Neuropeptide Y induces ischemic angiogenesis and restores
function of ischemic skeletal muscles
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Previously we showed that neuropeptide Y (NPY), a sympathetic vasoconstrictor neurotransmitter,
stimulates endothelial cell migration, proliferation, and differentiation in vitro. Here, we report on
NPY’s actions, receptors, and mediators in ischemic angiogenesis. In rats, hindlimb ischemia stimu-
lates sympathetic NPY release (attenuated by lumbar sympathectomy) and upregulates NPY-Y2 (Y2)
receptor and a peptidase forming Y2/YS5-selective agonist. Exogenous NPY at physiological concen-
trations also induces Y5 receptor, stimulates neovascularization, and restores ischemic muscle blood
flow and performance. NPY-mediated ischemic angiogenesis is not prevented by a selective Y1 recep-
tor antagonist but is reduced in Y27~ mice. Nonischemic muscle vascularity is also lower in Y27~ mice,
whereas it is increased in NPY-overexpressing rats compared with their WT controls. Ex vivo, NPY-
induced aortic sprouting is markedly reduced in Y27~ aortas and spontaneous sprouting is severely
impaired in NPY/~ mice. NPY-mediated aortic sprouting, but not cell migration/proliferation, is
blocked by an antifetal liver kinase 1 antibody and abolished in mice null for eNOS. Thus, NPY medi-
ates neurogenic ischemic angiogenesis at physiological concentrations by activating Y2/Y5 receptors
and eNOS, in part due to release of VEGF. NPY’s effectiveness in revascularization and restoring func-

tion of ischemic tissue suggests its therapeutic potential in ischemic conditions.
J. Clin. Invest. 111:1853-1862 (2003). d0i:10.1172/JC1200316929.

Introduction

Angiogenesis is a complex multistep process of for-
mation of new vessels that is regulated by numerous
growth factors (1). Most known angiogenic factors,
such as bFGF (2) and VEGF (3), are derived from
mesenchymal cells that are of either vascular or
blood-borne origin. Angiogenesis begins with the
activation of endothelial cells and proteases, which
leads to the degradation of matrix and subsequent
endothelial cell migration, proliferation, and differ-
entiation into capillaries (4). Formation of arteries,
or arteriogenesis, also requires migration and prolif-
eration of VSMCs (4). While instrumental in tissue
growth and development in the prenatal period, in
the adult organism physiological angiogenesis is less
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active and is limited to certain organs such as the
uterus during the menstrual cycle, pregnancy (5), or
intensely exercising skeletal muscle (6).

In pathophysiological situations, however, angiogene-
sis may become reactivated, for example in tumors (7)
and retinopathy (8) and in rheumaroid (9), ischemic
heart, and peripheral vascular diseases (10, 11). Stimu-
lating endogenous ischemia-driven angiogenesis recent-
ly became a promising treatment for salvaging ischemic
cardiac and skeletal muscles (12, 13). Tissue hypoxia stim-
ulates the release of bFGF (2) and VEGF (3) and upregu-
lates the expression of their receptors (14). Consequent-
ly, many investigators have explored the therapeutic
potential of revascularizing ischemic tissues through
local administration of these and other exogenous angio-
genic growth factors (11-13, 15-17). While often suc-
cessful in partial therapeutic revascularization in animal
models (2, 15-17), other factors may be active endoge-
nously as permissive or driving mediators of ischemic
angiogenesis. Sympathetic nerves are the major vascular
regulatory system and have long been suspected to pro-
vide trophic influences on the innervated tissues (18), but
their angiogenic potential has not been considered.

Recently, we found that neuropeptide Y (NPY1-36),
also referred to as NPY, a sympathetic cotransmitter
and vasoconstrictor (19), is a potent growth factor for
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VSMCs (20) and endothelial cells (21) at nonvasocon-
strictive concentrations. In vitro, NPY stimulates
human endothelial cell adhesion, migration, prolifer-
ation, and differentiation into capillaries (21). Human
endothelium expresses receptors for NPY-Y1 (Y1) and
Y2 as well as the NPY-converting enzyme DPPIV (21).
The potency and efficacy of NPY in stimulating angio-
genesis in vitro was found to be similar to those of
bFGF and VEGF (21).

NPY exerts pleiotropic actions by activating multiple
Gi/Go-coupled receptors designated Y1-YS (22). Y1 is
the predominant vascular receptor and the primary
one mediating vasoconstriction (19) and VSMC prolif-
eration (20). Conversely, NPY angiogenic activity in
vitro is mediated not by Y1, but by either Y2 or Y5 or
both receptors (20), and involves NPY’s processing to a
Y2/YS-selective agonist, NPY3-36 (23). This conversion
of NPY1-36 from a vasoconstrictive Y1 agonist to a
nonvasoconstrictive Y2/Y5 agonist occurs endoge-
nously upon cleavage by endothelial DPPIV, which
forms NPY3-36 (24).

Having determined in vitro the potent mitogenic and
angiogenic activities of NPY on VSMCs and endothe-
lial cells, we then sought to determine its physiological
role and mechanisms in angiogenesis in vivo, using a
variety of experimental models. Here, we demonstrate
for the first time to our knowledge that neuronally
released NPY is an endogenous mediator of ischemic
angiogenesis via its Y2/Y5 receptors and NO- and
VEGF-dependent pathways.

Methods

Animals. The following animals were used: Wistar and
Sprague-Dawley rats (n = 8-10 each, 250-320 g; Harlan
U.S,, Indianapolis, Indiana, USA), Y27~ mice (n = 6-8,
129SV/Y2/-; AstraZeneca, Molndal, Sweden), NPY7/~
mice (a gift of D. Palmiter, University of Washington,
Seattle, Washington, USA), WT 129SV, eNOS7~ and
their WT C57/BL mice (n = 6-8 each; The Jackson Lab-
oratory, Bar Harbor, Maine, USA), and NPY-overex-
pressing rats (n = 6-8 Sprague-Dawley rats with the
NPY transgene; Medical College of Wisconsin). All pro-
tocols were approved by the Animal Care and Use Com-
mittees of Georgetown University and the Medical Col-
lege of Wisconsin, and the Northern Swedish Regional
Committee for Ethics in Animal Experiments in accor-
dance with NIH guidelines.

Hindlimb ischemia model. Animals were anesthetized
with intraperitoneal pentobarbital (rats, 50 mg/kg; mice,
160 mg/kg). In the mouse and rat, the distal femoral
artery was ligated and excised. In some rats, the artery
was occluded by insertion of an osmotic minipump
catheter to intra-arterially infuse Y1 antagonist (H409/
22,0.02 umol/kg/min for 14 days) (AstraZeneca). This
generated arterial plasma concentrations of approxi-
mately 0.5 uM. Previously, the structurally similar Y1
receptor antagonist (BIBP3226; Thomae GmbH, Biber-
ach, Germany) at a similar concentration (0.5 uM)
blocked 80-90% of vasoconstriction caused by exoge-

nous and endogenous (stress-elicited) NPY at plasma
concentrations higher (10-100 nM) (25, 26) than those
generated by our NPY pellet (<10 nM). Placebo or NPY
(a total of 1 ug per pellet delivered over 14 days) was
placed in the form of slow-release pellets in the popliteal
fossa. Fourteen days later, rats were reanesthetized and
aortic and femoral venous blood was collected distally
for measurement of NPY immunoreactivity by ELISA
(Bechem, Belmont, California, USA). The aorta was
exposed and cannulated above the renal arteries, and
the vena cava was cut to drain blood from circulation.
Sodium nitroprusside (50 ug/kg intra-arterially) was
injected to maximally vasodilate hindlimb vasculature.
In some rats, 100,000 Ultraspheres (Interactive Medical
Technologies Inc., North Hollywood, California, USA)
were injected intra-arterially, and in another group of
rats, radiopaque latex (Flow Tech Inc., Boston, Massa-
chusetts, USA) was injected in the same manner. After
15-50 minutes for equilibration, both kidneys and gas-
trocnemius muscles from both hindlimbs of each rat
were harvested. Lumbar (L1-L5) postganglionic sym-
pathectomy was performed surgically on the ischemic
side, as described (27).

Electric stimulation of gastrocnemius muscles. Fourteen
days after femoral occlusion, rats were reanesthetized
and the gastrocnemius muscle and the primary branch-
es of the medial and lateral gastrocnemius nerves were
exposed. Submaximal isometric contractions were elicit-
ed by electrical stimulation. This was delivered by bipo-
lar platinum electrodes placed on the isolated, distal
part of the medial and lateral gastrocnemius nerves. The
strength of the stimulus was adjusted to three to five
times the motor threshold (0.1-millisecond pulse dura-
tion). The gastrocnemius muscle was subjected to repet-
itive, fatiguing, tetanic stimulations with an increasing
number of trains (1, 3, 6, 12, 30, and 60, for a total of
112 stimulations at 60-second intervals) at an 85-Hz
fusion frequency (600-millisecond duration, 1-second
intervals) in isometric conditions (28). The following
measurements were made and compared between
groups: peak tetanic force, isometric speed, and fatiga-
bility of the muscle (fatigue index). Peak force was
defined as the maximum value of tetanic contraction
achieved during the first train of 85-Hz stimulation
(minus the passive force developed immediately before
the beginning of contraction). Isometric speed was
defined as the time from the onset of the mechanical
response until the attainment of the maximal slope of
tetanic contraction. The fatigue index was defined as
the ratio of the peak force of the last tetanic contraction
at the end of the fifth series (the 52nd contraction) to
that of the first tetanic contraction in the first series
(with a greater percent ratio indicating less fatigability).

Immunostaining and measurement of vascularization.
Immunostaining with H&E, vWF, and cd31 was per-
formed on paraffin-embedded slides. For vWF staining,
rabbit anti-vWF antibody was used as the primary anti-
body and biotinylated goat anti-rabbit IgG (Sigma-
Aldrich, St. Louis, Missouri, USA) as the secondary
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antibody. Biotin-avidin peroxidase (ABC Kit; Vector
Laboratories Inc., Burlingame, California, USA) and
HistoMark Orange (Kirkegaard and Perry Laboratories
Inc., Gaithersburg, Maryland, USA) were used as sub-
strate and amplifier, respectively. Detection of cd31
staining was performed using mouse anti-cd31 anti-
body (Santa Cruz Biotechnology Inc., Santa Cruz, Cal-
ifornia, USA) and an EnVision staining kit (DAKO
Corp., Carpinteria, California, USA). Slides were exam-
ined under a bright-field microscope (Nikon Inc.,
Melville, New York, USA) and images were analyzed
using NIH Scion Image software (Scion Corp., Freder-
ick, Maryland, USA).

In the rat hindlimb ischemic model, capillary vascu-
larization was determined by density of vIWF- and cd31-
positive vessels and those filled with latex (averaged
from three muscle sections with six fields per section).
In murine hindlimb ischemic models, capillary vascu-
larization was measured by density of latex-filled cap-
illaries. In NPY transgenic (NPY-Tg) rats, capillary vas-
cularization of nonischemic muscles was determined
by counting the number of capillaries per field in four
to six fields per muscle and calculating the number of
capillaries per fiber. Collateralization in ischemic
hindlimb was measured by counting the number of
corkscrew-like, thick-walled vessels per field, averaged
from four to six fields per muscle section (averaged
from three sections taken at 3 mm above, 3 mm below,
and at ligation level).

Blood flow measurement. Tissues were weighed and
incubated overnight with Digest Reagent (Interactive
Medical Technologies Inc.). Ultraspheres were collected
according to the manufacturer’s directions and count-
ed under the microscope (Nikon Inc.) using improved
Neubauer ruling. Tissue blood flow (ml/min/mg) was
calculated as the number of Ultraspheres collected mul-
tiplied by the known flow in the kidney (ml/min/mg),
divided by the known number of Ultraspheres injected.

Aortic ring sprouting assay. Aortic rings were prepared
from murine thoracic and abdominal aorta as previ-
ously described (29). Briefly, transverse aortic sections
(1-2 mm) were embedded in Matrigel in eight-well
chamber slides and incubated in DMEM containing
10% FBS at 37°C overnight. Then 1% endothelial cell
growth supplement (Sigma-Aldrich) was added. Once
sprouting began (normally in 3-5 days), the medium
was changed to medium 199 with or without drugs
and incubation continued for another 2-3 days. Then
sprouts were fixed, stained, and photographed using
the Nikon E600 digital image system and images were
analyzed and quantified using NIH Scion Image soft-
ware (Scion Corp.) and Adobe Photoshop.

RT-PCR of NPY, NPY receptors, and DPPIV mRNA’s. Rel-
ative, semiquantitative RT-PCR was performed using
18S rRNA as an internal control added to each reac-
tion. First-strand cDNA was synthesized from total
RNA by MMLYV reverse transcriptase (Stratagene, La
Jolla, California, USA) using random primers. The
cDNA’s were amplified by PCR for 30 cycles (94°C for

1 minute, 52°C for 1 minute 20 seconds, and 72°C for
1 minute 15 seconds) using Taq DNA polymerase
(Promega Corp., Madison, Wisconsin, USA). The reac-
tions were carried out in the presence of the following
pairs of specific primers. NPY: 5-TACCCCTCCAAGCCG-
GACAA-3' and 5'-TCTCATTTCCCATCACCACATG-3"; Y1:
5'-CTCTTGCTTATGGRGATGTGA-3' and 5'-CTGGAAGT-
TTTTGTTCAGGAAYCCA-3'; Y2: 5'-CCTACTGCTCCAT-
CATCTTGC-3" and 5'-GTAGTTGCTGTTCATCCAGCC-3';
YS: 5'-ATGGAGTTTAAGCTTGAGGAGC-3' and 5'-TGTG-
TAGGCAGTGGATAAGG G-3'; DPPIV: 5'-GTCCTGGAG-
GACAATTCTGC-3' and 5'-TGGAGATCTGAGCTGACTGC-
3'; and 18S rRNA: 5'-TCAAGAACGAAAGTCGGAGG-3'
and 5'-GGACATCTAAGGGCATCACA-3'. PCR products
were electrophoresed on a 2% agarose gel and visualized
by ethidium bromide.

Human endothelial cells. ECV cells (a gift of S. Hughes,
St. Thomas Hospital, London, United Kingdom) were
cultured in DMEM containing 10% FBS, 2 mmol/]
glutamine, 1,000 U/dl penicillin, 100 ug/ml strepto-
mycin, and 15 mM HEPES buffer (BioFluids Inc.,
Rockville, Maryland, USA). Cells were subcultured
when 90% confluent and made quiescent by 48 hours
of incubation in 0.5% FBS-containing medium. Then
the indicated drugs were added to the same medium
for an additional 24 hours.

Materials. NPY was purchased from Peninsula Labora-
tory Inc. (Belmont, California, USA), VEGF,, anti-fetal
liver kinase 1 antibody (anti-flk1) antibody and bFGF
from R&D Systems Inc. (Minneapolis, Minnesota,
USA), Matrigel from Becton, Dickinson and Co. (Bed-
ford, Massachusetts, USA), and sodium nitroprusside
and L-NAME were from Alexis Co. (San Diego, Califor-
nia, USA). Y1 antagonist H409/22 and its inactive enan-
tiomer, H510/445, were gifts from AstraZeneca.

Statistical analysis. The SigmaStat (SPSS Science,
Chicago, Illinois, USA) was used to perform one-way
repeated measures ANOVA followed by the post-hoc
Dunnett ¢ test were used for all statistical analysis
(P < 0.05 was considered significant). Data are pre-
sented as mean + SEM and were graphed using Sig-
maStat, Microsoft Excel, and Origin 5.0 software
(OriginLab, Northampton, Massachusetts, USA).

Results

Effects of ischemia on plasma NPY levels and expression of
NPY receptors and DPPIV in rat hindlimb. Fourteen days
after femoral artery occlusion in rats, femoral
venous plasma NPY immunoreactivity levels in the
occluded limb were 4.5-fold higher than in the
nonoccluded limb (Figure 1a) or in the abdominal
aorta (0.746 + 0.200 pmol/ml, P < 0.01) (not shown).
This response was decreased 35% by ipsilateral lum-
bar sympathectomy (Figure 1a). Administration of
the NPY pellet doubled the ischemia-induced plasma
peptide levels (Figure 1a). Femoral artery occlusion
also decreased (by 60%) NPY immunoreactivity levels
in the artery below the occlusion compared with the
contralateral nonoccluded artery (Figure 1b). The
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NPY immunoreactivity level in the femoral artery
below the occlusion was further reduced (to 6-10% of
nonischemic levels) by ipsilateral sympathectomy
(Figure 1b), indicating efficacy of denervation.

Ischemia also altered NPY receptor expression (Fig-
ure 1c). In nonischemic gastrocnemius muscles of con-
trol unoperated and nonischemic contralateral muscles
of the operated rats, no Y2 or Y5 receptor or DPPIV
expression could be detected by RT-PCR; the only
detectable mRNA was that of Y1 and NPY (Figure 1c).
Conversely, ischemic muscles showed detectable ex-
pression of Y2 and DPPIV mRNA’s, and NPY adminis-
tration also induced Y5 mRNA (Figure 1c).

Capillary angiogenesis and collateral formation in the rat
ischemic hindlimb after administration of NPY. NPY was
administered locally in a slow-release pellet at a dose of
1 ug per pellet delivered over 14 days, which was esti-
mated to yield physiological levels. We also used an
antagonist selective for the Y1 receptor, NPY’s main
vasoconstrictive receptor (26), to block NPY-mediated
vasoconstriction and to confirm whether Y1 receptors
are angiogenic. Thus, NPY was given to three groups of
rats: NPY combined with intra-arterial infusion of the
Y1 antagonist H409/22, its inactive enantiomer
H510/445, or vehicle alone.

Angiogenic effects of NPY in ischemic tissues were
assessed by evaluating vascularization of gastrocne-
mius muscles and the footpad. Normal, nonischemic
gastrocnemius muscles showed rich density of vessels
evident by positive staining with two endothelial
markers, vWF and cd31 (Figure 2, a and b). In con-
trast, ischemic muscles and the footpad were pale and

had a tendency for reduced density of vessels stained
positively for vWF and cd31 (Figure 2, a and b). The
angiogenic index, indicating density of perfused ves-
sels (latex-filled, vWF-positive) to total microvascular
density (all vWF-positive vessels), was reduced in
ischemic gastrocnemius muscle and the footpad (Fig-
ure 2a, P < 0.01 compared with nonischemic values).

NPY application markedly increased vWF- and cd31-
positive vessels in ischemic tissues to the levels observed
in nonischemic tissues (Figure 2, a and b). The angio-
genic index of the ischemic tissues was also restored to
normal by NPY in the muscle and the footpad (Figure
2a, P < 0.01, compared with ischemic values). The Y1
receptor antagonist H409/22 (0.02 umol/kg/min for 14
days) had no eftect of its own and also did not signifi-
cantly alter the NPY effect in ischemic gastrocnemius
muscles or the footpad compared with tissues treated
with NPY and either placebo or Y1-inactive enantiomer
H510/445 (Figure 2, a and b). NPY pellets placed in
nonischemic tissues did not augment their vascular
density significantly but there was a tendency for an
increase (Figure 2b). Also, ipsilateral lumbar sympa-
thectomy alone did not significantly change vascular
density of ischemic gastrocnemius muscles (data not
shown). This, together with incomplete blockade of
ischemia-induced increase in plasma NPY suggests that
ipsilateral lumbar sympathectomy may have been insuf-
ficient for complete limb denervation (due to crossover
of fibers from the contralateral side) or that there are
other, non-neurogenic sources of NPY (see Discussion).

To test whether NPY stimulates formation of collater-
al vessels, we analyzed arterial densities in the adductor
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Rat hindlimb ischemia stimulates NPY release and upregulates its receptors and DPPIV. (a) Femoral venous NPY immunoreactivity levels in
rat ischemic (isch) and contralateral nonischemic (non-isch) hindlimbs (n = 10 each) and in the ischemic limb with ipsilateral lumbar sym-
pathectomy (n = 4). (b) Ischemia- and sympathectomy-induced depletion of the NPY immunoreactivity content in the femoral arteries below
the occlusion. **P < 0.01. (c) Ischemia-induced upregulation of expression of Y2 receptor and DPPIV, and NPY-mediated induction of Y5
receptor mRNA in gastrocnemius muscles (semiquantitative RT-PCR).
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inactive Y1 ant

NPY stimulates capillary angiogenesis (a and b) and collateral formation (c) in rat ischemic hindlimb. (a) Density of VWF- and cd31-pos-
itive (a measure of total microvascular density), and latex-filled (a measure of vessels perfused, red arrowheads) vessels in ischemic and
nonischemic gastrocnemius muscles (x100). Angiogenic index is a ratio of latex-perfused to total microvascular density. (b) Density of
vVWEF-positive vessels in ischemic and nonischemic tissues with and without NPY, Y1 receptor antagonist (active and inactive), and place-
bo (**P < 0.01 compared with ischemic and placebo group [white bars, n=10]. (c) Representative vessels in the area around the femoral
artery occlusion in the adductor muscle (bars = 20 um) following perfusion with latex (H&E staining) and graph showing number of these
arteries/mm? (**P < 0.01, n = 10). Arrows indicate media thickness. Ant, antagonist.

muscle around the site of femoral artery occlusion. Since
arteriogenesis requires proliferation of VSMCs and leads
to formation of corkscrew-like, thick-walled vessels (30),
we used the latter feature as a marker for collateral for-
mation. Femoral artery occlusion alone (in placebo-
treated limbs) increased density of thick-walled muscu-
lar arteries in the adductor muscle compared with the
contralateral side. NPY stimulated this process by an
additional 42% (Figure 2c).

Effects of NPY on blood flow and contractile function of
ischemic muscles. In gastrocnemius muscle, femoral
artery occlusion alone induced a 78% reduction in
blood flow compared with contralateral nonischemic
muscles (Figure 3a). In the more distal tissues of the
footpad, blood flow was even more reduced, reaching
9.6% of that in contralateral nonischemic tissues (Fig-
ure 3b). NPY (1 ug per pellet delivered over 14 days)
completely restored blood flow in the ischemic gas-
trocnemius muscle (Figure 3a) and increased footpad
flow up to 50% (Figure 3b). The NPY responses were
resistant to Y1 receptor antagonist (H409/22, 0.02

umol/kg/min for 14 days). The Y1 receptor antago-
nist also had no effect of its own on blood flow in
ischemic tissues (data not shown).

To determine whether NPY improves not only the
structure but also ischemic tissue function, we studied
the contractile performance and fatigability of the rat
ischemic gastrocnemius muscle in response to repeated
stimulations of the gastrocnemius nerves with six series
of an increasing number of trains (total of 112 stimula-
tions) under isometric conditions. The maximal peak
tetanic force of gastrocnemius muscle was significantly
reduced in ischemic (3.6 + 0.4 N) compared with nonis-
chemic conditions (4.8 + 0.3 N, P < 0.05) (Figure 3), but
its value increased toward nonischemic levels with
administration of the NPY pellet (4.4 + 0.4 N, Figure 3e).
Ischemia also slowed the rate of development (isomet-
ric speed) of the first tetanic contraction (Figure 3f).
Over the course of stimulations, there was a progressive
decrease in the peak value of contractions (the lowest
being the last, 112th contraction) in all groups (Figure
3, c-e), indicating the development of fatigue. The
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NPY normalizes blood flow of ischemic gastrocnemius muscle (a) and improves it in the footpad (b), and restores function of ischemic gastroc-
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the peak force of the first to the 52nd contraction) in nonischemic, ischemic, and NPY-treated ischemic muscles (*P < 0.001, **P < 0.01, n = 6-8).
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fatigue index (determined as the percent ratio of the
peak force of the 52nd contraction to the first tetanic
contraction) was increased in ischemic compared with
nonischemic muscle (Figure 3f), indicating decreased
fatigability of ischemic muscle. Both parameters — iso-
metric speed and fatigue index — were fully normal-
ized by NPY (Figure 3f).

Ischemic and nonischemic angiogenesis in NPY-Tg rats and
NPY~/~ and Y27/~ mice. To test the angiogenic effects of
long-term elevation of endogenous levels of NPY, rats
overexpressing the NPY gene (NPY-Tg mice) under
the control of the natural promoter (31) were exam-
ined. NPY-Tg rats had markedly increased vascular-
ization of gastrocnemius muscles (Figure 4, a and b).
At 22 months of age, skeletal muscles of the NPY-Tg
rats possessed a threefold greater number of capil-
laries per muscle fiber (Figure 4e, P < 0.01) and 30%
greater muscle fiber area (data not shown) than mus-
cles from WT rats.

In contrast with NPY-Tg rats, Y27/~ mice had a 30%
lower vascular density in nonischemic gastrocnemius
muscles than WT (Y2**) mice had (Figure 4e, P < 0.01).
Like in WT rats, in Y2** mice, limb ischemia markedly
(73%) decreased vascular density of the latex-filled ves-
sels in gastrocnemius muscles (Figure 4, c-e, P < 0.01).

In Y27/~ mice, this decrease became even more pro-
nounced, and vascular density of ischemic muscle in
these mice remained 58% lower than that of Y2** mice
(Figure 4e, P < 0.01).

The Y27/~ mice also showed markedly diminished (by
76%) NPY-induced aortic sprouting ex vivo compared
with that of Y2%* aortas (Figure 4f, P < 0.01). Aortic
sprouting was even more impaired in NPY~~ mice com-
pared with WT 129SV mice (Figure 4f). While WT
murine aortas began to sprout within 3-5 days, those
from NPY”~ mice took 7-10 days to sprout and their
spontaneous sprouting was markedly diminished com-
pared with WT mice (Figure 4f, P < 0.01). NPY adminis-
tration restored aortic sprouting of NPY7~ aortic rings
to the same level as that of the WT mice (Figure 4f).

VEGF and NO in NPY-mediated angiogenesis. To test
whether NPY’s angiogenic activity is mediated by
release of VEGF and NO, and if so, whether these fac-
tors alter NPY receptor expression, we first used NO
donors or inhibitors of NOS in a human endothelial
cell line, ECV, which has undetectable NPY receptor
expression when quiescent (Figure Sa, control). In ECV
cells, NPY induced/upregulated expression of both Y1
and Y2 receptor mRNA as shown by RT-PCR. These
effects were mimicked by sodium nitroprusside, an NO
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donor, and inhibited by 1 uM L-NAME (Figure 5a).
Moreover, NPY-induced aortic sprouting was com-
pletely eliminated in eNOS7~ mice (Figure 5, b-d), sim-
ilar to that of VEGF-treated mice (Figure 5d). This dra-
matic effect was not assay-specific since deficiency in
eNOS also blocked in vivo NPY-mediated capillary tube
formation on Matrigel (data not shown).

NPY-induced aortic sprouting in WT mice was also
markedly inhibited by a neutralizing anti-flk1 antibody
(20 ng/ml) (32) (Figure 5, e-j, P < 0.01). Interestingly,
anti-flk1 antibody did not completely block, but reduced
by 20%, NPY-induced increase in cellular density in the
area of the aortic rings, indicating that cell proliferation
and migration was affected much less (Figure 5j).

Discussion

The hypothesis that NPY is a physiological mediator
of angiogenesis in vivo was tested in pathophysio-
logical conditions where both neovascularization
and sympathetic nerve activity are stimulated, i.e., in
ischemia. Both angiogenesis and NPY levels are
known to be the highest early in development (33),
coinciding with organogenesis and growth, and they
decline with age (34). Also, both become activated
during myocardial ischemia (35), exercise, and hy-
poxia (36). Here we demonstrate for the first time to
our knowledge, using a variety of models, that NPY
is an endogenously active neurogenic factor stimu-
lating ischemic angiogenesis via Y2/YS5 receptor- and
VEGF/NO-dependent pathways.

Ischemia stimulates NPY release and upregulates NPY
receptor expression. In rats, femoral artery occlusion-
induced limb ischemia increases local venous outflow
and lowers femoral arterial content of NPY, indicating
its release from vascular stores. This release is at least
in part neurogenic since it is decreased by ipsilateral
lumbar sympathectomy. The remaining sympathecto-
my-resistant NPY release may be due to the incom-
pleteness of one-sided denervation, as well as NPY
release from the endothelium, which was previously
shown to synthesize its own NPY and to internalize
sympathetically derived NPY (21).

A major shift occurs in the Y2/YS receptor system
during ischemia. While nonischemic muscles express
only Y1 receptor (and NPY) mRNA’s, ischemic mus-
cles show an induction/upregulation of Y2 receptors
and DPPIV, an enzyme forming Y2/Y5-selective ago-
nist (24). These effects are further augmented by the
NPY pellet, which also induces Y5 mRNA. Similar
NPY-dependent positive regulation of its own recep-
tors was previously found in VSMCs in vitro (20, 21),
and in the present study is seen in endothelial cells.
Although the exact mechanisms of NPY’s upregula-
tion of its own receptors remain unclear, NO appears
to play a role. We now show that an NO donor
increases and an NOS inhibitor reduces both NPY-
mediated upregulation of receptors and endothe-
lial cell proliferation (E.W. Lee et al., unpublished
data). Moreover, in eNOS~~ mice, NPY-induced aortic
sprouting is completely abolished, as is that of VEGF (37).
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Vascularization is increased in nonischemic muscles of NPY-Tg rats (a, b, and e) and reduced in ischemic and nonischemic muscles of Y2/~
mice (c-e). (a, b, and e) Vascularization of nonischemic gastrocnemius muscles in 22-month-old NPY-overexpressing rats (NPY-Tg, **P < 0.01,
n=6-8). (c-e) Reduced vascularization (measured by latex-filled capillaries, blue arrowheads) of nonischemic and ischemic gastrocnemius
muscles of Y2*/* and Y27/~ mice (**P < 0.01 and ¥ < 0.01 compared with corresponding WT and Y2~/~ mice in ischemic group, n = 6). (f) Inhi-
bition of spontaneous and/or NPY-induced aortic sprouting in Y27/~ and NPY~~ mice compared with WT mice (**P < 0.01 and ¥ < 0.01
compared with corresponding basal group, n = 4-8).
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Figure 5

NPY-induced angiogenesis is mediated by eNOS and VEGF. (a) Semiquantitative RT-PCR showing NPY- and sodium nitroprusside-induced
upregulation of NPY receptors and inhibition of receptors by L-NAME in human endothelial cell line ECV. (b-d) Inhibition of basal-, NPY-,
and VEGF-induced sprouting in eNOS~~ aortas (**P < 0.001, n = 6-8). (e-j) Inhibition of NPY-induced aortic sprout formation but not cell
migration/proliferation (mean cell density) by anti-flk1 antibody (**P < 0.001 and *P < 0.01 compared with control [white bars] n = 8).
SNP, sodium nitroprusside. ECGS, endothelial cell growth supplement (Sigma-Aldrich).

Thus, endothelial NO appears to be essential for
NPY’s angiogenic signaling, in part due to its upreg-
ulation of NPY receptor expression.

Administration of NPY revascularizes and restores blood flow
to ischemic tissues. When administered locally to the rat
ischemic hindlimb, NPY stimulates angiogenesis and
restores vascularization of ischemic tissues to nonis-
chemic levels. This occurs at physiological plasma NPY
concentrations (<10 nM), which may be vasoconstric-
tive, similar to those induced by stress or exercise in rats
(19, 26). There is no indication, however, that NPY-
mediated vasoconstriction occurs in these conditions.
First, NPY-induced angiogenesis is accompanied by the
restoration of blood flow to the ischemic gastrocnemius
muscles and a 50% improvement of flow to the footpad.
Second, both structural and functional NPY-mediated
improvements are resistant to the Y1-selective receptor
antagonist (H402/22), indicating that Y1-mediated
vasoconstriction does not play arole and that Y1 recep-
tors are not angiogenic in the ischemic hindlimb.

The possibility, however, that NPY may exert an
angiogenic effect in nonischemic tissues by activating
Y1 receptors is suggested by the tendency for NPY to

increase vascularization of the nonischemic muscle,
which expresses only this receptor type (as shown by
RT-PCR). Also our previous findings of the ability of
Y1 receptor antagonist to reduce already markedly
impaired aortic sprouting in Y27~ mice (38) suggest
that Y1 receptors play a compensatory role in the
absence of the major angiogenic Y2 receptor.

NPY also stimulates formation of collateral vessels
in the adductor muscle at the level of the occluded
femoral artery. This process, called arteriogenesis, dif-
fers from capillary angiogenesis by being hypoxia-inde-
pendent but shear stress-dependent (30), and also
requires proliferation of VSMCs (39). The newly
formed collateral arteries often assume corkscrew
shapes (39, 40), possibly due to the nonuniformity of
their VSMC proliferation and formation of hypertro-
phied media. NPY, due to its potent growth-promot-
ing activities for VSMCs (20) and endothelial cells (21),
stimulates both collateralization and capillary angio-
genesis, leading to the full revascularization of
ischemic tissues. Although stimulation of VSMC pro-
liferation is necessary for collateral formation and sal-
vaging of ischemic tissue, it may also carry the risk of
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promoting neointima formation and atherosclerosis.
Such concerns have been raised for several angiogenic
factors, such as VEGF and bFGF (41), and may also
apply to NPY. However, although NPY promotes
angioplasty-induced neointima formation in rat
carotid artery, its effects appear to be mediated by Y1,
and not Y2, receptors (L. Li et al., unpublished data).

The loss of the angiogenic influence of NPY may
explain the long-term ineffectiveness of regional sym-
pathectomy in patients with severe peripheral vascu-
lar insufficiency (42) when it is used to alleviate
ischemic pain. Although in our studies sympathecto-
my did not significantly reduce ischemic revascular-
ization, this could be due to the short observation
time (2 weeks) and incomplete removal of NPY by uni-
lateral sympathectomy (endothelial NPY and/or
crossover of contralateral fibers).

Administration of NPY restores ischemic muscle contractile
function. Along with blood flow, NPY restores the con-
tractile performance of the ischemic gastrocnemius
muscle. Ischemia led to several impairments of muscle
function, such as a decrease in maximal peak force of
tetanic contraction and slower development of peak
contraction (isometric speed). In contrast, the fatiga-
bility of the ischemic muscles in response to long series
of tetanic stimulations decreased compared with non-
ischemic muscles. Such changes have been reported
previously (43) and are believed to be due to the mus-
cle’s selective loss of ischemia-sensitive fast glycolytic
fibers and its switch to fast-oxidative ones, which are
less fatigued (44). NPY increased the maximal peak
force of tetanic contraction of the ischemic gastrocne-
mius muscle toward normal and fully restored its iso-
metric speed of contraction and fatigability. These data
demonstrate the peptide’s ability to restore not only
ischemic tissue vascularization and blood flow but also
its contractile function.

Endogenous NPY and Y2 receptors are angiogenic. To test
whether the angiogenic activity of NPY plays a long-
term role during tissue growth and development, we
used rats overexpressing the NPY gene under the con-
trol of the natural promoter (45, 46). These rats,
which do not have elevated plasma NPY at rest but
have slightly elevated tissue NPY levels (31), have a
remarkable hypervascularity of gastrocnemius mus-
clesat 5, 12 (data not shown), and 22 months of age,
suggesting enhanced angiogenesis during their life-
long skeletal muscle growth. This hypervasculariza-
tion appears to be functional as it is associated with
skeletal muscle hypertrophy (data not shown), lower
blood pressure, and increased longevity of these rats
(45). Chronically elevated NPY levels may also protect
against the age-dependent decline in angiogenesis.
Previously we noted that aging impairs NPY angio-
genic activity in vitro and also inhibits expression of
Y2 receptors and DPPIV (47). In NPY-Tg rats, NPY-
induced protection against declining angiogenesis
could be due to the peptide’s ability to upregulate its
own angiogenic receptors (20).

The primary receptor involved in NPY’s angiogenic
actions in ischemia and during developmental
growth appears to be Y2. Removal of Y2 receptors by
gene knockout reduces vascularization by 30-60% in
both nonischemic and ischemic gastrocnemius mus-
cles compared with corresponding muscles of Y27*
mice. Similarly, Y2 receptor knockout and the Y2-
antagonist treatment of Y2*%* aortas (38) markedly
inhibit NPY-mediated aortic sprouting ex vivo. The
role of Y5 receptor cannot be similarly assessed due
to the lack of data on Y57/~ mice (investigation in
process). In the in vitro aortic sprouting assay, how-
ever, NPY-mediated angiogenic effect in the WT aor-
tas is blocked by Y5 receptors, while in the Y27~ mice,
Y1 receptors may also play a compensatory angio-
genic role (38). The latter notion is also supported by
near-normal spontaneous aortic sprouting in Y27/~
mice. However, knockout of the NPY gene itself
severely impairs spontaneous sprouting of murine
aortas, which administration of NPY fully restores.
These data indicate that endogenous NPY is a
required growth factor for stimulation of angiogen-
esis, at least in the model of murine aorta.

NPY-mediated angiogenesis is VEGF- and NO-dependent.
Having determined potent mitogenic activities of
NPY on VSMCs and endothelial cells in vitro and its
angiogenic activities in vivo, we also sought to estab-
lish mechanisms of NPY’s angiogenesis. There are
many mediators and signaling pathways that lead to
angiogenesis (4). Some growth factors such as VEGF
stimulate neovascularization partly by releasing NO,
which by itself may be angiogenic (37). NO also
appears to be involved in NPY’s actions: in cerebral
vessels, it mediates NPY-induced vasodilation, which
is Y2 receptor-dependent (48). In support of the role
of VEGF, NPY-mediated aortic sprouting was blocked
by an antibody neutralizing a VEGF receptor, flk1
(32). However, in spite of this dramatic effect, anti-
flk1 antibody only slightly reduced the density of
endothelial cells migrating out of the rings. This indi-
cates that VEGF is not involved in NPY’s effect on cell
migration and/or proliferation but mediates the later
stage of angiogenesis, endothelial cell differentiation
into capillaries. In contrast, deficiency of eNOS com-
pletely prevented all components of NPY-induced
angiogenic response in aortic sprouting assays, imply-
ing that NO is required for full elaboration of NPY-
mediated angiogenesis.

In conclusion, NPY is an endogenously active neu-
rogenic (and possibly endothelial) ischemia-induced
angiogenic factor that stimulates ischemic and
growth-dependent angiogenesis by activating Y2/YS
receptors and NO-dependent pathways, in part medi-
ated by release of VEGF. Exogenous NPY, at physio-
logical concentrations, restores not only vasculariza-
tion but also the function of the ischemic tissues.
Thus, NPY-derived drugs (Y2/Y5 agonists) might be
therapeutic for revascularization of ischemic tissues in
peripheral vascular and heart diseases.
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