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Purrose. Acute retinal arterial ischemia diseases (ARAIDs) are ocular emergencies that
require immediate intervention within a restricted therapeutic window to prevent blind-
ness. However, the underlying molecular mechanisms contributing to the pathogene-
sis of ARAIDs remain enigmatic. Herein, we present the single-cell RNA sequencing
(scRNA-seq) alterations during ischemia in the primate retina as a preliminary endeavor
in understanding the molecular complexities of ARAIDs.

MeTHODS. An ophthalmic artery occlusion model was established through ophthalmic
artery ligation in two Macaca fascicularis. scRNA-seq and bioinformatics analyses were
used to detect retinal changes during ischemia, which are further validated by immunoflu-
orescence analysis. Western blot and flow cytometry assays were performed to measure
the microglia polarization status.

Resurts. The findings of this study reveal notable changes in the retina under acute
ischemic conditions. Particularly, retinal ischemia compromised mitochondrial functions
of rod photoreceptors, partly leading to the rapid loss of healthy rods. Furthermore, we
observed a noteworthy transcriptional alteration in the activation of microglia induced
by ischemia. The targeted correction of the proinflammatory cytokine CXCL8 effectively
suppresses microglia M1 polarization in retinal ischemia, ultimately reducing the proin-
flammatory transformation in vitro. In addition, retina ischemia induced the apoptotic
inclination of endothelial cells and the heightened interaction with microglia, which
signifies the influence of microglia in disrupting the retinal-blood barrier.

Concrusions. Our research has successfully identified and described the pathologic alter-
ations occurring in several cell types during a short period of ischemia. These obser-
vations provide valuable insights for ameliorating retinal damage and promoting the
restoration of vision.

Keywords: acute retinal arterial ischemia diseases, macaca fascicularis, single-cell RNA
sequencing

he primate retina exhibits a remarkably elevated

energy requirement, which is supported by a special-
ized blood supply. The presence of a restricted intrareti-
nal blood vessel network, in conjunction with a robust
choriocapillaris, facilitates unimpeded light transmission
and visual functions.! Insufficient blood supply due to
blocked intraretinal vessels or degenerative choriocapillaris
can lead to uncontrolled angiogenesis, resulting in vari-
ous retinal diseases such as diabetic retinopathy, age-related
macular degeneration, and retinal ischemia diseases.?
Although the mechanical changes associated with diabetic
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retinopathy and age-related macular degeneration have been
elucidated through single-cell transcriptomic analysis, the
exploration of arterial occlusive disease in this context
remains unexplored.

Notably, acute retinal arterial ischemia diseases (ARAIDs)
represent urgent ocular emergencies leading to blindness,
necessitating prompt intervention within a limited thera-
peutic time frame of approximately 4 to 6 hours, including
ophthalmic artery occlusion, central retinal arterial occlu-
sion, and branch retinal arterial occlusion.?* The characteris-
tic features of ARAIDs are typically identified as initial visual
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acuity of 20/400 or worse, as well as a lack of visual acuity
improvement compared to nonischemic cases.” In addition
to abrupt vision loss, the available therapeutic interventions
for ARAIDs are currently limited and yield minimal effec-
tiveness in terms of enhancing visual acuity.® Therefore, it
is imperative and time-sensitive to elucidate the mechanism
during the acute ischemic period, as this may extend the
therapeutic time window and optimize the restoration of
visual acuity and visual field to the greatest extent possible.
ARAIDs, combined with the acute interruption of blood
flow, are often caused by the emboli from the circula-
tion and lead to irreversible retinal damage within a few
hours.” Despite its high risk of blindness, analyses are
often made from the perspective of epidemiology and clin-
ical feature, leaving the molecular mechanisms underlying
the pathologic programming largely unresolved.? Therefore,
the remarkable alterations in the retinal microenvironment
observed in ARAIDs remain largely unexplored, and the
systemic landscape underlying ARAIDs remains enigmatic.
Herein, we initially present the single-cell RNA sequenc-
ing (scRNA-seq) alterations during ischemia in primate
retina. Our study elucidates the alterations in the retina
during acute ischemic conditions, characterized by substan-
tial functional damages in rod photoreceptors and endothe-
lial cells, as well as pronounced activation and accumula-
tion of microglia. Our study has identified and characterized
the pathologic changes in various major cells during a brief
ischemic period and has also proposed a potential target for
mitigating retinal damage and facilitating vision restoration.

METHODS
Macaca Fascicularis

This study involved two male macaques, aged 8 and 9 years,
respectively. The macaques were acquired from and housed
and operated on at the Ninth People’s Hospital, Shanghai
Jiao Tong University School of Medicine. All procedures
involving primates were granted approval by the Institu-
tional Animal Care and Use Committee of the Ninth People’s
Hospital, Shanghai Jiao Tong University School of Medicine
(grant number: PL22-0871) and handled according to the
ARVO Statement for the Use of Animals in Ophthalmic and
Vision Research.

Ophthalmic Artery Occlusion and Retina Ischemia

Prior to the surgical procedure, anesthesia was adminis-
tered, and the body’s core temperature was diligently moni-
tored and regulated. The macaques were anesthetized for
the entire operation. The eyelids were delicately extended,
and the lateral walls of the orbit were dissected, with careful
dissection of the muscles and blood vessels until complete
exposure of the posterior region of the eyeball was achieved.
In front of the common tendinous ring, an artery travels
alongside the optic nerve and gives off branches along
its course. The ophthalmic artery was ligated for 6 hours
near the common tendinous ring where the short posterior
ciliary arteries have not arisen. A macaque was randomly
selected for bilateral ligation with two retinas used for
single-cell analysis. A portion of each retina was preserved
for immunofluorescence analysis. The other macaque that
underwent the sham operation experienced the same surgi-
cal procedure without ligation, and the allocation of the two
retinas was the same as with the ligation one.
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Single-Cell Suspension

Fresh retinas from two separate macaques were promptly
isolated under the operating microscope and preserved in
the sterile ice-cold Tissue Preservation Solution (Singleron,
Nanjing, China) buffer. The samples underwent a triple wash
with Hanks’ Balanced Salt Solution and were subsequently
digested using 2 to 3 mL Tissue Dissociation Solution
(Singleron) at a temperature of 37°C. The digestion process
involved gentle pipetting for a duration of 15 minutes
until the absence of any discernible tissue blockage. The
solution was subsequently subjected to centrifugation at
350 x g for a duration of 5 minutes and gently resuspended
using phosphate-buffered saline. Ultimately, the samples
were stained with trypan blue (Sigma, St. Louis, MO, USA)
and the viability of the cells was assessed through micro-
scopic examination.

Library Preparation and scRNA-Seq

Single-cell suspensions at the concentration of 1 x 10°
cells/mL were loaded into microfluidic devices and scRNA-
seq was processed through the 10X Genomics (Pleasanton,
CA, USA) Chromium platform. After lysing and being marked
with specific barcode and unique molecular identifier (UMD),
RNA was released and reverse-transcribed into cDNA. Subse-
quently, the scRNA-seq libraries were constructed based on
the processed c¢cDNA. Individual libraries were diluted to
4 nM and pooled for sequencing. Last, pools were sequenced
on Illumina (San Diego, CA, USA) HiSeq X with 150-bp
paired end reads.

scRNA-seq Quantifications and Statistical Analysis

Raw reads were processed to generate gene expression
profiles using an internal pipeline. Depending on the
barcode, UMI, and gene, reads were grouped to calcu-
late the number of UMIs of genes in each cell. The UMI
count tables of each cellular barcode were employed for
further analysis. Seurat R package (version 4.1.0) and Cell-
ranger (10X Genomics) were applied for raw data pretreat-
ment and quality control. Cells with more than 200 genes
and less than 20% mitochondrial reads were retained for
further analysis. STAR (Spliced Transcripts Alignment to a
Reference, version 2.6.1) was used to align reads to the
Macaca fascicularis reference genome (Ensembl 100, 2020).
The mean gene number and mean transcript of control
retina were 913.90 and 1767.88, respectively. Meanwhile,
the mean gene number and mean transcript of ischemic
retina were 1035.82 and 2190.91, respectively. Cell-type
identification and clustering analysis were performed by
the Seurat program (version 4.1.0), and parameter reso-
lution to 0.6 was set for clustering analyses. Afterward,
differentially expressed genes (DEGs) between different
samples or clusters were identified by the Seurat program
(version 4.1.0) with the standard of | log, (fold change)
| >0.5 and P <0.05. Furthermore, Gene Ontology (GO),
Kyoto Encyclopedia of Genes and Genomes (KEGG), and
REACTOME function enrichment analysis were carried out
on the gene set using the clusterProfiler (version 4.6.2),
and pseudotime analyses were carried out using mono-
cle2 (version 2.26.0). The cell-to-cell communication analy-
ses were carried out using CellChat (version 1.6.1) to quan-
tify the specific ligand-receptor interaction between cell
populations.’
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Cell Culture

The mouse microglia BV2 cell line was purchased from
China Center for Type Culture Collection (Wuhan, China),
and a short tandem repeat analysis was conducted to
verify the genuineness of the cell line, confirming its iden-
tity as BV2. BV2 cell line was cultured in RPMI 1640
medium (Invitrogen, Carlsbad, CA, USA) supplemented with
10% fetal bovine serum (Gibco, GrandIsland, NY, USA),
1% glutamine, and 1% penicillin/streptomycin under the
standard conditions. Cells were seeded in six-well plates
at 5 x 10° cells/well for 24 hours and treated with 100
ng/mL Lipopolysaccharide (LPS) (Selleck Chemicals, Hous-
ton, TX, USA) and indicated concentration of reparixin (Sell-
eck Chemicals) for another 24 hours.!?

Western Blotting

BV2 cells were washed and lysed in lysis buffer contain-
ing proteinase inhibitors (87785; Thermo Fisher Scientific,
Waltham, MA, USA) on ice. We used 15 pg of each protein
sample for Western blotting. The protein samples were then
resolved by SDS-PAGE and transferred to PVDF membranes
(Millipore, Burlington, MA, USA) in order. The 10% milk
was used next to block the membrane for 2 hours at
room temperature. Then, primary antibodies were incu-
bated with the membrane: anti-CD86 (ab239075; Abcam,
Cambridge, MA, USA), anti-COX2 (ab179800; Abcam), anti—
IL-10 (60269-1-Ig; Proteintech, Wuhan, China), and anti-
GAPDH (60004-1-Ig; Proteintech). After removal of primary
antibodies and being washed, the membranes were incu-
bated with horseradish peroxidase-conjugated secondary
antibodies (SA00001-1, SA00001-2; Proteintech) for 2 hours
at room temperature. After being washed, immunoreactive
bands were visualized using the ECL kit and the detection
instrument. These experiments were performed in triplicate,
and we did not apply any masking methodology for this
experiment.

Flow Cytometry

Flow cytometry was used in order to assess the expression
of CD86 and IL-10 in BV2 cells. BV2 cells were seeded in
triplicate onto six-well plates at 2.5 x 10° cells/well for 24
hours and treated with 100 ng/mL LPS and reparixin in
a concentration gradient. Cells were then collected, resus-
pended into the cell suspension at the appropriate concen-
tration, and incubated with APC anti-CD86 (105011; BioLe-
gend, San Diego, CA, USA) and PE anti-IL-10 (505007; BioLe-
gend) in the dark room for flow cytometry. The cell suspen-
sion was subjected to Cytoflex S flow cytometry (Beckman,
Brea, CA, USA) and analyzed by CytoExpert software (Beck-
man). These experiments were performed in triplicate with-
out masking.

Immunofluorescence

A portion of each retina was used for immunofluores-
cence. The retina from the ligated macaque was in compar-
ison with the one from the macaque that underwent the
sham operation. Fixed retinal tissues were embedded, cut
into 2-pm-thick sections, and fixed on the polylysine-coated
slides at 60°C for 30 minutes. After being washed three
times, the sections were blocked with normal goat serum
(Gibco) at room temperature for 2 hours. After being washed
twice, the samples were incubated with anti-IBA-1 (66827-1-
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Ig; Proteintech), anti-INOS (ab283655; Abcam), anti-CD206
(ab64693; Abcam), or anti-Cleaved Caspase-8 (8592T; Cell
Signaling Technology, Danvers, MA, USA) antibody at 4°C
for 12 hours. After being washed three times, the tissues
were incubated with fluorescent secondary antibodies for 2
hours at room temperature. The images were acquired using
the fluorescence microscope.

RESULTS

Single-Cell Transcriptome Depiction of Macaque
Retinas and Identification of Major Cell Types

Cell alterations of the ischemic macaque retina were gener-
ated through droplet-based scRNA-seq following 6 hours of
ophthalmic artery occlusion by operation (Fig. 1A). A total
of 9495 cells from four retinas, two from the ischemic group
and two from the control group, were collected for high-
quality cell atlases following quality inspection. The initial
analysis of the single-cell transcriptome data involved cate-
gorizing similar individual cells into specific cell subpop-
ulations based on their gene expression profiles, utilizing
the uniform manifold approximation and projection (UMAP)
technique.!’ The cells were categorized into 13 primary
classes using the widely recognized retina cell types and the
firmly established gene signatures specific to each class'?!?
(Figs. 1B, 1C). In this study, we have assigned cell iden-
tities to various cell types with the retina based on the
expression of hallmark genes, including rod photorecep-
tors (PDEGA, GNGT1, RHO), cone photoreceptors (ARR3,
PDEGH, GUCA1C), bipolar cells (VSX2, LRTM1, TRPM1),
horizontal cells (LAMP5, SLC6A9, CPLX3), amacrine cells
(GAD1, C1QL2, AMIGO?2), retinal ganglion cells (SNCG,
NEFM, SLC17A6), microglia (C1QA, C1QB, CD163), astro-
cytes (GPX3, WIF1, FRZB), Miiller cells (TTR, RDHS, ENPP2),
pericytes (RGS5, CALD1, ACTA2), endothelial cells (CLDN5,
ITM2A, RNASE1), neutrophils (§100A8, S100A9, CSF3R), and
T cells (GZMB, CCL5, CD3D). The expression of these
selected marker genes is depicted in dot plots (Fig. 1D).

Rod Photoreceptors Experienced Rapid Loss With
Metabolic Reprogramming

In order to ascertain the retinal cell populations impacted
by ischemic change, we conducted a comparative analy-
sis of the proportions and communications of various cell
clusters in retinas (Figs. 2A, 2B and Supplementary Fig.
S1). The visual transduction pathway, situated within the
retina, consists of various components, including the rod
photoreceptor, cone photoreceptor, bipolar cell, horizontal
cell, amacrine cell, and retinal ganglion cell (Fig. 2C). Based
on the analysis of cellular communication, a notable decline
in rod-interacting cells has been observed, accompanied by a
prominent rise in microglia-interacting frequencies. Notably,
the healthy rod exhibits the most substantial reduction in
comparison, while the proportions of the cone, horizon-
tal cell, and amacrine cell did not present with remark-
able alteration (Fig. 2D). Meanwhile, the ischemic retina
shows more cleaved caspase 8 signal in the outer nuclear
layer, consistent with the reduction of detected healthy
rod photoreceptors in single-cell sequencing (Supplemen-
tary Fig. S2). Rod photoreceptors, as the major executor of
scotopic vision,!®> have a degenerated change compared with
the normal groups.

In order to delve deeper into the heterogeneity under-
lying the reduction, trajectory analyses were conducted on
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clusters of rod photoreceptors. These analyses revealed five
developmental hierarchies and a binary branched structure:
cluster 1 serving as the root, clusters 2 to 4 represent-
ing the end state of branch 1 and consisting of predomi-
nantly normal clusters, and cluster 5 representing the end
state of branch 2 and primarily comprising ischemic group
cells (Figs. 3A-C). Notably, the developmental trajectory of
rod photoreceptors from ischemic and normal samples was
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distinctly different. We identified the DEGs between two
branches in the next step. KEGG and REACTOME anal-
yses showed an active metabolic activity in states 2 to
4 compared with the other rod photoreceptor, including
generating metabolites and ATP to supply more vigorous
protein synthesis and respiration, indicating high demand
of energy (Figs. 3D, 3E). In comparison to other groups,
the ischemic dominant group exhibited an upregulation of
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neurotrophin signaling pathways that were advantageous
for the repair of ischemic tissue. Additionally, there was
a downregulation of metabolic activity and phototrans-
duction, which may partially explain the irreversible and
progressive vision loss observed in clinical patients during
the early stages'®'® (Fig. 3F). REACTOME analysis of state
5 also revealed the ischemic dominant cluster expressed
more signals to activate and polarize microglia such as
slit glycoproteins and roundabout receptors' (Fig. 3G).
Moreover, the metabolic disparities observed between the
two branches suggest the susceptibility of regular rod
photoreceptors, which require a substantial blood supply,
to ischemic shock. Conversely, the ischemic groups exhib-
ited a reduction in energy demand, enabling the survival of
rod photoreceptors (Fig. 3H).

The Activation and Polarization of Microglia Plays
an Important Role in Ischemic Shock

In the present study, as previously observed,? the retinal glia
cells and the vasculature played a crucial role in providing
metabolic and homeostatic support to neurons involved in
visual transduction. Notably, our findings indicate the occur-
rence of homeostatic disequilibrium within a 6-hour time
frame, characterized by microglia proliferation, immune cell
aggregation, and endothelial apoptosis (Fig. 4A).

Microglia, as a key regulator of immunologic homeosta-
sis,?! exhibited substantial proliferation (Fig. 4B) and bipha-
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sic polarization in the ischemic group, with a ratio of 2:3 in
M1 and M2 clusters (Figs. 4C-E). The robust proliferation of
cells could be demonstrated by conducting a KEGG analy-
sis on quiescent microglia, which revealed an upregulation
of pathways related to organelle fission and nuclear divi-
sion (Supplementary Fig. S3A). The presence of two distinct
states of microglia was confirmed through immunofluores-
cent staining and heatmap (Fig. 4F). In order to gain a
deeper understanding of these two polarized states, we
performed functional analyses using GO approaches. As
depicted in Supplementary Figure S3B, the M1 phenotypic
polarization exerted a favorable influence on the activa-
tion and augmentation of the immune system and inflam-
mation across various dimensions. In stark contrast, the
M2 phenotypic polarization exhibited a distinctly different
impact, as evidenced by the downregulation of molecu-
lar functions conducive to immune activation (Supplemen-
tary Fig. S3C). The M2 phenotype also showed the charac-
teristics of enhanced glucose metabolism, protein process-
ing, and maturation, which may beneficial to the tissue
repair.

CXCLS8 Repression Shifts the Retinal Microglia
M1/M2 Phenotypic Polarization In Vitro

The deleterious effects of the excessive M1 phenotype
microglia on ischemic tissue repair, characterized by height-
ened immune response and inflammation, have been widely
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intensity. (D) UMAP representation of normal retina (left) and ischemic retina (right) labeled with polarization state. (E) Bar graph and
pie chart showing the number and proportion of resting, M1 and M2 microglia in normal and ischemic retinas. (F) Images of multiplex in
situ hybridization with immunofluorescence showing the M1 (IBA-1"/CD861) and M2 (IBA-117/CD206") microglia in normal and ischemic

retinas. Scale bar: 10 pm.

acknowledged.?? Conversely, the M2 phenotype has been
recognized as potentially advantageous.”> Recent research
has increasingly demonstrated the benefits of promoting
M2 polarization in mitigating ischemic injury?*?> In this
study, a total of 848 genes were identified as DEGs when
comparing resting microglia to the M1 phenotype. Addi-
tionally, 20 DEGs were observed when comparing the M1
phenotype to the M2 phenotype. Notably, 15 DEGs were
found to be present in both clusters (Supplementary Fig.
S4A and Supplementary Table S1). Among these genes,
CXCL8 was selected as a potential target due to its substan-
tial fold change in the comparison between the M1 pheno-
type and resting microglia (Fig. 5A). In comparison to
the M2 phenotype, the M1 phenotype exhibited a higher
expression of CXCL8 (Supplementary Fig. S4B). The feature
plots and violin plots effectively illustrated the expression
level and distribution of CXCL8 in microglia clusters from
two samples, highlighting the elevated expression in the
ischemic cluster (Figs. 5B, 50).
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To establish the association between CXCL8 expres-
sion and microglia polarization, our study employed repar-
ixin, a targeted inhibitor of CXCL8 receptor.?® Impor-
tantly, the combination of LPS and reparixin reduced the
protein levels of M1 markers (COX2, CD86) and increased
the protein expression of the M2 marker (IL-10) in BV2
cells, with the effect being dependent on the concen-
tration of reparixin (Fig. 5D). Furthermore, the findings
derived from flow cytometry analysis (Fig. S5E) demon-
strated a consistent pattern in the M2 phenotypic polariza-
tion of BV2 cells upon stimulation with LPS and a substan-
tial higher level of the M2/M1 ratio (Fig. 5F). Notably,
an increase in reparixin concentration corresponded to
a decrease in the polarization ratio of the M1 pheno-
type, accompanied by an elevated M2/M1 ratio. These
results provide substantial evidence supporting the crucial
involvement of CXCL8 in the polarization process, wherein
its repression can effectively modulate microglia M1/M2
polarization.
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Ficure 5. CXCL8 inhibition facilitates M2 microglia polarization. (A) Volcano plot showing all DEGs between resting phenotypic and M1
phenotypic microglia with the label of CXCL8 and TNE. (B, C) UMAP representation and violin plot showing distribution and expression
levels of CXCLS in different microglia clusters. (D) Western plotting showing the expression of BV2 cells M1 markers (COX2, CD86) and M2
marker (IL-10) in the LPS, LPS + 12.5 uM reparixin, LPS + 25 uM reparixin, and LPS + 50; uM reparixin groups. (E) Flow cytometry showing
the proportion of CD861 (M1) and IL-10T (M2) BV2 cells in LPS-induced BV2 cells. (F) Statistical analysis of the M2/M1 ratio in LPS, LPS +
12.5 pM reparixin, LPS 4 25 uM reparixin, and LPS + 50 pM reparixin groups. The data are presented as the mean =+ SD. Significance was

determined by an unpaired two-tailed Student’s #-test. ***P < 0.001.

Pathologic Changes of Endothelial Cells During
the Acute Ischemic Period

The alterations in the retinal microenvironment, particu-
larly changes in endothelial cells, play a crucial role in
the accumulation of immune-related or inflammatory cells.?”
The GO analysis of the entire ischemic endothelial popu-
lation highlights the apoptotic tendency, characterized by
the upregulation of multiple apoptotic signaling pathways
and the downregulation of adhesion molecules. As endothe-
lial and its tight junction forms a key part of blood-retinal
barrier (BRB) integrity,?® this suggests a disruption of the
blood-retinal barrier, as depicted in Figure 6A. Consistently,
the downregulation of tight junction marker (ZO-1 and
occludin) in endothelial cells showed the BRB dysfunction
after retinal ischemia (Fig. 6B). Moreover, the augmented
intercellular communication exhibited by microglia suggests
the presence of endothelial dysfunction and disruption
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of the BRB, analogous to the blood-brain barrier®
(Fig. 60).

Di1scusSION

During the acute ischemic period, substantial alterations
occur in the retina. This study aimed to create a model of
ischemic retina in M. fascicularis and identify key charac-
teristics of compromised primate retina homeostasis. These
characteristics include the rapid depletion of healthy rod
photoreceptors accompanied by heightened metabolic activ-
ity, the aggregation of functional microglia with bilateral
polarization, and the apoptosis of endothelial cells, indi-
cating the disruption of the inner BRB. Furthermore, the
proinflammatory polarization of microglia can be impeded
through the repression of CXCL8, which was selected as a
target based on sequencing data. In this study, we present
the initial transcriptomic atlas of the acute ischemic retina,



Investigative Ophthalmology & Visual Science

Single-Cell Alterations of Acute Ischemic Retina

A GO

regulation of apoptotic signaling pathway
Intrinsic apoptotic signaling pathway

proteasome-mediated ubiquitin-dependent
protein catabolic process

positive regulation of catabolic process
response to oxidative stress

ameboidal-type cell migration -

v

Down

o Up

cell-substrate adhesion 1 1
regulation of vasculature development -
regulation of angiogenesis -
positive regulation of cell adhesion A

C Normal retina
0.00 0.08 0.00 0.00 0.00 0.04 0.00 0.00 0.00 Resting Microglia
0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 M2 Microglia

0.00 0.06 0.00 0.00 0.00 0.00 0.00 0.00 0.00 M1 Microglia

O @ O & @ @ @ O @
& 2F &F 5@ & &S
& AR & O Q@
. A

Expression level

IOVS | January 2024 | Vol.65 | No. 1 | Article27 | 9

Z0-1 Occludin
1 4 | . |
. p=0.01148 P =0.00001
23
c
Qo
[72]
)
(%
x T
w
1
Norhal Ischémic Noﬁnal Ischémic
retina retina retina retina

Normal retina [ Ischemic retina

Ischemic retina
0.01 0.04 0.00 0.01 0.00 . 0.02 0.07 0.00 Resting Microglia
0.00 0.03 0.00 0.00 0.00 '0.11| 0.00 0.02 0.00 M2 Microglia

0.00 0.03 0.00 0.00 0.00 0.09 0.00 0.02 0.00 M1 Microglia

) @
Q.ob o@i\' oe}\ 0@ ‘\(\ e}{b '\OQ' ano Oo(\
& @& & ¢
oS e v S
o,;\’l/ 2 <

Expression I_

0 0.05 0.10 0.15 0.2

Ficure 6. Pathologic changes of endothelial cells under the ischemic condition. (A) Bar plots showing GO terms of upregulated (red) and
downregulated (blue) DEGs in the ischemic endothelial group compared with the normal group. (B) Bar plots of tight junction marker
expression in endothelial cells from normal and ischemia retinas. Significance was determined by an unpaired two-tailed Student’s #-test.
Nominal, uncorrected P value for ZO-1: 0.01148; nominal, uncorrected P value for occludin: 0.00001. (C) Visualization and quantification of
intercellular communication between microglia subtypes and other major retinal cells.

offering novel insights into the distinct responses of various
retinal cells to the rapid decrease in blood flow. Addition-
ally, our findings contribute to the development of potential
therapeutic interventions for vision restoration, particularly
with an extended therapeutic window.

The rapid depletion of blood supply results in rapid onset
of visual impairment and blindness.>* Our study has identi-
fied that the metabolic reprogramming of rod photorecep-
tors during the early stages may be accountable for this
vision loss. Furthermore, a separate study has provided
evidence indicating that the malfunction and disturbance
of photoreceptor mitochondria manifest within 8 hours
of acute energy depletion, resulting in irreversible cellular
demise.?! This finding is consistent with our own observa-
tion that retinal ischemia in rod cells diminishes aerobic
respiration. Therefore, restoring mitochondrial function to
enable metabolic circulation in rod photoreceptors holds
promise as a therapeutic strategy for acute retinal artery
ischemic diseases.

Microglia are commonly recognized as playing a crucial
pathogenic role in ischemic disorders, with its states being
categorized into the proinflammatory M1 state and the anti-
inflammatory M2 state.’> Additionally, it has been docu-
mented that diverse macrophage populations express both
M1 and M2 markers, enabling a rapid transition between
functional phenotypes.?3-3* This study reveals the presence
of intense activation and biphasic polarization of microglia
in the ischemic retina. A similar numerical pattern of M1 and
M2 phenotypic polarization was observed in acute ischemic
cerebral tissue.?®> Meanwhile, we supposed that the microglia
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in the ischemic retina is composed of the circulating migra-
tion and local cell division, which needs to be studied
further, such as using GFP-labeled bone marrow transplanta-
tion,* to uncover the source of the increased immune cells.
The activation and polarization of microglia toward the M2
phenotype is advantageous for the recovery from ischemic
diseases, such as cerebral ischemia.’”-*® In this study, we
have identified CXCL8, a proinflammatory cytokine, as a
target for suppressing M1 polarization in retinal ischemia,
resulting in a reduction of proinflammatory transformation
in LPS-activated microglia.

Furthermore, the heightened apoptotic inclination of
endothelial cells, the downregulated tight junction of
endothelial cells, and the augmented interaction with
microglia indicate the potential role of microglia in the
disruption of the blood barrier in the early stages of the
condition.?*#0 A separate study provided direct evidence of
the impairment of the retinal endothelial barrier through
the measurement of electrical parameters of barrier integrity
under cytopathic hypoxia in an in vitro setting.*! Taken
together, these aforementioned findings imply the presence
of BRB dysfunction in the initial phase of ischemic retinopa-
thy. Moreover, research has demonstrated that inhibiting
endothelial apoptosis promotes revascularization in the
ischemic retina.*? Additionally, targeting caspase 9, an apop-
tosis activator in endothelial cells, has been shown to miti-
gate the edema and inflammation resulting from vessel
occlusion.®® Furthermore, the activation of microglia has
been found to influence blood barrier integrity, depend-
ing on its polarization states.*$*> Consequently, directing



Investigative Ophthalmology & Visual Science

Single-Cell Alterations of Acute Ischemic Retina

Retina
Ischemia

IOVS | January 2024 | Vol. 65 | No. 1 | Article 27 | 10

(

T
i
=

Microglia activation

BRB dysfunction

S5 -

B \
@ >
1 Iz 35
4
- - - - - -
Rod ; ;
. M2 phenotypic M1 phenotypic . . blood
photorgceptor embolus Microglia microglia microglia Neutrophil ~ T cell ~ Endothelial pio-

FI1GURE 7.

Illustration of pathologic alternations in retina during acute ischemia. Schematic diagram of retinal microenvironment in normal

and ischemic conditions showing the rapid loss of rod photoreceptors, functional impairments of endothelia, and the accumulation and
polarization of microglia under ischemia, while the repression of CXCL8 resulted in beneficial M2 polarization.

interventions toward crucial regulators to ensure the survival
of endothelial cells may offer a promising therapeutic
approach to extend the therapeutic window.

In summary, our research has characterized the transcrip-
tomic profile of the ischemic primate retina at the single-
cell scale, shedding light on the alterations occurring during
the early stages of retinal ischemia (Fig. 7). Specifically, we
have identified that rods with activated mitochondrial func-
tions are particularly susceptible to retinal ischemia. Further-
more, we have observed molecular changes in the adhesion
molecules of endothelial cells, potentially contributing to
the dysfunction of the blood-retina barrier. Additionally, we
have discovered a novel regulator that enhances the bene-
ficial effects of M2 phenotypic polarization, specifically in
relation to microglia polarization.
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