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Abstract 

Vascular reactivity and activation of the nitric oxide (NO) pathway were investigated in perfused mesenteric vascular bed removed 
from rats 5 h after i.p. injection of bacterial lipopolysaccharide (E. coli lipopolysaccharide, 30 mg kg- ~ ). Lipopolysaccharide treatment 
induced hyporesponsiveness to noradrenaline. Maximal noradrenaline-induced vasoconstriction was significantly reduced in lipopoly- 
saccharide-treated vs. untreated preparations. Continuous infusion of L-arginine (L-Arg) (0.2 mM) enhanced noradrenaline hyporeactivity 
of lipopolysaccharide-treated rats. N~°-Nitro-L-arginine methyl ester (L-NAME) (0.2 raM), a non-selective inhibitor of NO synthase, failed 
to completely restore the noradrenaline hyporeactivity of lipopolysaccharide-treated + L-Arg-infused mesenteric vascular bed. After 
L-NAME treatment, Methylene blue (10 p,M), a guanylate cyclase inhibitor, produced no additional increase of noradrenaline 
vasoconstriction in lipopolysaccharide-treated + L-Arg-infused mesenteric vascular bed, suggesting that an NO-independent activation of 
guanylate cyclase may be excluded. In lipopolysaccharide-treated preparations, L-Arg (0.2 raM) elicited a significant increase in nitrite 
production, which was antagonized by L-NAME. In conclusion, lipopolysaccharide-induced noradrenaline hyporesponsiveness of rat 
resistance vessels can only be partially explained by NO overproduction. Other mechanisms, probably related to vasoconstriction, may be 
involved. 
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1. Introduct ion 

Nitric oxide (NO) production from L-arginine (L-Arg) is 
catalyzed by constitutive or inducible NO synthase isoen- 
zymes (Palmer et al., 1987). NO derived from constitutive 
NO synthase activation is involved in the regulation of 
blood vessel tone (Rees et al., 1989) and mediates vascular 
smooth muscle relaxation (Ignarro et al., 1987) by activat- 
ing soluble guanylate cyclase, leading to a rise in cyclic 
guanosine 3',5'-monophosphate (cGMP) (Stoclet, 1991). 

Stimuli, such as bacterial lipopolysaccharides (Fleming 
et al., 1990) and cytokines (Busse and Mtilsch, 1990), 
elicit inducible NO synthase protein synthesis over 3 -6  h 
(Fleming et al., 1991a) in a variety of cells and tissues, 
including vascular endothelial and smooth muscle cells 
(Moncada et al., 1991; F~Srsterrnann et al., 1991). Experi- 
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mental and clinical studies have suggested that excessive 
NO production by inducible NO synthase may be responsi- 
ble for hypotension and aortic hyporesponsiveness to nor- 
adrenaline associated with septic shock (Julou-Schaeffer et 
al., 1991; Fleming et al., 1991b). Furthermore, it has been 
reported that inhibitors of the L-Arg/NO pathway are able 
to reduce hypotension, restore responsiveness to nor- 
adrenaline and prevent the increase in cGMP content 
induced by lipopolysaccharide (Gray et al., ! 991 ; Thiemer- 
mann and Vane, 1990). 

The activation of the L-Arg/NO pathway has been 
studied mostly in conductance vessels, such as the aorta. 
However, the complex haemodynamic events occurring in 
resistance vessels in the course of septic shock syndrome 
have yet to be fully elucidated. 

With the aim of contributing more information on the 
putative mechanisms underlying the failure of peripheral 
resistance in septic shock, we carried out an investigation 
on perfused mesenteric vascular bed, an accepted experi- 
mental model for the study of resistance vessels. 
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We studied the responsiveness to noradrenaline and the 
time course of noradrenaline-induced vasoconstriction (re- 
corded as variations in perfusion pressure) in mesenteric 
vascular bed preparations from rats treated in vivo with E. 
coli lipopolysaccharide, without and with infusion of L- 
Arg, in comparison with those of untreated control rats. 
The effects of L-Arg as well as the activation of the 
L-Arg/NO pathway were also assessed, using the NO 
inhibitor N°'-nitro-L-arginine methyl ester (L-NAME), in 
both endothelium-intact and endothelium-denuded prepara- 
tions. In addition, a probable NO-independent pathway of 
guanylate cyclase activation was investigated by using 
Methylene blue. 

The presence of NO in samples of perfusate from 
mesenteric vascular bed of untreated and lipopolysaccha- 
ride-treated rats was determined by measuring the accumu- 
lation of nitrites, the predominant oxidation product of 
NO. Biochemical data were compared with the functional 
responses. 

2. Materials and methods 

2.1. Mesenteric vascular bed preparation 

with modified Krebs-Henseleit solution at the rate of 0.5 
ml rain-J, to prevent drying. Drug solutions were infused 
directly into the perfusate, proximal to the arterial cannula, 
using another peristaltic pump. All experiments were car- 
fled out in the presence of indomethacin (10 ~M) to 
prevent the interference of cyclo-oxygenase products in 
lipopolysaccharide-stimulated NO synthesis (Gray et al., 
1991). Changes in perfusion pressure were measured using 
a pressure transducer (ISOTEC) and recorded continuously 
on a polygraph (GRAPHTEC-WATANABE type 3310). 

2.2. Experimental protocols 

After an equilibration period of 30-40 rain, the perfu- 
sion pressure, which is directly correlated to vascular 
resistance, was nearly 20 mm Hg (resting tone). 

2.2.1. Protocol 1: concentration-response curves for nor- 
adrenaline 

Concentration-response curves for noradrenaline were 
obtained in mesenteric vascular bed from untreated and 
lipopolysaccharide-treated rats by measuring the response 
to each concentration 15 min after addition of each dose, 
when steady state had been reached. 

Male Wistar rats (250-300 g) were injected i.p. with E. 
coli lipopolysaccharide (serotype 055: B5) (30 mg kg -~ 
diluted in 0.1 ml saline/100 g body weight). 5 h later, 
they were heparinized (200 I U / r a t  i.p.), then decapitated 
and exsanguinated, under ether anaesthesia. Wistar rats 
injected with sterile saline were used as control. The 
mesenteric vascular bed was prepared and perfused as 
described by McGregor (1965) and Criscione et al. (1984). 
A midline incision was made in the abdominal cavity and 
the superior mesenteric artery was cannulated via a small 
incision in the abdominal aorta, just rostral to the left renal 
artery, using a stainless steel cannula (diameter 0.90 × 20 
mm). After removal of the entire intestine and associated 
vascular bed, the mesenteric vascular bed was separated 
from the intestine by cutting close to the intestinal wall. 
Only the arterial branches running from the superior 
mesenteric trunk to the jejunum were perfused, while all 
the other branches, including the ileo-colic, right colic, 
middle colic and the majority of ileal arteries, were tied 
off. In order to eliminate the internal blood, the mesenteric 
vascular bed was flushed with a modified Krebs-Henseleit 
solution of the following composition (mM): NaC1 113; 
KCI 4.8; MgSO 4 1.2; NaHzPO 4 1.2; CaCI 2 1.2; NaHCO 3 
25; glucose 5.5. The isolated mesenteric vascular bed, 
mounted on a perfusion system, was perfused with modi- 
fied Krebs-Henseleit solution, maintained at 37°C, at a 
constant flow rate of 5 ml rain- J, by means of a peristaltic 
pump (101-ISMATEC SA). A mixture of 95% 02 and 5% 
CO 2 was bubbled continuously into the modified Krebs- 
Henseleit solution. The preparation was also superfused 

2.2.2. Protocol 2: NO synthase inhibition in endothelium- 
intact and endothelium-denuded preparations 

The effect of L-NAME (0.2-0.5 mM), an inhibitor of 
both inducible and constitutive NO synthase isoforms, was 
evaluated on the contractile response elicited by a submax- 
imal concentration of noradrenaline (basal noradrenaline 
response) obtained from concentration-response curves for 
noradrenaline constructed as in Protocol 1. The effect of 
L-NAME was measured 20 min after addition of the drug 
in endothelium-intact or endothelium-denuded preparations 
from untreated and lipopolysaccharide-treated rats. 

Similar experiments were performed in preparations 
infused with 0.2 mM L-Arg, a concentration producing 
70% of the maximum effect determined in L-Arg concen- 
tration-response curves and able to supply about a two-fold 
physiological concentration of L-Arg. 

Removal of the endothelium (tested by almost complete 
lack of the vasodilatation elicited by 0.3 IxM acetyl- 
choline) was obtained by means of intermittent air flushing 
for 7 rain directly into the mesenteric vascular bed (Burdet 
and Criscione, 1989). 

2.2.3. Protocol 3: concentration-response curves for L-Arg 
and D-Arg 

In noradrenaline-precontracted preparations from un- 
treated and lipopolysaccharide-treated rats, L-Arg or D-Arg 
was infused in order to obtain concentration-response 
curves. The effect of each concentration was measured 15 
min after addition of each dose. 
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2.2.4. Protocol 4: time course of noradrenaline perfusion 
pressure 

The mesenteric vascular bed was continuously perfused 
with modified Krebs-Henseleit solution containing nor- 
adrenaline in order to induce vasoconstriction. Within a 
period of 30 min, the variations of noradrenaline-induced 
perfusion pressure were recorded in untreated and lipo- 
polysaccharide-treated preparations, without or with L-Arg 
infusion (0.2 mM). 

2.2.5. Protocol 5: effect of guanylate cyclase inhibitor 
NO-independent activation of guanylate cyclase was 

evaluated with Methylene blue (10-20 IxM), administered 
after L-NAME (0.2 mM) treatment in lipopolysaccharide- 
treated + L-Arg-infused preparations.The effect was mea- 
sured 20 min after addition of the drug. 

2.2.6. Protocol 6: assay for nitrite determination 
The presence of NO in the perfusate was determined by 

measuring the amount of nitrites, the predominant stable 
oxidation product of NO. Nitrite determination was per- 
formed in untreated and lipopolysaccharide-treated prepa- 
rations, routinely perfused with saline modified Krebs- 
Henseleit saline containing noradrenaline. In order to ob- 
tain detectable nitrite accumulation, samples of perfusate 
(1 ml) were collected during a period of 45 min at a flow 
rate of 0.03 ml min-  J, under continuous infusion of L-Arg 
(0.2 mM) alone or both L-Arg (0.2 mM) and L-NAME 
(0.2-0.5 mM). The results were compared with basal 
nitrite concentrations in the saline control samples. 

Nitrite concentrations in the perfusate were determined 
using Griess' reagent (1% sulfanilamide, 0.1% napthyleth- 
ylenediamine, 2.5% ortophosphoric acid) (Green et al., 
1982). Briefly, Griess' reagent (1 ml) was mixed with an 
equal volume of perfusate, and optical density was deter- 
mined at 550 nm, after 20 min. Nitrite concentrations were 
calculated on a standard curve constructed by using known 
concentrations of sodium nitrite from 1 to 50 I~M. 

2.3. Drugs 
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Fig. 1. Concentration-response curves elicited by noradrenaline (NA) in 
mesenteric vascular bed from untreated (0) and lipopolysaccharide 
(LPS)-treated rats (O). The effect of each concentration was measured in 
the steady state, 15 min after addition of each dose. Values are the 
mean + S.E. of 7 (untreated rats) and !2 (LPS-treated rats) experiments. 
* * P < 0.01 vs. respective untreated values. 

for paired and unpaired data, as appropriate. A P value of 
< 0.05 was considered statistically significant. 

3 .  R e s u l t s  

3.1. Effects of lipopolysaccharide pretreatment on vascular 
reactivi~ to noradrenaline 

Concentration-response curves for noradrenaline in 
mesenteric vascular bed are illustrated in Fig. 1. In vivo 
treatment with E. coli lipopolysaccharide produced a mod- 
ification in the concentration-response curve for noradrena- 
line. The maximal vasocontriction was significantly re- 
duced (by 60%) in comparison with that of untreated rats, 
while no significant change was observed in the potency. 

3.2. Effect of L-NAME on vascular noradrenaline reactiv- 
ity of endothelium-intact and endothelium-denuded prepa- 
rations 

Norepinephrine hydrochloride, acetylcholine chloride 
(Aldrich, Milwaukee, WI, USA); L-arginine, D-arginine, 
N'°-nitro-L-arginine methyl ester, Methylene blue trihy- 
drate (Sigma, St. Louis, MO, USA) were dissolved in 
distilled water and then diluted in modified Krebs-Henseleit 
solution. Indomethacin (Sigma) was dissolved in 4% 
NaHCO 3 solution and lipopolysaccharide (E. coli serotype 
055: B5. Sigma) was dissolved in saline (0.9 % NaCI). 

2.4. Statistical analysis 

Results are expressed as the mean ± S.E. for (n) rats 
per experimental group. Statistical comparisons were made 
using analysis of variance (ANOVA) and Student's t-test 

The use of L-NAME, an inhibitor of both inducible and 
constitutive NO synthase isoforms, gave rise to the results 
shown in Fig. 2. In endothelium-intact preparations from 
untreated and lipopolysaccharide-treated groups, a basal 
noradrenaline response was obtained with submaximai 
concentrations of noradrenaline (5-10 I~M in untreated 
and 10-20 txM in lipopolysaccharide-treated rats), deter- 
mined from concentration-response curves constructed as 
above. Administration of L-NAME (0.2 mM) produced a 
significant enhancement ( +  50 mm Hg) of the basal re- 
sponse, which was equivalent in both groups. Endothelium 
denudation, assessed by almost complete lack of vasodila- 
tation induced by acetylcholine, was performed in order to 
rule out constitutive NO synthase. This procedure caused a 
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Fig. 2. Effect o f  addition o f  0.2 mM L-NAME to noradrenaline (NA)-pre- 
contracted mesenteric vascular bed from untreated (5-10 ~M NA) and 
lipopolysaccharide (LPS)-treated (10-20 Ix M NA) rats in endothelium-in- 
tact and endothelium-denuded preparations. The effect was measured 20 
rain after addition of L-NAME, Solid columns, control; hatched columns, 
L-NAME. Values are the mean4-S.E, of 5 experiments. * * P < 0.01 vs. 
respective control. 

significant increase in the basal response to noradrenaline 
in untreated and lipopolysaccharide-treated rats; subse- 

quent administration of L-NAME was ineffective in both 
groups. The same results were obtained using a lower 
basal perfusion pressure (evoked by 2.5 txM noradrena- 

line), or a higher concentration (0.5 mM) and more pro- 
longed administration (over 40 min) of L-NAME (data not 
shown). 

3.3. Effects o f  L-Arg and o-Arg additions 

To investigate a possible lipopolysaccharide-induced 
activation of the L-Arg /NO pathway, the substrate of NO 
synthase, L-Arg, was infused in mesenteric vascular bed. 
In lipopolysaccharide-treated rats, L-Arg but not D-Arg 
produced a dose-dependent relaxation. The minimum sig- 
nificant effect was obtained with 0.2 mM L-Arg and the 
maximum effect (reduction by 65% of noradrenaline perfu- 
sion pressure) was reached with 1 mM. Neither L-Arg nor 
D-Arg was effective in the preparations obtained from 
untreated rats (Fig. 3). 

3.4. Time course o f  noradrenaline-induced effects on per- 
fusion pressure 

Fig. 4 shows the time course of the noradrenaline- 
induced vasoconstriction of mesenteric vascular bed from 
untreated and lipopolysaccharide-treated rats without or 
with continuous infusion of L-Arg (0.2 mM). A rapid and 
transient increase in perfusion pressure (peak), reached 
within 1-2 min, did not significantly differ in all consid- 
ered groups. In the steady state, reached from 10 min 
onward, noradrenaline (5 -10  txM) produced a submaximal 
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Fig. 3. Concentration-response curves elicited by L-Arg (triangles) and 
D-Arg (circles) in noradrenaline (NA)-precontracted mesenteric vascular 
bed from untreated (5-10 ~M NA) (closed symbols) or lipopolysaccha- 
ride (LPS)-treated rats (10-20 IzM NA) (open symbols). The effect of 
each concentration was measured 15 min after addition of each dose. 
Values are the mean 4-S.E. of 10 (untreated rats) and 9 (LPS-treated rats) 
experiments. * P < 0.05 vs. D-Arg values of LPS-treated rats. 

vasoconstriction (70-80% of the maximal response) that 
was not modified by infusion of L-Arg (0.2 mM). In 
lipopolysaccharide-treated rats, despite the use of higher 
noradrenaline concentrations (10-20  txM), the maximal 
vasoconstriction obtained was, at the steady state, con- 
stantly lower than that observed in untreated rats. After 
noradrenaline, the perfusion pressure of mesenteric vascu- 
lar bed from lipopolysaccharide-treated rats (57.78 _+ 5.1 
mm Hg) was significantly depressed (by 48%) compared 

to that of untreated rats (92.4_+ 6.5 mm Hg). Moreover, 
lipopolysaccharide-induced noradrenaline hyporeactivity 
was enhanced by continuous and prolonged infusion of 0.2 

mM L-Arg, which produced a further significant decrease 
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Fig. 4. Time course of noradrenaline (NA)-induced vasoconstriction of 
mesenteric vascular bed from untreated (5-10 txM NA) (closed symbols) 
or lipopolysaccharide (LPS)-treated rats (10-20 IxM NA) (open symbols), 
without (circles) or with (triangles) continous infusion of 0.2 mM L-Arg. 
Values are the mean 4-S.E. of 10 (untreated rats), 10 (untreated + L-Arg- 
infused rats), 17 (LPS-treated rats) and 9 (LPS-treated+L-Arg-infused 
rats) experiments. * " P < 0.01 vs. respective untreated values; # P < 0.05 
vs. respective LPS-treated values. 
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Fig. 5. Effect of addition of 0,2 mM L-NAME to noradrenaline (NA)-pre- 
contracted mesenteric vascular bed from untreated + {`-Arg-infused (5-10 
t-tM NA) and lipopolysaccharide (LPS)-treated + L-Arg-infused (10-20 
/a,M NA) rats in endothelium-intact and endothelium-denuded prepara- 
tions. The effect was measured 20 min after addition of k-NAME. Solid 
columns, control; hatched columns, {.-NAME. Values are the mean + S.E. 
of 5 (untreated + t,-Arg-infused rats), 6 (LPS-treated + L-Arg-infused rats) 
experiments. * P < 0.05, * * P < 0.01 vs. respective control. 
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Fig. 6. Effect of addition of 10 p,M Methylene blue after 0.2 mM 
L-NAME treatment in noradrenaline (NA)-precontracted (10-20 /J,M) 
mesenteric vascular bed from lipopolysaccharide (LPS)-treated+ {`-Arg- 
infused rats. The effect was measured 20 rain after addition of each drug. 
Solid column, control; hatched column, L-NAME; open column, Methy- 
lene blue. Values are the meanS: S.E. of 4 experiments. ~ * P < 0.01 vs. 
control, 

(from 57.78+5.1 mm Hg to 3 9 + 2 . 7  mm Hg) in the 
noradrenaline-induced perfusion pressure of lipopoly- 
saccharide-treated rats. 

3.5. Effect of L-NAME on L, ascular noradrenaline reactiL~- 
i~ of endothelium-intact and endothelium-denuded prepa- 
rations, infused with L-Arg 

As shown in Fig. 5, in endothelium-intact preparations 
from lipopolysaccharide-treated rats infused with L-Arg 
(0.2 mM), 0.2 mM L-NAME produced a less marked 
increase in basal noradrenaline response (from 39_+ 2.7 
mm Hg to 71.71 +_ 4.7 mm Hg) than in untreated prepara- 
tions (from 92.4 + 6.6 mm Hg to 122.7 _+ 15.2 mm Hg). It 
was unable to completely restore the response to the basal 
noradrenaline level of mesenteric vascular bed from un- 
treated rats (92.4 +_ 6.5 mm Hg). A higher concentration 
(0.5 mM) or prolonged administration (over 40 min) of 
t -NAME did not produce further effects (data not shown). 

In endothelium-denuded preparations infused with 0.2 
mM I_-Arg, subsequent administration of k-NAME was 
able to further enhance (P  < 0.05) the perfusion pressure 
of lipopolysaccharide-treated but not of untreated rats. 

In another set of experiments, we tested aminoguani- 
dine (0.2 raM), a potent inhibitor of inducible NO syn- 
thase. This drug, administered after 0.2 mM L-NAME, did 
not produce any additional increase in lipopolysaccharide- 
treated + L-Arg-infused preparations with or without en- 
dothelium (data not shown). 

3.6. Effect ~f Methylene blue after L-NAME treatment 

Fig. 6 shows that, after 0.2 mM t-NAME treatment, 
subsequent administration of 10 p,M Methylene blue did 

not produce any additional increase in perfusion pressure 
in mesenteric vascular bed from lipopolysaccharide- 
treated + t-Arg-infused rats. A higher concentration (20 
I~M) and more prolonged administration (over 40 rain) of 
Methylene blue were ineffective, too (data not shown). 

3.7. Effect of L-Arg and L-NAME on nitrite production 
after lipopolysaccharide treatment 

Nitrite, an oxidation product of the interaction of NO 
with molecular oxygen and water, is a useful parameter in 
monitoring NO synthase function. Nitrite accumulation 
was detected in the perfusate under (1) basal conditions, 
(2) continuous infusion of 0.2 mM t-Arg and (3) continu- 
ous infusion of both t-Arg (0.2 mM) and L-NAME (0.2-0.5 
mM). The results are reported in Table 1. In untreated rats, 
addition of t-Arg did not modify the basal production of 
nitrites. In lipopolysaccharide-treated rats, t-Arg induced a 
significant increase in nitrite accumulation, which reached 

Table l 
Nitrite concentration (p,M) in samples of perfusate from mesenteric 
vascular bed 

Perfusion Untreated rats Lipopolysaccharide- 
treated rats 

Saline 1.70_+0.48 1.05 +0.15 
Saline + L-Arg 1.51 _+ 0.18 5.:38 ± 0.17 ,,b 
Saline + t-Arg + L-NAME 1.63_+0.27 1.71 _+0.75 
(0.2 raM) 

Saline + L-Arg + L-NAME 1.67_+0,22 1.68_+0.69 
(0.5 raM) 

Results are expressed as mean ± S.E. values of 5 experiments." a p < 0.01 
vs. saline + {`-Arg sample from untreated rats (grouped t-test), h p < 0.01 
vs. saline and saline + L-Arg+ L-NAME samples from LPS-treated rats 
(ANOVA and Newman-Keuls test), t-Arg: 0.2 mM. 
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approximately 5 times basal levels. In order to demonstrate 
that nitrite production was specifically due to L-Arg/NO 
pathway activation, perfusate nitrite levels were assessed 
after simultaneous infusion of both L-Arg and L-NAME. 
The results demonstrate that 0.2 mM L-NAME completely 
counteracted the L-Arg-stimulated increased nitrite produc- 
tion, restoring the basal nitrite levels. No significantly 
different results were obtained using 0.5 mM L-NAME. 

Similar experiments, performed in the absence of L- 
NAME treatment, confirmed that the reduction in L-Arg- 
stimulated nitrite accumulation was specifically produced 
by L-NAME, and was not due to a spontaneous decrease in 
nitrite production. In fact, the increased nitrite concentra- 
tion was not modified in the course of time under continu- 
ous infusion of L-Arg (data not shown). 

4. Discussion 

Several lines of evidence suggest that endotoxin, an 
initiator of septic shock syndrome, leads to induction of 
NO synthase with over-production of the vasodilator NO 
in conductance vessels (Radomski et al., 1990; Rees et al., 
1990; Fleming et al., 1991c). This phenomenon is thought 
to underlie the impaired responsiveness to vasoconstrictors 
demonstrated in isolated aorta from rats treated with endo- 
toxin (Wakabayashi et al., 1987; Julou-Schaeffer et al., 
1990). 

However, very few investigations have been carried out 
in resistance vessels in the course of endotoxin shock, in 
spite of the fact that resistance vascular districts are known 
to play a major role in the physiopathology of septic shock 
syndrome. 

Our findings provide the first evidence that in vivo 
administration of E. coli lipopolysaccharide produces hy- 
poresponsiveness to noradrenaline in rat perfused resis- 
tance vessels. In previous investigations, Schneider et al. 
(1992) and Mitchell et al. (1993) failed to find hypore- 
sponsiveness to vasoconstrictor agents in mesenteric ves- 
sels from lipopolysaccharide-treated rats. It is possible that 
these different findings depend on different experimental 
conditions. In fact, Schneider et al. (1992) investigated 
noradrenaline-developed tension in third-generation 
mesenteric artery rings, while our experimental model is a 
perfused system of resistance vessels, reproducing in vivo 
conditions, in which stretch or shear stress produced by 
flow may enhance the release of the vasodilator NO from 
the endothelium (Ohno et al., 1990). The apparent discrep- 
ancy with Mitchell et al. (1993) results may be explained 
by the observation that these authors simply analyzed the 
earlier noradrenaline-induced peak contraction, which in 
our experiments, too, was not modified by lipopolysaccha- 
ride-treatment; indeed, solely in the steady state (15 min 
after noradrenaline infusion), did we observe a reduction in 
perfusion pressure, indicating a failure of peripheral resis- 
tance in lipopolysaccharide-treated rats. 

In order to investigate NO pathway activation during 
endotoxaemia, we tested the effect of L-NAME, an in- 
hibitor of both constitutive and inducible NO synthase. 

L-NAME was able to produce the same increase in 
basal noradrenaline-induced vasoconstriction in mesenteric 
vascular bed from both lipopolysaccharide-treated and un- 
treated rats. In this connection, it may be suggested that in 
rat mesenteric vascular bed, NO production by constitutive 
NO synthase plays an important role in regulating vascular 
tone. The observation of significantly higher levels of 
constitutive NO synthase activity in mesenteric vessels in 
comparison with aorta (Mitchell et al., 1993) seems to be 
consistent with this hypothesis. Furthermore, it would ap- 
pear that the lipopolysaccharide-induced noradrenaline hy- 
poreactivity was abolished by the removal of the endothe- 
lium, suggesting that it is an endothelium-dependent phe- 
nomenon. In these conditions, L-NAME was unable to 
further increase the noradrenaline-induced vasoconstric- 
tion, leading us to hypothesize that endothelium-indepen- 
dent NO overproduction may be excluded in endotoxaemic 
rats. Nevertheless, this assertion is questionable, because 
this set of experiments was carried out in the absence of 
L-Arg, the substrate necessary for demonstrating NO over- 
production via an inducible NO synthase localized in 
vascular smooth muscle. 

Biochemical data are in agreement with these findings, 
since there was no difference in nitrite concentration be- 
tween untreated and lipopolysaccharide-treated prepara- 
tions. 

However, unlike endothelial cells, in which NO syn- 
thase production does not require addition of exogenous 
L-Arg (Hecker et al., 1990), smooth muscle cells, after NO 
synthase induction, may have a higher dependence on 
exogenous L-Arg for NO production (Julou-Schaeffer et 
al., 1990, 199 l). On these grounds, separate sets of experi- 
ments were performed under continuous infusion of L-Arg. 
It was observed that the lipopolysaccharide-induced nor- 
adrenaline hyporeactivity was intensified by 0.2 mM L-Arg, 
which caused a further reduction in the noradrenaline- 
induced vasoconstriction. The constant presence of L-Arg 
during the perfusion was necessary to supply an about 
two-fold circulating Arg concentration (0.08 raM) (Cerra 
et al., 1979), which has been reported to be sufficient to 
induce maximal vascular NO-dependent hyporeactivity in 
vivo in lipopolysaccharide-treated rats (Gray et al., 1991). 

Thus, only under these experimental conditions, which 
reproduce the humoral environment of in vivo septic shock, 
can the effect of NO inhibitors really be evaluated. 

In this regard, the results showed that NO synthase 
inhibition produced different effects in the presence of 
L-Arg and in its absence. In fact, L-NAME enhanced 
noradrenaline-induced vasoconstriction, not only in en- 
dotbelium-intact but also in endothelium-denuded prepara- 
tions from lipopolysaccharide-treated + L-Arg-infused rats; 
no additional increasing effect was obtained after 
aminoguanidine treatment. 



D. Mitolo-Chieppa et al. / European Journal of Pharmacology 309 (1996) 175-182 181 

It seems that this enhancing effect in denuded prepara- 
tions is due to an antagonism of NO overproduction via 
inducible NO synthase localized in vascular smooth mus- 
cle cells. This suggests that NO overproduction is impli- 
cated in vascular hyporeactivity and substrate availability 
becomes a rate-limiting factor for demonstrating inducible 
NO synthase activity in ex vivo experiments during endo- 
toxaemia. Biochemical assay confirmed these results, in 
that enhancement of nitrite concentration, antagonizable by 
L-NAME, occurred only with exogenous L-Arg in lipo- 
polysaccharide-treated preparations. 

However, although increased activation of the L- 
Arg/NO pathway by lipopolysaccharide treatment is cer- 
tainly involved, it does not entirely account for the nor- 
adrenaline hyporesponsiveness of mesenteric vascular bed, 
since L-NAME was unable to completely restore nor- 
adrenaline-induced vasoconstriction in lipopolysaccha- 
ride-treated + L-Arg-infused rats to the level in untreated 
rats. 

To verify whether an NO-independent activation of 
guanylate cyclase by lipopolysaccharide may be responsi- 
ble for the L-NAME-resistant component of vascular hy- 
poresponsiveness, we tested Methylene blue, since it is 
able to completely restore iipopolysaccharide-induced nor- 
adrenaline hyporeactivity in conductance vessels (Wu et 
al., 1994; Beasley et al., 1994). In the rat mesenteric 
district, unlike the aorta, the contribution to endotoxin-in- 
duced hyporeactivity of lipopolysaccharide-triggered medi- 
ators, like guanylate cyclase activators, may be excluded 
since Methylene blue did not restore NO-independent hy- 
poresponsiveness. However, an irreversible, guanylate cy- 
clase-independent action of NO cannot be ruled out. Be- 
sides NO, other free radicals might contribute to lipopoly- 
saccharide-induced vascular hyporeactivity, since it has 
been reported that superoxide anion may cause hyperpolar- 
ization and hydroxyl radical may activate guanylate cy- 
clase interacting with another site of this enzyme (Marfn 
and Rodrlguez-Martlnez, 1995). 

In conclusion, L-Arg/NO pathway hyperactivation plays 
a key role in regulating the extent of mesenteric vascular 
bed hyporeactivity produced by lipopolysaccharide, but it 
only explains one component of this hyporeactivity. The 
remaining component, which can be evidenced without the 
substrate activating NO pathway, could be due to other 
mechanisms, probably strictly related to the vasoconstric- 
tion event, such as modified receptor sensitivity, or alter- 
ation of the signal transduction pathway. However, desen- 
sitization of a l-adrenoceptors could also be excluded, 
since our data showed that no change in noradrenaline 
potency was observed after lipopolysaccharide treatment. 
Indeed, as previously reported in aortic rings (Bigaud et 
al., 1990), it may be hypothesized that in the mesenteric 
district, the NO-independent impairment of noradrenaline- 
induced vasoconstriction might be due to alterations in 
post-receptor mechanisms, thereby implicating Ca 2+ han- 
dling within smooth muscle cells. 

Acknowledgements 

Work supported by grants from CNR C.T. 93/348, 
MURST Targeted Project 'New Assessment Approaches 
in Toxicology' (1993/94) 40% and 60% to D.M.-C. 

References 

Beasley, D. and M. Eldridge, 1994, Cytokine-inducible nitric oxide (NO) 
production has been implicated in the pathogenesis of septic shock, 
Am. J. Physiol. 266, R1197. 

Bigaud, M., G. Julou-Schaeffer, J.R. Parrat and J.C. Stoclet, 1990, 
Endotoxin-induced impairment of vascular smooth muscle contrac- 
tions elicited by different mechanisms, Eur. J. Pharmacol. 190, 185. 

Burdet, R. and L. Criscione, 1989, Use of the isolated, perfused mesen- 
teric bed of the rat in vascular pharmacology, in: Isolated Perfused 
Organ Preparations. 5th Freiburg Focus on Biomeasurement, ed. 
Gesellschaft ftir Erfahrungstransfer in der Biomesstechnik (Germany) 
p. 144. 

Busse, R. and A. Mfilsch, 1990, Induction of nitric oxide by cytokines in 
vascular smooth muscle cells, FEBS Lett. 275, 87. 

Cerra, F.B., J.H. Siegel, J.R. Border, J. Wiles and R.R. Mac Menamy, 
1979, The hepatic failure in sepsis: cellular versus substrate, Surgery 
86, 409. 

Criscione, L., K. Miiller and M. Forney Prescott, 1984, Endothelial cell 
loss enhances the pressor response in resistance vessels, J. Hypertens. 
2 (Suppl. 3), 441. 

Fleming, I., G.A. Gray, G. Julou-Schaeffer, J.R. Parrat, C. Schott and 
J.C. Stoclet, 1990, Incubation with endotoxin activates the L-arginine 
pathway in vascular tissue, Biochem. Biophys. Res. Commun. 171, 
561. 

Fleming, I., G.A. Gray, J.R. Parrat and J.C. Stoclet, 1991a, LPS-induced 
activation of the L-arginine/NO pathway in endothelium denuded 
arterial tissue is time dependent and requires de novo protein synthe- 
sis, Br. J. Pharmacol. 102, 123P. 

Fleming, 1., G.A. Gray, C. Schott and J.C. Stoclet, 1991b, Inducible but 
not constitutive production of nitric oxide by vascular smooth muscle 
cells, Eur. J. Pharmacol. 200, 375. 

Fleming, I., G. Julou-Schaeffer, G.A. Gray, J.R. Parrat and J.C. Stoclet, 
1991c, Evidence that an L-arginine/nitric oxide dependent elevation 
of tissue cyclic GMP content is involved in depression of vascular 
reactivity by endotoxin, Br. J. Pharmacol. 103, 1047. 

FSrstermann, V,, H.H.H.W. Schmidt, J.S. Pollock, H. Sheng, J.A. 
Mitchell, T.D. Warner, M. Nakam and F. Murrad, 1991, Isoforms of 
nitric oxide synthase. Characterization and purification from different 
cell types, Biochem. Pharmacol. 42, 1849. 

Gray. G.A., C. Schott, G. Julou-Schaeffer, I. Fleming, J.R. Pan-at and 
J.C. Stoclet, 1991, The effect of inhibitors of the L-arginine/nitric 
oxide pathway on endotoxin-induced loss of vascular responsiveness 
in anesthetized rats, Br. J. Pharmacol. 103, 1218. 

Green, L.C., D.A. Wagner, J. Glogowsky, P.L. Skipper, J.S. Wishnok 
and S.R. Tannenbaum, 1982, Analysis of nitrate, nitrite and 
[15N]nitrate in biological fluids, Ann. Biochem. 126, 131. 

Hecker, M., W.C. Sessa, H.J. Harris, E.E. Anggard and J.R. Vane, 1990, 
The metabolism of u-arginine and its significance for the biosynthesis 
of endothelium derived relaxing factor: cultured endothelial cells 
recycle L-citrulline to L-arginine, Proc. Natl. Acad. Sci. USA 87, 
8612. 

Ignarro, L.J., J.M. Buga, K.S. Wood, R.E. Byrns and J. Chaudhuri, 1987, 
Endothelium-derived relaxing factor produced and released from artery 
and vein is nitric oxide, Proc. Natl. Acad. Sci. USA 84, 9265. 

Julou-Schaeffer, G., G.A. Gray, I. Fleming, C. Schott, J.R. Parrat and 
J.C. Stoclet, 1990, Loss of vascular responsiveness induced by endo- 
toxin involves L-arginine pathway, Am. J. Physiol. 259, H1038. 



182 D. Mitolo-Chieppa et al. / European Journal of Pharmacology 309 (1996) 175-182 

Julou-Schaeffer, G., G.A.Gray, I. Fleming, C. Schott, J.R. Par'rat and J.C. 
Stoclet, 1991, Activation of the L-arginine/nitric oxide pathway is 
involved in vascular hyporeactivity induced by endotoxin, J. Cardio- 
vasc. Pharmacol. 17, $207. 

Mar~n, J. and M.A. Rodrfguez-Martlnez, 1995, Nitric oxide, oxygen-de- 
rived free radicals and vascular endothelium, J. Auton. Pharmacol. 15, 
279. 

McGregor, D.D., 1965, The effect of  simpathetic nerve stimulation on 
vasoconstrictor responses in perfused mesenteric blood vessels of the 
rat, J. Physiol. 177, 21. 

Mitchell, J.A., K.L. Kohlhaas, R. Sorrentino, T.D. Warner, F. Murad and 
J.R. Vane, 1993, Induction by endotoxin of nitric oxide synthase in 
the rat mesentery: lack of effect on action of vasoconstrictors, Br. J. 
Pharmacol. 109, 265. 

Moncada, S., R.M.J. Palmer and E.A. Higgs, 1991, Nitric oxide: physiol- 
ogy, pathophysiology and pharmacology, Pharmacol. Rev. 43, 109. 

Ohno, M., M. Ochiai, J. Taguchi, K. Hara, N. Akatsuka and K. Kurokawa, 
1990, Stretch may enhance the release of endothelium-derived relax- 
ing factor in rabbit aorta, Biochem. Biophys. Res. Commun. 173, 
1038. 

Palmer, R.M.J., A.G. Ferridge and S. Moncada, 1987, Nitric oxide 
release accounts for the biological activity of endothelium-derived 
relaxing effect, Nature (London) 327, 524. 

Radomski, M.W., R.M.J. Palmer and S. Moncada, 1990, Glucocorticoids 
inhibit the expression of an inducible, but not the constitutive, nitric 

oxide synthase in vascular endothelial cells, Proc. Natl. Acad. Sci. 
USA 87, 10043. 

Rees, D.D., R.M.J. Palmer and S. Moncada, 1989, Role of endothelium- 
derived nitric oxide in the regulation of blood pressure, Proc. Natl. 
Acad. Sci. USA 86, 3375. 

Rees, D.D., S. Cellek, R.M.J. Palmer and S. Moncada, 1990, Dexametha- 
sone prevents the induction by endotoxin of a nitric oxide synthase 
and the associated effect on vascular tone. An insight into endotoxic 
shock, Biochem. Biophys. Res. Commun. 173, 541. 

Schneider, F., C. Schott, J.C. Stoclet and G. Julou-Schaeffer, 1992, 
L-Arginine induces relaxation of small mesenteric arteries from endo- 
toxin-treated rats, Eur. J. Pharmacol. 211,269. 

Stoclet, J.C., 1991, The L-arginine-NO pathway and cyclic GMP in the 
vessel wall, Z. Kardiol. 80 (Suppl. 7), 87. 

Thiemermann, C. and J. Vane, 1990, Inhibition of nitric oxide synthesis 
reduces the hypotension induced by bacterial lipopolysaccharides in 
the rat in vivo, Eur. J. Pharmacol. 182, 591. 

Wakabayashi, I., K. Hatake, E. Kakishita and K. Nagal, 1987, Diminution 
of contractile responses of the aorta from endotoxin-injected rats, Eur. 
J. Pharmacol, 141, 117. 

Wu, C., C. Szabb, S. Chen, C. Thiemermann and J.R. Vane, 1994, 
Activation of soluble guanylyl cyclase by a factor other than nitric 
oxide or carbon monoxide contributes to the vascular hyporeactivity 
to vasoconstrictor agents in the aorta of rats treated with endotoxin~ 
Biochem. Biophys. Res. Commun. 201,436. 


