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Abstract

Weevaluated the effects of nitric oxide (NO) generators and
endogenous production of NOelicited by substance P (SP)
in the angiogenesis process. Angiogenesis was monitored in
the rabbit cornea in vivo and in vitro by measuring the
growth and migration of endothelial cells isolated from coro-
nary postcapillary venules. The angiogenesis promoted in
the rabbit cornea by [Sari]-SP-sulfone, a stable and selective
agonist for the tachykinin NK, receptor, and by prostaglan-
din El (PGE,), was potentiated by sodium nitroprusside
(SNP). Conversely, the NOsynthase inhibitor N"-nitro-L-
arginine methyl ester (L-NAME), given systemically, inhib-
ited angiogenesis elicited by [Sar9]-SP-sulfone and by PGEj.
Endothelial cells exposed to SNP exhibited an increase in
thymidine incorporation and in total cell number. Exposure
of the cells to NOgenerating drugs, such as SNP, isosorbide
dinitrate, and glyceryl trinitrate, produced a dose-depen-
dent increase in endothelial cell migration. Capillary endo-
thelial cell proliferation and migration produced by SPwere
abolished by pretreatment with the NOsynthase inhibitors
Nw-mono-methyl-L-arginine (L-NMMA), N'-nitro-L-argi-
nine (L-NNA), and L-NAME. Exposure of the cells to SP
activated the calcium-dependent NOsynthase. Angiogenesis
and endothelial cell growth and migration induced by basic
fibroblast growth factor were not affected by NOsynthase
inhibitors. These data indicate that NOproduction induced
by vasoactive agents, such as SP, functions as an autocrine
regulator of the microvascular events necessary for neovas-
cularization and mediates angiogenesis. (J. Clin. Invest.
1994.94:2036-2044.) Key words: neovascularization * endo-
thelium * vasodilation * nitrovasodilator * tachykinin

Introduction

Angiogenesis is the process of new vessel generation which
leads to neovascularization (1). In the adult tissue, angiogenesis
is of importance for various physiological and pathological pro-
cesses such as ovulation and corpus luteum formation, healing
processes including recovery from myocardial infarction, tumor
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growth and metastasis, chronic arthropathies, and diabetic reti-
nopathies.

The morphogenesis of capillaries involves a concerted se-
quence of events usually described as mobilization of the endo-
thelium in a controlled direction, cellular proliferation, cana-
lization of a solid bud, and production of the periendothelial
stroma (2).

Although a large number of vasoactive-vasodilating agents
are reported to possess angiogenic activity (3-6) the relevance
of vasodilation to the angiogenesis process is largely unknown.
Endothelium-dependent vasodilation has been clearly demon-
strated to be caused by the endothelium-derived relaxing factor
identified as nitric oxide (NO)' (7, 8) which acts at the cellu-
lar level by increasing cyclic guanosine monophosphate
(GMP) (9).

The tachykinin substance P (SP) is released when noxious
stimuli activate the peripheral endings of primary sensory neu-
rons, causing vasodilation and increased vascular permeability
(10). The vasorelaxant response to SP is endothelium dependent
and is mediated by NK1 receptors (11, 12). Recently we have
shown that SP activates cyclic GMPproduction in the capillary
endothelium (13) and that NO-generating drugs promote endo-
thelial cell proliferation in vitro (14). Furthermore, reports from
our group and others have indicated that SP, via NK1 receptors,
promotes angiogenesis in vivo, endothelial cell growth, and
mobilization in vitro (15-17). These observations have lead us
to hypothesize that there is a link between NOproduction from
capillary endothelium and angiogenesis. In the present study
we have investigated the role played by NOin the angiogenesis
process promoted by SP. Angiogenesis was studied in vivo
using the rabbit cornea assay and in vitro on capillary endothe-
lial cells.

Methods

Angiogenesis in vivo: rabbit cornea assay. The angiogenic activity was
assayed in vivo using the rabbit cornea assay (18). Angiogenesis was
studied in the cornea of albino rabbits since this is an avascular and
transparent tissue where inflammatory reactions and growing capillaries
can be easily monitored and changes quantitated by stereomicroscopic
examination (19). Slow-release pellets (1 x 1 x 0.5 mm)were prepared
in sterile conditions incorporating the test substances into a casting

1. Abbreviations used in this paper: Ach, acetylcholine; bFGF, basic
fibroblast growth factor; CVEC, coronary venular endothelial cells;
GMP, guanosine monophosphate; GTN, glyceryl trinitrate; ISDN, iso-
sorbide dinitrate; L-NAME, Nw-nitro-L-arginine methyl ester; L-
NMMA, Nw-mono-methyl-L-arginine; L-NNA, Nw-nitro-L-arginine;
MeB, methylene blue; NA, noradrenaline; NO, nitric oxide; PGE,, pros-
taglandin El; SNP, sodium nitroprusside; SP, substance P.
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solution of an ethynyl-vinyl copolymer (Elvax-40), in 10% methylene
chloride (10 MI/droplet). In the lower half of NewZealand White rabbit
eye (Charles River, Calco, Como, Italy), anesthetized by sodium pento-
thal (30 mg/kg), a micro pocket (1.5 X 3 mm) was surgically produced
using a pliable iris spatula 1.5 mmwide. The pellets were implanted in
the micropockets located in the transparent avascular corneal stroma.
Subsequent daily observations of the implants were made with a slit
lamp stereomicroscope without anesthesia. An angiogenic response was
scored positive when budding of vessels from the limbal plexus occurred
after 3-4 d and capillaries progressed to reach the implanted pellet
according to the scheme previously reported (18). Angiogenic activity
was expressed as the number of implants exhibiting neovascularization
over the total implants studied. Potency was scored by the number of
newly formed vessels and by their growth rate. Data were expressed as
angiogenesis score, calculated as vessel density x distance from limbus
in mm. A density value of 1 corresponded to 0 to 25 vessels per cornea;
2, from 25 to 50; 3, from 50 to 75; 4, from 75 to 100; and 5, for more
than 100 vessels.

Experimental designs. (a) To test the potentiation of the angiogenic
response by NOgenerator, two adjacent pockets were surgically pro-
duced in the same cornea, one bearing the angiogenic trigger and the
other sodium nitroprusside (SNP) or control. Prostaglandin E1 (PGE1)
and a stable analogue of SP, [Sar]-SP-sulfone which selectively acti-
vates tachykinin NK1 receptors (20), were tested at doses of 0.1 Ig and
0.5 pg/pellet, respectively, which produced a weak angiogenic response
as previously reported (3, 15). Pellets containing 1 sg SNPwere used
to potentiate angiogenesis. Pellets of Elvax alone were used as control.

(b) To evaluate the effect of NOsynthase inhibition on the response
to the angiogenic effectors, Nw-nitro-L-arginine methyl ester (L-NAME)
or the inactive enantiomer Nw-nitro-D-arginine methyl ester (D-NAME)
(23) were given in the drinking water ad libitum. Drug solutions (0.5
g/l) were freshly prepared daily. Water intake was 200 ml/d in the
treated animals and was not different from the control group. Animals
were kept under treatment 1 wk before surgery and 10 d after corneal
implant. The effect of L-NAME treatment was compared with the treat-
ment with both D-NAMEand vehicle alone. Corneas were implanted
with PGEI at the dose of 0.25 sg, [Sar9]-SP-sulfone at the dose of 1
,ug, and Elvax alone in all the three groups. A second group of animals,
treated with L-NAME, received corneal implants of pellets containing
basic fibroblast growth factor (bFGF, 0.1 ug/pellet) or Elvax. A group
of five rabbits receiving L-NAME treatment for 10 d was returned to
normal diet for 2 wk and then tested for angiogenesis.

Platelet aggregation and cyclic nucleotide levels. Blood samples
from control, D-NAME, and L-NAME-treated rabbits were taken 10
and 18 d after beginning of the treatment. In three animals blood samples
were also taken 21 d after discontinuation of the treatment. Washed
rabbit platelets were prepared as described by Radomski and Moncada
(22), with minor modifications. Indomethacin (10 MM) was added to
the final platelet suspension to prevent the formation of cyclooxygenase
products. The platelet count was adjusted to 1.5-2 X 108/ml. A
suspension of washed platelets was incubated at 370C for 4 min in a
Payton dual channel aggregometer with continuous stirring at 1,000 rpm
and then stimulated with thrombin (40-60 mU/ml) to give a submaximal
aggregation (80-90%). The decrease in optical density was recorded
for 5 min and data were expressed as percent of platelet aggregation
obtained with platelets of control animals. To measure cyclic GMP
levels, 500 jl of 5% TCA were added to the samples of stirred and
nonstirred platelets. TCA from the supernatant was extracted with 0.5
M tri-n-octylamine dissolved in 1,1,2 trichloro-trifluoroethane. Levels
of cyclic GMPin the aqueous phase were measured by radio-immunoas-
say in duplicate with prior acetylation of samples with acetic anhydride
using iodinated tracer (13).

Aortic ring's vasorelaxant response. The effect of systemic L-
NAMEin inhibiting endothelium-dependent vasorelaxation was tested
after 18 d of treatment. Rabbits were killed by sodium pentothal over-
dose. The thoracic aorta, cleaned of adhering fat and connective tissue,
was cut into 3-3.5-mm-wide transverse rings. Each aortic ring was
mounted in an organ bath by means of two triangle-shaped stainless

steel wires. The lower wire was fixed to the bottom of the chamber,
while the upper wire was connected to the force transducer. The rings
were suspended under a tension of 2 g and isometric force of contraction
was measured and recorded on a chart recorder. The preparations were
allowed to equilibrate for at least 1 h in a gassed solution (95%, CO2
5%) at 370C with a Krebs solution with the following composition
(mM): NaCl 115, KCl 4.7, KH2PO41.2, NaHCO325, CaCl2 2.4, MgSO4
1.2, glucose 10. Cumulative dose-response curves for acetylcholine
(Ach) (0.1-10 jIM) were performed in preparations preconstricted with
noradrenaline (NA). The maximal force of contraction induced by NA
was taken as 100% and the relaxation induced by Ach was referred to
this value.

Cell line and culture conditions. The coronary venular endothelial
cells (CVEC) were obtained by a bead-perfusion technique through the
coronary sinus as previously reported (23). These cells are endothelial
in nature as evidenced by labeling with antibody to Factor VIII-related
antigen and uptake of acetylated low-density lipoproteins. At confluence,
they form a typical contact-inhibited monolayer with the usual cobble-
stone morphology. Cells were maintained in culture in DMEsupple-
mented with 2 mMsodium pyruvate, 2 mML-glutamine, 100 yg/ml
heparin, antibiotics (100 U/ml penicillin, 100 pg/ml streptomycin, 0.25
Mg/ml amphotericin), and 20%FCSon gelatin coated dishes. Cells were
cloned and each clone was subcultured up to a maximumof 25 passages.
Passages between 15 and 20 were used in these experiments.

[3H]Thymidine incorporation. DNA synthesis was quantified by
[3H]thymidine incorporation of subconfluent cell monolayers (14).
CVECwere seeded onto 24 multi-well plates (1 x 104 cells/well) in
DMEsupplemented with 5% FCS and were let to adhere overnight.
After 48 h in serum-free media (0.1% FCS), media was removed and
cells were incubated with increasing concentrations of the agents for 4,
24, 48 h, and 5 d and pulsed for 1 h with 0.5 MCi [3H~thymidine per
well. DNAwas precipitated with 5% TCA and extracted with 0.3 M
NaOHand the recovered radioactivity measured. Data are expressed as
recovered cpm/well or as the percent thymidine incorporation over basal.
As a reference for optimal growth condition in each experiment the
proliferative effect of 10 ng/ml bFGF was used. In experiments where
Nw-mono-methyl-L-arginine (L-NMMA), Nw-nitro-L-arginine (L-
NNA) and L-NAME, and methylene blue (MeB) were used to inhibit
NOsynthase and guanylate cyclase (23), the drug used was added 1 h
before the agonist.

Proliferation studies. For the proliferation studies, the same protocol
as for [3H]thymidine incorporation was followed. At the end of each
incubation time the supernatants were removed from the multi-well
plates and cells were fixed by adding 1 ml of ice-cold methanol and
kept at 4°C overnight. Cells were then stained with Diff-Quik. Cell
numbers were obtained by counting by microscopic examination at l0x
with the aid of an ocular grid (21 mm2). Each well was divided in 10
fields and cells were counted by double blind procedure in seven ran-
domly selected fields. The total cell number/well was calculated by the
formula: m x R x I, where m is the mean cell number/field, R is the
ratio between the area of the well and the area of the ocular grid, and
I is the magnification used. Values are expressed as total cell number/
well.

Migration assay. The Boyden Chamber procedure was used to evalu-
ate cell migration (17). The method is based on the passage of endothe-
lial cells across porous filters against a concentration gradient of the
migration effector. The Neuro Probe 48-well micro-chemotaxis chamber
(Nuclepore Corp., Pleasanton, CA) was used. The two wells were sepa-
rated by a polyvinyl-pyrrolidone (PVP)-free polycarbonate filter, 8 Jim
pore size, coated with type I collagen and fibronectin. Test solutions
were dissolved in DME+ 1% FCS and placed in the lower wells. 50
Ml of cell suspension (2.5 x 104 cells) was added to each upper well.
In the experiments with NO synthase inhibitors, cell suspension was
incubated with the inhibitors at 37°C for 30 min before the seeding.
The chamber was incubated at 37°C for 4 h and the filter was then
removed and fixed in methanol overnight. Nonmigrating cells on the
upper surface of the filter were removed with a cotton swab. Cells were

stained with Diff-Quik and counted using a light microscope (40x) in
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Figure 1. Effect of nitric oxide in corneal angiogenesis. The effect of NOdonor SNPon angiogenesis was evaluated by implanting two adjacent
pellets in the same cornea, one bearing the angiogenic trigger and the other the NOdonor SNPor control. (A) Corneal implant of [Sar9]-SP-sulfone
0.5 pg/pellet (Sar) induced the growth of few slowly progressing capillaries from the pre-existing limbal vessels. Elvax pellet (E) implanted in a
parallel pocket was used as control and did not elicit angiogenesis. (B) When the NO-donor drug SNP (1 pg) was present in the adjacent pocket,
the angiogenic response elicited by 0.5 tzg/pellet [Sar9]-SP-sulfone appeared potentiated in terms of vessel number and growth rate. The effect of
NOsynthase inhibition was evaluated on angiogenesis produced by PGE1. L-NAMEor the inactive enantiomer D-NAMEwere given in the drinking
water ad libitum (0.5 g/l) 1 wk before surgery and 10 d after corneal implant. (C) Angiogenic response elicited by PGEI 0.25 Ag/pellet in control
conditions and (D) after L-NAME treatment. All pictures (x18) were taken at day 8 after surgical implant through a slit stereomicroscope (Nikon,
Tokyo, Japan).

10 random fields per each well. Mobilization was measured by the
number of cells moving across the filter. Each experimental point was
done in triplicate. Mean values of migrated cells for each experimental
point were calculated. Migration has been expressed as the mean±SEM
of the number of total cells counted per experiment.

Determination of NOsynthase activity. CVECwere seeded in 100-
mmculture dishes and allowed to grow to 90% confluence. Cells were
treated for 24 h with test substances in DMEplus 1% FCS. At the end
of incubation, cells were washed and scraped in Dulbecco's PBS. Sam-
ples were kept at -20'C until use. Cells were homogenized in buffer
containing 0.32 Msucrose, 20 mMHepes buffer, 1 mMEDTA, and 1
mMDTT and centrifuged at 39,000 g for 30 min. The NOsynthase
activity was then assayed using 340 td of the supernatant, which was
incubated with 60 j1 of an incubation medium of the following composi-
tion: 2 mMNADPH+, 0.45 mMCaCI2, 10 HtM calmodulin, 200 mM
arginine, 3H-L-arginine (5 ,uCi/ml) in a total volume of 400 p1. After
60 min of incubation at 37°C the mixture was loaded on 1 ml Dowex
AG5OWX-8(Na+ form) column and eluted by 5 ml of bidistilled water.
[3H]Citrulline obtained by this procedure was measured by a / counter

and the ratio between labeled citrulline (dpm) and mg protein assayed
in the homogenate was taken as NOsynthase activity (24). To verify
whether Ca2' concentration could affect changes of NOsynthase activ-
ity, CVEChomogenates were also resuspended in Ca2+ free buffer
containing 1 mMEGTA. Furthermore, the calmodulin inhibitor trifluo-
perazine (100 uM) was used to evaluate the calmodulin-independent
NOsynthase.

Statistical analysis. The data are reported as means±SEMof experi-
ments. Statistical analysis was performed by using one-way analysis of
variance followed by Sheffe's test and by Student's t test for paired
and/or unpaired data. A P value < 0.05 was taken as significant.

Materials. All reagents for cell culture were from GIBCO, UK. FCS
was from Hyclone (Logan, UT). Diff-Quik was from Mertz-Dade AG
(Dudingen, Switzerland). Substance P and [Sar9]-SP-sulfone were from
Peninsula Laboratories (Merseyside, UK). SNP, isosorbide dinitrate
(ISDN), and glyceryl trinitrate (GTN) were used as NOdonors. GTN
(1% solution) was from Merck (Bracco, Milan, Italy). SNPand ISDN,
NOsynthase inhibitors L-NMMAand L-NNA, MeB, L- and D-arginine,
PGE,, indomethacin, thrombin, tri-n-octylamine, 1,1,2 trichloro-trifluo-
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roethane, trifluoperazine, EDTA, EGTA, NADPH+, calmodulin, DTT,
Ach, NA, type I collagen, and fibronectin were purchased from Sigma
Chemical Co. (St. Louis, MO). L-NAME and D-NAMEwere from
Calbiochem (Inalco, Milan, Italy). Fresh solutions of each reagent were
prepared before each experiment as 10 mMsolution in PBS and diluted
in DMEcontaining 0.1% FCS to final concentration. [3H]Thymidine,
[3H]citrulline, and radio-immunoassay kit for cyclic GMPmeasurement
were from Amersham (Buckinghamshire, UK). 48-well micro-chemo-
taxis chamber and PVP-free polycarbonate filters were from Nuclepore
Corp. Elvax-40 was from Dupont (Wilmington, DE). Sodium pentothal
was from Abbott (Latina, Italy). Recombinant bFGF was kindly given
by Dr. N. Mongelli (Farmitalia-Carlo Erba, Milan, Italy).

Results

Effect of sodium nitroprusside on in vivo angiogenesis. To ver-
ify the role of NOproduction in modulating angiogenesis in
vivo, we tested the ability of SNPto potentiate the angiogenesis
elicited by PGEI and by [Sar9]-SP-sulfone. The selective NKI
receptor agonist, [Sar9]-SP-sulfone, was used to rule out a possi-
ble effect of the natural tachykinin SPon other tachykinin recep-
tors (20). PGEI produces a dose-dependent angiogenesis re-
sponse and is essentially devoid of inflammatory activity in the
dose range used (3, 18). To study potentiation, threshold doses
of PGE1 (0.1 Mg) or [Sar9]-SP-sulfone (0.5 ug) were tested in
the presence and in the absence of the NO-donor SNP. Two
adjacent pockets were produced in the same cornea of each
rabbit, one bearing the angiogenic trigger and the other SNPor
the vehicle.

Rabbit corneas exposed to either [Sar9]-SP-sulfone or PGE1
in the absence of SNP, produced corneal vascularization in 50%
of the implants (3 positive implants out of 6, and 4 out of 8,
respectively). The angiogenic response was moderate since the
vascular buds were delayed as time of appearance, producing
sparse new capillaries with a slow growth rate (Fig. 1 A). When
SNP(1 Mg) was released into the corneal stroma simultaneously
with PGE1 or [Sar9]-SP-sulfone, a sharp improvement in the
efficiency of the angiogenesis response was observed (Fig. 1
B). The number of implants exhibiting positive angiogenesis
was 5 out of 6 and 6 out of 6 for [Sar9]-SP-sulfone and for
PGE1, respectively. The intensity of the angiogenic response,
quantified by the number of new vessels and their growth rate,
was potentiated during each observation (Fig. 2, A and B). SNP
alone (1 ,g/pellet) elicited in 30% of the implants the budding

Figure 2. Effect of SNPon corneal angiogenesis
promoted by PGE1 and [Sar9]-SP-sulfone. (A) A
pellet of 1 Ig SNPwas implanted parallel to a
second pellet of [Sar9]-SP-sulfone (0.5 ag/pellet)
(A); the opposite eye of the same rabbit received
a corneal implant of [Sar9]-SP-sulfone and con-
trol pellet (A). (B) Pellets of PGEI (0.1 sg/pellet)
were tested in the presence of a control pellet
(u) and in the presence of a SNP-containing pel-
let (n). Angiogenesis score was calculated on the
basis of the number of vessels and their growth
rate versus time (days). The data shown are
means±SEMobtained from six rabbits. * P
< 0.05 vs [Sar9]-SP-sulfone or PGE, alone, Stu-
dent' t test for paired data.

of few capillaries which regressed after 4 d from surgery. A
higher concentration (5 jig/pellet) of SNPproduced an inflam-
matory response visualized by the appearance of corneal
opacity.

Effect of systemic L-NAME treatment on angiogenesis in
vivo. The relevance of endogenous NOproduction to the angio-
genesis process was tested by systemic administration of the
NOsynthase inhibitor L-NAME (21). The angiogenic response
after corneal implants of PGE1 0.25 pg/pellet and [Sar9]-SP-
sulfone 1 Iug/pellet is reported in Fig. 1 C. When rabbits were
fed in the drinking water with L-NAME (0.5 g/l) for 1 wk
before surgery, angiogenesis was drastically reduced (Table I,
Fig. 1 D). Conversely, treatment with the inactive enantiomer
D-NAMEor with a lower concentration of L-NAME (0.1 g/l)
did not modify the angiogenic response to either stimuli. When
animals receiving chronic L-NAMEtreatment were returned to
normal diet, the corneal implants of PGEI and [Sar9]-SP-sulfone
produced angiogenesis as in control untreated rabbits (3 positive
implants out of 3 and 2 positive implants out of 3, respectively).
The angiogenic response induced by bFGF (0.1 g/pellet) and
measured at day 10 after pellet implantation, was not abolished
by systemic treatment with L-NAME (0.5 g/l).

Table I. Angiogenesis in Rabbit Cornea during Treatment with
Nitric Oxide Synthase Inhibitor

Treatment
Pellet implant

(jig/pellet) Control L-NAME D-NAME

Elvax 0/6 0/6 0/6
PGE1 (0.25) 5/6 0/6 5/6
Elvax 0/6 0/6 0/6
[Sar9]-SP (1) 4/6 0/6 5/6
Elvax 0/5 0/5
bFGF (0.1) 4/5 3/5

L-NAME and D-NAMEtreatments were given in the drinking water
ad libitum. Drug solutions (0.5 g/A) were prepared fresh every day.
Animal water intake was - 200 ml/d and was not different from control
animals. Animals were kept under treatment 1 wk before performing
surgery and 10 d after corneal, implant. Results represent the observation
obtained at day 7 after surgery. Data are expressed as positive angiogenic
implants over total implants.

Nitric Oxide Mediates Angiogenesis 2039
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Table 11. Vasorelaxant Effect Induced by Ach in Aortic Rings

Treatment

Compound None L-NAME D-NAME

%vasorelaxation

Ach
0.1 M 22.2±3.4 2.0±0.6*t 20.6±2.2
1.0 MM 59.7±3.6 9.9±1.9*t 52.3±3.1
10 MM 67.9±4.1 10.3±2.2*1 57.1±3.7

The vasorelaxation induced by Ach was evaluated in aortic rings isolated
from rabbits receiving chronic treatments (0.5 g/l) for 18 d. The vasocon-
strictor response induced by NA was taken as 100% and the effect of
Ach was referred to this value. Data are the results of 10 aortic rings
for each group. * P < 0.01 vs control and t vs D-NAME-treated
rabbits (analysis of variance, Scheffe's test).

Effect of NOsynthase inhibition on thrombin-stimulated ag-
gregation and cyclic GMPlevels in rabbit platelets. The effi-
cacy of systemic L-NAME treatment in reducing endogenous
NOproduction was tested on aggregation and cyclic GMPlevels
in platelets obtained from the same rabbits at 10 and 18 d
after the beginning of treatment. In animals receiving 0.5 g/l
L-NAME for 10 d, platelet aggregation was increased up to
159% of controls. Similar increase was observed at day 18.
Cyclic GMPlevels in platelets obtained from the untreated
animals were 0.65±0.12 fmol/,ug protein; in animals receiving
L-NAMEcyclic GMPlevels were significantly reduced as com-
pared to controls and to animals treated with D-NAME
(0.37+0.07 and 0.94+0.09 fmol/,ug protein for L-NAME and
D-NAME, respectively, n = 4, P < 0.01). The reduction of
cyclic GMPlevels was maintained at the same extent at day 18
and returned to control values after discontinuation of treatment.
In animals receiving 0.1 g/l of L-NAME platelet aggregation
was increased to 64% compared with controls, while cyclic
GMPlevels were not significantly reduced (0.84±0.21 fmoll

Mg protein for L-NAME versus 1.36±0.55 in D-NAMEand
0.93±0.37 in controls).

Effect of NO synthase inhibition on the vasorelaxant re-

sponse of rabbit aorta. The vasorelaxant responses to Ach were
measured in aortic rings preconstricted with NAobtained from
animals receiving chronic treatment with L-NAMEor D-NAME
(Table II). Ach (0.1-10 uMM) induced a dose-dependent relax-
ation in preparations obtained from control and D-NAME
treated animals, which was significantly reduced in aortic rings
from L-NAME-treated animals. Ach-vasorelaxant response re-
verted to control in aortic rings obtained from animals returned
to normal diet.

Effect of sodium nitroprusside on cell growth. Exposure
of serum-deprived subconfluent monolayers of CVECto SNP
induced the activation of DNAsynthesis, as detected by [3H]-
thymidine incorporation. At 24 h, the recovered radioactivity
increased by 55% over basal values in the presence of 100 ,IM
SNP. After 5 d of exposure to SNP, thymidine incorporation
of treated cells was still higher (54% increase) as compared
with control condition (Fig. 3 A). As a positive control for cell
growth, the cells were challenged with the recombinant peptide
growth factor bFGF (10 ng/ml) at each time point. The extent
of SNP-induced DNA synthesis was similar to that obtained
with bFGF.

The increase in thymidine incorporation promoted by SNP
was paralleled by a concentration-dependent increment of the
total cell number (Fig. 3 B). The maximal effect was observed
with 100 MMSNP(38 and 53% increment at 2 and 5 d, respec-
tively). The increment in cell number obtained at 5 d with bFGF
was 72% over basal values.

Effect of NO synthase inhibition on stimulation of DNA
synthesis and cyclic GMPproduction induced by SP. To assess
the role played by NOproduction in mediating the proliferative
effect of SP, we evaluated the activity of NOsynthase inhibitors
on thymidine incorporation in CVEC exposed to increasing
concentrations of SP. Subconfluent monolayers of CVECwere
treated for 1 h, before SP exposure, with 100 MuML-NMMA,
L-NAME, and L-NNA (21). NO synthase inhibitors did not

A B Figure 3. Proliferative effect of SNPon CVEC
40 * 8 DNAsynthesis (A) and proliferation (B). (A)

T * * * * Thymidine incorporation was monitored after
exposure to SNP. CVECwere seeded onto 2430-T = /multi-well plates (l x I04 cells/well) and starved

o I */ / °ITfor 48 h in serum-free media (0.1% FCS). Cells
0.-^.I T//E96P ** were incubated with 100 AMSNP (o) for 4, 24i8} /T XI I n h, and 5 d and pulsed with 0.5 MCi [3H]thymidine
.* T/ a X / / p_ per well. DNAwas precipitated, extracted, and

E T 0 1 the recovered radioactivity measured. Data are
10 3t T1^/ expressed as recovered cpm per well. As a refer-

In 10- 4- ence for optimal growth condition in each exper-
iment the proliferative effect of 10 ng/ml bFGF
(A) was used. The open squares represent basal

0 3 proliferation in the presence of 0.1% FCS. Data0 1 2 3 4 5 6 0 1 2 3 4 5 6 are representative of six experiments run in du-
1n11 (das) Trne (days) plicate. * P < 0.05 vs basal, Student' t test.

(B) Total cell number after exposure to SNP. At
the end of each incubation time (24 h, 48 h, and 5 d) cells were fixed with methanol and stained with Diff-Quik. Cell numbers were obtained by
counting by microscopic examination at lOx with the aid of an ocular grid (21 mm2). Each well was divided in 10 fields and cells were counted
by double blind procedure in 7 randomly selected fields. The total cell number/well was calculated by the formula: mX R X I, where m is the
mean cell number/field, R is the ratio between the area of the well and the area of the ocular grid, and I is the magnification used. Values are
expressed as total cell number/well. Data represent the result of five experiments in duplicate. (A) SNP 10 yM; (a) SNP 100 MM; (o) basal (0.1%
FCS). * P < 0.05 and ** P < 0.01 vs basal.
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Figure 4. Effect of NOsynthase inhibitors on DNAsynthesis in
CVECexposed to SP. Cell monolayers were pretreated with 100 tM
NOsynthase inhibitors (L-NMMA [m], L-NNA [o], and L-NAME
[E]) for 1 h and then exposed for 24 h to SP (o). Proliferation was
measured by thymidine incorporation. The effect of SP was evaluated
over the basal controls (NO synthase inhibitors alone, taken as 100%).
Data represent the results of four experiments in duplicate. *P < 0.01
and **P < 0.001 vs basal controls, Student's t test.

modify basal DNA synthesis. Thymidine incorporation pro-
duced by SP was reduced by L-NMMA, L-NAME, and L-NNA
at all concentrations tested (Fig. 4). To assess the specificity of
NOsynthase inhibition on the reduction of cell growth, cells
were also challenged with D-NAME. CVECtreated with D-
NAMEdid not modify their proliferative response to 10 nM
SP as compared with the untreated control cells (41.5+6% and
34.5+8% increment over basal, respectively).

Further support for a role of NOproduction in mediating
the proliferative response evoked by SP was also evidenced by
the effect of MeB (1 tIM), an inhibitor of guanylate cyclase
(21), which abolished the increase of thymidine incorporation
elicited by SP at all the concentrations tested (Fig. 5).

Effect of NO-donor drugs on endothelial cell migration.
Endothelial cell mobilization at the microvascular level is a
prerequisite for the neovascular response to occur in vivo (2).
NOgenerating drugs were tested for their ability to promote in
vitro endothelial cell migration. Increasing concentrations of
ISDN, GTN, and SNPwere used. All drugs induced a concen-
tration-dependent increase of CVECmigration (Fig. 6). Maxi-
mal effects were obtained at the following micromolar concen-
trations: ISDN, 10 (207±7 migrated cells/well); GTN, 1
(164±2.3 migrated cells/well); SNP, 100 (171±3.4 migrated
cells/well). Control values were 98±2 for the basal condition
and 179+7 migrated cells/well, for bFGF (10 nM) induced
migration.

Effect of NOsynthase inhibition on SP-induced migration.
SP produces a concentration-dependent effect on endothelial
cell migration (17). Concentrations producing submaximal (1
nM) and maximal (10 nM) effects were used in these experi-
ments (see Fig. 7). In cells pretreated for 30 min with 100 tiM of
the NOsynthase inhibitors (L-NMMA, L-NNA, or L-NAME)

130-

120-

1101

100-

*

Basal SP 0.1 nM SP1 nM SP 10 nM

Figure 5. Effect of methylene blue on SP-induced proliferation of
CVEC. Inhibition of guanylate cyclase in CVECmonolayers was ob-
tained by 1 h pretreatment with methylene blue (1 tIM) (-). The prolifer-
ation induced by SP (o) was measured as thymidine incorporation after
24 h exposure. The effect of SP was evaluated over the basal controls
(0.1% FCS or methylene blue, taken as 100%). Data represent the result
of four experiments in duplicate. *P < 0.01 and **P < 0.001 vs basal
controls, Student's t test.

before the exposure to SP, SP-effects were abolished. The ef-
fects produced by 10 nMbFGF were not (Fig. 8). Inhibition of
SP-induced migration by blockade of NOsynthase was specific
since D-NAMEwas ineffective (Fig. 9 A), and the effect of L-
NMMAwas reverted by addition of L-arginine (200 ,M) (Fig.
9 B).

Effects of SP on NOsynthase activity in CVEC. Subcon-
fluent monolayers of CVECwere analyzed for NO synthase
activity after 24 h exposure to 10 nMSP, a concentration known
to produce maximal biological response in capillary endothelial
cells (15, 17). In resting conditions the activities of calcium-
dependent and calcium-independent isoforms of NOsynthase
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Figure 6. Effect of NOgenerator drugs on CVECmobilization. For
migration assay, 48-well modified Boyden Chambers were used, as
described in Methods. The NO-donor drugs (ISDN [o], TNG[A], and
SP [o]) in DMEcontaining 0.1% FCS, were seeded in the lower com-
partments of the chamber and endothelial cell suspension was seeded
in the upper compartments. Cells migrated after 4 h of incubation to
the lower surface of the filter were counted. bFGF (10 nM) (open
column) was used as positive control. Data are the means±SEMof
three experiments run in triplicate. *P < 0.01 and **P < 0.001 vs basal
mobilization, Student' t test.

Nitric Oxide Mediates Angiogenesis 2041

i40-

1



1Ad** A
220 -

160

0

a
140 -

120 -

100. ii
T

basal SP1 nM

I

Ia
z
O

(am
C.)

0)
T

SP 10nM

Figure 7. Effect of NOsynthase inhibitors on SP-induced mobiliza-
tion of CVEC. SP-induced mobilization (0) was studied in cells prein-
cubated for 30 min with NOsynthase inhibitors (L-NMMA [ml,
L-NNA [E], and L-NAME [a], 100 1.M). Data are the results of five
experiments run in triplicate. *P < 0.01 and **P < 0.001 vs control,
Student's t test.

were detected. In cells exposed to 10 nM SP the activities of
both isoforms were increased compared with basal values (Fig.
10). In the presence of calcium, the NO synthase activity in
CVECstimulated with SP increased by 351%. When the cell
homogenates were resuspended in Ca2+-free buffer (EGTA 1
mM) and in the presence of the calmodulin inhibitor trifluoper-
azine (100 ,M), the NOsynthase activity increased slightly but
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Figure 8. Effect of NOsynthase inhibitors on bFGF-induced mobili-
zation of CVEC. Cell mobilization was produced with 10 nMbFGF
(o). The effect of cell preincubated for 30 min with the NOsynthase
inhibitors L-NAME (Ea) and L-NNA (Ea) (100 ttM) was evaluated and
compared to the effect of the inactive enantiomer D-NAME(a) (100
,tM). Data are the results of three experiments run in triplicate. *P
< 0.01 vs control, Student's t test.

Figure 9. SP-induced mobilization of CVECafter treatment with L-
NAMEand D-NAME(A) and L-NMMAand L-arginine (B). (A) To
evaluate the specificity of NOsynthase inhibition produced by L-
NAME, the effect of the inactive enantiomer D-NAMEwas studied on
mobilization of CVECinduced by SP. Cells were preincubated for 30
min with 100 ktM of each drug. Data are the result of three experiments
run in triplicate. *P < 0.01 vs basal migration and #P < 0.01 vs 10
nM SP alone. (o) Control; (m) + D-NAME; (m) + L-NAME; (m) SP
alone. (B) The effect of L-arginine in reverting the inhibitory effect
produced by L-NMMAwas evaluated on SP-induced mobilization. Cells
were incubated for 30 min with media containing L-arginine (200 uM)
and L-NMMA(100 AM). Then cell migration was evaluated versus 10
nM SP. Data are the results of three experiments run in triplicate. *P
< 0.05 vs basal migration and UP < 0.05 vs L-NMMAalone. (c)
Control; (-) SP, 10 nM; (-) SP + L-NMMA; (n) SP + L-NMMA+
L-Arg.

the effect was not statistically significant. These results show
that SP activated mainly a calcium- and calmodulin-dependent
NOsynthase.

Discussion

The present data suggest that neovascular response in vivo and
some cellular events relevant for angiogenesis, such as the
growth and mobilization of postcapillary venule endothelial
cells, are promoted by NO. Weshow that SNPpotentiates neo-
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Figure 10. NOsynthase activity in CVECexposed to SP. Monolayers
of CVECat 95% confluence were exposed to 10 nM SP for 24 h. At
the end of incubation, cells were washed and scraped in PBS, homoge-
nized and centrifuged at 39,000 g for 30 min. The calcium-dependent
NOsynthase activity was measured in the supernatant of cell extracts
incubated for 60 min at 370C with medium containing NADPH', CaCl2,
calmodulin, cold L-arginine, and 3H-L-arginine (5 ,Ci/ml) (o). The calci-
um- and calmodulin-independent NOsynthase activity (n) was mea-
sured in the supernatant with the calcium-free media containing 1 mM
EGTAand 100 ,OM trifluoperazine. The mixtures were then loaded on
Dowex AG50WX-8 (Na' form) column and eluted with bidistilled wa-
ter. The [3H]citrulline obtained by this procedure was measured and the
ratio between labeled citrulline (dpm) and mg protein assayed in
the homogenate was taken as NOsynthase activity. Data are the
means±SEMof six determinations. **P < 0.001 vs basal activity,
Student's t test.

vascular response triggered by threshold concentrations of SP
and PGEI in vivo. Different nitrovasodilators, such as SNP,
which releases NO spontaneously (25), or GTN and ISDN,
which release NOafter enzymatic metabolism (26, 27), promote
growth and mobilization of capillary endothelium in vitro in a
dose-dependent fashion (14). We also present evidence that
the release of NOmediates endothelial cell proliferation and
migration and angiogenesis induced by the vasoactive agent SP,
but not by bFGF.

The L-arginine NOpathway was activated in cells exposed
to SP. Both isoforms of NO synthase, the calcium-dependent
and the calcium-independent (28), are present in resting condi-
tions in the endothelial cells used in this study. SP markedly
increased the activity of the calcium-dependent isoform of the
enzyme. Moreover, NOsynthase inhibitors abolished the prolif-
eration and migration of endothelial cells induced by SP, indi-
cating that endogenous NOproduction is involved in the cellular
effects promoted by this peptide. That NO is specifically in-
volved in the signal transduction following tachykinin receptor
activation is further indicated by the observations that the inac-
tive enantiomer D-NAMEwas ineffective and L-arginine re-
verted the inhibition induced by L-NAME.

NOexerts its effect by activating a soluble guanylate cyclase
(9). In keeping with the hypothesis that NOsynthase is stimu-
lated by SP, we found that SP activates cyclic GMPproduction
in CVEC(13). This elevation was significantly reduced by the
NOsynthase inhibitor L-NMMA, thus indicating that NOpro-
duction is directly involved (13). A role for guanylate cyclase
in mediating the proliferative effect of SP is further suggested
by the observation that methylene blue selectively blocked the
proliferation of CVECinduced by SP.

Inhibition of NOproduction caused by chronic systemic
administration of L-NAMEin vivo strongly curtailed the ability
of SPand PGEI to elicit the neovascular response. NO-mediated
processes (basal cyclic GMPlevels in platelets and thrombin-
induced platelet aggregation, as well as Ach-induced dilation
of aortic rings) were inhibited after addition of L-NAME in
drinking water, indicating that this treatment provided an effec-
tive and long-lasting inhibition of NOproduction. The impair-
ment of the angiogenic response after NOsynthase inhibition
is reversible since it was restored after discontinuation of the
treatment. These data document that NOproduction is an essen-
tial step for angiogenesis induced by PGEI and SP.

Angiogenesis relies essentially on the ability of capillary
endothelium to migrate and proliferate (2). The extent of prolif-
eration and migration obtained with the NOgenerating drugs
is of the same magnitude as that produced by bFGF. However,
NOproduction does not seem to be involved in the effect of
bFGF at cellular level. In fact, inhibition of NOsynthase both
in vivo and in vitro failed to modify growth and migration of
capillary endothelium promoted by bFGF, indicating that more
than one pathway contributes to the cellular events leading to
angiogenesis (29-31); the prevention of SP- or PGEI-induced
angiogenesis by NOsynthase inhibitors is consequent to selec-
tive blockade of one of these specific effector pathways.

Neovascularization is of relevance during inflammation,
wound healing, and tumor growth and the study of these pro-
cesses has resulted in the identification of a wide variety of
angiogenesis inducers (3, 4, 15, 19). The morphogenetic pro-
gram of the neovascular response requires multiple steps, and
an increase in blood flow and vasodilation of the parent venule
before the emergence of the first capillary sprouts are important
steps (6, 32). SP and PGEI are potent vasodilators, and their
effects are mediated, at least in part, by endothelium-dependent
vasorelaxation. It is possible that angiogenesis promoted by SP
and PGE1, and its inhibition by L-NAME, could rely only on
the hemodynamic effect exerted by these agents. Several obser-
vations are in contrast with this hypothesis. NOsynthase inhibi-
tors blocked mobilization and proliferation of endothelial cells
induced by SP in vitro. These findings indicate that on capillary
endothelium NO production may trigger events relevant for
angiogenesis in a manner independent of hemodynamic
changes. Moreover L-NAMEdid not affect bFGF-induced neo-
vascularization.

The present data do not rule out a role for vasodilation on
angiogenesis evoked by SP and NO. However, they suggest
that changes in blood flow are not the sole cause of this effect.
Since smooth muscle cells are not present at the capillary level,
it is possible that other cell types might be the target of NO
released from endothelium. Our data suggest that NOproduc-
tion mediates SP effects on capillary endothelium acting in an
autocrine way. It is possible to speculate that the production of
NO, in response to vasoactive agents such as SP and PGEI,
induces endothelial cells to modify the matrix in which capil-
laries are embedded, promoting endothelial cell mitogen re-
lease (33).

During the completion of this report a paper appeared indi-
cating a role for NO in monocyte-induced angiogenesis (34).
In contrast, a previous report had indicated that inhibition of
NOsynthase in the chorioallantoic membrane of the chick em-
bryo alters the development of microvessel (35). The data ob-
tained by Leibovich et al. (34) as well as our data were obtained
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in adult and highly differentiated cells, a fact that might explain
these differences.

Overall, the results obtained in this study provide the first
evidence that endothelial NOhas a physiological role in the
modulation of angiogenesis triggered by vasoactive agents such
as SP, acting through autocrine-paracrine mechanisms.
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