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Abstract 

 

     Neointimal hyperplasia is the primary lesion underlying atherosclerosis and restenosis 

after percutaneous coronary intervention.  Calcitonin gene-related peptide (CGRP) is 

produced by alternative splicing of the primary transcript of the calcitonin/CGRP gene.  

Originally identified as a strongly vasodilatory neuropeptide, CGRP is now known to be a 

pleiotropic peptide widely distributed in various organs and tissues.  Our aim was to 

investigate the possibility that CGRP acts as an endogenous vasoprotective molecule.  

     We compared the effect of CGRP deficiency on neointima formation after 

wire-induced vascular injury in wild-type and CGRP knockout (CGRP-/-) mice.  We found 

that neointima formation after vascular injury was markedly enhanced in CGRP-/- mice, 

which also showed a higher degree of oxidative stress, as indicated by reduced expression of 

nitric oxide synthase, increased expression of p47phox, and elevated levels of 4HNE, as well 

as greater infiltration of macrophages.  In addition, CGRP-deficiency led to increased 

vascular smooth muscle cell (VSMC) proliferation within the neointima.  By contrast, bone 

marrow-derived cells had little or no effect on neointima formation in CGRP-/- mice.  In 

vitro analysis showed CGRP-treatment suppressed VSMC proliferation, migration, and 

ERK1/2 activity.   

     These results clearly demonstrate that endogenous CGRP suppresses the oxidative 

stress and VSMC proliferation induced by vascular injury.  As a vasoprotective molecule, 

CGRP could be an important therapeutic target in cardiovascular disease.



 3 

Key Words 

Calcitonin gene-related peptide (CGRP) 

Neointimal hyperplasia 

Vascular smooth muscle cell (VSMC) 

Oxidative stress 

Inflammation 

 

Highlights 

! In CGRP knockout mice, neointima formation after vascular injury is exacerbated.  

! CGRP deficiency affects injury-induced proliferation of VSMCs rather than ECs.   

! In CGRP knockout mice, oxidative stress and macrophage infiltration are increased.   

! Bone marrow-derived cells do not contribute to the enhanced neointima formation. 

! CGRP significantly suppresses VSMC proliferation and migration. 
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Abbreviations  

CGRP: Calcitonin gene-related peptide 

VSMC: Vascular smooth muscle cell 

EC: Endothelial cell 

ROS: Reactive oxygen species 

AM: Adrenomedullin 

BMT: Bone marrow transplantation
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1. Introduction  

     Neointimal hyperplasia is the primary lesion underlying atherosclerosis and restenosis 

after percutaneous coronary intervention[1].  Accumulating evidence now shows that 

inflammatory cell infiltration[2, 3], proliferation/migration of vascular smooth muscle cells 

(VSMCs)[4, 5], and deposition of extracellular matrix[6] all contribute to the pathogenesis of 

neointimal hyperplasia.  Moreover, inflammatory cell infiltration of the neointima is 

intimately related to oxidative stress[7], and several lines of evidence indicate that NADPH 

oxidase plays a crucial role in the production of reactive oxygen species (ROS) within the 

neointima[8, 9]. 

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

alternative splicing of the primary transcript of the calcitonin/CGRP gene[10].  CGRP is 

widely distributed in the central and peripheral nervous systems and has been shown to exert 

a variety of effects within the cardiovascular system[11], including vasodilation, protection of 

endothelial cell function, and inhibition of VSMC proliferation[12-14].  CGRP also has 

pleiotropic functions that have been implicated in the regulation of cell proliferation[15] and 

differentiation[16].  The potent microvascular vasodilatory action of CGRP and its wide 

distribution in the periphery ensure that it is in a prime position to protect tissues from injury 

in several disease models[17, 18], and to play a variety of roles under normal physiological 

conditions[19, 20]. 



 6 

     Based on its structural homology and similar vasodilatory effects, CGRP has been 

classified as an adrenomedullin (AM) family peptide.  Endogenous AM has been shown to 

exert a protective effect during the vascular response to injury[21].  For example, AM 

inhibits angiotensin II-induced proliferation and migration of VSMCs[22], possibly by 

inhibiting ROS production.  Like AM, CGRP inhibits angiotensin II-induced VSMC 

proliferation through inactivation of the extracellular signal-regulated protein kinase 1/2 

(ERK1/2) signaling pathway[23] and inhibits hypoxia-induced proliferation of pulmonary 

artery SMCs via the ERK1/2/p27/c-fos/c-myc pathway14.  

To investigate the possibility that CGRP serves as an endogenous vasoprotective 

substance, in the present study we used CGRP knockout (CGRP-/-) mice for assessing the 

effect of CGRP deficiency on neointima formation after vascular injury.  We then tested 

whether inflammatory cell infiltration and ROS are involved in the development of 

neointimal hyperplasia, and because bone marrow-derived cells reportedly contribute to 

neointima formation[24], we also tested a bone marrow transplantation (BMT) model using 

CGRP-/- mice.  Finally, we investigated the effects of CGRP on the proliferation and 

migration of VSMCs. 



 7 

2. Materials and methods 

2.1 Animals 

We generated CGRP knockout mice using a targeting DNA construct that replaced exon 

5 encoding a CGRP-specific region[25].  C57BL/6 pure background mice were used for 

bone marrow transplantation (BMT) experiments.� In other experiments, 129/Sv x C57BL/6 

hybrid background mice were used.  Male CGRP-/- mice and their wild-type (WT) 

littermates mice were maintained under specific pathogen-free conditions in an 

environmentally controlled clean room at the Division of Laboratory Animal Research, 

Department of Life Science, Research Center for Human and Environmental Sciences, 

Shinshu University.  All animal experiments were conducted in accordance with the ethical 

guidelines of Shinshu University.  

 

2.2 Wire-induced vascular injury 

Wire-induced vascular injury of the right femoral artery was produced as described 

previously by Sata et al[26].  We confirmed that this procedure induced reproducible 

neointima formation in 12- to 16-week-old 129/Sv x C57BL/6 mice.  Some CGRP-/- mice 

underwent isolation of the femoral artery without wire-injury (sham-operated group).  

 

2.3 Histology and immunohistochemistry 
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The femoral arteries were excised from each mouse, fixed in 4% paraformaldehyde for 

24 h and embedded in paraffin.  The arteries were then cut into 5-µm sections, which were 

stained with hematoxylin-eosin (HE) and Elastica Van Gieson (EVG).  For 

immunohistochemical analysis, arterial sections were incubated with rat anti-mouse CD31 

(BD Pharmingen, San Jose, CA), mouse anti-human α-smooth muscle actin (Dako), rat 

anti-mouse F4/80 (Serotec), rat anti-mouse 4-Hydroxy-2-nonenal (4HNE) (NOF 

Corporation), rabbit anti-rat p67-phox (Upstate), mouse anti-rat PCNA (Dako), or mouse 

IgG2a (negative control) (Dako).  DAPI (Invitrogen) was used to stain the nuclei. 

For the evaluation of re-endothelialization after the wire-injury, endothelial cells (ECs) 

were identified by immunostaining with anti-CD31 antibody.  The percentage of 

CD31-positive length to lumen perimeter in the femoral section was evaluated. 

Representative 1 section from 6 cross-sections from each mouse was used to calculate the 

percentage. 

 

2.4 RNA extraction and quantitative real-time RT-PCR  

Total RNA was extracted from tissues or cells using TRIZOL Reagent (Invitrogen, 

Carlsbad, CA), after which the sample was treated with DNA-Free (Ambion, Austin, TX) to 

remove contaminating DNA, and subjected to reverse transcription using a High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, Carlbad, CA).  Semiquantitative 
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RT-PCR was then carried out using Ex Taq DNA polymerase (Takara, Japan).  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).  Primers and probes are 

listed in Table.1 

 

2.5 Bone marrow transplantation  

BMT model mice were produced as described previously[27].  For the study of BMT 

model mice, C57BL/6 pure background mice were generated by speed congenic method.  

Whole bone marrow cells were harvested from WT and CGRP-/- mice by flushing their 

femurs with PBS.  Red blood cells were lysed by incubation in ACK buffer (150 mmol/L 

NH4Cl, 10 mmol/L KHCO3, 0.1 mmol/L EDTA, pH 7.2) for 20 min at 0°C.  The remaining 

cells were washed 3 times with PBS and resuspended in 1 mL of PBS.  Recipient mice 

(C57BL/6 background; purchased from Charles River Laboratories Japan, Inc.; male, 7 to 8 

weeks old) were lethally irradiated with a total dose of 9 Gy (MBR-155R2, Hitachi, Japan) 

and injected with bone marrow cells via the tail vein.  Using this protocol, we produced 2 

types of BMT mice: WT to WT (BMTWT�WT) and CGRP-/- to WT (BMTCGRP-/-�WT).  After 

8 weeks, all BMT mice underwent wire-induced vascular injury as described previously[27]. 
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2.6 Cell culture 

Macrophages: WT and CGRP-/- mice were intraperitoneally injected with 2 ml of 3% 

thioglycolate medium (DIFCO) (Biobrás, Montes Claros, Brazil).  After 3 days, 

macrophages were harvested by peritoneal lavage using cold PBS.  The cells were counted, 

centrifuged and resuspended at a concentration of 1×106/mL in RPMI 1640 (Invitrogen) 

medium containing 10% fetal bovine serum (FBS) (Equitech-Bio Inc, Kerrville, TX) and a 

mixture of 100 U/ml penicillin-100 µg/ml streptomycin (Invitrogen).  The macrophage 

suspension was added to 60 mm dishes and incubated for 2 h at 37°C under a 5% CO2 

atmosphere.  The medium was then removed, and the dishes were washed twice with PBS 

before addition of 3 ml of warm (37°C) RPMI 1640 (Invitrogen) medium containing 10% 

FBS (Equitech-Bio Inc, Kerrville, TX) and a mixture of 100 U/ml penicillin-100 µg/ml 

streptomycin (Invitrogen).  The plates were then incubated for 72 h at 37°C under a 5% CO2 

atmosphere, after which the macrophages were collected and analyzed by quantitative 

real-time RT-PCR. 

VSMCs: Rat VSMCs were purchased from Lonza (Lonza Walkersville, Inc, USA) and 

cultured in DMEM:F12 (Invitrogen) supplemented with 20% FBS (Equitech-Bio Inc, 

Kerrville, TX) and a mixture of 100 U/ml penicillin-100 µg/ml streptomycin (Invitrogen), 

according to the supplier’s protocol.  Mouse VSMCs were isolated from the aorta of 6- to 
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8-week-old WT and CGRP-/-mice.  In brief, the tunica media was separated from the 

adventitia and endothelium and cultured in Dulbecco’s modified eagle medium (DMEM) 

(Invitrogen) supplemented with 10% fetal bovine serum (FBS) (Equitech-Bio Inc, Kerrville, 

TX) and a mixture of 100 U/ml penicillin-100 µg/ml streptomycin (Invitrogen) [28, 29].  

Rat or mouse VSMCs with 3 to 10 passages were used in the experiments. Each individual 

experiment was repeated at least 3 times with different cell preparations. 

 

2.7 Proliferation assay 

     VSMCs (1 x 105) were cultured in 96-well plates, incubated in DMEM: F12 

(Invitrogen) without serum for 16h and then with treated with human CGRP (10-10-10-6 M) 

(Peptide Institute Inc., Osaka, Japan), in the absence or presence of PDGF-BB (10ng/ml) 

(Pepro-Tech, Inc) for 6h, 12 h and 24 h.  VSMCs proliferation was then measured based on 

uptake of 5-bromo-2�-deoxyuridine (BrdU) using a Cell Proliferation ELISA kit (Roche 

Diagnostics, Mannheim, Germany) according to the manufacturer's specifications.  

 

2.8 Scratch-Wound assay 

     For scratch assays, rat VSMCs were seeded in fibronectin-coated plates. Cells were 

grown to subconfluence (80%) in DMEM:F12 supplemented with 20% FBS and a mixture of 

100 U/ml penicillin-100 µg/ml streptomycin.  To synchronize the cells, the medium was 
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replaced with serum-free medium.  After 16h, a scratch was made in each well, and the 

culture was continued in 20% FBS+medium with the absence or presence of CGRP or 

PDGF-BB.  Five fields were then randomly selected in each plate, and gap areas were 

recorded immediately after scratching and 12h later, so that cell migration during the 12h 

interval could be calculated. 

 

2.9 Western blotting 

VSMCs was lysed in ice-cold RIPA Lysis Buffer System (Santa Cruz) supplemented 

with PosSTOP phosphatase inhibitor (Roche Applied Science) and then sonicated.  Samples 

of the resultant lysate were subjected to SDS-PAGE, and the resolved proteins were 

transferred to cellulose nitrate membranes (GE Healthcare).  After blocking in 5% skim 

milk, the membranes were incubated with primary antibodies against ERK1/2 (Cell 

Signaling) and phospho-ERK1/2 (EPITOMICS) followed by appropriate secondary 

antibodies (Santa Cruz).  The bound antibodies were visualized using chemiluminescent 

HRP substrate (MILLIPORE), and the chemiluminescence was analyzed using an Image 

Quant LAS 4000 system (GE Healthcare).  Levels of ERK1/2 activation were determined 

based on the ratios of the band intensities after blotting with antibodies specific for the 

phosphorylated and unphosphorylated proteins.  For quantification, western blot images 

were captured and analyzed using Scion Image. 
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2.10 Statistical analysis 

     Values are expressed as means ±SE.  Student’s t test was used to determine significant 

differences between 2 groups.  One-way ANOVA followed by Fisher’s PLSD was used to 

determine significant differences between 3 or more groups.  All analyses were performed 

using BZ-II analyzer software (Keyence).  Values of p< 0.05 were considered significant. 
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3. Results 

3.1 Changes in the gene expression of CGRP receptor components (CLR and RAMP1) 

following wire-induced vascular injury  

We initially used real-time PCR to analyze the expression of the CGRP receptor (CLR) 

and its receptor activity-modifying protein (RAMP1) in sham-operated (Sham) and 

wire-injured (Injury) arteries from WT and CGRP-/- mice.  We found that expression of 

both CLR and RAMP1 tended to be lower in CGRP-/- than WT mice, and that the expression 

was downregulated by wire-induced injury in arteries from both genotypes.  Among these 

changes, the expression of CLR in wire-injured arteries from CGRP-/-mice was significantly 

lower than that in sham-operated CGRP-/- mice (Figure 1A).   

 

3.2 Effect of CGRP deficiency on neointima formation 

We then investigated whether CGRP-deficiency influences neointima formation after 

wire-induced vascular injury.  EVG staining showed marked neointima formation in 

CGRP-/- mice 28 days after vascular injury (Figure 1B).  Quantitative analysis showed that 

the neointimal area, medial area and intima/media (I/M) ratio were all significantly increased 

in CGRP-/- mice (Figure 1C-E). 

     CGRP-/- mice were previously shown to have slightly elevated blood pressure, so we 

assessed the effect of blood pressure in the enhanced neointima formation in CGRP-/-.  An 
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antihypertensive agent, hydralazine, was used to decrease the blood pressure, however, the 

neointimal formation was not significantly reduced in CGRP-/- mice (Supplementary Figure 

1A, B).  This result suggests that blood pressure appears not to be a potential cause of the 

enhanced neointimal formation in CGRP-/- mice.  We also confirmed the enhanced 

neointimal formation in CGRP-/- mice in a cuff-injury model (Supplementary Figure 2A, B).   

 

3.3 Evaluation of endothelial cells (ECs) and VSMCs in the wire-injured arteries 

CGRP and its receptor system are present on both vascular ECs and VSMCs[30].  

Because early re-endothelialization after vascular injury is known to attenuate neointima 

formation[27], we assessed re-endothelialization by immunostaining for the EC marker CD31.  

However, we found no significant difference in re-endothelialization between WT and 

CGRP-/- mice (Figure 1F and 1G).  In similar fashion, we also immunostained for α-smooth 

muscle actin (α-SMA) to detect VSMCs and assess their presence within the neointima.  

Consistent with earlier reports[26, 31], neointimal lesions contained large numbers of 

VSMCs (Figure 1H).  In the neointima, α-SMA-positive area was increased more in 

CGRP-/- mice than WT mice (Figure 1I).  These data suggest CGRP-deficiency influences 

the proliferation of VSMCs than ECs after vascular injury. 

 

3.4 Evaluation of macrophages 
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Inflammatory reactions are thought to be deeply involved in the progression of 

atherosclerosis.  We therefore assessed the roles of inflammatory cytokines and 

macrophages.  Real-time PCR analysis revealed that the F4/80, CCR2 and CCR2/CD68 

ratio (i.e., M1 macrophage marker/general macrophage marker) were significantly increased 

in CGRP-/- mice at 28 days after vascular injury.  In addition, expression of the 

inflammatory cytokines TNF-α and TGFβ1 tended to be higher in CGRP-/- mice than WT 

mice (Figure 2A).  When we immunostained for F4/80 to detect the presence of 

macrophages (Figure 2B), we found that the numbers of macrophages in neointimal and 

adventitial areas were both significantly higher in CGRP-/- than in WT mice at 28 days after 

vascular injury (Figure 2C and 2D).  On the other hand, there was no significant difference 

in sham-operated mice or 14 days after injury by analysis of relative gene expression or 

immunostaining (Figure 2A, 2B).   

We next collected peritoneal macrophages from WT and CGRP-/- mice and assessed the 

expression of CGRP and its receptor genes, CLR and RAMP1.  Little CGRP was detected in 

macrophages from either group, and expression of CLR and RAMP1 did not differ between 

WT and CGRP-/- macrophages.  We also found that expression of interleukin (IL)-1β 

tended to be higher in CGRP-/- than WT macrophages, but the difference was not statistically 

significant; moreover, the expression of IL-6, TNF-α and MCP-1 did not differ between 

CGRP-/- and WT macrophages (Figure 2E).  These data suggest that the inflammatory 
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response within the neointima following wire injury is exacerbated in CGRP-/- mice, but a 

CGRP-deficiency in the inflammatory cells themselves does not appears to be the primary 

cause of the enhanced neointima formation seen in CGRP-/- mice. 

 

3.5 Evaluation of neointimal oxidative stress  

Oxidative stress is strongly associated with vascular lesions.  To assess its role in 

neointima formation, we analyzed the expression of oxidative stress-related genes following 

wire-induced vascular injury.  We found slight upregulation in NADPH oxidase subunit 

genes in CGRP-/- mice without injury (Sham in Figure 3A).  After injury, we found that 

expression of p47phox, a cytosolic component of NADPH oxidase, was significantly 

increased, while expression of endothelial nitric oxide (NO) synthase (eNOS) was 

significantly reduced in CGRP-/- mice (Injury in Figure 3A).  (For a more detailed time 

course, please refer to Supplementary Figure 3).  Immunostaining of 4-hydroxy-2-nonenal 

(4HNE), a product of lipid peroxidation, was slightly increased in CGRP-/- even without 

injury (Sham in Figure 3B) and it was increased to a greater degree in wire-injured arteries 

from CGRP-/- mice than WT mice, particularly in the adventitia (Injury in Figure 3B). 

Immunostaining of p67phox was also increased in the wire-injured arteries of CGRP-/- mice.  

It appears from these results that the level of oxidative stress in the vascular lesions is higher 

in CGRP-/- than WT mice.  
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3.6 Cell proliferation within neointimal lesions 

Neointimal lesions after vascular injury are mainly comprised of proliferating VSMCs.  

We estimated the level of their proliferative activity in vivo by immunostaining for PCNA.  

The number of PCNA-positive cells was significantly higher in neointimal lesions in 

CGRP-/- mice than WT mice (Figure 4), indicating a higher level of cell proliferation within 

the vascular lesions in CGRP-/- mice. 

 

3.7 Role of bone marrow cell-derived CGRP in neointima formation 

     Next, to assess the role of CGRP-deficient bone marrow in the enhanced neointima 

formation seen in CGRP-/- mice, we generated two types of BMT mice (BMTWT→WT, 

BMTCGRP-/-→WT) and evaluated neointima formation following wire-induced injury.  

Quantitative analysis showed that the neointimal area, medial area and intima/media (I/M) 

ratio did not differ between the two transplant groups (Figure 5A-D), indicating that bone 

marrow-derived cells did not contribute substantively to the enhanced neointima formation 

observed in CGRP-/- mice. 

 

3.8 Effects of CGRP on VSMC proliferation and migration  

     Finally, we analyzed the effects of CGRP on VSMCs in vitro.  First, using BrdU 
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uptake as an index, we evaluated proliferation activity of cultured VSMCs.  CGRP 

significantly decreased the proliferation of rat VSMCs stimulated by PDGF-BB in a dose- 

(Figure 6A) and time-dependent (Figure 6B) manner.  We then evaluated the migration and 

proliferation of the VSMCs using scratching assay.  We also found that CGRP 

administration significantly decreased the migration and proliferation of rat VSMCs (Figure 

6C).  We also confirmed the effect of CGRP using VSMCs, which were primarily cultured 

from mice.  CGRP administration also decreased the proliferation of mouse VSMCs (Figure 

6D).  On the other hand, the cellular proliferation was enhanced in VSMCs isolated from 

CGRP-/- (Figure 6E). 

     Western blot analysis revealed 1h CGRP-treatment (10-9-10-7M) significantly 

suppressed the ERK1/2 activation level in the rat VSMCs (Figure 6F). 
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4. Discussion  
 

Our findings in this study are as follows: (1) Neointima formation after vascular injury is 

significantly enhanced by CGRP deficiency.  (2) CGRP deficiency most likely affects 

injury-induced proliferation of VSMCs rather than ECs.  (3) Oxidative stress and 

macrophage infiltration are increased by CGRP deficiency.  (4) Bone marrow-derived cells 

do not meaningfully contribute to the enhanced neointima formation observed in 

CGRP-deficient mice.  (5) CGRP significantly suppresses VSMC proliferation migration, 

and ERK1/2 activation level. 

CGRP reportedly exerts protective effects in several organ systems.  For instance, 

CGRP deficiency makes the heart and kidneys more vulnerable to hypertension-induced 

damage[17]; CGRP plays an important role in mediating the protective effects observed with 

ischemic preconditioning in the heart[32]; and endogenous CGRP exerts a protective effect 

against hepatic injury[33].  In the present study, we demonstrated that CGRP-deficiency 

leads to enhanced neointima formation at 28 days after vascular injury, suggesting 

endogenous CGRP plays a key role in vascular homeostasis and inhibits the progression of 

atherosclerosis. 

Macrophages and inflammatory mediators stimulate VSMC proliferation and neointimal 

hyperplasia.  Earlier studies showed that CGRP inhibits infiltration by macrophages and 

other inflammatory cells, as well as the expression of inflammatory mediators[34, 35].  
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Zhang et al reported that transfection of CGRP inhibited expression of inflammatory 

mediators, macrophage infiltration, and neointimal hyperplasia in experimental vein graft 

disease[36].  However, in the present study, we found no significant changes in the 

expression of inflammatory cytokines by CGRP-/- macrophages, as compared to WT cells.  

This suggests CGRP-deficient macrophages do not directly activate innate immunity.  More 

likely, it is CGRP-deficient vascular component cells that contribute to the exacerbation of 

vascular lesions in CGRP-/- mice.  Consistent with that idea, our results indicate that bone 

marrow-derived cells do not meaningfully contribute to the enhanced neointima formation 

observed in CGRP-/- mice.  Although recent reports suggest bone marrow cells participate 

in neointima formation after vascular injury[24, 31, 37], our findings with BMT mice indicate 

the main contributors to the neointimal hyperplasia seen in CGRP-/- mice arise from the local 

enviroment within the injured artery.  BMT experiment in our study showed reduced 

neointimal and medial hypertrophy compared with other experiments without BMT. As 

reported, BMT procedure with irradiation may itself result in reduced hypertrophy [37]. 

Another explanation is that we used C57BL/6 background mice in the BMT study.  It was 

reported that C57BL6/J background mice showed reduced neointimal formation compared 

with other background mice in the wire-injury model [26] 

PCNA is a reliable indicator of the cellular proliferation status[38], while ERK1/2 is an 

important kinase in an intracellular signaling pathway crucially involved in regulating VSMC 
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proliferation[39, 40].  Our immunohistochemical analysis of PCNA showed VSMC 

proliferation to be enhanced within vascular lesions in CGRP-/- mice, which suggests 

CGRP-deficiency enhances proliferation of VSMCs rather than ECs following vascular 

injury.  To determine cell proliferation activity in vitro, we analyzed the effects of CGRP on 

cultured rat and mouse VSMCs.  Conversely, application of exogenous CGRP suppresses 

VSMC proliferation and migration. We also found exogenous CGRP suppressed ERK1/2 

activation, which may explain the suppressive effects of CGRP on the cellular proliferation 

and migration.   

     Several lines of evidence suggest that ROS play a crucial role in neointima formation[8, 

9].  Major sources of ROS are thought to be eNOS-uncoupling and NADPH oxidase[41]  

CGRP has been shown to activate eNOS via the cAMP-PKA[42] and AMPK[43] pathways.  

In the present study, we found that the expression of a NADPH subunit, p47phox, was 

increased while expression of eNOS was reduced in wire-injured arteries from CGRP-/- mice.  

At the same time, levels of 4HNE, a lipid peroxidation product, were also increased, 

predominantly in the adventitia of the injured arteries.  Kawai et al. proposed the plausible 

hypothesis that in response to vascular injury, ROS are produced by inflammatory cells 

present in the adventitia[21].  We also found that macrophage numbers were predominantly 

increased in the adventitia of wire-injured arteries.  Thus increased ROS production could 

significantly contribute the enhanced neointima formation seen in CGRP-/- mice. 
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The effect of CGRP on vascular component cells appears to vary among species and 

vessel types.  In rat aorta[44] and pulmonary artery[45], CGRP interacts with endothelial 

receptors, stimulating the release of endothelium-derived relaxing factors.  By contrast, in 

cat cerebral[46], pig coronary[47] and rat mesenteric vessels[48], CGRP acts directly on 

VSMCs.  Recently, Zhou et al reported that CGRP inhibits angiotensin II-induced 

endothelial progenitor cell senescence by upregulating klotho expression[49].  Other 

investigators also showed that re-endothelialization (e.g., vascular repair) by bone 

marrow-derived endothelial progenitor cells is an important determinant affecting neointima 

formation after vascular injury[27, 50, 51].  However, we observed that CGRP-deficiency 

primarily enhanced the proliferation of VSMCs and had no effect on re-endothelialization 

after vascular injury. 

 

5. Conclusion 

In summary, CGRP-/- mice showed marked neointimal hyperplasia in wire-injured 

arteries with concomitant increases in VSMC proliferation and oxidative stress.  We suggest 

that endogenous CGRP may counteract the ROS generation and VSMC proliferation induced 

by vascular injury, and that CGRP could be an important therapeutic target in vascular 

diseases such as atherosclerosis and restenosis after percutaneous coronary intervention.   
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Figure Legends 

 

Figure 1. Changes in gene expression, neointimal hyperplasia, re-endothelialization and 

VSMC proliferation in the wire-induced vascular injury model.  Femoral arteries were 

excised 28 days after injury.  A, Real-time PCR analysis of total RNA extracted from the 

femoral arteries of WT and CGRP-/- mice.  Relative gene expression of CLR and RAMP1 

in WT and CGRP-/- mice, with (Injury) and without (Sham) wire-induced vascular injury, is 

shown.  Median of the sham WT group was assigned a value of 1.  Bars indicate means ± 

SE (n=5 for each); *p<0.05 vs. sham-operated CGRP-/- mice.  B, Representative sections 

stained with EVG to evaluate neointima formation.  The arrows indicate the internal elastic 

lamina.  Bar = 100 µm.  C-E, Bar graphs showing the neointimal area (C), medial area (D) 

and Intima/Media ratio (E).  Bars depict means � SE (n=8 for WT and 10 for CGRP-/-); 

*p<0.05, **p<0.01 vs. WT.  F, G, Evaluation of re-endothelialization.  F, Representative 

photomicrographs of immunofluorescent staining for endothelial cells using anti-CD31 

antibody.  Bar = 200 µm.  G, The bar graph shows the percent re-endothelialization of the 

injured areas.  Bars depict means ± SE (n=3 for each).  H, I, Evaluation of VSMC 

proliferation.  H, Representative photomicrographs showing immunohistochemical staining 

for VSMCs (α-SMA).  Bar = 50 µm.  I, Bar graph showing the comparison of 

α-SMA-positive area.  Bars depict means ± SE (n=3 for each) *p<0.05 vs. WT. 
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Figure 2. Changes in inflammatory cytokine expression and inflammatory cell numbers in 

CGRP-/- mice.  A, Quantitative real-time PCR analysis of the indicated inflammatory 

cytokines and macrophage markers in sham, and day 14 and 28 specimens after wire injury.  

Expression levels in CGRP-/- were normalized to WT, which was assigned a value of 1.  

Bars depict means ± SE (n=5 for each from 2 independent experiments); *P<0.05 vs. WT. 

ND= not detected.  B, Representative arterial sections showing immunohistochemical 

staining for macrophages (F4/80) in sham and day 28 specimens after wire injury.  Bar = 

200 µm.  C, D, The bar graphs show F4/80-positive macrophage numbers in the neointimal 

(C) and adventitial (D) areas within each section.  Bars depict means ± SE (n=3 for each); 

*p<0.05 vs. WT.  E, Quantitative real-time PCR analysis of the indicated receptor elements 

of CGRP and cytokines in peritoneal macrophages.  Median of the WT group was assigned 

a value of 1.  Bars depict means ± SE (n=5 for each). 

  

Figure 3. Increased oxidative stress within neointimal lesions in CGRP-/- arteries.  A, 

Quantitative real-time PCR analysis of the indicated oxidative stress-related genes in sham 

and day 28 specimens after wire injury.  Median of the WT group was assigned a value of 1. 

Bars depict means ± SE (n=5 for each); **P<0.01, *P<0.05 vs. WT.  B, Representative 

photomicrographs (out of 3 independent femoral arteries in each group) showing 
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immunohistochemical staining for 4HNE and p67phox. Bar = 200 µm.  When 

immunostained for 4HNE (product of lipid peroxidation), CGRP-/- arteries showed intense 

staining after injury, especially in the adventitia. 

 

Figure 4. Increased cellular proliferation within neointimal lesions in CGRP-/- arteries.  A, 

Representative photomicrographs of arteries immunostained for PCNA.  DAPI staining was 

used to visualize the nuclei.  Mouse IgG2a was used as a negative control of the 

immunostaining.  Bar = 50 µm.  B, Percentage of PCNA-positive cells within the 

neointimal lesions.  Bars depict means ± SE (n=3 for each); *p<0.05 vs. WT.  

 

Figure 5. Bone marrow cells contribute little to neointima formation in CGRP-/- arteries.  

The sample sections were stained with EVG and neointimal formation was evaluated.  A, 

Representative photomicrographs of EVG stained arteries following wire injury in bone 

marrow-transplanted mice [BMTWT→WT (n=6), BMTCGRP-/-→WT (n=5)].  The arrows indicate 

the internal elastic lamina.  Bar = 100 µm.� B-D, The bar graphs show the neointimal area 

(B), medial area (C) and intima/media ratio (D).  Bars depict means ± SE. 

 

Figure 6. CGRP suppresses VSMC proliferation, migration, and ERK activation in vitro.   

With CGRP (10-10-10-6M) under PDGF-BB (10 ng/ml)-stimulation, rat or mouse VSMC 
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proliferation and migration were analyzed using BrdU assays (A, B, D, E) and scratch assays 

(C).  A, The effect of various doses of CGRP on rat VSMCs. B, Time course of the effect of 

CGRP (10-7M) on proliferation of rat VSMCs. C, Representative micrographic photos at 0h 

and 12h of the scratch assay using rat VSMCs and bar graphs showing the migration area for 

12h are shown. D, The effect of CGRP (10-7M) on mouse VSMC proliferation. E, 

Comparison of VSMC proliferation cultured from WT and CGRP-/- mice.  For the study of 

A-E, experiments were repeated independently 3 times.  In each experiment, n=8 in A, B, D, 

and E and n=5 in C.  Representative results are shown in the graphs.  Bars depict means ± 

SE; ***P<0.001, **P<0.01, *P<0.05 vs. Control (Ctrl).  

F, Western blotting of ERK1/2 and p-ERK1/2 under stimulation with or without 1h CGRP 

(10-9-10-7M)-treatment.  Optical densities were quantified and the result of the ratio of 

relative phosphorylation of ERK1/2 is shown in the bar graph.  p-ERK1/2 / ERK1/2 is set to 

1 for the control group.  Bars depict means ± SE (n=3 for each); *P<0.05 vs. Control (Ctrl).  

 

Table 1. Primers and probes used for quantitative real-time RT-PCR 
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Supplementary Fig 1 
Blood pressure depression did not have an effect on the neointimal formation in CGRP-/-.  
CGRP-/- underwent wire-induced vascular injury, and 2 days after the operation, some were 
administered hydralazine (Sigma) in drinking water (5 mg/kg/day).  After 4 weeks, systolic 
blood pressure (SBP), measured by the tail-cuff method (Model MK-2000ST, Muromachi Kikai 
Co., Japan), was significantly reduced in the hydralazine-treated group (A). On the other hand, 
the neointimal formation was not different between the hydralazine-treated and non-treated 
groups (B).  Bars depict means ± SE (n=8 for each); *P<0.05.�
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CGRP-/- mice at 28 days after cuff-induced vascular injury.  Bar = 100 µm.  
B, Bar graphs showing the neointimal area.  Bars depict means ± SE (n=8 for 
each).�
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Supplementary Fig. 3  �
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Changes in expression of oxidative stress-related genes before and after wire injury.  
Quantitative real-time PCR analysis of the indicated oxidative stress-related genes in 
sham, day 14, and day 28 specimens after wire injury. Bars depict means ± SE (n=5 
for each); **P<0.01, *P<0.05 vs. WT.�


