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Vascular responses to endothelin-1 following inhibition of nitric
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1 The objectives of the present experiments were to assess the role of endogenous nitric oxide (NO) in
mediating and/or modulating the effects of endothelin-1 (ET-1) on blood pressure and microvascular
permeability in conscious rats.
2 Intravenous administration of the NO synthesis inhibitors, NG-monomethyl-L-arginine (L-NMMA)
or NG-nitro-L-arginine methyl ester (L-NAME) at a dose (25 mg kg-' or 2 mg kg-', respectively) which
evoked maximum increase in mean arterial blood pressure (MABP) significantly attenuated (by about
40%) the vasodepressor response and potentiated (by 100-180%) the pressor response to ET-1
(1 nmol kg-', i.v.) compared to the effects of ET-1 in animals where the peripheral vasoconstrictor
effects of L-arginine analogues were mimicked by an infusion of noradrenaline (620 -820 ng kg-1 min-').
Similar inhibition of the depressor and potentiation of the pressor actions of ET-1 were observed when
the MABP which had been elevated by L-NMMA or L-NAME was titrated to normotensive levels with
hydralazine or diazoxide before injection of ET-1.
3 L-NAME (2 mg kg-1) increased the vascular permeability of the large airways, stomach, duodenum,
pancreas, liver, kidney and spleen (up to 280%) as measured by the extravasation of Evans blue dye.
The permeability of pulmonary parenchyma, skeletal muscle and skin was not affected significantly by
L-NAME treatment. Elevation of MABP by noradrenaline infusion did not evoke protein extravasation
in the vascular beds studied with the exception of the lung. In the large airways, tissue Evans blue
content was similar following noradrenaline infusion and L-NAME.
4 Both the pressor and permeability effects of L-NAME (2 mg kg-') were effectively reversed by
L-arginine (300 mg kg- 1) but not by D-arginine (300 mg kg- ). The D-enantiomer of L-NAME, D-
NAME (2 mg kg-1) had no effect on the parameters studied.
5 Protein extravasation was significantly enhanced by ET-1 (1 nmol kg-1) in the upper and lower
bronchi, stomach, duodenum, kidney and spleen (up to 285%). This was potentiated by L-NAME
(2 mg kg-'), resulting in marked increases in tissue Evans blue accumulation (up to 550%) in these
tissues. The effects of L-NAME and ET-1 were additive in the trachea, duodenum, pancreas and liver.
Combined administration of L-NAME plus ET-1 significantly increased protein extravasation in the
pulmonary parenchyma, where neither L-NAME nor ET-1 alone caused significant increases.
6 Noradrenaline infusion (620-820 ng kg-' min ') potentiated the permeability action of ET-1
(1 nmol kg-') in the pulmonary circulation, whereas it did not modify ET-1-induced protein extravasa-
tion in the other vascular beds.
7 These results indicate that endogenous NO mediates, in part, the vasodepressor effect and attenuates
the vasopressor action of ET-1 and modulates the effects of ET-1 on vascular permeability. These
findings confirm the role of NO in the maintenance of blood pressure and suggest an important role for
NO in the regulation of microvascular permeability.
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Introduction

Endothelial cells are capable of producing a variety of sub-
stances, including endothelin-I (ET-1) (Yanagisawa et al.,
1988) and endothelium-derived relaxing factor/nitric oxide
(NO) (Ignarro et al., 1987; Palmer et al., 1987) that play a
role in the regulation of vascular tone, local blood flow and
permeability. Once released, these substances may act on the
same cells to modulate the synthesis and/or release of other
substances. Thus, ET-1-induced NO release (De Nucci et al.,
1988) and inhibition of ET-1 release by NO have been des-
cribed (Boulanger & Luischer, 1990; Saijonmaa et al., 1990).
The discovery that L-arginine is the physiological precursor

for the formation of NO (Palmer et al., 1988a,b; Sakuma et
al., 1988) led to the development and use of NG-substituted
analogues of L-arginine, such as NG-monomethyl-L-arginine

(L-NMMA) (Palmer e't al., 1988b; Sakuma et al., 1988) and
NG-nitro-L-arginine methyl ester (L-NAME) (Moore et al.,
1990) as inhibitors of endothelial NO synthesis. The findings
that intravenous injection of L-arginine analogues evoke large
increases in arterial blood pressure in experimental animals
(Aisaka et al., 1989; Rees et al., 1989; Whittle et al., 1989;
Gardiner et al., 1990a; Hecker et al., 1990; Vargas et al.,
1991) are considered to indicate that the resultant decrease in
endothelial NO production is responsible for the elevation of
blood pressure. The studies investigating the role of NO in
mediating the vasodilator and vasodepressor responses to
ET-1 resulted in conflicting results (cf. Fozard & Part, 1992)
since both significant inhibition of the depressor action of
ET-1 by L-NMMA (Whittle et al., 1989) and failure of
L-NMMA to attenuate the depressor response to ET-1 (Gar-
diner et al., 1989) have been described in anaesthetized and
conscious rats, respectively. Furthermore, L-NAME, a more
potent inhibitor of NO synthesis than L-NMMA (Moore et
al., 1990; Rees et al., 1990), was found to attenuate the
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vasodilator action of ET-1 in the conscious rat (Gardiner et
al., 1990b).

Recent evidence suggest that both ET-1 and NO could also
affect vascular permeability. Administration of ET-1 evoked
haemoconcentration in dogs (Goetz et al., 1988) and rats
(Lopez-Farre et al., 1989; Filep et al., 1991), led to oedema
formation in the forearm of man (Dahlof et al., 1990) and
enhanced protein extravasation in the large airways, heart,
stomach, duodenum, kidney and spleen in rats (Filep et al.,
1991; 1992; Zimmerman et al., 1992). On the other hand, NO
may inhibit vascular permeability to macromolecules, since
L-NAME has recently been reported to increase protein
extravasation in the cat mesenteric circulation (Kubes &
Granger, 1992) and rat coronary circulation (Filep et al.,
1993).
The objective of the present experiments was to study

whether or not inhibition of endogenous NO synthesis could
modulate the effects of ET-1 on blood pressure and micro-
vascular permeability in conscious rats. The experimental
design incorporated animals where mean arterial blood pres-
sure was adjusted to similar levels as observed following
administration of L-arginine analogues.

60 -

50-
I
E
E 40-
0-
m

cJ
3020.

CD
a)
0

0-r
0.01 0.1 1 10 100

Analogue (mg kg-', i.v.)

Figure 1 Peak pressor responses to intravenous injection of NG-
nitro-L-arginine methyl ester (L-NAME, *) and NG-monomethyl-L-
arginine (L-NMMA, *) in the conscious rat. Basal mean arterial
blood pressure was 110 ± 1 mmHg (n = 12). Values are means ±
s.e.means of 4-8 experiments.

Methods

The experiments were performed on conscious, chronically
catheterized male Wistar rats weighing 220-310 g. The
animals were kept in individual metabolic cages and were
prepared as described previously (Filep et al., 1987). Briefly,
under anaesthesia (ketamine, 75 mg kg-' and sodium pen-
tobarbitone, 15 mg kg-') catheters were implanted into the
abdominal aorta and vena cava through the central tail
artery and left femoral vein, respectively. The venous catheter
was led subcutaneously to the root of the tail. The catheters
emerging from the tail were protected by an acrylic cuff-
metal spiral device and were fed through the top of the
metabolic cage. The animals were allowed to recover com-
pletely for at least 4 days following the surgical procedures.
During the experiments the rats could move freely and had
free access to food and water. Mean arterial blood pressure
(MABP) was continuously monitored by an electromano-
meter using a Statham P23 dB pressure transducer.
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Figure 2 Time-course of changes in mean arterial blood pressure
(MABP) following intravenous injection of NG-nitro-L-arginine
methyl ester (L-NAME, 2mgkg-') and NG-monomethyl-L-arginine
(L-NMMA, 25 mg kg- ') in conscious rats. These traces are represen-
tative for 8 and 4 experiments, respectively.

Experimental protocols

Initial experiments were designed to compare the pressor
potency of L-arginine analogues. A 4 to 6 point dose-
response curve was generated in each animal. On any one
day each animal received only L-NAME or L-NMMA at
40-60 min intervals. In the second series of studies, the
blood pressure responses to ET-1 (1 nmol kg-') were com-
pared in the absence and presence of L-arginine analogues.
The animals were pretreated with L-NAME (2 mg kg-') or
L-NMMA (25 mg kg-') for 10 and 2 min, respectively before
injection of ET-1. On any one day each animal received only
one injection of ET-1. In order to compare directly the blood
pressure responses to ET-1, in some animals MABP was
either elevated by infusion of noradrenaline (620-820 ng
kg-l min-') to levels observed following L-NAME-treatment
or L-NAME-induced elevation in MABP was titrated to
normotensive levels with diazoxide (90 ,.mol kg-') or hyd-
ralazine (1.2-1.5 tmol kg-') before injection of ET-1. Both
diazoxide and hydralazine cause direct (endothelium-in-
dependent) relaxation of the arterial smooth muscle. In
another set of experiments, the ability of L-arginine
analogues to inhibit the hypotensive effect of acetylcholine,
which causes endothelium-dependent vasorelaxations in vitro,
was studied in control rats and in animals receiving L-
arginine analogues, noradrenaline infusion, L-NAME plus
diazoxide or L-NAME plus hydralazine. At least 3 days were
allowed to elapse between different experiments on the same
rat.

In subsequent experiments protein extravasation was quan-
titated by measuring the extravasation of Evans blue dye,
which binds to plasma albumin (Rawson, 1943). In this series
of experiments, Evans blue dye (20 mg kg-', 25 mg ml-' in
0.9% NaCI) was injected intravenously together with vehicle
or ET-1 (1 nmol kg-') into animals pretreated with L-NAME
(2 mg kg-') or during noradrenaline infusion (620-820 ng
kg-l min-'). An additional group of animals received L-
arginine (300 mg kg', i.v.) or D-arginine (300mg kg-', i.v.)
5 min after injection of L-NAME (2 mg kg-'). Four animals
were treated with N0-nitro-D-arginine methyl ester (D-
NAME, 2 mg kg-') for 10 min before injection of Evans blue
dye. Ten min after injection of Evans blue dye, the animals
were anaesthetized (sodium pentobarbitone, 50 mg kg-') and
were perfused with 50 ml 0.9% NaCl through a catheter
inserted into the abdominal aorta to remove the excess of
intravascular dye. Then portions of the trachea, upper bron-
chi (airways extending from the bifurcation of the trachea to
its entry to parenchyma), lower bronchi (defined as major
airways surrounded by pulmonary parenchyma that can be
easily dissected without magnification), pulmonary paren-
chyma, liver, spleen, pancreas, kidney, stomach, duodenum,
skeletal muscle (right quadriceps) and dorsal skin were
excised and weighed. Tissue Evans blue dye content was
measured by spectrophotometry following extraction with
formamide as described previously (Filep et al., 1991). Evans
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Table 1 Effects of L-arginine and D-arginine on NG-nitro-L-arginine methyl ester (L-NAME)-induced changes in arterial blood
pressurre and protein extravasation in conscious rats

Vehicle
(n = 6)

Basal MABP (mmHg)
Peak AMABP (mmHg)

106 ± 3
2±2

Evans blue dye (ig mg' tissue weight)
Trachea 62 ± 6
Upper Bronchi 52± 3
Lower Bronchi 49± 5
Pulmonary parenchyma 81 + 7
Liver 53 + 5
Spleen 118 8
Pancreas 38 ± 5
Kidney 57 9
Stomach 71 + 5
Duodenum 90± 9

L-NAME
(n = 6)

105 ± 4
43 ± 3**

108 ± 12*
104±9**
112 ± 10**
110 ± 8
111 ± 10**
195 ± 23*
100± 11*
136 ± 20*
155 ± 25*
252 ± 21**

D-Arginine
plus

L-NAME
(n = 4)

104 ± 5
39 ± 4*

88 ± 7*
89± 14*
104 ± 12*
106± 13
102± 11*
160 ± 21
90± 15*
107 ± 14*
126 ± 16*
205 ± 41*

L-Arginine
plus

L-NAME
(n = 4)

104±3
3 ± 2t

55±6t
46± 8t
53 ± 7t
97± 10
54± 18t
90± st
32 ± 6t
53 ± 13t
61 ± 8t
86± 13t

D-NAME
(n = 4)

107 ± 2
2± It

60 ± 5t
45 ± 7t
51 ± 6t
81 ± 18
43 ± 8t
111 ± 7t
33±7t
51 ± 7t
69± 13t
99± 13t

Values are means ± s.e.mean. The animals were given L-arginine (300 mg kg-') or D-arginine (300 mg kg-') 5 min after injection of
L-NAME (2 mg kg-'). Ten min after administration of L-NAME, D-NAME (2 mg kg-') or their vehicle (0.9% NaCl, control), Evans
blue dye (20mg kg-') was injected i.v. The rats were killed 10 min after injection of the dye.
*P<0.05; **P<0.01 compared to controls; tP<0.05 compared to L-NAME-treated animals by Dunn's multiple contrast hypothesis
test.

blue content of each sample was expressed as fig dye g ' dry
tissue weight to avoid underestimation of changes due to
plasma fluid extravasation.

Drugs and chemicals

ET-1 was synthesized in our laboratories by solid-phase
methodology. The purity of the preparation was greater than
97%. ET-1 was dissolved in distilled water and stored at
- 20°C. On the day of the experiments an aliquot was
removed and diluted further in 0.9% NaCl. Evans blue dye,
L-arginine hydrochloride, D-arginine hydrochloride, nor-
adrenaline hydrochloride, acetylcholine chloride, diazoxide,
hydralazine hydrochloride and L-NAME were purchased
from Sigma Chemical Co., St. Louis, MO, U.S.A.; L-NMMA
was obtained from Calbiochem, San Diego, CA, U.S.A.;
D-NAME was purchased from Research Biochemicals Inter-
national, Natick, MA, U.S.A. All drugs were dissolved in
0.9% NaCl immediately before use.

Statistical analysis

Results are expressed as means ± s.e.mean. Statistical evalua-
tion of the data was performed by Dunn's multiple contrast
hypothesis test (Dunn, 1964) when various treatments were
compared to the same control or by the Wilcoxon signed
rank test and Mann-Whitney U test for paired and unpaired
observations, respectively. A P< 0.05 level was considered
significant for all tests.

Results

Effects of L-arginine analogues on blood pressure
responses to ET-J
Intravenous injection of L-NMMA and L-NAME produced
dose-dependent increases in MABP in conscious rats (Figure
1). The maximum increase in MABP that could be evoked by
these L-arginine analogues was similar (AMABP were
52 ± 4 mmHg and 51 ± 3 mmHg, respectively). Estimated
ED50 values for L-NMMA and L-NAME were 7.8 and
0.5 mg kg-', respectively, indicating that L-NAME was
approximately 16 times more potent than L-NMMA. The
time course of the pressor action of the L-arginine analogues
differed considerably (Figure 2). L-NMMA produced an

immediate increase in MABP with a peak effect occurring
within 1-3 min after the injection. In contrast, the pressor
effect of L-NAME developed slowly, reaching the maximum
change in MABP between 5 and 9 min (Figure 2). The
duration of the pressor responses to L-NMMA was shorter
than those of L-NAME; MABP returned to preinjection
levels by 10-45 min depending on the dose of L-NMMA.
The nitro analogue, L-NAME, however, evoked prolonged
increases in MABP. For example, MABP remained stable at
145 mmHg for 50-60 min following administration of
2 mg kg-' L-NAME (Figure 2). L-NAME (2 mg kg')-
induced increase in MABP was effectively reversed by L-
arginine (300mgkg-'), but not by D-arginine (300mgkg-')
(Table 1). At the dose of 2 mg kg-', D-NAME did not affect
MABP (Table 1).

In subsequent experiments, L-NMMA and L-NAME were
used at doses that evoked maximum increase in MABP, i.e.
at 25 mg kg-' and 2 mg kg-', respectively. As well estab-
lished, ET-1 (1 nmol kg-') produced a sustained pressor
effect preceded by a transient depressor action (Figure 3).
Elevation of MABP by L-NAME, but not L-NMMA,
significantly decreased the pressor response to ET-1, whereas
the hypotensive response to ET-1 was not affected
significantly (Figure 3a). In some animals, MABP was either
elevated by an infusion of noradrenaline to levels comparable
to those seen after injection of L-arginine analogues or was
titrated to control levels by hydralazine or diazoxide and
then the responses to ET-1 were tested. L-NMMA and L-
NAME caused on average 40 and 47% inhibition of the
depressor response to ET-1 and a 2 and 2.8 fold increase in
the pressor action of ET-1 compared to the effects of ET-1
in animals receiving noradrenaline infusion (Figure 3a).
Similarly, an approximately 40% inhibition of the depressor
action and a 1.2-1.5 fold increase in the pressor effect of
ET-1 were detected in animals treated with L-NAME plus
hydralazine or L-NAME plus diazoxide compared to the
effects of ET-1 in control (normotensive) animals (Figure 3b).
These changes were statistically significant.

In another series of experiments, the ability of L-arginine
analogues to inhibit the hypotensive effect of acetylcholine
was tested. When the effects of acetylcholine in L-NMMA or
L-NAME-treated animals and during noradrenaline infusion
(i.e. when MABP values were similar before injection of
acetylcholine) were compared, 40% inhibition of the depres-
sor response to acetylcholine by L-arginine analogues was
detected (Figure 4a). Similarly, the hypotensive effects of
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Figure 3 Endothelin-l-induced maximum decrease (open columns)
and peak increase (hatched columns) in mean arterial blood pressure
(MABP) in conscious rats. (a) The animals were pretreated with
N0-nitro-L-arginine methyl ester (L-NAME, 2mg kg-') for 10 min,
N0-monomethyl-L-arginine (L-NMMA, 25 mg kg-') for 2 min, nor-
adrenaline (NA, 620-820 ng kg-' min-') for 10 min or 0.9% NaCl
(control, C) before bolus i.v. injection of endothelin-I (ET-1,
Inmolkg-'). MABP were 110±3mmHg (n=8), 152±5mmHg
(n = 8), 149 ± 4 mmHg (n = 6) and 152 ± 3 mmHg (n = 6) in control,
L-NAME, L-NMMA and noradrenaline-treated animals, respectively,
before injection of ET-1. (b) Following injection of L-NAME
(2 mg kg-1), the elevated MABP was restored to normotensive levels
with diazoxide (90 lmol kg-') or hydralazine (1.2-1.5 ptmol kg-')
before bolus i.v. injection of ET-I (I nmol kg-'). MABP were
110±3mmHg (n=6), 107±2mmHg (n=6) and 109±5mmHg
(n = 5) in control animals receiving vehicle of L-NAME and diazox-
ide (C) and in rats treated with L-NAME plus diazoxide or L-NAME
plus hydralazine, respectively, before injection of ET-1. Values are
means with s.e.mean. *P<0.05; **P<0.01 (compared to control by
Dunn's multiple contrast hypothesis test).

acetylcholine were reduced by 30-50% in animals treated
with L-NAME plus hydralazine or L-NAME plus diazoxide
relative to the hypotensive effects of acetylcholine in control
(untreated) animals (Figure 4b).

Effects ofL-NAME on endothelin-l-induced protein
extravasation

In agreement with our previous studies, injection of
1 nmol kg- ET-l increased tissue Evans blue content in the
upper and lower bronchi (Figure 5), stomach, duodenum,

Figure 4 Hypotensive responses to acetylcholine in conscious rats
following treatment with N0-nitro-L-arginine methyl ester (L-NAME)
or NG-monomethyl-L-arginine (L-NMMA). (a) In control animals,
mean arterial blood pressure (MABP) was elevated by an infusion of
noradrenaline (620-820 ng kg- min-1) (open columns) to levels
observed following injection of L-NAME (2mg kg-') (E) and
L-NMMA (25 mg kg-') ( I) before i.v. bolus injections of acetyl-
choline. MABP values were 156 ± 5 mmHg (n = 10), 159 ± 4 mmHg
(n = 8) and 151 ± 8 mmHg (n = 6) in noradrenaline, L-NAME and
L-NMMA-treated animals, respectively, before injection of the first
dose of acetylcholine. (b) In animals treated with L-NAME
(2 mg kg-'), the elevated MABP was restored to normotensive levels
with diazoxide (90 umolkg-') (C) or hydralazine (1.2-1.5imol
kg-') (Eli). Control animals (open columns) were given vehicle of
L-NAME and diazoxide. MABP values were 111 2 mmHg (n = 6),
107 ± 1 mmHg (n = 4) and 111 ± 2 mmHg (n = 6) in control animals
and following L-NAME plus diazoxide and L-NAME plus hyd-
ralazine, respectively, before injection of the first dose of acetyl-
choline. Values are means with s.e.mean. *P<0.05 compared to the
control group by Dunn's multiple contrast hypothesis test.

kidney and spleen (Figure 6), whereas no significant changes
were detected in the trachea and pulmonary parenchyma
(Figure 5), pancreas, liver, skeletal muscle and skin (Figures
6 and 7).
Treatment of the animals with L-NAME (2 mg kg-')

resulted in enhanced tissue Evans blue accumulation in all
vascular beds studied. The highest increases (up to
260-280%) were detected in the duodenum and pancreas
(Figure 6). Tissue Evans blue content increased by 139, 129,
121, 118, 109, 74 and 65% in the kidney, upper and lower
bronchi, stomach, liver, trachea and spleen, respectively

C L-NAME L-NMMA NA

a

E
-
L

CDS

CD
c

a..
0

CD
S

CL
CD

p

b

C L-NAME L-NAME
+diazoxide +hydralazine



NO AND VASCULAR RESPONSES TO ENDOTHELIN-1 1217

NS
'I

P < 0.01 P < 0.01
---

NS
N N

NS NS--
I r1

300

200-

100

Parenchyma

U I
-

I

NS
' I~

P < 0.01 NSUpper bronchi I ,rXl 300

z

z

200

100

NS
I

P< 0.01 NSLower bronchi f r

I- *

w 2
z

+

z

*

T

< I-

z u

z

Figure 5 Effects of N0-nitro-L-arginine methyl ester (L-NAME) and noradrenaline on endothelin-1-induced protein extravasation
in rat airways. The animals were pretreated with L-NAME (2 mg kg-'), noradrenaline (NA, 620-820 ng kg-' min-') or 0.9% NaCl
(control, C) for 10 min before bolus i.v. injection of endothelin-I (ET, I nmol kg-') plus Evans blue dye (20mg kg-'). The rats
were killed 10 min after injection of endothelin-1. Values are means with s.e.mean. n = 5 for L-NAME plus endothelin-I, n = 6 for
all other groups. *P<0.05; **P<0.01 (compared to control by Dunn's multiple contrast hypothesis test). NS, not significant.

(Figures 5 and 6). No significant changes were detected in the
pulmonary parenchyma, skeletal muscle and skin (Figures 5
and 7). Administration of L-arginine, but not D-arginine
(300 mg kg-') prevented the L-NAME-induced increases in
protein extravasation (Table 1). Neither L-arginine nor D-
arginine alone affected protein extravasation (data not
shown). D-NAME (2 mg kg-') had no significant effect on
Evans blue accumulation in the vascular beds studied (Table
1). Elevation of MABP by infusion of noradrenaline to levels
seen following L-NAME did not affect Evans blue accumula-
tion in all organs studied with the exception of the lung
(Figures 5, 6 and 7). Noradrenaline infusion and L-NAME
treatment evoked similar increases in Evans blue content in
the large airways and pulmonary parenchyma (Figure 5).
When ET-1 was administered to rats treated with L-

NAME, protein extravasation was markedly enhanced. L-
NAME potentiated (up to 550%) the permeability effect of
ET-1 in the upper and lower bronchi, stomach and kidney
(Figures 5 and 6). A significant increase in protein extravasa-
tion was observed in the pulmonary parenchyma following
L-NAME plus ET-1, where neither ET-1 nor L-NAME alone
affected significantly Evans blue content (Figure 5). In the
trachea, duodenum, pancreas and liver, the effects of ET-1
and L-NAME were additive (Figures 5 and 6). No significant
changes were detected in the skeletal muscle and skin (Figure
7). Noradrenaline infusion did not modify ET-l-induced

Evans blue accumulation in the organs studied with the
exception of the lung (Figures 6 and 7). In the upper and
lower bronchi, combined administration of noradrenaline
plus ET-1 markedly enhanced Evans blue accumulation,
albeit tissue Evans blue content was somewhat lower than
that seen following L-NAME plus ET-1 (Figure 5). Although
combined administration of noradrenaline and ET-1 resulted
in a 100% increase in protein extravasation in the paren-
chyma, tissue Evans blue content was significantly lower than
that observed following L-NAME plus ET-1 (Figure 5).

Discussion

The present results show that treatment of the animals with
L-arginine analogues attenuates the depressor and potentiates
the pressor response to ET-1 and markedly enhances protein
extravasation elicited by ET-1 in the airways, kidney and
gastrointestinal tract. The findings that the pressor and
permeability responses to L-NAME can be reversed by L-
arginine, but not D-arginine and the failure of D-NAME to
affect blood pressure and protein extravasation are consistent
with the notion that the effects of L-NAME result from
inhibitory actions on NO synthesis.

In confirmation of earlier observations (Aisaka et al., 1989;
Rees et al., 1989; Whittle et al., 1989; Gardiner et al., 1990a;
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Figure 6 Effects of N0-nitro-L-arginine methyl ester (L-NAME) and noradrenaline on endothelin-l-induced protein extravasation
in rat stomach, duodenum, pancreas, liver, kidney and spleen. The animals were pretreated with L-NAME (2 mg kg- '),
noradrenaline (NA, 620-820 ng kg- min-') or 0.9% NaCl (control, C) for 10 min before bolus i.v. injection of endothelin-1 (ET,
1 nmol kg-') plus Evans blue dye (20mg kg-'). The animals were killed 0 min after injection of endothelin-1. Values are means

with s.e.mean. n = 5 for L-NAME plus endothelin-1, n = 6 for all other groups. *P<0.05; **P<0.01 (compared to control by
Dunn's multiple contrast hypothesis test). NS, not significant.

Hecker et al., 1990; Vargas et al., 1991), the present study
also shows a profound increase in MABP following adminis-
tration of L-NMMA and L-NAME. L-NAME appeared to be
approximately 16 times more potent than L-NMMA. The
pressor action of L-NMMA was rapid in onset and shorter in
duration relative to L-NAME. This might be attributed to
rapid metabolization of L-NMMA to L-citrulline and L-
arginine by endothelial cells (Hecker et al., 1990). On the
other hand, the pressor action of L-NAME developed slowly,
but the elevation in MABP remained stable for more than
40 min.

Since an elevation of basal MABP may augment the
apparent vasodepressor activity of various substances, such

effects of L-arginine analogues on basal MABP may lead to
an underestimation of the degree of inhibition of vasodepres-
sor responses. In order to circumvent MABP differences
between control and L-NMMA or L-NAME-treated animals,
MABP was either elevated in the control group by an
infusion of noradrenaline to comparable levels as seen after
NO blockade or the elevated MABP was titrated to control
(normotensive) levels by diazoxide or hydralazine before
injection of ET-1. Under these paradigms, significant
attenuation, but not complete inhibition, of ET-1-induced
hypotension could be demonstrated. Similar attenuation of
the hypotensive effect of ET-1 has been reported in the
presence of L-NAME when glyceryl trinitrate (an endo-
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Figure 7 Effects of NG-nitro-L-arginine methyl ester (L-NAME) and

noradrenaline on endothelin-l-induced protein extravasation in rat

skeletal muscle and dorsal skin. The animals were pretreated with

L-NAME (2mg kg-'), noradrenaline (NA, 620-820 ng kg- min-')

or 0.9% NaCI (control, C) for 10 min before bolus i.v. injection of

endothelin-l (ET, nmol kg-') plus Evans blue dye (20mg kg-').

The animals were killed 10 min after injection of endothelin-l.

Values are means with s.e.mean. n = 5 for L-NAME plus endothelin-1,

n = 6 for all other groups. *P <0.05 (compared to control by

Dunn's multiple contrast hypothesis test).

thelium-independent vasodilator) was used as a reference

(Gardiner et al., 1990b). The present study also shows that

NO blockade significantly potentiated the pressor response to

ET-1 under conditions when the confounding influence of

varying basal MABP was avoided. In contrast, L-NMMA-

treatment did not lead to a consistent appearance of a

vasopressor response to ET-1 in the anaesthetized rat (Whit-

tle et al., 1989). It is not known at present whether this

apparent discrepancy might be attributed to the fact that in

these latter experiments ET-1 was used at doses which did

not evoke a pressor action or to the transient action of

L-NMMA (see above). The present findings provide further

support to the hypothesis that the vasopressor action of ET-1

is attenuated by NO (De Nucci et al., 1988).

Although in vitro experiments suggest unambiguously that

NO mediates the vasorelaxant action of acetylcholine

(Ignarro et al., 1987; Palmer et al., 1987), studies which

sought to correlate the in vivo hypotensive action of acetyl-

choline with NO have been controversial. L-NMMA has

been reported to attenuate (Vargas et al., 1991) or to inhibit

(Whittle et al., 1989) the hypotensive response to acetyl-

choline, whereas others did not detect any inhibition (Aisaka
et al., 1989; Van Gelderen et al., 1991). Furthermore, L-
NAME did not affect the decrease in MABP elicited by
acetylcholine relative to glyceryl trinitrate (Gardiner et al.,
1990b). However, the different preinjection levels of MABP
might also have affected the responses to glyceryl trinitrate.
In the present study, attenuation of the hypotensive effects of
acetylcholine by both L-NMMA and L-NAME was observed
when the effects of acetylcholine were compared either at
elevated MABP (i.e. following L-NMMA or L-NAME treat-
ment versus noradrenaline infusion) or at normal MABP (i.e.
control animals vs. animals receiving L-NAME plus diazox-
ide or hydralazine). Since the degree of inhibition was similar
under these conditions and never exceeded 50%, it is feasible
that a substantial part of the hypotensive response to acetyl-
choline is independent of NO.

Based on its potency and long duration of action, L-
NAME was chosen for the vascular permeability studies. As
anticipated, ET-1 (1 nmol kg-') did evoke significant in-
creases in tissue Evans blue content in the upper and lower
bronchi, stomach, duodenum, kidney and spleen. These
effects of ET-1 were markedly potentiated by L-NAME
(2 mg kg-'), despite the fact that L-NAME by itself also
promoted Evans blue accumulation in these tissues. Further-
more, a significant increase in protein extravasation was
detected in the pulmonary parenchyma following L-NAME
plus ET-1, where both L-NAME and ET-1 alone evoked only
a slight, statistically non-significant increase in Evans blue
content. The present data suggest that the effects of L-NAME
on permeability are not simply a consequence of changes in
systemic blood pressure as noradrenaline infusion neither
mimicked the effects of L-NAME nor potentiated Evans blue
accumulation elicited by ET-1 with the exception of the lung.
These findings are consistent with the notion that changes in
systemic blood pressure and/or an elevation in capillary hyd-
rostatic pressure are not major determinants of protein extra-
vasation (Grega et al., 1986). Indeed, mediator-stimulated
protein extravasation can be primarily attributed to an in-
crease in the hydraulic conductivity of the microvascular
membrane secondary to formation of interendothelial cell
gaps in the venules (Grega et al., 1986). In the pulmonary
circulation, capillary filtration rate increases dramatically
when left atrial pressure exceeds 40 cmH20 (Nicolaysen et
al., 1979; Rippe et al., 1984). During the acute phase of
generalized vasoconstriction elicited by noradrenaline or L-
NAME, there may be significant increases in left atrial end
diastolic pressure. Rapid increases in pulmonary perfusion
pressure have been reported to cause structural changes (dis-
ruption and widening of the endothelial junctions) in the
capillaries leading to increases in permeability (Tsukimoto et
al., 1990). Large doses of catecholamines (Theodore &
Rabin, 1976) or stimulation of sympathetic nerves (Hakim et
al., 1981; Sakakibara et al., 1992) produce severe pulmonary
oedema with protein-rich oedema fluid. However, the
findings that tissue Evans blue content in the pulmonary
parenchyma was significantly higher following administration
of L-NAME plus ET-1 than following noradrenaline plus
ET-1, suggest that an increase in pulmonary pressure might
not be the sole mechanism responsible for the permeability
enhancing effect of L-NAME. L-NAME treatment did not
result in an increase in protein extravasation in the skeletal
muscle and skin. One possible explanation is that oedema
formation could probably be masked by arterial vasocon-
striction elicited by L-NAME. Alternatively, the different
susceptibility of different vascular beds to L-NAME may
either reflect differences in local NO production or differences
in the activity of NO in different regions.
Our results also show that the potentiating effect of NO

synthesis inhibition upon ET-l-induced protein extravasation
is not due to the haemodynamic effectof L-NAME alone.
Furthermore, the enhanced vascular permeability by L-
NAME cannot be attributed to an increase in capillary sur-
face area for protein filtration, since vasoconstrictors like
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L-NAME generally cause derecruitment of capillaries
(Granger et al., 1989). It is likely, however, that inhibition of
NO synthesis would lead to endothelial dysfunction (Lieber-
thal et al., 1989; Hutcheson et al., 1990; Lefer & Ma, 1991).
Since NO may scavenge small amounts of superoxide
released by endothelial cells (Zweier et al., 1988) and inhibit
adhesion of platelets and neutrophil granulocytes to the vas-
cular endothelium (Radomski et al., 1987; Kubes et al.,
1991), decreased NO production would result in local
accumulation of free radicals and/or adhesion of platelets
and neutrophil granulocytes to endothelial cells, which, in
turn, would lead to an increase in microvascular permeability
(Del Maestro et al., 1981; Kubes & Granger, 1992).
The present observations may have relevance in patho-

logical conditions where plasma and local tissue levels of
ET-1 are elevated and endothelial NO production is
decreased. In addition to vascular spasm, ET-1-induced
plasma extravasation with local oedema formation would
induce or predispose to tissue damage. When NO synthesis is
decreased, the effects of ET- 1 appear to become more

dominant, leading to an imbalance of endothelium-dependent
regulation of microvascular protein permeability. The find-
ings that NO donors can decrease intestinal tissue damage
and attenuate endothelial dysfunction in splanchnic artery
occlusion-induced shock (Aoki et al., 1990) lend further sup-
port to this hypothesis.

In conclusion, the present data demonstrate that endo-
genous NO mediates, in part, the vasodepressor effect and
attenuates the vasopressor action of ET-1 and counteracts
the vascular permeability effect of ET-1. These findings sug-
gest an important role for NO in the regulation of vascular
tone and microvascular permeability in conscious rats.
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