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Abstract

Hypoxia associated with the high metabolic demand of rods has been implicated in the pathology of age-related macular
degeneration (AMD), the most common cause of adult blindness in the developed world. The majority of AMD-associated
severe vision loss cases are due to exudative AMD, characterized by neovascularization. To further investigate the causes
and histopathology of exudative AMD, we conditionally induced hypoxia in a novel preclinical AMD model
(Pde6gcreERT2/+;Vhl−/−) by targeting Vhl and used multimodal imaging and immunohistochemistry to track the development
of hypoxia-induced neovascularization. In addition to developing a preclinical model that phenocopies exudative AMD, our
studies revealed that the photoreceptor hypoxic response initiates and drives type 3 neovascularization, mainly in the outer
retina. Activation of the VHL-HIF1a-VEGF-EPO pathway in the adult retina led to long-term neovascularization, retinal
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hemorrhages and compromised retinal layers. Our novel preclinical model would accelerate the testing of therapies that use
metabolomic approaches to ameliorate AMD.

Introduction
Rod photoreceptors are the most numerous and metabolically
demanding cells in the retina (1–4). Hypoxia associated with the
high energy demand of rod photoreceptors has been implicated
in diabetic retinopathy and age-related macular degeneration
(AMD), a significant public health concern worldwide (5–7). AMD
is characterized by irreversible damage to the central region
of the retina, disabling patients from participating in activities
of daily living including recognizing faces, reading and driving
(8). Exudative or ‘wet’ AMD, primarily characterized by substan-
tial neovascularization and subsequent capillary leakage, is less
common than dry AMD but accounts for approximately 80–90%
of all cases of severe vision loss (5,9–11). Three types of exudative
AMD were described based on the location of neovascularization
in the retina: type 1 [‘occult’, ‘sub-RPE’, under the retinal pigment
epithelium (RPE) layer], type 2 (‘classic’, ‘subretinal’, under the
photoreceptor layer) and type 3 (‘intraretinal’, choroidal anas-
tomisis spanning the retina and choroid) neovascularization.

The significant role of rods in AMD pathogenesis is reflected
in the widespread use of panretinal photocoagulation (PRP); PRP
has reduced the incidence of AMD by ablating the high energy-
demanding photoreceptors in the outer retina and decreas-
ing the number of rods, thereby lowering the burden of oxy-
gen demand and hypoxia (3,12). Studies have shown that years
of chronic photoreceptor hypoxia caused by the thickening of
Bruch’s membrane, accumulation of drusen and consequent
reduction of choroidal blood flow—the primary oxygen source
of photoreceptors—can initiate AMD (13).

Important pathological mechanisms of angiogenesis in AMD
involve hypoxia-induced factors (HIFs), which transcribe pro-
teins typically generated in low-oxygen cellular environments.
Hypoxic conditions can be recapitulated in animal models by
activating HIFs such as HIF1a, which acts as a key transcription
factor during hypoxic conditions by mediating the upregula-
tion of VEGF (14). Although pharmaceuticals targeting VEGF
have been successfully applied to suppress neovascularization
in exudative AMD, limited data are available on the underlying
mechanism of how the treatment acts to restore hypoxia (15).
In addition, it remains unclear as to how hypoxic conditions
precisely lead to neovascularization in specific retinal layers (16).

Under normoxic conditions, the von Hippel Lindau (VHL)
protein is an E3 ubiquitin ligase that inhibits HIF activ-
ity through the detection and ubiquitinization of hydrox-
ylated HIF alpha subunits (17). Thus, the Vhl gene is a
target for the inactivation of HIF and subsequent upregu-
lation of hypoxia-induced proteins (18). In this study, we
used a Pde6g creERT2/+ driver to ablate Vhl, allowing us to
investigate the origin and consequences of hypoxia-induced
pathology.

Results
Intact retinal vasculature in the Pde6gcreERT2/+;Vhlflox/flox

control mouse model on multimodal fundus imaging

Multimodal imaging centered on or to the right of the optic
nerve was obtained from 6-week-old Pde6gcreERT2/+;Vhlflox/flox

control mice (Fig. 1). Infrared (IR) fundus images showed vessels

in dark grey with no detectable abnormalities (Fig. 1A and C).
Fundus fluorescein angiography (FFA) images from Pde6gcreERT2/+;
Vhl+/+ mice showed normal retinal vasculature with no
neovascularization or leakage (Fig. 1B and D). A horizontal
optical coherence tomography (OCT) scan of the fundus of
Pde6gcreERT2/+;Vhlflox/flox control mice suggested preserved retinal
structure with normal retinal thickness and clearly defined
layers (Fig. 1E).

Induced hypoxia caused retinal neovascularization in
both neonatal and mature Pde6gcreERT2/+;Vhl −/− mice

Tamoxifen was administered to Pde6gcreERT2/+; Vhl flox/flox mice
for three consecutive days starting from P7 in order to observe
the effects of Vhl knockout in the neonatal retina. IR and FFA
images were acquired at 4, 6, 8 and 16 weeks post-tamoxifen
injection. AK-Fluor was intraperitoneally injected into the mice
as described in the Materials and Methods. IR images at 4 weeks
showed equably grey color in the fundus, with one circular lesion
depicted in lighter grey in the middle of the fundus (Fig. 2A).
FFA images showed normal vessels without leakage at the early
phase (Fig. 2B), while leakage appeared at the middle phase
(Fig. 2C) and intensified at the late phase (Fig. 2D). The areas
of leakage coincided with the light grey lesions found in the
IR images. A single white lesion was found in 12 out of 20
total eyes at 4 weeks in Pde6gcreERT2/+;Vhl −/− mice, while more
light grey lesions on the fundus were found at 6 weeks in the
IR images (Fig. 2E). Leakage was sparsely detected in the early
phase, while it was easier to recognize at middle and late phases
at 6 weeks (Fig. 2F–H). With the optic nerve oriented at the center
of the fundus image, there were 3–10 lesion areas dispersed
across the fundus when viewed through the 55◦ lens at week
6 in all 22 eyes. More light grey lesions were found at 8 and
16 weeks (Fig. 2I and M) with leakage starting from the early
phase (Fig. 2J–P); specifically, 6–14 lesion areas were found in all
24 eyes at week 8 while 7–16 lesion areas were found in all 12 eyes
at week 16. The size of the lesions was observed to be greater at
16 weeks than at 8 weeks due to the fusion of multiple smaller
lesions.

To observe the effects of induced hypoxia in the mature
retina, tamoxifen was also administered to Pde6gcreERT2/;Vhl flox/flox

mice for 3 consecutive days starting from P28, at which time
the mice were considered mature. IR and FFA images were
taken at 6, 8, 10 and 16 weeks. In contrast to the neonatal
mice with tamoxifen injected at P7, the mature mice exhibited
normal vessels and a healthy phenotype at 6 weeks (Fig. 3A–D).
While the IR images showed no abnormalities in all eight eyes
at week 8 (Fig. 3E), several white dots on FFA were observed
throughout the fundus in four eyes (Fig. 3F–H), and a single lesion
was found in the fundus of two eyes, similar to the phenotype
shown in Figure 2D. Lesions depicted in light grey were found
in IR images at week 10 (Fig. 3I), with leakages visible from
the early phase at this time point (Fig. 3J–L). Even more lesions
and severe leakages were observed at 16 weeks (Fig. 3M–P). On
the 55◦ lens, 3–6 lesions were found in the fundus of 7 out of
8 eyes while a single lesion was found in 1 eye at 10 weeks.
About 4–10 lesions of varying sizes were detected in all 8 eyes at
16 weeks.
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Figure 1. Multimodal live images of retina from Pde6gcreERT2/+ ;Vhlflox/flox control

mouse displays intact retinal vasculature. (A and C) Fundus IR imaging (800 nm)

of the Pde6gcreERT2/+ ;Vhl flox/flox mouse model centered on the optic disc. (B and

D) FFA of the fundus using fluorescein dye and a blue (488 nm) laser stimulus. (E)

OCT cross section of Pde6gcreERT2/+ ;Vhl flox/flox using near-IR reflectance (820 nm)

modalities. A and B are centered on the optic disc. C and D were used to

observe the peripheral retina with the optic disc centered on the left. (white scale

bar = 1 mm; black scale bar = 200 μm; green arrow = OCT scan)

In sum, comparable levels of neovascularization were
seen after tamoxifen administration at either P7 or P28. As
such, given that both neonatal and mature retinae responded
to hypoxia induction, our findings suggest that photore-
ceptor hypoxia is sufficient to cause neovascularization
regardless of the developmental stage of the deep vascular
bed.

Abnormal structures related to neovascularization in
the deep retina were found on OCT imaging

OCT cross sections were imaged over the leakage sites shown
in the FFA images to observe the effects of Vhl knockout
on the integrity of the retinal layers. Compared to the well-
preserved retinal layers of the control Pde6gcreERT2/+;Vhlflox/flox

mouse model on OCT (Fig. 4A), the individual layers of the
mutant Pde6gcreERT2/+;Vhl−/− model appear more blurred and
indistinguishable. An RPE tear (Fig. 4B), lifted IS/OS layer (Fig. 4C),
non-intact Bruch’s membrane associated with an abnormal
structure in the choroid (Fig. 4D), subretinal fluid (Fig. 4E) and
hyperreflectivity in the outer retina (Fig. 4F) were found in the
Pde6gcreERT2/+;Vhl−/− mouse model.

Activation of the VHL-HIF1a-VEGF-EPO signaling in
Pde6gcreERT2/+;Vhl−/− mouse retina

Tamoxifen was applied for three consecutive days from P7 to
Pde6gcreERT2/+;Vhlflox/flox mice in order to ablate Vhl specifically
in rod photoreceptor cells, while sham injection was applied
as a control to Pde6gcreERT2/+; Vhlflox/flox mice at the same age.
Retinae from both groups were harvested at 4 weeks post-
injection. VHL could be detected in the outer nuclear layer (ONL)
of the Pde6gcreERT2/+;Vhlflox/flox mice, while no VHL signal was
seen in that of the Pde6gcreERT2/+;Vhl−/− mouse retina (Fig. 5A).
VEGF expressed mostly in the inner plexiform layer (IPL) in the
Pde6gcreERT2/+;Vhlflox/flox mice, while a stronger signal was found
in the IPL, ONL and inner nuclear layer (INL) after rod Vhl inac-
tivation in the Pde6gcreERT2/+;Vhl−/− mice (Fig. 5B). HIF1a signals
were observed mostly in the IPL and INL in Pde6gcreERT2/+;Vhlflox/flox

mice, compared to Pde6gcreERT2/+;Vhl−/− mice that demonstrated
presence of HIF1a in the photoreceptor layer and INL (Fig. 5C).
A similar phenomenon was also observed with EPO, which was
not detected in the ONL layer in Pde6gcreERT2/+;Vhlflox/flox mice
but upregulated in the photoreceptor layer of Pde6gcreERT2/;Vhl−/−
mice (Fig. 5D). Our immunostaining results suggest that
tamoxifen-induced knockout of Vhl in the mouse retina acti-
vated the VHL-HIF1a-VEGF-EPO pathway, thereby successfully
inducing hypoxic conditions. To ensure that retina-specific
hypoxic conditions were induced, irises of Pde6gcreERT2/+;Vhl−/−
mice were also collected at 10 weeks and subject to FFA imaging.
The vessels were clearly detected without neovascularization or
leakage, suggesting that hypoxic conditions were limited to the
retina (Supplementary Material, Fig. S1).

Long-term significant neovascularization, exudation
and retinal detachment were found in the subretinal
space after induced hypoxia in photoreceptor cells.

The Pde6gcreERT2/+;Vhl −/− mouse model was generated with
tamoxifen injected for three consecutive days from P7. To
assess the long-term stability of neovascularization in our
Pde6gcreERT2/+;Vhl −/− model, optic cups were harvested and
stained at 6 weeks (Fig. 6A–E), 10 weeks (Fig. 6F–J) and 16 weeks
(Fig. 6K–O). An abnormal subretinal neovascularization bulb and
mass (Fig. 6A and B), RPE break (Fig. 6C), RPE-wrapped lesion
(Fig. 6D) and subretinal hemorrhage were discovered in the
Pde6gcreERT2/+;Vhl−/− model at 6 weeks. All such phenotypes were
found to be stable and reproducible at both 10 (Fig. 6F–J) and 16
(Fig. 6K–O) weeks.

At 10 weeks, optic cups from the control and mutant
groups were harvested, and periodic acid schiff (PAS; Fig. 7A–H)
and immunofluorescence (Fig. 7I–L) staining were performed.
In the 10-week-old Pde6gcreERT2/+;Vhl flox/flox mouse model
(Fig. 7A, E and I), the retinal structure was well preserved, and
the vessels could only be detected in the outer plexiform layer
(OPL), IPL and ganglion cell layer (GCL). In the PAS staining
images of the Pde6gcreERT2/+;Vhl−/− mouse model, the retinal
integrity was significantly compromised given the disturbed
ONL, enveloped and migrated RPE and formation of subretinal
hemorrhages (Fig. 7B–D and F–H). The RPE layer and Bruch’s
membrane appeared to be deteriorated and contaminated with
blood cells. In the immunofluorescence images of anti-CD31, a
vessel marker, the vessels could be detected in all of the retinal
layers from the GCL to the photoreceptor layer, subretinal layer
and sub-RPE layer (Fig. 7G–L). The vessels in the ONL appeared
to be connected with those found in the subretinal space and
sub-RPE layer.
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Figure 2. IR imaging and fluorescein angiography show progressive neovascularization and leakage after HIF induction at postnatal day 7. Tamoxifen was administered

to the Pde6gcreERT2/+;Vhlflox/flox mouse model at P7 for 3 days. (A, E, I and M) IR images of the fundus were collected at 4, 6, 8 and 16 weeks. Black arrows indicate

hyporeflective lesion areas. FFA images were collected at early, middle and late phases at weeks 4 (B–D), 6 (F–H), 8 (J–L) and 16 (N–P) (scale bar = 1 mm).

3D confocal imaging revealed neovascularization in the
deep retinal vasculature of the 6-week
Pde6gcreERT2/+;Vhl−/− mouse model

Tamoxifen was injected at P7 for three consecutive days in
Pde6gcreERT2/+;Vhl flox/flox mice to generate the Pde6gcreERT2/+;Vhl
−/− mouse model, while sham injection was applied to the
Pde6gcreERT2/+;Vhl flox/flox mouse model as a control at the same
age. Immunofluorescence staining was applied to the mouse
retina of both 6-week Pde6gcreERT2/+;Vhlflox/flox (Fig. 8A) and
Pde6gcreERT2/+;Vhl −/− (Fig. 8B) mouse models. 3D modeling of the
retinal vasculature revealed that the retinal capillary network
was thicker in the Pde6gcreERT2/+;Vhl −/− mouse model than in
the Pde6gcreERT2/+;Vhl flox/flox mouse model (Fig. 8C), suggesting
abnormal neovascularization. The vessels appeared more
numerous throughout the retinal layers with greater curvature
and branching in the mutant model as compared to the
control.

Discussion
Our studies using a novel preclinical mouse model of AMD,
Pde6gcreERT2/+;Vhl−/−, validated the hypothesis that hypoxic
responses in photoreceptors are both an initiator and a
driver of type 3 neovascularization. Age-related thickening of
Bruch’s membrane is known to cause a progressive decrease
in the diffusion capacity of oxygen from the choriocapillaris
to the photoreceptors in humans (6,13). Vascular abnormal-
ities typically associated with such age-related changes in
advanced-stage patients with exudative AMD manifested in our
Pde6gcreERT2/+;Vhl−/− mice as type 3 neovascularization.

The rod photoreceptor-specific Pde6gcreERT2/+ driver induced
hypoxic responses, and the resulting Pde6gcreERT2/+;Vhl−/−
mice successfully recapitulated photoreceptor hypoxia as
evidenced by the activation of the VHL-HIF1a-VEGF-EPO path-
way. Live fluorescein angiography displayed microaneurysms
and leakages on the fundus, which were indicative of retinal
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Figure 3. IR imaging and fluorescein angiography show progressive neovascularization and leakage after HIF induction at postnatal day 28. Tamoxifen was administered

to the Pde6gcreERT2/+ ;Vhlflox/flox mouse model at P28 for 3 days. (A, E, I and M) IR images were taken at 6, 8, 10 and 16 weeks. Black arrows indicate hyperreflective lesions.

FFA images were collected at early, middle and late phases at weeks 6 (B–D), 8 (F–H), 10 (J–L) and 16 (N–P).

neovascularization. Immunofluorescence staining of the retinal
vessels revealed that the neovascularization was localized to
the ONL, inner/outer segment layer and subretinal layer—
areas in which abnormal retinal vessel growth was not
observed in controls. We additionally found that both young
and adult Pde6gcreERT2/+;Vhlflox/flox retinae responded to hypoxia
induction and showed comparable levels of intraretinal and
subretinal neovascularization, supporting the conclusion that
hypoxia-induced neovascularization may occur independent
of the age of the retinal vascular bed. Our novel results,
produced by the hypoxia-driven upregulation of VEGF, vali-
date previous studies that have observed neovascularization
in the deep capillary bed in rhodopsin-VEGF transgenic
mice (19).

Many previous mouse models of neovascularization have
only achieved partial success in mimicking exudative AMD. In
the Vldlr −/− neovascularization model, for example, although

the disease phenotype consisted of choroidal anastomosis
and retinal hemorrhage, the manifestation had been systemic
rather than isolated to the retina (20,21). Other neovascular-
ization models have overexpressed VEGF in the RPE through
subretinal injection. In one case, subretinal injection of VEGF
in mice successfully caused angiographic leakage within the
localization area 1 week after injection (22). In other cases,
neovascularization was robust at 4 weeks after VEGF injection
and could last as long as 20 months post-injection (23–25). The
drawbacks of developing these models, however, are that (1)
subretinal injection may itself cause trauma to the retina, and
(2) the lesion caused by the injection does cover the entire retina,
limiting the accuracy of the resulting disease phenotype. Such
complications and drawbacks highlight the need for a more
reliable and accurate AMD animal model, which could assist
significantly in developing targeted therapeutics for exudative
AMD.
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Figure 4. RPE detachments after Vhl−/− in photoreceptors in Pde6gcreERT2/+ ;Vhl−/− mice. (A) An OCT cross section from the normal Pde6gcreERT2/+;Vhlflox/flox mouse

model shows normal retinal layers. (B–F) OCT images from the tamoxifen-treated Pde6gcreERT2/+ ;Vhl−/− mouse model. OCT sections were imaged over leakage sites

(indicated by the green line in the accompanying FFA images). RPE detachment (B), lifted inner and outer segment layers and RPE tear (C), a break in the Bruch’s

membrane and an abnormal structure in the choroid layer (D), subretinal fluid (E) and hyperreflectivity in the outer retina (F) were observed in the mutant mouse

model (green line = OCT scan; yellow arrows = abnormal lesions and structural findings in FFA and OCT images, respectively; white scale bar = 200 μm for all FFA

images; black scale bar = 200 μm for all OCT images).

To our knowledge, our studies on the Pde6gcreERT2/+;Vhl−/−
mouse have been the first to provide direct evidence that pho-
toreceptor hypoxia is necessary and sufficient for the develop-
ment and progression of type 3 neovascularization. Our study
also elucidated the specific locations in which neovasculariza-
tion can occur in the retina as a result of induced hypoxia in rod
photoreceptors. Moreover, given that Type 3 neovascularization
does not occur in children, a significant translational value
of the Pde6gcreERT2/+;Vhl−/− preclinical model is its precision in
mimicking exudative AMD progression in adult animals. Preclin-

ical models that precisely phenocopy human pathophysiology
would propel the development of novel therapies (26).

Materials and Methods
Mice

Mice were used in accordance with the Statement for the Use
of Animals in Ophthalmic and Vision Research of the Association
for Research in Vision and Ophthalmology (www.arvo.org/

www.arvo.org/About_ARVO/Policies/Statement_for_the_Use_of_Animals_in_Ophthalmic_and_Visual_Research/
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Figure 5. VEGF, HIF1a and EPO levels are increased after Vhl−/− in photoreceptors. Tamoxifen was administered to the Pde6gcreERT2/+ ;Vhlflox/flox mouse model at P7 for

3 days. (A) Immunoreactivity of VHL and DAPI in both the Pde6gcreERT2/+ ;Vhl flox/flox and Pde6gcreERT2/+ ;Vhl−/− mouse retina. Immunofluorescence staining of VEGF (B),

HIF1a (C) and EPO (D) in both the Pde6gcreERT2/+ ;Vhlflox/flox and Pde6gcreERT2/+ ;Vhl−/− mouse retina (white scale bar = 50 μm; blue = DAPI; green in A = anti-VHL; green

in B = anti-VEGF; red = anti-HIF1a; green in D = anti-EPO).

About_ARVO/Policies/Statement_for_the_Use_of_Animals_in_
Ophthalmic_and_Visual_Research/) and the Policy on the Use of
Animals in Neuroscience Research of the Society for Neuroscience
(https://www.sfn.org/advocacy/policy-positions/policies-on-
the-use-of-animals-and-humans-in-research). All mice were
housed in the Columbia University Pathogen-free Eye Institute
Annex Animal Care Services Facility and maintained under a
12 h light–dark cycle. Vhl flox/flox mice [C;129S-Vhltm1Jae/J] were ob-
tained from Jackson Laboratory (stock no. 004081). Pde6g::CreERT2

mice were generated at Jonas Children’s Vision Care (27).

Multimodal live fundus imaging

Angiography, IR fundus and OCT images were obtained with
the Spectralis OCT scanning laser confocal ophthalmoscope
(OCT-SLO Spectralis 2; Heidelberg Engineering, Heidelberg,
Germany) as previously described (28–30). In brief, pupils were
dilated using topical 2.5% phenylephrine hydrochloride and 1%
tropicamide (Akorn Inc., Lakeforest, IL, USA). When performing

iris angiography, no dilation drops were applied to the mice. Mice
were anesthetized by intraperitoneal injection of ketamine/
xylazine when needed as described previously (31). During the
procedure, body temperature was maintained at 37◦C using a
heating pad. Gonioscopic Prism solution (Akorn Inc., Lakeforest,
IL, USA) was applied to both eyes to prevent dry eyes. The tested
eye was washed with balanced salt water (Alcon Laboratories,
Fort Worth, TX, USA). For FFA, a measure of 0.1 ml/10 g body
weight (BW) of 10% AK-Fluor (25 mg/ml, Akorn Inc., Lakeforest,
IL, USA) was injected intraperitoneally. Imaging was obtained
at 488 nm absorption and 520 nm barrier filter using a 55◦ lens.
IR fundus and angiography images of the central retina and
peripheral retina were taken, with the optic nerve oriented at the
center of the image or middle of the left-most part of the image,
respectively. OCT images were acquired using a 30◦ lens with the
automated real-time mode, using near-IR reflectance (820 nm)
modalities. Images were analyzed by ImageJ (https://imagej.nih.
gov/ij/; provided in the public domain by the NIH, Bethesda, MD,
USA).

www.arvo.org/About_ARVO/Policies/Statement_for_the_Use_of_Animals_in_Ophthalmic_and_Visual_Research/
www.arvo.org/About_ARVO/Policies/Statement_for_the_Use_of_Animals_in_Ophthalmic_and_Visual_Research/
https://www.sfn.org/advocacy/policy-positions/policies-on-the-use-of-animals-and-humans-in-research
https://www.sfn.org/advocacy/policy-positions/policies-on-the-use-of-animals-and-humans-in-research
https://imagej.nih.gov/ij/;
https://imagej.nih.gov/ij/;
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Figure 6. Subretinal neovascularization, hemorrhage, exudation, retinal folds and exudative detachment after Vhl−/−. Tamoxifen was administered to

Pde6gcreERT2/+;Vhlflox/flox mice at P7 for 3 days to generate Pde6gcreERT2/+ ;Vhl−/− mice. Eye cups were then harvested, and HE staining was performed to observe

retinal structures at weeks 6 (A–E), 10 (F–J) and 16 (K–O) (yellow arrows = various retinal lesions; scale bar = 50 μm).

Tamoxifen administration

Tamoxifen (100 mg/ml in ethanol; Sigma-Aldrich T5648, St.
Louis, MO, USA) was thoroughly mixed at 42◦C and dilated with
corn oil to a final concentration of 10 mg/ml. The solution was
then injected intraperitoneally at a concentration of 100 μg/g
BW for three consecutive days from postnatal day 7 (P7) or P28
(30).

Immunohistochemistry

Mice were euthanized following established Institutional Animal
Care and Use Committee guidelines. Eyes were processed and
sectioned as we described in our previous paper (30). Sections
were incubated overnight at 4◦C with primary antibodies:
anti-CD31 (Abcam, ab28364, UK), anti-VHL (Thermo Fisher,
MA5-13940, Waltham, MA, USA), anti-HIF1α (Abcam, ab16066,
UK), anti-VEGF (Abcam, ab52917, UK) and anti-EPO (Santa

Cruz, sc80995, Dallas, TX, USA). After washing with Phosphate
Buffered Saline (PBS) with 0.3% Triton X-100 (PBST) three times
for 10 min each, sections were incubated with the secondary
antibody for 90 mins at room temperature. The following
secondary antibodies were used: Alexa 555 or Alexa 488
(1:500, Molecular Probes, Life Technologies, Waltham, MA, USA).
After incubating in 5 μg/ml Hoechst 33342 (H13999, Molecular
Probes, Life Technologies, Waltham, MA, USA) for 5 min,
sections were imaged using a confocal microscope (Nikon A1,
Japan).

Whole-retina flat mount and iris flat mount
immunohistochemistry

Retinae and irises were fixed in 4% paraformaldehyde for 20 min,
washed and stained as described above. The images were then
taken using a confocal microscope (Nikon A1, Japan).
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Figure 7. PAS and immunofluorescence staining of vessels in the retina revealed the location of neovascularization in Pde6gcreERT2/+;Vhl−/− mice compared to

Pde6gcreERT2/+ ;Vhlflox/flox control. Tamoxifen was administered to Pde6gcreERT2/+ ;Vhlflox/flox mice at P7 for 3 days to induce Vhl knockout in rod photoreceptors. Optic

cups were harvested at 10 weeks. (A) PAS staining of a retinal paraffin section from the Pde6gcreERT2;Vhl flox/flox mouse at week 10. (B–D) PAS staining of retinal paraffin

sections from the Pde6gcreERT2;Vhl −/− mouse at week 10. (E–H) Duplicate images from A–D with vessel signals enhanced using ImageJ software. (I) Immunostaining

of a retinal frozen section from the Pde6gcreERT2;Vhl flox/flox mouse at week 10. (J–L) Immunostaining of retinal frozen sections from the Pde6gcreERT2;Vhl −/− mouse at

week 10 (white scale bars = 50 μm; blue = DAPI, green = anti-CD31).

Hematoxylin–eosin staining

Mice were euthanized and eyes were enucleated and fixed.
Hematoxylin–eosin (HE) histologic analysis was carried out as
described previously (32).

PAS staining

Optic cups were collected as described above, fixated in 10%
formalin, embedded in Paraffin and then sectioned at 5 μm.
After 5 min of oxidation in 0.5% periodic acid solution (NovaUltra
TM, PAS stain kit, #IW-3009), the optic cup sections were rinsed
and placed in Schiff reagent for 15 min. Sections were then
washed in lukewarm tap water for 5 min, counterstained in
Mayer’s hematoxylin for 1 min and washed again for 5 min
before getting dehydrated and mounted on a coverslip using a
synthetic mounting medium.

Histologic analysis

Mice were euthanized, and eyes were processed and sectioned.
HE or PAS histologic analysis was carried out as described previ-
ously (33).

Statistical analysis

Statistical analysis was performed using GraphPad Prism, ver-
sion 6 (GraphPad Software, CA, USA); ∗P < 0.05 was treated as sta-
tistically significant, with greater statistical significance denoted
as ∗∗P < 0.01 and ∗∗∗P < 0.001.
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Figure 8. Increased capillary density after Vhl−/− in the Pde6gcreERT2/+ ;Vhl−/− mouse model. 3D remodeling of the vessels with immunofluorescence staining in the

retinal flat mount in a Pde6gcreERT2/+;Vhlflox/flox (A) and Pde6gcreERT2/+;Vhl−/− (B) mouse at week 6. (C) Bar graphs quantifying the depth of retinal capillary network

measured in the retinal flat mounts from control and Vhl−/− mice. Anti-CD31 was used as primary antibody (color spectrum = depth of blood vessels within the retina;
∗P < 0.05).
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