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Angiotensin Il Angiogenic Effect In Vivo Involves
Vascular Endothelial Growth Factor- and
Inflammation-Related Pathways

Radia Tamarat, Jean-Sébastien Silvestre, Micheline Duriez, and Bernard |. Levy
INSERM U541, Hépital Lariboisiere, IFR Circulation-Paris 7, Université Paris 7-Denis Diderot, Paris, France

SUMMARY: Although accumulating lines of evidence indicate the proangiogenic role of angiotensin Il (Ang lI), little is known
about the molecular mechanisms associated with such an effect. This study aimed to identify molecular events involved in Ang
Il-induced angiogenesis in the Matrigel model in mice. C57BI/6 female mice received a subcutaneous injection of either Matrigel
or Matrigel with Ang Il (10~7 M) alone, with Ang Il and an AT1 receptor antagonist (candesartan, 106 M), or with Ang Il and AT2
receptor antagonist (PD123319, 107® M). After 14 days, angiogenesis was assessed in the Matrigel-plug by histological
evaluation and cellular counting. Ang Il increased by 1.9-fold the number of cells within the Matrigel (p < 0.01 versus control).
Immunohistological analysis revealed the presence of macrophages, endothelial and smooth muscle cells, and the development
of vascular-like structure. Such an angiogenic effect was associated with an increase in vascular endothelial growth factor (VEGF)
(1.5-fold, p < 0.01), endothelial nitric oxide (eNOS) (1.7-fold, p < 0.01), and cyclooxygenase-2 (1.4-fold, p < 0.05) protein levels
measured by Western blotting. Conversely, Ang I treatment did not affect MMP-9 and MMP-2 activity, assessed by zymography.
Blockade of AT1 receptor completely prevented the Ang Il<induced angiogenesis and protein regulations, whereas that of AT2
was ineffective. Administration of VEGF neutralizing antibody-(2:5 g ip twice a week) and cyclooxygenase-2 selective inhibitor
(nimesulide, 30 mg/L) also hampered Ang Il proangiogenic effect. In addition, Ang Il-induced cell ingrowth was impaired by
treatment with nitric oxide synthase inhibitor (L-NAME, 10 mg/kg/day) and in eNOS-deficient mice. Therefore, in an in vivo model,
Ang Il induced angiogenesis through AT1 receptor, which involved activation of VEGF/eNOS-related pathway and of the

inflammatory process. (Lab Invest 2002, 82:747-756).

ngiogenesis, the formation of new-blood vessels
from pre-existing onesy is involved in various
physiological processes such as wound healing, cor-
pus luteum formation, and embryonic ‘development
but also in many other pathological processes such as
diabetic retinopathy and ischemic diseases.
Numerous factors modulated the angiogenic re-
action. Among these factors, the renin-angiotensin
system (RAS) might be involved in.both.beneficial
angiogenesis and pathological vessel growth. In-
deed, the biological active component..of RAS,
Angiotensin Il (Ang ll), stimulates endothelial and
smooth muscle cells (SMC) proliferation in vitro
(Stoll et al, 1995), increases vessel density in rat
cremaster muscle (Munzenmaier and Greene, 1996)
in the chorioallantoic membrane of the chick em-
bryo (Le Noble et al, 1993), and activates in vivo
angiogenesis in the rat subcutaneous sponge gran-
uloma (Walsh et al, 1997). Ang Il acts by at least two
Ang |l receptor subtypes, AT1 and AT2 (Chiu et al,
1989; Timmermans et al, 1993; Whitebread et al,
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1989)." AT1 receptor has been shown to mediate
growth stimulating function of Ang Il, whereas AT2
seems to promote growth inhibition (Nakajima et al,
1995; Prescott-et al; 1991; Stoll et al, 1995; Walsh et
al, 1997). However, their detailed signal transduc-
tion mechanisms still remain controversial.

Ang Il has several potential mechanisms that may
increase the angiogenic process. First, Ang Il may
influence the angiogenic reaction by increasing vas-
cular endothelial growth factor (VEGF) and basic
fibroblast growth factor (bFGF) synthesis, two key
growth-factors implied in the angiogenic process
(Cross and Claesson-Welsh, 2001). Hence, Ang Il
increases VEGF expression in endothelial cells and
in an in vivo corneal assay (Fujiyama et al, 2001;
Otani et al, 1998). The angiogenic response to VEGF
might involve the production of nitric oxide (NO), as
previously described in ischemia-induced angio-
genesis (Murohara et al, 1998). VEGF increases the
expression of both endothelial (eNOS) and inducible
(INOS) NO synthase and subsequently may affect
the angiogenic process (Kroll and Waltenberge,
1998; Murohara et al, 1998). Similarly, Ang Il, acting
at AT1 receptor was found to increase bFGF syn-
thesis in microvascular endothelial cells (Fischer et
al, 1997). bFGF has been shown to modulate eNOS
level and NO production leading to endothelial cell
differentiation into vascular tubes (Babaei et al,
1998). Second, Ang Il may modulate new vessel
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formation by regulating matrix metalloproteinases
(MMP) production and activation. MMP are an im-
portant effector mechanism in angiogenesis
(Stetler-Stevenson, 1999). Two members of the
MMP endopeptidase family, MMP-9 (92 KD) and
MMP-2 (72 KD), are able to degrade the extracellu-
lar matrix components of the basement membrane.
Recently, Ang Il has been shown to activate the
MMP-9 gene transcription, which has been reported
to affect the angiogenic process (Rouet-Benzineb et
al, 2000; Vu et al, 1998). Third, Ang Il exerts several
direct effects relevant to the development of angio-
genesis including stimulation of monocyte recruit-
ment (Kim et al, 1996), activation of macrophages
(Yanagitani et al, 1999), and enhanced
cyclooxygenase-2 (COX-2) protein expression
(Young et al, 1989). Activation of the inflammatory
reaction and COX-2 has been found to regulate
angiogenesis (Arras et al, 1997; Silvestre et al, 2000;
Tsuijii et al 1998) and might also be involved in An
Il angiogenic effect.

The aim of our study was, therefore, (1) to a
the angiogenic effect of Ang Il using the in viv.
of Matrigel in mice, (2) to identify molec
involved in Ang Il receptor activation by inve

changes in the VEGF/bFGF/NO pathway andm

activity, and (3) to assess the role of the inflammat
reaction in Ang Il proangiogenic effect.

Results

Ang ll-Induced Angiogenesis through AT1 Receptor
Activation

Histological score. The histological analysis
showed that Ang Il treatment increased cellular
infiltration and proliferation in the plug (score 2)
when compared with the control (score 1, p < 0.01).
The addition of the AT1 receptor blocker candesar-
tan abolished such effect (score 1, p < 0.05 versus
Ang ll-treated Matrigel). On the contrary, the addi-
tion of the AT2 receptor blocker PD123319 did not
significantly affect the Ang Il angiogenic effect
(score 3). Furthermore, in Ang Il and AT2 receptor
blocker treated Matrigel, the cells within the Matri-
gel formed numerous tube-like structures and the
presence of erythrocytes was evidenced in the
lumen demonstrating the existence of a functional
vascular structure (Figs. 1, 2, and 3).

Endothelial cells marker. Histological scores were
orted by CD31 immunostaining to specifically
endothelial cells. Ang Il treatment increased
e number of CD31 positive cells within the
. Such an effect was prevented by blockade
eceptor but not by that of AT2 receptor
. 2 and 3).

ellular density. Histological data were confirmed
y cellular density measurement. In Ang lI-treated

Figure 1.
Representative photomicrographs of Matrigel sections from control Matrigel (A), angiotensin Il (Ang Il)-treated Matrigel (B, C), stained with Masson Trichrome at
a magnification of <10 (A, B) and x40 (C). A and B, Right: dermis and stromal interface; Left: Matrigel.
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A in II and Angiogenesis

oe ee
o 9 4 ® e
e @ ® e
S ® ™
m‘ - o
o ¥
= ® oo ®
= ) o © ; i ;
= 2 oo o ® 0 i
5& eoe (@) ee [e] © o ®
< 00 o o fe)
i 00 o oo co co e
o0CoO oo o N} oo e e L)
[N eNe] [s)e) [ele] o=} o oo
Cont All All + All + AIl + All + ALl + All +
Cand PD  a-VEGF L-NAME Nimesulide eNOS *
200
-
= 1507
= . +
o 2 T ++ bl
L 1
- & = S
2 % 100 \
a8 \
P
&) 50 7 \
§
0
Cont All All + All + All + All + All + All +
Cand PD a-VEGF L-NAME Nimesulide eNOS
40 7 B
B 30
Z = "
o 4
85 20 T. %
ER % N
5= =
%
£ 107 \
0 N
Cont All All + All + All+ All + AIl + All +
Cand PD a-VEGF L-NAME Nimesulide eNOS -~

Figure 2.

Upper, semiquantitative analysis of Ang Il angiogenic effect. Three different angiogenic scores were defined as follows: score 1, no colonization by cells or formation
of a slight peripheric coat around the plug with a disorganized infiltration of cells; score 2, a cell coat thickened with a marked structural infiltration in the Matrigel;
and score 3, a deep and massive infiltration of cells with erythrocyte presence. Middle, semiquantitative evaluation of CD31 positive cells. Values are mean = sem,
n =7 per group; n = 5 par Ang |I-treated Matrigel in eNOS™- mice. Lower, quantitative evaluation of cellular DNA. Values are mean =+ sem, n = 7 per group; n =
5 par Ang |I-treated Matrigel in eNOS™" mice. **p < 0.01 and ***p < 0.001 versus control Matrigel; t1p < 0.01 versus Ang |I-treated Matrigel. Cont, control Matrigel;
All, Ang ll-treated Matrigel; All+Cand, Ang Il and candesartan-treated Matrigel; All+PD, Ang Il and PD123319-treated Matrigel; All+a-VEGF, Ang Il and neutralizing
VEGF antibody-treated Matrigel; All+L-NAME, Ang Il and NOS inhibitor-treated Matrigel; All+nimesulide, Ang 11+CO0X-2 inhibitor treated Matrigel; All+eNOS™", Ang

II-treated Matrigel in eNOS deficient mice.

Matrigel, cellular number was significantly higher by
1.9-fold when compared with that of the control (p <
0.01). This increase in cellular density was pre-
vented by candesartan treatment. In contrast, PD
123319 treatment did not significantly affect the Ang
ll-induced raise in cell number (Fig. 2).

Cell type determination in Matrigel plug. To deter-
mine the type of cells involved in Ang ll-induced cell

migration and proliferation into the Matrigel, specific
staining was performed in the different treated groups.
Analysis of serial sections stained with CD31 revealed
that a majority of cells were endothelial cells in the Ang
lI-treated Matrigel. We also observed « actin smooth
muscle staining indicating the presence of few smooth
muscle cells (SMC) and the development of a mature
defined vascular structure (Fig. 3).
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Figure 3.

A, Upper, representative photomicrographs of Matrigel sections from control Matrigel (Cont) and Ang [I-treated Matrigel (All) hybridized with antibody directed against
CD31 at a magnification of x20. Staining for CD31 appeared in brown. Lower, representative photomicrographs of Matrigel sections from Ang ll-treated Matrigel
(All) at a magnification of x40. Staining for CD31 appeared in brown. B, Right, representative photomicrographs of Ang Il-treated Matrigel hybridized with antibody
directed against alpha smooth muscle cell (SMC) actin at a magnification of x10. SMCs appeared in red. Left, representative photomicrographs of Ang Il-treated
Matrigel hybridized with antibody directed against alpha SMC actin at a magnification of x40. All indicates Ang Il-treated Matrigel.

Ang Il Angiogenic Effect Was Mediated by VEGF/eNOS
Pathway

VEGF. In animals injected with Matrigel+Ang I,
VEGF level was increased by 144% when compared
with untreated plug (p < 0.01). Interestingly, the AT1
receptor blockade prevented such an increase. Con-
versely, AT2 receptor blockade did not modulate Ang
ll-induced raise in VEGF level (Fig. 4A). The addition of
VEGF neutralizing antibody completely abrogated Ang
ll-induced cell proliferation (Fig. 2), indicating that
VEGF mediated Ang Il proangiogenic effect. In an
effort to localize VEGF, we performed immunohisto-
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chemistry by using anti-VEGF antibody. Ang II-
containing Matrigel demonstrated a significant in-
crease in immunodetectable VEGF primarily localized
to cells within the neovascular stromal interface (Fig.
4B, left panel). We also detected VEGF immunostain-
ing within the Matrigel, mainly localized into the endo-
thelial cells (Fig. 4B, middle panel).

eNOS. Ang |l angiogenic effect was also associated
with variation in eNOS protein level. Hence, in animals
injected with Matrigel+Ang Il, eNOS content was
higher by 174% when compared with that of untreated
Matrigel (p < 0.01). This increase was prevented with
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A, Left, representative Western-blot of VEGF protein content in the Matrigel, 14 days after injection. Right, quantitative evaluation of VEGF protein levels expressed
as a percentage of control Matrigel. Values are.mean & sem, n = 7-per group.-*p <.0.01 versus control Matrigel, t1p < 0.01 versus Ang Il treated Matrigel. Same
legend as Figure 2. B, Left panel, Ang Il-treated Matrigel section stained with anti-VEGF antibody. The bound biotin-labeled antibodies were then detected by the
addition of horseradish peroxidase-streptavidin conjugate and 3-amino-9-ethyl-carbazole (AEC) substrate. Staining.for VEGF appeared in brown. Middle panel, Ang
II-treated Matrigel section stained with anti-VEGF antibody and revealed with a fluorescent FITC anti-rabbit antibody. Staining for VEGF appeared in white. Right panel,
counterstaining was performed by using 4',6-diamino-2-phenylindol to specifically reveal cell nuclei (white).

candesartan treatment. In contrast, PD123319 treat-
ment tended to increase eNQOS protein content by
80% when compared with Ang ll.treated Matrigel, but
this enhancement did not reach statistical significance
(p = 0.07) (Fig. 5). Interestingly, treatment-with/NOS
inhibitor totally hampered Ang ll-induced cell ingrowth
(Fig. 2). Similarly, Ang Il effect was impaired in eNOS-
deficient (eNOS ) mice, indicating that eNOS medi-
ated Ang Il proangiogenic effect (Fig. 2).

bFGF. No changes in bFGF protein level were
observed in the control group (100 = 17%), Ang
lI-treated Matrigel (91 + 17%), Ang llI+candesartan-
treated Matrigel (108 = 11%), and Ang II+PD123319-
treated plug (89 = 15%) (data not shown).

It is noteworthy that a slight level (at the threshold of
detection) of VEGF and bFGF protein content was
observed in the native noninjected Matrigel (data not
shown).

MMP activity. The gelatin zymographic analysis
revealed a major lytic band at 62 kDa corresponding to
the active form of MMP-2 and a minor lytic band of 72
kDa consistent with the proform of MMP-2. Gelatin
zymographic analysis also revealed 92- and 82-kDa

gelatinolytic activities consistent with the pro and
active forms of MMP-9, respectively. However, no
significant changes "in- MMP-2 and MMP-9 activity
were observed in either group (Fig. 6).

Inflammatory Reaction Was Also Involved in Ang
lI-Induced Cell Ingrowth

We showed the presence of macrophages within the
Matrigel plug revealed by macrophage marker
(MOMA)-2 staining (Fig. 7). Ang Il treatment also
increased COX-2 protein content by 42% over that of
untreated matrigel (p < 0.05). Such an effect was
blocked by AT1 receptor antagonist (Fig. 8). The key
role of COX-2 was then emphasized by using COX-2
inhibitor. Ang Il angiogenic effect was suppressed by
COX-2 inhibitor treatment suggesting that COX-2 me-
diated Ang ll-induced cell ingrowth (Fig. 2).

Discussion

This study shows that Ang Il induced angiogenesis in
the Matrigel model through AT1 receptor, which in-
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Figure 5.

Upper, representative Western-blot of endothelial nitric oxide (eNOS) protein
content in the Matrigel, 14 days after injection. Lower, quantitative evaluation
of eNOS protein levels expressed as a percentage of control Matrigel. Values
are mean =+ sem, n = 7 per group. **p < 0.01 and ***p < 0.001 versus
control Matrigel; ttp < 0.01 versus Ang ll-treated Matrigel. Same legend as
Figure 2.

volved activation of the VEGF/eNOS-related pathway
and of the inflammatory. reaction.

In this study, we used the Matrigel model as an in
vivo angiogenesis assay. This model provides a useful
tool in mice for investigating the effect of a variety of
angiogenic and antiangiogenic factors, as previously
reported (Claffey et al, 2001; Passaniti et al, 1997). As
the Matrigel plug is initially avascular, vascular-like
structures located within the Matrigel plug must be
newly formed, reflecting then the.angiogenic process.

We demonstrated that Ang Il promoted the prolifer-
ation of endothelial cells and SMC in the Matrigel plug
to form numerous tube-like structures in vivo. Pres-
ence of SMCs indicated the development of a mature
defined vascular structure. Ang ll-induced cell in-
growth was reduced by the AT1 receptor antagonist
candesartan indicating that Ang Il stimulates angio-
genesis in the Matrigel model via AT1 receptor, as
previously described (Munzenmaier and Greene,
1996; Stoll et al, 1995; Walsh et al, 1997). Conversely,
Ang Il angiogenic effect tends to be enhanced after
AT2 receptor blockade. We can speculate that (1) the
angiogenic process in the Matrigel model reaches a
plateau phase or (2) the maximal response to the AT2
antagonist PD 123319 could be observed at another
time point, ie, after 14 days of treatment. Neverthe-
less, this suggests that AT2 activation may be involved
in antiangiogenic effect, as previously described (Mu-
nzenmaier and Greene, 1996; Nakajima et al, 1995;
Walsh et al, 1997). However, no molecular mechanism

Laboratory Investigation ® June 2002 ® Volume 82  Number 6
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Upper, representative gelatin zymographic analysis of protein extract from
control Matrigel, Ang Il-treated Matrigel alone and with candesartan or
PD123319 treatment. Gelatin zymographic analysis revealed a lytic band at 62
kDa corresponding to the active form of metalloproteinases (MMP)-2, a minor
Iytic band at 72 kDa consistent with the proform of MMP-2, and two lytic
bands-at'92 and 82 kDa consistent with the pro and the active form of MMP-9,
respectively. For each group, 50 wug of total proteins were used. Lower,
densitometric analysis of zymographic.gels. Values are mean = sem, n = 7 per
group; p < 0.01 and p < 0.001 versus control Matrigel; p < 0.05 and p <
0.01 versus Ang ll-treated Matrigel. Same legend as Figure 2.

has clearly been proposed in these previous studies.
Thus, the cellular events involved in Ang Il angiogenic
response remains.to be defined.

Ang ll-induced angiogenesis was associated with a
sustained increase in VEGF and eNOS levels. Both
raises might result from the increase in cell number
and subsequently might not mediate Ang Il effect. To
cope with changes in cell number, we expressed the
results concerning protein content variations as a ratio
of protein level to cell number. In addition, blockade of
Ang ll-induced cell ingrowth by administration of ei-
ther VEGF neutralizing antibody or NOS inhibitor sug-
gests that VEGF and eNOS mediated Ang Il signaling.
Ang ll-induced cell ingrowth was also impaired in
eNOS deficient mice emphasizing the key role of
eNOS in such an effect. Both increases were pre-
vented by AT1 receptor blockade demonstrating that
AT1 receptor is involved in VEGF/eNOS pathway
activation. Previous studies have shown that Ang Il is
a potent stimulus of VEGF-induced proliferation and
tube formation in retinal microvascular endothelial
cells through the induction of the VEGF receptor
KDR/FIk-1 (Otani et al, 1998). Taken together, these
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Representative photomicrographs of control and Ang Il-treated Matrigel hybridized with antibedy directed against macrophage marker (MOMA)-2 at a magnification
of x40. Macrophages appeared in red. Cont, control Matrigel; All,/Ang ll-treated Matrigel.

findings suggest that Ang Il may act by stimulating
VEGF synthesis but also by potentiating VEGF related
effects. Our findings are also in agreement with previ-
ous in vivo and in vitro studies showing a strong
correlation between angiogenesis, VEGF, and eNOS
expression (Kroll and Waltenberge, 1998; Murohara et
al, 1998). Involvement of NO in the proangiogenic
effect of VEGF has already been described (Murohara
et al, 1998; Ziche et al, 1997). We can then hypothe-
size a putative common pathway involving VEGF and
NO in the Ang ll-induced angiogenesis in vivo. We'also
observed immunolocalization of VEGF in stromal and
endothelial cells of Ang ll-treated Matrigel. Similarly,
FGF-2 activated VEGF expression in stromal cell and
subsequent cell ingrowth within the Matrigel (Claffey
et al, 2001). FGF-2 and other angiogenic stimuli have
also been shown to induce VEGF expression in endo-
thelial cells of forming capillaries (Liu et al, 1995;
Seghezzi et al, 1998). However, our data do-not define
whether the VEGF protein detected by immunohisto-
chemistry is actually being expressed by stromal and
endothelial cells or is derived from some other source
such as SMC and macrophages which are present in
the Ang ll-treated Matrigel and which have been
shown to produce VEGF (Cross and Claesson-Welsh,
2001; Sunderkotter et al, 1991).

In the present study, we also focused on the role of
MMP activation as a putative molecular target in Ang
ll-induced angiogenesis. MMPs play an important role
in angiogenesis, in part through matrix degradation
and promotion of cell migration. Recent findings also
suggest that MMP activity may directly influence cell
behavior by stimulating the release of proangiogenic
factors and by favoring the degradation of angiogen-
esis inhibitors (Stetler-Stevenson, 1999). However, in
our experimental conditions, Ang Il did not modulate
MMP activity. It is likely that both Ang Il and MMP

pathways modulate distinct, but essential, cellular
events involved in angiogenesis.

Inflammation is generally considered to represent
the fundamental stimulus for angiogenesis. Mono-
cytes/macrophages accumulation and cytokines pro-
duction modulate vessel growth in ischemic tissues
(Arras et al, 1997; Silvestre et al, 2000). In vivo lipo-
lysaceharide administration increases capillary den-
sity-as.well-as the number of macrophages in nonisch-
emic tissues (Arras et al, 1997). Therefore, it is likely
that recruitment and activation of resident macro-
phages are sufficient to activate the angiogenic pro-
cess. Macrophage-derived peptide PR39 has been
shown to increase VEGF expression and accelerates
formation of vascular structures in vitro (Li et al, 2000).
Ang ll.also promoted-proliferation of macrophages in
the Matrigel plug. The presence of these inflammatory
cells. might be associated with local secretion of
several-- angiogenic factors, including cytokines,
growth factors such as VEGF and bFGF, and MMPs
(Arras et al, 1997; Silvestre et al, 2000; Sunderkotter et
al, 1991). Ang Il raised COX-2 protein content through
AT1 receptor activation and Ang Il angiogenic effect
was suppressed by inhibition of COX-2, suggesting
that COX-2 mediated Ang ll-induced cell ingrowth.
Taken together, these results underscore for the first
time the major role of the inflammatory reaction in the
modulation of Ang ll-induced angiogenesis.

In conclusion, the present study confirms that Ang Il
exerts proangiogenic activity through its AT1 receptor.
More importantly, our results underscore the critical
role of VEGF and eNOS expression, independent of
MMP activation, in promoting Ang ll-induced cell
ingrowth. This study also demonstrated for the first
time the role of the inflammatory process in Ang
ll-induced angiogenesis.
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Upper, representative Western-blot of cyclooxygenase-2 (COX-2) protein
content in the Matrigel, 14 days after injection. Lower, guantitative evaluation
of COX-2 protein levels expressed as a percentage of control Matrigel. Vialues
are mean = sem, n = 7 per group. *p < 0.05 and **p'<-0.01 versus control
Matrigel; p < 0.01 versus Ang ll-treated Matrigel. Same legend as Figure 2.

Materials and Methods
In Vive Angiogenesis Assay

Sexually mature 8-week-old C57BI/6 female mice
(IFFA-CREDDO, Lyon, France) received 0.5 ml subcu-
taneous injection (n = 12 per. groups) with either
Matrigel alone (a basement membrane extract of the
Engelbreth-Holm-Swarm mouse tumor) or Matrigel
with Ang Il (1077 M), with Ang Il (10”7 M) and cande-
sartan (a specific AT1 receptor antagonist, 10°° M;
Astra, Hassle, MéIndal, Sweden), or with Ang Il (10~7
M) and PD123319 (a specific AT2 receptor antagonist,
107% M; Sigma, St. Quentin Fallavier, France). The
specific role of VEGF, eNOS, and COX-2 in Ang
ll-induced angiogenesis was assessed by treatment
with an Ang II+VEGF neutralizing antibody (2.5 ng ip
twice a week, n = 7; R&D Systems, Oxford, United
Kingdom), Ang II+NO synthase inhibitor (L-NAME, 10
mg/kg/day in the drinking water, n = 7; Sigma), and
Ang [1+COX-2 inhibitor (nimesulide, 30 mg/L in the
drinking water, n = 7; Sigma). The key role of eNOS
was then emphasized by using eNOS - mice receiv-
ing Matrigel with Ang Il (10~7 M; n = 5).

In a preliminary set of experiments, Ang Il 1077 M
was shown to induce a maximal angiogenic response
(data not shown). After the injection, the Matrigel
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rapidly formed a subcutaneous plug that was left 14
days before prelevement.

Matrigel Preparation

On Day 14, the mice were euthanized and the skin of
the mice was easily pulled back to expose the Matri-
gel. Plugs were then removed and fixed with 3.7%
formaldehyde at 4° C for 12 hours, embedded in
paraffin, sectioned, and stained with Masson
Trichrome (Reactifs RAL, Strasbourg, France). Suc-
cessive sections (5 um) were then examined (x40 and
X4 magnification, Olympus BH-2; Leica, Paris,
France).

Quantification of Angiogenesis

Histological score. The histological views were used
for semiquantitative evaluation of angiogenesis. Three
different scores were defined: score 1, no colonization
by cells or formation of a slight peripheric coat around
the plug with a disorganized infiltration of cells; score
2, a cell coat thickened with a marked structural
infiltration in the Matrigel; and score 3, a deep and
massive infiltration with erythrocyte presence. Such
scores were performed in a double-blind fashion.

Cellular density. The histological analysis was com-
pleted with a cellular density measurement using
Cyquant Cell Proliferation Assay kit (Molecular
Probes, Eugene, Oregon). The cells were isolated from
fresh plugs by digestion with a collagenase cocktalil
(Becton.Dickinson, Sunnyvale, California) at 4° C for
12 hours and centrifuged at 100 Xg. Isolated cells
were removed in buffer (PBS + CaCl, 1 mm + Mg Cl,
1 mwm)-anddistributed on the 96 well plate. The plates
were 'then incubated at.37°C to allow the cells to
attach, centrifuged at 100 xg, and frozen at —80° C
until the measure. The plates were thawed at room
temperature, and 200 pl of the CyQUANT GR dye/cell
lysis buffer was added to each sample well (CyQUANT
GR dye exhibits strong fluorescent enhancement
when:bound to cellular-nucleic acids). Sample fluores-
cence was finally measured using a Fluoroscan device
(Biolise, Paris, France) with filters appropriate for 480
nm ‘excitation and 520 nm emission.

Identification of the Cellular Types

Five micrometer sections were prepared from
paraffin-embedded Matrigel plugs. After deparaf-
finization and rehydratation in PBS, the sections were
hybridized 45 minutes with antibody against monoclo-
nal alpha smooth muscle actin to identify SMC (clone
1A4, dilution 1/50, M0851; DAKO, Bucks, United King-
dom). Adjacent sections were also hybridized 45 min-
utes with antibody against CD31 to identify endothelial
cells (dilution 1/20; Santa Cruz Biochemicals, Santa
Cruz, California) and with antibody against MOMA-2
to identify macrophages (1/5, AMUOO71; BioSource,
Camarillo, California). The bound biotin-labeled anti-
bodies were then detected by the addition of horse-
radish  peroxidase-streptavidin  conjugate  and
3-amino-9-ethyl-carbazole (AEC) substrate.



Immunolocalization of VEGF

Five micrometer sections were prepared from
paraffin-embedded Matrigel plugs. After deparaf-
finization and rehydratation in PBS, the sections were
hybridized 45 minutes with antibody against VEGF
(1/50; Santa Cruz Biochemicals). The bound biotin-
labeled antibodies were then detected by the addition
of horseradish peroxidase-streptavidin conjugate and
AEC substrate (Fig. 4B, left panel). VEGF immunolo-
calization within the Matrigel was also revealed with a
fluorescent FITC anti-rabbit antibody (dilution 1/50;
Fig. 4B, middle panel). Counterstaining was performed
by using 4',6-diamino-2-phenylindol (1 ng/ml) to spe-
cifically reveal cell nuclei (Fig. 4B, right panel).

Protein Preparation

The plugs were thawed and homogenized in 1 ml of
ice-cold lysis buffer (200 mmol/L sucrose, 20 mmol/L
HEPES, pH 7.4) containing protease inhibitors. The
homogenate was centrifuged at 10,000 Xg for 15
minutes in a Sorvall SS 34 rotor (Sorvall Instrument,
Paris, France) at 4° C and the detergent-soluble su-
pernatant fraction was retained. Protein content was
then determined by the Bradford method (Bradford,
1976).

Western Blot Analysis

As previously described (Silvestre et al, 2000), pro-
teins were separated in denaturing SDS 7.5% poly-
acrylamide gels and then blotted onto a nitrocellulose
sheet (Hybond ECL; Amersham Pharmacia Biotech,
Piscataway, New Jersey).\Membranes were then in-
cubated with antibody directed against either VEGF
(1/2000; Santa Cruz Biochemicals), -bFGF "(1/1000;
Santa Cruz Biochemicals), eNOS (1/5000; Santa Cruz
Biochemicals), or COX-2 (1/1000; Santa Cruz
Biochemicals).

Zymography

Protein samples were mixed in SDS-PAGE loading
buffer (lacking reducing agents), applied to'9% SDS-
polyacrylamide gel containing 1 mg/mL gelatin (Bio-
Rad, Hercules, California), and separated by electro-
phoresis. Subsequently, the SDS was removed from
the gels by two washes (15 minutes) with 2.5% Triton
X-100, and the gels were incubated overnight at 37° C
in zymography buffer (50 mmol/L Tris, pH 7.5, 10
mmol/L CaCl,) and stained with Coomassie brilliant
blue (Serva, Heidelberg, Germany). Gelatinolytic activ-
ity was visualized as clear areas of lysis in the gel.
Densitometric analysis was performed using NIH Im-
age software.

Statistical Analysis

Results are expressed as mean = sem. For the control
group, the average was calculated from the individual
value and expressed as 100%. The error bar evalua-
tion was also calculated from the individual value and
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expressed as a percentage (with the average value
that corresponds to 100%). One-way analysis of vari-
ance was used to compare each parameter. Post hoc
Bonferonni’s t test comparisons were then performed
to identify which group differences account for the
significant overall analysis of variance. A value of p <
0.05 was considered significant. A x® test was also
performed to analyze the difference observed in the
score established for semiquantitative evaluation of
angiogenesis (Fig. 2).
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