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Abstract

The normal cornea has no blood vessels but has abundant innervation. There is emerging 

evidence that sensory nerves, originated from the trigeminal ganglion (TG) neurons, play a 

key role in corneal angiogenesis. In the current study, we examined the role of TG sensory 

neuron-derived calcitonin gene-related peptide (CGRP) in promoting corneal neovascularization 

(CNV). We found that CGRP was expressed in the TG and cultured TG neurons. In the cornea, 

minimal CGRP mRNA was detected and CGRP immunohistochemical staining was exclusively 

co-localized with corneal nerves, suggesting corneal nerves are likely the source of CGRP in 

the cornea. In response to intrastromal suture placement and neovascularization in the cornea, 

CGRP expression was increased in the TG. In addition, we showed that CGRP was potently 

pro-angiogenic, leading to vascular endothelial cell (VEC) proliferation, migration, and tube 

formation in vitro and corneal hemangiogenesis and lymphangiogenesis in vivo. In a co-culture 

system of TG neurons and VEC, blocking CGRP signaling in the conditioned media of TG 

neurons led to decreased VEC migration and tube formation. More importantly, subconjunctival 

injection of a CGRP antagonist CGRP8-37 reduced suture-induced corneal hemangiogenesis and 

lymphangiogenesis in vivo. Taken together, our data suggest that TG sensory neuron and corneal 

nerve-derived CGRP promotes corneal angiogenesis.
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1. Introduction

Angiogenesis is a process during which new blood vessels develop from existing ones 

and involves vascular endothelial cell (VEC) migration, proliferation and tube formation 

(Rajabi and Mousa, 2017). The normal cornea is transparent and avascular. Corneal 

neovascularization (CNV) is a sight-threatening condition that can result from various 

pathological insults such as loss of limbal stem cell barrier, corneal inflammation, infection, 

hypoxia and trauma (Nicholas and Mysore, 2021). Abnormal new vessel can invade the 

corneal stroma from the limbus and result in corneal opacification and decrease in vision. 

Moreover, presence of CNV greatly reduces the survival of corneal transplants (Di Zazzo et 

al., 2017; Zhong et al., 2018). One study estimated that 1.4 million people per year suffer 

from CNV (Sharif and Sharif, 2019). In another study, 4.14% of all patients presented in a 

comprehensive ophthalmology clinic were diagnosed with CNV and 12% of them showed 

visual impairment (Lee et al., 1998). Vascular endothelial growth factor-A (VEGF-A), 

a potent pro-angiogenic factor, has been found to play a key role in physiological and 

pathological angiogenesis (Melincovici et al., 2018).

In healthy individuals, the cornea is avascular but densely innervated, possessing the highest 

sensory nerve density in the human body (Shaheen et al., 2014; Eghrari et al., 2015). 

Corneal sensory nerves are derived from the ophthalmic branch of the trigeminal nerve 

(cranial nerve V1) (Müller et al., 2003; Shaheen et al., 2014). After entering the cornea 

from the limbus, the large nerve trunks branch and form a radial arrangement, resulting in 

a swirl pattern at cornea apex (Müller et al., 2003; He and Bazan, 2016). There is emerging 

evidence that the corneal sensory nerves play a role in regulating corneal angiogenesis. 

For instance, one study reported that corneal denervation leads to spontaneous development 

of blood vessels in the cornea (Ferrari et al., 2013). This phenomenon is also observed 

clinically in a patient developing CNV after trigeminal nerve block for neuralgia (Kodama-

Takahashi et al., 2018). However, the direct interaction between blood vessels and nerves 

in the cornea and the underlying mechanisms have not been studied. We hypothesize 

that sensory nerves directly regulate corneal angiogenesis via secreted neuropeptides. We 

previously developed a co-culture system of trigeminal ganglion (TG) sensory neurons 

and VEC to investigate their interactions ex vivo and demonstrated that substance P, a 

neuropeptide secreted by TG neurons, potently promotes CNV in response to corneal 

inflammation (Liu et al., 2020). In this study, we sought to investigate the role of sensory 

neuron-derived calcitonin gene-related peptide (CGRP) in regulating corneal angiogenesis.

CGRP, a 37-amino acid neuropeptide, is widely distributed in the central and peripheral 

nervous systems (Rosenfeld et al., 1983). The expression of CGRP in TG and the cornea 

has been reported. About 31% of TG neurons are CGRP positive and 70% of the total 

sub-basal nerve fibers in the central cornea are CGRP positive, more abundant than the 

expression of substance P in the cornea (He and Bazan, 2016). CGRP signals through a 

heterodimeric receptor composed of two parts: calcitonin-like receptor (CLR, a G protein-

coupled receptor) and receptor activity-modifying protein (RAMP) (Clark et al., 2021). 

There are three variants of RAMP: RAMP1, RAMP2, RAMP3. CGRP has the highest 

binding affinity to CLR-RAMP1, however it was reported to bind to CLR-RAMP2 and 

CLR-RAMP3 as well (Roehrkasse et al., 2018). Many studies have shown the role of CGRP 
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in immunoregulation (Holzmann, 2013), cardiovascular homeostasis (Favoni et al., 2019), 

and pain modulation (Iyengar et al., 2017). Its proangiogenic effects in wound healing 

and tumor development have also been reported (Toda et al., 2008; Toda et al., 2008). 

However, the role of sensory neuron and corneal nerve-derived CGRP in regulating corneal 

angiogenesis has not been explored.

Herein, we employed a suture-induced CNV mouse model in vivo and the co-culture system 

of TG neurons and VEC ex vivo to determine the expression and role of sensory neuron-

derived CGRP in promoting corneal angiogenesis.

2. Materials and methods

2.1. Animals

BALB/c and C57BL/6 mice of both sexes and aged from six to eight weeks were purchased 

from Charles River Laboratories, Wilmington, MA, USA. All animal experiments were 

approved by the Schepens Eye Research Institute Animal Care and Use Committee and 

adhered to the Association for Research in Vision and Ophthalmology Statement for the 

Use of Animals in Ophthalmic and Vision Research. Mice were anesthetized for surgical 

procedures using intraperitoneal injections of 120 mg/kg Ketamine and 20 mg/kg Xylazine. 

Post-operative pain management and care were provided.

2.2. Corneal neovascularization (CNV) model in vivo

Corneal neovascularization was induced as described previously (Inomata et al., 2017; 

Satitpitakul et al., 2018). In brief, one intrastromal figure-eight suture knot was placed 

on the temporal side of cornea of BALB/c mice using 11–0 nylon suture (AB-0550S, 

MANI, Tochigi, Japan). After suture placement, subcutaneous injection of buprenorphine 

and topical application of triple antibiotic ointment were given to ease suture-induced pain 

and prevent infection, respectively. Postoperatively, CGRP8-37 (BACHEM, Torrance, CA, 

USA Cat.4034544), a CGRP antagonist, was given (200 μg/ml, diluted in 1 × phosphate-

buffered saline, PBS) subconjunctivally three times weekly and the animals were observed 

for 2 weeks. In addition, CGRP (BACHEM, Cat. 4025897) diluted in 1 × PBS was applied 

topically three times daily with PBS as a control treatment. CNV was photographed at day 

0 and day 14. Area covered by neovascularization on the whole cornea was photographed 

and analyzed by Photoshop CS2 and ImageJ (Amparo et al., 2013). On day 14, sutures were 

removed, and corneas were collected for immunohistochemical and molecular analysis.

2.3. Vascular endothelial cell (VEC) culture

Mouse VEC (MILE SVEN1 cell line) was purchased from the American Type Culture 

Collection (Manassas, VA, USA). After digesting VEC with trypsin-EDTA, the cells were 

incubated in complete medium DMEM (Thermo Fisher Scientific, Waltham, MA, USA) 

containing 10% fetal bovine serum (FBS, Atlanta Biologicals, Flower Branch, GA, USA) 

and 1% penicillin-streptomycin (Millipore Sigma, Burlington, MA, USA) at 37 °C and in 

5% CO2.
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2.4. Primary culture of trigeminal ganglion (TG) neurons

TG neurons were isolated from C57BL/6 mice and cultured as described in previous 

publication (Liu et al., 2020) (Malin et al., 2007). Briefly, TG tissue were dissected 

and placed in ice-cold Hank’s balanced salt solution (HBSS). Following this, TGs were 

digested with papain (Worthington, Lakewood, NJ, USA) and collagenase type II/dispase 

(Thermo Fisher Scientific). TG suspensions were then centrifuged at 1300g for 10 min in 

Percoll (VWR, Radnor, PA, USA) gradient. After washing twice with complete L15 (L15 

with 5% FCS, penicillin/streptomycin, HEPES) and Neurobasal A medium supplemented 

with 2% B27 supplement (Thermo Fisher Scientific) and 1% penicillin-streptomycin, TG 

neurons at the bottom were counted and planted on coverslips precoated with poly-d-lysine 

and laminin. Each coverslip had 3000–4000 neurons. These isolated TG neurons were 

maintained in Neurobasal A medium supplemented with 2% B27 supplement, 1% penicillin-

streptomycin, l-glutamine (500 μM), nerve growth factor (NGF; 50 ng/ml), glial-cell-derived 

neurotrophic factor (GDNF; 50 ng/ml), and mitotic inhibitor fluorodeoxyuridine (60 μM).

2.5. Co-culture of TG neurons and VEC

TG neurons were cultured for 3 days as described above, and the culture medium was 

changed with fresh 1% FBS DMEM and incubated for 24 h. The conditioned medium (CM) 

was then collected and used to incubate VEC in different conditions. 1% FBS DMEM 

medium was used as the control. VEC activities were then assessed as described below.

2.6. VEC proliferation assay

VECs were placed in 12-well-plate (5 × 104 cells/well) with or without CGRP (100 nM) 

or CGRP8-37 (100 nM). After 24 h of incubation, the VEC numbers were counted directly 

using a hemacytometer under a 20 × objective phase contrast microscope field.

2.7. VEC migration assay

VECs were placed in 12-well-plate (1 × 105 cells/well), cultured for 24 h in complete 

medium and then serum-started with 1% FBS DMEM overnight. A 10-μl micropipette tip 

was used to make a liner scratch in the VEC monolayer. VECs were then cultured with 

conditioned media, CGRP, CGRP8-37 or controls for 24 h. VEC migration was captured and 

analyzed using Image J software.

2.8. VEC tube formation assay

A Matrigel-based tube formation assay was performed as described previously (Francescone 

et al., 2011). In brief, 60 μl Matrigel (Corning, Cat. 354230; NY, USA) in a 96-well plate 

was incubated at 37 °C for 50 min to allow adequate polymerization. VECs (3.0 × 104 

cells/well) cultured in various conditions were then placed on the Matrigel surface for 1.5 

h. The tube formation was photographed with an inverted microscope and the results were 

calculated by Angiogenesis Analyze plugin of Image J software.

2.9. Immunofluorescence staining and imaging

To determine the expression of CGRP in TG, double immunofluorescence was used. Briefly, 

mice were euthanized, the chest were opened immediately, following infusion through the 
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left ventricle of the heart with 50 ml PBS and 50 ml 4% paraformaldehyde. The whole TG 

was collected and fixed in 4% paraformaldehyde overnight and incubated in 30% sucrose at 

4 °C for 1 day. TG tissue was then embedded in OCT compound and cryostat-sectioned (10-

μm thickness). After dried at room temperature, the slides were washed with PBS and then 

blocked with 2% BSA supplemented with 0.1% Triton X-100 for 1 h at room temperature. 

Coverslip with cultured TG neurons were fixed in 4% paraformaldehyde for 15 min and 

blocked with 2% BSA for 1 h at room temperature. These slides (with either TG tissue 

or cultured TG neurons) were incubated with anti-beta III Tubulin (Millipore Sigma, Cat. 

AB15708A4) and anti-CGRP antibodies (Santa Cruz, Cat. sc-57053) in 1% BSA. Following 

washing with PBS, the slides were incubated with corresponding Cy3-conjugated secondary 

antibody (Jackson ImmunoResearch, Cat. 115-165-062) for 1 h at room temperature and 

mounted with VECTASHIELD (Vector Laboratories, Burlingame, CA, USA).

Whole corneas were also stained to determine the expression of CGRP. In brief, corneas 

with limbus were dissected and fixed in 4% paraformaldehyde for 1 h, followed by three 

washes with PBS. The corneas were then blocked in 5% BSA with 0.5% Triton X-100 for 

2 h at room temperature. After blocking, the tissue was incubated with Alexa Fluor 488 

conjugated anti-beta III Tubulin and anti-CGRP for 72 h at 4 °C. The corneas were then 

incubated with corresponding Cy3-conjugated secondary antibody for 24 h at 4 °C and 

mounted by VECTASHIELD with epithelial side up.

To assess corneal hemangiogenesis and lymphangiogenesis, corneas were isolated and 

fixed in 4% paraformaldehyde for 1 h. After incubated in 20 mM pre-warmed EDTA for 

30 min at 37 °C, corneas were blocked with 2% BSA+0.2% solution of Triton X-100 

for 2 h at room temperature. Corneas were then incubated with anti-CD31 antibody 

(BD Biosciences, Cat. 550274) and anti-LYVE-1 antibody (Angiobio, Cat. 11–034) 

overnight at 4 °C, followed by Alexa Fluor 488 conjugated secondary antibody (Jackson 

ImmunoResearch, Cat.712-545-150) and anti-rabbit Alexa Fluor 594 conjugated secondary 

antibody (Invitrogen, Cat. A-11012). Tissues were then washed and mounted as described 

above. All immunofluorescence staining slides were examined using TCS-SP8 confocal 

microscopy and images were analyzed with Image J software.

2.10. Real-time PCR

RNeasy® Micro kit (Qiagen, Valencia, CA, USA) was used to isolate total RNA in 

TG tissue and the cornea, and SuperScript™ III kit (Thermo Fisher Scientific) was 

used to reverse RNA to cDNA according to the manufacturer’s instructions. We used a 

LightCycler® 480 II System (Roche Applied Science) to perform RT-PCR cycle. The 

following primers were used: CGRP (Mm00801463_g1), VEGF-A (Mm00437306_m1), 

RAMP1 (Mm00489796_m1), RAMP2 (Mm00490256_g1), RAMP3 (Mm00840142_m1), 

CLR (Mm00516986_m1) and GAPDH (Mm99999915_g1) (Thermo Fisher Scientific). All 

assays were performed in duplicate. The results were analyzed by the comparative threshold 

cycle method and normalized to GAPDH as an internal control.
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2.11. Statistical analysis

One-way ANOVA was used to assess differences among 3 groups or more, and unpaired 

two-tailed t-test was applied to compare the difference between two groups. Significant 

difference was set at P values less than 0.05 and all data shown are representative of at least 

two independent experiments, presenting as means ± SEM.

3. Results

3.1. Expression of CGRP in the trigeminal ganglion and cornea

To explore the function of CGRP in corneal angiogenesis, we firstly determined the 

expression of CGRP in the trigeminal ganglion (TG) and cornea. Consistent with previous 

report (He and Bazan, 2016), double immunofluorescence with CGRP and β-tubulin III 

(sensory nerve marker) antibodies showed that 26.3% TG neurons were CGRP positive (Fig. 

1A&D) and 56.5% of corneal nerves were CGRP positive (Fig. 1B&D). It is worth noting 

that in the cornea, all CGRP-positive staining coincided with β-tubulin III staining, and 

was not found in the corneal epithelium, keratocytes, or endothelium. We then cultured TG 

neurons and found that almost 90% of cultured neurons were CGRP-positive (Fig. 1C&D). 

Interestingly, while there were high copy numbers of CGRP mRNA in the TG, minimal 

mRNA level of CGRP was found in the cornea (Fig. 1E, fewer than 40 copies). The lack 

of CGRP mRNA in the cornea and the co-staining of CGRP exclusively with β-tubulin III 

suggest that nerves are likely the only source of CGRP in the cornea.

3.2. Expression of CGRP and its receptors in response to suture-induced corneal 
neovascularization

Intrastromal suture placement is a classic method to induce corneal neovascularization 

(CNV) and evaluate pro- and anti-angiogenic factors in the cornea (Cho et al., 2012; 

Montezuma et al., 2009). Seven days after suture placement, the TG and cornea were 

collected to assess the levels of CGRP. CGRP mRNA level was significantly elevated in the 

TG after suture placement (249,114 ± 8077 in control group vs 284,707 ± 6988 in CNV 

group copies per 106 GAPDH, P = 0.029, Fig. 1F). As mentioned above, the copy number 

of CGRP mRNA in the cornea was very low with and without suture placement (Fig. 1E). 

We then determined the mRNA expression of CGRP receptors CLR, and RAMP1-3 in the 

cornea. While cornea expressed CLR, RAMP1, RAMP2, it did not express RAMP3 (data 

not shown). Since CGRP binds to RAMP1 with the highest affinity, we then assessed CLR 

and RAMP1 levels after suture placement and found them unchanged (Fig. 1F). These 

findings indicate that in response to corneal suture placement, TG neurons expressed higher 

levels of CGRP while CGRP receptor levels in the cornea are unchanged, suggesting that 

CGRP may play a role in CNV.

3.3. CGRP promotes vascular endothelial cell activities in vitro

To determine CGRP’s function in angiogenesis, we used exogenous CGRP to stimulate 

vascular endothelial cells (VEC) in vitro. VEC treated with CGRP (100 nM) showed higher 

proliferation (P = 0.0015, Fig. 2A) and faster migration (P < 0.0001, Fig. 2B&C), compared 

to the control group. Similarly, CGRP greatly promoted VEC tube formation (Fig. 2F), 
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increasing the number of junctions (P < 0.0001, Fig. 2D) and length (P < 0.0001, Fig. 2E) of 

the tubes formed. These data demonstrate that CGRP is potently pro-angiogenic in vitro.

3.4. CGRP promotes corneal hemangiogenesis and lymphangiogenesis in vivo

To determine CGRP’s pro-angiogenic function in vivo, we applied exogenous CGRP 

topically to sutured mouse corneas. After 14 days, CGRP-treated corneas had larger and 

more active neovascularization compared to control ones, as demonstrated by slit lamp 

photography in Fig. 3A. Hemangiogenesis and lymphangiogenesis were determined with 

CD31 and LYVE-1 immunostaining, respectively. CGRP treatment led to robust formation 

of blood and lymphatic vessels, approximately 3- and 2-fold over controls. (Fig. 3B–D). 

Similarly, CGRP treatment led to significantly elevated VEGF-A levels in the cornea (Fig. 

3E). Collectively, these data demonstrate the CGRP promotes corneal neovascularization in 
vivo.

3.5. Blocking CGRP signaling in the conditioned media of TG neurons suppresses VEC 
activities in vitro

Having demonstrated the expression of CGRP in TG neurons and the cornea, as well 

as the pro-angiogenic function of CGRP, we next sought to determine the role of TG 

neuron-derived CGRP in regulating VEC activities in an ex vivo co-culture system. We first 

cultured TG neurons, whose viability and purity can be maintained up to seven days (Fig. 

4A). Conditioned media from the cultured TG neurons were then collected and used to 

culture VEC with or without CGRP8-37, a CGRP receptor antagonist (Fig. 4B). Conditioned 

media alone led to a decrease in VEC migration and tube formation, suggesting that it is 

anti-angiogenic. Blocking CGRP signaling with CGRP8-37 in the conditioned media further 

reduced VEC migration (Fig. 4C&D, P = 0.004). Similarly, presence of CGRP8-37 in the 

conditioned media resulted in decreased VEC tube formation (Fig. 4G), both in the number 

of junctions (Fig. 4E, P = 0.029) and length (Fig. 4F, P = 0.027) of tubes formed. These data 

suggest that CGRP secreted by TG neurons promoted VEC activities in vitro.

3.6. Blocking CGRP signaling inhibits corneal hemangiogenesis and lymphangiogenesis 
in vivo

We next applied CGRP8-37 subconjunctivally to sutured mouse corneas in vivo. After 14-

day treatment, application of CGRP8-37 significantly reduced CNV as demonstrated by slit 

lamp photography in Fig. 5A, compared to the PBS-treated eye. Similarly, hemangiogenesis 

(CD31) and lymphangiogenesis (LYVE-1) were reduced approximately 70% and 50% by 

CGRP8-37 treatment (Fig. 5B–D). mRNA expression of VEGF-A was also decreased in 

the CGRP8-37-treated corneas (Fig. 5E). Together, these results show that blocking CGRP 

signaling in the cornea reduces hemangiogenesis and lymphangiogenesis with therapeutic 

potential in treating CNV.

4. Discussion

We have previously published that in response to ocular surface desiccating stress, corneal 

nerves, derived from trigeminal ganglion (TG) sensory neurons, secrete higher levels of 

neuropeptide substance P, which directly promotes corneal neovascularization (CNV) (Liu 
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et al., 2020). In the current study, we investigated the role of TG neuron and corneal 

nerve-derived calcitonin gene-related peptide (CGRP) in promoting corneal angiogenesis. 

We found that CGRP in the cornea was exclusively from nerves and its expression in the TG 

was increased in response to corneal intrastromal suture placement and neovascularization. 

Our results showed that CGRP was potently pro-angiogenic in vitro and in vivo. In 

addition, we showed that in a TG neuron and vascular endothelial cell (VEC) co-culture 

system, blocking CGRP signaling in the neuron-conditioned media led to decreased VEC 

migration and tube formation. More importantly, subconjunctival injection of a CGRP 

antagonist CGRP8-37 reduced suture-induced hemangiogenesis and lym-phangiogenesis in 
vivo. Collectively, our data demonstrate that CGRP secreted by TG neurons is transported to 

the cornea via sensory nerves and plays a key role in promoting corneal angiogenesis.

Recently, there has been increasing evidence showing the vital role of nerve in regulating 

angiogenesis. In cancer, noradrenaline released from adrenergic nerves has been shown 

to promote angiogenesis via VEGF signaling (Kamiya et al., 2021; Silverman et al., 

2021). Similarly, nerve growth factor, a neurotrophin essential to nerve development and 

growth, was found to stimulate VEGF production and subsequently promote angiogenesis 

in epithelial ovarian cancer and limb ischemia (Campos et al., 2007; Diao et al., 2016). 

In a sciatic nerve transection model, angiogenesis is activated after nerve injury (Wang 

et al., 2017), which is similar to the observation in the cornea that neovascularization 

develops after corneal denervation (Ferrari et al., 2013). Our laboratory explores the 

neuro-regulation of corneal angiogenesis and recently found that in homeostasis corneal 

nerves directly contribute to the angiogenetic privilege (avascularity) of the cornea via 

secreted neuropeptides (Yin et al., 2021). Indeed, in the current study, we found that 

conditioned media from cultured TG sensory neurons isolated from naïve mice reduces VEC 

migration and tube formation. More importantly we found that in response to ocular surface 

inflammation, TG neurons and corneal nerves change their secretion profile including an 

increase in substance P that is pro-angiogenic and promotes CNV. Similar to substance P, 

CGRP has been shown to be a crucial neuropeptide secreted by corneal nerves (He and 

Bazan, 2016). We observed that after intrastromal suture placement and the development of 

CNV, CGRP levels in the TG were increased. We therefore sought to determine its role in 

the neuro-regulation of corneal angiogenesis in the current study.

CGRP is a 37-amino acid neuropeptide and widely found in the nervous system (Rosenfeld 

et al., 1983). CGRP has been shown as one of the key neuropeptides in the cornea (Jones 

and Marfurt, 1991; He and Bazan, 2016). Our data are consistent with previous reports 

that roughly one third of TG neurons and two thirds of corneal nerves are positive for 

CGRP staining (He and Bazan, 2016). Moreover, we showed that almost 90% of cultured 

TG neurons are CGRP positive. The abundance of CGRP in corneal innervation argues for 

its importance in corneal pathophysiology. By detecting the levels of CGRP mRNA (via 

RT-PCR) and protein (via immunohistochemistry) in the TG and cornea, we found that there 

is minimal CGRP mRNA in the cornea while its expression in TG neurons is abundant. In 

addition, we noted that CGRP immunohistochemical positivity in the cornea is exclusively 

costained with nerve marker β tubulin III, and not found in (epithelial, stromal, endothelial, 

or immune) cellular components. These data suggest that CGRP transcription and translation 

occur in TG neurons and the protein is then transported via the trigeminal nerve and its 
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branches to the cornea. It can also be deduced from these data that CGRP in the cornea 

exclusively originates from the nerves in vivo.

In addition to its roles in immunoregulation (Holzmann, 2013), cardiovascular homeostasis 

(Favoni et al., 2019), and pain modulation (Iyengar et al., 2017), CGRP has been shown 

to be pro-angiogenic in distraction osteogenesis (Mi et al., 2021), ischemia (Zheng et 

al., 2010; Mishima et al., 2011), and tumor growth (Toda et al., 2008). CGRP has been 

noted to promote endothelial progenitor cell proliferation and inhibit its apoptosis (Wu et 

al., 2018). Toda et al. showed that angiogenesis induced by full-thickness skin wound is 

significantly suppressed in CGRP knockout mice compared with wild-type C57BL/6 mice 

of the same age (Toda et al., 2008). While these data endorse the pro-angiogenic function 

of CGRP, others have shown that it may suppress angiogenesis in different conditions. 

For instance, in a high glucose-induced cerebral damage model, overexpression of CGRP 

suppresses hyperglycemia-induced cerebral microvascular endothelial tube formation (Guo 

et al., 2019). In a laser-induced choroidal neovascularization model, CGRP knockout mice 

presented with more severe choroidal neovascularization lesions, compared to the wild-type 

mice (Toriyama et al., 2015). The exact role of CGRP in angiogenesis, therefore, varies 

depending on the tissues, diseases, and pathological settings.

In our study, we found CGRP to promote VEC proliferation, migration, and tube formation 

in vitro. More importantly, we showed that exogenous CGRP promotes suture-induced 

CNV when given topically. Noting that lymphangiogenesis usually runs in parallel with 

hemangiogenesis (Patel and Dana, 2009) and that the lymph vessel development in corneal 

graft marks a high risk for rejection (Lee et al., 2021), we also studied the effect of 

the CGRP on the lymphangiogenesis. Similar to hemangiogenesis, we found that CGRP 

treatment increases lymph vessel formation and branching in the cornea. CNV is a complex 

process involving not only blood and lymphatic vessel formation, but also inflammatory 

response (Krishnamoorthy and Honn, 2006). CGRP has been reported to play an anti-

inflammatory role in septic shock, autoimmune diabetes, and inflammatory bowel disease 

(Holzmann, 2013); and immune cells such as lymphocytes, dendritic cells, mast cells, 

macrophages have been shown to express receptors for CGRP (Assas et al., 2014). In our 

unpublished data, we found that CGRP reduced the maturation of bone marrow derived 

dendritic cells in vitro and that topical treatment with CGRP reduced CD45+ leukocyte 

infiltration and the production of inflammatory cytokines TNF-α and IL-1β in the cornea 

after mechanical injury in vivo. These data demonstrate the anti-inflammatory role of 

CGRP in the cornea. But despite reducing corneal inflammation, CGRP still potently 

promotes CNV in vivo. This suggests that there is divergence in the pro-angiogenic 

and anti-inflammatory functions of CGRP in the cornea. Using a co-culture system of 

TG neurons and VEC, we showed that blocking CGRP signaling using its antagonist 

CGRP8-37 in the conditioned media of TG neurons reduces VEC tube formation and 

migration, confirming the pro-angiogenic function of TG neuron-secreted CGRP. In suture-

induced CNV mouse model, we showed subconjunctival injection of CGRP8-37 leads to a 

reduction in hemangiogenesis, lymphangiogenesis, and VEGF-A production in the cornea. 

Collectively, these data prove that the TG sensory neuron-derived CGRP plays a key role in 

promoting corneal angiogenesis.
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In our study, we established the expression of CGRP receptor components CLR, RAMP1, 

and RAMP2, but not RAMP3, in the cornea. It has been previously reported that CLR 

and RAMP1 are expressed by vascular endothelial cells (Toda et al., 2008). In response to 

corneal suture placement and neovascularization, their mRNA levels are not significantly 

changed, suggesting that it is the increase of CGRP secretion by TG neurons, but not 

its receptor levels in the cornea, that contributes to CNV in our model. Throughout the 

study, we used a competitive CGRP antagonist CGRP8-37 (Chiba et al., 1989), which is a 

N-terminally truncated peptide that has high affinity for RAMP1, less so for RAMP3, and 

none for RAMP2 (Roehrkasse et al., 2018). CGRP binding to its receptors (CLR-RAMP1 

and CLR-RAMP2) initiates signaling through either adenylyl cyclase activation generating 

cAMP and mobilizing the intracellular Ca2+ or through extracellular signal-regulated kinase 

1/2 (ERK1/2) pathway. This signaling cascade in endothelial cells was reported to be 

involved in nitric oxide generation and cell proliferation leading to angiogenesis (Hay et 

al., 2018; Watkins et al., 2013). Several reports have shown that VEGF is a downstream 

signaling molecule of CGRP (Toda et al., 2008; Du et al., 2018; Majima et al., 2019). 

The elevation of intracellular cAMP may enhance VEGF production (Zheng et al., 2010). 

Interestingly, we also found that changes in VEGF-A expression in the cornea correspond 

to the changes in CGRP signaling in vivo. Whether the changes in VEGF-A levels in our 

model is dependent on CGRP signaling requires additional study.

In addition to CGRP investigated in the current study, we have previously demonstrated 

a key role of substance P in the promotion of corneal angiogenesis by inflamed sensory 

nerves (Liu et al., 2020). While both neuropeptides have been shown to be pro-angiogenic 

in our model, it is worth noting that the conditioned media from normal TG sensory 

neurons is overall anti-angiogenic, leading to less VEC activation in vitro and CNV in vivo 
when given as a topical treatment (Yin et al., 2021). This suggests that there are soluble 

anti-angiogenic factors secreted by TG sensory neurons and their effect on angiogenesis 

over-powers that of pro-angiogenic ones such as CGRP and substance P in homeostasis. Our 

preliminary exploration points toward alpha melanocyte-stimulating hormone as a potential 

anti-angiogenic corneal nerve-derived neuropeptide that plays a key role in this process (data 

not shown). On the other hand, in response to inflammation, such balance of neuropeptides 

is disrupted with an increase in pro-angiogenic factor such as substance P, leading to an 

overall pro-angiogenic profile of neuron secretion and more CNV (Liu et al., 2020).

CGRP and substance P are both key neuropeptides in the cornea with prominent angiogenic 

function, but their interplay in the neuroregulation of corneal angiogenesis is scarcely 

studied. In an older study with cultured pulmonary artery endothelial cells, a synergistic 

effect on cell growth was found between substance P and CGRP, although no mechanism 

was offered (Kaibara et al., 1994). In our co-culture system with normal, non-inflamed TG 

neurons, blocking CGRP, but not substance P (Liu et al., 2020), signaling in the conditioned 

media leads to a decrease in VEC activities. This suggests that between these two peptides, 

CGRP, but not substance P, is the key pro-angiogenic factor in homeostasis in our system. 

Interestingly, we found that exogenous substance P is able to overcome the anti-angiogenic 

effect of CGRP antagonist CGRP8-37 (Supplementary Fig. S1A), suggesting that substance 

P signaling is independent of CGRP signaling in this system. Conversely, when substance 

P signaling is blocked with neurokinin 1 receptor (NK1R) antagonist Spantide I, exogenous 
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CGRP is no longer able to promote VEC tube formation (Supplementary Fig. S1B). This 

suggests that the pro-angiogenic effect triggered by high doses of CGRP may at least 

partially signal through NK1R. Indeed, it has been reported that CGRP increases NK1R 

mRNA levels in spinal neurons, leading to increased substance P binding (Allen et al., 

1976). It is with noting that there may be other neuropeptides secreted by the TG sensory 

neurons that play critical roles it their regulation of corneal angiogenesis in homeostasis and 

disease state. In addition, the cornea has been shown to be innervated not only by sensory 

nerves derived from the trigeminal ganglion but also by autonomic nerves (sympathetic and 

parasympathetic) from the superior cervical ganglion (Shaheen et al., 2014). Therefore, roles 

of other neuropeptides released by sensory neurons, and whether and how autonomic nerves 

regulate corneal angiogenesis warrant further studies.

In summary, our study provides new evidence that trigeminal ganglion sensory neurons 

and corneal nerves secrete neuropeptide CGRP, which promotes vascular endothelial cell 

activities in vitro, and corneal hemangiogenesis and lymphangiogenesis in vivo. Blocking 

CGRP signaling in the cornea may have therapeutic potential in treating diseases associated 

with corneal neovascularization.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Expression of CGRP and its receptor.
(A–C) Representative images of CGRP (red) and β-tubulin III (nerve marker, green) double 

immunofluorescence showing the distribution of CGRP in the trigeminal ganglion (TG, A), 

cornea (B) and cultured TG neurons (C); arrows showing representative double-positive 

neurons/nerves. (D) CGRP positivity was calculated as percentage of CGRP-positive versus 

total β-tubulin III-positive neurons or nerves (n = 3). (E) CGRP mRNA expression levels 

in TG and cornea, (n = 3). (F) Corneal intrastromal suture was placed in the mouse cornea 

to induce corneal neovascularization (CNV) for 1 week. The expression of CGRP in TG 
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and cornea and the expression of CGRP receptor CLR and RAMP1 in the cornea were 

determined using RT-PCR (n = 6) and expressed as number of copies in log scale per 106 

GAPDH (internal control). *p < 0.05 unpaired t-test. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 2. CGRP promotes vascular endothelial cell activities in vitro.
VEC were treated with or without exogenous CGRP (100 nM, n = 5). (A) VEC proliferation 

was determined after 24hr incubation. (B, C) Migration of VEC was quantified and 

photographed at 0hr and 24hr. (D-F) Tube formation in the Matrigel (F), was quantified 

as the number of junctions (D), and length of the tubes formed (E); black arrowheads 

indicating non-tube VEC, while the white arrows showing VEC tube formation. **p < 0.01, 

****p < 0.0001, unpaired t-test.
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Fig. 3. CGRP promotes corneal hemangiogenesis and lymphangiogenesis in vivo.
A single figure-eight intrastromal suture was placed on mouse cornea and CGRP (50μΜ) or 

PBS control was given topically three times daily for 14 days (n = 5). (A) Representative 

images of slit lamp photography. (B) Representative images of corneal whole mount stained 

with CD31 (Blood vessels, green) and LYVE-1 (Lymph vessels, red), × 100 magnification, 

dashed line indicates the limbus. (C, D) Quantification of corneal neovascularization (CNV) 

area (CD31, C) and Lymph vessel area (LYVE-1, D) at day 14 after. (E) mRNA level of 

VEGF-A in the cornea was assessed. *p < 0.05, **p < 0.01, ****p < 0.0001, unpaired t-test. 

(For interpretation of the references to colour in this figure legend, the reader is referred to 

the Web version of this article.)
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Fig. 4. Blocking CGRP signaling in the conditioned media (CM) of trigeminal ganglion (TG) 
neurons suppresses VEC activities in vitro.
(A) Representative image of TG neurons cultured for 3 days then stained with β-tubulin 

III. (B) Schematic of the co-culture system, in which CM from cultured TG neurons were 

collected and applied to VEC culture. CGRP antagonist CGRP8-37 (100 nM) was added 

to VEC culture (n = 4). (C, D) Migration of VEC was quantified and photographed at 0hr 

and 24hr. (E–G) Tube formation in the Matrigel was photographed (G), and quantified as 

the number of junctions (E), and length of the tube formed (F); black arrowheads indicating 

non-tube VEC, while the white arrows showing VEC tube formation. *p < 0.05, one-way 

ANOVA followed by Tukey’s multiple comparisons test.
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Fig. 5. Blocking CGRP signaling inhibits corneal hemangiogenesis and lymphangiogenesis in 
vivo.
A single figure-eight intrastromal suture was placed on mouse cornea and CGRP8-37 (200 

μg/ml) or PBS control was administered via subconjunctival injection three times/week for 

two weeks (n = 5). (A) Representative images of corneal neovascularization (CNV) with slit-

lamp photography. (B) Representative images of corneal whole mount stained with CD31 

(Blood vessels, green) and LYVE-1 (Lymph vessels, red), × 100 magnification, dashed line 

indicates the limbus. (C, D) Quantification of CNV area (CD31, C) and Lymph vessel area 

(LYVE-1, D) at day 14. (E) mRNA level of VEGF-A in cornea was assessed. *p < 0.05, **p 

< 0.01, unpaired t-test. (For interpretation of the references to colour in this figure legend, 

the reader is referred to the Web version of this article.)
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