function, we employed retinal ERG to detect
the effect of lncRNA-CRNDE on visual function. The representative ERG
waveforms for each group were shown. The ERG measurements 7 days
after RIR showed a significant decrease in the a-wave and b-wave
amplitude compared to the control group. Compared with RIR and Scr
shRNA mice, the amplitudes of b-wave were increased in the lncRNA-
CRNDE shRNA group, but the amplitudes of a-wave were not improved
in the lncRNA-CRNDE shRNA group (Figure 2F), suggesting that lncRNA-
CRNDE shRNA silencing partially prevents ERG abnormality induced by
RIR injury and ameliorate retinal function. These results revealed that
lncRNA-CRNDE knockdown could partially alleviate retinal function
under RIR injury.

Encouraged by these findings, we further investigated the potential
neuroprotective effects of lncRNA-CRNDE in the RIR mice model. RGC
degeneration and reactive gliosis are two important features of retinal
neurodegeneration under RIR injury. To this end, we performed protein
immunolabeling experiments to explore if lncRNA-CRNDE is capable of
regulating neuroinflammation, as well as its underlying mechanisms.
Müller glia is the major glial component of the retina, and its excessive
activation is a general response to injury and inflammation in the
damaged the retina [20]. As expected, RIR notably increased reactive
gliosis as shown by increased GFAP staining and GS staining in the retina.
However, aberrant gliosis was inhibited by lncRNA-CRNDE shRNA with
lower expression of GFAP and GS, thus exerting protection against RIR
injury (Figures 3A, 3B). Meanwhile, current study shows that microglia
are the major performer in neuroinflammation, and their activation
Figure 2. LncRNA-CRNDE knockdown ameliorates retinal function after retinal is
CRNDE shRNA, or left untreated (Ctrl). qRT-PCRs were conducted to detect CRNDE le
intravitreal injection of Scr shRNA or lncRNA-CRNDE shRNA or left untreated after
significant decrease of the total retinal thickness was measured in ischemic eyes
attenuation of total retinal thickness induced by RIR (3 days, 7 days). *P < 0.05,
significant difference compared with the RIR groups. The significant difference wa
exposed to RIR injury displayed a significant decrease in IPL thickness starting at day
induced by RIR (3 days, 7 days). *P < 0.05, significant difference compared with the C
group. The significant difference was determined by one-way ANOVA followed by th
response to RIR injury, which was prevented by lncRNA-CRNDE knockdown (3 days,
20 μm *P < 0.05, significant difference compared with the Ctrl nonischemic group. #
difference was determined by one-way ANOVA followed by the Bonferroni test. F. Se
mice, Ad-Scr shRNA-injected, and Ad-CRNDE shRNA-injected RIR mice. The represent
analyzed (n ¼ 4). *P < 0.05, significant difference compared with the Ctrl nonischem
significant difference was determined by one-way ANOVA followed by the Bonferro
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could aggravate retinal disease by releasing several toxic and
pro-inflammatory mediators [21]. Immunofluorescence staining of
microglial marker Iba-1 showed that RIR injury increased the number of
Ibal-1þ cells, but lncRNA-CRNDE silencing reduced this trend
(Figure 3C). Moreover, RIR injury caused a marked decrease in RGC
number as shown by decreased NeuN (the specific marker of RGCs),
which was mostly prevented in lncRNA-CRNDE shRNA retinas as shown
by the increased number of NeuN-positive RGCs. The positive signals
located in the GCL suggested the presence of live RGCs. Thus,
lncRNA-CRNDE silencing may have a beneficial effect on facilitating RGC
survival, as shown by increased NeuN staining (Figure 3D).

The ERG measurements showed a functional disorder of the cells in
the inner nuclear layer (INL) 7 days after ischemia induction. Accord-
ingly, we examined those cells in the next step. In the normal retina,
bipolar cells extend throughout the IPL, INL, and OPL [22]. Anti-PKCα
was used to visualize bipolar cells [23]. The immunolabeling showed a
progressive diminution of PKCαþ cells in the RIR retina, whereas
lncRNA-CRNDE shRNA prevented the reduction in the PKCα positive
bipolar cells (Figure 3E). In the normal retina, starburst amacrine cells
distribute in the GCL and the innermost side of the INL, and their den-
drites stratify into two distinct layers in the IPL [24]. Compared with RIR
retinas, lncRNA-CRNDE shRNA protected RGCs as shown by the
increased number of calretinin-labeled cells in the GCL, while
lncRNA-CRNDE shRNA allowed no significant retention of amacrine cells
(calretinin-labeled cells in the INL) (Figure 4A). Moreover, RIR caused
observable changes in horizontal cells. However, lncRNA-CRNDE shRNA
did not further affect the number of calbindin labeled horizontal cells
compared with RIR retinas (Figure 4B). Similarly, rhodopsin immuno-
labeling revealed that lncRNA-CRNDE shRNA did not affect photore-
ceptors (rod cells) compared with noticeable changes in RIR injury
(Figure 4C). Collectively, these results indicate that lncRNA-CRNDE af-
fects reactive retinal gliosis and the survival of RGCs and bipolar cells.

3.3. LncRNA-CRNDE directly affects müller glial cell function and
indirectly affects RGC function in vitro

The above mentioned results showed that lncRNA-CRNDE is mainly
expressed in Müller cells and RGCs. Primary Müller cells were cultured
and identified with GFAP and GS antibodies, the result showed that the
percentage of GFAPþ/GS þ cells was more than 90% (Figure 5A). Next,
OGD/R was conducted to determine the role of lncRNA-CRNDE on
Müller cells and RGCs function in vitro. We designed three different
CRNDE siRNAs, and qPCR analysis revealed that all CRNDE siRNAs could
significantly reduce CRNDE expression levels in Müller cells (Figure 5B).
We selected CRNDE siRNA1 for the subsequent experiments due to its
higher silencing efficiency. We observed that lncRNA-CRNDE knock-
down further reduced Müller cells viability treated with OGD/R
(Figure 5C). EdU immunofluorescence staining showed that lncRNA-
CRNDE knockdown significantly decreased the proliferation of Müller
cells compared with the OGD/R group (Figure 5D). We then determined
whether lncRNA-CRNDE regulates the development of OGD/R-induced
chemia-reperfusion. A. Mice received an intravitreous injection of Scr shRNA,
vels in retinal tissue (n ¼ 3). B. HE staining of C57BL/6J retinas treated with an
four weeks exposed to IOP of 90 mmHg for 6 h, 24 h, 3 d, or 7 d (n ¼ 3). C. A
starting at day three after RIR. LncRNA-CRNDE knockdown ameliorated the
significant difference compared with the Ctrl nonischemic group. #P < 0.05,
s determined by one-way ANOVA followed by the Bonferroni test. D. Retinas
three. LncRNA-CRNDE knockdown ameliorated the attenuation of IPL thickness
trl nonischemic group. #P < 0.05, significant difference compared with the RIR
e Bonferroni test. E. The cell survival rate of GCL was significantly decreased in
7 days: p < 0.05). GCL, ganglion cell layer; IPL, inner plexiform layer; scale bar:
P < 0.05, significant difference compared with the RIR groups. The significant

ven days after RIR induction, ERG was recorded in nonischemic mice (Ctrl), RIR
ative ERGs are shown. In addition, amplitudes of a and b waves were statistically
ic group. #P < 0.05, significant difference compared with the RIR groups. The
ni test.
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Figure 3. LncRNA-CRNDE knockdown affects reactive retinal gliosis and RGC survival in vivo. C57BL/6J mice (4-week-old, male) received an intravitreal injection of
Scr shRNA or lncRNA-CRNDE shRNA or left untreated. Four weeks after shRNA injection, RIR was induced. The group without RIR served as the control (Ctrl) group.
A. Retinal cross-section of 7 days after RIR and retinal cross-section without RIR were immunolabeled with anti-GFAP. The signal was quantified to detect retinal
reactive gliosis (GFAPþ, red) in all groups. A representative image was shown (n ¼ 3; scale bar: 100 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared
with the RIR. The significant difference was determined by one-way ANOVA followed by the Bonferroni test. B. Retinal cross-section of 7 days after RIR and retinal
cross-section without RIR were immunolabeled with anti-GS. The signal was quantified to detect Müller cell activation (GSþ, red) in all groups. A representative image
was shown (n ¼ 3; scale bar: 100 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared with the RIR. The significant difference was determined by one-way
ANOVA followed by the Bonferroni test. C. Retinal cross-section of 7 days after RIR and retinal cross-section without RIR were immunolabeled with anti-Iba-1. The
signal was quantified to detect activated microglia (Iba-1þ, red) in all groups. A representative image was shown (n ¼ 3; scale bar: 100 μm). *P < 0.05, compared with
the Ctrl; #P < 0.05, compared with the RIR. The significant difference was determined by one-way ANOVA followed by the Bonferroni test. D. Retinal cross-section of
7 days after RIR and retinal cross-section without RIR were immunolabeled with anti-NeuN. The signal was quantified to detect surviving RGCs (NeuNþ, red) in all
groups. A representative image was shown (n ¼ 3; scale bar: 100 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared with the RIR. The significant difference
was determined by one-way ANOVA followed by the Bonferroni test. E. Retinal cross-section of 7 days after RIR and retinal cross-section without RIR were immu-
nolabeled with anti-PKCα. The signal was quantified to detect surviving bipolar cells (PKCαþ, green) in all groups. A representative image was shown (n ¼ 3; scale bar:
100 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared with the RIR. The significant difference was determined by one-way ANOVA followed by the
Bonferroni test.

Figure 4. Regularity of expression of optic nerve cells in the retina of RIR mice. C57BL/6J mice (4-week-old, male) received an intravitreal injection of Scr shRNA or
lncRNA-CRNDE shRNA or left untreated. Four weeks after shRNA injection, RIR was induced. The group without RIR served as the control (Ctrl) group. A. Retinal
cross-section of 7 days after RIR and retinal cross-section without RIR were immunolabeled with anti-Calretinin. The signal was analyzed to quantify the number of
amacrine cells (Calretininþ, red) in all groups. A representative image was shown (n ¼ 3; scale bar: 100 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared
with the RIR. The significant difference was determined by one-way ANOVA followed by the Bonferroni test. B. Retinal cross-section of 7 days after RIR and retinal
cross-section without RIR were immunolabeled with anti- Calbindin. The signal was analyzed to quantify the number of horizontal cells (Calbindinþ, red) in all
groups. A representative image was shown (n ¼ 3; scale bar: 100 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared with the RIR. The significant difference
was determined by one-way ANOVA followed by the Bonferroni test. C. Retinal cross-section of 7 days after RIR and retinal cross-section without RIR were
immunolabeled with anti- Rhodopsin. The signal was analyzed to quantify the number of photoreceptor cells (Rhodopsinþ, red) in all groups. A representative image
was shown (n ¼ 3; scale bar: 100 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared with the RIR. The significant difference was determined by one-way
ANOVA followed by the Bonferroni test.
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Figure 5. LncRNA-CRNDE knockdown regulates Müller cell function after OGD/R in vitro. Primary Müller cells were transfected with Scr siRNA, lncRNA-CRNDE
siRNA, or left untreated (WT) and then exposed to OGD (6 h)/R (12 h). The group without any treatment was taken as the control (Ctrl) group. A. Primary
Müller cells were confirmed with GFAP and GS antibodies. Blue, DAPI; Red, GFAP; Green, GS (Scale bar: 20 μm). B. Müller cells were transfected with CRNDE small
interfering RNA (siRNA1-3), Scr siRNA, or left untreated (Ctrl) for 48 h. qRT-PCRs were conducted to detect CRNDE expression (n ¼ 4). *P < 0.05, compared with the
Ctrl. The significant difference was determined by one-way ANOVA followed by Bonferroni test. C. MTT assay and quantification analysis were performed to detect
Müller cells viability. All groups were incubated with MTT probe at 37 �C for 3 h, then Müller cells viability was detected using microplate reader (n ¼ 4). *P < 0.05,
compared with the Ctrl; #P < 0.05, compared with the WT. The significant difference was determined by one-way ANOVA followed by the Bonferroni test. D. EdU
staining and quantification analysis were performed to detect Müller cells proliferation to analyze the incorporation of EdU during DNA synthesis. Blue: nuclei, Red:
EdU (n ¼ 4; scale bar: 20 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared with the WT. The significant difference was determined by one-way ANOVA
followed by the Bonferroni test. E. PI/Calcein-AM staining and quantification analysis were performed to detect Müller cells apoptosis. Green, live cells; red, dead, or
dying cells (n ¼ 4; scale bar: 20 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared with the WT. One-way ANOVA determined the significant difference
followed by the Bonferroni test. F. Hoechst staining and quantification analysis were performed to detect Müller cells apoptosis observed as apoptotic nuclei
(condensed or fragmented) (n ¼ 4; scale bar: 20 μm). *P < 0.05, compared with the Ctrl; #P < 0.05, compared with the WT. One-way ANOVA determined the
significant difference followed by the Bonferroni test.
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apoptosis using Hoechst 33342, PI/Calcein-AM staining. The combina-
tion of lncRNA-CRNDE knockdown and OGD/R resulted in a higher
apoptotic percentage than OGD/R alone, as shown by more PI-positive
cells (dying or dead cells) (Figure 5E) and increased apoptotic nuclei
(condensed or fragmented) (Figure 5F). These results suggest that
lncRNA-CRNDE silencing decreases the viability and proliferation，and
promotes the apoptosis of Müller cells after OGD/R in vitro.

To evaluate the effect of Müller cells on RGCs survival when RIR
injury occurred, we cultured primary RGCs and performed co-cultures of
Müller cells after OGD/R treatment in an approach in vitro. Immunoflu-
orescent staining of Tuj1 showed that the percentage of RGCs was about
90% (Figure 6A). MTT assay revealed that co-culture with Müller cells
Figure 6. LncRNA-CRNDE knockdown indirectly regulates RGC function after OGD
transfected with lncRNA-CRNDE siRNA or Scr siRNA or left untreated (WT), and then
were confirmed with retinal ganglion cell marker Tuj1 antibody. Blue, DAPI; Green, T
to detect the viability of RGCs (n ¼ 4). *P < 0.05 versus Ctrl, #P < 0.05 OGD/R þ
difference was determined by one-way ANOVA followed by Bonferroni test. C. Immu
synaptic morphology of RGCs. Blue, DAPI; Green, Tuj1 (n ¼ 4; Scale bar: 20 μm). *P <

Müller þ Scr siRNA. The significant difference was determined by one-way ANOVA
formed to detect the dead or dying RGCs (n ¼ 4; Scale bar: 50 μm). *P < 0.05 versus
siRNA. The significant difference was determined by one-way ANOVA followed by B
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reduced cells viability, while CRNDE knockdown in Müller cells signifi-
cantly increased the viability of RGCs (Figure 6B). Immunofluorescent
staining results showed that OGD/R shortened the synaptic length of
RGCs, co-culture withMüller cell further shortened the synaptic length of
RGCs, while CRNDE knockdown in Müller cells obviously alleviated this
trend (Figure 6C). Propidium iodide (PI) staining revealed that OGD/R
increased apoptotic RGCs, Müller cell co-culture evidently increased the
number of apoptotic RGCs, while CRNDE knockdown in Müller cells
alleviated this harmful effect (Figure 6D). The above results revealed that
the Müller cell co-culture significantly increased the number of apoptotic
RGCs induced by OGD/R, and lncRNA-CRNDE knockdown inMüller cells
significantly reduced the damaging effect on RGCs. Taken together, these
/R in vitro. Primary RGCs were co-cultured with Müller cells. Müller cells were
the experimental groups were exposed to OGD (6 h)/R (12 h). A. Primary RGCs
uj1 (Scale bar: 20 μm). B. MTT assay and quantification analysis were performed
Müller þ CRNDE siRNA versus OGD/R þ Müller þ Scr siRNA. The significant
nofluorescent staining and quantification analysis were confirmed to detect the
0.05 versus Ctrl, #P < 0.05 OGD/R þMüller þ CRNDE siRNA versus OGD/R þ
followed by Bonferroni test. D. PI staining and quantitative analysis were per-

Ctrl, #P < 0.05 OGD/R þ Müller þ CRNDE siRNA versus OGD/R þ Müller þ Scr
onferroni test.
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results indicate that lncRNA-CRNDE may be a crucial regulator of Müller
cell function and has an indirect effect on RGC function in vitro.

3.4. LncRNA-CRNDE causes a noteworthy change in cytokine profile in
vivo

As is well known to us all, the balance of reactive glial cells is important
for neuron survival as reactive glial cells can produce growth factors and
immunomodulatory cytokines [25]. Todeterminewhether lncRNA-CRNDE
regulates glial cell reactivity and affects cytokine release, we detected the
cytokine profile of the lysates fromRIR-injured retinas and lncRNA-CRNDE
shRNA-injected RIR-injured retinas via qRT-PCR and ELISA assays. We
observed clearly from qRT-PCR array that lncRNA-CRNDE knockdown
resulted in a significant reduction in the amount of three mRNAs, namely,
ICAM-1, TNF-α, and IL-6 (Figure 7A). ELISA assays also showed that
lncRNA-CRNDE silencing reduced retinal inflammation (Figure 7B). These
data suggest that the increased secretion of pro-inflammatory factors in the
retinas might be one of the mechanisms of RIR injury.

4. Discussion

LncRNAs are involved in regulating important biological processes,
including genomic imprinting, dosage compensation (e.g., X chromosome
inactivation), regulation of the cell cycle, and the differentiation and
development programsof somatic cells [26].Multiple research studies have
highlighted the importance of lncRNAs dysregulation in human disorders,
including cancer, and cardiac and neurodegenerative disorders [27]. As an
oncogene, lncRNA-CRNDE is highly expressed in hypoxic-ischemic brain
damage, lncRNA-CRNDE silencing alleviates hypoxic-ischemic brain dam-
age, at least partially, through promoting autophagy [13]. This study shows
that lncRNA-CRNDE expression levels are significantly up-regulated in the
retinas following ischemia-reperfusion (IR) and in Müller cells upon
hyperoxia stress. LncRNA-CRNDE knockdown decreases Müller cell
over-activation and increases RGC survival in vivo and in vitro. This study
may provide a novel insight for investigating the role of lncRNA-CRNDE in
neurodegeneration induced by RIR injury and provides a promising target
for preventing retinal neurodegeneration in RIR.

RIR injury is a common pathological process in various ocular diseases,
including diabetic retinopathy, retinal vascular occlusion, anterior optic
neuropathy, andglaucoma[28].Therapies thatdelayorhalt the lossofRGCs
have been proven effective in preserving the vision of patients with
Figure 7. LncRNA-CRNDE knockdown regulates the level of inflammatory factor aft
factor in vivo. C57BL/6J mice (4-week-old, male) received an intravitreal injection of
injection, RIR was induced. The group without RIR served as the control (Ctrl) group
TNF-α and ICAM-1mRNA (n ¼ 3). *P < 0.05, #P < 0.05 RIR þ CRNDE versus RIR
followed by Bonferroni test. B. ELISA was conducted to detect the relative protein ex
along with the quantitative data (n ¼ 4). *P < 0.05, #P < 0.05 RIR þ CRNDE versus R
followed by Bonferroni test.
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glaucoma [14]. In this study, the ocular hypertension-induced RIR injury
model has been used to investigate the pathogenesis of neurodegenerative
diseases and explore new neuroprotective therapies. We demonstrate that
lncRNA-CRNDE knockdown could significantly reduce the percentage of
apoptotic retinal cells and alleviate RIR injury. Moreover, a retinal electro-
physiology assay showed that lncRNA-CRNDEknockdown improved visual
function after RIR injury. Thus, these results suggest that lncRNA-CRNDE is
involved in regulating RIR-induced retinal neurodegeneration in vivo.

Glial cells provide structural and metabolic support to retinal neurons
and become reactive in response to external stresses [29]. Müller cells are
the most abundant glial cells in the retina that span the entire thickness of
the retina [30]. They constitute an anatomical and functional link with
retinal neurons and contribute to intraretinal homeostasis. Under the
pathological condition, including photic damage, retinal trauma, ischemia,
glaucoma and diabetic retinopathy, Müller cells exhibit nonspecific gliotic
responses. Reactive gliosis includes cell proliferation, changes in cell shape,
and upregulation of the intermediate filament system [31]. However, re-
petitive pathological stimulation exacerbates the proliferation of Müller
cells, causing cell dysfunction, damaging photoreceptor cells, and neurons,
leading to glial scars, inhibiting retinal remodeling, and limiting the ability
to regenerate damaged retinal tissue, eventually leading to blindness [32].
As a result, we performed theMTT assay, EdU staining, and PI/Calcein-AM
staining to examine the role of lncRNA-CRNDE in Müller cell function.
Results showed that lncRNA-CRNDE knockdown significantly reduces
Müller glial cell viability, decreases the proliferation of Müller glial cells,
and promotes the apoptosis of Müller glial cells induced by OGD/R. In
addition, lncRNA-CRNDEknockdowndecreasesGFAPandGS expression in
the retina induced by RIP injury in vivo. Thus, it is not surprising that
lncRNA-CRNDE is involved in the pathological process of RIR injury.

A previous study showed a close relationship between Müller cells
and RGCs in RIR injury [33]. In addition, our previous study showed the
Müller cells are activated after STZ-indued diabetes, while suppressing
the active Müller cells by AQP4-AS1 knockdown could improve the
survival of RGCs [34]. RGC death in glaucoma and neural degeneration
models is associated with accumulation of activated glia, and inhibition
of Müller glia and astrocytes result in an increase in RGCs [35, 36, 37,
38]. Müller cells are among the first responders following intraocular
pressure increase. Studies of the DBA/2J mouse model of glaucoma and
episcleral vein cauterization-induced glaucoma rat model suggest that
Müller cell hypertrophy and activation were detected at the early stages
of glaucoma (as early as 2–3 days), preceding detectable RGC disease
er RIR. LncRNA-CRNDE knockdown causes a significant change in inflammatory
Scr shRNA or lncRNA-CRNDE shRNA or left untreated. Four weeks after shRNA
. A. qRT-PCR assays were conducted to determine the relative levels of ICAM-1,
and RIR þ Scr, the significant difference was determined by one-way ANOVA
pression of ICAM-1, TNF-α and ICAM-1. A representative immunoblot is shown
IR and RIR þ Scr, the significant difference was determined by one-way ANOVA
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[39, 40]. Reactive Müller glia could increase the susceptibility of RGCs to
stress signals by releasing neurotoxic factors and contribute to disease
progression [41]. Thus, modulation of Müller cell responses may alter
disease progression. It is known that the presence and distribution of
retinal astrocytes are correlated with the density of the nerve fibers that
they ensheath and the presence of retina blood vessels [42]. As the main
producers of VEGF, astrocytes are implicated in retinal vascularization
and vascular mediation. However, the transformation of surveying as-
trocytes into alerted or reactive states, in response to a perceived threat,
could have a detrimental effect on RGCs axons via secretion of proin-
flammatory cytokines such as IL-6, TNF-α, and nitric oxide [43, 44, 45].
In our results, the number of apoptotic RGCs was significantly increased
after OGD/R treatment, as in those co-cultured with Müller cells,
compared with those that were not co-culture with Müller cells.
Furthermore, lncRNA-CRNDE knockdown in Müller cells significantly
reduced the damaging effect on the co-cultured RGCs in response to
OGD/R. These studies show that lncRNA-CRNDE knockdown could
indirectly protect the RGCs after OGD/R in vitro. Consistently, in vivo
studies reveal that the lncRNA-CRNDE knockdown group has more RGC
survival than the Scr shRNA-injected group after RIR.

When tissues are exposed to ischemia followedby reperfusion,ROSare
extensively generated in the early reperfusion stage. ROS could cause
heavy damage to the retina [46]. Moreover, increasing evidence demon-
strates that oxidative stress induced by ROS plays a key role in the path-
ophysiological mechanisms in RIR injury [47]. Interestingly, RIR injury
could induce the production of a variety of inflammatorymediators in the
retina, including IL-1β, ICAM-1, and IL-6 [48]. Oxidative stress was found
to be involved in the production of these inflammatory mediators and is
now considered as one of the most important factors that mediate the
process of apoptosis [49]. LncRNA-CRNDE knockdown inhibited the
expression of IL-1β, ICAM-1, and IL-6 in the retina induced by RIR injury.
These results suggest that lncRNA-CRNDE plays an important role in the
pathological process of RIR injury by regulating the release of immuno-
modulatory cytokines.

In conclusion, this study reveals the role of lncRNA-CRNDE in RIR
injury. LncRNA-CRNDE directly regulates the biological functions of
Müller cells and indirectly regulates the functions of RGCs. These find-
ings indicate that lncRNA-CRNDE is involved in retinal neuro-
degeneration dysfunction. Furthermore, mechanistically, lncRNA-
CRNDE silencing inhibits the release of immunomodulatory cytokines,
alleviating RIR-induced neurodegeneration dysfunction. Collectively,
this study suggests that lncRNA-CRNDE is a promising target for the
prevention of retinal neurodegeneration complications.
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