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Abstract

The rabbit retinal vein occlusion (RVO) model is an experimental system that mimics retinal

ischemic diseases in humans. The rabbit RVO model is widely used to assess the therapeu-

tic efficacy of various experimental surgical procedures. In the present study, we measured

temporal retinal expression of Vegfa, which is known as an ischemic response gene, in rab-

bit RVO. This analysis revealed that the retinal Vegfa transcriptional response began 7 days

after generation of RVO, rather than immediately after induction of ischemia. Next, in order

to analyze ischemia-induced changes in gene expression profiles, we performed microarray

analysis of day 7 RVO retina versus control retina. The angiogenic regulators Dcn and

Mmp1 and pro-inflammatory factors Mmp12 and Cxcl13 were significantly upregulated in

RVO retinas. Further, we suggest that epigenetic regulation via the REST/cofactor-complex

could contribute to RVO pathology. Among human homologous genes in rabbits, genes

associated with hypoxia, angiogenesis, and inflammation were significantly upregulated in

RVO retinas. Components of the Tumor necrosis factor-alpha (TNFα) and Nuclear factor-

kappa B (NF-κB) pathways, which play regulatory roles in angiogenesis and inflammation,

were significantly upregulated in RVO, and the expression levels of downstream factors,

such as the transcription factor AP-1 and chemokines, were increased. Further, connectivity

map analyses suggested that inhibitors of the NF-κB pathway are potential therapeutic

agents for retinal ischemic disease. The present study revealed new insights into the pathol-

ogy of retinal ischemia using the rabbit RVO model, which accurately recapitulates human

disease.

Introduction

Retinal ischemic diseases such as diabetic retinopathy and retinal vein occlusion (RVO) cause

severe visual impairments, and are a leading cause of blindness [1, 2]. In the ischemic retina,

the gene expression profile changes in response to hypoxia. [3–5]. Vascular endothelial growth

factor (VEGF) is central to the pathology of retinal ischemic disease, and therapeutics that neu-

tralize VEGF are partially effective in alleviating these pathologies [6, 7]. VEGF signaling pro-

motes angiogenesis and vascular leakage by inducing endothelial cell proliferation, migration,
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and permeability. VEGF signaling contributes to severe and sight-threatening pathologies

such as neovascular glaucoma, vitreous hemorrhage, and macular edema. Retinal ischemic dis-

eases also cause and are exacerbated by chronic inflammation, with a complex interplay

between inflammatory and angiogenic regulators. In retinal ischemic diseases such as diabetic

retinopathy, retinal expression of proinflammatory regulators such as TNFα and ICAM-1 is

increased [8, 9].

Intravitreal administration of anti-angiogenic agents targeting VEGF and photocoagulation

of retinal ischemic regions are widely used for treatment of retinal ischemic disease, and are

partially effective in treating these pathologies. Currently, anti-VEGF agents targeting VEGF

signaling are the most commonly used therapeutics for retinal ischemic diseases, and their

therapeutic effects have been reported in several studies [10–13]. However, physiological

angiogenesis, which is driven in large part by VEGF, is indispensable for tissue development

and survival. Anti-VEGF agents are administered intravitreally to treat ischemic retinal disease

but are known to enter the bloodstream in significant amounts [14]. The side effects of

decreasing of serum VEGF levels through intravitreal administration of anti-VEGF agents are

currently unknown, although systemic delivery of these agents in cancer patients causes severe

and potentially fatal side effects [15]. The potential side effects of anti-VEGF therapies in reti-

nopathy of prematurity are especially controversial, as VEGF-dependent developmental pro-

cesses are ongoing in premature infants [16]. On the other hand, photocoagulation also has a

significant therapeutic effect in retinopathy of prematurity, although this procedure results in

loss of peripheral vision [17–19]. According to our prior study using in vivo RVO model,

photocoagulation of the ischemic region significantly decreases VEGF levels [20]. However, it

could causes nonselective retinal damage including retinal inflammation [21].

To address these unmet clinical needs and theoretical gaps in knowledge, various animal

models of RVO, including mice, rats, rabbits, and cats, have been developed [22]. Mice and

rats are easy to house, and their retinal structures are relatively similar to humans, so they are

widely used for vision models and are the most common model organisms. The rabbit RVO

model employed in the present study is widely used to evaluate the potential therapeutic effects

of experimental surgical procedures, as rabbits pose the additional advantage of having a larger

eyeball than other rodent species [23–25]. However, the rabbit RVO model has not been exten-

sively used for detailed analysis of the molecular mechanisms of RVO pathology due to a lack

of rabbit-specific molecular tools, and because the retinal vasculature of rabbits differs from

that of humans [22, 26].

In the present study, we analyzed ischemia-responsive gene expression changes in the rab-

bit RVO model by first identifying the temporal peak of Vegfa expression, which is hypoxia

responsive, after induction of RVO, and subsequently performing microarray analysis of RVO

and control retinas on day 7 after RVO induction, when Vegfa expression was highest. Our

findings revealed that pro-angiogenic and inflammatory genes, which play known roles in

human ischemic retinal diseases, were significantly upregulated in rabbit RVO retinas. This

suggests that the rabbit RVO model is relevant for the study of ischemic retinal diseases, as the

transcriptional reprogramming following RVO in rabbits recapitulated that of human ische-

mic retinal diseases.

Materials and methods

Animals

We used 2.0–3.0 kg Dutch rabbits for experiments. All experimental procedures were per-

formed on rabbits anesthetized by intramuscular injection of ketamine hydrochloride (25 mg/

kg) and xylazine hydrochloride (10 mg/kg) as previously reported [20]. Animal experiments
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were conducted according to the guidelines of the Association for Research in Vision and

Ophthalmology Statement for the Use of Animals in Ophthalmic and Vision Research and

approved by the Animal Use Committee of University of Fukui.

RVO induction and fluorescein angiography

After rabbits were anesthetized, their pupils were dilated with tropicamide and phenylephrine

(Mydrin-P; Santen Pharmaceutical, Osaka, Japan) eye drops, RVO was created by laser occlu-

sion of the retinal veins using an argon green laser (Iris Medical Oculight Glx; IRIDEX Corpo-

ration, Mountain View, CA, USA). Induction of RVO and retinal fluorescein angiography

were performed as reported in our previous study[20, 27]. The laser power was 300 mW and

the duration of each ablation was 0.5 s. RVO was induced in the right eye of all animals, and

the contralateral (left) eyes were used as non-RVO controls.

Total RNA extraction and RT-qPCR

At the specified times after RVO induction, eyes were enucleated and retinas were isolated. To

minimize the unexpected effects of laser treatments, the laser-irradiated region was removed

using a 3-mm diameter biopsy trepan prior to sample collections. Total RNA extraction and

quantitative RT-PCR were performed as previously reported [28]. Data was normalized to 18S

rRNA expression. The result was not changed when we used PPIA which expressed moder-

ately (data not shown). Statistical analysis of RT-qPCR results was performed using Microsoft

Excel Office, and a two-tailed, unpaired Student’s t-test was used to assess the differences

between the RVO and control groups for each time point. P< 0.05 was considered statistically

significant.

Microarray analysis

Microarray analysis of day 7 control and RVO retinas was conducted (n = 1). RNA integrity

number (RIN) and concentration of total RNA sample were measured before performing

microarray analysis by using Agilent 2100 Bioanalyzer. RIN values of control and RVO sample

were 8.5 and 8.7. A Gene Chip Rabbit Gene 1.0 ST Array (Thermo Fisher Scientific) was used,

and all experimental procedures were conducted according to the manufacturer’s instructions.

Prior to analysis, data was normalized by RMA (Robust Multi-array Average) algorithm using

R (version 3.6.0). In addition, unnamed genes and genes identified as having low signals (Max

signal < 5.00 in all samples) were omitted. GO term analysis was performed using the DAVID

database (https://david.ncifcrf.gov/home.jsp). Genes with>2-fold changes in expression in

RVO retinas relative to control retinas were included in GO analysis. To search for human

homologs, the BioMart database on the Ensembl website (http://www.ensembl.org) was used.

To search for homologous genes between humans and rabbits, we referred to the official

Ensembl website (http://www.ensembl.info). Gene set enrichment analysis was performed

using GSEA software (https://www.gsea-msigdb.org). For gene set enrichment analysis, we

used “hallmark” gene sets. Gene expression profile mapping using the R pathview package was

conducted for all genes. Connectivity mapping analysis (https://portals.broadinstitute.org/

cmap/) was conducted on genes with>2-fold expression change in RVO retinas relative to

control retinas. The mechanism of action for each compound was referenced to the Connec-

tivity map data library (https://clue.io/). The data are available under accession number

GSE149102 at https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE149102.
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Results

Maximal Vegf expression 7 days after RVO induction

In prior studies of the ischemic response after RVO induction, we identified that retinal VEGF

protein levels are maximal at day 7 post-RVO [20]. However, we had not previously examined

the timing of the transcriptional response to RVO-induced ischemia. Thus, to determine the

optimal time point for microarray analysis, we performed fluorescein angiography (FA) and

RT-qPCR measurement of Vegfa expression to evaluate RVO severity and the ischemic tran-

scriptional response, respectively. FA images captured 7 days after induction of RVO demon-

strated that blood flow was blocked near the optic disc in RVO retinas compared with controls

(Fig 1A and 1B). In the RVO retinas, a partial reperfusion region was present, but this region

did not reach the peripheral area (Fig 1B). These findings suggested that the ischemic state of

the retina was sufficiently maintained for at least 7 days after RVO induction. Next, to assess

ischemia-induced transcriptional changes over time, we quantified Vegfa expression by RT-

qPCR (Fig 1C). At 3 days and 14 days after RVO induction, Vegfa expression was not signifi-

cantly different between RVO and control retinas. Contrastingly, retinal Vegfa was

Fig 1. Fluorescein angiography Vegfa RT-qPCR. (A) Fluorescein angiography (FA) revealed that control retinas exhibited normal blood flow. Arrows

indicates optic nerve head. (B) In ischemic retinas 7 days after RVO induction, blood flow was predominately blocked. Some revascularized vessels

(surrounded with red) were observed, but the vessels did not reach the periphery area (�). (C) Retinal Vegfa expression on days 3, 7 and 14 after RVO

induction. Vegfa expression was significantly increased in RVO retinas compared to control only on day 7 after RVO induction. RT-qPCR results were

normalized to 18S rRNA expression. Data are expressed as mean ± SE (n = 3). (� P< 0.01, day 7 RVO versus day 7 control retina.).

https://doi.org/10.1371/journal.pone.0236928.g001
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significantly increased at day 7 post-RVO (Fig 1C). Collectively, these findings suggested that

in the rabbit RVO model, ischemic pathology was most severe 7 days after induction of RVO.

Therefore, this time point was used for microarray analysis.

Upregulation of angiogenic and inflammatory mediators in RVO retinas

In the rabbit RVO model, the ischemic transcriptional response was induced 7 days after RVO

induction, rather than immediately after induction of ischemia with RVO. To investigate the

detailed molecular mechanism of the transcriptional response to ischemia, we performed a

microarray analysis of day 7 samples, which exhibited the greatest upregulation of Vegfa
expression, suggesting that the ischemic transcriptional response was most active at this time

point. Genes that exhibited significant expression changes were extracted for analysis. In a

total of 13,563 genes evaluated, 520 exhibited a greater than 2-fold expression change. These

genes included 456 upregulated genes and 64 downregulated genes (S1 Table). Expression of

the pro-angiogenic factors Dcn and Mmp1 and pro-inflammatory factors Mmp12 and Cxcl13
were markedly increased in RVO retinas [29, 30].

The regulatory role of decorin (DCN) in angiogenesis has been demonstrated in several

studies using mice and human cells [31–33]. However, whether DCN functions to promote or

suppress angiogenesis is tissue type- and context-dependent [34]. Although the function of

DCN in the rabbit RVO model cannot be deduced in the present analysis, expression of

Mmp1, a known DCN target gene, was increased. Furthermore, expression of Rest, which con-

tributes to ischemic neuronal insults, was significantly increased [35]. In the context of ische-

mia-induced neuronal death, Rest is upregulated in response to ischemia, and forms a REST/

Cofactor for REST (CoREST) complex, which contains a histone deacetylase complex

(HDAC) that mediates epigenetic gene silencing [36]. Further, among REST target genes, the

expression of Nefh (0.23-fold) and Gria2 (0.65-fold) were significantly downregulated in the

RVO group. Furthermore, the expression of genes of as yet unknown function, such as

LOC100341104 and LOC100008687, were increased. Although potential human homologs for

these genes have not yet been identified, they could play important roles as unknown ischemic

response genes. Contrastingly, Nrn1, SLlc7a6, and Nefh were dramatically downregulated in

RVO retinas. Further studies are needed to elucidate the potential contribution of this interac-

tion to the pathology of RVO.

Subsequently, functional clustering of genes with 2-fold or greater upregulation was con-

ducted using the Database for Annotation, Visualization and Integrated discovery (DAVID,

https://david.ncifcrf.gov/home.jsp) (Table 1). Most strikingly, inflammatory mediators, such

as Tlr3, Tlr4, and Ripk2, were upregulated (Table 1). Additionally, PI3K-Akt signaling, which

is associated with angiogenesis, was identified as a potentially significant pathway. Expression

of Oncostatin M receptor (Osmr), which is related to PI3K-AKT signaling pathway (KEGG_-

PATHWAY; ocu04151), was markedly increased in RVO retinas. OSMR was reported to be

involved in activation of the JAK-STAT and MAPK signaling pathways [37]. An in vivo study

using the rat choroidal neovascularization (CNV) model reported that administration of PI3K

inhibitors not only decreases CNV lesion size and vascular leakage, but also significantly

decreases VEGF expression [38].

Gene set enrichment analysis of human homologs

Microarray analysis of rabbit gene expression profiles in RVO revealed that expression of pro-

inflammatory and angiogenic factors was significantly increased in the rabbit RVO model.

Next, to evaluate the similarity of the rabbit RVO model to human ischemic retinal disease, we

performed an analysis targeting only genes in which homology with human genes was
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confirmed. In this analysis, only 9,436 genes were identified as human homologs in the

Ensembl-BioMart database (http://www.ensembl.org), so were used in analysis [39, 40].

Enrichment analysis using Gene Set Enrichment Analysis (GSEA, https://www.gsea-msigdb.

org) was performed to extract the human gene sets that were induced or suppressed by retinal

ischemia [41]. We uploaded the expression data of human homologs in the control and RVO

groups, and the gene sets significantly upregulated in the RVO group were extracted (Table 2).

Gene sets significantly affected by induction of retinal ischemia were related to hypoxia, angio-

genesis, and inflammation. Among the inflammatory pathways enriched in our analysis, the

IL6, JAK-STAT [42, 43], TNFα, and NF-κB pathways [44, 45] exacerbate the pathology of reti-

nal disease. However, the expression levels of genes included in each upregulated gene set were

not increased equally. Thus, we extracted the genes contained in each gene set, and ranked the

genes by relative expression change (S2 Table). In addition, enrichment plots [41] for the

above-mentioned gene sets were generated to evaluate the expression tendencies of the genes

included in each group (Fig 2A–2C). The middle panel of each plot shows the ranking of each

gene. Genes upregulated in the RVO group relative to the control group are displayed on the

left side. The height of the enrichment profile displayed at the top indicates the enrichment

score for each gene set, and when many highly ranked genes are included, the peak will be

higher on the left side. The lower panel shows the ranking of all input genes and the relative

levels of expression change. In the angiogenesis gene set, Timp1, Lum, and Lpl were signifi-

cantly upregulated (Fig 2A). However, expression of Stc and Pglyrp1 was unchanged in RVO

retinas. In the hypoxia gene set, expression of Dcn, Adm, Jun, and Fos were markedly upregu-

lated, while Tnfaip3 was downregulated (Fig 2B). In the inflammatory response gene set, top

Table 1. DAVID analysis results.

Category Term p-value Fold Enrichment

Annotation Cluster 1 Enrichment Score: 5.47

UP_KEYWORDS Immunity 2.15E-14 12.5

GOTERM_BP_DIRECT GO:0045087~innate immune response 1.99E-07 5.39

UP_KEYWORDS Innate immunity 2.75E-07 12.8

UP_KEYWORDS Inflammatory response 4.27E-06 11.3

GOTERM_MF_DIRECT GO:0004888~transmembrane signaling receptor activity 1.74E-03 6.72

GOTERM_BP_DIRECT GO:0050707~regulation of cytokine secretion 6.84E-03 9.77

GOTERM_BP_DIRECT GO:0002755~MyD88-dependent toll-like receptor signaling pathway 8.03E-02 6.28

Annotation Cluster 2 Enrichment Score: 2.59

KEGG_PATHWAY ocu04510: Focal adhesion 2.57E-04 2.87

KEGG_PATHWAY ocu04512: ECM-receptor interaction 8.29E-04 3.98

KEGG_PATHWAY ocu04151: PI3K-Akt signaling pathway 7.72E-02 1.62

Annotation Cluster 3 Enrichment Score: 2.34

GOTERM_BP_DIRECT GO:0071223~cellular response to lipoteichoic acid 7.24E-04 19.5

GOTERM_BP_DIRECT GO:0032755~positive regulation of interleukin-6 production 1.93E-03 6.51

GOTERM_BP_DIRECT GO:0032760~positive regulation of tumor necrosis factor production 6.84E-02 4.19

Annotation Cluster 4 Enrichment Score: 1.39

GOTERM_BP_DIRECT GO:0032755~positive regulation of interleukin-6 production 1.93.E-03 6.51

GOTERM_BP_DIRECT GO:0046330~positive regulation of JNK cascade 4.97.E-02 3.57

GOTERM_BP_DIRECT GO:0032722~positive regulation of chemokine production 5.18.E-02 7.99

GOTERM_BP_DIRECT GO:0051092~positive regulation of NF-kB transcription factor activity 5.07.E-01 1.48

Genes increased 2-fold or greater (456 genes) were included in analysis. The remarkable clusters and their enrichment scores are listed.

https://doi.org/10.1371/journal.pone.0236928.t001
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ranked genes with the greatest upregulation included Cd14, Ccl2, and Rgs1 (Fig 2C). Clear

peaks appeared at the top of the ranking for gene sets associated with angiogenesis, hypoxia,

and the inflammatory response, indicating that these genes were significantly upregulated in

RVO retinas. In addition, to confirm our microarray result, we performed RT-qPCR for Icam-
1, Tnfaip6, Ccl2, Cxcl10, Stat3 genes (Fig 2D). These genes were related to TNF or STAT path-

way and significantly upregulated both in microarray and RT-qPCR. This result emphasized

the possibility that our analysis was correct and that TNFα and STAT pathways are important

for the pathology of RVO.

These results suggested that significant differences in gene expression profiles were

observed in rabbit RVO retinas that were similar to those of human ischemic retinal diseases.

This supports the relevance of the rabbit RVO model to human retinal ischemic disease.

Visualization of gene expression profiles

GESA analysis identified pathways related to pathologies such as chronic inflammation,

increased vascular permeability, and pathological angiogenesis, which are common features of

retinal ischemic disease. However, not all genes involved in each pathway were equivalently

Table 2. Gene set enrichment analysis results.

MSigDB Name (HALLMARK) NES p-value FDR

IL6_JAK_STAT3_SIGNALING 2.42 0.00.E+00 0.00.E+00

MYOGENESIS 2.34 0.00.E+00 0.00.E+00

EPITHELIAL_MESENCHYMAL_TRANSITION 2.34 0.00.E+00 0.00.E+00

INTERFERON_GAMMA_RESPONSE 2.30 0.00.E+00 0.00.E+00

COAGULATION 2.29 0.00.E+00 0.00.E+00

INTERFERON_ALPHA_RESPONSE 2.28 0.00.E+00 0.00.E+00

INFLAMMATORY_RESPONSE 2.27 0.00.E+00 0.00.E+00

ALLOGRAFT_REJECTION 2.25 0.00.E+00 0.00.E+00

COMPLEMENT 2.15 0.00.E+00 0.00.E+00

TNFA_SIGNALING_VIA_NFKB 2.10 0.00.E+00 0.00.E+00

ANGIOGENESIS 2.04 0.00.E+00 0.00.E+00

APOPTOSIS 2.04 0.00.E+00 0.00.E+00

IL2_STAT5_SIGNALING 2.02 0.00.E+00 0.00.E+00

KRAS_SIGNALING_UP 1.86 0.00.E+00 4.13.E-04

HYPOXIA 1.85 0.00.E+00 3.86.E-04

MITOTIC_SPINDLE 1.85 0.00.E+00 3.62.E-04

APICAL_JUNCTION 1.84 0.00.E+00 4.11.E-04

TGF_BETA_SIGNALING 1.73 1.37.E-03 3.10.E-03

CHOLESTEROL_HOMEOSTASIS 1.65 8.21.E-03 8.11.E-03

G2M_CHECKPOINT 1.65 0.00.E+00 7.99.E-03

UV_RESPONSE_DN 1.64 3.52.E-03 8.76.E-03

GLYCOLYSIS 1.63 1.12.E-03 8.95.E-03

P53_PATHWAY 1.61 1.17.E-03 1.09.E-02

E2F_TARGETS 1.56 6.90.E-03 1.96.E-02

ESTROGEN_RESPONSE_LATE 1.50 1.97.E-02 3.55.E-02

XENOBIOTIC_METABOLISM 1.49 1.06.E-02 3.94.E-02

Human homologs (9,436 genes) were included in analysis. Significantly upregulated gene sets are listed. Normalized enrichment score (NES), p-value, and false

discovery rate (FDR) are specified for each gene set. P < 0.05 was considered statistically significant.

https://doi.org/10.1371/journal.pone.0236928.t002
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upregulated at the transcriptional level, as demonstrated by the enrichment plots (Fig 2).

Therefore, we next visualized the expression changes of the gene sets that comprise the hypoxic

response, angiogenesis, and pro-inflammatory pathways (Fig 3). This approach allows detailed

analysis of downstream signaling altered by activation of each pathway. The gene expression

changes in the RVO samples are indicated by color on the KEGG pathway map, generated

using the R pathview package (Fig 3A–3D) [46]. First, we visualized the HIF-1α and VEGF

pathways, which are widely recognized as ischemic responsive genes in the rabbit RVO model.

Analysis of the HIF-1α pathway revealed transcriptional changes in genes upstream and

downstream of HIF-1α (Fig 3A). Expression analysis of downstream factors, which directly

regulated by HIF-1α, revealed that expression of angiogenic mediators such as Timp1 and Pai-
1 were upregulated, but that expression of inflammatory factors were unchanged. VEGF path-

way mapping revealed that MAPK signaling, which regulates endothelial cell proliferation, was

activated in RVO retinas (Fig 3B). Further, expression of Paxillin (Pxn), which is associated

with focal adhesion, was upregulated. PXN is downstream of VEGF signaling, and was also

extracted in DAVID analysis (Table 1). Next, we visualized the expression profile of the

Fig 2. Enrichment plots of remarkable gene sets. Hypoxia, angiogenesis, and inflammatory pathways were significantly upregulated in RVO retinas. Plots

are shown for (A) angiogenesis, (B) hypoxia, and (C) inflammatory response gene sets. (D) RT-qPCR result on days 7 after RVO induction. Tnfaip6, Icam-
1, Ccl2, Cxcl10, Stat3 expressions were significantly increased in RVO retinas compared to control retina. RT-qPCR results were normalized to 18S rRNA

expression. Data are expressed as mean ± SE (n = 3). (� P< 0.05, RVO versus control retina.).

https://doi.org/10.1371/journal.pone.0236928.g002
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Fig 3. Visualization of gene expression profiles in KEGG pathway mapping. Each cell represents the log2 ratio gene

expression data of the RVO group normalized to the control group. The coloration indicates upregulated (Red) and

downregulated (Green) genes. Pathway maps of (A) HIF-1α, (B) VEGF, (C) TNFα, and (D) JAK-STAT signaling

pathways. The analysis was performed using the R pathview package.

https://doi.org/10.1371/journal.pone.0236928.g003
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JAK-STAT, TNFα, and NF-κB pathways, which were upregulated in the enrichment analysis

(Fig 3C and 3D). Expression of downstream factors of each pathway was changed by RVO,

and was suggestive of pathway activation. These data suggested that the JAK-STAT, TNFα,

and NF-κB pathways are likely to contribute to the pathology of rabbit RVO, and potentially

to human retinal ischemic diseases. Analysis of JAK-STAT signaling revealed a marked

increase not only in expression of the Stat gene itself, but also of Shp1(Ptpn6), which suppress

the activity of this pathway in a negative feedback loop (Fig 3C). However, expression of cell

cycle-related factors downstream of STAT, such as the c-Myc and p21 genes, was upregulated

by RVO. This seemingly contradictory result suggested that the balance of JAK/STAT signal-

ing activation and inhibition could be important to the pathology of RVO. On the other hand,

chemokines, such as Ccl1 and Cxcl1, 2, 3, and 10 were significantly upregulated in RVO (Fig

3D). These genes are pro-inflammatory factors downstream of TNFα and NF-κB signaling,

and could potentially be effective therapeutic targets for inflammation secondary to retinal

ischemia.

The pathview analysis findings suggested that the downstream factors of the four different

pathways extracted by GSEA, including HIF-1α, JAK-STAT, TNFα, and VEGF, exhibited

gene expression changes consistent with pathway activation.

Connectivity map analysis

Pathview analysis of human homologs revealed that the changes in gene expression profile in

the rabbit RVO model were consistent with the pathology of human retinal ischemic disease.

Therefore, we searched for chemical compounds that could potentially be used as novel thera-

peutic agents based on the gene expression profiles of the rabbit RVO model. We used a con-

nectivity map database (https://portals.broadinstitute.org/cmap/), which allowed us to search

for compounds that induce similar gene expression profile changes in human cancer cells

based on the uploaded gene names [47]. Among the human homologs (9,436 genes), we ana-

lyzed 387 genes with a greater than 2-fold difference between RVO and control samples (upre-

gulated: 333 genes, downregulated: 54 genes). We focused on compounds that induced gene

expression profile changes inverse to those detected in our microarray analysis of RVO retinas,

and extracted the top 20 compounds (Table 3). Although the effects of these genes in RVO

have not yet been clarified, DNA synthesis inhibitors, melanin inhibitors, and adenosine

receptor antagonists were extracted. Remarkably, the identified compounds included MG-262

[48, 49] and parthenolide [50], inhibitors of the NF-κB pathway.

The GSEA and pathview analyses suggested that the NF-κB pathway was significantly upre-

gulated in RVO retinas. Connectivity mapping analysis supported the importance of the NF-

κB pathway in RVO.

Discussion

Various animal models using mice, rats, rabbits, and cats have been developed as experimental

systems that mimic retinal ischemic diseases. The rabbit RVO model used in the present study

has the advantage of having a large eyeball, and therefore relative ease of performing surgical

procedures. Therefore, rabbit RVO is commonly used to evaluate the efficacy and outcomes of

experimental surgical interventions [23–25]. However, the retinal vasculature of rabbits is not

distributed entire retina unlike humans (Fig 1A). Because of this anatomical difference, it was

controversial that the course of the disease or its response to a treatment may not be the same

as in humans [22, 26]. The present study is the first to use bioinformatics approaches to eluci-

date the molecular pathology of the rabbit RVO model. Further, we conducted an analysis

focusing on comparison with other species, especially humans.
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Retinal ischemia occurs secondary to various aberrations such as diabetes, hypertension,

and preterm birth, and causes pathological angiogenesis and chronic inflammation [1, 2].

According to the present analysis, the expression levels of angiogenic regulators and inflamma-

tory mediators were significantly upregulated in the rabbit RVO model (Table 1). Previous

reports using clinical samples from RVO patients identified that these angiogenic and inflam-

matory mediators are upregulated in the context of human RVO [51, 52]. Additionally, genes

associated with induction of the hypoxic response, angiogenesis, and inflammation were acti-

vated, as indicated by the analysis of human homolog genes differentially expressed in rabbit

RVO (Table 2). These findings demonstrated that the rabbit RVO model, in which ischemia is

artificially induced by laser photocoagulation of retinal veins, exhibited similar transcriptional

reprogramming to that observed in human disease, supporting the relevance of rabbit RVO to

human ischemic retinal disease.

A prior gene expression profiling study by Martin et al. in the mouse RVO model reported

that genes related to the induction of angiogenesis and inflammation are upregulated in RVO

groups compared with sham treated groups [53]. The GSEA conducted in the present study

confirmed that signaling pathways related to in IL6, TNFα, and TGFβ were activated in rabbit

RVO retinas (Table 2). Additionally, Ccl2 was upregulated (S1 Table). However, in the mouse

model, Martin et al. suggested that the expression of Il6, Ccl2, Tnf were both increased in RVO

and sham treated groups compared with untreated group. They concluded that the gene

expression profile in a mouse RVO model was related to laser-induced retinal damage. On the

other hand, rabbit model showed hypoxia-dependent gene expression changes in RVO sample,

Table 3. Connectivity mapping analysis results.

Name Enrichment p-value Mechanism of action

15-delta prostaglandin J2 -0.591 0.00.E+00 -

MG-262 -0.965 1.00.E-04 -

5182598 -0.991 2.00.E-04 -

parthenolide -0.892 3.00.E-04 NFκB pathway inhibitor

foliosidine -0.723 9.00.E-04 -

6-bromoindirubin-3’-oxime -0.683 9.00.E-04 -

lomustine -0.852 9.00.E-04 DNA synthesis inhibitor

ambroxol -0.825 1.80.E-03 sodium channel blocker

PHA-00816795 -0.964 2.90.E-03 -

5194442 -0.799 3.20.E-03 -

diloxanide -0.769 5.70.E-03 protein synthesis inhibitor

pipemidic acid -0.830 9.80.E-03 -

thiamine -0.822 1.13.E-02 vitamin B

spaglumic acid -0.925 1.17.E-02 -

monobenzone -0.701 1.66.E-02 melanin inhibitor

tubocurarine chloride -0.698 1.76.E-02 -

aminophylline -0.687 2.06.E-02 adenosine receptor antagonist

PNU-0251126 -0.575 2.07.E-02 -

aceclofenac -0.678 2.38.E-02 prostanoid receptor antagonist

ticarcillin -0.773 2.41.E-02 lactamase inhibitor

Connectivity mapping analysis of genes with greater than 2-fold expression change between control and RVO retinas (upregulated: 333 genes, downregulated: 54 genes).

The top 20 chemical compounds that induce transcriptional reprogramming inverse to the input data are listed.

https://doi.org/10.1371/journal.pone.0236928.t003
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but not in control group. These result indicated that the rabbit model is more appropriate as

an evaluation system for the pathogenesis of RVO than other animal models.

In the ischemic retina, nutrients and oxygen are deficient, resulting in irreversible damage

to retinal neurons. REST corepressor complex-dependent regulation of gene expression con-

tributes to ischemia-induced neural insults [35]. This complex binds to the Neuron Restrictive

Silencer Element (NRSE)/ repressor element 1(RE1) site present in the promoter regions of

target genes, resulting in silencing of gene expression. Our analysis identified that Rest was

upregulated in rabbit RVO, and that Nfeh and Gria2, target genes of the REST corepressor

complex, were downregulated in rabbit RVO (S1 Table). Furthermore, the homology of these

genes between rabbit and human has been confirmed. Taken together, these findings sug-

gested that retinal ischemia could cause epigenetic modifications. A prior study using primary

retinal ganglion cells (RGCs) derived from rats reported that sequestration of REST by a plas-

mid containing the NRSE/RE1 element enhances RGC neurite outgrowth [54]. However, the

relationship between REST and retinal ischemia, especially in relation to epigenetic modifica-

tions, remains incompletely understood. The findings of the present study provide insights

into the molecular pathology of rabbit RVO, and its similarity to other RVO models and

human ischemic retinal disease.

VEGF drives the pathology of many retinal ischemic diseases. Retinal ischemia induces

VEGF expression, driving pathological angiogenesis and increasing vascular permeability [6,

7]. In the present study, we determined that 7 days after induction of retinal ischemia with

RVO, Vegfa mRNA levels were maximal, suggesting that the ischemic response was maximal

at this time point. We therefore used day 7 RVO samples for microarray analysis (Fig 1C).

Pathview analysis revealed that expression levels of VEGF target genes were upregulated in

rabbit RVO (Fig 3B). Among pathways downstream of VEGF, genes involved in the PI3K-Akt

pathway, which regulates vascular permeability, were significantly upregulated (Table 1). In

addition to the microarray analysis findings in the present study, our prior study demonstrated

that photocoagulation of the ischemic region in the rabbit RVO model significantly decreased

retinal VEGF levels [20]. These findings underscore the similarity of the rabbit RVO model to

human disease, suggesting that this ischemic model could be used for the study of angiogenic

regulators.

In addition, genes related to migration of vascular endothelial cells, such as the PI3K path-

way, including Osmr (Table 1), Pxn (Fig 3B), and Mmp genes (S1 Table), were upregulated in

rabbit RVO retinas. MMP12 belongs to the superfamily of macrophage-secreted matrix metal-

loproteinases (MMPs), and is related to induction of retinal angiogenesis [55]. Vascular endo-

thelial cell migration is an essential process of angiogenesis, and induction of these genes in

the rabbit RVO model is a notable finding because it emphasizes the validity of this model as

an ischemic model. Interestingly, prior studies have reported that the promoter region of Pxn
contains binding sequences for the transcription factors NF-κB, STAT3, and AP-1 [56, 57].

Expression of these transcription factors was markedly increased in the rabbit RVO model

(Fig 3). Although microarray analysis is only capable of measuring transcript levels, our find-

ings were consistent with prior studies of other related models, supporting the relevance of our

experimental system.

In addition to angiogenic factors, inflammatory mediators were also upregulated in rabbit

RVO retinas (Tables 1 and 2). However, because RVO is induced by photocoagulation of Rose

Bengal, the off-target effects of laser irradiation independent of ischemia on the retina must be

carefully considered. Importantly, a prior study of a mouse RVO model demonstrated that

laser damage induces a robust inflammatory response independent of retinal ischemia [53].

On the other hand, proteomic studies of a porcine RVO model failed to demonstrate that laser

damage alone activated an inflammatory response in this context, suggesting that the effects of
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laser damage on inflammation are species- and model-dependent [58]. However, these reports

concluded that the ratio of the laser irradiation site to the hypoxic area is important for laser

damage-induced inflammation, and that the use of larger animals such as rats, pigs, and rab-

bits could reduce the artifacts generated by laser irradiation independent of ischemia. Further-

more, when we collected samples for analysis, the laser-irradiated area was excluded.

Therefore, the direct effects of laser damage can be excluded from the results of the present

study. Even considering the potential unexpected indirect effects of laser irradiation, our

results suggested that retinal ischemia induced the inflammatory response independent of

laser irradiation damage.

The present study is the first to demonstrate that transcription of angiogenic and pro-

inflammatory mediators was increased in the rabbit RVO model. Microarray analysis targeting

homologs and subsequent pathway analysis is an effective method to compare the pathology of

experimental disease models with human disease. The results of these analyses strongly sug-

gested that the rabbit RVO model is a valid model of retinal ischemic disease, and poses the

additional advantage of relative ease of surgical manipulation. We expect that novel approaches

to treatment of retinal ischemic disease could be developed using the rabbit RVO model.
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