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Abstract

Apoptosis plays a central role in developmental and pathological angiogenesis and vessel

regression. Bim is a pro-apoptotic Bcl-2 family member that plays a prominent role in both

developmental and pathological ocular vessel regression, and neovascularization. Endothe-

lial cells (EC) and pericytes (PC) each play unique roles during vascular development,

maintenance and regression. We recently showed that germline deletion of Bim results in

persistent hyaloid vasculature, increased retinal vascular density and prevents retinal vessel

regression in response to hyperoxia. To determine whether retinal vascular regression is

attributable to Bim expression in EC or PC we generated mice carrying a conditional Bim

allele (BimFlox/Flox) and VE-cadherin-cre (BimEC mice) or Pdgfrb-cre (BimPC mice). BimEC

and BimPC mice demonstrated attenuated hyaloid vessel regression and postnatal retinal

vascular remodeling. We also observed decreased retinal vascular apoptosis and prolifera-

tion. Unlike global Bim -/- mice, mice conditionally lacking Bim in EC or PC underwent hyper-

oxia-mediated vessel obliteration and subsequent retinal neovascularization during oxygen-

induced ischemic retinopathy similar to control littermates. Thus, understanding the cell

autonomous role Bim plays in the retinal vascular homeostasis will give us new insight into

how to modulate pathological retinal neovascularization and vessel regression to preserve

vision.
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Introduction

Retinal vascular cell death or apoptosis can be positively or negatively influenced by Bcl-2 fam-

ily members. Bim is a Bcl-2 homology 3 (BH3) domain-only apoptosis initiating Bcl-2 family

member. Unlike other pro-apoptotic Bcl-2 family members with three BH domains, Bim can

bind anti-apoptotic family members and promote apoptosis [1]. Studies from our laboratories

have shown that Bim not only acts in opposition to Bcl-2 with regards to modulation of apo-

ptosis but also by modulating cell adhesion and migration [2]. We have shown that vascular

cells lacking Bim are more adhesive and resistant to apoptotic stimuli while cells lacking Bcl-2

are less adhesive and prone to apoptosis [3]. Lack of Bim or Bcl-2 also resulted in opposing

changes in cell migration which were cell type specific [2–4]. Thus, modulating Bim expression

may play a crucial role during development and/or remodeling processes including tissue

vascularization.

Angiogenesis allows for the expansion of existing blood vessels during development and

disease, while remodeling occurs in response to changes in need for oxygen and nutrients.

Under normal circumstances, pruning of capillaries in the vascular plexus is followed by stabi-

lization and maturation of the remaining vessels. However, during pathological remodeling in

diseases such as retinopathy of prematurity and diabetic retinopathy, vascular remodeling goes

awry. The inability to undergo vessel regression following development can also lead to disease

such as persistent fetal vasculature. Thus, proper regulation of apoptosis-driven vascular

remodeling is essential for development and maintenance of the ocular vasculature.

Although Bim expression is required for endothelial cell apoptosis during VEGF blockade

and tumor regression [5], its role during remodeling of the retinal vasculature is not well

defined. Our previous studies demonstrated precocious formation of the deep vascular plexus,

decreased retinal vascular remodeling, attenuated hyaloid vessel regression and protection

from oxygen-induced ischemic retinopathy (OIR) in global Bim deficient (Bim -/-) mice [6].

OIR is characterized by attenuation of retinal vascular development and apoptosis-driven loss

of existing blood vessels [7]. This is followed by the ischemic retina initiating a proangiogenic

response, including increased VEGF production resulting in pathological growth of new blood

vessels. We have previously shown that lack of Bim expression resulted in increased VEGF

production in retinal vascular cells [2, 8, 9], which protected the developing retinal vasculature

from hyperoxia-mediated vessel obliteration and subsequent neovascularization [6]. There-

fore, Bim plays an important role in both normal and aberrant retinal vascular remodeling

and neovascularization.

Although apoptosis facilitates ocular vessel regression, the contribution of Bim expression

in endothelial cells (EC) and pericytes (PC) during regression and neovascularization is not

well understood. EC and PC each play unique roles during development, maintenance and

regression of the retinal vasculature. To determine whether the contribution of Bim expression

during developmental and pathological vascular regression was attributable to its expression

in EC or PC, we generated mice carrying a conditional Bim allele (BimFlox/Flox) and VE-cad-

herin-cre (BimEC mice) or Pdgfrb-cre (BimPC mice). We observed attenuation of hyaloid vessel

regression and postnatal vascular pruning in mice lacking Bim in EC or PC. Apoptosis and

proliferation were also decreased in the retinal vasculature of BimEC and BimPC mice. How-

ever, unlike global Bim -/- mice, substantial hyperoxia-mediated vessel obliteration and subse-

quent neovascularization was observed following OIR in both BimEC and BimPC mice [6].

These studies increase our understanding of how modulating apoptosis of specific vascular

cells influences not only normal development but also pathological ocular conditions in which

vessel regression may be of therapeutic benefit.
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Materials and methods

Ethics statement

Experiments were performed in accordance to the Association for Research in Vision and

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

approved by the Institutional Animal Care and Use Committee of the University of Wisconsin

School of Medicine and Public Health. Euthanasia of animals was done according to approved

protocols by CO2 asphyxiation.

Animals

The VE-cadherin-cre transgenic mouse line (B6.Cg-Tg(Cdh5-cre)7Mlia/J; Jackson Laboratory,

Bar Harbor, ME; stock number 006137) genotyping was accomplished by PCR analysis of

genomic DNA extracted from tail biopsies using the following primers 5’-GCGGTCTGGCAG
TA AAAACTATC-3’ and 5’-GTGAAACAGCATTGCTGTCACTT-3’. The Tg(Pdgfrb-cre)45Vli

mouse line has been described previously [10] and was screened using the following primers:

5’-GCATTTCTGGGGATTGCTTA-3’ and 5’-CCCGGCAAAACAGGTAGTTA-3’. The Bim-
Conditional mice homozygous for this allele were healthy [11]. These mice were screened with

the following primers: 5’-AACCAACTGRACCTTGGCTATA-3’ and 5’-GACAAGGTGGACA
ATTGCAG-3’. These transgenic mice were previously characterized and utilized in numerous

studies [10–16].

We crossed mice homozygous for the BimConditional allele with either Tg(Pdgfrb-cre)45Vli

[10] or VE-cadherin-cre (Jackson stock number 006137) mice. The progeny of this cross that

were heterozygous for the BimConditional allele and expressed either Pdgfrb-cre or VE-cad-

herin-cre were then crossed. The progeny were screened as described above and mice homozy-

gous for the BimConditional allele which also expressed Pdgfrb-cre or VE-cadherin-cre were

bred to mice expressing the BimConditional allele and genotyped. Mice homozygous for the

BimConditional allele expressing Pdgfrb-cre are referred to as BimPC mice. Mice homozygous for

the BimConditional allele expressing VE-cadherin-cre are referred to as BimEC mice. C57BL/6J

mice, the background strain of the BimEC or BimPC mice were used as controls and referred to

as wild-type (WT) unless noted otherwise. For example, BimFlox/Flox littermates were used in

OIR studies as noted in the figure legend. To assess Cre-mediated excision we crossed mice

carrying a conditional Tomato allele (B6.Cg-Gt (ROSA) 26Sortm14 (CAG-tdTomato)Hze/J;

Jackson stock number 007914) to VE-cadherin-cre (TomatoEC) or Tg(Pdgfrb-cre)45Vli (Toma-

toPC) mice. In some cases, TomatoEC and TomatoPC mice were perfused with FITC-Wheat-

germ agglutinin to visualize the vasculature. In the presence of a tissue-specific Cre recombi-

nase, the Tomato cassette was expressed and used to track Cre expression. Tomato expression

in the retina was confined to EC in TomatoEC mice and PC in TomatoPC mice (Fig 1). All mice

were maintained at the University of Wisconsin animal facilities where our studies were per-

formed according to approved protocols.

For OIR studies, 7-day-old (P7) pups and mothers were exposed to an atmosphere of

75±0.5% oxygen for 5 days. The incubator temperature was maintained at 23±2˚C, and oxygen

was continuously monitored with a PROOX model 110 oxygen controller (Reming Bioinstru-

ments Co., Redfield, NY). Mice were then brought to room air for up to 5 days, and retinal

wholemounts prepared from P17 pups that weighed greater than 6.5 grams as described

below.
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Trypsin-digested retinal vessel preparation

Eyes were enucleated from P21 or P42 mice and fixed in 4% paraformaldehyde for at least 24

h. The eyes were bisected equatorially and the entire retina was removed using the dissecting

microscope. Retinas were washed overnight in distilled water then incubated in 3% trypsin

(Trypsin 1:250, Difco) prepared in 0.1 M Tris, 0.1 M maleic acid, pH7.8 containing 0.2 M NaF

for 1–1.5 h at 37˚C. Following digestion, the retinal vessels were flattened with four radial cuts,

then mounted on glass slides for periodic acid-schiff (PAS) and hematoxylin staining. Nuclear

morphology was used to distinguish PC from EC. The nuclei of EC are oval or elongated. They

lie within the vessel wall along the axis of the capillary. PC nuclei are small, spherical, stain

densely, and usually have a protuberant position on the capillary wall. The stained retinal

wholemounts were coded, and subsequent counting was performed masked.

EC and PC numbers were determined by counting respective nuclei per field of view under

the microscope at a magnification of x400. Only vascular cells on retinal capillaries were

Fig 1. P21 TomatoEC and TomatoPC mice were perfused with FITC-wheat germ agglutinin to visualize

the vasculature (green) with VE-cadherin-cre expressing cells (endothelial cells; red) in the upper

panel and Pdgfrb-cre expressing cells in the lower panel at x200 with a higher magnification (Tomato)

shown at x400.

https://doi.org/10.1371/journal.pone.0178198.g001
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counted, which was performed in the mid-zone of the retina. We counted the number of EC

and PC in four fields of view from each of four quadrants of each retina. To evaluate the den-

sity of vascular cells in the capillaries, the mean number of EC or PC was recorded.

Visualization of retina vasculature with quantification of avascular area

Vessel obliteration and the retinal vascular pattern were analyzed using retinal wholemounts

stained with anti-collagen IV antibody as described previously [17]. The enucleated eyes were

fixed in 4% paraformaldehyde for 5 hours then placed in 70% methanol for at least 24 h at

-20˚C. Retinas were dissected in PBS and then washed and incubated in a blocking buffer

(50% fetal calf serum, 20% normal goat serum in PBS) for 2 h. The retinas were incubated with

anti-collagen IV (diluted 1:250 in PBS containing 20% fetal calf serum, 20% normal goat

serum) overnight followed by a wash with PBS and incubation with secondary antibody CY3

goat-anti-rabbit (Jackson ImmunoResearch; 1:500 dilution prepared in PBS containing 20%

FCS, 20% NGS) for at room temperature for 2 h. In some cases, retinas were co-stained with

Isolectin B4 to aid identification of the area of capillary loss. Retinas were mounted and viewed

by fluorescence microscopy. Images were captured in digital format using a Zeiss microscope

(Carl Zeiss, Chester, VA). The central area of capillary loss was quantified, as a percentage of

the whole retina area, from the digital images in masked fashion using Axiovision software

(Carl Zeiss, Chester, VA). Quantification of vitreous neovascularization was performed as pre-

viously described by Stahl et al. [18, 19].

Imaging of the hyaloid vasculature

Hyaloid vessels from 10 week old mice were imaged using a Micron III indirect camera (Phoe-
nix Research Labs). Mice were anesthetized using ketamine/Xylazine and atropine was used to

dilate eyes. Fundus images were taken prior to an intraperitoneal injection of 50 μl sodium

fluorescein (10%; Altaire Pharmaceuticals) while the retina was in focus on the Micron III this

was followed by imaging the hyaloid vessels filled with fluorescein.

To visualize the hyaloid vessels in P10 mice, the eyes were enucleated and briefly fixed in

4% paraformaldehyde and stored in methanol at -20˚C until dissection. The eyes were then

rehydrated in phosphate buffered saline (PBS). The sclera, choroid and retinal pigment epithe-

lial layers were separated from the retina while the lens was still in the vitreous. The lens was

then extracted gently from the vitreous using fine forceps. The retina was transferred to a clean

cell culture dish (without PBS) and a pre-warmed 6% gelatin solution was injected and allowed

to solidify on ice for 2–3 minutes. To prevent the retina from drying out, cold PBS was added

to the dish and left on ice for one hour. Gelatin protected hyaloid vessels were removed from

the eye cup in cold PBS and under the dissection microscope and placed on a glass slide.

Warm PBS was used to dissolve and wash out the gelatin and the hyaloid vessels orientated

using a fine forceps. The preparations were allowed to air dry overnight, DAPI stained and

imaged by fluorescent microscopy.

Apoptosis and proliferation

Eyes were enucleated, fixed for 3 minutes in 4% paraformaldehyde and stored in methanol at

-20˚C overnight. The dissected retinas were placed in PBS for 30 minutes, fixed in 3% parafor-

maldehyde for 30 minutes and washed three times in PBS. The retinas were then transferred to

new tubes, rinsed and blocked in 50% blocking buffer (see above) for 24 hours at room tem-

perature. Next the retinas were incubated with anti-cleaved caspase-3 (1:50; Cell Signaling

clone D3E9 # 9579) or Ki-67 (1:50 Cell Signaling clone D3B5 #12075) in 2.5% BSA, 0.4% Tri-

ton X-100 and 5% blocking buffer for 24 hours at 4˚C while rocking, washed 5 times in PBS,

Bim deficient retinal endothelial cells and pericytes
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one time in 2.5% BSA, 5% blocking buffer and 0.4% Triton X-100 (20 minutes at room tem-

perature) and then rocked in 50% blocking buffer at room temperature for 30 minutes. The

retinas were then incubated with the appropriate secondary antibody (1:500; Jackson Immu-

noResearch Laboratories) in 2.5% BSA, 5% blocking buffer and 0.4% Triton X-100 rocking for

2 hours at room temperature. The samples were washed three times in PBS for 10 minutes and

fixed in 3% paraformaldehyde for 30 minutes at room temperature. The retinas were then

washed 3 times in PBS, transferred to new tubes and washed once more in PBS. The retinas

were then incubated in Isolectin B4-FITC (1:100: Vector Labs) for 90 minutes and washed.

The samples were mounted in mounting medium with DAPI (Southern Biotech). For quantifi-

cation, the numbers of cleaved caspase-3 or Ki-67 positive cells on the blood vessels were

determined per retina.

qPCR analysis

Two mouse retinas were homogenized in 1 mL of Trizol (Invitrogen). First, 0.2 mL of chloro-

form was added to each sample, followed by vortexing for 20 sec, and incubated at room tem-

perature for 2–3 min. Samples were then centrifuged at 10,000xg for 18 min at 4˚C and the

aqueous phase transferred to a new tube. An equal volume of RNA-free ethanol was added to

each sample. Samples were loaded onto an RNeasy column (Qiagen kit) then centrifuged for

30 sec at 8,000xg. The flow-through was discarded and 700 μL of Buffer RW1 added to the col-

umn and centrifuged for 30 sec at 8,000xg. Samples were washed twice with 500 μL of Buffer

RPE. The columns were transferred to a new 1.5 mL collection tube and 40 μl of RNase-free

water was added directly onto the column membrane and incubated for 1–2 min at room tem-

perature. RNA was eluted by centrifuging for 1 min at 8,000xg.

Complimentary deoxyribonucleic acid (DNA) synthesis was performed from 1 μg of total

RNA using Sprint™ RT Complete-Double PrePrimed kit (Clontech; Mountain View, Califor-

nia) according to the manual. For quantitative polymerase chain reaction analysis, 1 μl of each

cDNA (dilution 1:10) was used as template in qPCR assays, performed in triplicates on Master-

cycler Realplex (Eppendorf; Hauppauge, NY) using the SYBR qPCR Premix (Clontech) with

specific primers;

Bim-F (AGTGTGACAGAGAAGGTGGACAATT)

Bim-EL-R (GGGATTACCTTGCGGTTCTGT)

Bim-L-R (GCTCCTGTCTTGCGGTTCTG)

Bim-S-R (GTATGGAAGCTTGCGGTTCTGT)

RpL13A-F (TCTCAAGGTTGTTCGGCTGAA)

RpL13A-R (GCCAGACGCCCCAGGTA)

Amplification parameters were as follows: 95˚C for 2 min; 40 cycles of amplification (95˚C

for 15 sec, 60˚C for 40 sec); dissociation curve step (95˚C for 15 sec, 60˚C for 15 sec, 95˚C for

15 sec). Standard curves were generated from known quantities for each target gene of linear-

ized plasmid DNA. Ten times dilution series were used for each known targets, which were

amplified using SYBR-Green qPCR. The linear regression line for ng of DNA was determined

from relative fluorescent units (RFU) at a threshold fluorescence value (Ct) to gene targets

from retina extracts and normalized by the simultaneous amplification of RpL13A (a house-

keeping gene) for all samples. Mean and standard deviation of all experiments performed were

calculated after normalization to RpL13A.

Analysis of formation of the deep vasculature

Eyes from P10 mice were enucleated and fixed for 3 minutes in 4% paraformaldehyde and

stored in methanol at -20˚C overnight. The retinas were dissected and placed in PBS for 30
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minutes, fixed in 3% paraformaldehyde for 30 minutes and washed three times in PBS. Retinas

were then wholemount stained with Isolectin B4 as described above (proliferation and apopto-

sis) and mounted. For quantification, the mean number of vertical sprouts were determined

per retina. The central area of vertical sprouting was quantified from the digital images in

masked fashion using ImageJ (Carl Zeiss, Chester, VA).

Statistical analysis

Statistical differences between groups were evaluated with ANOVA with Tukey’s Multiple

Comparison Test. Mean ± standard deviation is shown. Comparison between wild-type and

BimEC or wild-type and BimPC was confirmed with a T-test. qPCR data was analyzed with a

One-Way ANOVA with subgroup p-values adjusted using Dunnett’s multiple comparisons

test.

Results

Attenuation of hyaloid vessel regression in BimEC or BimPC mice

The immature lens, retina and vitreous are nourished by the pupillary membrane (PM) and

hyaloid vessels-hyaloid arteries, tunica vasculosa lentis (TVL), and vasa hyaloidea propria

(VHP) [20]. Regression of the hyaloid vasculature is an apoptosis-driven process. Failure of

the hyaloid vasculature to regress, termed persistent fetal vasculature or persistent hyperplastic

primary vitreous, is one of the most common congenital malformation syndromes of the eye

[21]. In the mouse, hyaloid vessel regression begins prior to weaning, with complete regression

by six weeks of age [6].

Although Bim has been shown to be expressed in hyaloid EC and PC [22], Bim-driven apo-

ptosis of hyaloid EC or PC during hyaloid vessel regression is not completely understood. Our

previous studies demonstrated attenuated hyaloid vessel regression in global Bim -/- mice [6].

Here we assessed the necessity of Bim expression in EC or PC during hyaloid vessel regression

by generating mice homozygous for the BimFlox/Flox allele which also expressed VE-cadherin-

cre (BimEC) or Pdgfrb-cre (BimPC). We observed approximately 2-fold more primary branches

off the hyaloid artery in P10 BimEC or BimPC mice compared to their wild-type counterparts

(Fig 2A). Next, Micron III imaging was used to determine whether the hyaloid vasculature per-

sisted into adulthood in Bim conditional mice. As anticipated, complete regression of the hya-

loid vasculature was observed in 10 week old wild-type mice. However, hyaloid vessels were

still evident in 10 week old BimEC and BimPC mice (Fig 2B). Thus, persistence of hyaloid ves-

sels in BimEC and BimPC mice suggests that Bim expression in EC and/or PC is needed for

complete regression of the hyaloid vasculature.

BimEC mice demonstrated enhanced formation of the deep vasculature

Formation of the rodent retinal vasculature is the result of the finely orchestrated movement

of retinal vascular cells including EC and PC. During the first week of life, a superficial layer of

vessels initiates from the area around the optic disc spreading radially toward the retinal

periphery. During the second and third week of life, these vessels sprout deep into the retina

and spread perpendicularly to the superficial layer forming the deep and intermediate retinal

vessels. By the third week, the retina is completely vascularized but vascular remodeling and

pruning continue for three more weeks [17, 23, 24].

Our previous studies in global Bim -/- mice demonstrated enhanced formation of the deep

vascular plexus [6]. Here we assessed whether lack of Bim expression in EC or PC was suffi-

cient to enhance vertical sprouting into the deep vascular plexus. Retinas from P10 wild-type,
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BimEC and BimPC mice were wholemount stained with isolectin B4 to visualize the retinal vas-

culature. Fig 3 demonstrates enhanced vertical sprouting in BimEC mice compared to their

wild-type counterparts. Although BimPC mice had fewer sprouts per retina, the sprouting area

was also smaller than wild-type mice making their sprouting deep into the vascular plexus at a

higher density than wild-type mice over the area covered (Fig 3). Therefore, loss of Bim expres-

sion enhanced vertical sprouting toward the deep vascular plexus.

Increased numbers of retinal vascular cells in conditional Bim mice

Unnecessary retinal vessels are removed by an apoptosis-driven remodeling, a process which

is completed in the mouse by 6 weeks of age. Next, we assessed trypsin digests of retinas from

3-week and 6-week-old wild-type, BimEC and BimPC mice to assess retinal EC and PC num-

bers (Fig 4). Lack of Bim expression in EC (BimEC mice) prevented EC loss during retinal vas-

cular remodeling (Table 1). BimPC mice demonstrated increased PC numbers at 3 and 6 weeks

of age compared to wild-type mice (Table 1). BimPC mice also demonstrated increased retinal

EC numbers compared to their wild-type counterparts at 6 weeks of age. Therefore, Bim

expression in EC and/or PC aids postnatal retinal vascular developmental remodeling.

Decreased proliferation and apoptosis in retina from mice conditionally

lacking Bim expression

Unbalanced proliferation and apoptosis can affect retinal vascular density by impacting retinal

EC and PC numbers. Retinal vascular cell proliferation reaches its maximal level at P14 and

declines significantly by P21 [25]. Since conditional Bim mice demonstrated increased num-

bers of retinal EC and/or PC, we next assessed whether proliferation and apoptosis levels were

affected. Both proliferation and apoptosis were significantly decreased in mice conditionally

lacking Bim, albeit at different rates. Retinas from BimEC mice displayed a three-fold decrease

Fig 2. Hyaloid regression is regulated by Bim expression in vascular cells. Panel A demonstrates DAPI stained hyaloid vessel preparations from

postnatal day 10 wild-type and conditional Bim knockout mice. Please note lack of Bim expression in EC or PC attenuated hyaloid vessel regression.

(n =, ****P<0.0001) Scale bar equals 2000 μm. In Panel B, a representative image is shown of hyaloid vessels from 10 week old mice imaged using a

Micron III indirect camera. Fundus images were taken prior to an intraperitoneal injection of 50 μl sodium fluorescein. While the retina was in focus on

the Micron III, images were taken as the hyaloid vessels filled with fluorescein. These studies were performed by imaging hyaloid vessels from 5 mice

(n = 5) with similar results.

https://doi.org/10.1371/journal.pone.0178198.g002
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in proliferation of vascular associated cells while BimPC mice had a two-fold decrease of prolif-

eration of vascular associated cells compared to their wild-type counterparts (Fig 5). We also

observed decreased numbers of cleaved caspase-3 positive cells in conditional Bim mice.

BimEC mice displayed a six-fold decrease and BimPC a three-fold decrease in the number of

apoptotic cells compared to their wild-type counterparts (Fig 6). These results are consistent

with decreased apoptosis resulting in increased numbers of EC and/or PC.

Wild-type, BimEC and BimPC mice exhibited similar hyperoxia-mediated

retinal vessel obliteration and neovascularization during OIR

The developing retinal vasculature is sensitive to changes in oxygen level which predisposes

the retina to OIR. Here, P7 mice were subjected to hyperoxia for 5 days and then returned to

room air for up to 5 days [7]. The exposure of developing retinal vasculature to high oxygen

during the first phase prevents growth of additional vessels and promotes the loss of existing

vessels due to diminished expression of VEGF (phase I). When these mice are returned to

room air, the retina becomes ischemic and promotes growth of new blood vessels (phase II),

which grow into the vitreous. Bim isoform expression was assessed in retinas from wild-type

mice harvested at P7 (prior to hyperoxia), P12 (upon return to room air following hyperoxia),

P15 (hyperoxia followed by 3 days room air), P17 (hyperoxia followed by 5 days room air) and

P28 (hyperoxia followed by 16 days room air). Expression of BimEL, BimL and BimS increased

with hyperoxia (P12) and subsequently decreased upon exposure of the mice to room air (Fig

7). Therefore, increased Bim isoform expression during hyperoxia occurred at time when reti-

nal vessel obliteration has been observed in wild-type mice [6, 7].

Fig 3. Enhanced deep vascular plexus formation in BimEC mice. In Panel A, retinas from P10 wild-type, BimEC and

BimPC mice were wholemount stained with Isolectin B4 and the superficial layer imaged (25x). In Panel B the mean number

of vertical sprouts were quantified in each retina. (n = 5, *P<0.05). In Panel C, the area covered by the vertical sprouts for

each retina was quantified. (n = 5, **P<0.01)

https://doi.org/10.1371/journal.pone.0178198.g003
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We previously demonstrated that mice globally lacking Bim expression were protected

from hyperoxia-mediated vessel obliteration and ischemia-mediated neovascularization dur-

ing OIR [6]. Here, we determined whether lack of Bim expression in retinal EC or PC could

protect the retinal vasculature from hyperoxia-mediated retinal vessel obliteration and subse-

quent neovascularization. In contrast to what we had previously observed in global Bim defi-

cient mice following OIR, P17 wild-type, BimEC and BimPC mice demonstrated similar

amounts of neovascularization (Fig 8E), with similar areas of vessel obliteration surrounding

the optic nerve at P12 (Fig 8A and 8B). However, the non-perfused area at P17 in BimEC and

BimPC mice was approximately 50% less than their control littermates (Fig 8D). Thus, loss of

Fig 4. Increased EC number in retinas from conditional Bim mice. Retinas from P21 and P42 mice were prepared by trypsin digest and HE/PAS

staining. EC and PC were then quantitated per x400 field of view. Scale bar = 100 μm. Experiments were repeated with eyes from >10 mice with similar

results. Four quadrants per eye were counted for the quantitative assessment of this data is summarized in Table 1.

https://doi.org/10.1371/journal.pone.0178198.g004

Table 1. Retinal vascular cell numbers.

Age Control BimEC BimPC

Pericytes (PC) P21 28.35 ± .56 28.0 ± .77 50.93 ± 1.21****

Endothelial Cell (EC) P21 187.5 ± 4.31 200.0 ± 2.94* 187.1 ± 5.59

Pericytes (PC) P42 25.83 ± .63 22.17 ± .63*** 45.00 ± 1.47****

Endothelial Cell (EC) P42 157.2 ± 3.17 195.6 ± 3.37***** 179.3 ± 4.86***

Number of Cells Per High Power Field at (x400). The P values were calculated by comparing samples from Control to BimEC or BimPC mice at the ages

noted:

*P<0.05;

**P<0.01;

***P<0.001;

****P<0.0001; and

*****P<0.00001.

https://doi.org/10.1371/journal.pone.0178198.t001
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Bim expression in EC or PC alone was not sufficient to prevent hyperoxia mediated vessel

obliteration and ischemia-mediated neovascularization.

Discussion

Dysregulation of pro-apoptotic Bcl-2 family members prevents hyaloid vessel regression [6,

22, 26]. Although Bim is expressed in hyaloid EC, PC and ocular macrophages [22], its func-

tion in these cells during hyaloid regression is poorly understood. The transient hyaloid

vascular system begins to regress with the development of the retinal vasculature [27]. The

regression of the hyaloid artery being accompanied by increased PC apoptosis [28, 29]. The

VHP, which is closest to the retina, is the last to regress. Here we show persistence of the hya-

loid vasculature in BimEC and BimPC mice suggesting that hyaloid vascular cells must be sus-

ceptible to apoptosis for complete regression to occur. Although macrophages have been

proposed to play an essential role in hyaloid vessel regression [28, 30, 31], lack of neuronal

VEGFR2 expression facilitated persistence of hyaloid vessels due to decreased EC apoptosis

even though macrophage numbers were unchanged [32]. This phenotype was normalized by

neuronal deletion of VEGF [33]. Therefore, for macrophages to facilitate hyaloid vessel regres-

sion, EC and/or PC must be capable of undergoing apoptosis.

Retinal vascular remodeling removes excess capillaries in response to changing oxygen

requirements during development, resulting in a more streamlined and stable network to

Fig 5. Decreased proliferation in retinas from conditional Bim mice. Proliferating cells in P14 wild-type, BimEC and BimPC mouse retinas were

assessed by anti-Ki-67 staining (red) and co-stained with Isolectin-B4-FITC (green) to visualize the vasculature. The data in each bar are the mean

number of Ki-67 positive cells counted in each retina. Please note that the number of proliferating cells is lower in retinas from conditional Bim mice

compared to their wild-type counterparts (n = 6, ****P< 0.0001). Scale bar equals 400 μm.

https://doi.org/10.1371/journal.pone.0178198.g005

Fig 6. Decreased apoptosis in retinas from conditional Bim mice. Retinas from P14 wild-type, BimEC and BimPC mice were wholemount stained

with anti-cleaved caspase 3 (red) and co-stained with Isolectin-B4-FITC (green). The intermediate layer was imaged and the number of cleaved

caspase 3 positive cells were quantified. The data in each bar are the mean number of cleaved caspase 3 positive cells counted in the vasculature of

each retina. (n = 6, ***P<0.001) The scale bar equals 400 μm.

https://doi.org/10.1371/journal.pone.0178198.g006
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Fig 7. Bim expression increases during hyperoxia. Wild-type mice were subjected to OIR at P7. RNA was

prepared from the retina of wild-type mice at the noted times. Bim expression was analyzed by qPCR. Please

note increased Bim expression with hyperoxia (P12). Samples were done in triplicate and repeated twice.

(n = 6, ***P<0.001).

https://doi.org/10.1371/journal.pone.0178198.g007

Bim deficient retinal endothelial cells and pericytes

PLOS ONE | https://doi.org/10.1371/journal.pone.0178198 May 26, 2017 12 / 17

https://doi.org/10.1371/journal.pone.0178198.g007
https://doi.org/10.1371/journal.pone.0178198


Fig 8. Lack of EC or PC Bim expression does not attenuate hyperoxia-driven vessel obliteration.

Quantitative assessment of vessel obliteration and neovascularization in mice previously exposed to a cycle of

hyperoxia and room air (OIR). Retinas from P12 and P17 BimFlox/Flox (WT) and conditional Bim littermates were

wholemount stained with anti-collagen IV to visualize the vasculature (Panels A,C). The area of vessel obliteration

relative to the whole retina was quantitated at P12 (n = 5, P>0.05, Panel B) and the non-perfused area remaining

relative to the whole retina at P17 was quantitated (Panel D; n = 5, **P<0.01, ***P<0.001). Panel E is a quantitative

assessment of the neovascularization (n = 5, P> 0.05). For Panel A magnification is at 2.5 X while Panel C is at

1.25 X.

https://doi.org/10.1371/journal.pone.0178198.g008
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effectively maintain tissue oxygenation. In contrast, during pathological states such as retinop-

athy of prematurity (ROP), vascular segment drop out during hyperoxia destabilizes the retinal

vascular network and disrupts tissue oxygenation upon return to room air. Although retinal

vascular remodeling is an apoptosis-driven process regulated in part by Bim and Bcl-2 [6, 34],

it remains to be determined whether Bim-driven apoptosis of retinal PC or EC facilitates

developmental or pathological retinal vascular remodeling. In recent years PC have been

shown to be important regulators of not only vascular development but also stabilization, mat-

uration and remodeling of the vasculature [35]. PC afford protection to retinal EC and there-

fore these cells are interdependent for the maintenance of competent microvessel function.

When PC lacked Bim expression, we observed both an increase in PC and EC numbers com-

pared to their wild-type counterparts at 6-weeks of age. In contrast, lack of EC Bim expression

resulted only in increased EC numbers in the retinal vasculature. When Bim expression was

lacking in either EC or PC, EC remodeling decreased. These data are consistent with PC pro-

tecting retinal EC during remodeling. Thus, delineating how modulation of Bim expression

impacts retinal EC and PC apoptosis will give us further insight into the interactions between

these cell types and their contribution to vessel rarefaction during various disease states.

ROP is a vision-threatening disease due to hyperoxia-driven vascular apoptotic regression

and subsequent ischemia-driven retinal neovascularization [36]. During hyperoxia attenuation

of retinal vascular development and loss of existing blood vessels (phase I; an apoptosis driven

process) is observed. When preterm infants are hypoxemic their ischemic retina initiates a

proangiogenic response, including increased VEGF production which results in pathological

growth of new blood vessels (phase II). We recently showed that lack of Bim expression

increased VEGF expression in retinal vascular cells [2, 8, 9] and protected the developing reti-

nal vasculature from hyperoxia-mediated vessel obliteration and subsequent ischemia-medi-

ated neovascularization during OIR (phase I and II) [6]. These global Bim deficient mice

demonstrated only about a 1% loss of retinal vessels following hyperoxia and little to no neo-

vascularization compared to control mice [6]. Here we show that BimEC or BimPC mice had an

area of hyperoxia-mediated vessel obliteration at P12 and subsequent ischemia-driven neovas-

cularization similar to control littermates. However, by P17 following OIR, the non-perfused

area was approximately 2-fold less in mice conditionally lacking Bim in EC or PC suggesting

revascularization was enhanced in the absence of Bim. Perhaps this is not surprising given we

previously demonstrated increased migration of Bim -/- EC and PC compared to wild-type

cells [3], which may be advantageous during revascularization. Together these studies indicate

that simply inhibiting Bim expression in a single vascular cell type will not suffice since near

complete inhibition of hyperoxia-mediated vessel obliteration appears to be required to pre-

vent ischemia-driven neovascularization. This notion is consistent with our previous studies

in TSP1 deficient mice where hyperoxia-mediated vessel loss was decreased about 2-fold while

the level of neovascularization was similar to control mice [17]. Thus, hyperoxia-mediated

vessel obliteration (phase I) may be influenced by Bim expression in other ocular cell types

including neuronal and/or glial cells or multiple vascular cell types.

In summary, our data indicates that EC and PC Bim expression modulates developmental

retinal vascular remodeling. Expression of Bim in other cellular components of the retina may

make significant contributions to hyperoxia-mediated vessel regression. Therefore, modula-

tion of Bim expression may provide a suitable target to promote or inhibit vessel regression.

Acknowledgments

The authors wish to thank Robert Gordon for his assistance with the graphics and Drs. Phi-

lippe Bouillet and David Hildeman for generation and transfer of the BimFlox/Flox mice.

Bim deficient retinal endothelial cells and pericytes

PLOS ONE | https://doi.org/10.1371/journal.pone.0178198 May 26, 2017 14 / 17

https://doi.org/10.1371/journal.pone.0178198


Author Contributions

Conceptualization: CMS SW ISZ NS.

Data curation: CMS NS.

Formal analysis: RPJ NJ CMS CMW.

Funding acquisition: CMS NS.

Investigation: SW ISZ RPJ ZG CMW.

Methodology: SW ISZ VL AS ZG RPJ.

Project administration: CMS NS.

Resources: VL AS CMS.

Supervision: CMS NS.

Validation: CMS NS SW ISZ RPJ.

Visualization: CMS NS ZG.

Writing – original draft: CMS.

Writing – review & editing: CMS NS RPJ NJ ISZ.

References
1. Youle RJ, Strasser A. The BCL-2 protein family: opposing activities that mediate cell death. Nature

reviews Molecular cell biology. 2008; 9(1):47–59. Epub 2007/12/22. https://doi.org/10.1038/nrm2308

PMID: 18097445.

2. Grutzmacher C, Park S, Elmergreen TL, Tang Y, Scheef EA, Sheibani N, et al. Opposing effects of bim

and bcl-2 on lung endothelial cell migration. Am J Physiol Lung Cell Mol Physiol. 2010; 299(5):L607–20.

Epub 2010/07/27. https://doi.org/10.1152/ajplung.00390.2009 PMID: 20656893;

3. Morrison ME, Palenski TL, Jamali N, Sheibani N, Sorenson CM. Modulation of vascular cell function by

bim expression. Int J Cell Biol. 2013; 2013:297537. https://doi.org/10.1155/2013/297537 PMID:

24288535;

4. Kondo S, Tang Y, Scheef EA, Sheibani N, Sorenson CM. Attenuation of retinal endothelial cell migration

and capillary morphogenesis in the absence of bcl-2. Am J Physiol Cell Physiol. 2008; 294(6):C1521–

30. Epub 2008/04/18. https://doi.org/10.1152/ajpcell.90633.2007 PMID: 18417716.

5. Naik E, O’Reilly LA, Asselin-Labat ML, Merino D, Lin A, Cook M, et al. Destruction of tumor vascula-

ture and abated tumor growth upon VEGF blockade is driven by proapoptotic protein Bim in endo-

thelial cells. J Exp Med. 2011; 208(7):1351–8. https://doi.org/10.1084/jem.20100951 PMID:

21646395;

6. Wang S, Park S, Fei P, Sorenson CM. Bim is responsible for the inherent sensitivity of the developing

retinal vasculature to hyperoxia. Developmental Biology. 2011; 349(2):296–309. Epub 2010/11/05.

https://doi.org/10.1016/j.ydbio.2010.10.034 PMID: 21047504;

7. Smith LE, Wesolowski E, McLellan A, Kostyk SK, D’Amato R, Sullivan R, et al. Oxygen-induced retinop-

athy in the mouse. Invest Ophthalmol Vis Sci. 1994; 35(1):101–11. PMID: 7507904.

8. Iervolino A, Trisciuoglio D, Ribatti D, Candiloro A, Biroccio A, Zupi G, et al. Bcl-2 overexpression in

human melanoma cells increases angiogenesis through VEGF mRNA stabilization and HIF-1-mediated

transcriptional activity. FASEB J. 2002; 10:1453–5.

9. Trisciuoglio D, Gabellini C, Desideri M, Ragazzoni Y, De Luca T, Ziparo E, et al. Involvement of BH4

domain of bcl-2 in the regulation of HIF-1-mediated VEGF expression in hypoxic tumor cells. Cell Death

and Differentiation. 2011; 18(6):1024–35. Epub 2011/01/15. https://doi.org/10.1038/cdd.2010.175

PMID: 21233846.

10. Cuttler AS, Leclair RJ, Stohn JP, Wang Q, Sorenson CM, Liaw L, et al. Characterization of Pdgfrb-Cre

transgenic mice reveals reduction of ROSA26 reporter activity in remodeling arteries. Genesis. 2011;

49(8):673–80. Epub 2011/05/11. https://doi.org/10.1002/dvg.20769 PMID: 21557454.

Bim deficient retinal endothelial cells and pericytes

PLOS ONE | https://doi.org/10.1371/journal.pone.0178198 May 26, 2017 15 / 17

https://doi.org/10.1038/nrm2308
http://www.ncbi.nlm.nih.gov/pubmed/18097445
https://doi.org/10.1152/ajplung.00390.2009
http://www.ncbi.nlm.nih.gov/pubmed/20656893
https://doi.org/10.1155/2013/297537
http://www.ncbi.nlm.nih.gov/pubmed/24288535
https://doi.org/10.1152/ajpcell.90633.2007
http://www.ncbi.nlm.nih.gov/pubmed/18417716
https://doi.org/10.1084/jem.20100951
http://www.ncbi.nlm.nih.gov/pubmed/21646395
https://doi.org/10.1016/j.ydbio.2010.10.034
http://www.ncbi.nlm.nih.gov/pubmed/21047504
http://www.ncbi.nlm.nih.gov/pubmed/7507904
https://doi.org/10.1038/cdd.2010.175
http://www.ncbi.nlm.nih.gov/pubmed/21233846
https://doi.org/10.1002/dvg.20769
http://www.ncbi.nlm.nih.gov/pubmed/21557454
https://doi.org/10.1371/journal.pone.0178198


11. Herold MJ, Stuchbery R, Merino D, Willson T, Strasser A, Hildeman D, et al. Impact of conditional dele-

tion of the pro-apoptotic BCL-2 family member BIM in mice. Cell death & disease. 2014; 5:e1446.

https://doi.org/10.1038/cddis.2014.409 PMID: 25299771;

12. Corada M, Nyqvist D, Orsenigo F, Caprini A, Giampietro C, Taketo MM, et al. The Wnt/beta-catenin

pathway modulates vascular remodeling and specification by upregulating Dll4/Notch signaling. Dev

Cell. 2010; 18(6):938–49. https://doi.org/10.1016/j.devcel.2010.05.006 PMID: 20627076.

13. Economopoulou M, Langer HF, Celeste A, Orlova VV, Choi EY, Ma M, et al. Histone H2AX is integral to

hypoxia-driven neovascularization. Nat Med. 2009; 15(5):553–8. https://doi.org/10.1038/nm.1947

PMID: 19377486;

14. Eckle T, Hughes K, Ehrentraut H, Brodsky KS, Rosenberger P, Choi DS, et al. Crosstalk between the

equilibrative nucleoside transporter ENT2 and alveolar Adora2b adenosine receptors dampens acute

lung injury. FASEB J. 2013; 27(8):3078–89. https://doi.org/10.1096/fj.13-228551 PMID: 23603835;

15. Hofmann JJ, Briot A, Enciso J, Zovein AC, Ren S, Zhang ZW, et al. Endothelial deletion of murine Jag1

leads to valve calcification and congenital heart defects associated with Alagille syndrome. Develop-

ment. 2012; 139(23):4449–60. https://doi.org/10.1242/dev.084871 PMID: 23095891;

16. Alva JA, Zovein AC, Monvoisin A, Murphy T, Salazar A, Harvey NL, et al. VE-Cadherin-Cre-recombi-

nase transgenic mouse: a tool for lineage analysis and gene deletion in endothelial cells. Dev Dyn.

2006; 235(3):759–67. https://doi.org/10.1002/dvdy.20643 PMID: 16450386.

17. Wang S, Wu Z, Sorenson CM, Lawler J, Sheibani N. Thrombospondin-1-deficient mice exhibit

increased vascular density during retinal vascular development and are less sensitive to hyperoxia-

mediated vessel obliteration. Dev Dyn. 2003; 228(4):630–42. Epub 2003/12/04. https://doi.org/10.1002/

dvdy.10412 PMID: 14648840.

18. Stahl A, Connor KM, Sapieha P, Willett KL, Krah NM, Dennison RJ, et al. Computer-aided quantification

of retinal neovascularization. Angiogenesis. 2009; 12(3):297–301. https://doi.org/10.1007/s10456-009-

9155-3 PMID: 19757106.

19. Zaitoun IS, Johnson RP, Jamali N, Almomani R, Wang S, Sheibani N, et al. Endothelium Expression of

Bcl-2 Is Essential for Normal and Pathological Ocular Vascularization. PLoS One. 2015; 10(10):

e0139994. https://doi.org/10.1371/journal.pone.0139994 PMID: 26444547.

20. Ito M, Yoshioka M. Regression of the hyaloid vessels and pupillary membrane of the mouse. Anat

Embryol (Berl). 1999; 200(4):403–11. PMID: 10460477.

21. Silbert M, Gurwood AS. Persistent hyperplastic primary vitreous. Clin Eye Vis Care. 2000; 12(3–

4):131–7. PMID: 11137427.

22. Koenig MN, Naik E, Rohrbeck L, Herold MJ, Trounson E, Bouillet P, et al. Pro-apoptotic BIM is an

essential initiator of physiological endothelial cell death independent of regulation by FOXO3. Cell

Death Differ. 2014; 21(11):1687–95. https://doi.org/10.1038/cdd.2014.90 PMID: 24971484;

23. Fruttiger M. Development of the retinal vasculature. Angiogenesis. 2007; 10(2):77–88. https://doi.org/

10.1007/s10456-007-9065-1 PMID: 17322966

24. Milde F, Lauw S, Koumoutsakos P, Iruela-Arispe ML. The mouse retina in 3D: quantification of vascular

growth and remodeling. Integr Biol (Camb). 2013; 5(12):1426–38. https://doi.org/10.1039/c3ib40085a

PMID: 24136100.

25. Huang Q, Wang S, Sorenson CM, Sheibani N. PEDF-deficient mice exhibit an enhanced rate of retinal

vascular expansion and are more sensitive to hyperoxia-mediated vessel obliteration. Exp Eye Res.

2008; 87(3):226–41. Epub 2008/07/08. https://doi.org/10.1016/j.exer.2008.06.003 PMID: 18602915;

26. Hahn P, Lindsten T, Tolentino M, Thompson CB, Bennett J, Dunaief JL. Persistent fetal ocular vascula-

ture in mice deficient in bax and bak. Arch Ophthalmol. 2005; 123(6):797–802. Epub 2005/06/16.

https://doi.org/10.1001/archopht.123.6.797 PMID: 15955981.

27. Zhu WH, Guo X, Villaschi S, Francesco Nicosia R. Regulation of vascular growth and regression by

matrix metalloproteinases in the rat aorta model of angiogenesis. Lab Invest. 2000; 80(4):545–55. Epub

2000/04/26. PMID: 10780671.

28. Taniguchi H, Kitaoka T, Gong H, Amemiya T. Apoptosis of the hyaloid artery in the rat eye. Annals of

anatomy = Anatomischer Anzeiger: official organ of the Anatomische Gesellschaft. 1999; 181(6):555–

60. Epub 1999/12/28. PMID: 10609053. https://doi.org/10.1016/S0940-9602(99)80061-2

29. Zhu M, Madigan MC, van Driel D, Maslim J, Billson FA, Provis JM, et al. The human hyaloid system: cell

death and vascular regression. Exp Eye Res. 2000; 70(6):767–76. Epub 2000/06/14. https://doi.org/10.

1006/exer.2000.0844 PMID: 10843781.

30. Lang R, Lustig M, Francois F, Sellinger M, Plesken H. Apoptosis during macrophage-dependent ocular

tissue remodelling. Development. 1994; 120(12):3395–403. Epub 1994/12/01. PMID: 7821211.

31. Lang RA, Bishop JM. Macrophages are required for cell death and tissue remodeling in the developing

mouse eye. Cell. 1993; 74(3):453–62. Epub 1993/08/13. PMID: 8348612.

Bim deficient retinal endothelial cells and pericytes

PLOS ONE | https://doi.org/10.1371/journal.pone.0178198 May 26, 2017 16 / 17

https://doi.org/10.1038/cddis.2014.409
http://www.ncbi.nlm.nih.gov/pubmed/25299771
https://doi.org/10.1016/j.devcel.2010.05.006
http://www.ncbi.nlm.nih.gov/pubmed/20627076
https://doi.org/10.1038/nm.1947
http://www.ncbi.nlm.nih.gov/pubmed/19377486
https://doi.org/10.1096/fj.13-228551
http://www.ncbi.nlm.nih.gov/pubmed/23603835
https://doi.org/10.1242/dev.084871
http://www.ncbi.nlm.nih.gov/pubmed/23095891
https://doi.org/10.1002/dvdy.20643
http://www.ncbi.nlm.nih.gov/pubmed/16450386
https://doi.org/10.1002/dvdy.10412
https://doi.org/10.1002/dvdy.10412
http://www.ncbi.nlm.nih.gov/pubmed/14648840
https://doi.org/10.1007/s10456-009-9155-3
https://doi.org/10.1007/s10456-009-9155-3
http://www.ncbi.nlm.nih.gov/pubmed/19757106
https://doi.org/10.1371/journal.pone.0139994
http://www.ncbi.nlm.nih.gov/pubmed/26444547
http://www.ncbi.nlm.nih.gov/pubmed/10460477
http://www.ncbi.nlm.nih.gov/pubmed/11137427
https://doi.org/10.1038/cdd.2014.90
http://www.ncbi.nlm.nih.gov/pubmed/24971484
https://doi.org/10.1007/s10456-007-9065-1
https://doi.org/10.1007/s10456-007-9065-1
http://www.ncbi.nlm.nih.gov/pubmed/17322966
https://doi.org/10.1039/c3ib40085a
http://www.ncbi.nlm.nih.gov/pubmed/24136100
https://doi.org/10.1016/j.exer.2008.06.003
http://www.ncbi.nlm.nih.gov/pubmed/18602915
https://doi.org/10.1001/archopht.123.6.797
http://www.ncbi.nlm.nih.gov/pubmed/15955981
http://www.ncbi.nlm.nih.gov/pubmed/10780671
http://www.ncbi.nlm.nih.gov/pubmed/10609053
https://doi.org/10.1016/S0940-9602(99)80061-2
https://doi.org/10.1006/exer.2000.0844
https://doi.org/10.1006/exer.2000.0844
http://www.ncbi.nlm.nih.gov/pubmed/10843781
http://www.ncbi.nlm.nih.gov/pubmed/7821211
http://www.ncbi.nlm.nih.gov/pubmed/8348612
https://doi.org/10.1371/journal.pone.0178198


32. Yoshikawa Y, Yamada T, Tai-Nagara I, Okabe K, Kitagawa Y, Ema M, et al. Developmental regression

of hyaloid vasculature is triggered by neurons. J Exp Med. 2016; 213(7):1175–83. https://doi.org/10.

1084/jem.20151966 PMID: 27325890;

33. Shiose S, Sakamoto T, Yoshikawa H, Hata Y, Kawano Y, Ishibashi T, et al. Gene transfer of a soluble

receptor of VEGF inhibits the growth of experimental eyelid malignant melanoma. Invest Ophthalmol

Vis Sci. 2000; 41(9):2395–403. Epub 2000/08/11. PMID: 10937546.

34. Wang S, Sorenson CM, Sheibani N. Attenuation of retinal vascular development and neovasculariza-

tion during oxygen-induced ischemic retinopathy in Bcl-2-/- mice. Dev Biol. 2005; 279(1):205–19. Epub

2005/02/15. https://doi.org/10.1016/j.ydbio.2004.12.017 PMID: 15708569.

35. Hayden MR, Yang Y, Habibi J, Bagree SV, Sowers JR. Pericytopathy: oxidative stress and impaired

cellular longevity in the pancreas and skeletal muscle in metabolic syndrome and type 2 diabetes. Oxi-

dative medicine and cellular longevity. 2010; 3(5):290–303. https://doi.org/10.4161/oxim.3.5.13653

PMID: 21150342;

36. Blencowe H, Lawn JE, Vazquez T, Fielder A, Gilbert C. Preterm-associated visual impairment and esti-

mates of retinopathy of prematurity at regional and global levels for 2010. Pediatr Res. 2013; 74 Suppl

1:35–49. https://doi.org/10.1038/pr.2013.205 PMID: 24366462;

Bim deficient retinal endothelial cells and pericytes

PLOS ONE | https://doi.org/10.1371/journal.pone.0178198 May 26, 2017 17 / 17

https://doi.org/10.1084/jem.20151966
https://doi.org/10.1084/jem.20151966
http://www.ncbi.nlm.nih.gov/pubmed/27325890
http://www.ncbi.nlm.nih.gov/pubmed/10937546
https://doi.org/10.1016/j.ydbio.2004.12.017
http://www.ncbi.nlm.nih.gov/pubmed/15708569
https://doi.org/10.4161/oxim.3.5.13653
http://www.ncbi.nlm.nih.gov/pubmed/21150342
https://doi.org/10.1038/pr.2013.205
http://www.ncbi.nlm.nih.gov/pubmed/24366462
https://doi.org/10.1371/journal.pone.0178198

