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In vivo experimental evidence that the nitric oxide pathway is involved in the
X-ray-induced antiangiogenicity
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Summary We have investigated both the effects of X-rays on angiogenesis and the possible role of nitric oxide
(NO) on the observed antiangiogenic effect of X-rays, using as an in vivo model the chick embryo
chorioallantoic membrane (CAM). These effects were assessed both morphologically and biochemically, by
measuring vascular density and collagenous protein biosynthesis, respectively, on days 9 and 14 of the chick
embryo development. Vascular density and cytotoxicity of the CAM were also evaluated histologically. We
have shown that X-rays have an antiangiogenic effect on the system used and that the NO synthase inhibitor
NG-nitro-L-arginine methyl ester (L-NAME) promoted angiogenesis of the non-irradiated CAM and reversed
the antiangiogenic effect of irradiation. D-NAME, which is an inactive enantiomer of L-NAME, showed no
such effects. L-Arginine, which is the substrate for NO synthase, had a modest antiangiogenic effect on the non-
irradiated CAM, no effect on the irradiated CAM and abolished the angiogenic effect of L-NAME on these
CAM preparations. These results suggest that NO is involved in the antiangiogenic mechanism of X-rays and
that pharmacological manipulation of NO firstly, may offer a better understanding of these mechanisms and,
secondly, may also prove to be an alternative therapeutic approach for treating pathological conditions
involving angiogenesis.
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The exact mechanisms of action of ionising radiation on
tissues remain unclear. Recent evidence indicates that oxygen-
derived free radicals are involved (Price et al., 1992). Nitric
oxide (NO) is an endogenous free radical and biological
mediator that is released from a wide range of cell types,
including endothelial cells, smooth muscle cells, platelets,
macrophages and nerve cells (Snyder and Bredt, 1992;
Moncada and Higgs, 1993). Besides its main functions as a
potent vasodilator (Amezcua et al., 1989) and a neurotrans-
mitter (Snyder and Bredt, 1992), nitric oxide has been
implicated in the inhibition of mesangial cell proliferation
and platelet aggregation (Garg and Hassid, 1989; Radomski
et al., 1990). NO is synthesised from L-arginine via NADPH-
dependent enzymes (NO synthases) (Schmidt et al., 1988), but
is also released non-enzymatically from some vasodilating
compounds, such as nitroglycerin (Feelish and Noack, 1987).

Angiogenesis is a complex, multistep process that
characterises a variety of malignant and non-malignant
conditions (Folkman, 1995). One of the most widely applied
in vivo bioassays for studying the phenomena of angiogenesis
is the chick embryo chorioallantoic membrane (CAM), by
using various methods that assess the number and
morphology of the CAM vessels (Harris-Hooker et al.,
1983; Siamblis et al., 1996). The preference for this system
is because of its advantages, such as simplicity and repetitive
ability and usefulness in assessing morphological and
functional changes in vessels under normal or experimental
conditions (Maragoudakis et al., 1988). The involvement of
NO in the regulation of angiogenesis has been examined in
the CAM system, and the results suggest that NO may be an
endogenous antiangiogenic molecule of pathophysiological
importance (Pipili-Synetos et al., 1994, 1995). This is not in
accordance with the results of other investigators, who have
shown that NO whose production is induced by vasoactive
agents, such as substance P, functions as an autocrine
regulator of the microvascular events necessary for neovas-
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cularisation and mediates angiogenesis in the rabbit cornea
system in vivo and in vitro (Ziche et al., 1994; Liebovich et al.,
1994).

The effects of ionising radiation on blood vessels - and
more precisely on endothelial cell proliferation and differ-
entiation, and on angiogenesis - have been described by
several investigators (Byhardt and Moss, 1989; Hibbs et al.,
1988; Baker and Krochack, 1989; Prionas et al., 1990;
Voevodskaya and Vamin, 1992; Papaioannou et al., 1995).

The present study was performed to determine the role of
NO in the antiangiogenic and cytotoxic effects of X-ray
irradiation. The in vivo CAM system was used to investigate
the effects of L-NAME, its inactive enantiomer, D-NAME,
and L-arginine on the irradiation-induced antiangiogenic and
cytotoxic activity. These results indicate that these effects are
NO dependent.

Materials and methods

Materials

Fresh fertilised eggs were obtained locally from Ioannina,
Greece, and kept at 10°C before incubation at 37°C. NA-
nitro-L-arginine methyl ester (L-NAME), the inactive
enantiomer D-NAME, L-arginine, cortisone acetate and
collagenase type VII from clostridium histolyticum were
purchased from Sigma Chemical Co. (Poole, UK). L-
[U-'4C]proline of specific activity 273 mCi mmol-' was
purchased from New England Nuclear (Boston, MA, USA).
The haematoxylin and eosin stains were purchased from
Merck (Germany).

Irradiation

The CAM angiogenesis model, initially described by Folk-
man (1985), was used with few modifications. Briefly, fresh
fertilised eggs were incubated at 37°C for 4 days, after which
time a window was opened on the egg shell, exposing the
CAM. The window was covered with sterile cellophane tape
and the incubation continued until embryo development on
day 9 or 14, when part of the CAM was irradiated with a
single X-ray dose of 10 Gy (20 kV, 0.1 mm Al), using a field
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of 1 cm2. X-rays of this energy were used in order to prevent
the chicken embryo from receiving a high dose that could
interfere with its functions, such as the process of
angiogenesis. In dose-escalation experiments, we have found
that a dose of 5 Gy has a modest antiangiogenic effect and
that the antiangiogenic effect produced by the dose of 15 Gy
did not differ significantly from the antiangiogenic effect of
the dose of 10 Gy. Immediately after irradiation, sterile
plastic discs of 1.2 cm diameter (Nunc, Naperville, IL, USA)
were used to cover the irradiated CAM area, as well as a

second area (non-irradiated), which served as a control. All
discs contained a sterile solution of 100 ,Ig of cortisone
acetate, which prevents local inflammation while not having
any effect on angiogenesis (Maragoudakis et al., 1988). L-
NAME (3.3 ,ug per disc), D-NAME (3.3 ,ug per disc) or L-
arginine (12.2 ,ug per disc) was also dried on test discs under
sterile conditions (Pipili-Synetos et al., 1994). The windows
were covered and the egg incubation resumed until
interrupted with formalin or protein biosynthesis inhibitors,
as explained below.

Morphological evaluation

For morphological evaluation, the control and the test CAM
sites were flooded with 10% buffered formalin, the plastic
discs were removed and the eggs kept at 37°C until
dissection. A large CAM area around the two disc sites
was cut off and placed on a glass slide, and the vascular
density index was determined by the method of Harris-
Hooker et al. (1983), by counting the number of vessels
crossing three concentric circles of 4, 5 and 6 mm diameter
under a stereoscope.

Representative specimens were mounted on a stereoscope
and photographed under a magnification of 16 x. The
method of Harris-Hooker et al. (1983), which measures

vascular density, underestimates by approximately 10% the
changes in the vascular network, compared with the
biochemical evaluation of angiogenesis. This is because
some vessels are collapsed and do not show up under the
stereoscope. Vascular density was evaluated in a total of 35
eggs, and the values obtained under the two discs were
118+4 and 109+7 (mean value and standard error).

Histological evaluation

The CAM sites that were irradiated and/or treated with L-
NAME or L-arginine, as well as the control CAM sites, were
evaluated microscopically 24 h after irradiation (Ravazoula et
al., 1995). Briefly, the formalin-fixed CAM preparations were
embedded in parafin and horizontal sections (5 jim) were

obtained, stained with haematoxylin-eosin and examined
microscopically using a light microscope (Zeiss). Three
paraffin sections were obtained from each CAM prepara-
tion. For microvessel (any vessel with a diameter of less than
100 jgm) density measurements, four random high-power
fields were examined per section at a magnification of
400 x, and the microvessel density was expressed as the
number of microvessels per high-power field. For stromal cell
density, one high-power field was examined per section, and
this density was expressed as the number of stromal cells per

high-power field.

Biochemical evaluation

Biochemical evaluation of the CAM angiogenesis under each
disc was performed by incorporating 0.5 jiCi of U-'4C-
labelled proline on the discs. Incubation of the eggs was

followed by determination of the CAM site collagenous
protein biosynthesis (CPB), according to previous studies
(Maragoudakis et al., 1988). Briefly, the area under each disc
was cut off, immersed in buffer and the protein biosynthesis
interrupted. After washing off non-protein radioactivity, the
pellets containing the protein radioactivity were digested with
collagenase. The resulting tripeptides from basement mem-

brane and other CAM collagen were counted and expressed
as c.p.m. mg-' CAM site protein. For each egg, the CPB of
the test CAM site was also expressed as a percentage of the
control CAM site. Collagenous proteins represent 80% of the
total basement membrane proteins formed by the CAM
during chick embryo development (Maragoudakis et al.,
1988), and the extent of their biosynthesis has been shown to
correlate with new vessel formation (Missirlis et al., 1990).
Radioactive collagenous protein biosynthesis (expressed as

c.p.m. mg-' protein) under the two discs was 14900+1192
and 14903 + 1192, and the standard error was less than 10%
of the mean in both cases.

Statistical methods

The in vivo data from the above CAM evaluations were

compared as differences of the paired observations from the
same egg applying the Student's t-test, as described by
Schefler (1969) and Lutz (1978). The symbol n signifies the
number of eggs used in each experiment.

Results

In each experiment, a group of 4 -6 eggs were included in
which both discs contained only vehicle (control -control), in
order to assess (1) the variability in the vascular density in
the two adjacent areas of the CAM; and (2) the variability in
both the amount of radioactive collagenous protein
biosynthesis synthesised by two adjacent areas of the CAM,
and the collagenous protein biosynthesis synthesised under
the control disc. It was shown that there were no statistically
significant differences in these parameters. Angiogenesis,
assessed by morphological and biochemical methods in the
CAM system, has been shown to reach a maximum between
days 9 and 12, and after day 14 reaches a plateau
(Maragoudakis et al., 1987; Missirlis et al., 1990). In our

experiments, we studied the effects of ionising radiation on

eggs from day 9 and day 14.

Effect of ionising radiation on angiogenesis in the CAM in vivo

A single X-ray dose of 10 Gy on day 9 caused a time-
dependent inhibition in angiogenesis (decrease in vascular
density), as shown in Figure 1. Immediately after irradiation,
the vascular density was reduced by 4.5 +4%
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Figure 1 Effect of a single dose of X-rays (10 Gy) on the CAM
vascular density on day 9. Results are expressed as mean+s.e. of
vascular density for the irradiated (_) and non-irradiated
(control, l23) CAM preparations. The irradiation effect is
statistically significant (P<0.05) at all times shown, except at
zero time.
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(mean + s.e.mean). This inhibition was 24+ 3.5%,
38.6+4.1%, 32.8+4.5% and 18.9+3.6% of control, at 6,
24, 48 and 96 h after irradiation respectively (n = 15 -30).

In these experiments, biochemical evaluation of angiogen-
esis, measured by the collagenous protein biosynthesis,
showed a decrease (compared with the controls), which at
6 h after irradiation was lower by 22+5.5% (controls,
13.169 + 3563 c.p.m. mg- ' protein; irradiated, 10.186 + 2830
c.p.m. mg-' protein). At the 24 and 48 h after irradiation, we
showed an increase in the collagenous protein biosynthesis,
which in relative values was 32.8+9% and 22.5+6.4%
respectively (24 h controls, 14.900 + 1300 c.p.m. mg- 'protein;
irradiated, 19.787+2176 c.p.m. mg protein; 48 h controls,
15.158 + 1364 c.p.m. mg-' protein; irradiated, 18.492 + 2219
c.p.m. mg-' protein) (Figure 2).

In order to test the hypothesis that the endothelial cells are
more radiosensitive during the period of angiogenesis (up to
day 9), we performed the same experiments with chick
embryos on day 14 of their development (Figures 3 and 4).

Photographs of the area of the CAM lying directly under
the control or the test disc in the same egg provided us with
visual confirmation of the antiangiogenic effect of X-rays on
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Figure 2 Effect of a single dose of X-rays (10 Gy) on the CAM
in vivo, expressed as collagenous protein biosynthesis (CPB) on
day 9. An increase in CPB is observed 24 and 48 h after
irradiation. Results are expressed as mean +s.emean 00 of
control and are compared by paired t-test.
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the CAM system on days 9 and 14 of the chick embryo
development, 24 h after irradiation (Figure Sa and b, Figure
6a and b).

Effects of X-ray,s and L-NAME and or L-arginine on
angiogenesis in the CAM in vivo

Based on data from our experiments, we have chosen as
optimal time points to evaluate further the mechanism(s) of
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Figure 4 Effect of a single dose of X-rays (lOGy) on the CAM,
expressed as collagenous protein biosynthesis (CPB), on day 14.
An increase in CPB is observed 24 and 48 h after irradiation,
which does not reach a statistically significant level.
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Figure 3 Effect of a single dose of X-rays (1OGy) on the CAM
vascular density on day 14. Results are expressed as mean+s.e. of
vascular density for the irradiated (_) and non-irradiated (E3Zi )
CAM preparations. The results are not statistically significant.

Figure 5 Photographs showing the CAM vessels on day 9,
before (a) and after (b) irradiation. The irradiated CAM
preparations contain fewer vessels than the non-irradiated, at
24 h after irradiation (stereoscope, original magnification x 16).
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action of X-rays the ninth day of chick embryo development,
when the CAM shows its maximum angiogenic activity, the
sixth hour after irradiation for measuring collagenous protein
biosynthesis, and the 24th hour after irradiation for
measuring vascular density. In order to test the hypothesis
that the NO pathway is involved in the antiangiogenic effect
of X-rays, we have tested substances involved in the NO
synthesis in our system, i.e. L-NAME and L-arginine.

Effects of L-NAME The specific inhibitor of the inducible
nitric oxide synthase (iNOS), L-NAME, causes a dose-
dependent increase in vascular density and basal collagenous
protein biosynthesis in the CAM system (Pipili-Synetos et al.,
1993, 1994), while the D-isomer of L-NAME, D-NAME, has
no effect on angiogenesis in the CAM (Pipili-Synetos et al.,
1994).

By adding 3.3 ,ug of L-NAME per disc (11.7 nmol per disc)
immediately after irradiation of the CAM on the ninth day of
chick embryo development, we found that L-NAME almost
completely reversed the antiangiogenic effects of X-rays, as
measured by measuring vascular density and collagenous
protein biosynthesis (Figures 7 and 8).
When we added L-NAME to our system 50 min before the

irradiation procedure, we observed the same reversal
phenomenon of the antiangiogenic effect of X rays
(35 + 4.8% over the controls in vascular density). This
increase was greater than that seen with L-NAME added
immediately after irradiation. When L-NAME was replaced
by its inactive enantiomer, D-NAME (3.3 ig per disc), we did
not observe any angiogenic effect and no reversal of the
irradiation-induced antiangiogenesis (Figures 5, 9 and 10).
A 3-fold increase in the concentration of L-NAME

(11.7 ,ug per disc) on day 14 of chick embryo development
had no significant effect on the vascular density and the
collagenous protein biosynthesis.

X-ray-induced antiangiogenicity is NO-dependent
0 Hatjikondi et al P$

1919
Effects of L-arginine In order to establish that the
angiogenic effect of L-NAME was caused by inhibition of
NO synthase, we attempted to reverse the effect of this agent
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Figure 7 Effect of irradiation (IR) alone (1OGy), L-NAME or
both treatments simultaneously (L-N+IR) on the CAM vascular
density on day 9 and 24h after irradiation. Results are expressed
as mean + s.e. as % of the control CAM mean, and are compared
by paired t-test with the control CAM preparations (P<0.01).
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Figure 8 Effect of irradiation (IR), L-NAME or both treatments
simultaneously (IR+L-NAME) on the CAM CPB on day 9, 6h
after irradiation. Results are expressed as mean+ s.e. as % of the
control CAM mean, and are compared by paired t-test with the
control CAM preparations (P<0.01).
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Figure 6 Photographs showing the CAM vessels on day 14,
before (a) and after (b) irradiation. No differences are seen in the
number of vessels (vascular density), 24 h after irradiation
(stereoscope, original magnification x 16).

Figure 9 Effect of irradiation (IR), D-NAME or both treatments
simultaneously (D-N + IR) on the CAM vascular density on day
9, 24h after irradiation. Results are expressed as mean+s.e. as %
of the control CAM mean, and are compared by paired t-test
with the control CAM preparations.
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by L-arginine, the endogenous substrate for NO synthase
(Palmer et al., 1988).

The effects of L-arginine on the regulation of angiogenesis
were studied on the CAM model in vivo by other
investigators (Pipili-Synetos et al., 1994). It was found that
L-arginine caused a small, but significant, decrease in
collagenous protein biosynthesis and a non-significant
decrease in vascular density. When L-arginine was combined
with L-NAME, the angiogenic effect of the latter was
completely abolished and a small inhibition of angiogenesis
was observed (Pipili-Synetos et al., 1994).

L-arginine was added immediately after irradiation and the
vascular density was assessed at 24 h after irradiation. L-
arginine alone caused a small decrease in the number of
vessels (-11.3 +4.9%, n = 12, P<0.05), but did not influence
the antiangiogenic effect of irradiation (-44.7 + 2.9%,
P<0.001). When L-arginine was combined with L-NAME,
the angiogenic effect of L-NAME was completely abolished
on the non-irradiated and irradiated CAM (n = 12,
-3.7+4.2%, P=0.37 and -6.8+6.4%, P=0.097 respec-
tively). Figure 11 summarises our results on the effect of L-
arginine at a dose of 12.2 ,ug per disc.

Histological studies

The results of the histological studies demonstrated that the
irradiated CAM preparations contained significantly fewer
stromal cells (45 + 8 per high-power field) and lower
microvessel density (19 +2 per 10 high-power fields) than
the non-irradiated CAM preparations (90 + 9 stromal cells
per high-power field and 30 + 2 microvessel density per 10
high-power fields respectively). When CAM preparations
were irradiated and immediately treated with L-NAME, the
stromal cell number and microvessel density were not
significantly different from those of the control CAM
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Figure 10 Effect of irradiation (IR), D-NAME or both
treatments simultaneously (D-N + IR) on the CAM CPB on day
9, 6 h after irradiation. Results are expressed as mean + s.e. as %
of the control CAM mean, and are compared by paired t-test
with the control CAM preparations.
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Figure 11 Effect of L-arginine (L-ARG), L-arginine plus L-
NAME (ARG +L-N), L-arginine plus irradiation (ARG + R) or

L-arginine plus L-NAME plus irradiation (R +ARG + L-N)
simultaneously on the CAM vascular density on day 9, 24 h
after irradiation. Results are expressed as mean+ s.e. as % of the
control CAM mean, and are compared by paired t-test with the
control CAM preparations.

Figure 12 Photographs showing tissue sections of the CAM on
day 9, 24 h after irradiation (a) before irradiation, (b) after
irradiation and (c) after adding L-NAME immediately after
irradiation. The irradiated CAM preparation contains fewer
vessels than the non-irradiated, whereas the CAM preparations
that received irradiation plus L-NAME contain more vessels and
stromal cells than the irradiated preparation (haematoxylin-
eosin).
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preparations (99 +8 stromal cells per high-power field,
microvessel density 32+ 2 per 10 high-power fields). At 6 h
after irradiation, we observed gaps between endothelial cells,
oedema of the intercellular space and thrombi in the vessels
(Figure 12).

Discussion

In the present study, it was shown that, in the in vivo CAM
system, X-rays mediate their antiangiogenic effects through
an action on NO synthase. Many studies published in recent
years have shown the effect of radiation on endothelial cells
in vitro and in vivo. Some studies have investigated the effect
of radiation on the survival of endothelial cells using various
in vitro models. The cell survival curves generated from these
studies use the multihit model to explain basic radiobiological
parameters (Hall, 1994). These in vitro models have shown
that endothelial cells have moderate radiosensitivity com-
pared with other cell types, such as fibroblasts, and that
survival is dose and cell cycle dependent (Degowin et al.,
1976; Rhee et al., 1986; Rubin et al., 1989). Vegt et al. (1985)
have shown that irradiation decreases sodium-dependent
transport by impairment of the transport unit and has
opposite effects on membrane-bound enzyme activity.
Another more recently published study, using an in vitro
model, demonstrated that the sensitivity of endothelial cells
to radiation is affected by the microenvironmental conditions
under which experiment is carried out (Fuks et al., 1992).

In vivo models have also been used to measure endothelial
cell survival. Ward et al. (1985) have found in the rat lung
after irradiation of the hemithorax in vivo that the dose-
effect curves for arterial perfusion, endothelial dysfunction
and interstitial fibrosis exhibit similar, but not identical,
radiosensitivities. Stewart et al. (1995) studied the blood-
spinal cord barrier function and morphometry in rat spinal
cord and speculated that the observed decrease in endothelial
cell density was probably a direct result of irradiation. They
speculated that the vascular bed has two possible responses
to endothelial loss. Firstly, the remaining endothelial cells
may elongate and send out cytoplasmic processes to fill in the
gaps in the vessel walls, followed by endothelial proliferation
to restore normal cell density, and secondly, the affected
vascular segments may become permanently occluded, and
new vesels may form to take their place.

Data obtained from the clinic have shown that some of the
major functions of blood vessels are grossly affected by
irradiation; for example, blood coagulation and thrombolysis,
through the release of von Willebrand factor from endothelial
cells, enhanced production of prostacyclins and suppression
of the effects of plasminogen activator. The extracellular
matrix profoundly influences the response of endothelial cells
to radiation, either directly or indirectly (Sporn et al., 1984;
Mori et al., 1991; Raymond et al., 1990; Ornitz et al., 1995).
The endothelial cell is believed to be the most radiosensitive
component of the vascular wall, as determined by ultra-
structural studies. During the acute phase, some endothelial
cells are killed and mural thrombi form to narrow or
obliterate the vessel lumen. A few hours to a few weeks after
moderate doses of radiation, there is an increased perme-
ability of the capillary wall, as manifested by the associated
oedema. As might be expected, the rapidly proliferating
endothelial cells of newly developing capillaries are more
sensitive to radiation than endothelial cells in older capillaries
(Gillette et al., 1985). One of the most constant early
alterations seen in the capillaries and prearterioles after
irradiation is dilation of the vessel. This can be accompanied
by endothelial cell swelling, degeneration, necrosis and
cellular inflammatory infiltrate. Increased vascular perme-
ability with resulting tissue oedema is a common early
manifestation.

During the chronic phase, the basement membrane of the
capillary wall is thickened, and this is presumed to contribute
to decreased capillary permeability. Still later, the number of
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small vessels is decreased through the process of vessel
occlusion. The most frequent changes in vessels of medium
and small calibre, particularly arteries, occur in the intima.
These are manifested by swelling and vacuolation of the
endothelial cells. The sequelae of small blood vessel
obliteration vary with the organ in question (Byhardt and
Moss, 1989).

Another important aspect regarding the involvement of
the NO pathway in angiogenesis is in the pathogenesis of
ultraviolet light B-induced vasodilatation of the microcircula-
tion of rat skin in vivo. This response was abolished by NOS
inhibitors and the effectiveness of canavanine implies that the
inducible form of NO synthase is involved. Indomethacin was
as effective as the NOS inhibitors, suggesting a link bewtween
vasodilator prostaglandins and nitric oxide within the
microcirculation (Warren et al., 1993; Deliconstantinos et
al., 1995).

For the first time, we have used the CAM vessel to study
the effects of ionising radiation on angiogenesis. In the system
used, our results have shown that on the ninth day of chick
embryo development the antiangiogenic effects of X-rays
were more profound than those observed on day 14. This is
mainly because the endothelial cells of the CAM vasculature
are more sensitive to irradiation on the ninth day, as on this
day the CAM resembles actively growing tissues regarding
cell and vessel proliferation rates. This is in agreement with
the results of Gillette et al. (1985) in a different in vivo system
and with the findings of Wang et al. (1995), who have
observed that the effect of radiation on the expression of an
antigen present in tissues undergoing angiogenesis is greater
in semi-confluent (proliferating) compared with confluent
(non-proliferating) endothelial cells.

By measuring the vascular density and the collagenous
protein biosynthesis, 24 and 6 h after irradiation, respec-
tively, we found that the angiogenesis started at a faster rate
than in the control CAM. These results can be explained on
the basis of our observations from the histological sections
showing a large number of thrombosed vessels, since it is
known that microthromboses accelerate angiogenesis (Baker
and Krochak, 1989; Fajardo and Berthrong, 1982; Tsopa-
noglou et al., 1993). The temporal difference between the
vascular density and the collagenous protein biosynthesis is
probably due, firstly, to the accelerated non-vascular
collagenous protein biosynthesis during the active repair
process of the CAM, as it is known that collagenous proteins
represent 80% of the total basement membrane proteins
formed by the CAM (Maragoudakis et al., 1988), and
secondly, to the fact that the effect of irradiation on
endothelial cells is a complex process, as mentioned above.

To test our initial hypothesis that NO is involved in the
antiangiogenic effect of irradiation on the CAM, we used L-
NAME, a specific NO synthase inhibitor (Moncada et al.,
1993). L-NAME, but not D-NAME, significantly enhanced
both the vascular density and the CPB of the non-irradiated
CAM, suggesting a negative regulatory role for the
endogenous NO on CAM angiogenesis (Pipili-Synetos et
al., 1994). The angiogenic effect of L-NAME may be
underestimated here, if the vasoconstrictive properties of L-
NAME are maintained for 24 h and they affect the vascular
density determination negatively. L-arginine had a modest
angiogenic effect on the non-irradiated CAM, apparently by
increasing the endogenous NO synthesis. This modest
antiangiogenic effect may be a result of the reduced ability
of exogenous arginine to compete with the endogenous one.
The effect of L-arginine was further validated when L-arginine
completely abolished the angiogenic effect of L-NAME on the
irradiated or no-irradiated CAM. Furthermore, L-NAME
completely reversed the irradiation-induced antiangiogenic
effect on the CAM, as determined by means of both vascular
density and CPB. The two phenomena quantitatively
paralleled each other closely. These reversal effects were
stereospecific for L-NAME, and they were completely
abolished by L-arginine, suggesting that NO synthase
activity plays an important role in the irradiation-induced
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antiangiogenic effect of the actively proliferating CAM. The
above reversal effects by L-NAME were further corroborated
by histological evidence which also extended the L-NAME
protective effect to the irradiation-induced cytotoxic effects
on CAM stromal cells. The density of these cells is apparently
reduced by irradiation owing to oedema and apoptosis
(Baker and Krochak, 1989; Lichter and Lawrence, 1995). In
general, the histological results of the CAM treatment with
either irradiation, L-NAME or the simultaneous treatments
of irradiation and L-NAME parallel the present vascular
density and CPB data.

Our results suggest that irradiation enhances NO synthesis
in the actively proliferating CAM, resulting in inhibition of
angiogenesis, and cytotoxicity. These are in agreement with
the findings of Voevodskaya and Vanin (1992), who have
shown on a different in vivo system that gamma-irradiation of
mice at a sublethal dose of 7 Gy enhanced the formation of
NO in the liver, intestine, lung, kidney, brain, spleen or heart
of the animals. Recent studies support the notion that NO
mediates vasodilator-induced angiogenesis in rabbit corneas
(Ziche et al., 1994), and angiogenesis induced by monocytes
after stimulation with liposaccharide (Leibovich et al., 1994).
These results are in contrast with the present data, and other
recent studies (Papaioannou et al., 1995; Pipili-Synetos et al.,
1994) on actively proliferating CAM. The difference may be
due to the fact that the former studies (Ziche et al., 1994;
Leibovich et al., 1994) were conducted on adult and highly
differentiated tissues compared with the embryonic actively
proliferating CAM. Other differences may be important for
understanding this controversy. The CAM is a relatively
simpler system compared with the more complex systems
stimulated by exogenous vasodilators or inflammators (e.g.
substance P or liposaccharide). Vasodilation may contribute
to the observed angiogenicity of NO by making capillaries
more visible. Inflammation would generate NO and growth
factors, the observed angiogenesis resulting from the latter

factors rather than NO. NO synthase inhibitors would reduce
NO synthesis and NO-induced inflammation, but could result
in inhibition of angiogenesis under certain conditions of NO-
induced and exogenous stimulant-induced inflammation,
especially under chronic conditions (e.g. 5- 15 days for the
corneal bioassay), when tissue repair may complicate
angiogenesis determinations. The cortisone used in the
present study does not effect CAM angiogenesis and
apparantly reduces inflammation (Folkman et al., 1983;
Pipili-Synetos et al., 1994), so that the irradiation-induced
NO inhibits CAM angiogenesis in the short term with
minimal interference by CAM inflammation or repair.
Overall, it appears that angiogenesis can be complicated by
the experimental conditions, especially the concentration of
released NO and growth factors, inflammation, the kinetics
of tissue repair and the cell proliferation rate.

Although no evidence is presented here regarding the
molecular mechanisms of the antiangiogenic and cytotoxic
effect of NO on the irradiated CAM, it is hypothesised that
the radiation-induced NO interacted with superoxide anion
radicals ( Or) for the synthesis of the cytotoxic peroxynitrite
anion (ONOO-), which caused stromal endothelial and other
tissue injury, including inhibition of angiogenesis. This
hypothesis is in agreement with recent work on peroxyni-
trite-induced injury to pulmonary surfactants (Haddad et al.,
1993) and on the role of NO in cellular redox reactions
(Dreher and Junod, 1996).

In conclusion, the irradiation-induced antiangiogenic and
cytotoxic effects of X-rays observed on the actively
proliferating CAM appear to be NO dependent. This
proposed mechanism may offer a new insight into the series
of events involved in pathological angiogenesis and into the
mechanisms of action of X-rays as well. Further work on
experimental tumours in animals is in progress to evaluate
these parameters in other in vivo systems.
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