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NO has been shown to mediate angiogenesis; however, its role in vessel morphogenesis and maturation is not
known. Using intravital microscopy, histological analysis, c.—smooth muscle actin and chondroitin sulfate
proteoglycan 4 staining, microsensor NO measurements, and an NO synthase (NOS) inhibitor, we found
that NO mediates mural cell coverage as well as vessel branching and longitudinal extension but not the cir-
cumferential growth of blood vessels in B16 murine melanomas. NO-sensitive fluorescent probe 4,5-diami-
nofluorescein imaging, NOS immunostaining, and the use of NOS-deficient mice revealed that eNOS in
vascular endothelial cells is the predominant source of NO and induces these effects. To further dissect the
role of NO in mural cell recruitment and vascular morphogenesis, we performed a series of independent anal-
yses. Transwell and under-agarose migration assays demonstrated that endothelial cell-derived NO induces
directional migration of mural cell precursors toward endothelial cells. An in vivo tissue-engineered blood
vessel model revealed that NO mediates endothelial-mural cell interaction prior to vessel perfusion and also
induces recruitment of mural cells to angiogenic vessels, vessel branching, and longitudinal extension and
subsequent stabilization of the vessels. These data indicate that endothelial cell-derived NO induces mural

cell recruitment as well as subsequent morphogenesis and stabilization of angiogenic vessels.

Introduction

NO is a multifunctional gaseous molecule that regulates various
physiological functions, including blood flow, vascular perme-
ability, and leukocyte-endothelial interaction (1-4). Furthermore,
NO has been shown to promote angiogenesis (the development
of new blood vessels derived from existing vessels) and vasculo-
genesis (de novo blood vessel formation from progenitor cells),
indispensable processes for tissue growth (4, 5). NO is not only rec-
ognized as proangiogenic by itself; it also mediates the functions
of many angiogenic factors (4, 5). For example, VEGF (6), angio-
poietin-1 (7), sphingosine-1-phosphate (S1P) (8), and shear stress
(9) are known to activate endothelial NO production through the
PI3K/Akt pathway and to induce endothelial cell proliferation,
migration, survival, and tube formation. NO is also an important
modulator for the expression of endogenous angiogenic factors
such as VEGF and basic FGF (10, 11). Involvement of NO in tumor
angiogenesis has been documented (12-14). However, the site of
NO production and the relationship between actual tissue NO

Nonstandard abbreviations used: 4-AF, 4-aminofluorescein; BME, basal medium
Eagle; cGMP, cyclic GMP; DAF-2, 4,5-diaminofluorescein; DAF-2T, DAF-2 triazole;
D-NMMA, N¢-monomethyl-p-arginine monoacetate; DsRed, red fluorescent protein
from Discosoma; EDG-1, endothelial differentiation sphingolipid G-protein-coupled
receptor 1; eGFP, enhanced GFP; EGM, endothelial growth media; HUVEC, human
umbilical vein endothelial cell; L-NMMA, NS-monomethyl-L-arginine monoacetate;
MECA, mouse endothelial cell-specific differentiation antigen; MPLSM, multiphoton
laser-scanning microscopy; NG2, chondroitin sulfate proteoglycan 4; nNOS, neuronal
NOS; NOS, NO synthase; PCNA, proliferating cell nuclear antigen.
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level and angiogenic activity, the resulting vessel architecture, and
vascular function in tumors are not known.

There are 3 isoforms of NO synthase (NOS): neuronal NOS
(nNOS), also referred to as type INOS; iNOS, also referred to as type
IINOS; and eNOS, also referred to as type IIl NOS. These 3 isoforms
of NOS are distributed and regulated differently (2). Following stud-
ies of NOS-deficient mice, it has been reported that eNOS mediates
collateral vessel formation in ischemic limb and capillary ingrowth
in both Matrigel implants and transplanted murine tumors (15, 16).
Furthermore, of the 3 isoforms of NOS, it is eNOS that predomi-
nantly mediates VEGF-induced angiogenesis and retinal neovascu-
larization during oxygen-induced ischemic retinopathy (17, 18). On
the other hand, iNOS and nNOS mediate choroidal neovascular-
ization in a laser-induced Bruch’s membrane rupture model, while
eNOS does not do so (18). In tumors, both eNOS and iNOS have
been shown to mediate angiogenesis (12, 19, 20). Different isoforms
of NOS may be involved in angiogenesis depending on the context.
However, the relative contributions and distinct role of each NOS in
any given tumor model have not been documented.

Itis well recognized that blood vessels consist of 2 distinct types of
cells, endothelial cells and mural cells, and that recruitment of mural
cells, such as pericytes and vascular SMCs, is an important step in
angiogenesis, vascular morphogenesis, and vessel maturation (21-23).
However, the role of NO in this process has been unexplored. The
incidence and mortality rate of melanomas are increasing annually
by 2-3% (24). Since the interaction between host and tumor is an
important determinant of melanoma development and progression
(25), we used the dorsal skin chamber and cranial window models,
which provide unique opportunities to study melanoma in its ortho-
topic primary and metastatic environments, respectively (26, 27).
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Table 1

Tissue NO level, angiogenesis, and vessel morphology of B16 melanomas

Dorsal skin chamber Cranial window

research article

and approximately 20 (17-25) days in the cranial
windows and dorsal skin chambers, respectively.
There was no significant difference in growth rate
in a given site between B16F1 and B16F10 tumors

B16 F1 B16 F10 B16 F1 B16 F10 (data not shown). As summarized in Table 1, tissue
Tissue NO level (uM) 1502 24+03* 25+01 31+0.1A NO levels paralleled vessel densities among 4 sets
Vessel density (cm/cm?) 42 +5 84+10~ 11716 19616~ of B16 tumors. Both the tissue NO levels and vessel
Vessel diameter (um) 373 373 202 15 1A densities in B16F10 tumors were significantly high-
No. of vessel segments (/mm?) 67 +40 177 +27A 199+39 377 + 374 er than those in B16F1 tumors, regardless of their

For tissue NO level measurements, B16F1 and B16F10 tumors in dorsal chambers

(59 profiles in 10 tumors and 61 profiles in 9 tumors, respectively) and those in cranial win-
dows (10 profiles in 2 tumors and 15 profiles in 3 tumors, respectively) were examined.
For angiogenesis and vessel morphology, 5 random locations per tumor were examined in
.AP < 0.05

3, 5, 6, and 5 tumors, from the left to the right columns in the table, respectively
as compared with corresponding B16F1 tumors.

We determined tissue NO level, localization of NOS expression,
distribution of NO production, angiogenesis, vessel morphology,
and endothelial-mural cell association in murine melanomas to dis-
sect the roles of NO and NOS in morphogenesis and maturation of
tumor vessels. Furthermore, we determined the role of NO in mural
cell recruitment using independent in vitro assays (28) and a novel in
vivo model (29). To dissect the causal relationship, we modified NO
production using a pharmacological inhibitor and NOS-deficient
mice. We found that (a) NO induces angiogenesis and vessel matura-
tion, specifically vessel branching as well as longitudinal extension
and mural cell coverage over tumor vessels in B16 melanomas; (b) in
these tumors, eNOS in vascular endothelial cells is the predominant
source of NO that mediates angiogenesis, mural cell coverage, and
resulting vessel morphology; and (c) endothelial cell-derived NO
mediates the directional migration and recruitment of mural cell
precursors toward angiogenic vessels both in coculture models in
vitro and a tissue-engineered blood vessel model in vivo.

Results

Tissue NO levels correlate with angiogenic activity in B16 melanomas.
Angiogenesis is an essential process for tumor growth and metastasis
(30-32). We and others have shown that NO mediates angiogenesis
(4,15-17, 33). However, the relationship between tissue NO levels
and tumor angiogenesis is not known. To clarify this relationship,
we determined tissue NO levels and angiogenesis in 2 variants of
B16 murine melanomas (the high-metastatic B16F10 and the low-
metastaic BI6F1) grown in the primary site (dorsal skin) and a met-
astatic site (cranium). NO profiles were measured with recessed NO
microsensors (34), and microvascular parameters were determined
by intravital microscopy (27) when the tumors reached 6-7 mm in
diameter. Tumors reached the desired size in approximately 7 (6-9)

Figure 1

Effect of chronic NO inhibition on B16F10 tumor vessels in the cranial
window. (A) Representative microangiography images of B16F10 mela-
noma treated with b-NMMA (5 tumors, 5 locations each) or L-NMMA
(6 tumors, 5 locations each). Scale bar: 100 um. (B-D) Vessel param-
eters quantified by off-line analyses of the digitized microangiography
images. Note that L-NMMA treatment resulted in significantly reduced
vascular density (B), larger vessel diameter (C), and reduced branching
(D). (E) Histological quantification of endothelial cell nuclei per vessel
cross-section in B16F10 melanoma treated with -NMMA (129 vessels
in 3 tumors, 5 locations in each) or L-NMMA (83 vessels in 3 tumors, 5
locations in each). *P < 0.05 as compared with corresponding controls.
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site of growth. Interestingly, the NO levels and ves-
sel densities were significantly higher in the cranial
window tumors than in the dorsal skin chamber
tumors in both variants of melanomas. Further-
more, the vascular architecture in B16F10 tumors
was remarkably different from that in B16F1
tumors in the cranial window (Supplemental Fig-
ure S1; supplemental material available online with
this article; doi:10.1172/JCI24015DS1). In order to quantify ves-
sel branching, we counted the number of distinct vessel segments
in each high-power field. B16F10 tumors had more vessels and
branches, while B16F1 tumors had significantly larger but fewer
vessels. These data indicate that tissue NO level correlates well with
angiogenic activity and metastatic potential of murine melanomas.
The data also indicate that host-tumor interaction is an important
determinant of angiogenesis in tumors.

NO mediates branching angiogenesis in B16 melanomas. In order to test
the causal relationship between NO and angiogenesis, we deter-
mined the effect of NOS inhibition on B16F10 tumors grown in the
cranial window — the tumors exhibiting highest tissue NO level and
angiogenic activity. We used the isoform-nonselective NOS inhibitor
NS-monomethyl-L-arginine monoacetate (.L-NMMA), which abol-
ishes NO production of any NOS expressed in the tumor. Chronic
L-NMMA treatment resulted in significantly reduced vascular den-
sity compared with control NS-monomethyl-p-arginine monoac-
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Figure 2

Immunohistochemical analyses of the expression of NOS isoforms in
B16F10 tumors grown in the cranial window. Note the expression of
eNOS in endothelial cells (top left) and INOS in some stromal cells (top
right). Also note that there is no expression of nNOS (bottom left). Bot-
tom right panel shows negative control using nonspecific mouse IgG
staining. Scale bar: 100 um.

etate (D-NMMA) treatment (Figure 1). It is of interest that the vessel
morphology of L-NMMA-treated B16F10 tumors is similar to that
of B16F1 tumors (Supplemental Figure S1). L-NMMA treatment
significantly reduced both vessel density and the number of vessel
segments in B16F10 tumors compared with that in D-NMMA-treat-
ed tumors (Figure 1D). These data indicate that NO mediates not
only the longitudinal extension of blood vessels during angiogenesis

Figure 3

Distribution of NO in B16F10 tumors grown
in the cranial window and the effect of chronic
NO inhibition. The animals were treated with
p-NMMA (A-C) or .-NMMA (D-F). (A, D, and G)
Microangiography using tetramethylrhodamine-
dextran (2 x 108 molecular weight). (B and E)
Representative microfluorography captured 60
minutes after the loading of DAF-2 in tumors.
(C and F) Pseudocolor representation of DAF-2T D
microfluorographs. Color bar in the top right
shows calibration of the fluorescence intensity
with known concentrations of DAF-2T. (G-1) Con-
trol tumor (no treatment). (G) Microangiograph.
(H) Microfluorograph captured at 60 minutes after
the injection of 4-AF, an NO-insensitive control
fluorochrome, and its pseudocolor representation
(). Color bar in the bottom-right portion shows
calibration of fluorescence intensity with known
concentrations of 4-AF. Scale bar: 100 um.
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but also the development of new branches. These morphological
changes in blood vessels were also confirmed by independent his-
tological analyses (Supplemental Table S1). As shown in Figure 1C,
average vessel diameter was significantly larger in L-NMMA-treated
tumors. Vessel diameter is subject to change by alteration of blood
vessel contractile tone and microvascular pressure and thus may not
represent circumferential growth of endothelial cells. Therefore, we
quantified the number of endothelial cell nuclei per cross-section of
each blood vessel in the subsequent histological analyses of B16F10
melanomas treated with D-NMMA and L-NMMA. In agreement
with intravital microscopy and histological observation, we found
a significantly larger number of nuclei per vessel cross-section in
L-NMMA-treated tumors than in the control tumors (Figure 1E).
These results indicate that the larger diameter of L-NMMA-treat-
ed tumors is attributable to the proliferation of endothelial cells.
Considering these data collectively, we conclude that NO promotes
vessel branching and longitudinal extension but not the luminal
growth of blood vessels in B16 melanomas.

B16 melanomas express vascular eNOS and iNOS sporadically in stroma
but do not significantly express nNOS. To identify which NOSs and
cells are responsible for NO production, we first determined the
localization of NOS in B16F10 tumors grown in the cranial win-
dows (Figure 2). Immunohistochemical observation for the 3
isoforms of NOS revealed relatively homogeneous expression of
eNOS in vascular endothelial cells in both normal brain tissue
(not shown) and tumors. On the other hand, iNOS expression was
found sporadically in some host stromal cells. Although we found
that neurons in normal brain tissue were positive for nNOS (not
shown), nNOS was hardly detectable in the B16F10 tumors. It
appeared that B16 tumor cells do not appreciably express NOSs.

NO is mainly distributed at the blood vessel wall in B16 melanomas. The
presence of NOS does not necessarily indicate the production of
NO since the activity of NOS is regulated by various factors such as
intracellular calcium/calmodulin, heat shock protein 90, subcellular

[DAF-2T]
(nmol)

< 400
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localization, interaction with caveolin, phosphorylation, protein
stability, dimerization, cofactor binding, and availability of oxygen
and L-arginine (35, 36). Therefore, we visualized NO distribution in
vivo using an NO-sensitive fluorescent probe 4,5-diaminofluorescein
(DAF-2). NO converts DAF-2 to DAF-2 triazole (DAF-2T) in the pres-
ence of oxygen. DAF-2T is 180 times more fluorescent than DAF-2
(37). We used multiphoton laser-scanning microscopy (MPLSM) to
clearly visualize the subcellular localization of the fluorescent probe.
In B16F10 tumors, DAF-associated fluorescence increased with time
after loading and was found around the blood vessel wall and sporad-
ically in the extravascular space (Figure 3). DAF-associated fluores-
cence in the vessel wall and extravascular space was abolished by the
administration of L-NMMA (Figure 3). On the other hand, fluores-
cence of 4-aminofluorescein (4-AF), an NO-insensitive but structur-
ally similar probe (38), was distributed homogeneously and showed
no significant changes after loading (Figure 3). According to a previ-
ous report, NO signal is primarily confined to within 10 um of the
source (39); thus, the origin of NO in the vessel wall and interstitium
should be distinct. Taken together with our immunohistochemical
analyses, these results suggest that NO is produced predominantly
by eNOS in vascular endothelial cells and only sporadically by iINOS
in the stromal cells of B16 melanomas.

Host cell eNOS but not iNOS contributes to angiogenesis and vessel mor-
phogenesis in B16 melanomas. To determine the contribution of host
cell eNOS- and iNOS-derived NO to tumor angiogenesis and ves-
sel morphology, we performed intravital microscopy of B16F10
tumors in eNOS~~,iNOS~7~, and wild-type C57BL/6 mice. Vessel den-
sity was significantly reduced but diameter was significantly larger
in eNOS7~ compared with wild-type mice (Figure 4). As shown in
Figure 4A, vessel morphology in eNOS~~ mice was similar to that in
L-NMMA-treated tumors (Figure 1A) and B16F1 tumors (Supplemen-
tal Figure S1). There was significantly less branching in eNOS7~ mice
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Figure 4

Effect of host eNOS deletion on B16F10 tumor vessels in the cranial
window. (A) Representative microangiography images of B16F10 mela-
noma grown in wild-type C57BL/6 or eNOS-- mice. Scale bar: 100 um.
(B—D) Vessel parameters quantified by off-line analyses of the digitized
microangiography images. Note that B16F10 tumors in eNOS~- mice
(n = 5) have significantly reduced vascular density (B), larger vessel
diameter (C), and reduced branching (D) as compared with those in
C57BL/6 mice (n = 5). (E) Histological quantification of endothelial cell
nuclei per vessel cross-section in B16F10 tumors grown in C57BL/6
(132 vessels in 3 tumors, 5 locations in each) or eNOS-- mice (92 ves-
sels in 3 tumors, 5 locations in each). *P < 0.05 as compared with cor-
responding controls.

than in wild-type mice (Figure 4D). Histological analyses confirmed
intravital microscopy observations that revealed B16 tumors grown
in eNOS7~ mice had decreased vessel numbers but increased vessel
perimeters and numbers of endothelial nuclei per vessel cross-section
compared with wild-type mice (Supplemental Table S1; Figure 4E).
In contrast, the deletion of iNOS in the host stromal cells did not sig-
nificantly affect angiogenesis and vessel morphology of BI6F10 mel-
anomas (Supplemental Figure S2). Although analyses of spatial and
temporal distribution of NO by DAF-2 microfluorography showed
that both eNOS and iNOS produce NO in B16 melanomas (Figures
2 and 3), eNOS appeared to play a predominant role in NO-induced
tumor angiogenesis. Taken together, these data suggest that NO pro-
duced by eNOS in the host endothelial cells governs the branching
and longitudinal extension of blood vessels in B16 melanomas.

NO from eNOS regulates the extent of mural cell coverage of B16 melanoma
vessels. The association of pericytes with vascular endothelial cells has
been suggested as regulating endothelial cell proliferation, survival,
migration, and differentiation (21, 23, 40). To understand the role
of NO in the association of mural cells with tumor vessels and the
relationship between mural cell coverage and tumor-vessel architec-
ture, we determined mural cell coverage by immunohistochemistry
in tumors with and without modification of NO production. The
mural and endothelial cells were identified in serial sections of a
histological specimen by antibodies specific for mural cell markers,
0-SMA, and chondroitin sulfate proteoglycan 4 (NG2) as well as a
mouse endothelial cell-specific differentiation antigen (MECA-32)
(Figure 5). The 2 mural cell markers had essentially identical distribu-
tions and colocalized at least in part with most blood vessels in both
B16F10 (Figure 5A) and B16F1 (not shown) melanomas, although
the sensitivity of NG2-antibody staining appeared to be lower than
that of a-SMA staining. The extent of the blood vessel coverage of
0-SMA- or NG2-positive mural cells was analyzed using NIH Image
1.63 freeware. Mural cell coverage was significantly lower in B16F1
tumors than in B16F10 tumors (Figure 6). This paralleled the differ-
ence in tissue NO level and vessel density, but an inverse relationship
was found between mural cell coverage and average vessel diameter
(Table 1). Next, we compared mural cell coverage of B16F10 tumor
vessels under chronic NO inhibition (L-NMMA treatment) with
that in the control tumors. Mural cell coverage in B16F10 tumors
was significantly decreased by L-NMMA treatment (Figures 5B
and 6). These results suggest that NO regulates the extent of mural
cell coverage of tumor vessels in B16 melanomas. Further, to reveal the
relative contribution of each isoform of NOS, we compared mural cell
recruitment in eNOS7~and iNOS~~ mice with that in wild-type mice.
The extent of mural cell coverage was significantly less in B16F10
tumors grown in eNOS”"~ mice, but the extent observed in iNOS”
mice was comparable to that in wild-type mice (Figures 5B and 6).
Volume 115 1819
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Figure 5

Immunohistochemical observation of mural cell coverage in B16F10 tumors grown in the cranial
window. Five micron paraffin block sections were immunostained using the avidin-biotin complex/
diaminobenzidine histochemistry method. (A) Control B16F10 tumor sections were stained for
mural cells using monoclonal mouse anti—a-SMA or polyclonal rabbit anti-NG2 and endothelial
cells using polyclonal rat anti-MECA-32. Two markers for mural cells showed essentially identical
distributions. (B) B16F10 tumors treated with b-NMMA or L-NMMA or grown in wild-type C57BL/6

N
>

L-NMMA- and D-NMMA-treated
B16F10 tumors, as shown by quanti-
tative real-time PCR (Supplemental
Table S3). Thus, it is not likely that NO
regulates mural cell coverage and ves-
sel morphogenesis via transcriptional
regulation of these known angiogenic
and vessel maturation factors.

NO from endothelial cells medi-
ates migration of mural cell precursor.
In order to determine the role of
endothelial NO in mural cell recruit-
ment, we performed 2 different in
vitro migration assays. The migration
of 10T1/2 cells, mural cell precursors,
through transwell filters or under the
agarose gel toward human umbili-
cal vein endothelial cells (HUVECs)
was quantified with or without NOS
inhibition. As shown in Figure 7,
robust transwell migration of 10T1/2
cells was observed in the presence of
HUVECs, and application of 100 uM
L-NMMA significantly reduced this
migration. To examine directional
migration, HUVECs and 10T1/2
cells were cultured 2.5 mm apart
in the under-agarose assay. 10T1/2
cells migrated toward the HUVECs
in a directional manner (Figure 8).
L-NMMA treatment decreased 10T1/2
cells’ migration toward HUVECs, both
in number and distance (Figure 8 and
Table 2). To evaluate the possible con-
tribution of 10T1/2 cell proliferation
in the under-agarose assay, we exam-
ined proliferating cell nuclear antigen
(PCNA) staining. The PCNA-positive
rate in 10T1/2 cells was significantly

or eNOS~- mice. Scale bars: 100 um.

Taken together, these results indicate that NO regulates mural cell
coverage of B16 melanoma vessels and that NO produced by eNOS
predominantly mediates this process.

NO suppression did not alter endogenous angiogenic gene expression in B16
melanomas. To investigate the possible involvement of endogenous
angiogenic factors in NO-induced mural cell coverage and vessel
morphogenesis, we determined the expression profile of 96 murine
genes associated with angiogenesis in B16F10 melanoma with and
without NO inhibition using a cDNA microarray. Although expres-
sion of a number of genes was detected in B16F10 tumors (90 out of
96 were expressed), none of the genes in L-NMMA-treated tumors
were differentially expressed by more than 2-fold compared with
those in D-NMMA-treated tumors (Supplemental Table S2). Spe-
cifically, the expression of several genes that mediate angiogenesis
and vessel maturation (PDGF-B, PDGFRf, angiopoietin-1 and
-2, Tie-2, sphingosine kinase type 1, endothelial differentiation
sphingolipid G-protein-coupled receptor 1 (EDG-1), VEGF-A,
VEGFR-1, and VEGFR-2) was not significantly different between
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higher in the L-NMMA-treated group
than in the control group (Table 2).
We therefore conclude that an increase
in 10T1/2 cell numbers located at the side of HUVECs is due to
directional cell migration, not cell proliferation. Taken together,
these results suggest that NO derived from endothelial cells induc-
es directional migration of mural cell precursors.

NO mediates recruitment of mural cells in vivo. We next exam-
ine whether NO is involved in the recruitment of mural cells to
angiogenic vessels in vivo. To this end, we used a tissue-engineered
blood vessel model in which HUVECs and 10T1/2 cells embedded
in a collagen-fibronectin gel were implanted in the mouse cranial
window to form stable and functional blood vessels (29). HUVECs
and 10T1/2 cells were transfected with enhanced GFP (eGFP) and
red fluorescent protein from Discosoma (DsRed) genes, respective-
ly, then visualized by MPLSM, and their interaction was analyzed
by an NIH Image 1.63 freeware macro (Figure 9) (26, 29). After the
implantation, 10T1/2 cells started to interact with HUVECs; the
coverage of 10T1/2 cells around the network-forming HUVECs
increased in a time-dependent manner up to 21 days and thereaf-
ter became stable (Figure 10). Following 10T1/2 cell recruitment,
Number 7
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the perfusion of the HUVECs network began, increased with
time, and became stable after 21 days. L-NMMA treatment sig-
nificantly inhibited both the early interaction of 10T1/2 cells and
HUVECs before perfusion as well as the recruitment of 10T1/2
cells to the perfused HUVECs network (Figure 10). Furthermore,
the perfused vascular density was significantly lower, and the total
vessel density was decreased with time in the L-NMMA-treated
group (Figure 10). We also determined the morphology of the tis-
sue-engineered blood vessels. L-NMMA treatment significantly
decreased both the length and the extent of branching of the ves-
sels but did not affect vessel diameter (Table 3). As reported previ-
ously (29), HUVECs implanted alone (without
10T1/2 cells) show only transient vessel for-
mation and perfusion that is significantly less
than that seen in HUVEC-10T1/2 coimplanta-
tion. L-NMMA did not affect these non-mural
cell-mediated processes. Taken together, these
results indicate that NO suppression impairs

A

Figure 7

Transwell migration of 10T1/2 cells toward
HUVECs. (A) Transmigrated eGFP-10T1/2 cells at
the back side of the FluoroBlok insert. Scale bar:
200 um. (B) Percentage area of the transwell filter
covered by migrated 10T1/2 cells. Medium only,
no HUVECSs in the bottom well. *P < 0.05 as com-
pared with the control group. All transwell migration
assays were conducted in triplicate, and each set
of experiments was performed 3 times.

L-NMMA
10 uM
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Figure 6

Extent of mural cell coverage in B16 melanomas grown in the cra-
nial window. Percentage coverage of blood vessels by a-SMA—posi-
tive cells (A) and NG2-positive cells (B) was determined. Note that
the extent of pericyte coverage was significantly lower in B16F1 or
in L-NMMA-treated B16F10 tumors than in control B16F10 tumors.
B16F10 tumors grown in eNOS-- but not in iNOS-- mice showed
smaller coverage than those in wild-type mice. Three tumors of 5 loca-
tions each were determined for all groups. The numbers of vessels
determined (from left to right) are 127, 91, 109, 77, 127, 105, 114 (A)
and 144, 83, 138, 84, 114, 107, 147 (B).

mural cell recruitment and the subsequent establishment and
remodeling of a stable functional vessel network.

Discussion

This study shows tissue NO levels and spatial distribution of NO
in tumors using NO-sensitive microelectrodes and fluorescent
probes, respectively. We found that the average tissue NO levels
in B16 melanomas were 1.5-3.1 uM, depending on the tumor cell
variant and site of tumor growth, and that tissue NO levels corre-
lated well with angiogenic activity (Table 1). Tumor-tissue NO val-
ues are higher than those in normal quiescent tissue. For example,
the NO level in the cortex of SCID mice is approximately 0.7 uM
(our unpublished data). High NO levels (~2.0 uM) in angiogenic
tissues have been reported with a collagen gel implant in which
angiogenesis is induced by recombinant VEGF (17). Inhibition of
NO production resulted in reduced angiogenesis in this model as
is also seen in the current study. Collectively, these data indicate
that NO induces angiogenesis in tumors.

Imaging of DAF-2, an NO-sensitive probe, revealed the pro-
duction of NO at the blood vessel wall in B16 melanomas
(Figure 3). Immunohistochemistry indicated that eNOS in vas-
cular endothelial cells is responsible for NO production at the
vasculature. In nontumor-bearing cranial windows, DAF-2 fluo-
rescence also clearly localized at the vasculature (Supplemental
Figure S3). Of interest, DAF-2 fluorescence was stronger in arte-
rioles than in capillaries and venules in normal pial vessels. This
finding is consistent with a previous report of strong arteriolar
NO production in rat mesentery where nNOS expression in periar-
teriolar nerves was observed in addition to eNOS expression in vas-
cular endothelial cells (41). On the other hand, we could not find
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grown in iNOS-deficient mice (19, 20).
However, sporadic expression of iNOS
in stromal cells did not significantly
affect angiogenesis, vessel morphol-
ogy, and mural cell recruitment in B16
melanomas grown in cranial windows
in this study. The cranium is known to
be an immunoprivileged site. In fact, we
did not find an appreciable inflamma-
tory cell accumulation in tumors grown
in cranial windows or a difference in
angiogenesis in angiogenic gel assays
of immunocompetent and immunode-
ficient mice with the same background
(17). This may explain the insignificant
effect of host iNOS deletion in our

SO3ANH

SO3ANH
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(]

study. The cranial window model used
in this study allowed us to clearly deter-
mine the role of vascular endothelial
eNOS on tumor angiogenesis. It is note-
worthy that iNOS has been reported to
mediate the induction of VEGF in the
above-mentioned studies (19, 20, 43)
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and that eNOS predominantly mediates
VEGF-induced angiogenesis (17). NO
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Back
% L-NMMA 3
o o

suppression did not alter endogenous
VEGF expression in this study (Supple-
mental Table S3).

Although several reports of both
clinical and experimental tumors have
shown that NO plays an important role
in tumor angiogenesis (12-14), there is
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Figure 8

Under-agarose 10T1/2 cell migration in the presence of HUVECSs. (A) Representative images of
migrated eGFP-10T1/2 cells in the control (top row) and L-NMMA-treated (100 uM; bottom row)
groups. HUVECs are located on the right-hand side of the images. Representative images of a part
of the agarose well both in the direction to HUVECs (front; right panels) and in the opposite direction
to HUVECSs (back; left panels) are shown. Scale bars: 200 um. (B) Histograms of the migrated 10T1/2
cells. All under-agarose migration assays were conducted in duplicate, and each set of experiments
was performed 3 times. Histograms of the sum of all 6 independent experiments are shown.

appreciable nNOS expression in B16 melanomas (Figure 2). These
results suggest that tumor vessels do not have nNOS-expressing
nerves along with them. Tumor vessels are well known as having
structural and functional abnormalities (42). In fact, most tumor
vessels remain immature and will not differentiate into functional
units such as arterioles, capillaries, and venules. Lack of arteriolar
differentiation and innervations with nNOS-positive nerves may
also explain the lack of neuronal control of blood flow in tumors.

In addition to vascular NOS, expression of NOS in tumor cells has
been reported in various tumors including nNOS in CNS tumors
and iNOS and eNOS in various tumor types (reviewed in ref. 4).
Nonvascular sources of NO may coordinate angiogenesis and ves-
sel remodeling mediated by vascular endothelial cell-derived NO.
Transduction of the INOS gene into p53 mutant tumor cells has been
shown to increase neovascularization (43). Reduced angiogenesis
and tumor growth were observed in lung and subcutaneous tumors
1822
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500 1000 1500 2000 2500 3000  no study showing how NO affects vessel
morphology in tumors. NO has been
shown to mediate cell migration and
proliferation as well as tube formation
and survival of endothelial cells in vitro
(33,44). In this study, we found that NO
mediates branching and longitudinal
extension of blood vessels in B16 mela-
nomas (Figure 1, Supplemental Table
S1) and that this process is predomi-
nantly mediated by eNOS (Figure 4 and
Supplemental Table S1). If chronic inhi-
bition of NO suppresses tumor angiogenesis because of the inhibi-
tion of endothelial cell proliferation, then vessel diameter and the
density of endothelial cell nuclei should also be decreased. However,
average vessel diameter was larger in tumors with lowered NO pro-
duction than in corresponding controls. Circumferential growth of
blood vessels was unaltered by NO inhibition presumably because of
other endothelial growth stimuli present in the tumors such as VEGF
(Supplemental Tables S2 and S3). In fact, we did not observe a dif-
ference in vessel diameter in the tissue-engineered blood vessels with
L-NMMA treatment even though this treatment inhibited branch-
ing and longitudinal extension of blood vessels (Table 3).

In addition to the direct effect of NO on endothelial cells or the
indirect effect on endogenous angiogenic factors, other mechanisms
should be considered in order to understand the vascular morphol-
ogy observed in B16 melanomas with different NO levels. Blood
vessels consist of 2 different types of cells, vascular endothelial cells
Volume 115
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tal Figure S4). On the other hand, 2 different types

Quantification of 10T1/2 cell migration and proliferation in under-agarose of in vitro migration assays showed that HUVECs

migration assay

recruit 10T1/2 cells via NO (Figures 7 and 8, and
Table 2). Furthermore, 10T1/2 cell prolifera-

Control L-NMMA tion appeared to be inhibited by NO when these

Front Back Front Back cells were cocultured with HUVECs (Table 2).

Migration distance (m) 618 + 56 300+40  412+67A 361 +52 A coculture system with endothelial cells and
No. of migrated cells (counts/well) 1161212 519139 544 +265% 487 + 70 murine embryonic mesenchymal cells (10T1/2
PCNA positive rate (%) 12+2 14+ 4 3054 28 + 5 cells) was employed as a model of mural cell
recruitment in vitro and showed involvement of

All under-agarose migration assays and PCNA staining were conducted in duplicate, and each PDGF and TGF-B1 in the recruitment and differ-

set of experiments was performed 3 times. Migration distance was derived from mean of the
median value of each experiments. AP < 0.05 as compared with corresponding controls.

entiation of 10T1/2 cells, respectively (28). How-
ever, microarray analysis of angiogenic genes in
HUVEC:s did not show significant alteration with

and mural cells (22). The heterotypic cell-cell interaction in the ves-  L-NMMA treatment at 100 uM (data not shown), suggesting that
sel wall affects both cell populations and is suggested as regulat-  the mural cell recruitment via NO is independent of transcription-
ing formation, remodeling, stability, and function of blood vessels  al regulation of other factors. On the other hand, signaling path-
(21-23). Pericytes may play a role in endothelial sprouting and in ~ ways involved in mural cell recruitment, such as PDGF/PDGFR,

vascular branching morphogenesis because of
their localization at capillary branch points (23).
Furthermore, pericyte sleeves, which are longer
than endothelial cell sprouts, have been found.
This finding suggests the possibility that they
guide and/or regulate sprout growth (45). The
lack of pericyte coverage may abrogate microves-
sel architecture since pericytes stabilize vascular
endothelial cells and negatively regulate their
proliferation (46). For example, pericytes became
detached during endothelial cell hyperprolifera-
tion induced by ectopic expression of VEGF-A in
normal tissue (47). Here we found that chronic
inhibition of NO significantly decreased mural cell
association with tumor vasculature and resulted in
the increased vessel diameter and decreased vessel
density and that eNOS mediated these processes
(Figure 6). Proper incorporation of mural cells to
the vessel wall structure, including appropriate
number, phenotype, and alignment, is an impor-
tant step of vessel maturation. Multiple molecu-
lar mechanisms have been reported as mediating
vessel maturation (reviewed in ref. 22). Several
key signaling pathways are involved in mural cell
recruitment, including PDGF/PDGFR, sphingo-
sine-1-phosphate/EDG-1,and angiopoietin-1/Tie-2
(48-50). However, our gene expression analyses
did not suggest the involvement of transcriptional
regulation of these factors in NO-induced vascular
morphogenesis (Supplemental Table S3).
Although there are conflicting reports on the
effect of exogenous NO on cultured vascular
SMC proliferation and migration (51, 52), the
role of NO in mural cell recruitment has yet to
be documented. Therefore, we performed a series
of in vitro and in vivo analyses without involving
cancer cells. First, we checked the direct effect of
exogenous NO on 10T1/2 cell proliferation. An
NO donor, (Z)-1-[2-(2-Aminoethyl)-N-(2-ammo
nioethyl)amino]diazen-1-ium-1,2-diolate (DETA
NONOate, Alexis Corp.) inhibited 10T1/2 cell
proliferation at high (>1 mM) doses (Supplemen-
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Figure 9

Endothelial-mural cell interaction in the tissue-engineered blood vessels. (A) Represen-
tative MPLSM images of eGFP-HUVECs (green) and DsRed-10T1/2 cells (red) at 4, 7,
10, 14, and 28 days after implantation with and without L-NMMA (7 mg/day) treatment.
(B) Analysis of the endothelial-mural cell interaction. Images of endothelial cells (green)
and 10T1/2 cells (red) were binarized. The diameters of binarized HUVECs areas were
dilated by 4 um from the original edges. Overlap of the 2 cell populations (coverage of
mural cells) is shown in blue. Scale bars: 100 um.
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sphingosine-1-phosphate/EDG-1, and angiopoietin/Tie-2, have
been shown to induce NO production. NO also has been shown
to mediate downstream signaling, angiogenesis, and vascular SMC
relaxation induced by these pathways (7, 8, 53). TGF-1, which has
been shown to mediate mural cell differentiation, also stimulates
NO production through upregulation of eNOS transcription and
stabilization of eNOS mRNA (54). NO may also mediate mural cell
recruitment as a second messenger of these signaling pathways.
For the final in vivo analyses we used a newly developed tissue-engi-
neered blood vessel model (29). L-NMMA treatment significantly
inhibited the association of 10T1/2 cells with HUVECs and resulted
in reduced formation and increased destabilization of the engineered
vessels (Figures 9 and 10). Importantly, NO suppression inhibited
10T1/2 cell recruitment but not proliferation. 10T1/2 cells were pres-
ent in equal, if not greater, numbers in the L-NMMA-treated group
than in the untreated group. However, they did not associate with the
HUVEC-derived vessel structure (Figure 9).
The alteration in vessel morphology by NO
suppression in the engineered vessels was Table 3
similar to that in tumor vessels that received
the same treatment. Both vessel density and
the number of vessel segments were signifi-
cantly decreased by L-NMMA treatment (Fig-
ures 1 and 10). Collectively, the data in this
study indicate that endothelial cell-derived
NO induces mural cell recruitment to vessels,
longitudinal vessel extension, and branching
of angiogenic vessels in both B16 melanomas
and a tissue-engineered vessel model.
1824
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Figure 10

Endothelial-mural cell interaction and vessel density in the tissue-engi-
neered blood vessels. (A) Temporal changes in the mural cell cover-
age of endothelial cells. All vessels including both perfused (right) and
nonperfused (left) were analyzed. (B) Temporal changes in total (left)
and perfused (right) tissue-engineered vessel density. *P < 0.05, com-
pared with corresponding controls; Mann—Whitney U test. Four loca-
tions of each tissue-engineered vessel model were observed. Six ani-
mals each for the HUVECs-10T1/2 cells co-implantation models, and 3
animals each for implantation with HUVEC alone were examined.

Tumor vessels are known to have structural and functional abnor-
malities such as a lack of a hierarchical branching organization,
irregular and increased diameter, and increased focal leakiness.
These abnormalities play an important role in creating harsh meta-
bolic environments such as hypoxia and acidosis in solid tumors and
compromise the delivery of therapeutic agents to tumor cells (55).
Clearly, tcumor vessels are immature despite the ability of tumors to
initiate new blood vessel formation. Proper incorporation of mural
cells into the vessel wall is an indispensable step in vessel matura-
tion. Deficiency in mural cell recruitment and defects in these cells’
association to tumor vessels are critically involved in the abnormali-
ties of tumor vessels (45, 56). The imbalance of angiogenic factors in
tumors may cause these abnormalities. Judicious modification of the
balance of angiogenic factors may normalize tumor vasculature and
potentiate antitumor therapies (55). In this study, the vasculature of
B16F10 tumors has more mural cell coverage and branching with
relatively smaller vessel diameter, which is indicative of a mature
(normal) phenotype, compared with vessels in B16F1 and B16F10
tumors treated with L-NMMA or grown in eNOS~7~ mice. These find-
ings suggest that NO produced by eNOS in vascular endothelial cells
plays an important role in the regulation of vessel maturation in B16
melanomas and that modulation of NO signaling may be a novel
strategy for controlling tumor vessel structure and function.

The inhibition of angiogenesis is a promising new treatment
strategy for tumors and other angiogenesis-dependent diseases.
However, the efficacy of targeting specific angiogenic factors
in tumors may be hampered due to compensation by other
angiogenic factors. Since varieties of angiogenic factors and
stimuli share NO as a common signaling pathway, NOS could
be a potential target of antiangiogenic therapy that may be appli-
cable to a spectrum of tumors with different expression profiles
of angiogenic factors. Caveolin-1 is a negative regulator of eNOS
function, and a putative cell-permeable peptide consisting of
caveolin scaffolding domain of caveolin-1 (Cavtratin) blocks NO
release, vascular permeability, angiogenesis, and tumor growth in
implanted human and murine tumors (12).

Vascular morphology of tissue-engineered blood vessels

Perfused vessels All vessels
Control L-NMMA Control L.-NMMA
15011 158+13 13111 128+13
663+70 228 + 697 921 + 168 535+ 188~
1779 71+ 23~ 237 +10 147 + 457

72 4 +1A 131 9+1A

Four random locations per animal were analyzed in 6 animals for each group 28 days after implan-
tation. AP < 0.05 as compared with corresponding controls.
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Many NO effects are mediated via elevation of intracellular cyclic
GMP (cGMP) (3, 57). cGMP is generated from GTP either by soluble
or membrane-spanning peptide-regulated guanylyl cyclases that
abundantly exist in mural cells such as vascular SMCs and pericytes
(58). NO activates the former while other stimuli, such as natriuretic
peptides, activate the latter. Recently, Yamahara et al. showed that
gene transfer of brain natriuretic peptide accelerated neovascular-
ization with proper mural cell coating in ischemic limbs and rescued
delayed angiogenesis induced by NO blockade (59). Both NO and
C-type natriuretic peptides stimulate primary aortic SMC migra-
tion mediated by cGMP (52). Furthermore, genetic alteration of
cGMP-dependent protein kinase type I, which is one of the impor-
tant kinases in the cGMP-signaling pathway, effectively modulated
ischemia-induced angiogenesis (59). These findings strongly sug-
gest that the guanylyl cyclase-cGMP pathway is the most plausible
downstream pathway of NO-induced angiogenesis and mural cell
recruitment. However, in addition, it is increasingly evident that NO
mediates cellular signaling via posttranslational modifications of
metalloproteins, thiols, and tyrosines (60). It is also possible that
other mechanisms such as S-nitrosothiol or nitrotyrosin formation
are involved in the angiogenic effects of NO. Dissection of the sig-
naling pathways through which NO induces angiogenesis and vessel
maturation will not only facilitate our understanding of these bio-
logical processes but should also suggest novel strategies to control
vessel formation and function in tumors and other diseases.

Methods
Animals and tumors. Two variants of B16 melanoma derived from CS7BL/6
mice, B16F1 and B16F10 (61), were maintained in DMEM supplemented
with 10% FBS at 37°C in a humidified CO; atmosphere. To obtain source
tumor tissue, B16 tumor cells in culture (1 x 10° cells) were injected subcu-
taneously into C57BL/6 mice. When a tumor reached a suitable size (~8 mm
in diameter), it was excised after euthanasia, and a small piece (about 1 mm?)
of tumor tissue was implanted into a window model or subcutaneously for
an in vivo passage. Serial in vivo passages were limited to fifth generation.
Dorsal skin chamber or cranial window preparations in the mice were per-
formed, and a small piece (~1 mm in diameter) of B16F10 or B16F1 tumor
was implanted into the center of a window in immunodeficient Rag2~~ mice
(congenic of 129S6/SvEv and C57BL/6) as previously described (26, 27).
To determine the role of NOS in host stromal cells, the experiments were
performed using B16F10 melanoma grown in C57BL/6 wild-type animals
and eNOS~~ or iNOS7~ mice backcrossed for 10 generations to C57BL/6
background. For the tissue-engineered blood vessel model, SCID mice were
used (29). All mice were bred and maintained in either a gnotobiotic animal
facility or a barrier animal room in Massachusetts General Hospital under
diurnal lighting conditions and allowed free access to food and water. All
procedures were carried out following the NIH Public Health Service Policy
on Humane Care of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of Massachusetts General Hospital.
Intravital microscopy. Angiogenesis and vessel morphology in B16F10 or
B16F1 melanomas grown in the window models were determined by intra-
vital microscopy (27). An upright microscope (Axioplan; Zeiss) equipped
with transillumination and fluorescence epi-illumination and an intensi-
fied cooled coupled device camera (C2400-88; Hamamatsu) was used. FITC-
labeled dextran (2 x 10° molecular weight; 10 mg/ml, 100 ul; Sigma-Aldrich)
was injected into the animals’ tail veins to contrast enhance functional
blood vessels. Five randomly selected locations (500 x 340 um? of each) of
the tumors were visualized, examined by intravital fluorescence microsco-
py (Zeiss), and recorded through a frame grabber board (Data Translation

Inc.) for image digitization on a computer (Apple Computer Inc.). Vascular
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parameters such as functional vessel density (the total length of perfused
microvessels/unit area), vessel diameter, and number of vessel segments
(distinct individual vessel segments connected to each other at the branch-
ing point) were analyzed by tracing each vessel segment using NIH Image
1.63 freeware on these captured images and by calculating the data using a
macro in Microsoft Excel 2003 as described elsewhere (26, 27). The number
of vessel segments is an indicator of vessel branching (62). Blood vessels
would be divided into many more segments if there were more branches.

NO measurement. NO in B16 melanomas was measured by a polarographic
electrochemical method using recessed Nafion-polymer-coated gold micro-
sensors (34) in a procedure described previously (17). Briefly, the windows
were opened, and the tumors were superfused with Earle’s Balanced Salt
Solution (Sigma-Aldrich), equilibrated with 5% O, 5% CO,, and balance N,
and maintained at 37°C. NO microsensors positioned at a 45° angle with a
micromanipulator were advanced into the tumors at a rate of approximately
240 wm/min using a hydraulic microdrive (David Kopf Instruments). Aver-
age values deep in the B16F1 and B16F10 tumors (> 250 um) grown in the
dorsal skin chamber (59 profiles in 10 tumors and 61 profiles in 9 tumors,
respectively) and those in the cranial window (10 profiles in 2 tumors, 15
profiles in 3 tumors, respectively) in Rag2~~ mice were analyzed.

Inhibition of NO production. To lower NO production in the melanomas
or the tissue-engineered vessel model, the NOS inhibitor L-NMMA (Alexis
Corp.) or nonactive control compound D-NMMA (Alexis Corp.) was given
at the rate of 7 mg/day by a constant release micro-osmotic pump (Model
1002, ALZET Osmotic Pumps; Durect Corp.). For the treatment, the micro-
osmotic pumps were implanted in the backs of the animals 1 day before
the implantation of tumors or 3D collagen-fibronectin gels. The pumps
were replaced at day 14 in the case of the tissue-engineered vessel model.
To determine the role of specific NOSs in host cells, the tumor experi-
ments were performed in wild-type C57BL/6, eNOS~/~, and iNOS~/~ mice.
All tumors were analyzed 7 days after tumor implantation.

Immunohistochemistry. The following antibodies were used at the dilutions
indicated: monoclonal mouse anti-eNOS or anti-nNOS (1:1000, Transduction
Laboratory; BD Biosciences — Pharmingen); monoclonal mouse anti-iNOS
(1:200, Transduction Laboratory; BD Biosciences — Pharmingen); rat
polyclonal MECA-32 (1:200; BD Biosciences — Pharmingen); monoclonal
mouse anti-o-SMA (1:200, clone 1A4; Sigma-Aldrich); and polyclonal rabbit
anti-NG2 (1:1000, Chemicon International). The tumors were excised, fixed
in 4% paraformaldehyde for 4 hours, and embedded in paraffin. Sections
(5-wm thick) were immunostained with primary and appropriate secondary
antibodies using avidin-biotin complex/diaminobenzidine histochemistry.
Slides were analyzed using a BX40 upright microscope (Olympus).

Quantification of endothelial cell number and extent of vessel coverage by mural
cells. We performed immunohistochemistry on serial sections stained
with hematoxylin as shown in Figure SA. In the first section, vascular
endothelial cells were identified using MECA-32. In the adjacent section,
mural cells were identified using anti-a-SMA or NG2 antibody staining.
Digital images (750 x 475 um? each) of the immunohistochemistry slides
were taken and analyzed using NIH Image 1.63 freeware. We measured the
perimeter of each vessel and the length of the vessel segment staining posi-
tive for the mural cell marker. The ratio of the mural cell-positive segment
to vessel perimeter in each vessel was used to quantify the extent of pericyte
coverage. The number of endothelial cell nuclei per vessel cross-section was
also quantified. Five locations from each tumor were randomly sampled,
and 3 tumors per group were analyzed.

NO bioimaging using NO-sensitive fluorescence probe. NO was visualized using
the NO-sensitive fluorescence probe DAF-2 (Daiichi Pure Chemicals Co.)
(37) and MPLSM to reveal its spatial and temporal distribution (26). The
background fluorescence images were captured before the start of experi-
ments, and then 0.5 mg/body of DAF-2 was injected intravenously. The
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Number7  July 2005



research article

DAF-2-associated fluorescence increased in a time-dependent manner,
and microfluorographs for data analyses were captured 60 minutes after
injection. Data calibration of the fluorescence intensities was performed by
determining gray levels of known concentrations of DAF-2T (Daiichi Pure
Chemicals Co.), a stable compound yielded by the interaction between NO
and DAF-2. As shown in Results, the relationship between 8-bit gray level
intensities and the concentrations of DAF-2T was established. To reveal
the spatial distribution of DAF-2 probe, we also used 4-AF (Daiichi Pure
Chemicals Co.), an NO-insensitive fluorochrome. Both DAF-2 and 4-AF
are derivatives of fluorescein and have similar molecular weights of 364.3
and 349.3, respectively. Since 4-AF cannot react with NO via triazole ring
formation, the presence of NO does not change its fluorescence intensity,
and thus, it has been used as a negative control for DAF-2 (38).

Expression of genes involved in angiogenesis and vessel maturation. Total RNA was
extracted from tumors of 6-mm diameter using TRIzol Reagent (Invitrogen
Corp.). For cDNA synthesis, TagMan Reverse Transcription Reagents
(Applied Biosystems) were used according to manufacturer’s instructions.
To screen for relative differential expression of multiple genes, cDNA arrays
containing 96 genes involved in angiogenesis and vessel maturation were
used according to manufacturer’s instructions (GEArray Q Series MM-009,
SuperArray Biosciences Corp.). Chemiluminescent spots were quantified by
densitometry and normalized with $-actin (FluoroChem 8800 system). Using
real-time PCR, we quantified mRNA levels of various candidate molecules that
were identified by cDNA array analysis. LUX Fluorogenic Primers (Invitrogen
Corp.) specific for each mRNA species were designed using Invitrogen’s
D-LUX Designer Software (primer sequencesarelisted in Supplemental Table S4).
Quantitative RT-PCRs were performed on the Applied Biosystems 7300 Real-
Time PCR System (Applied Biosystems). All experiments were performed in
duplicate, and a standard curve for the specific cDNA of interest was run with
every PCR reaction; amounts of cDNA are expressed relative to this standard
curve. Final quantification of each cDNA sample was relative to mouse
f3-actin following the manufacturer’s instructions (Applied Biosystems).

Cell culture. HUVECs were provided by M. Gimbrone (Brigham and Wom-
en’s Hospital, Harvard Medical School, Boston, Massachusetts, USA) and
maintained in endothelial growth media (EGM) (Cambrex) with 12% FBS
and bovine brain extract (Cambrex), and used through passage 5. 10T1/2
cells (no. CCL 226; ATCC) were grown in basal medium Eagle (BME) with
10% FBS and 2 mM glutamine. All cells were maintained at 37°C in a
humidified 5% CO, incubator. HUVECs and 10T1/2 cells were transfected
with eGFP or DsRed gene using retroviral vectors as described (29).

Transwell migration assay. Cell migration was assessed using Falcon HTS
FluoroBlok 24-well inserts (BD Biosciences) with 1-um pores. eGFP-10T1/2
cells (2 x 10%) suspended in 250-ul BME (Invitrogen Corp.) with 0.5% FBS
were placed inside each insert while 5 x 10* per well HUVECs suspended in
800 ul EGM (Cambrex) were plated on a 24-well plate. Eight hours later, all
cell culture media were changed to BME with 0.5% FBS, and then the inserts
were placed in the respective wells. To examine the effect of NO inhibition on
cell migration, 10 or 100 uM of L-NMMA was added to the medium. After 8
hours, a 15-mm? area outside the bottom of each insert was imaged in fluo-
rescence using a mosaic image acquisition pattern via a custom-made algo-
rithm as described before (63) using an inverted fluorescence microscope
(Olympus IX70) equipped with a motorized stage and motorized filter wheel
(Improvision Inc.). Transmigrated cells were quantified using the threshold-
ing and measure particle functions of NIH Image 1.63 freeware.

Under-agarose migration assay. This assay allows for the interaction of the 2
cell types via their soluble products, and the directional migration of both
cell types under the agarose gel can be quantified with image analysis (28).
Two 4-mm-diameter wells 2.5 mm apart were created in 1% agarose in EGM
using cloning cylinders during gelation. HUVECs and eGFP-10T1/2 cells
were plated individually in wells at 5 x 10 cells/well in 100-ul low-serum (2%)
1826
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EGM media to reduce cell proliferation. To inhibit NO, 100 uM of L-NMMA
was incorporated in both the agarose gel and the culture media inside the
wells. Cells were cultured for 4 days at 37°C before quantification of cell
migration. Images of the area around and between the wells were acquired
in a mosaic acquisition pattern both in brightfield and fluorescence as
described above. During the 4-day coculture, cells migrated but did not make
direct contact. The migration distance from the edge of the well and the
number of migrated cells were measured using NIH Image 1.63 freeware.

To enable assessment of proliferation activity, cells were subsequently
fixed in 4% paraformaldehyde and immunostained with mouse mono-
clonal antibody to PCNA (PC10, DakoCytomation Inc.) at a dilution of
1:50 followed by application of Texas Red Donkey-labeled anti-mouse
IgG2a secondary antibody (Jackson ImmunoResearch Laboratories Inc.)
and DAPI (Invitrogen Corp.). Images of these cells were acquired using an
inverted fluorescence microscope (Olympus) for analysis. All stained nuclei
were scored positive for PCNA. The PCNA-labeling index (number of posi-
tive nuclei/total number of nuclei) was determined by observation of more
than 1000 nuclei for each experimental sample and was used for evaluating
the proliferating activity of the cells.

Tissue-engineered vessel model. The tissue-engineered blood vessel model
was prepared as described (29). Briefly, 8 x 105 eGFP-HUVECs and 2 x 10°
of DsRed-10T1/2 cells or 1 x 10° eGFP-HUVECs alone were suspended in
1 ml of type 1 collagen-fibronectin solution and solidified in 12-well plates
(BD Biosciences). After 1 day of culture, circular disk-shaped pieces of the
construct (4-mm diameter) were created by a skin puncher and implanted
into the cranial windows in SCID mice. To lower NO production in the
model, 100 uM L-NMMA was incorporated in the gel, and the animals were
treated as described above. MPLSM was used to visualize and document
the interaction of eGFP-HUVECs and DsRed-10T1/2 cells as well as the
formation and alteration of engineered vessels (26, 29). Functional ves-
sels were contrast-enhanced by an injection of 1% tetramethylrhodamine-
labeled dextran (2 x 10° molecular weight). Vascular parameters such as
functional vessel density, total length of perfused microvessels per unit
area, vessel diameter, and number of individual segments were analyzed
using NIH image 1.63 freeware (26, 29). The extent of 10T1/2 cell coverage
of HUVECs was determined by use of an NIH image 1.63 freeware macro
as shown in Figure 9B. Briefly, the macro identified eGFP-HUVECs and
DsRed-10T1/2 cells and binarized them, then the diameters of the bina-
rized HUVECs areas were dilated by 4 um from the original edges. Overlap
of dilated endothelial cell area with 10T1/2 cell area was considered 10T1/2
cell coverage over vessels. These parameters were determined in 4 photo-
graphic areas (275 x 367 wm? each) of each engineered vessel model.

Statistics. The data were analyzed by analysis of variance and Fisher’s post
hoc test using StatView (SAS Institute Inc.) unless otherwise specified. Val-
ues are expressed as mean + SEM unless otherwise specified. Statistical
significance was set at P < 0.0S.
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