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Angiogenesis-Dependent and Independent Phases of
Intimal Hyperplasia

Rohit Khurana, MD; Zhenwu Zhuang, MD; Shalini Bhardwaj; Masahiro Murakami, MD, PhD;
Ebo De Muinck, MD, PhD; Seppo Yla-Herttuala, MD; Napoleone Ferrara, MD;

John F. Martin, FRCP; Ian Zachary, MD; Michael Simons, MD

Background—Neointimal vascular smooth muscle cell (VSMC) proliferation is a primary cause of occlusive vascular
disease, including atherosclerosis, restenosis after percutaneous interventions, and bypass graft stenosis. Angiogenesis
is implicated in the progression of early atheromatous lesions in animal models, but its role in neointimal VSMC
proliferation is undefined. Because percutaneous coronary interventions result in induction of periadventitial angiogen-
esis, we analyzed the role of this process in neointima formation.

Methods and Results—Local injury to the arterial wall in 2 different animal models induced periadventitial angiogenesis
and neointima formation. Application of angiogenesis stimulators vascular endothelial growth factor (VEGF-A165) or a
proline/arginine-rich peptide (PR39) to the adventitia of the injured artery induced a marked increase in neointimal
thickening beyond that seen with injury alone in both in vivo models. Inhibition of either VEGF (with soluble VEGF
receptor 1 [sFlt1]) or fibroblast growth factor (FGF) (with a dominant�negative form of FGF receptor 1 [FGF-R1DN]),
respectively, signaling reduced adventitial thickening induced by VEGF and PR39 to the level seen with mechanical
arterial injury alone. However, neither inhibitor was effective in preventing neointimal thickening after mechanical
injury when administered in the absence of angiogenic growth factor.

Conclusions—Our findings indicate that adventitial angiogenesis stimulates intimal thickening but does not initiate it.
(Circulation. 2004;110:2436-2443.)

Key Words: growth substances � restenosis � gene therapy

Normal muscular arteries have no vessels within the inner
media or intima, although the adventitial vasa vasorum

is responsible for the oxygen and nutrient supply to the walls
of large vessels. However, neointima can develop in a variety
of pathologic states, such as long-standing hypertension,
atherosclerosis, and mechanical injury such angioplasty. A
number of factors are thought to contribute to neointima
formation, including proliferation of adventitial and medial
smooth muscle cells, circulating smooth muscle progenitors,
and inflammatory processes in the media adventitia.

See p 2283

Several studies raise the possibility that vessel wall angiogen-
esis may be involved in the development of neointima. In the
apolipoprotein E�/� mouse, administration of vascular endothe-
lial growth factor (VEGF) promoted intraplaque angiogenesis
and the development of atherosclerotic plaques,1 whereas anti-
angiogenic drugs inhibited lesion formation.2–4 Increased neo-
vascularization has been observed in the vessel wall at sites of

intimal hyperplasia in models of arterial stenting,5 angioplasty,6,7

and venous bypass graft failure.4,8 VEGF and fibroblast growth
factor (FGF) protein and gene transfer to the vasculature have
been shown to influence vascular remodeling9 with some but not
other studies, suggesting that VEGF enhances postangioplasty
restenosis.10,11 It has been hypothesized that the importance of
angiogenesis is dependent on the stage of lesion development,
being a critical “trigger” in the early phase but receding within
aging lesions.12 However, despite a considerable amount of
experimental and clinical investigation, the specific role of
angiogenesis in intimal thickening has not been addressed.

To study this issue, we used 2 distinct animal models in
which neointima formation was induced by different mechan-
ical stimuli. Proangiogenic, antiangiogenic, or a combination
of the 2 types of stimuli were locally applied to the arterial
wall, and the extent of vascular smooth muscle cell (VSMC)
accumulation and vascular wall angiogenesis was then deter-
mined. The proangiogenic stimuli used included the PR39
peptide and its biologically active fragment PR1113,14 and
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VEGF165. PR39 is though to initiate angiogenesis by blocking
proteasome-mediated degradation of the hypoxia-inducible
factor HIF-1�, a regulator of VEGF and VEGF receptor
expression, and by activation of FGF receptor expression,13

thereby stimulating both VEGF and FGF angiogenic cas-
cades. The antiangiogenic stimuli included sFlt-1, an inhibi-
tor of VEGF-dependent angiogenesis,15 and a dominant-
negative form of FGF receptor 1 that is known to inhibit
signaling of all FGF receptors.16

Methods
Generation of Adenoviruses
Adenoviral (Ad) constructs (E1,E3 deleted) encoding either green
fluorescent protein (GFP) (Ad-GFP), PR39 (AdPR39), and a
dominant-negative FGFR1 fused with GFP (Ad-GFP-FGFR1DN)
were generated by the Vector Core Laboratory of the Harvard Gene
Therapy Initiative. VEGF-A165 (Ad-VEGF-A165) and LacZ (Ad-
LacZ) adenoviruses were produced by Ark Therapeutics. Adenovi-
ruses were desalted on G50 Sephadex columns (Boehringer Mann-
heim) immediately before their use in animal studies.

Collar Model and Periadventitial Gene Transfer
All protocols involving animals conformed to animal care and use
guidelines of Dartmouth College. Male New Zealand White rabbits
(3.0 to 3.5 kg; Charles River, Cambridge, Mass) were anesthetized,
and a biologically inert, silicone collar (20 mm long; inlet/outlet
diameter 1.8 mm; Ark Therapeutics) was placed around the right
carotid artery. The contralateral artery was sham-operated by expos-
ing it to similar stretch as the collared artery. Five days after
collaring, 100 �L adenoviral gene solution (5�109 plaque-forming
units [PFU]) and/or soluble flt-1 IgG1-3 (0.4 mg/kg; Genentech,
Inc.) was introduced into the periadventitial space between the collar
and artery. Treated and control arteries were harvested 4 or 9 days
after gene transfer, flushed with ice-cold saline, and divided into 2;
the proximal part was immersion-fixed in 4% paraformaldehyde/
15% sucrose (pH 7.4) for 4 hours, rinsed in 15% sucrose (pH 7.4)
overnight, and embedded in paraffin; the distal part was either
immersion-fixed in 4% paraformaldehyde/phosphate-buffered saline
(PBS, pH 7.4) for 30 minutes, rinsed in PBS for 15 minutes, and
embedded in OCT compound (Sakura Finetek USA, Inc) or snap-
frozen in LN2 and stored at �70°C for total RNA extraction.

Rat Balloon Carotid Angioplasty Model
Vascular injury of the left common carotid arteries was performed in
anesthetized, male, Sprague-Dawley rats (240 to 310 g; Harlan,
Indianapolis, Ind) as previously described,17 with an infiltrated 2F
Fogarty embolectomy catheter (Edwards Lifesciences Co). After
injury, the external carotid artery was ligated proximal to the
cannulation site, and 250 �L 28% pluronic F-127 gel Sigma)
containing 0.1 mg/kg PR11 (n�8), 0.1 mg/kg PR11 AAA (n�9), 0.4
mg/kg sFlt-1 (n�7), or 5�109 pfu Ad-GFP-FGFR1DN (n�10) was
applied around the injured segment. Fourteen days after injury,
carotid arteries were perfusion-fixed in situ by incubation for 3 hours
in 3.8% formalin in PBS at 120 mm Hg. Arteries were then cut into
3 segments of equal length and embedded in paraffin. Sections used
for immunohistochemistry were rinsed with cold PBS and embedded
in OCT (Sakura Finetek USA, Inc).

RNA Isolation and RT-PCR
Total RNA was isolated from 100 to 150 mg (pooled from 2 rabbit
carotid arteries) frozen tissue by an RNA purification system
(Invitrogen) and treated with RNase-free DNase for 1 hour at 37°C.
For detection of Ad-PR39, total RNA (500 ng) was reverse-
transcribed (RT) to cDNA with 5 U RT and amplified (AccessQuick,
Promega) with 100 nmol/L each of forward (5�-
CTCTACCGCCTCCTGGAGCT-3� and reverse (5�-GGCCCTTC-
ATAATATCCCCCA-3�) primers. The RT step was carried out at

48°C for 45 minutes. After denaturation at 95°C for 2 minutes, 38
cycles of polymerase chain reaction (PCR) were performed with
denaturation at 94°C for 30 seconds, annealing at 55°C for 30 seconds,
extension at 72°C for 1 minute, and a final extension at 72°C for 7
minutes. Nested PCR was used for the amplification of VEGF-A with
the primers 5�-TCGATCCATGAACTTTCTGC-3�, 5�-TTCGTTTAA-
CTCAAGCTGCC-3�, 5�-GAGCCTTGCCTTGCTGCTC-3�, and 5�-
GGAACATTTACACGTCTGCG-3�. PCR products of predicted size
were confirmed by electrophoresis on a 1% agarose gel.

VEGF, FGFR1, and �-actin mRNA expression was quantified by
real-time PCR. Two micrograms of total RNA was RT with a
superscript first-strand synthesis kit (Invitrogen), and PCR was
performed with 12.5 ng RNA, 50 nmol/L of forward and reverse
primers (Invitrogen), SYBR Green PCR core reagents (Applied
Biosystems), and the GeneAmp 5700 sequence detection system
(Applied Biosystems) under the following conditions: denaturation
at 95°C for 10 minutes and 40 cycles at 95°C for 15 seconds and at
60°C for 1 minute. Forward and reverse primers for VEGF, FGFR1
(a gift of William A. Paznekas and Ethylin Wang Jabs, NIH P60
DE13078) and �-actin were, respectively, 5�-TCAACGTCACCA-
TGCAGATCA-3� and 5�-AGCTCATCTCCCCTATGTGCTG-3�;
5�-GACAAGGACAAACCCAACCGT-3� and 5�-GCATCCGACT-
TCAACATCTTCAC-3�; and 5�-CTCATGAAGATCCCTCAC-
GGAGC-3� and 5�-GCACAGCTTCTCCTTGATGTCC-3�. The ex-
pression of VEGF, FGFR1, and �-actin mRNA within each sample
was calculated according to a standard calibration curve constructed
for each amplicon (n�3). Values for each gene were normalized to
levels of the housekeeping gene �-actin.

Immunohistochemistry
Five-micron arterial sections were deparaffinized and stained with
hematoxylin and eosin for morphometric analysis or immunostained
with the avidin-biotin-peroxidase system (Vector Laboratories);
3,3�-diaminobenzidine (Biogenex) and a light hematoxylin counter-
stain were used as substrates for visualization. The following
antibodies were used: mouse monoclonal antibody against CD31
(DAKO; 1:50), monoclonal antibody RAM-11 (DAKO; 1:500),
VSMC-specific �-actin monoclonal antibody HHF35 (DAKO;
1:200), and mouse anti-rat CD31 clone TLD-3A12 (Pharmingen;
1:25).

�-Galactosidase Staining
Five-micron sections from fixed, OCT-embedded, frozen arteries
were incubated in the dark at 37°C overnight in �-galactosidase
(�-gal) staining solution containing 1 mg/mL 5-bromo-4-chloro-4-
indolyl �-D-galactopyranoside (X-Gal, Sigma), 5 mmol/L potassium
ferricyanide, 5 mmol/L potassium ferrocyanide, 2 mmol/L MgCl2,
0.002% Igepal CA160 (Sigma), and 0.01% sodium dodecyl sulfate
and titrated with NaH2PO4 to pH 7.4. Sections were counterstained
with eosin and visualized under light microscopy.

Confocal Microscopy
Four-micron sections of OCT-embedded, GFP-transduced arteries
were fixed in acetone for 5 minutes at �20°C, mounted in antifade
medium (Biomeda GelMount), and visualized with a Bio-Rad
MRC-1024 krypton/argon laser confocal system and an 522DF35
emission filter for GFP.

Morphometry and Image Analysis
Images of stained sections were acquired at �5 or �40 with a
high-resolution color camera (Olympus BH-2 microscope, Polaroid
DMC-1 camera) and analyzed with automated image-analysis soft-
ware (Image J, National Institutes of Health). Intimal thickening was
measured by calculating the intima to media ratio, where the intima
was defined as the areas between the luminal endothelium and the
internal elastic lamina, and the media was defined as the area
between the internal and external elastic laminas. Sections were cut
at 6 to 10 500-�m intervals along the length of the arterial segment,
stained with hematoxylin and eosin, and then blindly analyzed for
each artery to obtain intima-media ratios.
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Arterial Delivery of PR11 Peptide
The release kinetics of PR11 from 28% pluronic gel were determined
in vitro by dissolving increasing volumes (5 to 40 �L) of 125I-PR11
(260 �Ci/mL; Peninsula Labs Inc) in 0.5 mL of 28% pluronic gel
prepared in Ca2�/Mg2�-free PBS and incubating the gel in 1 mL of
1% albumin/PBS at 37°C. Radioactivity released from the gel was
measured after different times up to 48 hours. Experiments were
repeated 3 times. The values are expressed as a mean percentage
over the baseline count. To measure arterial delivery of PR11, 10 �L
125I-PR11 (2.6 �Ci) in 250 �L of 28% pluronic gel was applied to the
adventitia of the left common carotid artery of male Sprague-Dawley
rats immediately after balloon injury. After 48 hours, animals were
perfusion-fixed at 37°C with 0.9% saline followed by 4% formalin.
The tissue was paraffin-embedded, and 4-�m sections were cut and
mounted on glass slides. The slides were immersed in developer
(Eastman Kodak), air-dried for 45 minutes, and allowed to develop
for 7 days at 4°C, after which the sections were fixed (Eastman
Kodak). The distribution of silver grains activated by �-radiation
from 125I-PR11 was viewed under dark-field microscopy.

Cell Culture and SMC Migration Assay
Porcine SMCs (passage 3 to 7) were grown to 70% to 90%
confluence on noncoated culture dishes in full serum (10%) contain-
ing Dulbecco’s modified Eagle’s medium (DMEM). After overnight
starvation in 0.5% fetal calf serum (FCS)/DMEM, the cells were
washed twice with Ca2�/Mg2�-free DPBS (Mediatech, Inc), detached
with a nonenzymatic cell dissociation buffer (Sigma) to obtain
single-cell suspensions, and resuspended in DMEM/0.5% FCS at a
concentration of 5�105 cells/mL. Aliquots (0.1 mL) of cells (5�104

cells) were added to the upper chamber of a noncoated transwell
PVF-free membrane with 8-�m pores in 24-well plates (Corning
Costar Inc) and allowed to attach for 2 hours. The upper chambers
were then transferred to the lower transwell compartment containing
0.6 mL of 0.5% FCS/DMEM and PR39 (Genemed Inc), PDGF-BB

(Peprotech), and VEGF (Peprotech) in varying concentrations. Incu-
bation was continued for 1 hour and 4 hours at 37°C, after which the
adherent cells were fixed with 4% formalin, washed repeatedly with
PBS, and then stained with toluidine blue. The cells on the upper
surface of the membrane were scraped off, the membrane was
mounted onto a microscope slide, and the number of cells that had
migrated to the lower surface of each membrane was counted in 5
separate high-power fields at a magnification of �200 (Olympus
BH-2). Experiments were performed in quadruplicate, and SMC
migration was averaged and expresses as mean�SEM.

Statistical Analysis
Intima-media ratios were averaged and expressed as mean�SEM.
CD31 staining was positive when a single cell or a mature vessel
with a lumen was present in the adventitia. Numbers of vessels were
expressed per mm2 of the adventitial area. Differences between
treatment groups were evaluated by ANOVA and Bonferroni cor-
rection (SPSS).

Results
To examine the effect of these agents on intimal thickening,
we first used a model in which positioning of a nonocclusive,
inert, silicone collar around the rabbit carotid artery induces a
VSMC-rich neointima without endoluminal manipulation and
in the presence of an intact endothelium (Figure 1, a and b)
that reaches a maximum effect after 14 days (Figure 1c).
CD31 immunostaining demonstrates that some adventitial
neovascularization occurred in the area of the vessel covered
by the collar (Figure 1d). The presence of the collar allows
localized delivery of biologic agents to the arterial wall.
Injection of adenoviruses encoding GFP protein demon-

Figure 1. Collared rabbit carotid artery model of
neointima formation. a, Anti �-actin immunostain
(�400) indicates neointima comprises predomi-
nantly VSMCs. b, Anti-CD31 immunostain (�400,
hematoxylin counterstain) for endothelial cells indi-
cates that luminal endothelium (arrow) remains
intact. c, Time course of intimal thickening, with
each time point representing mean intima-media
ratio in 6 to 10 random sections from arteries
(n�3). d, Anti-CD31 immunostain demonstrates
low level of adventitial neovascularization. e,
Adenoviral-GFP gene (5�109 PFU) transduction
demonstrates that adventitial cells of collared
arteries are predominantly targeted. Endothelial
and neointimal cells are not transfected. Insert:
Sham control illustrates autofluorescence within
elastin fibers of media. f, X-gal stain after
adenoviral-LacZ gene (5�109 PFU) transduction
demonstrates adventitial targeting of gene in col-
lared artery (�200).
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strated the strongest expression in the adventitia and expres-
sion in isolated medial cells (Figure 1f, left), localized to the
region of the arteries surrounded by the collar, and no
expression in the adjacent noncollared artery.

The effect of PR39 and VEGF on neointima formation in
this model was then tested by injection of adenoviruses
encoding these proteins, as well as vector controls (Figure
2a). Periadventitial delivery of Ad-PR39 and Ad-VEGF165 to
collared arteries resulted in easily detectable expression of
both proteins (Figure 2b and 2c), and both genes induced a
striking increase in intimal thickening (Figure 2c–2g). Ad-
ministration of Ad-GFP (Figure 2c) or Ad-LacZ (Figure 2f)
constructs had no effect on neointima formation. Ad-PR39
stimulated neovascularization almost exclusively in the ad-
ventitia, with no significant medial and intimal CD31 staining
(Figure 2i), whereas Ad-GFP gene transfer had no significant
effect on adventitial angiogenesis (Figure 2h) or neointima
formation.

Because PR39 is thought to mediate its proangiogenic effects
by stimulation of VEGF and FGF receptor expression, we
assayed expression of these genes in Ad-PR39–treated arteries.
Real-time quantitative PCR analysis of Ad-PR39–transduced

arteries demonstrated that VEGF-A and FGFR1 mRNAs were
increased by 7-fold and 2-fold, respectively, compared with
Ad-GFP–transduced control arteries (Figure 2j).

To test whether the stimulation of periadventitial angio-
genesis was responsible for increased neointima development
after Ad-PR39 or Ad-VEGF administration, we used inhibi-
tors of VEGF and FGF signaling. VEGF activity was inhib-
ited with a recombinant sFlt-1, and FGF signaling was
inhibited with a dominant-negative FGFR1 construct,
Ad-FGFR1-DN.

Transduction of human umbilical vein endothelial cells
with Ad-FGFR1-DN but not with a control adenovirus
inhibited FGF2-induced extracellularly regulated kinase-1/2
phosphorylation (Figure 3a). In vivo studies demonstrated
that Ad-FGFR1-DN successfully transduced the adventitia of
collared arteries (Figure 3b). Treatment of collared arteries
with either sFlt-1 or Ad-FGFR1-DN in the absence of
proangiogenic stimuli caused no significant decrease in basal
neointima formation, which was similar to that of control
arteries (Figure 3c, 3d, and 3h). However, coadministration of
collared arteries with PR39 and either sFlt-1 or Ad-
FGFR1-DN inhibited the proangiogenic effects of PR39 in

Figure 2. Ad-PR39 and Ad-VEGF165

induce adventitial neovascularization and
intimal thickening. a, Summary of experi-
mental plan. Periadventitial application of
adenoviral PR39, VEGF-A165, FGFR1-DN,
and sFlt-1 peptide to collared segments
of carotid arteries was performed 5 days
after collaring; carotid tissue was ana-
lyzed 4 or 9 days later. b, RT-PCR analy-
sis reveals presence of PR39 (600-bp
band) and VEGF-A165 (547-bp band) in
total RNA obtained from pooled arteries
treated with Ad-PR39 (n�4) and
Ad-VEGF-A165 (n�2), respectively. Left
margin and right margins, molecular size
marker; � indicates without RT step; �,
with RT. Neointima formation (�400) 9
days after transduction with c, Ad-GFP;
d, Ad-PR39 (4 days); e, Ad-PR39; f,
Ad-LacZ; and g, Ad-VEGF-A165. (c–e,
hematoxylin and eosin sections; f,g, HHF
stain for VSMCs). Ad-PR39 significantly
increases adventitial neoangiogenesis
(CD31-positive structures/mm2 adventi-
tia) at i, 9 days (123 vs 17�10, P�0.001)
compared with h, Ad-GFP transduction.
j, Real-time PCR analysis at 9 days
shows that Ad-PR39 significantly
increased levels of VEGF-A (7.21�0.78
vs 1.20�0.23, **P�0.001) and FGFR1
mRNA (4.54�0.66 vs 2.55�0.4,
*P�0.03), after normalization to endoge-
nous �-actin levels, relative to quantities
detected in sham controls.
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the adventitia and reduced intimal thickening to control levels
(Figure 3e–3i). This strongly suggests that PR39-induced
adventitial angiogenesis is mediated through upregulation of
both VEGF-A165 and FGFR1 and promotes neointima forma-
tion. Importantly, a comparison of all treatment groups
showed a strong positive correlation (R2�0.88) between
adventitial blood vessel formation and intima-media ratios in
collared arteries (Figure 3j).

To further investigate the role of periadventitial angiogen-
esis in promoting neointima formation, we used a rat carotid
artery injury model. As with the collar model, balloon injury
in the rat carotid artery induced a mild degree of periadven-
titial angiogenesis, as demonstrated by accumulation of
CD31-positive cells (Figure 4a). To further stimulate angio-
genesis, PR11, a biologically active truncated form of PR39,
was delivered to the periadventitial surface of the carotid
artery after balloon catheter injury and endothelial denuda-
tion. Effective delivery of the peptide in a polaxamer gel
applied to the adventitial surface of the rat carotid artery
immediately after balloon denudation was demonstrated with
the use of 125I-PR11. Autoradiography of arterial sections

harvested 48 hours after 125I-PR11 demonstrated the presence
of radioactive tracer within the adventitial and outer medial
layers (Figure 4b). Furthermore, virtually all of the 125I-PR11
was released from the gel in vitro within 10 hours at all
peptide concentrations tested (data not shown). Periadventi-
tial gel delivery of PR11 at the time of balloon injury
significantly enhanced intimal hyperplasia compared with
application of a biologically inactive control peptide,
PR11AAA, or balloon angioplasty alone after 14 days (Figure
4c). CD31 immunostaining showed that the extent of luminal
reendothelialization was similar in control and PR11-treated
arteries (results not shown). Similar to results in the collar
model, periadventitial administration of sFlt-1 or Ad-
FGFR1-DN alone had no effect on the extent of basal
neointimal formation while reducing the extent of adventitial
angiogenesis (Figure 4a and 4c).

The results in both models suggest that induction of
angiogenesis further promotes neointimal growth. One poten-
tial mechanism here, in addition to stimulation of adventitial
angiogenesis, is the ability of VEGF and PR39 to induce
SMC migration. In a transwell migration assay, both

Figure 3. Inhibition of VEGF and FGFR1
block PR39-induced intimal thickening
and adventitial angiogenesis. a, Human
umbilical vein endothelial cells were
transduced with adenoviruses and
serum-starved (0.25% fetal bovine
serum, 0.2% bovine serum albumin) for
16 hours and then stimulated with FGF2

(10 or 50 ng/mL) for 10 minutes. Western
blot for phospho-ERK1/2 was performed
with no response in Ad-FGFR1-DN at
increasing concentrations of FGF2 induc-
tion. b, Confocal immunofluorescence
image showing adventitial distribution of
Ad-FGFR1-DN in collared carotid artery.
At 9 days, hematoxylin and eosin stains
show that both c, sFlt-1 and d,
Ad-FGFR1-DN transfer alone had no
effect on neointima formation, whereas e,
Ad-PR39 increased intimal thickening
after 9 days. Intimal thickening induced
by Ad-PR39 was inhibited by cotransfec-
tion with f, sFlt-1 or g, Ad-FGFR1-DN to
levels comparable to control gene trans-
fection. h, Quantification of intima-media
ratios (*P�0.01, **P�0.001, †P�NS). i,
Quantification of adventitial neovascular-
ization shows that PR39 induces marked
angiogenic response after 4 and 9 days
that is inhibited by cotreatment with
either sFlt-1 or FGFR1-DN (**P�0.001). j,
Adventitial angiogenesis is significantly
correlated with degree of intimal thicken-
ing in collared arteries after treatment
with angiogenesis stimulators and/or
inhibitors.
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VEGF-A and PR39 peptides exerted a significant promigra-
tory effect on aortic SMCs in both a time- and concentration-
dependent fashion (Figure 5). The effect of PR39 was
substantially greater than the highest concentration of
VEGF-A assayed, after both 1 and 4 hours. PR39 at the
higher concentration was not significantly greater than plate-
let-derived growth factor-BB, which is known to be a potent
SMC chemoattractant.

Discussion
This study demonstrates that neointimal formation after
mechanical injury of an artery consists of angiogenesis-
dependent and -independent components. The mechanical
injury to the artery by itself induces a mild adventitial
angiogenic response. The augmentation of this response leads
to a greatly increased neointima formation, whereas even full
inhibition of adventitial neovascularization does not eliminate
the injury-induced component of neointima development.

Several lines of evidence support these conclusions. Both
Ad-PR39 and Ad-VEGF165 induced a strong neovascular
response specifically in the adventitia and enhanced intimal
thickening induced by periadventitial collar placement. Fur-
thermore, a strong positive correlation was observed between
the degree of adventitial angiogenesis and intimal thickening.
These neointima-inducing effects were completely abolished
by coadministration of angiogenesis inhibitors sFlt-1 and
FGF-R1DN. This effect was seen in 2 distinct models: a
collar model that preserves the endothelium and the balloon
injury model that does not. At the same time, administration
of these inhibitors by themselves, in the absence of angio-
genesis stimulators, had no effect on injury-induced neointi-
ma formation in either model.

Although adventitial neovascularization was responsible
for promotion of intimal thickening, the early phase of
neointimal VSMC accumulation was largely independent of
angiogenic stimulation. Two lines of evidence support this
conclusion. First, transduction of collared arteries for shorter
times induced a striking adventitial neovascular response but
had little effect on neointimal thickness, thus suggesting that

Figure 4. Adventitial angiogenesis and
neointimal proliferation in rat balloon injury
model. a, Adventitial angiogenesis as
determined by CD31 staining is signifi-
cantly increased by PR11 but unaffected
by PR11AAA (**P�0.001). b, Dark-field
autoradiography of 4-�m section of
balloon-injured rat carotid artery treated
with periadventitial 0.65 �Ci 125I-PR11 in
250 �L pluronic gel (28%) shows adventi-
tial and medial retention of peptide up to
48 hours after treatment c, Periadventitial
PR11 peptide (0.1 mg/kg in 250 �L plu-
ronic gel) (28%) increases neointima forma-
tion compared with percutaneous interven-
tion alone (0.9 vs 0.55,*P�0.02) and
PR11AAA treatment (0.9 vs 0.52, †P�0.01).
Neither sFlt-1 nor Ad-FGFR1-DN signifi-
cantly altered intimal thickness. d, Sche-
matic illustrating proposed 2-stage model
of intimal thickening: after initial injury-
induced and angiogenesis-independent
early phase, adventitial angiogenesis con-
tributes to later phase of intimal
hyperplasia.

Figure 5. PR39 and VEGF-A stimulate SMC migration in time-
and concentration-dependent manner. VEGF-A significantly pro-
motes migration of aortic SMCs through 8-�m pore-size trans-
well migration chamber at highest concentration after 1 hour
(**P�0.001). Migration is significantly enhanced after 4 hours at
both 10 and 100 ng/mL (*P�0.05). PR39 also exerts significant
promigratory effect at higher but not lower concentration after
both 1 and 4 hours (***P�0.0001). Effect of PR39 is much
greater compared with VEGF-A (†P�0.01) with no significant
difference compared with PDGF-BB.
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periadventitial angiogenesis has little effect on the extent or
time course of the injury phase of neointima development.
Second, as already mentioned, inhibition of angiogenesis by
sFlt1 and Ad-FGFR1-DN did not suppress basal intimal
thickening induced in the absence of an angiogenic stimulus
in either the collar or balloon injury model. This leads us to
conclude that angiogenesis is not a sufficient trigger for the
initiation of neointima formation but that proangiogenic
agents can enhance or promote growth of an intimal lesion
that was initiated by another stimulus.

Endogenous adventitial angiogenesis in the absence of an
exogenous angiogenic stimulus was low and was not signif-
icantly reduced by either sFlt-1 or Ad-FGFR1-DN. However,
the fact that the much greater level of angiogenesis induced in
PR39-transduced arteries was completely suppressed by these
angiogenic inhibitors argues that basal angiogenesis does not
play an important role in neointima formation in the absence
of an angiogenic stimulus.

The occurrence of a strong adventitial neovascular re-
sponse in collared and balloon-injured vessels transduced
with angiogenic factors indicates that the adventitia may play
a major role in vascular remodeling and intimal thickening.18

At least 2 mechanisms can explain the close association
between adventitial neovascularization and intimal thicken-
ing in response to angiogenic stimuli. On the one hand, the
local supply of nutrients and oxygen to the inner layers of the
artery may become rate limiting after the initial phase, and the
growth of adventitial new vessels may create a microenvi-
ronment permissive of vascular remodeling.19 On the other,
local production of growth and chemotactic factors, such as
VEGF, FGFs, and platelet-derived growth factor-BB, may
directly stimulate VSMC accumulation.20,21 In accordance
with this notion, both PR39 and VEGF-A exerted a direct
chemotactic effect on SMCs. Of note, although the ability of
VEGF to induce SMC migration has been previously report-
ed,22,23 the same has not been reported for PR39. This process
may well be amplified by new vessels in the adventitia that
provide an additional source of VSMC mitogens or circulat-
ing smooth muscle progenitor cells.24

Most accounts of the formation of VSMC-rich neointimal
lesions stress the role of either resident subendothelial or
medial VSMCs, whereas the involvement of the adventitia
has received little attention. Recent studies suggest that
migration of myofibroblasts that are either resident within the
adventitia or recruited as progenitors from the circulation
contribute significantly to neointimal VSMC accumula-
tion.25,26 The possibility that the adventitial vasa vasorum of
human coronary arteries plays a role in the formation of
atherosclerotic plaques was first advanced by Barger et al,27

and it has subsequently been postulated that the density of
newly formed vasa vasorum in response to injury is propor-
tional to vessel stenosis.7

On the basis of the result of the present study, we propose
a 2-step model of neointima formation: an early
angiogenesis-independent phase initiated by injury or a me-
chanical stimulus and a later angiogenesis-dependent phase,
during which the stimulation of adventitial angiogenesis
further augments neointima formation (Figure 4d).

The demonstration of an angiogenesis-dependent phase of
neointima formation may explain progression of arteriopathy
in a number of disease processes, including atherosclerosis,
and may also explain a marked increase in postangioplasty
restenosis in patients treated with the bone marrow stem
cell–releasing agent G-CSF observed in a recent clinical
trial.28 Our findings may have particular relevance for vascu-
litis, a disease of the vessel wall associated with intimal
hyperplasia and thought to be triggered by invasion of the
outer media and adventitia by T cells, dendritic cells, mono-
cytes, and granulocytes.29 The pathogenic mechanisms un-
derlying vasculitis, specifically the roles of adventitial cells
and neovascularization, have not been completely defined.
Increased serum and local production of VEGF has been
reported in Kawasaki disease, a vasculitis preferentially
affecting large vessels,30 but a direct pathogenic role of
VEGF has not been demonstrated. Further investigation of
the roles of angiogenesis and angiogenic cytokines in vascu-
litis could generate insight into the underlying pathogenic
mechanism(s). The appreciation of the contributory role of
adventitial neovascularization in the pathogenesis of vascular
disease is of particular importance in the context of angio-
genic cytokine gene therapy trials, where safety issues are a
foremost concern.31
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