
 

 

 
 

 

Edinburgh Research Explorer 
 
 

 
 

 
 

 
 

 

 
 

 
 

 
 

 
 

 
 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Neurotrophin-3 is a novel angiogenic factor capable of
therapeutic neovascularization in a mouse model of limb
ischemia

Citation for published version:
Cristofaro, B, Stone, OA, Caporali, A, Dawbarn, D, Ieronimakis, N, Reyes, M, Madeddu, P, Bates, DO &
Emanueli, C 2010, 'Neurotrophin-3 is a novel angiogenic factor capable of therapeutic neovascularization in
a mouse model of limb ischemia' Arteriosclerosis, thrombosis, and vascular biology, vol. 30, no. 6, pp. 1143-
50. DOI: 10.1161/ATVBAHA.109.205468

Digital Object Identifier (DOI):
10.1161/ATVBAHA.109.205468

Link:
Link to publication record in Edinburgh Research Explorer

Document Version:
Peer reviewed version

Published In:
Arteriosclerosis, thrombosis, and vascular biology

Publisher Rights Statement:
Copyright © 2010 by American Heart Association, Inc. All rights reserved.

General rights
Copyright for the publications made accessible via the Edinburgh Research Explorer is retained by the author(s)
and / or other copyright owners and it is a condition of accessing these publications that users recognise and
abide by the legal requirements associated with these rights.

Take down policy
The University of Edinburgh has made every reasonable effort to ensure that Edinburgh Research Explorer
content complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact openaccess@ed.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 05. Apr. 2019

https://doi.org/10.1161/ATVBAHA.109.205468
https://www.research.ed.ac.uk/portal/en/publications/neurotrophin3-is-a-novel-angiogenic-factor-capable-of-therapeutic-neovascularization-in-a-mouse-model-of-limb-ischemia(98ff3e6d-f097-478c-a08b-993c11786066).html


Neurotrophin-3 Is a Novel Angiogenic Factor Capable of
Therapeutic Neovascularization in a Mouse Model of Limb
Ischemia
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Department of Pathology (N.I. and M.R.), University of Washington, Seattle.

Abstract
Objective—To investigate the novel hypothesis that neurotrophin-3 (NT-3), an established
neurotrophic factor that participates in embryonic heart development, promotes blood vessel
growth.

Methods and Results—We evaluated the proangiogenic capacity of recombinant NT-3 in vitro
and of NT-3 gene transfer in vivo (rat mesenteric angiogenesis assay and mouse normoperfused
adductor muscle). Then, we studied whether either transgenic or endogenous NT-3 mediates
postischemic neovascularization in a mouse model of limb ischemia. In vitro, NT-3 stimulated
endothelial cell survival, proliferation, migration, and network formation on the basement
membrane matrix Matrigel. In the mesenteric assay, NT-3 increased the number and size of
functional vessels, including vessels covered with mural cells. Consistently, NT-3 overexpression
increased muscular capillary and arteriolar densities in either the absence or the presence of
ischemia and improved postischemic blood flow recovery in mouse hind limbs. NT-3–induced
microvascular responses were accompanied by tropomyosin receptor kinase C (an NT-3 high-
affinity receptor) phosphorylation and involved the phosphatidylinositol 3-kinase–Akt kinase–
endothelial nitric oxide synthase pathway. Finally, endogenous NT-3 was shown to be essential in
native postischemic neovascularization, as demonstrated by using a soluble tropomyosin receptor
kinase C receptor domain that neutralizes NT-3.

Conclusion—Our results provide the first insight into the proangiogenic capacity of NT-3 and
propose NT-3 as a novel potential agent for the treatment of ischemic disease.
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Angiogenesis is a complex and coordinated process that is deregulated in ischemic diseases,
including cardiac and peripheral vascular disorders.1 Understanding the mechanisms
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involved in blood vessel formation should improve the therapeutic possibilities for the
treatment of these pathological features.2,3

Many angiogenic modulators have been discovered, including several that were originally
identified as neuronal growth factors. Conversely, vascular endothelial growth factors
(VEGFs) have been shown to elicit important neural actions.4

Neurotrophins (NTs) are a family of proteins, including nerve growth factor (NGF), brain-
derived neurotrophic factor (BDNF), NT-3, and NT-4/5. NTs mediate their actions by
binding to 3 tropomyosin receptor kinases (Trks). NT-3 binds with high affinity to TrkC and
with lower affinity to TrkA and TrkB.5,6 In addition to their neuronal functions, NTs exert
cardiovascular actions under both physiological and pathological conditions5: NGF
stimulates reparative neovascularization in ischemic limb muscles7,8 and promotes the
survival, proliferation, and migration of endothelial cells (ECs).7-11 BDNF is also critical for
EC survival,12 and BDNF gene transfer induces therapeutic angiogenesis in mice with limb
ischemia.13 NT-3 participates in cardiac development,14 regulating embryonic
cardiomyocyte proliferation.15 Mice with gene knockout for either NT-3 or TrkC present
with severe cardiac defects.15,16 The possible vascular functions of NT-3 have never been
investigated. To our knowledge, this study provides the first evidence of the proangiogenic
potential of NT-3.

Methods
A detailed description of the methods is provided in the online supplemental file (available
at http://atvb.ahajournals.org).

Cell Cultures and Cell Biology
Mouse skeletal muscle ECs (SMECs), human umbilical vein ECs (HUVECs; Lonza), and
human vascular smooth muscle cells (HVSMCs) were cultured as previously described.17-19

By using jetPEI-HUVEC (iPolyplus-transfection Inc), HUVECs were transfected with the
pcDNA3.1 vector containing rat full-length TrkC receptor.20

For experiments, cells were supplemented with human recombinant NT-3, 50 to 100 ng/mL
(Promega), or vehicle (PBS). For some experiments, phosphatidylinositol 3-kinase (PI3K)
inhibitor LY294002, 50 μmol/L (Calbiochem), or nitric oxide synthase (NOS) inhibitor NG-
nitro-L-arginine methyl ester (L-NAME), 6 μmol/L (Sigma), was used. Respective vehicle
controls were 0.5% dimethyl sulfoxide and NG-nitro-D-arginine-methyl ester (D-NAME). EC
proliferation was measured using a colorimetric 5-bromodeoxyuridine ELISA kit (Roche).
The migratory response to NT-3 was evaluated by the scratch assay for SMECs and
HUVECs and by direct transwell migration for HVSMC. The SMEC and HUVEC
endothelial network forming capacity was studied using a reduced growth factor Matrigel.
Serum starvation-induced SMEC apoptosis was assessed by an in situ cell death detection
kit (TUNEL; Roche).

Animal Procedures
In vivo experiments were performed in accordance with the Guide for the Care and Use of
Laboratory Animals, prepared by the Institute of Laboratory Animal Resources and with the
prior approval of the UK Home Office and the University of Bristol.

The rat mesenteric assay21,22 was used to characterize the phenotype of NT-3–induced
neovascularization. Anesthetized rats underwent laparotomy, and a mesenteric panel was
exposed. The panel was imaged, and the surrounding fat pad was infected using Ad.NT-3 or
control Ad.eGFP (108 plaque-forming units). Neovascularization of the rat mesenteric
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connective tissue panel was assessed by intravital microscopy at 0 and 6 days after gene
transfer. The percentage area occupied by patent vessels (percentage functional vessel area)
was measured. After the rats were euthanized, the mesenteric panel was stained for blood
vessel cell markers (isolectin B4 for ECs, nerve glia 2 for pericytes, and α smooth muscle
actin for VSMCs) and imaged by confocal microscopy.

Unilateral limb ischemia was induced in anesthetized CD1 mice.7,17 Ad.NT-3 or Ad.Null
(108 plaque-forming units) was delivered to the ischemic adductor muscle. Postischemic
foot blood flow recovery was assessed by color laser Doppler. Capillary and arteriole
densities were evaluated postmortem in paraffin-embedded adductor sections. EC
proliferation was measured by staining sections for the proliferation cell nuclear antigen
(PCNA) in combination with isolectin B4.

The effect of inhibition of Akt and NO production on Ad.NT-3–induced neovascularization
was studied by intramuscular Ad.DNAkt23 (control: Ad.Null, 108 plaque-forming units) and
systemic L-NAME (control: D-NAME), respectively.24 To assess the role of endogenous
NT-3 on the spontaneous neovascularization response to ischemia, a soluble TrkC receptor
domain (TrkCd5), 2 mg/kg body weight intraperitoneally, which neutralizes NT-3, was
used.

mRNA and Protein Expression Analyses
Expression levels of TrkC and 18s ribosomal RNA were analyzed in vascular cells and
mouse muscles by semiquantitative RT-PCR. Quantitative RT-PCR analyses for mouse
NT-3, TrkC, VEGF-A, FGF-2, SDF-1, and 18s rRNA were performed on adductor muscles
3 days after ischemia and gene transfer. Western blot analyses of FGF-2, phosphorylated
(serine 1177) and total endothelial NOS (eNOS), phosphorylated (serine 473) and total Akt,
total TrkC, and α-β tubulin (loading control) were performed on adductor muscles 3 days
after surgery. Phosphorylated TrkC was detected by immunoprecipitation of total TrkC,
followed by Western blot analysis for phosphorylated tyrosine.

Statistical Analysis
Data are presented as mean±SEM. Statistical significance was evaluated by using an
unpaired t test for comparison between 2 groups. For comparison among more than 2
groups, a 2-way ANOVA was performed, followed by a Bonferroni post hoc test. P<0.05
was considered statistically significant.

Results
Mouse SMECs Express TrkC Receptor

RT-PCR was used to screen TrkC mRNA expression in several EC types, including
HUVECs and human micro-vascular ECs (HMVECs) (Supplemental Figure I; available
online at http://atvb.ahajournals.org), which are both widely used in angiogenesis studies;
and SMECs. Among them, only SMECs expressed TrkC at RNA (Figure 1A and data not
shown) and protein (Figure 1B and data not shown) levels, suggesting that these cells may
be responsive to NT-3.

NT-3 Exerts In Vitro Proangiogenic Effects
To evaluate the possible mechanisms of NT-3 angiogenic activities on SMECs, we
examined the effects of this NT on the major steps of angiogenesis, specifically EC
proliferation, survival, migration, and endothelial network formation. As shown in Figure
1C through F, NT-3 strongly enhanced SMEC proliferation, survival, migration, and
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network formation. Similar results were obtained when using NT-3 to stimulate TrkC-
transduced HUVECs (Supplemental Figure II).

NT-3–Induced Angiogenesis Is Mediated by the PI3K-Akt-eNOS Signaling Pathway
The PI3K-Akt-eNOS signaling pathway is well-known to promote EC survival and
angiogenesis, including in response to NGF.7,9 Moreover, NT-3, via TrkC, was shown to
activate this pathway in neural cells.25 Western blot analyses showed that NT-3 induced Akt
and eNOS phosphorylation (Figure 2A and B). Moreover, PI3K inhibition by LY294002
and NOS inhibition by L-NAME abrogated NT-3–induced network formation on Matrigel
(Figure 2C and D). These cumulative data provide evidence that the PI3K-Akt-eNOS
pathway mediates the proangiogenic responses of ECs to NT-3 stimulation.

NT-3 Promotes New Vessel Formation in the Rat Mesenteric Angiogenesis Assay
Next, we investigated whether NT-3 overexpression induces neovascularization in vivo. As
shown in Figure 3A, in the rat mesenteric assay, Ad.NT-3 significantly increased the area
occupied by functional blood vessels (percentage functional vessel area) 6 versus 0 days
after gene transfer, whereas Ad.eGFP did not change the percentage functional vessel area.
Similarly, the overtime increase in vessel area (percentage angiogenic index) was higher in
Ad.NT-3–injected mesentery (Figure 3B). To investigate the phenotype of Ad.NT-3–
induced neovascularization, confocal microscopy was performed to determine endothelial
and periendothelial vessel composition (Figure 3C). Moreover, vessel density, branch point
density, and diameter were measured. Morphometric analyses indicated that NT-3
overexpression enhanced vessel density, vessel diameter, and branch point density (Figure
3D–F). Most important, Ad.NT-3 increased the fractional coverage of newly formed vessels
with pericytes and VSMCs (Figure 3G and H), indicating that it was able to generate new
arterioles in this system.

NT-3 Enhances Reparative Neovascularization in a Mouse Model of Limb Ischemia
The observation that NT-3 overexpression promotes angiogenesis in vivo prompted us to
investigate the therapeutic potential of Ad.NT-3 for ischemic disease. TrkC is expressed by
capillary ECs of mouse limb muscles (Supplemental Figure III), thus suggesting a possible
role for NT-3 in this vascular district. Therefore, we used a mouse model of limb ischemia
to test the therapeutic potential of NT-3–induced neovascularization. Mice underwent
femoral artery ligation, followed by Ad.NT-3 or Ad.Null delivery to the ischemic adductor
muscle. Ad.NT-3 resulted in transgenic (rat) NT-3 expression in the ischemic muscle for the
entire duration (14 days) of the experiment (Supplemental Figure IV). As shown in Figure
4A and B, Ad.NT-3 increased the densities of capillaries and small (diameter, 10 to 20 μm)
arterioles in ischemic adductors. These microvascular responses to Ad.NT-3 were associated
with improved blood flow recovery 14 days after surgery (Figure 4C).

To evaluate whether in vivo EC proliferation was instrumental to the angiogenic process
induced by Ad.NT-3, we performed PCNA staining in ischemic muscles 3 days after
surgery. As shown in Figure 4D, ischemic muscles injected with Ad.NT-3 presented a 2-fold
increase in PCNA-positive capillary ECs compared with controls. This finding is in line
with the reported proliferative effect of NT-3 in cultured SMECs and TrkC-transduced
HUVECs.

To investigate how NT-3 could promote VSMC recruitment, thus leading to arteriole
formation, we first examined TrkC presence by HVSMCs. After finding the receptor
expressed by these cells (Supplemental Figure IA), we studied whether HVSMCs migrate
toward NT-3. As displayed in Figure 4E, NT-3 promotes HVSMC migration. We also
evaluated whether NT-3 may induce arteriole formation by indirect mechanisms involving
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growth factors and cytokines, known to mediate capillary formation and/or maturation, such
as VEGF-A, FGF-2, and SDF-1. However, we found that at 3 days after ischemia, the
expression of none of these is modified by NT-3 overexpression (Supplemental Figures V
and VI).

TrkC, Akt, and eNOS Are Involved in Ad.NT-3–Induced Neovascularization
To determine whether NT-3 could act by binding to its TrkC receptor and subsequently lead
to the activation of the Akt-eNOS pathway, we analyzed the phosphorylation levels of TrkC
(tyrosine 490), Akt (serine 473), and eNOS (serine 1177) in ischemic adductors harvested 3
days after surgery and gene transfer. The results of Western blot analyses showed increased
phosphorylated TrkC, phosphorylated Akt, and phosphorylated eNOS contents in Ad.NT-3–
treated muscles (Figure 5A–D). These results confirm the effect of NT-3 on Akt and eNOS
phosphorylation observed in SMECs. We already proved that the PI3K-Akt-eNOS pathway
mediates the in vitro angiogenesis responses of SMECs treated with NT-3. To investigate
whether Akt and eNOS are also important for NT-3–induced neovascularization in limb
muscles, we used normoperfused mice to avoid the possible confounding effects of
ischemia. As shown in Figure 5E, Ad.NT-3 increased capillary and arteriole densities in
normoperfused adductors. Both of these responses to NT-3 were abrogated by either
Ad.DNAkt or L-NAME (Figure 5F and G).

Ischemia Upregulates the Expression of Endogenous NT-3 and Enhances TrkC
Phosphorylation in Skeletal Muscles

As displayed in Figure 6A, NT-3 mRNA expression was increased in muscles 3 days after
ischemia. In contrast, ischemia did not modulate TrkC mRNA or protein levels
(Supplemental Figure VII). Nevertheless, the content of phoshporylated TrkC was enhanced
in ischemic muscles, probably as a consequence of increased expression of the endogenous
NT-3 ligand (Figure 6B and C).

Neutralization of Endogenous NT-3 Impairs Native Postischemic Reparative Angiogenesis
in Mice

To evaluate the role of the endogenous NT-3 in the native neovascularization response to
limb ischemia, we used a soluble TrkC mutant (TrkCd5), which prevents NT-3 receptor
binding. The inhibitory capacity of TrkCd5 on Ad.NT-3–induced angiogenesis was
preliminarily validated (Supplemental Figure VIII). Then, TrkCd5 or its vehicle was used to
treat mice after the induction of limb ischemia. TrkCd5 impaired the ischemia-induced
reparative angiogenesis response at both capillary (Figure 6D) and arteriole (Figure 6E)
levels. In line with the reduced microvascular growth, blood perfusion recovery was
deficient in TrkCd5-treated mice (Figure 6F).

Discussion
Vascular regeneration by therapeutic neovascularization is an ambitious strategy for
improving the prognosis of patients with cardiovascular ischemic disease. Revascularization
of adult tissues is a complex process and is modulated by the collaboration of multiple
factors, some of which may still be unrecognized. In this study, we document, for the first
time to our knowledge, the proangiogenic potential of NT-3. Although well-known as
regulators of neuronal survival, differentiation, and regeneration, NTs have only recently
emerged as important mediators of vessel survival and stabilization in late embryogenesis12

and postnatal angiogenesis after vascular injury.7,13 NT-3 was previously implicated in
cardiac development14-16 and cardiomyocyte hypertrophy26; however, NT-3 functions have
not been investigated in the context of vascular biology. To our knowledge, this study is the
first to describe the role of NT-3 in blood vessel formation. Herein, using cultured mouse
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SMECs, we provided evidence of the ability of NT-3 to promote EC proliferation, survival,
migration, and network formation on Matrigel. In vitro proangiogenic responses to NT-3
were also observed using TrkC-transduced HUVECs, thus strengthening the concept of a
direct proangiogenic effect of NT-3 in ECs. This first set of evidence prompted us to
perform further investigations in vivo. To characterize the cellular mechanisms of Ad.NT-3–
induced angiogenesis, we used the mesenteric angiogenesis assay, which allows the detailed
phenotypic description of neovessels.21,22 In this model, NT-3 overexpression increased the
functional vessels available for flowing blood. The newly formed vessels showed an
enhanced branch point density and diameter compared with the control group. Moreover,
they displayed increased coverage by mural cells. We also observed proangiogenic
responses to NT-3 in mouse normoperfused adductor muscles, which we documented to
express TrkC at the capillary EC level. Our next step was to evaluate the potential of NT-3
supplementation after vascular injury. Thus, we used a mouse model of hind limb ischemia.
We found that intramuscular NT-3 gene delivery induced reparative capillarization and
increased the number of small arterioles in ischemic adductors. Enhanced reparative
neovascularization was associated with improved postischemic blood flow recovery.

To gain further insight into the action of NT-3 in reparative angiogenesis, we first
investigated whether NT-3 exerts its angiogenic effect by promoting EC proliferation.
Consistently with our in vitro results, we demonstrated that NT-3 overexpression induces
capillary EC proliferation during the mounting phase of neovascularization in ischemic
muscles (3 days after ischemia). Then, we addressed our attention to the arteriole formation
process, a key step in the vessel maturation mechanism, and showed that NT-3 directly acts
on VSMCs to promote their migration, without modulating the expression of growth factors
and cytokines (eg, FGF-2 and SDF-1) involved in mural cell recruitment.

Various molecular mechanisms may be implicated in the vascular effects of NT-3.
Classically, proangiogenic factors activate cognate receptors expressed on the EC plasma
membrane, which in turn stimulate signal transduction kinases. It has been previously
documented that NGF, after TrkA binding, activates the PI3K/Akt and Ras/mitogen-
activated protein kinase pathways in ECs.9,27 We did not find any change in Ras/mitogen-
activated protein kinase signaling (data not shown). Conversely, we provided evidence that
activation of the PI3K-Akt-eNOS pathway is critical for NT-3–induced angiogenesis both in
vitro and in vivo. NT-3 binds to TrkC with high affinity. Also, we found that endogenous
and transgenic NT-3 stimulated TrkC phosphorylation/activation in mouse ischemic
muscles. However, because NT-3 also binds to both TrkA and TrkB with lower affinity, we
cannot exclude that these receptors played a role in NT-3–induced angiogenesis. It was
previously reported that VEGF contributes to the proangiogenic response to NGF in mouse
ischemic limb muscles.7 However, NT-3 gene transfer did not increase VEGF-A mRNA or
protein levels. This suggests that VEGF-A may not be involved with NT-3–induced
neovascularization.

Finally, we assessed the importance of endogenous NT-3 in vascular repair. Consistent with
previous studies28-30 demonstrating that NTs promote nerve regeneration and neuronal
protection in different models of injury, we showed, for the first time to our knowledge, that
the levels of both endogenous NT-3 and phosphorylated TrkC increased in response to
ischemia. This finding is compatible with ischemia-induced activation of a prosurvival and
regenerative mechanism. This result prompted us to evaluate whether endogenous NT-3
plays a role in the native postischemic vascular regeneration process. To neutralize
endogenous NT-3 in ischemic mice, we used TrkCd5. This compound was modeled after
TrkA and TrkB soluble mutant forms (TrkAd5 and TrkBd5, respectively). Previously,
TrkAd5 and TrkBd5 were used to block NGF binding to TrkA and BDNF binding to TrkB,
respectively.31-33 TrkCd5 treatment reduced both capillary and arteriole densities in
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ischemic muscles and impaired blood flow recovery. These data suggest that endogenous
NT-3 is a key player in the native healing response to ischemia.

In summary, we showed that NT-3 promotes angiogenesis. An ischemia-induced increase in
endogenous NT-3 expression is fundamental for reparative angiogenesis. NT-3
overexpression has a profound impact on neovascularization and consequently accelerates
the rate of perfusion recovery. Our results, together with the previous studies on NGF and
BDNF, provide solid evidence that NTs are able to promote reparative angiogenesis and,
thus, enhance blood supply to ischemic limbs.

Taken together, these findings, in addition to being relevant for the treatment of ischemic
vasculopathies, give important new insights into common mechanisms driving the behavior
of vascular and neuronal cells and suggest further exciting discoveries in the years to come.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Proangiogenic effects of NT-3 in vitro. A, RT-PCR showing TrkC expression in mouse
SMECs. Mouse brain indicates positive control; and 18s ribosomal RNA, loading control. B,
Immunocytochemical TrkC staining (red fluorescence) of SMECs. Nuclei are identified by
Dapi (blue fluorescence). C, Bar graph shows the effects of recombinant NT-3, 50 and 100
ng/mL, on SMEC proliferation after 24 hours of incubation, as assessed by measurement of
5-bromodeoxyuridine incorporation. D, Bar graph illustrates percentage of TUNEL-positive
apoptotic SMECs after serum starvation for 24 hours and NT-3 or PBS. E, Bar graph
displays percentage of gap closure measured 24 hours after scratch of SMECs treated with
NT-3 or PBS. F, Bar graph showing network formation on Matrigel at different points from
SMEC seeding. The number of branches per view field was measured. Microphotographs
are representative of tubelike structure generation after 6 hours of incubation in the presence
of either PBS or NT-3. Data are given as the mean±SEM (n=3 for each assay). *P<0.05,
**P<0.01, and ***P<0.005 vs PBS.
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Figure 2.
Akt-eNOS activation is critical for NT-3–induced angiogenesis in vitro. SMECs were
incubated in their basal medium, added with either NT-3, 100 ng/mL, or PBS for 30
minutes. Immunoblot analysis and averaged densitometric data show the effects of NT-3
stimulation on Akt (A) and eNOS (B) phosphorylation. α-β tubulin indicates the loading
control. Data are given as the mean±SEM (n=3). **P<0.01 vs PBS. Bar graphs display the
effect of PI3K-Akt inhibition by LY294002 (C) and NO production by L-NAME (D) on
NT-3–induced endothelial network formation in vitro. At different points from cell seeding,
the number of branches per view field was measured. Data are given as mean±SEM (n=3).
*P<0.05, **P<0.01, and ***P<0.005 vs PBS plus 0.5% dimethyl sulfoxide (DMSO) or D-
NAME. ++P<0.01 and +++P<0.005 vs NT-3 plus 0.5% dimethyl sulfoxide (DMSO) or D-
NAME.
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Figure 3.
Vascular effects of NT-3 overexpression in the rat mesenteric assay. A, Intravital
microscopy images displaying vasculature of a rat mesenteric panel on days 0 and 6 from
NT-3 or eGFP gene transfer. B, Top: percentage functional vessel area on 0 and 6 days from
gene transfer. Bottom: overtime increase in vessel area (angiogenic index, calculated as
percentage increase of vessel area). C, Confocal-stack images of whole-mount mesenteric
panels harvested on day 6 from gene transfer. Mesenteric panels were stained for cell
markers (isolectin B4 for ECs, nerve glia 2 for pericytes, and α smooth muscle actin for
VSMCs). Ad.NT-3 increases vessel density (D), vessel diameter (E), branch point density
(F), and perivascular cell coverage (G and H). Data are given as the mean ± SEM (n=5 rats
per group). *P<0.05, **P<0.01, and ***P<0.005 vs Ad.eGFP. +++P<0.005 vs Ad.NT-3 on
day 0.
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Figure 4.
Ad.NT-3 enhances postischemic neovascularization. Ischemic adductor sections are stained
for identification of capillaries (A) and arterioles (B). Capillary and arteriole densities are
expressed as ratio of ischemic to contralateral adductor (n=5 mice per group). C, Left:
representative color laser Doppler images taken 14 days after ischemia are shown together
with the color code (blood flow increases from black to red). Right: course of postischemic
recovery of foot blood flow (n=12 mice per group). D, Bar graph and representative
immunofluorescence staining display the number of proliferating (PCNA-positive, green
fluorescence) capillary ECs (isolectin B4, red fluorescence) in Ad.NT-3- or Ad.Null-treated
ischemic adductors. Nuclei are stained by Dapi (blue fluorescence) (n=5 mice per group). E,
Bar graph presents the effect of NT-3, 50 and 100 ng/mL, or PBS on human VSMC
migration (n=3). Data are given as mean±SEM. *P<0.05, **P<0.01, and ***P<0.005 vs
Ad.Null. +P<0.05 and ++P<0.01 vs PBS.
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Figure 5.
Akt and eNOS mediate NT-3–induced neovascularization. Western blot bands and averaged
densitometric measurements showing the effect of NT-3 or Null gene transfer on total and
phosphorylated TrkC (A and B), Akt (C), and eNOS (D) in muscles 3 days after ischemia
(n=5 mice per group). E, Ad.NT-3 stimulates growth of capillaries and small arterioles in
normoperfused muscles. Dominant-negative Akt (Ad.DNAkt) (F) and L-NAME (G)
abrogate Ad.NT-3–induced neovascularization (n=6 mice per group). Data are given as
mean±SEM. *P<0.05 and **P<0.01 vs Ad.Null. ++P<0.01 and +++P<0.005 vs controls given
Ad.Null instead of Ad.DNAkt. ###P<0.005 vs D-NAME.
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Figure 6.
Endogenous NT-3 participates in postischemic angiogenesis and blood flow recovery.
Ischemia upregulates endogenous NT-3 expression (A) and increases phosphorylated TrkC
(B and C) in skeletal muscle. TrkCd5 induced neutralization of endogenous NT-3 and
impaired the native neovascularization response to ischemia (D and E) (n=6 mice per
group). (F) Foot blood flow recovery after ischemia and treatment with TrkCd5 or vehicle
(n=7 mice per group). Data are given as mean±SEM. *P<0.05 and ***P<0.005 vs
nonischemic. +P<0.05 and ++P<0.01 vs vehicle.
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