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Adrenomedullin (ADM) is an endogenous peptide first identified as a strong vasodilating molecule. We
previously showed that in mice, homozygous knockout of ADM (ADM�/�) or its receptor regulating
protein, RAMP2 (RAMP2�/�), is embryonically lethal due to abnormal vascular development, thereby
demonstrating the importance of ADM and its receptor signaling to vascular development. ADM
expression in the retina is strongly induced by ischemia; however, its role in retinal pathophysiology
remains unknown. Here, we analyzed oxygen-induced retinopathy (OIR) using heterozygous ADM and
RAMP2 knockout mice models (ADMþ/� or RAMP2þ/�, respectively). In addition, we analyzed the role of
the ADM-RAMP2 system during earlier stages of retinal angiogenesis using an inducible endothelial cell-
specific RAMP2 knockout mouse line (DI-E-RAMP2�/�). Finally, we assessed the ability of antibody-
induced ADM blockade to control pathological retinal angiogenesis in OIR. In OIR, neovascular tufts,
avascular zones, and hypoxic areas were all smaller in ADMþ/� retinas compared with wild-type mice.
ADMþ/� retinas also exhibited reduced levels of VEGF and eNOS expression. DI-E-RAMP2�/� showed
abnormal retinal vascular patterns in the early stages of development. However, ADM enhanced the
proliferation and migration of retinal endothelial cells. Finally, we found intravitreal injection of anti-
ADM antibody reduced pathological retinal angiogenesis. In conclusion, the ADM-RAMP2 system is
crucially involved in retinal angiogenesis. ADM and its receptor system are potential therapeutic targets
for controlling pathological retinal angiogenesis. (Am J Pathol 2013, 182: 2380e2390; http://
dx.doi.org/10.1016/j.ajpath.2013.02.015)
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Pathological retinal angiogenesis plays a key role in various
retinal diseases, including diabetic retinopathy (DR), retinal
vein occlusion, and retinopathy of prematurity. Retinal
ischemia is thought to be a common precursor to pathological
retinal angiogenesis, and ischemia-induced overexpression of
vascular endothelial growth factor (VEGF) is one of themajor
causes of the resultant abnormal vessel growth. Intravitreal
anti-VEGF antibody (bevacizumab or ranibizumab) admin-
istration targeting angiogenesis and increases in vessel
permeability is widely used to treat exudative age-related
macular degeneration,1 DR,2 retinal vein occlusion,3 and
retinopathy of prematurity.4 However, this approach has
several associated drawbacks. One is the recurrence of
macular edema; another is tachyphylaxis, which can occur
after long-term anti-VEGF administration.5,6 Therefore, other
stigative Pathology.
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therapeutic targets to control pathological angiogenesis are
greatly needed.
Adrenomedullin (ADM) is a vasodilating polypeptide

originally isolated from human pheochromocytoma,7 though

Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
Delta:1_given name
Delta:1_given name
Delta:1_surname
Delta:1_given name
mailto:tshindo@shinshu-u.ac.jp
mailto:tshindo@shinshu-u.ac.jp
http://dx.doi.org/10.1016/j.ajpath.2013.02.015
http://dx.doi.org/10.1016/j.ajpath.2013.02.015
http://dx.doi.org/10.1016/j.ajpath.2013.02.015
http://ajp.amjpathol.org
http://dx.doi.org/10.1016/j.ajpath.2013.02.015


ADM-RAMP2 in Retinal Angiogenesis
it is now known to be widely distributed in numerous tissues
and organs and to exert a variety of physiological effects
in addition to vasodilatation. Expression of ADM is up-
regulated under ischemic conditions.8e10 Furthermore, we
previously showed that homozygous ADM knockout (KO)
mice (ADM�/�) die in utero due to lethally abnormal vascular
development; that ADM also possesses angiogenic activity;
and that ADM exerts its angiogenic effects, not only during
development, but also in adulthood in regions experiencing
ischemia.11,12 The main body of the ADM receptor is calci-
tonin receptor-like receptor (CLR), a seven-transmembrane
domain G protein-coupled receptor (GPCR). CLR associ-
ates with one of the three subtypes of receptor activity-
modifying protein (RAMP), which determines the affinity
of CLR for its ligands.13,14 We also showed that homozygous
RAMP2KO (RAMP2�/�) is lethal, with a phenotype similar
to that of ADM�/�, suggesting the ADM-RAMP2 system is
specifically involved in vascular development.15

Expression of ADM has been detected in the eye. In earlier
reports, ADM was shown to act as a vasodilator in the retinal
arteries and to increase choroidal blood flow and ophthalmic
arterial flow velocity.16,17 In addition, peripheral adminis-
tration of ADM causes dose-dependent conjunctival hyper-
emia in rabbits.18ADMalso lowers intraocular pressure19 and
relaxes iris sphincter smooth muscle via a cAMP-dependent
pathway.20 Collectively, these data suggest that ADM could
be involved in the pathophysiology of ocular diseases.
Consistent with that idea, ADM levels are elevated in the
vitreous fluid of patients with DR,21e23 suggestingADMmay
be associated with pathological retinal angiogenesis.

Our initial aim in the present study was to clarify the
pathophysiological roles of the ADM-RAMP2 system in
the retina using an oxygen-induced retinopathy (OIR)
model in heterozygous ADM and RAMP2 KO mice. We
next generated an inducible endothelial cell-specific
RAMP2 KO mouse to analyze the roles of the ADM-
RAMP2 system during the early stages of retinal vascular
development. Finally, we assessed the ability of antibody-
induced ADM blockade to control pathological retinal
angiogenesis.

Materials and Methods

Animals

Wild-type (WT) C57BL/6J mice were purchased from
Charles River Laboratories Japan (Yokohama, Japan).
ADM and RAMP2 KO mice were originally generated in
our group.11,15 Because homozygous ADM and RAMP2
KO mice are embryonically lethal, we used heterozygous
KO mice (ADMþ/�, RAMP2þ/�), in which ADM or
RAMP2 expression is reduced to half that seen in WT mice.

To generate inducible vascular endothelial cell-specific
RAMP2 KO mice, we crossed a mouse line expressing
tamoxifen-inducible Cre recombinase (Cre-ERT2) under the
regulation of VE-Cadherin24 with floxed RAMP2 mice. Cre
The American Journal of Pathology - ajp.amjpathol.org
activation and gene deletion were induced by 1 mg/mL
intragastric injections of tamoxifen (T5648; Sigma-Aldrich,
St. Louis, MO). For analysis of P6 neonates, 50 mg of
tamoxifen was injected on three consecutive days (postnatal
day [P] 1 to P3); for analysis of P11 neonates, 100 mg of
tamoxifen was injected on four consecutive days (P5 to
P8).25 Control mice were injected with corn oil (Sigma-
Aldrich) on P1 to P3 or P5 to P8.

All animal handling procedures were in accordance with
a protocol approved by the ethics committee of Shinshu
University School of Medicine. All experiments were per-
formed in accordance with the Association for Research in
Vision and Ophthalmology’s Statement for the Use of
Animals in Ophthalmic and Vision Research and our insti-
tutional guidelines.

RNA Extraction and Quantitative Real-Time RT-PCR
Analysis

Mice were euthanized and retinas were removed on P17.
Total RNA was extracted from each sample using Trizol
Reagent (Invitrogen, Carlsbad, CA), after which the
extracted RNA was treated with DNA-Free (Ambion,
Austin, TX) to remove contaminating DNA, and 2-mg
samples were subjected to reverse transcription using a High
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, Carlsbad, CA). Quantitative real-time RT-PCR
was performed using an Applied Biosystems 7300 real-time
PCR System (Applied Biosystems) with SYBR Green
(Toyobo, Osaka, Japan) or Realtime PCR Master Mix
(Toyobo) and TaqMan probe (MBL International, Woburn,
MA). Values were normalized to mouse GAPDH (TaqMan
Pre-Developed Assay Reagents; Applied Biosystems). The
primers and probes used are listed in Table 1.

Western Blot Analysis

Retinal tissue was lysed in an ice-cold RIPA Lysis Buffer
System (Santa Cruz Biotechnology, Santa Cruz, CA) sup-
plemented with PhosSTOP phosphatase inhibitor (Roche
Applied Science, Indianapolis, IN) and then sonicated.
Samples of the resultant lysate were subjected to SDS-
PAGE, and the resolved proteins were transferred to cellu-
lose nitrate membranes (GE Healthcare, Chalfont St Giles,
UK). After blocking in 5% skim milk, the membranes were
incubated with primary antibodies against b-tubulin (Santa
Cruz Biotechnology), VEGF (Abcam, Cambridge, UK),
endothelial nitric oxide synthase (eNOS) (Cell Signaling
Technology, Danvers, MA), and phospho-eNOS (Ser1177;
Cell Signaling Technology), followed by appropriate
secondary antibodies (Santa Cruz Biotechnology). The
bound antibodies were visualized using chemiluminescent
horseradish peroxidase substrate (Millipore, Billerica, MA),
and the chemiluminescence was analyzed using an Image-
Quant LAS 4000 imager system (GE Healthcare). Levels of
eNOS activation were determined based on the ratio of band
2381
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Table 1 Primers and Probes Used for Quantitative Real-Time
RT-PCR Analysis

Gene Sequence

ADM Forward 50-GGACACTGCAGGGCCAGAT-30

Reverse 50-GTAGTTCCCTCTTCCCACGACTTA-30

RAMP2 Forward 50-GCAGCCCACCTTCTCTGATC-30

Reverse 50-AACGGGATGAGGCAGATGG-30

Probe 50-CCCAGAGGATGTGCTCCTGGCCAT-30

VEGF-A Forward 50-CATCTTCAAGCCGTCCTGTGT-30

Reverse 50-CTCCAGGGCTTCATCGTTACA-30

VEGFR1 Forward 50-CAAGGACGGCTTTGCAGATC-30

Reverse 50-GCTCATGAATTTGAAAGCGTTTAC-30

VEGFR2 Forward 50-ACTGCAGTGATTGCCATGTTCT-30

Reverse 50-TCATTGGCCCGCTTAACG-30

eNOS Forward 50-AGGCACTGCTGAGCCGAGT-30

Reverse 50-TTCTCCAGTTGTTCCACAGCC-30

EPO Forward 50-CTACGTAGCCTCACTTCACTGCTT-30

Reverse 50-AGAGCTTGCAGAAAGTATCCACTGT-30

Tie-2 Forward 50-GGAACCTGACCTCGGTGCTA-30

Reverse 50-CTGCGCCTTGGTGTTGACT-30

Iesato et al
intensities after blotting with antibodies specific for the
phosphorylated and unphosphorylated proteins. For quantifi-
cation, Western blot images were captured and analyzed using
Scion Image software version 4.0.3 (Scion Corporation,
Frederick, MD).

Analysis of Retinal Angiogenesis in the OIR Model

Physiological and pathological retinal angiogenesis were
quantified using previously reported protocols26 with slight
modification. Briefly, on P17, the eyes were fixed in 4%
paraformaldehyde for 1 hour at 4�C and then washed with
PBS. Retinas were then isolated and stained overnight at
4�C with Alexa Fluor 594econjugated Griffonia sim-
plicifolia (formerly Bandeiraea simplicifolia) isolectin B4
(isolectin GS-IB4 from G. simplicifolia, Alexa Fluor 594
conjugate I21413; 1:200 dilution; Invitrogen) in 0.3% PBS
with Tween 20. After washing three times in PBS, the
retinas were mounted whole onto microscope slides with the
photoreceptor side down and embedded in fluorescent
mounting medium (Dako, Glostrup, Denmark). Images of
whole-mount retinas were taken at �4 magnification using
a fluorescence microscope (BZ-9000; Keyence, Osaka,
Japan). Avascular zones and neovascular tuft formation
(represented as pathological angiogenesis) were quantified
using digital imaging/photo editing software (Adobe Pho-
toshop CS5 version 12.0.3; Adobe Systems, San Jose, CA).

Pathological angiogenesis was analyzed by counting the
nuclei extending beyond the internal limiting membrane.
The eyes were enucleated on P17 and fixed in 4% para-
formaldehyde for 24 hours, and then embedded in paraffin.
Six sections were selected within 300 mm of the optic nerve
in serial 5-mm-thick sagittal sections of whole eyes and
stained with H&E, after which photomicrographs were
taken (BZ-9000 microscope). All evaluations of retinal
angiogenesis were done using double-blind methods.
2382
Analysis of Retinal Ischemia in the OIR Model

Retinal ischemia was assessed using pimonidazole hydro-
chloride (Hypoxyprobe-1 [H-1]; Chemicon, Temecula, CA)
according to the manufacturer’s protocol. Briefly, mice were
intraperitoneally injected with 50 mg/kg H-1 90 minutes
before sacrifice. Detection of H-1epositive (hypoxic) areas
was achieved through immunohistochemical analysis of
retinal flat mounts after fixation in 4% paraformaldehyde
using a primary antibody against the H-1 probe (provided in
the kit) andfluorescein isothiocyanateeconjugated secondary
antibodies. Images were captured using a fluorescence
microscope (BZ-9000) and subjected to morphometric anal-
ysis using Adobe Photoshop.

Cell Culture

The RF/6A135 chorioretinal endothelial cell (CREC) line
was obtained from the Riken Cell Bank, Tsukuba, Japan,
and cultured in RPMI 1640 medium (Invitrogen) supple-
mented with 10% fetal bovine serum (FBS).
The RAMP2-overexpressing (RAMP2O/E) endothelial

cell line was created using EAhy926 endothelial cells,
which is an immortal, clonally pure, human endothelial cell
line (kindly provided by C.J. Edgell, University of North
Carolina). Human RAMP2 cDNA was inserted into the
cloning site of pcDNA3.1þ (Invitrogen), which was then
transfected into EAhy926 cells to create the RAMP2 O/E
cell line.15 EAhy926 cells transfected with empty
pcDNA3.1þ vector served as control. EAhy926 endothelial
cells were cultured in Dulbecco’s modified Eagle’s medium
(Invitrogen) supplemented with 10% FBS.
Human retinal endothelial cells (Cell Systems, Kirkland,

WA) were cultured according to the manufacturer’s protocol.

Scratch-Wound Assay

To determine whether ADM promotes CREC proliferation and
migration, we performed scratch-wound assays as described by
Liang et al,27 with some modifications. CRECs were grown in
60-mm dishes with medium containing 10% FBS until 90%
confluent, after which they were starved for 24 hours in 1%
FBS þ medium. The center of the cultured dish was then
scratched using a P200 pipet tip, washed 2 times with serum-
free medium, and the culture was continued for 16 hours in
10% FBS þ medium, with or without ADM or VEGF (Invi-
trogen). Images of the scratched areas at 0 hours and after
16 hours were captured using a light microscope (Olympus,
Tokyo, Japan). The cell-covered area at 16 hours was deter-
minedas apercentageof the cell-free area at0 hoursmeasured in
three fields per well using ImageJ software version 1.46e (NIH,
Bethesda, MD; http://rsb.info.nih.gov/ij/index.html). The ex-
periment was repeated three times on separate occasions. For
the study of EAhy926 cells and human retinal endothelial cells,
they were grown in 35-mm dishes, and the coverage of the
scratch area was evaluated at 6 hours with or without ADM.
ajp.amjpathol.org - The American Journal of Pathology
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ADM-RAMP2 in Retinal Angiogenesis
Retinal Vascular Development in DI-E-RAMP2�/� Mice

All of the images shown were captured using a fluorescence
microscope. The isolectin-B4estained endothelial network
was analyzed on flat-mount specimens. In P6, the numbers of
filopodial extensions at the retinal angiogenic front were
quantified in 16 fields (200 mm � 200 mm in each field) from
four retinas per group. The total number of filopodia
was normalized to a standard endothelial vessel length of
1000 mm, which was measured and defined according to
previously reported protocols.25,28 The density of front vessel
branches was calculated in 16 fields (200 mm � 400 mm in
each field) from four retinas per group. Vascular progression
was measured by defining a straight line from the angiogenic
front to the center of the retina for each retinal quadrant in low
magnification, and 24 quadrants from six retinas per group
were used for quantification. In P11, the vascular branch
point was counted in 16 fields (200 mm � 400 mm in each
field) from four retinas per group.

For the analysis of endothelial proliferation, Ki-67
(Abcam) immunostaining was performed in P10, and the
numbers of Ki-67 and isolectin-B4 double-positive cells were
counted in 12 cross sections from three retinas per group.

Intravitreal Antibody Injection

Anti-ADM antibody kindly provided by Dr. Tanaka was
used for intravitreal administration. In the OIR model, mice
underwent intravitreal injection on P13; 1.5 mL of anti-
ADM antibody (ADMab) was intravitreally injected at the
temporal corneaescleral junction using a Hamilton syringe
equipped with a 32-G needle under a stereoscopic surgical
microscope. As control, the eye received an intravitreal
injection of 1.5 mL of mouse IgG (Abcam) at the same
position. After the procedure, the mice were administered
moxifloxacin hydrochloride antibiotic drops (Vegamox
Ophthalmic Solution; Alcon, Fort Worth, TX). Avascular
zone and neovascular tufts were analyzed on P17.

Statistical Analysis

Values are expressed as means � SEM. Student’s t-test and
one-way analysis of variance, followed by the Tukey or
Dunnett test were used to determine the significance of
differences. Values of P < 0.05 or P < 0.01 were consid-
ered significant.

Results

Pathological Angiogenesis Is Mitigated in
Heterozygous ADM KO (ADMþ/�) Mice in OIR

In the OIR model, mice were exposed to 75% oxygen for
5 days, from P7 to P12, the period (hyperoxic phase) during
which oxygen-induced loss of retinal vessels (vaso-oblitera-
tion) occurs. After the mice were returned to normoxic
The American Journal of Pathology - ajp.amjpathol.org
conditions (room air) for 5 days, from P12 to P17 (hypoxic
phase), the hyperoxia-induced vessel loss led to pathological
angiogenesis. We initially compared the retinal angiogenesis
at P12 among WT, ADMþ/�, and RAMP2þ/� mice. In retinal
flat-mount specimens, we did not detect avascular zones in
WT mice kept under normoxia. Mice kept under hyperoxia
showed the existence of avascular zones in the central region
of the retina; however, we detected no significant differences
in the size of the avascular zones among the three mouse types
(WT, 34.1 � 1.3%; ADMþ/�, 33.3 � 1.3%; RAMP2þ/�,
36.4 � 1.8%), indicating no genotype-dependent differences
in the oxygen-induced loss of retinal vessels (Figure 1, A
and B). We also found no differences in the hypoxic area at
this stage (Supplemental Figure S1). These data indicate that
there was no difference in the vascular development and
ischemic level among these mice at the start of hypoxia-
induced neovascularization.

We next analyzed the time course of ADM expression
during retinal development in WT neonates, with and
without OIR (Figure 1C). Under normoxic conditions,
ADM expression was unchanged or declined slightly from
P12 to P17 (0.94 � 0.17-fold at P13 to 0.33 � 0.03-fold at
P17). By contrast, neonates subjected to OIR showed
prominent up-regulation of ADM from P13 (5.45 � 0.83-
fold). This suggests ADM expression is induced by
hypoxia in OIR. The up-regulated ADM expression per-
sisted until P17 (3.17 � 0.25-fold), though it declined
somewhat over that period. However, RAMP2 expression
was down-regulated once at P13, and its expression returned
from P15 to P17 (Figure 1D).

We then analyzed retinas at the end of the hypoxic phase
(P17) and found that neovascular tuft formation, which is
the aneurysmal formation of retinal arteries representing
pathological angiogenesis, was significantly reduced in
ADMþ/� mice (7.0 � 0.4%), as compared to WT mice
(11.0� 1.3%) (Figure 2, A and B). In addition, in HE-stained
cross sections prepared on P17, retinas from OIR model mice
exhibited vascular nuclei extending into the vitreous from the
retinal surface (Figure 2C). The numbers of cell nuclei on the
vitreal side of the internal limiting membrane were signifi-
cantly lower in ADMþ/� mice (20.0 � 3.3) than WT mice
(36.8� 4.4) (Figure 2D), which is also indicative of a smaller
degree of pathological angiogenesis in ADMþ/� mice. We
detected no significant difference in RAMP2þ/� mice (neo-
vascular tufts, 13.1 � 1.4%; numbers of nuclei above internal
limiting membrane, 33.1 � 2.0).

ADMþ/� and RAMP2þ/� Retinas Show Reduced
Avascular Zones and Hypoxic Areas in OIR

Using both lectin and H-1 staining, we evaluated the retinal
vessels and hypoxic areas in P17 retinas. In ADMþ/� and
RAMP2þ/� retinas, the hypoxic area was limited to the central
region of the retina, with little or no hypoxia detected in the
periphery (Figure 3A). We found that both the avascular
zone and hypoxic area were significantly smaller in ADMþ/�
2383
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Figure 1 Comparison of retinal angiogenesis amongWT, ADMþ/�, and RAMP2þ/�mice soon after
high-oxygen treatment (P12) and WT mice kept under normoxia (P12). A: Representative P12 retinal
flat-mount specimens with lectin-staining. B: Bar graph comparing the avascular zone percentage per
whole retina among WT, ADMþ/�, and RAMP2þ/� mice. Bars depict means � SEM (n Z 6 in each
group). C and D: Quantitative real-time PCR analysis of ADM and RAMP2 gene expression in WT mice
from P12 to P17. Retinas were collected from neonates at the indicated stage and used for mRNA
extraction. The bar graph depicts the relative levels of ADM and RAMP2 gene expression; the level
obtained in the normoxia group at P12 was assigned a value of 1. White bars: neonates kept under
normoxic conditions (room air). Black bars: neonate exposed to hyperoxia (75% O2) from P7 to P12
(OIR group). The OIR group showed prominent up-regulation of ADM at P13 and remained elevated
from P13 to P17 (C). However, RAMP2 expression was down-regulated at P13, and its expression
returned from P15 to P17 (D). Bars depict means � SEM. **P < 0.01 (nZ 5 to 8 in each group).

Iesato et al
(14.2 � 2.3% and 3.1 � 0.6%, respectively) than WT mice
(25.6 � 3.2% and 9.9 � 1.9%, respectively) (Figure 3, B and
C). Similarly, inRAMP2þ/�mice, the avascular zone tended to
be smaller (19.8 � 1.3%) (Figure 3B) and the hypoxic area
was significantly smaller (5.2 � 0.9%) than in WT mice
(Figure 3C). The reductions in the avascular zone and hypoxic
area suggest physiological angiogenesis is enhanced in
both KO strains. In the WT retina, H-1epositive (hypoxic)
areas were detected even within lectin-positive areas in the
retinal periphery. However, as stated above, in ADMþ/� and
RAMP2þ/� retinas, the hypoxic area was limited to the central
region of the retina, with little or no hypoxia detected in the
periphery (Figure 3A). This may indicate that in theWT retina,
vascular formation in peripheral regions could not fully
compensate for the ischemia caused by OIR, whereas it was
almost entirely compensated for in ADMþ/� and RAMP2þ/�

retinas.

Altered Expression of Angiogenic Factors in ADMþ/�

Retinas after OIR Treatment

We also investigated retinal gene expression in the OIR
model (Figure 4A). In WT mice, ADM and RAMP2 were
up-regulated after OIR (P17). The expressions of VEGF,
vascular endothelial growth factor receptor 1 (VEGFR1),
and eNOS were all significantly up-regulated in WT OIR
model; however, the up-regulation was suppressed in
ADMþ/�mice. InWestern blot analysis (Figure 4, B and C),
we also confirmed the reduction of VEGF protein level
in ADMþ/�. Activation of eNOS (represented by the
p-eNOS/eNOS ratio) was also suppressed in ADMþ/�.
Apparently, the lower ADM in ADMþ/� affected several
angiogenic pathways under ischemic conditions. Compared
2384
withADMþ/�, changes in VEGF and eNOS expressionwere
smaller in RAMP2þ/� (Supplemental Figure S2).

ADM Enhances Proliferation and Migration of
Endothelial Cells in Vitro

We directly assessed the effects of ADM on endothelial cells
in vitro. At first, we used RF/6A135 CRECs and performed
scratch-wound assays. We evaluated the recovery of the re-
endothelialized monolayer within the scratched area. ADM
dose-dependently increased the degree of recovery, which is
indicative of the ADM-induced enhancement of CREC
proliferation and migration (Figure 5, A and B).
Next, we analyzed the effect of RAMP2 overexpression

in endothelial cells. Under ADM stimulation, EAhy926
endothelial cells, which overexpress RAMP2 (RAMP2O/
E), showed significantly enhanced coverage in the scratch-
wound assay (Figure 5, C and D). Furthermore, using
human retinal endothelial cells, we confirmed that ADM
enhances cellular proliferation and migration (Figure 5,
E and F).

Effects of RAMP2 Deletion on Retinal Vascular
Development in DI-E-RAMP2�/� Mice

Our finding that OIR-induced changes in retinal angiogenesis
were smaller in RAMP2þ/� might be due to our need to use
heterozygous KO mice. Therefore, to further analyze the
involvement of RAMP2 in retinal angiogenesis, we devel-
oped an inducible endothelial cell-specific RAMP2 KO (DI-
E-RAMP2�/�) mouse line. With this model, we were able to
induce RAMP2 deletion at desired stages of neonatal growth
through tamoxifen-induced Cre recombinase activation.
ajp.amjpathol.org - The American Journal of Pathology
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Figure 2 Effect of genotype on the develop-
ment of neovascular tufts (retinal pathological
angiogenesis) at the border of avascular zones on
P17 in OIR model mice. A: Representative retinal
flat-mount specimens with lectin-staining. Scale
bar Z 50 mm. B: Bar graph comparing the
percentages of neovascular tuft area per whole
retina. ADMþ/� mice showed a significant reduc-
tion of neovascular tufts. WT mice kept under
normoxia did not show neovascular tuft formation.
Bars depict means � SEM. *P < 0.05 (n Z 6 in
each group). C: Retinal sections with H&E staining.
Arrowheads indicate the internal limiting
membrane (ILM). Arrows indicate pathological
intravitreal angiogenesis. Scale bar Z 50 mm. D:
Bar graph comparing the numbers of cell nuclei
extending from the ILM into the vitreous. ADMþ/�

mice showed a significant reduction of the
numbers of cell nuclei. Bars depict means � SEM.
*P < 0.05 (n Z 6 in each group).

ADM-RAMP2 in Retinal Angiogenesis
Using this model, we analyzed earlier stages of retinal
vascular development (on P6, P10, and P11).

We first analyzed retinal vascular development on P6
after administration of tamoxifen daily from P1 to P3
(Figure 6A). At this stage, retinal vessels were elongating
from the center of the retina toward the periphery. Exami-
nation of lectin-stained whole retinas (Figure 6B) revealed
that the vascular progression was significantly retarded in
DI-E-RAMP2�/� mice, as compared to control mice
(75.3 � 2.0% versusersus 83.1 � 2.4%) (Figure 6C). Under
higher magnification (Figure 6B), we found that the number
The American Journal of Pathology - ajp.amjpathol.org
of filopodia did not differ between DI-E-RAMP2�/� and
control retinas (85.1 � 9.1 and 81.5 � 6.2, respectively), but
the vascular density was significantly greater at the front of
the vascular progression in DI-E-RAMP2�/� retinas
(49.0 � 1.2% versusersus 40.3 � 1.3%) (Figure 6C).

We then analyzed the retinal vascular development on
P10 and P11 after administration of tamoxifen daily from
P5 to P8 (Figure 7A). At this stage, vascular progression has
reached the peripheral regions of the retina. In DI-E-
RAMP2�/� retinas, the number of vessel branch points was
significantly lower than control (47.8 � 9.9 versus 80.3 �
Figure 3 Effect of genotype on the relative
size of avascular zones and hypoxic areas on P17 in
OIR model mice. A: Lectin and hypoxyprobe-1
staining showing the avascular zone and hypoxic
area in retinal flat-mounts. In WT retinas,
a hypoxic area was detected at the periphery
(arrows) and in the central region, whereas little
or no peripheral hypoxia was detected in ADMþ/�

and RAMP2þ/�. B and C: Bar graphs comparing the
avascular zone (B) and hypoxic area (C) percent-
ages per whole retina between WT and ADMþ/� or
RAMP2þ/� retinas. ADMþ/� retinas showed
significant reductions in avascular zone and
hypoxic area, and RAMP2þ/� showed significant
reduction in hypoxic area. WT mice kept under
normoxia showed no hypoxic area. Bars depict
means � SEM. *P < 0.05, **P < 0.01 (n Z 6 in
each group).
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Figure 4 Comparison of mRNA and protein expression between WT and
ADMþ/�. A: Bar graphs show the relative expression of the indicated genes
in WT and ADMþ/� retinas on P17 of OIR and WT mice kept under normoxia.
When subjected to OIR, ADMþ/� retinas showed less expression of angio-
genic factors, including VEGF and eNOS. B: Western blot analysis of VEGF,
eNOS, and phosphorylated eNOS (p-eNOS) in WT and ADMþ/� retinas on P17
and WT mice kept under normoxia. C: Optical densities were quantified, and
the result of the relative expression of VEGF and ratio of p-eNOS/NOS (eNOS
activation level) is shown in the bar graph. In protein analysis, ADMþ/�

retinas also showed less expression of VEGF and less activation of eNOS. The
level obtained in the WT normoxia group was assigned a value of 1. Bars are
means � SEM. *P < 0.05, **P < 0.01 (n Z 5 to 7 in A and n Z 4 in C).
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1.8) (Figure 7, B and C). At P10, both DI-E-RAMP2�/� and
control retinas did not show TUNEL/isolectin B4 double-
positive cells (data not shown). However, DI-E-RAMP2�/�

retinas showed significantly lower Ki-67/isolectin B4 double-
positive cells (proliferating endothelial cells) compared with
control (20.5 � 1.8 versus 15.3 � 0.6) (Figure 7, D and E).

Taken together, these observations suggest maturation of
the vessels is delayed in DI-E-RAMP2�/� mice. RAMP2-
mediated effects may be important for physiological retinal
angiogenesis at an earlier stage than in the OIR model.

Intravitreal Injection of Anti-ADM Antibody Reduces
Only Pathological Retinal Angiogenesis

Finally, we evaluated the effects of ADM blockade through
intravitreal administration of an ADMAb. In the OIR model,
WT mice underwent intravitreal injection of mouse IgG or
ADMAb on P13. After lectin staining of the whole retina
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(Figure 8A) and at the border of the avascular zone
(Figure 8A), we evaluated the relative size of the avascular
zone and the degree of neovascular tuft development in each
group (Figure 8B). We found that ADMAb treatment shrank
the neovascular tufts; however, it did not change the avascular
zone. Thus, ADMAb suppressed only the pathological an-
giogenesis and did not suppress physiological angiogenesis.
Discussion

VEGF has been shown to play a central role in pathological
retinal angiogenesis, and anti-angiogenic therapy with anti-
VEGF antibody is now used for clinical treatment of related
ailments such as age-relatedmacular degeneration, DR retinal
vein occlusion, and retinopathy of prematurity.1e4 However,
the efficacy of anti-VEGF antibody is still not adequate to
prevent eventual blindness in advanced cases, so other ther-
apeutic targets through which to control the progression of
pathological angiogenesis are being sought. ADM is an
angiogenic factor induced by ischemia, and the fact that
intravitreous ADM levels are elevated in patients with
proliferative retinal disease implicates ADM in the develop-
ment and progression of pathological angiogenesis.21e23 In
analogous fashion, ADM expression is up-regulated in
several tumormodels, and its inhibition reduces tumor growth
in vivo.12,29e31 However, ADM also acts as an antioxidant,
anti-inflammatory, and antiapoptotic mediator, and its spe-
cific role in retinal angiogenesis related to ischemic retinop-
athy remains unclear. To our knowledge, this is the first
experimental study addressing the involvement of endoge-
nous ADM in retinal angiogenesis in vivo.
We first found that retinal ADM expression is up-

regulated in our OIR model, and we suggest that ADM,
like VEGF, is a key angiogenic mediator induced by
ischemia. On P12, we detected no difference in vascular
density among WT, ADMþ/�, and RAMP2þ/� retinas, indi-
cating that ADM deficiency does not directly affect oxygen-
induced loss of retinal vessels (vaso-obliteration). We also
found ADMþ/� and RAMP2þ/� neonates did not show any
abnormalities in retinal vessel development under normoxia
(data not shown). On P17 (the end of hypoxic phase),
however, neovascular tufts, the avascular zone, and the
hypoxic area were all smaller in ADMþ/� than WT mice.
These findings suggest that ADM deficiency suppressed
pathological angiogenesis that resulted in less neovascular
tufts formation, whereas it spared physiological angiogenesis
that resulted in a smaller avascular zone and hypoxic area.
ADM reportedly up-regulates expression of both VEGF

and eNOS.12,32,33 Consistent with that idea, we found that
levels of VEGF and eNOS expression were reduced in
ADMþ/� mice on P17, suggesting ischemia-induced exces-
sive expression of VEGF and eNOS is moderated in ADMþ/�

mice. Implications of multiple angiogenic pathways may be
related to the altered angiogenesis in ADMþ/� retinas. We
speculate that ADM activates several angiogenic pathways
ajp.amjpathol.org - The American Journal of Pathology
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Figure 5 In vitro scratch-wound assay. A: Repre-
sentative photomicrographs of a control (at 0 hours)
and re-endothelialized monolayer (at 16 hours) of RF/
6A135 chorioretinal endothelial cells (CRECs) after
a scratchwith orwithoutADM.Assays performed in the
presence of recombinant human VEGF (rhVEGF) served
as a positive control. B: Bar graph showing the
percentage cell-covered area (per cell free area at
0 hours) in scratch-wound assay using RF/6A135. ADM
dose-dependently increased coverage. C: Control (at
0hours) and re-endothelializedmonolayer (at 6hours)
of EAhy926 endothelial cells, which overexpress
RAMP2 gene (RAMP2O/E), or control cells transfected
with empty pcDNA3.1þ vector (pcDNA). D: Bar graph
showing the percentage cell-covered area (per cell free
area at 0 hours) in scratch-wound assay in RAMP2O/E
and control cells. RAMP2 overexpression enhanced the
cellular proliferation and migration. E: Control (at
0hours) and re-endothelializedmonolayer (at 6hours)
of human retinal endothelial cells. F: Bar graph
showing the percentage cell-covered area (per cell free
area at 0 hours) in scratch-wound assay using human
retinal endothelial cells. ADM stimulation also
enhancedproliferation andmigrationof human retinal
endothelial cells. Bars depict means � SEM. *P <

0.05, **P< 0.01 (nZ 9 in B and nZ 6 in D and F).
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under ischemic conditions. As a result, neovascular tuft
formation was significantly suppressed in ADMþ/�. Reduc-
tion of pathological angiogenesis (including neovascular tuft
formation) may help to promote physiological angiogenesis,
and therefore reduced ischemia in ADMþ/�.

As in ADMþ/�retinas, the avascular zone and hypoxic area
were reduced in RAMP2þ/� retinas, indicating the ADM-
RAMP2 system is crucially involved in retinal angiogen-
esis. However, the changes seen in RAMP2þ/�mice were not
as pronounced as in ADMþ/� mice. This may be explained in
part by offsetting effects of other RAMP isoforms, especially
RAMP3. In RAMP2þ/� mice, expression of RAMP3 and
The American Journal of Pathology - ajp.amjpathol.org
CLR remains normal, and the CLR/RAMP3 complex also
functions as an ADM receptor.13,14

In the present study, we also used retinal endothelial cells
to directly assess the effect of ADM in vitro. We found
that exogenous ADM administration dose-dependently
enhanced the proliferation and migration of retinal endothe-
lial cells in scratch-wound assay. RAMP2 overexpression
also enhanced the proliferation and migration of endothelial
cells under ADM stimulation. In our assay, both proliferation
and migration of the endothelial cells could contribute to the
coverage of scratched area. Enhancement of both prolifera-
tion and migration of endothelial cells by ADM was reported
Figure 6 Effects of induced RAMP2 deletion on
retinal vascular development in DI-E-RAMP2�/�mice
on P6. A: Protocol for RAMP2 deletion on P6. Cre
recombinasewasactivated by intragastric injectionof
tamoxifen on the indicated days; controls were
treated with corn oil. B: Representative photomicro-
graphs showing retinal vessel development on P6 in
DI-E-RAMP2�/� and control retinas. Shownare lectin-
stained whole retinas (upper panels) and the devel-
oping vascular front at the periphery (lower panels).
Scale bar Z 50 mm (lower panels). C: Bar graphs
showing thepercentagevascular progression (nZ6),
percentage vascular front density (n Z 4), and
numbers of filopodia per vessel length (nZ 4). Data
in C are means� SEM. *P < 0.05, **P < 0.01.
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Figure 7 Effects of induced RAMP2 deletion on
retinal vascular development in DI-E-RAMP2�/�

mice on P11.A: Protocol for RAMP2 deletion on P11.
Cre recombinase was activated by intragastric
injection of tamoxifen on the indicated days;
controls were treated with corn oil. B: Representa-
tive lectin staining showing retinal vessels in
a central region of a DI-E-RAMP2�/� and control
retina on P11. Scale barZ 50 mm. C: Comparison of
the number of vessel branchpoints perfield between
control and DI-E-RAMP2�/� retinas. Vessel branch
points are decreased in DI-E-RAMP2�/�. D: Cross
sections of retinas from control and DI-E-RAMP2�/�

mice onP10.Upper panels show immunostaining of
Ki-67 (green fluorescent cells indicated by arrows
are Ki-67epositive cells). Lower panels show
double staining of Ki-67 (green) and isolectin B4
(red). GCL, ganglion cell layer; INL, inner nuclear
layer; ONL, outer nuclear layer; RPE, retinal pigment
epithelial cell layer. Scale bar Z 50 mm. E:
Comparison of the numbers of Ki-67 and isolectin B4
double-positive cells per section between control
and DI-E-RAMP2�/� retinas. Ki-67epositive prolif-
erating endothelial cells are decreased in DI-E-
RAMP2�/�. Data in C and E are means� SEM. *P <
0.05 (n Z 4 in C and nZ 3 in E).

Figure 8 Effect of intravitreal injection of anti-ADM antibody on OIR-
related angiogenesis. After OIR, WT mice underwent intravitreal injection
of mouse IgG or anti-ADM antibody (ADMAb) on P13. Avascular zone and
neovascular tufts were analyzed on P17. A: Shown are representative lectin-
stained whole retinas (upper panels) and neovascular tufts (pathological
retinal angiogenesis) at the border of an avascular zone (lower panels).
Scale bar Z 50 mm (lower panels). B: Bar graphs comparing the avascular
zone and neovascular tufts. ADMAb reduced only neovascular tufts. Bars are
means � SEM. *P < 0.05 (n Z 6 in each group).
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previously,12,34 and our data reconfirmed the effects in retinal
endothelial cells. These data further support the notion that
the ADM-RAMP2 system is strongly involved in retinal
angiogenesis by enhancing both retinal endothelial cell
proliferation and migration.

Because homozygous ADM or RAMP2 KO is embry-
onically lethal by mid-gestation, analysis of the ADM-
RAMP2 system during retinal development has been
limited. We used a line of drug-inducible endothelial cell-
specific RAMP2 KO mice (DI-E-RAMP2�/�). With this
model, we were able to delete the RAMP2 gene from
endothelial cells through administration of tamoxifen.
During neonatal development, retinal vessels grow from the
central region to the periphery during the period extending
from P0 to P9. As compared to control, DI-E-RAMP2�/�

retinas showed abnormal vessel development on P6, with
delayed vessel progression in the periphery and excessive
branching at the vascular front. From the observation of DI-
E-RAMP2�/�, the ADM-RAMP2 system may be important
for physiological retinal vascular development at a relatively
earlier stage (before P11) than the OIR model (P12-17).

Interestingly, the abnormality in the early stage of retinal
vascular development of DI-E-RAMP2�/� resembles the re-
ported phenotype in Delta-like ligand 4 (Dll4) KO mice.35,36

In addition, Yurugi-Kobayashi et al37 reported ADM induces
Notch activation during endothelial cell development. ADM
receptors couple to Gsa, activating adenylate cyclase and the
2388
cAMP-PKA pathway, leading to PKA-mediated activation of
Notch signaling.37 This suggests the abnormal vascular
development seen in DI-E-RAMP2�/� may be related to
abnormal Notch signaling.
ajp.amjpathol.org - The American Journal of Pathology

http://ajp.amjpathol.org


ADM-RAMP2 in Retinal Angiogenesis
Given that ADM deficiency reduced pathological angio-
genesis in OIR model, we tested the effect of intravitreal
injection of ADMAb. The ADMAb reduced only patho-
logical retinal angiogenesis. From a therapeutic viewpoint,
our data suggest the ADM-RAMP2 system could be a novel
and improved therapeutic target for controlling only path-
ological retinal angiogenesis, with little or no effect on
physiological angiogenesis in OIR.

In this study, we demonstrated reduced retinal angiogen-
esis inADMþ/�mice and the usefulness ofADMAb treatment
in OIR. Recently, Yuda et al38 reported that ADM is also in-
volved in choroidal neovascularization (CNV) and ADMþ/�

showed enhanced pathological angiogenesis and vascular
leakage in a laser-inducedCNVmodel. From the viewpoint of
angiogenesis, our results seem to contradict theirs. However,
the pathogenesis of CNV consists of inflammation as well as
angiogenesis. Several studies have suggested the critical
anti-inflammatory roles of ADM.39 In the CNV model,
inflammation is the primary factor, which induces neo-
vascularization. However, hypoxia is the primary factor in the
OIR model. We estimate that the enhanced inflammatory
reaction of ADMþ/� in laser-induced CNV exacerbated the
pathological angiogenesis. Therefore, we should pay atten-
tion to the pathogenesis of each situation to determinewhether
we should suppress or enhance the ADM-RAMP2 system in
future therapeutic approaches. Furthermore, future studies
should determine whether ADMAb treatment is generally
effective for pathological retinal angiogenesis in retinopathies
such as DR and retinal vein occlusion.
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