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Abstract

Retinal ischemia is common in eye disorders, like diabetic retinopathy or retinal vascular

occlusion. The goal of this study was to evaluate the potential protective effects of an intravi-

treally injected vascular endothelial growth factor (VEGF) inhibitor (ranibizumab) on retinal

cells in an ischemia animal model via immunohistochemistry (IF) and quantitative real-time

PCR (PCR). A positive binding of ranibizumab to rat VEGF-A was confirmed via dot blot.

One eye underwent ischemia and a subgroup received ranibizumab. A significant VEGF

increase was detected in aqueous humor of ischemic eyes (p = 0.032), whereas VEGF lev-

els were low in ranibizumab eyes (p = 0.99). Ischemic retinas showed a significantly lower

retinal ganglion cell number (RGC; IF Brn-3a: p<0.001, IF RBPMS: p<0.001; PCR: p =

0.002). The ranibizumab group displayed fewer RGCs (IF Brn-3a: 0.3, IF RBPMS: p<0.001;

PCR: p = 0.007), but more than the ischemia group (IF Brn-3a: p = 0.04, IF RBPMS: p =

0.03). Photoreceptor area was decreased after ischemia (IF: p = 0.049; PCR: p = 0.511),

while the ranibizumab group (IF: p = 0.947; PCR: p = 0.122) was comparable to controls. In

the ischemia (p<0.001) and ranibizumab group (p<0.001) a decrease of ChAT+ amacrine

cells was found, which was less prominent in the ranibizumab group. VEGF-receptor 2

(VEGF-R2; IF: p<0.001; PCR: p = 0.021) and macroglia (GFAP; IF: p<0.001; PCR: p<0.001)

activation was present in ischemic retinas. The activation was weaker in ranibizumab retinas

(VEGF-R2: IF: p = 0.1; PCR: p = 0.03; GFAP: IF: p = 0.1; PCR: p = 0.015). An increase in the

number of total (IF: p = 0.003; PCR: p = 0.023) and activated microglia (IF: p<0.001; PCR:

p = 0.009) was detected after ischemia. These levels were higher in the ranibizumab group

(Iba1: IF: p<0.001; PCR: p = 0.018; CD68: IF: p<0.001; PCR: p = 0.004). Our findings dem-

onstrate that photoreceptors and RGCs are protected by ranibizumab treatment. Only ama-

crine cells cannot be rescued. They seem to be particularly sensitive to ischemic damage

and need maybe an earlier intervention.
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Introduction

Ischemia occurs during ocular diseases like age-related macular degeneration (AMD), diabetic

retinopathy, central vein occlusion, or glaucoma [1–4], leading to visual impairment and pos-

sible blindness in these patients. Usually ischemia is defined by restricted blood supply to a

local area, due to blockage of blood vessels leading to that area, resulting in energy depletion

and cell death. In the retina, ischemia develops because of capillary blockage and leads to non-

perfusion of this region. A few hours after ischemia, inflammation as well as apoptosis occurs

[5].

In animal models, retinal ischemia can be induced through different techniques to study

pathologic processes and explore possible treatment options. A common model is the so-called

ischemia-reperfusion (I/R) animal model, where the pressure in the eye is temporarily in-

creased through the infusion of liquid into the anterior chamber via cannulation. This leads to

compression of the passing vasculature through the optic disc supplying the retina. Loss of

neuronal cells, especially in the inner retinal layers, like retinal ganglion cells (RGCs) [6, 7] or

amacrine cells [8, 9], is well described in this model. Previous studies indicate that these cells

are most sensitive to ischemia [10, 11]. This leads to a reduced thickness of the inner retinal

layers [9, 12]. Longer periods of ischemia also affect the outer retinal layers [13], including

photoreceptors [14].

The vascular endothelial growth factor (VEGF) can display neurodegenerative and neuro-

protective characteristics. Especially its degenerative involvement in pathological processes,

such as in advanced phases of diabetic retinopathy, is still part of discussion [15]. Thus, the

impact of VEGF seems to be dose-dependent. Ischemia and inflammatory events in the retina

induce a VEGF response [16–18]. It is known that an upregulation of VEGF expression leads

to pathological conditions, like angiogenesis, increased vascular permeability, and further

inflammatory processes [19]. VEGF levels in the vitreous of diabetic retinopathy patients were

reported to be elevated [20, 21], likely as a result of ischemic processes. VEGF also acts directly

on different neural cell types. Therefore, it can be considered a multifunctional factor for the

nervous system during development and adulthood as well asin disease conditions [22].

Initially, the primary clinical target for VEGF specific antibody treatment was cancer, but

during the last years specific anti-VEGF therapies for ocular diseases were developed. Today,

anti-VEGF drugs are regularly prescribed and are injected to treat retinal diseases like AMD

or diabetic retinopathy [23, 24]. The three currently most common used intravitreal VEGF

inhibitors are aflibercept (Eylea, Bayer), bevacizumab (Avastin, Genentech), and ranibizumab

(Lucentis, Novartis). Aflibercept is a recombinant fusion protein consisting of the VEGF bind-

ing domains of human VEGF-receptors 1 and 2 fused to the human IgG1 Fc domain [25]. Bev-

acizumab is a full-length humanized murine monoclonal antibody against VEGF [26]. It has

been approved by the Food and Drug Administration for intravenous treatment of certain

cancers and is also used as an off-label drug to treat ocular diseases, like AMD and diabetic

macular edema. Ranibizumab is a recombinant humanized monoclonal antibody fragment

(Fab) that neutralizes all active forms of VEGF-A [27]. It is 10-20-fold more potent than beva-

cizumab in inhibiting VEGF-induced endothelial cell proliferation. Intravitreal injection of ra-

nibizumab markedly inhibits vascularization and leakage in a primate model of laser-induced

neovascularization [28]. In a current study, ranibizumab and aflibercept showed comparable

ability to inhibit VEGF-induced bovine retinal microvascular endothelial cell proliferation

[29]. Both had significantly greater potency than bevacizumab.

The potential neurodegenerative effect of VEGF on retinal neurons is not well investigated

yet. Thus, our goal was to investigate the possible protective effect of ranibizumab treatment

on retinal damage due to ischemia, animals were treated with ranibizumab three days later.

Ranibizumab treatment after ischemia
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Our data strongly suggest that ranibizumab is suitable to protect RGCs and photoreceptors in

an ischemia-reperfusion model, while amacrine cells could not be rescued.

Methods

Verification of ranibizumab-binding to rat VEGF-A

The binding of ranibizumab to rat VEGF-A was verified with a self-made protein dot blot.

Therefore, rat VEGF-A (Sigma-Aldrich, Taufkirchen, Germany) was resolved in 20 μl water.

In total, 5 μg protein was spotted in duplicates on a black nitrocellulose-coated glass slide

(Grace Bio-Labs, Bend, Oregon). Additionally, as controls, 5 μg human VEGF-A, 5 μg murine

VEGF-A, 0.5 μl of the fluorophore-coupled secondary anti-IgG antibody (Alexa Fluor1 647

Goat Anti-Human IgG, Life Technologies, Darmstadt), 5 μg bevacizumab as well as 5 μg

ranibizumab were spotted. Before spotting, protein concentration for all solutions was deter-

mined with amino acid analysis as described by Molina et al. [30]. The self-made protein dot

blot was dried and stored until further usage as described in [31]. Protein dot blot processing

and image acquisition were done as described in detail by May et al. [32]. Instead of diluted

serum the dot blot was probed with a 1/50 dilution of ranibizumab in a concentration of 9.15

mg/ml.

Animals and ethical statement

Male Brown-Norway rats were purchased from Charles River (176–200 g; Sulzfeld, Germany).

The study was approved by the animal care committee of North Rhine-Westphalia (Germany)

and the experiments were carried out in accordance with the ARVO statement for the use of

animals in ophthalmic and vision research. Rats were housed under environmentally con-

trolled conditions (12 h light-dark cycle) with free access to chow and water.

Ischemia-reperfusion induction

Retinal ischemia-reperfusion (I/R) was induced as previously described [9]. Briefly, animals

were anesthetized with a ketamine/xylazine/vetranquil cocktail (0.65/0.65/0.2 ml). One eye per

animal was dilated with 5% tropicamide (Pharma Stulln, Stulln, Germany) and anesthetized

topically with conjuncain (Bausch & Lomb, Berlin, Germany). Animals received subcutaneous

carprofen injections (0.1 ml/200 g; Pfizer, Berlin, Germany), a non-steroidal anti-inflamma-

tory drug. Intraocular pressure (IOP) was raised to 140 mm Hg for 60 min by elevating a saline

reservoir connected to a 27-gauge needle (Terumo Europe, Leuven, Belgium), which was

placed into the anterior chamber of one eye. Retinal ischemia was confirmed by observing

whitening of the retina and reperfusion was reassured by observing the returning blood flow.

The other eye remained untreated and served as a control. During the whole surgical interven-

tion, the animals were kept on a heating pad to ensure a constant body temperature.

Ranibizumab treatment

Three days after I/R induction, 5 μl ranibizumab (10 mg/ml; Novartis, Nürnberg, Germany)

were injected intravitreally. Therefore, the animals were anesthetized with a ketamine/xylazine

cocktail (100/4 mg/kg). The ischemic eye was dilated with 5% tropicamide and topically anes-

thetized with conjuncain. For the intravitreal ranibizumab injection, a 32-gauge Hamilton

syringe (Hamilton, Reno, NV, USA) and a stereomicroscope (Carl Zeiss Microscopy, Oberko-

chen, Germany) were used.

Ranibizumab treatment after ischemia
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Aqueous humor and tissue collection and processing

Aqueous humor samples (n = 5-10/group) were obtained just before eye enucleation using a

Hamilton syringe. Samples were stored in a freezer at -80˚C until analysis. For frozen section-

ing, eyes were enucleated (n = 7-10/group) and fixed in 4% paraformaldehyde, incubated in

30% sucrose and embedded in optical cutting temperature medium (Tissue-Tek; Thermo

Fisher Scientific, Cheshire, UK). 10 μm retinal cross-sections were cut.

Quantification of aqueous VEGF concentration

A colorimetric solid phase sandwich ELISA (Rat VEGF Quantikine ELISA Kit; R & D Systems,

Wiesbaden-Nordenstadt, Germany) was used to determine VEGF concentrations in rat aque-

ous humor [33, 34]. The assay was carried out according to the manufacturer’s instructions.

Measurements were performed using a Microplate Reader (AESKU Reader; AESKU.DIAG-

NOSTICS, Wendelsheim, Germany).

Retina histology

Several sections per eye were stained with hematoxylin & eosin (H&E) to get a structural over-

view of the retinal layers. After the H&E staining, all slides were dehydrated in ethanol follow-

ing incubation in xylene before being mounted with Eukitt (O-Kindler GmbH&Co, Freiburg,

Germany). Two pictures of H&E stained retinal cross-sections, at a distance of 1500 μm dorsal

and ventral to the optic nerve, were taken from each retina with a microscope equipped with a

CCD camera (Axio Imager M1; Carl Zeiss Microscopy). The thickness of the total retina

(excluding the outer segment) and ganglion cell layer (GCL) was analyzed via a measuring tool

in the Zen 2012 software (Zeiss) [35]. For each analysis (total retina or GCL), three measure-

ments per picture were prepared and then averaged.

Immunohistology of retinal sections

Retinal cross-sections (n = 7–10 eyes/group) were prepared for immunohistochemistry. After

drying and rehydration in PBS, sections were blocked in 10–20% appropriate serum with 1%

BSA in 0.1% or 0.2% Triton X-100 in PBS. Three retinal sections per eye were used for each

staining. RGCs, cholinergic amacrine cells, (active) microglia as well as macroglia, the synaptic

ribbon terminals, photoreceptors as well as the VEGF-receptor 2 were investigated using spe-

cific antibodies (Table 1). The primary antibodies were incubated at room temperature over-

night. Incubation with corresponding secondary antibodies (Table 1) was performed for 60

min. As a nuclear stain DAPI (4´,6-Diamidin-2-phenylindol; Serva Electrophoresis, Heidelberg,

Germany) was added. Negative controls were implemented by using secondary antibodies only.

Table 1. Primary and corresponding secondary antibodies used for immunohistochemistry.

Primary antibody Company Dilution Secondary antibody Company Dilution

Anti-bassoon Enzo life science 1:200 Donkey anti-mouse FITC Millipore 1:500

Anti-Brn3a Santa Cruz Biotechnology 1:100 Donkey anti-goat Alexa Flour 488 Dianova 1:500

Anti-CD68 Millipore 1:200 Goat anti-mouse Alexa Flour 488 Invitrogen 1:500

Anti-ChAT Millipore 1:500 Donkey anti-rabbit Alexa Flour 555 Invitrogen 1:500

Anti-GFAP Millipore 1:1000 Donkey anti-chicken Cy3 Millipore 1:700

Anti-Iba1 Wako Chemicals 1:400 Goat anti-rabbit Alexa Flour 488 Invitrogen 1:500

Anti-RBPMS Merck 1:500 Donkey anti-rabbit Alexa Flour 488 Jackson Immuno Research 1:1500

Anti-rhodopsin Abcam 1:500 Goat anti-mouse Alexa Fluor 488 Invitrogen 1:500

Anti-VEGF-R2 Abcam 1:100 Donkey anti-goat Alexa Flour 488 Dianova 1:500

https://doi.org/10.1371/journal.pone.0182407.t001
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All slides were mounted with antifade medium (Fluoro-Mount; Dianova). Four pictures per reti-

nal cross-section, two from the periphery and two from the central part of the retina, were taken

using a fluorescence microscope (Axio Imager M1 and M2; Carl Zeiss Microscopy). The pictures

were taken at a distance of 300 and 3100 μm dorsal and ventral to the optic nerve, as described in

a previous study of the ischemia-reperfusion model [36]. In regard to GFAP and VEGF-R2 sig-

nals, these signals were recorded with a confocal laser scanning microscope (CLSM 510; Zeiss) in

combination with oil immersion lenses (Plan-Neofluor 40x/1.3Oil; Zeiss) using constant settings

for each photo per stain. All digitalized images were transferred to Corel Paint Shop Photo Pro (V

13; Corel Corp., Fremont, CA, USA), masked, and excerpts were cut out.

Of each taken picture we prepared equal cut outs of a defined area (800x600 pixel;

125.14x93.86 μm). Evaluation was carried out under masked conditions with ImageJ software

(V 1.44p; NIH, Bethesda, MD, USA). Brn-3a+, RBPMS+, ChAT+, Iba1+, and CD68+ cells were

manually counted. In regard to CD68, the co-localization with Iba1 was evaluated [37].

Regarding the RGC cell counts only the Brn-3a+ and RBPMS+ cells, which were also co-local-

ized with DAPI, were counted for the evaluation. Several research groups used these markers

for RGC labeling on retinal wholemounts and cross-sections also in the ischemia-reperfusion

model [38, 39]. In accordance with the published protocols and counting procedure, we used

anti-Brn-3a and anti-RBPMS to label the RGC number in retinal cross-sections [40, 41].

To analyze the rhodopsin, GFAP, and VEGF-R2 staining, images were transferred in Ima-

geJ and transformed into gray scale. After subtraction of the background (rhodopsin: 50 pixel;

GFAP: 30 pixel; VEGF-R2: 30 pixel), the lower and upper thresholds were set (rhodopsin:

lower threshold: 5.5, upper threshold: 260; GFAP: lower threshold: 52.35, upper threshold:

255; VEGF-R2: lower threshold: 56.01, upper threshold: 255). Background subtraction and

lower and upper threshold represent mean values of all three groups. For each picture, the per-

centage of the rhodopsin+, GFAP+ and VEGF-R2+ labeled area was measured using an ImageJ

macro [9, 42].

Quantitative real-time PCR analysis of retinal tissue

For RNA isolation, retinal tissue (n = 4 eyes/group) was dissected, immediately transferred

into lysis buffer with β-mercaptoethanol (Sigma-Aldrich, Steinheim, Germany) and frozen in

liquid nitrogen. Total RNA was extracted and purified using the Gene Elute Mammalian Total

RNA Miniprep Kit (Sigma-Aldrich). RNA concentration and purity was assessed using a BioS-

pectrometer1 (Eppendorf, Hamburg, Germany). For reverse transcription of cDNA 1 μg

RNA was used (Thermo Scientific, Waltham, MA, USA). Quantitative real-time PCR analyses

were performed with Fast Start Essential DNA Green Master. For amplification, the Light

Cycler1 96 (Roche Applied Science, Mannheim, Germany) was used. Oligonucleotides

(Table 2) were designed using ProbeFinder software (Roche Applied Science) and ordered

from Sigma-Aldrich. Primer concentration was optimized to a final concentration of 200 nM

and combined with 200 ng of retinal RNAs per well. Duplicates were set for each RNA sample

in a final volume of 20 μl per reaction. To obtain amplification efficiencies of different primer

sets, standard curves by a two-fold dilution series with template amounts ranging from 5 to

125 ng cDNA per well were analyzed. The housekeeping gene β-actin was used for normaliza-

tion and relative quantification.

Statistical analyses

All histological and ELISA data were transferred to a statistics and analytics software package

(Statistica, V. 13.0; Dell, Tulsa, OK, USA). Histological data are presented as mean±standard

error mean (SEM), ELISA data as mean±SEM±standard deviation (SD), and qRT-PCR data as

Ranibizumab treatment after ischemia
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median±quartile+minimum+maximum. Regarding histology and ELISA, groups were com-

pared using ANOVA followed by Tukey post-hoc test (Dell Inc. Round Rock, TX, USA). For

statistical evaluation of relative expression variations in qRT-PCR analysis, data were analyzed

by REST software (QIAGEN GmbH, Hilden, Germany) using a pairwise fixed reallocation

and randomization test. P-values below 0.05 were considered statistically significant.

Results

Positive binding capacity of ranibizumab to rat VEGF-A

For verification of ranibizumab-binding to rat VEGF-A a protein dot blot based strategy was

applied. Before processing the self-made dot plot, as expected, it showed only a positive fluo-

rescence signal for the fluorophore-coupled secondary anti-IgG antibody. No signals were

detected for rat, human and murine VEGF-A as well as for ranibizumab and bevacizumab (Fig

1A). After incubation with ranibizumab, positive fluorescence signals were detected for each

species-specific VEGF-A as well as for ranibizumab and bevacizumab (Fig 1B). The highest

fluorescence intensity among the different VEGF-A was observed for human VEGF-A. For rat

and murine VEGF-A the fluorescence signal was weaker, but comparable to the ranibizumab

control spots and therewith also positive for binding to ranibizumab.

Strong influence of ischemia-reperfusion on VEGF level and retinal layers

A significant increase of aqueous humor VEGF levels was detected in rats undergoing ischemia

(55.2±17.5 pg/ml; p = 0.032; Fig 2A). The VEGF levels of animals treated with ranibizumab

Table 2. List of oligonucleotides used for mRNA expression analyses in retinas of control animals, ischemic animals, and animals treated with

ranibizumab after ischemia by quantitative real-time PCR. The housekeeping gene β-actin served as the gene for normalization and relative quantifica-

tion. The gene accession number, predicted amplicon size as well as the primer efficiency is indicated for each oligonucleotide pair. Abbreviations: bp = base

pairs, F = forward, R = reverse.

Gene Primer sequence Amplicon size Primer effi-ciency GenBank accession number

β-Actin-F cccgcgagtacaaccttct 72 bp 1.000 NM_031144.3

β-Actin-R cgtcatccatggcgaact

Bassoon-F cctggtctcggtctggtc 65 bp 0.924 NM_019146.2, Y16563.1

Bassoon-R agtctccgggaaacactgc

ChAT-F gcctcatctctggtgtgctt 62 bp 1.000 NM_001170593.1

ChAT-R gtcagtgggaagggagtgg

CD68-F ctcacaaaaaggctgccact 60 bp 1.000 NM_001031638.1

CD68-R ttccggtggttgtaggtgtc

GFAP-F tttctccaacctccagatcc 64 bp 0.875 NM_017009.2, L27219.1, U03700.1

GFAP-R gaggtggccttctgacacag

Iba1-F ctccgaggagacgttcagtt 96 bp 0.855 NM_017196.3

Iba1-R tttttctcctcatacatcagaatcat

Brn-3a (Pou4f1)-F ctggccaacctcaagatcc 72 bp 0.704 XM_008770931, XM_006222050

Brn-3a (Pou4f1)-R cgtgagcgactcgaacct

Rhodopsin-F accttgagggcttctttgc 70 bp 1.000 NM_033441.1

Rhodopsin-R tcaatggccaggactacca

VEGF-F actggaccctggctttactg 78 bp 0.972 BC168708.1

VEGF-R tctgcttccccttctgtcgt

VEGF-R1-F cagtttccaagtggccagag 63 bp 1.000 NM_019306.2

VEGF-R1-R aggtcgcgatgaatgcac

VEGF-R2-F ggagattgaaagaaggaacgag 61 bp 0.926 NM_013062.1

VEGF-R2-R tggtacatttctggggtggt

https://doi.org/10.1371/journal.pone.0182407.t002
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after ischemia (11.8±8.8 pg/ml) were comparable to control values (11.6±4.1 pg/ml; p = 0.99) at

21 days.

An obvious decrease in thickness of some retinal layers could be observed by analysis of

H&E stained retinal cross-sections 21 days after ischemia (Fig 2B). Statistical analysis revealed

a significant reduced thickness of the total retina and the GCL in ischemic retinas when com-

pared to the control groups (total and GCL: p<0.001). The reduction of retinal thickness of

ranibizumab treated eyes and ischemic ones was comparable (total: p = 0.6; GCL: p = 0.189;

Fig 2C and 2D). This is in accordance with previous studies by other research groups and ours,

where a thinning of retinal layers was observed after ischemia [9, 43].

Protection of retinal ganglion cells from ischemic damage through

ranibizumab treatment

An antibody specific for Brn-3a was used to visualize RGCs. 21 days after ischemia fewer Brn-

3a+ RGCs were seen in these retinas, while staining intensity in the ranibizumab group seemed

to be comparable to controls (Fig 3A). Statistical analysis revealed a significant RGC loss in

the ischemia group (16.2±3.0 cells/mm) compared to the control group (35.4±1.6 cells/mm;

p<0.001), while no significant decrease was detected in the ranibizumab group (28.4±4.7 cells/

mm; p = 0.3; Fig 3B). In comparison to the ischemia group, more RGCs were detected in the

ranibizumab group (p = 0.04). In order to confirm the histological results on mRNA level,

Brn-3a (POU4f1) expression was analyzed via qRT-PCR. A significant down-regulation of rela-

tive Brn-3a expression could be measured in ischemic (0.246 expression ratio; p = 0.002) and

ranibizumab treated retinas (0.444 expression ratio; p = 0.007) compared to control ones (Fig

3C). In relation to the ischemia group, the Brn-3a mRNA level was significantly increased in

the ranibizumab group (1.804 expression ratio; p = 0.039; Fig 3D).

Fig 1. A. To verify the binding of ranibizumab to rat VEGF-A a protein dot blot was used. Rat VEGF-A was

spotted on a nitrocellulose coated-glass slide. Human VEGF-A, murine VEGF-A, ranibizumab, bevacizumab

as well as the fluorophore-coupled anti-IgG secondary antibody served as positive control. Before incubation

with ranibizumab, the dot blot was scanned to exclude possible unspecific fluorescence signals. As expected,

a fluorescence signal was only detected for fluorophore-coupled secondary antibody. B. After incubation with

ranibizumab and incubation with the secondary anti-IgG antibody, fluorescence signals were detected for all

spots in comparison to the pre-scan. A positive binding of ranibizumab to rat VEGF-A and not only to human

VEGF-A is proven.

https://doi.org/10.1371/journal.pone.0182407.g001
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Fig 2. A. Aqueous humor VEGF levels in control animals, ischemic animals, and animals treated with

ranibizumab. Aqueous humor samples were collected 21 days after ischemia. A significant increase in VEGF

was observed in ischemic animals compared to controls (p = 0.032). The ranibizumab and the control groups

had comparable VEGF levels (p = 0.99). B. Exemplary H&E stained retinal cross-sections from a control, an

ischemia and a ranibizumab animal with cut outs focused on the GCL. C. A significantly reduced thickness of

the total retina was detected in ischemic retinas compared to controls (p<0.001). Ranibizumab treated eyes

showed similar reduction in retinal thickness like the ischemic eyes (p = 0.6). D. The measurements for the

thickness of the GCL were comparable to the ones for the total retina. In ischemic retinas, a significant GCL

reduction was noted in comparison to the control group (p<0.001). No significant differences could be detected

between ischemic and ranibizumab treated eyes (p = 0.189). *: p< 0.05. Abbreviations: GCL = ganglion cell

layer; IPL = inner plexiform layer; INL = inner nuclear layer; OPL = outer plexiform layer; ONL = outer nuclear

layer; PR = photoreceptor layer. Scale bar: 50 μm (cut outs 10 μm).

https://doi.org/10.1371/journal.pone.0182407.g002
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RGCs were additionally visualized with anti-RBPMS antibody. This staining confirmed

previous findings using anti-Brn-3a. All ischemic retinas showed fewer RBPMS+ cells in the

GCL. A significant RGC loss could be demonstrated in the ischemia group (p<0.001) in com-

parison to the control. Ranibizumab treated retinas showed significantly more RBPMS+ RGCs

when compared to the ischemia group (p = 0.027; Fig 3F).

Loss of amacrine cells after ischemia-reperfusion with and without

ranibizumab treatment

Cholinergic amacrine cells were visualized using an anti-ChAT antibody. Sections of ischemic

and ranibizumab retinas had only few ChAT+ immunoreactivity. Only in the control group,

ChAT immunoreactivity appeared as two clearly defined synaptic strata in the inner plexiform

layer (IPL) with cell bodies in the inner nuclear layer (INL; Fig 4A). Counts revealed only few

ChAT+ cells in the ischemia (2.2±0.6 cells/mm; p<0.001) and the ranibizumab groups (1.9

±0.6 cells/mm; p<0.001), when compared to controls (8.9±1.3 cells/mm; Fig 4B). In regard to

the relative ChAT expression, a significant decrease in the mRNA level was detected in ische-

mic (0.025 expression ratio; p = 0.017) and in ranibizumab treated retinas (0.062 expression

ratio; p = 0.014; Fig 4C). The down-regulation of ChAT mRNA level in the ranibizumab group

was less intense than in ischemic retinas, (p = 0.063; data not shown).

A certain preservation of photoreceptor cells after ischemia-reperfusion

with ranibizumab treatment

Photoreceptor synaptic ribbon terminals in the outer plexiform layer (OPL) and amacrine syn-

apses in the IPL were marked using an antibody specific for the presynaptic protein bassoon.

A decline in bassoon immunoreactive presynaptic puncta was visible in ischemic and ranibizu-

mab eyes (Fig 5A). Control eyes displayed a prominent immunoreactivity of bassoon with dis-

tinct strata in the IPL. On mRNA level, no differences could be detected in bassoon mRNA

expression levels in the ischemia (1.349 expression ratio; p = 0.077) or the ranibizumab treated

group (1.022 expression ratio; p = 0.892) compared to controls (Fig 5B). Even though, bassoon
mRNA expression was less expressed in ranibizumab eyes in comparison to ischemic ones

(p = 0.023; data not shown).

Anti-rhodopsin staining was used to visualize photoreceptor rods (Fig 6A). Area analysis

showed a decrease in rhodopsin+ staining area in ischemic eyes (6.7±2.0% area/image) com-

pared to controls (15.6±2.4% area/image; p = 0.049; Fig 6B). No significant differences were

detected between control and ranibizumab eyes (16.8±3.0% area/image; p = 0.947) in regard

to rhodopsin+ area. The relative rhodopsin mRNA expression was analyzed via qRT-PCR.

Here, no differences were noted in the ischemia (0.94 expression ratio; p = 0.511) and the rani-

bizumab groups (0.851 expression ratio; p = 0.122) compared to controls (Fig 6C). Also, no

Fig 3. A. Representative retinal cross-sections of the three groups stained with anti-Brn-3a for RGCs and

DAPI for cell nuclei. Fewer Brn-3a+ cells were observed in ischemic retinas. B. A significant RGC loss was

noted in the ischemia group compared with control eyes (p<0.001). In comparison to the ischemic group the

ranibizumab treated eyes showed a significant higher number of Brn-3a+ cells (p = 0.042). C. Via qRT-PCR a

significant decrease of Brn-3a mRNA (RGCs) was detected in ischemic (p = 0.002) and ranibizumab treated

retinas (p = 0.007). D. Compared to the ischemia group Brn-3a expression was significantly elevated in the

ranibizumab group (p = 0.039). E. RGCs were additionally stained with the specific marker RBPMS. DAPI was

used to label the cell nuclei. All ischemic retinas showed fewer RBPMS+ cells in the GCL. F. Compared to

controls, a significant RBPMS+ RGC loss could be detected in the ischemia group (p = 0.001). Ranibizumab

treated retinas also displayed significantly fewer RBPMS+ RGCs, when compared to controls (p = 0.001). In

contrast, the ranibizumab group displayed significantly more RGCs than the ischemia group (p = 0.027). *:

p<0.05; **: p<0.01; ***: p<0.001. Abbreviation: GCL = ganglion cell layer. Scale bar: 20 μm.

https://doi.org/10.1371/journal.pone.0182407.g003
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alterations could be observed regarding rhodopsin mRNA expression levels in ranibizumab

treated eyes compared to the ischemia group (p = 0.426; data not shown).

Lower expression of macroglia and VEGF-receptor 2 after ischemia-

reperfusion with ranibizumab treatment

In order to visualize macroglia and VEGF-receptor 2 expression, anti-GFAP and anti-

VEGF-R2 antibodies were applied to retinal sections. GFAP is mainly expressed by astrocytes,

the labelling was localized in close proximity to the GCL of all groups. In the ischemia and the

ranibizumab groups, processes of radially oriented Müller cells also displayed GFAP-positive

Fig 4. A. Cholinergic amacrine cells were labelled using anti-ChAT antibody. The distinct stratification and

ChAT+ cells in the INL were observed in the control group, while both was not present in the ischemia and the

ranibizumab groups. B. Also, in both groups fewer ChAT+ cells were visible (p<0.001). C. A significant

decrease of ChAT mRNA was noted in the ischemia (p = 0.017) as well as in the ranibizumab groups

(p = 0.014). Whereas the decrease in ranibizumab treated eyes was less prominent than in the ischemia

group. There was a trend to a higher ChAT mRNA level in the ranibizumab group when compared to the

ischemia group (p = 0.063). *: p<0.05; ***: p<0.001. Abbreviations: GCL = ganglion cell layer; IPL = inner

plexiform layer; INL = inner nuclear layer. Scale bar: 20 μm.

https://doi.org/10.1371/journal.pone.0182407.g004
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immunoreactivity (Fig 7A). In regard to VEGF-R2 staining, only minor signals were observed

on control retinas, while a scattered VEGF-R2 signal was noted in ischemic and ranibizumab

retinas, mainly in the IPL. A larger immunopositive GFAP signal area was noted in the ischemic

group (21.0±2.5% area/image) in comparison to controls (5.8±1.1% area/image; p<0.001). The

ranibizumab group (12.7±3.0% area/image) displayed a trend towards a larger GFAP staining

area (p = 0.1; Fig 7B). Anti-VEGF-R2+ staining area was significantly increased in the ischemic

group (19.2±1.8% area/image) compared to the control group (4.8±1.3% area/image; p<0.001).

Again, the ranibizumab group (13.0±4.0% area/image) displayed a trend towards an increased

VEGF-R2+ staining area (p = 0.1; Fig 7D). In addition, the relative GFAP and VEGF-R2 mRNA

expression were analyzed via qRT-PCR. A significant up-regulation of GFAP mRNA could be

measured in the ischemic group (4.036 expression ratio; p<0.001) and the ranibizumab group

(2.403 expression ratio; p = 0.015) in comparison to controls (Fig 7C). However, the GFAP
mRNA increase in ranibizumab treated eyes was less prominent than in ischemic ones. No dif-

ferences were noted in regard to GFAP mRNA levels in the ranibizumab group compared to the

ischemia group (p = 0.238; data not shown). Also, VEGF-R2 mRNA expression was significantly

increased in ischemic (2.381 expression ratio; p = 0.021) and in ranibizumab retinas (1.727

expression ratio; p = 0.03; Fig 7E). In relation to the ischemic group the VEGF-R2 mRNA

expression was significantly lower in the ranibizumab group (0.725 expression ratio; p = 0.046)

in comparison to the ischemic group (Fig 7E). Additionally, the VEGF and VEGF-R1 expression

was measured via qRT-PCR. No differences were noted between the ischemia group and the

control group (p = 0.188) in regard to VEGF mRNA expression levels. A significant decrease of

VEGF mRNA expression was observed in ranibizumab treated eyes in comparison to control

retinas (p = 0.003; data not shown). No changes in VEGF-R1 mRNA level were observed in

Fig 5. A. Ribbon terminals were marked with pre-synaptic bassoon. Intense staining and distinct stratification

were noted in the IPL, mainly in retinas of control eyes. B. No differences could be measured in regard to

bassoon mRNA levels in both, the ischemic group (p = 0.077) and the ranibizumab group (p = 0.892), when

compared to controls. Abbreviations: GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner

nuclear layer; OPL = outer plexiform layer. Scale bar: 20 μm.

https://doi.org/10.1371/journal.pone.0182407.g005
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ischemic (p = 0.119) and ranibizumab treated eyes (p = 0.972) compared to controls (data not

shown).

Increased numbers of microglia after ischemia-reperfusion with and

without ranibizumab treatment

Microglia were visualized using an anti-Iba1 antibody, while an anti-CD68 antibody was used

to specifically label activated ones. A lot more microglia were noted in ischemic and ranibizu-

mab retinas, many of them were activated (Fig 8A). Cell counts confirmed this observation.

Significantly higher numbers of Iba1+ microglia were noted in ischemic (14.1±1.4 cells/mm;

Fig 6. A. Rhodopsin was used to stain rod photoreceptors of control, ischemic and ranibizumab treated eyes.

In the control group, rod photoreceptors were clearly visible and their structure was well defined. After

ischemic injury, the structure appeared disordered and damaged, while after treatment with ranibizumab it

seemed to be more organized. B. Compared to controls, the ischemia group showed a significant reduced

rhodopsin+ area (p = 0.049). In the ranibizumab group, a significant enhanced rhodopsin+ area was noted in

relation to the ischemia group (p = 0.036). C. On mRNA level, no differences could be measured in ischemic

retinas (p = 0.511) or ranibizumab treated ones (p = 0.122) in comparison to controls. *: p<0.05.

Abbreviations: ONL = outer nuclear layer; PR = photoreceptors. Scale bar: 20 μm.

https://doi.org/10.1371/journal.pone.0182407.g006

Ranibizumab treatment after ischemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0182407 August 11, 2017 13 / 22

https://doi.org/10.1371/journal.pone.0182407.g006
https://doi.org/10.1371/journal.pone.0182407


p = 0.003) and ranibizumab retinas (16.6±1.2 cells/mm; p<0.001) compared to controls (8.1±
0.8 cells/mm; Fig 8B). In addition, more activated CD68+ microglia were detected in the ische-

mia (5.1±0.7 cells/mm; p<0.001) and the ranibizumab groups (7.7±1.1 cells/mm; p<0.001)

when compared to the control group (0.3±0.1 cells/mm; Fig 8D). The total number of micro-

glia and the number of activated ones was slightly higher in the ranibizumab group than in the

ischemia group. In accordance with the immunohistological data, a significant higher Iba1
mRNA expression was detected in ischemic (1.746 expression ratio; p = 0.023) and ranibizu-

mab treated eyes (1.824 expression ratio; p = 0.018) when compared to controls (Fig 8C).

There was even a trend towards a higher Iba1 mRNA expression in ranibizumab treated eyes

in comparison to ischemic ones (p = 0.056; data not shown). Equally, CD68 mRNA (activated

Fig 7. A. Exemplary retinal sections labelled with anti-GFAP (red) and anti-VEGF-R2 (green). B. GFAP+ area

was significantly increased in ischemic retinas (p<0.001), while it was less prominent in ranibizumab ones

(p = 0.1). C. On mRNA level, a significant up-regulation in GFAP expression could be shown in the ischemia

(p<0.001) as well as in the ranibizumab groups (p = 0.015) in relation to controls. D. Ischemic retinas

displayed a significantly larger VEGF-R2+ area than controls (p = 0.0009). Also, a trend in ranibizumab treated

eyes could be noted (p = 0.1). E. Compared to controls, a significant increase in VEGF-R2 mRNA expression

was measured in ischemic (p = 0.021) and ranibizumab treated eyes (p = 0.03). Whereas VEGF-R2 mRNA

level was significantly lower in the ranibizumab group than in the ischemia group (p = 0.046). ***: p<0.001.

Abbreviations: GCL = ganglion cell layer; IPL = inner plexiform layer; INL = inner nuclear layer. Scale bar:

20 μm.

https://doi.org/10.1371/journal.pone.0182407.g007
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microglia) expression was significantly increased in the ischemia (2.824 expression ratio;

p = 0.009) and in the ranibizumab groups (2.742 expression ratio; p = 0.004) in relation to con-

trols (Fig 8E).

Discussion

Ischemia-reperfusion injury affects O2-dependent cells of tissues and organs, such as heart,

brain, liver, kidney, intestine, or retina [44]. It is a major reason for organ dysfunction and

non-function following transplantation. Retinal ischemia is a result of pathologic processes

Fig 8. A. Microglia cells were labeled with Iba1 (green), while activated microglia and macrophages were

detected with CD68 (red). In all three groups, the microglia as well as their activated type were present in the

GCL, IPL, and INL. CD68+ cells could only be noted in ischemic and ranibizumab eyes. B. Counting of Iba1+

cells revealed a significant increase in cell number in the ischemia (p = 0.003) and the ranibizumab groups

(p<0.001) compared to controls. C. Also, via qRT-PCR a significant increase of Iba1 mRNA expression was

observed in ischemic (p = 0.023) and ranibizumab eyes (p = 0.018) in comparison to controls. D. Additionally,

a significant increase of activated microglia and macrophages (CD68) could be observed in the ischemia

(p<0.001) and the ranibizumab groups (p<0.001). E. Equally, CD68 mRNA (activated microglia) expression

was significantly up-regulated in ischemic (p = 0.009) and ranibizumab retinas (p = 0.004) in relation to

controls. *: p<0.05; **: p<0.01; ***: p<0.001. Abbreviations: GCL = ganglion cell layer; IPL = inner plexiform

layer. Scale bar: 20 μm.

https://doi.org/10.1371/journal.pone.0182407.g008
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that damage retinal vessels [45]. Severe retinal ischemia leads to retinal neovascularization.

These diseases are referred to as ischemic retinopathies and include diabetic retinopathy, reti-

nal vein occlusions, or retinopathy of prematurity. Unfortunately, the role of retinal ischemia

in those diseases is not yet understood in detail. I/R is therefore a common model to study pos-

sible protective agents against retinal degeneration.

We investigated the possible effect of intravitreal treatment with the anti-VEGF antibody

ranibizumab after retinal ischemia. Our results demonstrate that intravitreal VEGF injection

three days after I/R leads to a certain protection of neuronal cells, like RGCs and photorecep-

tors. Additionally, macroglia response was less pronounced after ranibizumab treatment,

while an increase in microglia was noted.

In this study, we observed increased aqueous humor VEGF levels in animals that under-

went ischemia. In a recent study by Kovacs et al. significantly elevated levels of growth factors,

such as VEGF, were measured in patients with retinal ischemia [46]. Increased VEGF levels

were detected in diabetes patients with or without proliferative diabetic retinopathy and in

patients with neovascular glaucoma.

VEGF is found in all major classes of retinal neurons in the human retina. Labelling could

be specially noted in RGCs and in amacrine cells [47]. Also, in the rat retina VEGF is predomi-

nantly localized to neurons and scarcely to retinal vessels. VEGF immunoreactivity can be

observed in the GCL and INL [48]. It is known that retinal VEGF is affected by ischemia [16]

and its expression in neurons is increased in a retinal ischemia animal model [49]. The retina

seems to respond to ischemic damage with a rapidly increased production of angiogenic fac-

tors. Thus, VEGF levels are already elevated after 24 hours.

Neuroprotective properties of VEGF, but also its neurodegenerative ones, are still part of

discussion. VEGF also acts directly on different neural cell types. Therefore, it can be consid-

ered a multifunctional factor for the nervous system during development and adulthood and

in disease conditions [22]. In Multiple Sclerosis (MS), VEGF might aggravate disease progres-

sion. In EAE, a MS animal model, intracerebral application of VEGF resulted in the develop-

ment of massive inflammatory reactions [50]. The authors found VEGF to be upregulated in

MS plaques and EAE lesions. This study suggests that blockage of brain endothelial cell VEGF

signaling might be a protective avenue in patients with MS. The neurodegenerative effect of

VEGF on retinal neurons is not well investigated[15]. Tolentino et al. detected a retinal micro-

angiopathy and ischemia after intravitreal injection of VEGF in non-human primates [51]. In

a rat model of cerebral ischemia, Zhang et al. could demonstrate that VEGF leads to a distur-

bance of the blood-brain barrier with increased permeability and increased ischemic lesions

[52].

Müller cells do express the VEGF receptors VEGF-R1 and VEGF-R2. These cells undergo

apoptosis in mice with systemic VEGF neutralization [53]. Glial and neuronal cells require

VEGF as a survival factor under normal conditions [48]. In a primary rat retina culture treat-

ment with ranibizumab induced an activation of Müller glia [54]. A typical response of gliotic

Müller cells includes an increased expression of the intermediate filament GFAP. Healthy rab-

bits receiving repeated intravitreal injection of ranibizumab, displayed an increase in GFAP

immunoreactivity, which was mainly localized in astrocytes [55]. In our study, retinal ischemia

leads to an activation of macroglia on mRNA and protein level. It has been suggested that

Müller cells and astrocytes undergo gliosis following ischemia [56]. Animals additionally

treated with ranibizumab also showed increased levels of GFAP mRNA, although not as prom-

inent as ischemic retinas. A trend to an increase in GFAP+ staining area could also be noted in

these animals, but it was weaker as in the ischemia group.

Concerning microglia, a different response was noted. Microglia cells are the resident mac-

rophages of the retina and play an important role in the immune defense against pathogens
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and as phagocytic cells that remove cellular debris under pathologic conditions. As described

before, we noted a significant increase in Iba1+ microglia and corresponding Iba1 mRNA lev-

els after retinal ischemia [57, 58]. Additionally, a strong increase in activated microglia was

observed. An early activation of retinal microglia after ischemia has been described before

[59]. Microglia cells might be activated in order to phagocyte cell debris that occurred after

neuronal cells were damaged through ischemia.

It is well known that retinal ischemia leads to the death of RGCs [9, 60]. Our results indicate

that the damage of RGCs after ischemia can be decreased through intravitreal injection of rani-

bizumab. We detected a significant protection of Brn-3a+ and RBPMS+ RGCs via immunohis-

tology. While Brn-3a mRNA expression was also decreased after ranibizumab treatment, when

compared to healthy controls, Brn-3a mRNA levels were significantly higher in the ranibizu-

mab group in comparison to the ischemia group. It seems like single injection ranibizumab

did already achieve a certain protection of RGCs. Applying ranibizumab three days after ische-

mia, induction is probably too late, to accomplish a full RGC protection. Further studies

should also investigate if the functionality of RGCs is still intact, e.g. via electrophysiology.

Our observation that cholinergic amacrine cells are very sensitive to ischemic damage is in

agreement with previous findings by Dijk et al. [61]. They noted a rapid and irreversible reduc-

tion of ChAT+ amacrine cells. After 48 h, hardly any cholinergic amacrine cells could be

observed anymore. In our study, no protective effect of ranibizumab on cholinergic amacrine

cells could be noted on mRNA or protein level. Possibly, this retinal cell type is very sensitive

to ischemic stress and treatment three days after ischemia is too late, although it was sufficient

to observe some neuroprotective effects.

As detected via immunohistology, retinal ischemia induced a decrease in rhodopsin+ pho-

toreceptor area. This photoreceptor decrease could be successfully inhibited by ranibizumab

treatment. A decreased number of photoreceptors after ischemia has already been described

before [57]. This is in accordance with our current observations in the ischemia group, in

regard to immunohistology. Rhodopsin mRNA levels in our study were neither altered in the

ischemic nor in the control groups.

In a RGC-5 (mouse neuronal cells) cell line VEGF protection against oxidative stress is

blocked by bevacizumab [62]. Schnichels et al. observed changes in cell viability and prolifera-

tion rate in RGC-5 and 661W (mouse photoreceptors) cell lines that were treated with ranibi-

zumab [63].

We noted that application of an anti-VEGF antibody could protect RGCs and photorecep-

tors, whereas amacrine cells still degenerated. It can be assumed that retinal ischemia causes a

VEGF imbalance. In a recent study, diabetic rats were treated with intravitreal anti-VEGF anti-

body injection. Here, the inhibition of VEGF significantly increased apoptosis in amacrine

and bipolar cells in the INL and lead to a slight increase in RGC apoptosis [64]. This finding

may suggest that comprised neuronal cells in the diabetic retina could be further affected by

treatments. On the other hand, in a NMDA-induced RGC damage animal model, a toxic effect

of VEGF inhibitors on RGCs in vivo was observed [65]. Different concentrations of bevacizu-

mab, ranibizumab, and pegaptanib did not affect RGC numbers in healthy or NMDA animals,

while damaged retinal layers were reported after repeated bevacizumab treatment in rats

[66]. In contrast, another study did not note any morphological changes of retinal layers or

increased apoptosis after bevacizumab injection in a retinopathy of prematurity mouse model

[67]. In clinical studies, possible contradictory effects of VEGF inhibitors are also discussed. In

AMD patients treated with ranibizumab a significant retinal nerve fiber layer (RNFL) thinning

occurred in the treated eyes, while the cause for this observation is still unclear [68]. Also, the

question arises, if this is clinically relevant, since these patients display already a compromised

RNFL.
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Recently, it could be demonstrated that in a retinal ischemia model neuronal loss was abol-

ished by application of VEGF-A165b [69]. In this study, rats treated with intraocular injection

of recombinant human anti-VEGF-A165b antibody, prior to ischemia, exhibited more neu-

rons and reduced apoptosis in both RGCs and inner nuclear layer cells than sham treated ani-

mals. A single dose of ranibizumab, after induction of non-arteritic anterior ischemic optic

neuropathy (NAION), resulted in no reduction of clinical, electrophysiological, or histologic

damage compared to vehicle-treated animals in a non-human primate NAION model [70]. In

a rat model of NAION, neither a damaging nor a rescuing effect on RGCs was observed after

intravitreal injection of ranibizumab [71]. Also, no benefits of anti-VEGF treatment have been

reported in patients with NAION. Nevertheless, in our retinal ischemia model ischemic dam-

age was less prominent after intravitreal treatment with ranibizumab.

Conclusions

This study demonstrates that intravitreal ranibizumab treatment leads to a certain protection

of neuronal cells, like RGCs and photoreceptors, in an ischemia-reperfusion animal model.

Ranibizumab seems to rescue some retinal cells against ischemia, while cholinergic amacrine

cells could not be saved. These cells seem to be particularly sensitive for ischemic damage. Pos-

sibly, an earlier intervention is necessary to protect this amacrine cell type in the ischemia

model. Still, ranibizumab could be a potential treatment option for ischemic damage of the

retina.

Acknowledgments

The authors thank Stephanie Chun and Mathias Stellbogen for excellent technical support.

Author Contributions

Conceptualization: Stephanie C. Joachim.

Data curation: Jacqueline Reinhard, Carsten Theiss, Caroline May, Stephanie Lohmann.

Funding acquisition: Stephanie C. Joachim, H. Burkhard Dick.

Investigation: Marina Renner, Jacqueline Reinhard, Caroline May, Sabrina Reinehr, Gesa

Stute.

Methodology: Marina Renner, Carsten Theiss, Caroline May, Stephanie Lohmann, Sabrina

Reinehr, Gesa Stute, Andreas Faissner, Katrin Marcus, H. Burkhard Dick.

Project administration: Stephanie C. Joachim.

Resources: Carsten Theiss, Katrin Marcus.

Software: Katrin Marcus.

Validation: Marina Renner.

Writing – original draft: Stephanie C. Joachim, Marina Renner.

Writing – review & editing: Jacqueline Reinhard, Carsten Theiss, Caroline May, Stephanie

Lohmann, Sabrina Reinehr, Andreas Faissner, Katrin Marcus, H. Burkhard Dick.

References
1. Sim DA, Keane PA, Zarranz-Ventura J, Fung S, Powner MB, Platteau E, et al. The effects of macular

ischemia on visual acuity in diabetic retinopathy. Investigative ophthalmology & visual science. 2013;

54(3):2353–60. Epub 2013/03/02. https://doi.org/10.1167/iovs.12-11103 PMID: 23449720.

Ranibizumab treatment after ischemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0182407 August 11, 2017 18 / 22

https://doi.org/10.1167/iovs.12-11103
http://www.ncbi.nlm.nih.gov/pubmed/23449720
https://doi.org/10.1371/journal.pone.0182407


2. Coleman DJ, Silverman RH, Rondeau MJ, Lloyd HO, Khanifar AA, Chan RV. Age-related macular

degeneration: choroidal ischaemia? The British journal of ophthalmology. 2013; 97(8):1020–3. Epub

2013/06/07. https://doi.org/10.1136/bjophthalmol-2013-303143 PMID: 23740965.

3. Terelak-Borys B, Skonieczna K, Grabska-Liberek I. Ocular ischemic syndrome—a systematic review.

Medical science monitor: international medical journal of experimental and clinical research. 2012; 18

(8):RA138–44. Epub 2012/08/01. https://doi.org/10.12659/MSM.883260 PMID: 22847215; PubMed

Central PMCID: PMC3560693.

4. Mizener JB, Podhajsky P, Hayreh SS. Ocular ischemic syndrome. Ophthalmology. 1997; 104(5):859–

64. Epub 1997/05/01. PMID: 9160035.

5. Osborne NN, Casson RJ, Wood JP, Chidlow G, Graham M, Melena J. Retinal ischemia: mechanisms

of damage and potential therapeutic strategies. Prog Retin Eye Res. 2004; 23(1):91–147. Epub 2004/

02/10. https://doi.org/10.1016/j.preteyeres.2003.12.001 PMID: 14766318.

6. Adachi M, Takahashi K, Nishikawa M, Miki H, Uyama M. High intraocular pressure-induced ischemia

and reperfusion injury in the optic nerve and retina in rats. Graefes Arch Clin Exp Ophthalmol. 1996;

234(7):445–51. Epub 1996/07/01. PMID: 8817288.

7. Selles-Navarro I, Villegas-Perez MP, Salvador-Silva M, Ruiz-Gomez JM, Vidal-Sanz M. Retinal gan-

glion cell death after different transient periods of pressure-induced ischemia and survival intervals. A

quantitative in vivo study. Invest Ophthalmol Vis Sci. 1996; 37(10):2002–14. Epub 1996/09/01. PMID:

8814140.

8. Safa R, Osborne NN. Retinas from albino rats are more susceptible to ischaemic damage than age-

matched pigmented animals. Brain Res. 2000; 862(1–2):36–42. Epub 2000/05/09. S0006-8993(00)

02090-4 [pii]. PMID: 10799666.

9. Schmid H, Renner M, Dick HB, Joachim SC. Loss of inner retinal neurons after retinal ischemia in rats.

Investigative ophthalmology & visual science. 2014; 55(4):2777–87. Epub 2014/04/05. https://doi.org/

10.1167/iovs.13-13372 PMID: 24699380.

10. Osborne NN, Larsen AK. Antigens associated with specific retinal cells are affected by ischaemia

caused by raised intraocular pressure: effect of glutamate antagonists. Neurochem Int. 1996; 29

(3):263–70. PMID: 8885285.

11. Zhao Y, Yu B, Xiang YH, Han XJ, Xu Y, So KF, et al. Changes in retinal morphology, electroretinogram

and visual behavior after transient global ischemia in adult rats. PLoS One. 2013; 8(6):e65555. Epub

2013/06/19. https://doi.org/10.1371/journal.pone.0065555 PMID: 23776500; PubMed Central PMCID:

PMC3679137.

12. Rosenbaum DM, Rosenbaum PS, Singh M, Gupta G, Gupta H, Li B, et al. Functional and morphologic

comparison of two methods to produce transient retinal ischemia in the rat. J Neuroophthalmol. 2001;

21(1):62–8. PMID: 11315985.

13. Hughes WF. Quantitation of ischemic damage in the rat retina. Exp Eye Res. 1991; 53(5):573–82.

PMID: 1743256.

14. Ueda H, Halder SK, Matsunaga H, Sasaki K, Maeda S. Neuroprotective impact of prothymosin alpha-

derived hexapeptide against retinal ischemia-reperfusion. Neuroscience. 2016. https://doi.org/10.1016/

j.neuroscience.2016.01.007 PMID: 26779836.

15. Iwona BS. Growth Factors in the Pathogenesis of Retinal Neurodegeneration in Diabetes Mellitus. Curr

Neuropharmacol. 2016; 14(8):792–804. https://doi.org/10.2174/1570159X14666160813182009 PMID:

27528260; PubMed Central PMCID: PMCPMC5333593.

16. Cervia D, Catalani E, Dal Monte M, Casini G. Vascular endothelial growth factor in the ischemic retina

and its regulation by somatostatin. Journal of neurochemistry. 2012; 120(5):818–29. Epub 2011/12/16.

https://doi.org/10.1111/j.1471-4159.2011.07622.x PMID: 22168912.

17. Bates DO, Jones RO. The role of vascular endothelial growth factor in wound healing. Int J Low Extrem

Wounds. 2003; 2(2):107–20. https://doi.org/10.1177/1534734603256626 PMID: 15866835.

18. Abcouwer SF, Lin CM, Wolpert EB, Shanmugam S, Schaefer EW, Freeman WM, et al. Effects of ische-

mic preconditioning and bevacizumab on apoptosis and vascular permeability following retinal ische-

mia-reperfusion injury. Invest Ophthalmol Vis Sci. 2010; 51(11):5920–33. Epub 2010/06/18. https://doi.

org/10.1167/iovs.10-5264 PMID: 20554620.

19. Behl T, Kotwani A. Exploring the various aspects of the pathological role of vascular endothelial growth

factor (VEGF) in diabetic retinopathy. Pharmacol Res. 2015; 99:137–48. https://doi.org/10.1016/j.phrs.

2015.05.013 PMID: 26054568.

20. Adamis AP, Miller JW, Bernal MT, D’Amico DJ, Folkman J, Yeo TK, et al. Increased vascular endothe-

lial growth factor levels in the vitreous of eyes with proliferative diabetic retinopathy. Am J Ophthalmol.

1994; 118(4):445–50. PMID: 7943121.

Ranibizumab treatment after ischemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0182407 August 11, 2017 19 / 22

https://doi.org/10.1136/bjophthalmol-2013-303143
http://www.ncbi.nlm.nih.gov/pubmed/23740965
https://doi.org/10.12659/MSM.883260
http://www.ncbi.nlm.nih.gov/pubmed/22847215
http://www.ncbi.nlm.nih.gov/pubmed/9160035
https://doi.org/10.1016/j.preteyeres.2003.12.001
http://www.ncbi.nlm.nih.gov/pubmed/14766318
http://www.ncbi.nlm.nih.gov/pubmed/8817288
http://www.ncbi.nlm.nih.gov/pubmed/8814140
http://www.ncbi.nlm.nih.gov/pubmed/10799666
https://doi.org/10.1167/iovs.13-13372
https://doi.org/10.1167/iovs.13-13372
http://www.ncbi.nlm.nih.gov/pubmed/24699380
http://www.ncbi.nlm.nih.gov/pubmed/8885285
https://doi.org/10.1371/journal.pone.0065555
http://www.ncbi.nlm.nih.gov/pubmed/23776500
http://www.ncbi.nlm.nih.gov/pubmed/11315985
http://www.ncbi.nlm.nih.gov/pubmed/1743256
https://doi.org/10.1016/j.neuroscience.2016.01.007
https://doi.org/10.1016/j.neuroscience.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26779836
https://doi.org/10.2174/1570159X14666160813182009
http://www.ncbi.nlm.nih.gov/pubmed/27528260
https://doi.org/10.1111/j.1471-4159.2011.07622.x
http://www.ncbi.nlm.nih.gov/pubmed/22168912
https://doi.org/10.1177/1534734603256626
http://www.ncbi.nlm.nih.gov/pubmed/15866835
https://doi.org/10.1167/iovs.10-5264
https://doi.org/10.1167/iovs.10-5264
http://www.ncbi.nlm.nih.gov/pubmed/20554620
https://doi.org/10.1016/j.phrs.2015.05.013
https://doi.org/10.1016/j.phrs.2015.05.013
http://www.ncbi.nlm.nih.gov/pubmed/26054568
http://www.ncbi.nlm.nih.gov/pubmed/7943121
https://doi.org/10.1371/journal.pone.0182407


21. Chernykh VV, Varvarinsky EV, Smirnov EV, Chernykh DV, Trunov AN. Proliferative and inflammatory

factors in the vitreous of patients with proliferative diabetic retinopathy. Indian journal of ophthalmology.

2015; 63(1):33–6. Epub 2015/02/17. https://doi.org/10.4103/0301-4738.151464 PMID: 25686060.

22. Carmeliet P, Ruiz de Almodovar C. VEGF ligands and receptors: implications in neurodevelopment and

neurodegeneration. Cell Mol Life Sci. 2013; 70(10):1763–78. https://doi.org/10.1007/s00018-013-1283-

7 PMID: 23475071.

23. Brown DM, Schmidt-Erfurth U, Do DV, Holz FG, Boyer DS, Midena E, et al. Intravitreal Aflibercept for

Diabetic Macular Edema: 100-Week Results From the VISTA and VIVID Studies. Ophthalmology.

2015. https://doi.org/10.1016/j.ophtha.2015.06.017 PMID: 26198808.

24. van Asten F, Evers-Birkenkamp KU, van Lith-Verhoeven JJ, de Jong-Hesse Y, Hoppenreijs VP, Hom-

mersom RF, et al. A prospective, observational, open-label, multicentre study to investigate the daily

treatment practice of ranibizumab in patients with neovascular age-related macular degeneration. Acta

Ophthalmol. 2015; 93(2):126–33. https://doi.org/10.1111/aos.12610 PMID: 25488348.

25. Holash J, Davis S, Papadopoulos N, Croll SD, Ho L, Russell M, et al. VEGF-Trap: a VEGF blocker with

potent antitumor effects. Proc Natl Acad Sci U S A. 2002; 99(17):11393–8. https://doi.org/10.1073/

pnas.172398299 PMID: 12177445; PubMed Central PMCID: PMCPMC123267.

26. Presta LG, Chen H, O’Connor SJ, Chisholm V, Meng YG, Krummen L, et al. Humanization of an anti-

vascular endothelial growth factor monoclonal antibody for the therapy of solid tumors and other disor-

ders. Cancer Res. 1997; 57(20):4593–9. PMID: 9377574.

27. Rosenfeld PJ, Brown DM, Heier JS, Boyer DS, Kaiser PK, Chung CY, et al. Ranibizumab for neovascu-

lar age-related macular degeneration. N Engl J Med. 2006; 355(14):1419–31. https://doi.org/10.1056/

NEJMoa054481 PMID: 17021318.

28. Krzystolik MG, Afshari MA, Adamis AP, Gaudreault J, Gragoudas ES, Michaud NA, et al. Prevention of

experimental choroidal neovascularization with intravitreal anti-vascular endothelial growth factor anti-

body fragment. Arch Ophthalmol. 2002; 120(3):338–46. Epub 2002/03/15. els00041 [pii]. PMID:

11879138.

29. Yang J, Wang X, Fuh G, Yu L, Wakshull E, Khosraviani M, et al. Comparison of binding characteristics

and in vitro activities of three inhibitors of vascular endothelial growth factor A. Mol Pharm. 2014; 11

(10):3421–30. https://doi.org/10.1021/mp500160v PMID: 25162961.

30. Molina M, Steinbach S, Park YM, Yun SY, Di Lorenzo Alho AT, Heinsen H, et al. Enrichment of single

neurons and defined brain regions from human brain tissue samples for subsequent proteome analysis.

J Neural Transm (Vienna). 2015; 122(7):993–1005. https://doi.org/10.1007/s00702-015-1414-4 PMID:

26123835.

31. Henkel S, Wellhausen R, Woitalla D, Marcus K, May C. Epitope Mapping Using Peptide Microarray in

Autoantibody Profiling. Methods Mol Biol. 2016; 1368:209–24. https://doi.org/10.1007/978-1-4939-

3136-1_15 PMID: 26614078.

32. May C, Nordhoff E, Casjens S, Turewicz M, Eisenacher M, Gold R, et al. Highly Immunoreactive IgG

Antibodies Directed against a Set of Twenty Human Proteins in the Sera of Patients with Amyotrophic

Lateral Sclerosis Identified by Protein Array. PLoS One. 2014; 9(2):e89596. Epub 2014/03/04. https://

doi.org/10.1371/journal.pone.0089596 PMID: 24586901; PubMed Central PMCID: PMC3935926.

33. Yoo MH, Yoon YH, Chung H, Cho KS, Koh JY. Insulin increases retinal hemorrhage in mild oxygen-

induced retinopathy in the rat: inhibition by riluzole. Invest Ophthalmol Vis Sci. 2007; 48(12):5671–6.

https://doi.org/10.1167/iovs.07-0395 PMID: 18055818.

34. Kuo HK, Wu PC, Kuo CN, Chen YH. Effect of insulin on the expression of intraocular vascular endothe-

lial growth factor in diabetic rats. Chang Gung Med J. 2006; 29(6):555–60. PMID: 17302218.

35. Horstmann L, Schmid H, Heinen AP, Kurschus FC, Dick HB, Joachim SC. Inflammatory demyelination

induces glia alterations and ganglion cell loss in the retina of an experimental autoimmune encephalo-

myelitis model. J Neuroinflammation. 2013; 10:120. Epub 2013/10/05. https://doi.org/10.1186/1742-

2094-10-120 PMID: 24090415; PubMed Central PMCID: PMC3851328.

36. Schmid H, Renner M, Dick HB, Joachim SC. Loss of inner retinal neurons after retinal ischemia in rats.

Invest Ophthalmol Vis Sci. 2014; 55(4):2777–87. Epub 2014/04/05. doi: 10.1167/iovs.13-13372. PMID:

24699380.

37. Noristani R, Kuehn S, Stute G, Reinehr S, Stellbogen M, Dick HB, et al. Retinal and Optic Nerve Dam-

age is Associated with Early Glial Responses in an Experimental Autoimmune Glaucoma Model. J Mol

Neurosci. 2016. https://doi.org/10.1007/s12031-015-0707-2 PMID: 26746422.

38. Kim BJ, Braun TA, Wordinger RJ, Clark AF. Progressive morphological changes and impaired retinal

function associated with temporal regulation of gene expression after retinal ischemia/reperfusion injury

in mice. Mol Neurodegener. 2013; 8:21. https://doi.org/10.1186/1750-1326-8-21 PMID: 23800383;

PubMed Central PMCID: PMCPMC3695831.

Ranibizumab treatment after ischemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0182407 August 11, 2017 20 / 22

https://doi.org/10.4103/0301-4738.151464
http://www.ncbi.nlm.nih.gov/pubmed/25686060
https://doi.org/10.1007/s00018-013-1283-7
https://doi.org/10.1007/s00018-013-1283-7
http://www.ncbi.nlm.nih.gov/pubmed/23475071
https://doi.org/10.1016/j.ophtha.2015.06.017
http://www.ncbi.nlm.nih.gov/pubmed/26198808
https://doi.org/10.1111/aos.12610
http://www.ncbi.nlm.nih.gov/pubmed/25488348
https://doi.org/10.1073/pnas.172398299
https://doi.org/10.1073/pnas.172398299
http://www.ncbi.nlm.nih.gov/pubmed/12177445
http://www.ncbi.nlm.nih.gov/pubmed/9377574
https://doi.org/10.1056/NEJMoa054481
https://doi.org/10.1056/NEJMoa054481
http://www.ncbi.nlm.nih.gov/pubmed/17021318
http://www.ncbi.nlm.nih.gov/pubmed/11879138
https://doi.org/10.1021/mp500160v
http://www.ncbi.nlm.nih.gov/pubmed/25162961
https://doi.org/10.1007/s00702-015-1414-4
http://www.ncbi.nlm.nih.gov/pubmed/26123835
https://doi.org/10.1007/978-1-4939-3136-1_15
https://doi.org/10.1007/978-1-4939-3136-1_15
http://www.ncbi.nlm.nih.gov/pubmed/26614078
https://doi.org/10.1371/journal.pone.0089596
https://doi.org/10.1371/journal.pone.0089596
http://www.ncbi.nlm.nih.gov/pubmed/24586901
https://doi.org/10.1167/iovs.07-0395
http://www.ncbi.nlm.nih.gov/pubmed/18055818
http://www.ncbi.nlm.nih.gov/pubmed/17302218
https://doi.org/10.1186/1742-2094-10-120
https://doi.org/10.1186/1742-2094-10-120
http://www.ncbi.nlm.nih.gov/pubmed/24090415
https://doi.org/10.1167/iovs.13-13372
http://www.ncbi.nlm.nih.gov/pubmed/24699380
https://doi.org/10.1007/s12031-015-0707-2
http://www.ncbi.nlm.nih.gov/pubmed/26746422
https://doi.org/10.1186/1750-1326-8-21
http://www.ncbi.nlm.nih.gov/pubmed/23800383
https://doi.org/10.1371/journal.pone.0182407


39. Rovere G, Nadal-Nicolas FM, Sobrado-Calvo P, Garcia-Bernal D, Villegas-Perez MP, Vidal-Sanz M,

et al. Topical Treatment With Bromfenac Reduces Retinal Gliosis and Inflammation After Optic Nerve

Crush. Invest Ophthalmol Vis Sci. 2016; 57(14):6098–106. https://doi.org/10.1167/iovs.16-20425

PMID: 27832276.

40. Kwong JM, Quan A, Kyung H, Piri N, Caprioli J. Quantitative analysis of retinal ganglion cell survival

with Rbpms immunolabeling in animal models of optic neuropathies. Invest Ophthalmol Vis Sci. 2011;

52(13):9694–702. https://doi.org/10.1167/iovs.11-7869 PMID: 22110060; PubMed Central PMCID:

PMCPMC3341125.

41. Sharma TP, Liu Y, Wordinger RJ, Pang IH, Clark AF. Neuritin 1 promotes retinal ganglion cell survival

and axonal regeneration following optic nerve crush. Cell Death Dis. 2015; 6:e1661. https://doi.org/10.

1038/cddis.2015.22 PMID: 25719245; PubMed Central PMCID: PMCPMC4669798.

42. Casola C, Schiwek JE, Reinehr S, Kuehn S, Grus FH, Kramer M, et al. S100 Alone Has the Same

Destructive Effect on Retinal Ganglion Cells as in Combination with HSP 27 in an Autoimmune Glau-

coma Model. Journal of molecular neuroscience: MN. 2015. Epub 2015/01/13. https://doi.org/10.1007/

s12031-014-0485-2 PMID: 25577368.

43. Zhang XY, Xiao YQ, Zhang Y, Ye W. Protective effect of pioglitazone on retinal ischemia/reperfusion

injury in rats. Invest Ophthalmol Vis Sci. 2013; 54(6):3912–21. https://doi.org/10.1167/iovs.13-11614

PMID: 23557740.

44. de Groot H, Rauen U. Ischemia-reperfusion injury: processes in pathogenetic networks: a review.

Transplantation proceedings. 2007; 39(2):481–4. https://doi.org/10.1016/j.transproceed.2006.12.012

PMID: 17362763.

45. Campochiaro PA. Molecular pathogenesis of retinal and choroidal vascular diseases. Prog Retin Eye

Res. 2015; 49:67–81. https://doi.org/10.1016/j.preteyeres.2015.06.002 PMID: 26113211; PubMed

Central PMCID: PMCPMC4651818.

46. Kovacs K, Marra KV, Yu G, Wagley S, Ma J, Teague GC, et al. Angiogenic and Inflammatory Vitreous

Biomarkers Associated With Increasing Levels of Retinal Ischemia. Invest Ophthalmol Vis Sci. 2015; 56

(11):6523–30. https://doi.org/10.1167/iovs.15-16793 PMID: 26447988.

47. Famiglietti EV, Stopa EG, McGookin ED, Song P, LeBlanc V, Streeten BW. Immunocytochemical locali-

zation of vascular endothelial growth factor in neurons and glial cells of human retina. Brain Res. 2003;

969(1–2):195–204. PMID: 12676380.

48. Lee I, Lee H, Kim JM, Chae EH, Kim SJ, Chang N. Short-term hyperhomocysteinemia-induced oxida-

tive stress activates retinal glial cells and increases vascular endothelial growth factor expression in rat

retina. Biosci Biotechnol Biochem. 2007; 71(5):1203–10. https://doi.org/10.1271/bbb.60657 PMID:

17485853.

49. Shima DT, Gougos A, Miller JW, Tolentino M, Robinson G, Adamis AP, et al. Cloning and mRNA

expression of vascular endothelial growth factor in ischemic retinas of Macaca fascicularis. Invest

Ophthalmol Vis Sci. 1996; 37(7):1334–40. PMID: 8641836.

50. Proescholdt MA, Jacobson S, Tresser N, Oldfield EH, Merrill MJ. Vascular endothelial growth factor is

expressed in multiple sclerosis plaques and can induce inflammatory lesions in experimental allergic

encephalomyelitis rats. J Neuropathol Exp Neurol. 2002; 61(10):914–25. PMID: 12387457.

51. Tolentino MJ, Miller JW, Gragoudas ES, Jakobiec FA, Flynn E, Chatzistefanou K, et al. Intravitreous

injections of vascular endothelial growth factor produce retinal ischemia and microangiopathy in an

adult primate. Ophthalmology. 1996; 103(11):1820–8. PMID: 8942877.

52. Zhang ZG, Zhang L, Jiang Q, Zhang R, Davies K, Powers C, et al. VEGF enhances angiogenesis and

promotes blood-brain barrier leakage in the ischemic brain. J Clin Invest. 2000; 106(7):829–38. https://

doi.org/10.1172/JCI9369 PMID: 11018070; PubMed Central PMCID: PMCPMC517814.

53. Saint-Geniez M, Maharaj AS, Walshe TE, Tucker BA, Sekiyama E, Kurihara T, et al. Endogenous

VEGF is required for visual function: evidence for a survival role on muller cells and photoreceptors.

PLoS One. 2008; 3(11):e3554. https://doi.org/10.1371/journal.pone.0003554 PMID: 18978936;

PubMed Central PMCID: PMCPMC2571983.

54. Gaddini L, Varano M, Matteucci A, Mallozzi C, Villa M, Pricci F, et al. Muller glia activation by VEGF-

antagonizing drugs: An in vitro study on rat primary retinal cultures. Exp Eye Res. 2015; 145:158–63.

https://doi.org/10.1016/j.exer.2015.11.010 PMID: 26607807.

55. Zayit-Soudry S, Zemel E, Loewenstein A, Perlman I. Safety evaluation of repeated intravitreal injections

of bevacizumab and ranibizumab in rabbit eyes. Retina (Philadelphia, Pa. 2010; 30(4):671–81. https://

doi.org/10.1097/IAE.0b013e3181c0858c PMID: 19952984.

56. Pannicke T, Uckermann O, Iandiev I, Biedermann B, Wiedemann P, Perlman I, et al. Altered membrane

physiology in Muller glial cells after transient ischemia of the rat retina. Glia. 2005; 50(1):1–11. https://

doi.org/10.1002/glia.20151 PMID: 15593100.

Ranibizumab treatment after ischemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0182407 August 11, 2017 21 / 22

https://doi.org/10.1167/iovs.16-20425
http://www.ncbi.nlm.nih.gov/pubmed/27832276
https://doi.org/10.1167/iovs.11-7869
http://www.ncbi.nlm.nih.gov/pubmed/22110060
https://doi.org/10.1038/cddis.2015.22
https://doi.org/10.1038/cddis.2015.22
http://www.ncbi.nlm.nih.gov/pubmed/25719245
https://doi.org/10.1007/s12031-014-0485-2
https://doi.org/10.1007/s12031-014-0485-2
http://www.ncbi.nlm.nih.gov/pubmed/25577368
https://doi.org/10.1167/iovs.13-11614
http://www.ncbi.nlm.nih.gov/pubmed/23557740
https://doi.org/10.1016/j.transproceed.2006.12.012
http://www.ncbi.nlm.nih.gov/pubmed/17362763
https://doi.org/10.1016/j.preteyeres.2015.06.002
http://www.ncbi.nlm.nih.gov/pubmed/26113211
https://doi.org/10.1167/iovs.15-16793
http://www.ncbi.nlm.nih.gov/pubmed/26447988
http://www.ncbi.nlm.nih.gov/pubmed/12676380
https://doi.org/10.1271/bbb.60657
http://www.ncbi.nlm.nih.gov/pubmed/17485853
http://www.ncbi.nlm.nih.gov/pubmed/8641836
http://www.ncbi.nlm.nih.gov/pubmed/12387457
http://www.ncbi.nlm.nih.gov/pubmed/8942877
https://doi.org/10.1172/JCI9369
https://doi.org/10.1172/JCI9369
http://www.ncbi.nlm.nih.gov/pubmed/11018070
https://doi.org/10.1371/journal.pone.0003554
http://www.ncbi.nlm.nih.gov/pubmed/18978936
https://doi.org/10.1016/j.exer.2015.11.010
http://www.ncbi.nlm.nih.gov/pubmed/26607807
https://doi.org/10.1097/IAE.0b013e3181c0858c
https://doi.org/10.1097/IAE.0b013e3181c0858c
http://www.ncbi.nlm.nih.gov/pubmed/19952984
https://doi.org/10.1002/glia.20151
https://doi.org/10.1002/glia.20151
http://www.ncbi.nlm.nih.gov/pubmed/15593100
https://doi.org/10.1371/journal.pone.0182407


57. Ueda H, Halder SK, Matsunaga H, Sasaki K, Maeda S. Neuroprotective impact of prothymosin alpha-

derived hexapeptide against retinal ischemia-reperfusion. Neuroscience. 2016; 318:206–18. https://doi.

org/10.1016/j.neuroscience.2016.01.007 PMID: 26779836.

58. Kambhampati SP, Clunies-Ross AJ, Bhutto I, Mishra MK, Edwards M, McLeod DS, et al. Systemic and

Intravitreal Delivery of Dendrimers to Activated Microglia/Macrophage in Ischemia/Reperfusion Mouse

Retina. Invest Ophthalmol Vis Sci. 2015; 56(8):4413–24. https://doi.org/10.1167/iovs.14-16250 PMID:

26193917; PubMed Central PMCID: PMCPMC4510469.

59. Zhang C, Lam TT, Tso MO. Heterogeneous populations of microglia/macrophages in the retina and

their activation after retinal ischemia and reperfusion injury. Exp Eye Res. 2005; 81(6):700–9. Epub

2005/06/22. S0014-4835(05)00122-3 [pii] https://doi.org/10.1016/j.exer.2005.04.008 PMID: 15967434.

60. Dvoriantchikova G, Hernandez E, Grant J, Santos AR, Yang H, Ivanov D. The high-mobility group box-

1 nuclear factor mediates retinal injury after ischemia reperfusion. Invest Ophthalmol Vis Sci. 2011; 52

(10):7187–94. Epub 2011/08/11. https://doi.org/10.1167/iovs.11-7793 PMID: 21828158; PubMed Cen-

tral PMCID: PMC3207720.

61. Dijk F, Kamphuis W. An immunocytochemical study on specific amacrine cell subpopulations in the rat

retina after ischemia. Brain Res. 2004; 1026(2):205–17. Epub 2004/10/19. S0006-8993(04)01331-9

[pii] https://doi.org/10.1016/j.brainres.2004.08.014 PMID: 15488482.

62. Brar VS, Sharma RK, Murthy RK, Chalam KV. Bevacizumab neutralizes the protective effect of vascular

endothelial growth factor on retinal ganglion cells. Mol Vis. 2010; 16:1848–53. PMID: 21031022;

PubMed Central PMCID: PMCPMC2956671.

63. Schnichels S, Hagemann U, Januschowski K, Hofmann J, Bartz-Schmidt KU, Szurman P, et al. Com-

parative toxicity and proliferation testing of aflibercept, bevacizumab and ranibizumab on different ocu-

lar cells. Br J Ophthalmol. 2013. Epub 2013/05/21. bjophthalmol-2013-303130 [pii] https://doi.org/10.

1136/bjophthalmol-2013-303130 PMID: 23686000.

64. Park HY, Kim JH, Park CK. Neuronal cell death in the inner retina and the influence of vascular endothe-

lial growth factor inhibition in a diabetic rat model. The American journal of pathology. 2014; 184

(6):1752–62. https://doi.org/10.1016/j.ajpath.2014.02.016 PMID: 24709590.

65. Thaler S, Fiedorowicz M, Choragiewicz TJ, Bolz S, Tura A, Henke-Fahle S, et al. Toxicity testing of the

VEGF inhibitors bevacizumab, ranibizumab and pegaptanib in rats both with and without prior retinal

ganglion cell damage. Acta ophthalmologica. 2010; 88(5):e170–6. Epub 2010/05/25. https://doi.org/10.

1111/j.1755-3768.2010.01927.x PMID: 20491691.

66. Romano MR, Biagioni F, Besozzi G, Carrizzo A, Vecchione C, Fornai F, et al. Effects of bevacizumab

on neuronal viability of retinal ganglion cells in rats. Brain Res. 2012; 1478:55–63. https://doi.org/10.

1016/j.brainres.2012.08.014 PMID: 23046588.

67. Akkoyun I, Karabay G, Haberal N, Dagdeviren A, Yilmaz G, Oto S, et al. Structural consequences after

intravitreal bevacizumab injection without increasing apoptotic cell death in a retinopathy of prematurity

mouse model. Acta Ophthalmol. 2012; 90(6):564–70. https://doi.org/10.1111/j.1755-3768.2010.01963.

x PMID: 20698831.

68. Martinez-de-la-Casa JM, Ruiz-Calvo A, Saenz-Frances F, Reche-Frutos J, Calvo-Gonzalez C, Donate-

Lopez J, et al. Retinal nerve fiber layer thickness changes in patients with age-related macular degener-

ation treated with intravitreal ranibizumab. Invest Ophthalmol Vis Sci. 2012; 53(10):6214–8. https://doi.

org/10.1167/iovs.12-9875 PMID: 22915037.

69. Beazley-Long N, Hua J, Jehle T, Hulse RP, Dersch R, Lehrling C, et al. VEGF-A165b is an endogenous

neuroprotective splice isoform of vascular endothelial growth factor A in vivo and in vitro. The American

journal of pathology. 2013; 183(3):918–29. Epub 2013/07/11. https://doi.org/10.1016/j.ajpath.2013.05.

031 PMID: 23838428; PubMed Central PMCID: PMC3763768.

70. Miller NR, Johnson MA, Nolan T, Guo Y, Bernstein SL. A Single Intravitreal Injection of Ranibizumab

Provides No Neuroprotection in a Nonhuman Primate Model of Moderate-to-Severe Nonarteritic Ante-

rior Ischemic Optic Neuropathy. Invest Ophthalmol Vis Sci. 2015; 56(13):7679–86. https://doi.org/10.

1167/iovs.15-18015 PMID: 26624498; PubMed Central PMCID: PMCPMC4669855.

71. Huang TL, Chang CH, Chang SW, Lin KH, Tsai RK. Efficacy of Intravitreal Injections of Antivascular

Endothelial Growth Factor Agents in a Rat Model of Anterior Ischemic Optic Neuropathy. Invest

Ophthalmol Vis Sci. 2015; 56(4):2290–6. https://doi.org/10.1167/iovs.14-15999 PMID: 25758818.

Ranibizumab treatment after ischemia

PLOS ONE | https://doi.org/10.1371/journal.pone.0182407 August 11, 2017 22 / 22

https://doi.org/10.1016/j.neuroscience.2016.01.007
https://doi.org/10.1016/j.neuroscience.2016.01.007
http://www.ncbi.nlm.nih.gov/pubmed/26779836
https://doi.org/10.1167/iovs.14-16250
http://www.ncbi.nlm.nih.gov/pubmed/26193917
https://doi.org/10.1016/j.exer.2005.04.008
http://www.ncbi.nlm.nih.gov/pubmed/15967434
https://doi.org/10.1167/iovs.11-7793
http://www.ncbi.nlm.nih.gov/pubmed/21828158
https://doi.org/10.1016/j.brainres.2004.08.014
http://www.ncbi.nlm.nih.gov/pubmed/15488482
http://www.ncbi.nlm.nih.gov/pubmed/21031022
https://doi.org/10.1136/bjophthalmol-2013-303130
https://doi.org/10.1136/bjophthalmol-2013-303130
http://www.ncbi.nlm.nih.gov/pubmed/23686000
https://doi.org/10.1016/j.ajpath.2014.02.016
http://www.ncbi.nlm.nih.gov/pubmed/24709590
https://doi.org/10.1111/j.1755-3768.2010.01927.x
https://doi.org/10.1111/j.1755-3768.2010.01927.x
http://www.ncbi.nlm.nih.gov/pubmed/20491691
https://doi.org/10.1016/j.brainres.2012.08.014
https://doi.org/10.1016/j.brainres.2012.08.014
http://www.ncbi.nlm.nih.gov/pubmed/23046588
https://doi.org/10.1111/j.1755-3768.2010.01963.x
https://doi.org/10.1111/j.1755-3768.2010.01963.x
http://www.ncbi.nlm.nih.gov/pubmed/20698831
https://doi.org/10.1167/iovs.12-9875
https://doi.org/10.1167/iovs.12-9875
http://www.ncbi.nlm.nih.gov/pubmed/22915037
https://doi.org/10.1016/j.ajpath.2013.05.031
https://doi.org/10.1016/j.ajpath.2013.05.031
http://www.ncbi.nlm.nih.gov/pubmed/23838428
https://doi.org/10.1167/iovs.15-18015
https://doi.org/10.1167/iovs.15-18015
http://www.ncbi.nlm.nih.gov/pubmed/26624498
https://doi.org/10.1167/iovs.14-15999
http://www.ncbi.nlm.nih.gov/pubmed/25758818
https://doi.org/10.1371/journal.pone.0182407

