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Abbreviations 

CGRP; calcitonin gene-related peptide 

AM; adrenomedullin  

CLR; calcitonin receptor-like receptor 

RAMP; receptor activity-modifying protein  

WT; wild-type  

OIR; oxygen-induced retinopathy 

CNV; choroid neovascularization 

AMD; age-related macular degeneration 

RPE; retinal pigment epithelium 

FA; Fluorescent angiography 
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Abstract  

     Calcitonin gene-related peptide (CGRP) has a variety of functions and exhibits 

both angiogenic and anti-inflammatory properties.  We previously reported the 

angiogenic effects of adrenomedullin (AM), another CGRP family peptide, in 

oxygen-induced retinopathy (OIR); however, the effects of CGRP on ocular 

angiogenesis remain unknown.  In the present study, we used CGRP knockout 

(CGRP-/-) mice to investigate the roles of CGRP in ocular vascular disease.     

     Observation of pathological retinal angiogenesis in the OIR model revealed no 

difference between CGRP-/- and wild-type (WT) mice.  However, much higher levels 

of the CGRP receptor were present in the choroid than the retina.  Then using 

laser-induced choroidal neovascularization (CNV), a model of exudative age-related 

macular degeneration (AMD), we found that CNV lesions are more severe in CGRP-/- 

than WT mice, and fluorescein angiography showed that leakage from CNV is greater 

in CGRP-/-.  In addition, macrophage infiltration and TNF-α production were 

enhanced within the CNV lesions in CGRP-/- mice, and the TNF-α in turn suppressed 

the barrier formation of retinal pigment epithelial cells.  In vivo, CGRP administration 

suppressed CNV formation, and CGRP also dose-dependently suppressed TNF-α 

production by isolated macrophages. 

     From these data, we conclude that CGRP suppresses the development of leaky 

CNV through negative regulation of inflammation.  CGRP may thus be a promising 

therapeutic agent for the treatment of ocular vascular diseases associated with 

inflammation. 
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Introduction 

In acquired blindness, retinal or choroidal neovascularization (CNV) is the main 

causative factor.  Retinal neovascularization is induced by retinal hypoxia and is 

observed in diabetic retinopathy, retinal vein occlusion and retinopathy of prematurity. 

CNV occurs as a result of abnormalities in Bruch’s membrane and the retinal pigment 

epithelium (RPE) 1 and is observed in exudative age-related macular degeneration 

(AMD), angioid streaks and high myopia.  

Calcitonin gene-related peptide (CGRP) is a 37-amino acid peptide produced by 

alternative splicing of the primary transcript of the calcitonin/CGRP gene.  CGRP was 

originally identified as a sensory neurotransmitter 2, and is now known to be structurally 

similar to the angiogenic factor adrenomedullin (AM) 3.  Moreover, CGRP and AM 

share the same receptor, calcitonin receptor-like receptor (CLR), a seven 

transmembrane G protein-coupled receptor 4.  The affinity of CLR for CGRP or AM is 

determined by three accessory proteins called receptor activity-modifying proteins 

(RAMP1-3) 4.  When associated with RAMP1, CLR has high affinity for CGRP; 

association with RAMP2 or RAMP3 gives CLR a high affinity for AM.  Through 

analysis of knockout mice, we were able to demonstrate the novel angiogenic functions 

of AM and RAMP2 5-8.  Recently, CGRP was also reported to possess angiogenic 

functionality 9-12.  The precise roles of CGRP in ocular vascular development and 

disease remain totally unknown, however.   

To investigate pathological angiogenesis in the eye, two major animal models are 

frequently applied: the oxygen-induced retinopathy (OIR) model, which is designed to 

investigate retinal neovascularization under hypoxic exposure, and the laser-induced 

CNV model, which is recognized as a model of exudative AMD.  Both models are 

characterized by uncontrolled production of fragile and leaky capillaries in the retina.  
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In OIR, the transition from hyperoxia to normoxia causes relative ischemia within the 

retina, which may be the precursor of pathological angiogenesis.  On the other hand, 

both angiogenic and inflammatory processes play important roles in the 

pathophysiology of CNV.  Interestingly, evidence now suggests that CGRP may be 

involved in the regulation of inflammatory responses 13 14, and thus could be involved in 

the ocular neovascularization associated with inflammation.  

In the present study, therefore, we investigated the pathophysiological activities of 

endogenous CGRP in retinal and choroidal neovascularization.  For this purpose, we 

induced OIR or CNV in CGRP knockout (CGRP-/-) mice. 
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Materials and Methods 

 

Experimental animals 

 CGRP-/- mice were generated in our group using a targeting DNA construct that 

replaced exon 5 encoding a CGRP-specific region 15.  The CGRP-/- strain was on a 

pure C57BL/6J background and had undergone backcross breeding to C57BL/6J using 

the speed congenic method.   

 All animal handling procedures were in accordance with a protocol approved by 

the ethics committee of Shinshu University School of Medicine.  All experiments were 

performed 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 institutional guidelines. 

 

Physiological angiogenesis in neonates 

On postnatal day 7 (P7) and P10, mice were evaluated using flat-mounted 

specimens of retina stained with isolectin B4 (isolectin GS-IB4 from Griffonia 

simplicifolia, Alexa Fluor 594 conjugate I21413; 1:200 dilution; Invitrogen, Carlsbad, 

CA).  Superficial vascular development in the retina was quantified on P7, and deep 

vascular development was evaluated on P10.  Vascular progression was measured by 

defining a straight line from the angiogenic front to the center of the retina for each 

retinal quadrant under low magnification.  The number of vessel branches and the 

vessel density in the area near the developing vascular front on P7 were quantified in 

400 μm x 400 μm fields. 

 

Oxygen-induced retinopathy (OIR) model 
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Ischemic retinopathy and pathological neovascularization were induced using the 

OIR model established by Smith et al. 16.  Beginning on P7, mice were exposed to 

75% oxygen for 5 days (P12) and then allowed to recover in room air to induce retinal 

neovascularization.  Retinal angiogenesis was quantified as described previously with 

slight modification 17.  Briefly, on P17 the eyes were fixed in 4% paraformaldehyde 

(PFA) for 1 h at 4°C and then washed with PBS.  Retinas were then isolated and 

stained overnight at 4°C with Alexa Fluor 594-conjugated Griffonia bandeiraea 

simplicifolia isolectin B4 in phosphate-buffered saline (PBS) with 0.3% Triton X-100.  

After washing three times in PBS, the retinas were whole-mounted onto microscope 

slides with the photoreceptor side down and then embedded in fluorescent mounting 

medium (Dako, Denmark).  Images of whole-mount retinas were taken at 40× 

magnification using a fluorescence microscope (BZ-9000, Keyence, Japan).  Avascular 

zones and neovascular tuft formation (regarded as pathological angiogenesis) were 

quantified using digital imaging/photo editing software (Adobe Photoshop CS5; Adobe 

Systems, San Jose, CA). 

 

Laser-induced choroid neovascularization (CNV) model 

Male mice between 9 and 12 weeks of age were used.  After mice were 

anesthetized by intraperitoneal injection of 2,2,2-tribromoethanol (240 mg/kg; Wako, 

Osaka, Japan), the pupil was dilated with 1 drop of 0.5% tropicamide and 0.5% 

phenylephrine (Mydrine P, Santen, Osaka, Japan).  CNV was then induced as 

described previously with some modification 18.  Laser injury was induced using a 

slit-lamp delivery system (GYC-1000; NIDEK, Gamagori, Japan) with a cover slip 

serving as a contact lens.  The wavelength was 532 nm, the power was 200 mW, the 

duration was 50 ms, and the spot size was 50 μm.  In each eye, four laser spots were 
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placed around the optic disk.  Only eyes that exhibited subretinal bubbles, which 

indicated rupture of the Bruch membrane, were used for studies. 

One day or 3, 7 days after laser injury, RPE-choroid-sclera complexes (choroidal 

complexes) were isolated for real-time reverse transcription-polymerase chain reaction 

(real-time PCR).  

 

Fluorescein isothiocyanate-dextran perfusion and choroidal flat-mount 

     The sizes of the CNV lesions were measured in RPE-choroid-sclera flat-mounts 

(choroidal flat-mounts) as previously described 19.  On day 14 after laser application, 

mice were anesthetized and perfused with 1 ml of PBS containing 50 mg/ml 

fluorescein-labeled dextran (MW 2x106 ) (FITC-dextran; Sigma-Aldrich) via the left 

ventricle.  The eyes were then enucleated and fixed for 1 h in 4% paraformaldehyde, 

after which the cornea and lens were removed, and the entire retina was carefully 

dissected from the eyecup.  Four radial cuts were then made from the edge to the 

equator, and the eyecup with the choroidal complex was flat-mounted with the sclera 

facing down and examined using a fluorescence microscope.  The area of CNV in the 

choroidal flat-mounts was then measured using an image analysis application (BZ-H2A; 

Keyence, Japan).  CNV lesions were identified as fluorescent blood vessels at the 

choroidal/retinal interface circumscribed by regions lacking fluorescence, which were 

measured as the laser photocoagulation scar area. 

 

Immunohistochemistry of CLR and CGRP in retinal sections 

     For immunohistochemistry of CLR, we used WT albino mice (BALB/c) to 

observe the staining of pigment epithelia.  The eyes were enucleated and fixed in 4% 

paraformaldehyde for 1h at 4°C, washed with PBS, and then embedded in paraffin.  
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Ten-μm-thick cross sections were deparaffinized and immunostained using polyclonal 

antibodies raised against CLR (1:200, rabbit; Bioss).  After rinsing with PBS, the 

sections were incubated with Alexa Fluor 568-labeled secondary antibodies.  For 

immunohistochemistry of CGRP, we used eyes from WT C57Bl6/J mice soon (within 

10min) after the laser radiation.  The sections were immunostained using polyclonal 

antibodies raised against CGRP (1:300, rabbit; Sigma).  The sections were incubated 

with Alexa Fluor 488-labeled secondary antibodies.  Images were obtained with a 

BZ-9000 microscope (Keyence). 

 

Fluorescein angiography 

     In the laser-induced CNV model, fluorescein angiography (FA) was performed 14 

days after the laser injury.  To evaluate vascular leakage, we photographed the 

fluorescence at early (2-3 min) and late (5-6 min) times after intraperitoneal injection of 

0.1 ml of 2.5% fluorescein (Alcon, Tokyo, JAPAN), and compared the severity of the 

leakage between them.  We graded the severity of the leakage as described previously 

20: Grade 0, no fluorescence; Grade 1, no increase of fluorescent area or intensity 

between the two times; Grade 2A, increase in fluorescent intensity between the two 

times; Grade 2B, increase of both fluorescent area and intensity between the two times.  

These criteria are summarized in Table 2. 

 

Immunostaining and counting macrophages infiltrating into CNV 

     To investigate the effect of CGRP-deficiency on macrophage infiltration, 

macrophages infiltrating into CNV lesions were counted.  Seven days after the laser 

photocoagulation, mice were sacrificed and choroidal flat-mounts were made as 

described above.  After blocking with 1% bovine serum albumin, the flat-mounts were 
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stained with rat anti-mouse F4/80 antibody (BIO-RAD, Hercules, CA) and Alexa 

568-conjugated secondary antibody.  The immunostained preparations were then 

examined using a fluorescence microscope, and F4/80-positive cells around CNV were 

counted.  

 

Continuous administration of CGRP and CGRP antagonist to mice 

Human αCGRP (Peptide Institute, Inc., Osaka, Japan) and its antagonist, αCGRP

8-37 (Peptide Institute) dissolved in PBS were infused into the subcutaneous tissues of 

WT mice at a rate of 50 nM/day using osmotic pumps (Alzet, DURECT Co., Cupertino, 

CA).  The delivery rate was 0.5 μl/h, and the mice received αCGRP or αCGRP 8-37 for 

7 to 14 days.  One day after implantation of the pumps, mice were subjected to laser 

injury.  Mice treated with PBS served as controls.  CNV area was evaluated 14 days 

after and macrophage infiltration was evaluated 7 days after the laser injury. 

 

Administration of lenalidomide to mice  

   CGRP-/- and WT mice were intraperitoneally injected with lenalidomide 

(Chemscene Chemicals, Monmouth Junction, NJ) at a dose of 10 mg/kg/day from a day 

before to 3 days after the laser photocoagulation.  The dose and administration method 

were determined according to a previous study 21.  Mice treated with PBS served as 

controls.  Seven days after the laser injury, CNV area and macrophage infiltration were 

evaluated. 

 

Cell preparation 

     ARPE-19 human RPE cells were purchased from the American Type Culture 

Collection (ATCC, Manassas, VA).  For preparation of isolated macrophages, mice 
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were intraperitoneally injected with 2 ml of 3% thioglycolate medium (DIFCO) 

(Biobrás, Montes Claros, Brazil).  Three days later, macrophages were harvested by 

peritoneal lavage using cold PBS and placed in culture.  In some cases, 

lipopolysaccharide (LPS) (Sigma-Aldrich) and/or human αCGRP (Peptide Institute Inc., 

Osaka, Japan) were used to stimulate and/or suppress cytokine production by the 

cultured macrophages. 

 

RNA extraction and quantitative real-time RT-PCR analysis 

Total RNA was extracted 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-μg samples were reverse transcribed using a High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA).  Quantitative 

real-time RT-PCR was carried out using an Applied Biosystems 7300 real time PCR 

System (Applied Biosystems) with SYBR green (Toyobo, Japan) or Realtime PCR 

Master Mix (Toyobo) and TaqMan probe (MBL).  Values were normalized to mouse 

GAPDH (Pre-Developed TaqMan assay reagents, Applied Biosystems).  The primers 

and probes used are listed in Table 1. 

 

ELSA for quantifying TNF-αα   

TNF-α production by macrophages isolated from mice was quantified using 

specific enzyme-linked immunosorbent assay (ELISA) kits (R&D Systems, 

Minneapolis, MN) according to the manufacturer's instructions.  To evaluate the 

suppressive effect of CGRP on cytokine production by macrophages stimulated for 4 h 

with 100 ng/ml LPS, 10-7-10-10 M CGRP was added to the cells 1 h prior to the assay.   
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Observation of tight-junctions between RPE cells 

     ARPE-90 human RPE cells were grown until confluent and further cultured for 

24 h with or without TNF-α (0.2-20 ng/ml).  To visualize the tight-junctions between 

RPE cells, we immunostained the cells using anti-ZO-1 antibody (BD 

Biosciences-Pharmingen). 

 

Statistical analysis 

Values are expressed as means ± SEM.  Student’s t test and one-way analysis of 

variance, followed by Fisher’s PLSD were used to evaluate the significance of 

differences.  Values of P < 0.05 were considered significant.  
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Results 

CGRP-/- neonates showed no apparent abnormalities in retinal vessel development        

We initially compared the developing retinal vessels on P7 and P10 between WT 

and CGRP-/- neonates.  On P7, the retinal vessels were elongating from the center of 

the retina toward the periphery in the superficial layer.  Examination of lectin-stained 

whole retinas (Figure 1A) revealed that vascular progression did not differ between 

CGRP-/- and WT mice (Figure 1B).  On P10, the vascular progression had reached the 

periphery of the retina; at that point, the vessels elongated into deeper layers.  We 

detected no difference in the deep vessel progression between CGRP-/- and WT mice  

(Figure1C, D).  We also quantified vessel density (Figure1E, F) and vessel branching 

on P7 (Figure1E, G) and found no significant differences between the two genotypes.  

These results indicate that retinal vessel development under physiological condition is 

unaffected by CGRP deficiency. 

 

CGRP-/- and WT neonates showed no apparent differences in hypoxia-induced 

retinopathy  

We next evaluated whether ischemia within the eyes evoke changes in retinal 

angiogenesis in CGRP-/- mice, as CGRP deficiency reportedly retarded angiogenesis in 

an ischemia model 9.  In the OIR model, mice were exposed to 75% oxygen for 5 days, 

from P7 to P12.  During this period (hyperoxic phase) oxygen-induced loss of retinal 

vessels (vaso-obliteration) occurs.  Then after the mice are returned to normoxic 

conditions (room air) for 5 days, from P12 to P17 (hypoxic phase), the 

hyperoxia-induced vessel loss leads to pathological angiogenesis.  Both WT and 

CGRP-/- mice exposed to hyperoxia exhibited avascular zones in the central region of 

the retina on P12 (Figure 2A), and we detected no significant differences in the size of 
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the avascular zones between the two groups (Figure 2B).  When we analyzed the 

retinas at the end of the hypoxic phase (P17), the avascular zones were similarly 

diminished due to progressive neovascularization in both groups (Figure 2C, D).  On 

P17, we detected neovascular tuft formation.  This aneurysmal formation of retinal 

arteries is typical of pathological angiogenesis and did not differ between WT and 

CGRP-/- mice (Figure 2E, F).  These results are strikingly different from those 

obtained with heterozygous AM knockout (AM+/-) mice, which showed enlargement of 

the avascular zone and enhanced pathological angiogenesis 22.  Collectively, the 

similarity between the CGRP-/- and WT (CGRP+/+) phenotypes, and the difference 

between the CGRP-/- and AM+/- phenotypes demonstrate that CGRP has little, if any, 

involvement in hypoxia-induced retinal neovascularization. 

 

CGRP receptor system is more abundant in the choroid than the retina 

We next analyzed the distribution of CGRP and its receptor system within the 

eyes.  Real-time RT-PCR analysis of the retina and choroid from WT mice revealed 

levels of CGRP expression to be equivalent in the two layers.  On the other hand, the 

expression levels of CLR and RAMP1 (the CGRP receptor system) were, respectively, 

about 19-fold and 8-fold higher in the choroid than the retina.  This prompted us to 

speculate that CGRP is much more involved in the physiology of the choroid than the 

retina. 

 

Enhanced laser-induced CNV in CGRP-/- mice 

Because it is known to be a sensory neurotransmitter, we hypothesized that CGRP 

would be most strongly involved in angiogenesis within regions of the eye where 

sensory nerve terminals are present, such as the choroid.  To test that idea, we applied 
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a laser-induced CNV model of exudative AMD to WT and CGRP-/- mice.  

Examination of choroidal flat-mounts revealed that on day 14 after the laser injury, 

CGRP-/- mice showed significantly larger areas of CNV (23,458 ± 1679 µm2) than WT 

mice (17,232 ± 1122 µm2) (Figure 4A, B).  Although the laser photocoagulation scar 

area did not differ between the two genotypes (Figure 4C), the CNV area-to-laser scar 

area ratio was significantly higher in CGRP-/- than WT mice (Figure 4D).  This 

suggests that, with the same degree of laser-injury, there was greater neovascularization 

in CGRP-/- than WT mice. 

 

CGRP and its receptor components in the choroid 

     To confirm the involvement of CGRP in laser-induced CNV, we analyzed the 

localization of CGRP and its receptor in sections of retina.  Immunostaining was able 

to detect expression of the CGRP receptor CLR at the pigment epithelium (Figure 5A).  

The expression of CGRP was not clearly observed in the control mice, however, soon 

(within 10 minutes) after the laser radiation, we could detect a high level of 

immunostaining of CGRP at the laser irradiated area (Figure 5B).  We think that tissue 

injury after the laser radiation may enhance the secretion of CGRP from nerve endings 

at the choroid.  

 

Fluorescent angiography (FA) revealed enhanced leakage from CNV in CGRP-/- 

mice 

To determine the severity of the CNV lesions, we analyzed the leakage from the 

CNV by performing FA on day 14 after the laser injury.  Figure 6 shows typical 

fluorescence images obtained at earlier (2-3 min; Figure 6A) and later (5-6 min; Figure 

6B) times after fluorescein injection.  Using FA, we detected angiographic leakage 
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from CNV lesions in both genotypes, but CGRP-/- mice developed larger and leakier 

CNV lesions than did WT mice (Figure 6C).  In particular, the numbers of grade 2B 

lesions (see Table 2 for definitions) were about 2-fold higher in CGRP-/- than WT mice.  

These results demonstrate that, in CGRP-/- mice, not only is laser-induced CNV 

formation enhanced, the lesions are much leakier and fragile than in WT mice. 

 

Macrophage infiltration is enhanced in CGRP-/- mice after laser injury  

Both angiogenesis and inflammation contribute to the pathophysiology of CNV.  

In earlier studies, we and others 14, 23, 24 clarified the role of CGRP in the regulation of 

inflammation.  We therefore used immunohistological analysis to assess inflammatory 

cell invasion in choroidal flat-mounts on day 7 after laser injury.  We found increased 

infiltration of F4/80-positive macrophages around the laser-irradiated area (Figure 7A), 

and the number of infiltrating macrophages was significantly greater in CGRP-/- than 

WT mice (Figure 7B). 

     On day 3 and 7 after the laser injury, real-time PCR analysis showed significantly 

higher TNF-α mRNA level in the choroidal complex of CGRP-/- than WT mice (Figure 

7C). Thus the inflammatory response appears to be greater in CGRP-/- than WT mice.   

 

CGRP suppresses TNF-αα  expression by macrophages 

Given that endogenous CGRP appears to suppress inflammation caused by the 

laser injury, we next analyzed the effect of CGRP-administration on the production of 

inflammatory cytokines by macrophages.  Stimulating cultured macrophages with LPS 

upregulated expression of TNF-α, but that effect was suppressed by prior CGRP 

administration (Figure 8A).  Moreover, CGRP administration dose-dependently 

suppressed TNF-α protein level in macrophage-conditioned cultured medium (Figure 
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8B). 

 

Tight junctions between RPE cells are disrupted by TNF-αα 

Evidence suggests that the inflammatory cytokines produced by macrophages 

infiltrating laser injury-induced lesions can disrupt the barrier integrity of RPE cells 25.  

In the present study, we initially confirmed that ARPE-19 cultured human RPE cells 

express TNF-α receptor, TNFR1 (Figure 9A).  Then using confluent monolayers of 

cultured RPE cells, we detected expression of the tight junction molecule, ZO-1, 

between the RPE cells, and further observed that administration of TNF-α 

dose-dependently disrupted the tight junction formation, as indicated by the ZO-1 

distribution (Figure 9B). 

 

Exogenous administration of CGRP suppresses CNV formation  

To directly evaluate the ability of exogenous CGRP to suppress CNV formation, 

we used osmotic pumps to continuously administer CGRP to mice.  One day after the 

start of CGRP-administration, mice were subjected to laser injury.  Under these 

conditions, we found that mice receiving CGRP showed substantially less CNV 

formation and less macrophage infiltration (Figure 10A-C) than control mice.  In 

contrast, administration of CGRP 8-37 (CGRP antagonist) increased macrophage 

infiltration. 

 

Effect of TNF-α inhibition on enhanced CNV formation and macrophage invasion 

in CGRP-/- mice. 

     Finally, we analyzed the effect of intraperitoneal administration of lenalidomide, 

which suppresses TNF-α production.  We evaluated the effect of this TNF-α inhibitor 
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on the enhanced CNV formation and macrophage infiltration observed in CGRP-/- mice.  

As expected, in CGRP-/-, lenalidomide treatment suppressed the CNV formation and 

macrophage infiltration to levels similar to those observed in WT mice. (Figure 11A-D). 
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Discussion 

In the present study, we investigated the physiological and pathological roles of 

endogenous CGRP in the eye.  CGRP-/- neonates showed no apparent changes in 

physiological retinal vessel development or hypoxia-induced retinopathy, as compared 

to WT neonates.  Like AM, CGRP reportedly exhibits angiogenic activity in various 

diseases models 9-12.  In addition, CGRP has been shown to promote the proliferation 

and migration of vascular endothelial cells 26 via AMP-activated protein kinase 27.  In 

vivo, the angiogenic effect of CGRP has been observed in tissues and organs that 

contain sensory nerves 9, 10.  We therefore speculated that CGRP is likely involved in 

angiogenesis within the eye, particularly in regions where sensory nerve terminals are 

abundant – e.g., in the ciliary body, choroid and ocular surface.   

Within the eye, CGRP is present in the terminals of sensory nerve fibers 

branching from the trigeminal nerve.  The choroid possesses numerous CGRP(+) 

intrinsic choroidal neurons, which are observed in the suprachoroid.  These neurons 

are more numerous in the temporal than in the nasal regions, especially in the central 

choroid underneath the macular area of the retina 28.  Furthermore, we found strong 

expression of the CGRP receptor components CLR and RAMP1 in the choroid.  These 

observations prompted us to use FA to examine the role of CGRP in a laser-induced 

CNV model, which is recognized as a model of exudative AMD.  Notably, CNV 

lesions were significantly larger and leakier in CGRP-/- than WT mice. 

At a glance, enhanced CNV formation in CGRP-/- mice would seem to be 

contradictory, given the reported angiogenic functions of CGRP 9-12.  Similar 

conflicting results were also obtained with AM, though the angiogenic functions of AM 

have now been confirmed 5, 6.  Furthermore, we recently reported that mice deficient in 

AM show less pathological angiogenesis in the OIR model 22.  By contrast, Yuda et al. 
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reported that pathological angiogenesis in the laser-induced CNV model is enhanced in 

AM knockout mice 29.  The discrepancy between these results likely reflects the 

different pathogenesis of OIR and CNV.  The primary force driving retinal 

angiogenesis in OIR is hypoxia, whereas it appears to be chronic inflammation in AMD 

30.  Yuda et al. showed that AM administration inhibited macrophage infiltration and 

reduced CNV formation by suppressing chemokine production 29.  Consistent with 

those results, we and others have shown that AM exerts anti-inflammatory effects 31, 32.   

In the pathogenesis of AMD, CNV formation is associated with macrophage 

accumulation 33, 34.  CGRP acts directly on macrophages and regulates their production 

of cytokines in lesions associated with chronic inflammation 24.  In the present study, 

we found that infiltration of macrophages and their accumulation within the 

laser-induced wounds was increased in CGRP-/- mice.  In addition, CGRP-/- showed 

higher TNF-α expression in the choroidal complex than WT mice.  Conversely, CGRP 

administration directly suppressed the production and secretion of TNF-α from isolated 

macrophages.  These results clearly demonstrate that endogenous CGRP suppresses 

inflammatory reaction through negative regulation of macrophage infiltration and 

cytokine production.  Given that pathological angiogenesis is closely related with 

inflammation35, our findings suggest CGRP is involved in the pathophysiology of 

ocular neovascularization associated with inflammation.  

In the laser-induced CNV model, the laser burn disrupts Bruch’s membrane, and 

new vessels from the choroid invade the subretinal space, which destroys the 

architecture of the retina.  These pathological vessels are fragile and leaky, and 

ultimately exacerbate the inflammation, stimulating further neovascularization from the 

choroid beyond the disrupted Bruch’s membrane.  This vicious cycle of angiogenesis 

and inflammation is damaging to the retina and eventually causes central vision loss 36.  
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Endogenous CGRP may work to break this vicious circle, thereby preventing the retinal 

damage. 

In this study, we also analyzed the RPE, which exists between the retina and the 

choroid.  The RPE is composed of a single layer of hexagonal cells with 

well-developed tight junctions, which control the molecular transport from the choroidal 

vessels and maintain the retinal environment.  We found that administration of 

TNF-α disrupted the tight junctions between RPE cells.  As CGRP appears to suppress 

TNF-α production from macrophages, it may also suppress CNV formation by 

contributing to the maintenance of RPE integrity.  The illustration in Figure 12 

summarizes the mechanism by which CGRP may exert its protective effect against 

laser-induced CNV.  Macrophages infiltrating into CNV lesions, and enhance 

neovascular invasion from the choroid to the retina.  These vessels are fragile and 

leaky, and further enhance the inflammation in the retina.  Macrophages also damage 

the RPE barrier by disrupting tight junctions through production of TNF-α.  CGRP is 

mainly produced by the terminals of sensory nerve, which is located at the choroid.  

Tissue injury after the laser radiation may enhance the secretion of CGRP from the 

nerve endings.  CGRP then suppresses the macrophage invasion and, in turn, the 

pathological angiogenesis and disruption of RPE barrier function.  

Exudative AMD is the primary cause of CNV in humans.  As the populations of 

most developed countries are getting older, the incidence of AMD is growing 37 38.  

The molecular mechanism underlying the pathogenesis of AMD is not fully understood; 

however, VEGF is known to play a key role in ocular vascular diseases, and 

anti-angiogenic therapy using an anti-VEGF antibody that targets angiogenesis and 

diminishes vessel permeability is widely used to treat exudative AMD.  Unfortunately, 

the anti-VEGF antibody is not sufficient to prevent eventual blindness in advanced 
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cases, so other therapeutic targets are being sought to inhibit the progression of 

pathological angiogenesis.  In the present study, we suppressed laser-induced CNV 

formation and macrophage infiltration through exogenous administration of CGRP.  

Our findings suggest CGRP could potentially serve as a novel therapeutic agent with 

which to control ocular vascular disease. 
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Figure legends 

 

Table 1 

Primers and probes used for quantitative real-time RT-PCR and RT-PCR 

 

Table 2  

Grading of the severity of vascular leakage using fluorescent angiography (FA) 

after laser-induced CNV 

 

Figure 1 

Comparison of physiological angiogenesis in CGRP-/- and WT 

(A) Representative lectin-stained flat-mount preparation showing the retinal vessels in 

WT and CGRP-/- mice on P7  (B) Bar graph comparing vessel progression in the 

superficial layer of the retina.  Percent vessel progression was defined by a straight line 

from the angiogenic front to the center of the retina for each retinal quadrant under low 

magnification (40x).  (C) Photomicrographs showing the deep vessel layer at the edge 

of a retinal quadrant from a WT and CGRP-/- mouse on P10.  Scale bar = 100 μm.  

(D) Bar graph comparing percent vessel progression.  (E) Photomicrographs showing 

areas near the developing vascular front on P7.  Scale bar = 100 μm.  (F, G) Bar 

graphs comparing the percent vessel density (F) and the number of vessel branches (G) 

per field between WT and CGRP-/- mice.  Bars depict means ± SEM.  Data are from 

4 quadrants per retina from 4 mice.  No apparent difference in physiological 

angiogenesis was detected between CGRP-/- and WT mice. 
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Figure 2 

Evaluation of OIR-induced pathological angiogenesis in CGRP-/- and WT mice  

(A) Representative P12 (soon after high-oxygen treatment) retinal flat-mount specimens 

with lectin staining.  (B) Bar graph comparing the percent avascular zone in the whole 

retina on P12 between WT and CGRP-/- mice.  n = 4 in each group.  (C) 

Representative retinal flat-mount specimens from P17, at the end of room air treatment. 

(D) Bar graph comparing the percent avascular zone within the whole retina on P17.  

WT n = 12, CGRP-/- n = 11.  (E) Neovascular tuft formation (retinal pathological 

angiogenesis) at the border of avascular zones on P17 in OIR model mice.  Scale bar = 

100 μm.  (F) Bar graph comparing the percent neovascular tuft area within the whole 

retina.  WT n = 12, CGRP-/- n = 11.  Bars in (B), (D) and (F) depict means ± SEM.  

No difference in the areas of avascular zones or the degree of neovascular tuft formation 

was detected between CGRP-/- and WT mice. 

 

Figure 3 

Comparison of the gene expression of CGRP and its receptor system in retina and 

choroid 

Bar graphs comparing the gene expression of CGRP, CLR and RAMP1.  The 

expression level in the retina was assigned a value of 1.  n = 5 in each group.  Bars 

are means ± SEM.  ***p<0.001.  Levels of the CGRP receptor components, CLR and 

RAMP1, were much higher in the choroid than the retina. 

 

Figure 4 

Evaluation of choroid neovascularization (CNV) in the laser injury model  

On day 14 after the laser-induced injury to Bruch’s membrane, choroidal flat-mounts 
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were made, and the areas of FITC-positive CNV lesions were compared between 

CGRP-/- and WT mice.  (A) Representative retinal flat-mount specimens after 

intraventricular injection of FITC-dextran.  Scale bars = 100 μm.  (B-D) Bar graphs 

comparing the areas of the CNV (B), laser scar (C) and the CNV area/laser scar area 

ratio (D).  Bars are means ± SEM.  n = 10 in each group,  **p<0.01.  

 

Figure 5 

Expression of CGRP and its receptor in the choroid. 

(A) Immunohistostaining of CLR, the CGRP receptor, in the pigment epithelium 

(shown by arrows) of a BALB/c WT mouse. 

 (B) Immunohistostaining of CGRP at the laser irradiated area soon (within 10 minutes) 

after the laser radiation in C57BL/6J mouse.  We could detect high immunostaining of 

CGRP at the laser irradiated area (arrow).  Bars = 50 μm. 

 

Figure 6 

Evaluation of leakage from CNV using fluorescein angiography (FA) 

(A, B) Typical FA images obtained at the indicated times after fluorescein injection.  

Vascular leakage was evaluated using the grading scheme outlined in Table 2.  (C) 

Representative FA of WT and CGRP-/- eyes, showing larger and leakier CNV lesions 

in the CGRP-/- eye.  (D) Histogram showing the percentage of each CNV leakage 

grade among the eyes tested.  Larger CNV lesions with greater leakage on FA 

developed in CGRP-/- than WT mice.  n = 5 in each group.  

 

Figure 7 

Evaluation of macrophage infiltration and inflammatory gene expression 
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Macrophages, which accumulated within laser burns and around laser scars, were 

analyzed on day 7 after the laser injury.  (A) Representative fluorescent 

immunostaining for the macrophage marker F4/80 (red) and DAPI (blue).  Scale bars 

= 100 μm  (B) Bar graphs comparing the numbers of macrophages.  F4/80-positive 

cells inside or around each laser photocoagulation site were counted.  **P<0.01. n = 4 

in each.  (C) Quantitative real-time PCR analysis of TNF-α expression in samples 

from choroidal complexes collected on day 1, 3, and 7 after laser injury.  Data are 

shown as ratios when the level of WT control was assigned a value of 1.  Each mouse 

without laser-induced CNV is shown as control.  Bars are means ± SEM.  **P<0.01. 

*P<0.05.  n = 6 in day 1 and 7, n = 7 in day 3 in each mouse.  CGRP-/- mice showed 

significantly greater infiltration of F4/80-positive macrophages and higher levels of 

TNF-α expression than WT mice. 

 

Figure 8 

Anti-inflammatory effects of CGRP on macrophages  

(A) Quantitative real-time PCR analysis of macrophages isolated from WT mice.  

After stimulation for 4 h with LPS (100 mg/ml), expression of TNF-α was upregulated, 

but that effect was suppressed by addition of human αCGRP (10-7 M) 1 h prior to LPS 

stimulation.  Data are shown as ratios when the expression of control (Ctrl; without 

LPS and CGRP) was assigned a value of 1.  Bars are means ± SEM.  *P<0.05. n = 6.  

(B) Results from ELISA quantifying TNF-α level in culture supernatants conditioned 

by macrophages.  The macrophages were stimulated for 4 h with LPS (100 ng/ml), and 

CGRP (10-9-10-7M) was added 1 h prior to LPS-stimulation.  CGRP dose-dependently 

suppressed the production of TNF-α by macrophages.  Bars are means ± SEM. ***P< 

0.001.  n = 4 in each. 
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Figure 9 

Effect of TNF- on the tight junctions between RPE cells 

(A) RT-PCR analysis showing the expression of TNFR1, the TNF-α receptor, in 

ARPE-19 cultured human RPE cells. (B) Immunostaining of ZO-1-positive tight 

junctions between cultured ARPE-19 cells.  Bars = 50 μm.  Administration of TNF-α 

to ARPE-19 cells dose-dependently enhanced disruption of ZO-1-positive tight 

junctions.  

 

Figure 10 

Effects of continuous administration of CGRP and CGRP-antagonist on the CNV 

formation 

(A) Representative fluorescent image of FITC-positive CNV lesions (upper panel) and 

fluorescent immunostaining of macrophage marker F4/80 (red) and DAPI (blue) (lower 

panel) in control (PBS-treated), CGRP-treated, and CGRP 8-37 (CGRP 

antagonist)-treated WT mice.  Bars = 100 μm.  (B) Bar graphs comparing the areas of 

the CNV.  (C) Bar graphs comparing the numbers of macrophages.  Bars are means ± 

SEM.  *P<0.05. n = 4 and 6 in (B) and (C), respectively.  Mice receiving CGRP 

showed substantially less CNV formation and less macrophage infiltration than control 

mice. 

 

Figure 11 

Effect of TNF-α inhibition on enhanced CNV formation and macrophage invasion 

in CGRP-/- mice  

Representative fluorescent image of FITC-positive CNV lesions (A) and fluorescent 
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immunostaining of macrophage marker F4/80 (red) and DAPI (blue) (C) in control 

(PBS-treated) and lenalidomide-treated WT and CGRP-/- mice.  Bars = 100 μm.  (B) 

Bar graphs comparing the areas of the CNV.  (D) Bar graphs comparing the numbers 

of macrophages.  Bars are means ± SEM.  n = 5 in WT and n = 6 in CGRP-/-.  In 

CGRP-/-, lenalidomide treatment suppressed the CNV formation and macrophage 

infiltration to levels similar to those observed in WT mice. 

 

Figure 12 

Illustration summarizing the protective effects of CGRP against CNV  
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