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1 Experiments were designed to investigate the e�ects of the inducible nitric oxide synthase (iNOS)
stimulator, lipopolysaccharide (LPS), on noradrenaline (NA) responses and on NOS activity and its
expression in intact mesenteric resistance arteries (MRAs) from Wistar Kyoto (WKY) and
spontaneously hypertensive (SHR) rats.

2 In MRAs from WKY, LPS (10 mg ml71; 1 ± 5 h) reduced the vasoconstrictor responses to NA
(0.1 ± 30 mM) in the presence, but not in the absence of L-arginine (L-Arg, 10 mM). However, in SHR
arteries, LPS induced an incubation-time dependent reduction of NA responses in the absence, as
well as the presence, of L-Arg. The LPS inhibitory e�ect was reduced by the non-speci®c NOS
inhibitor L-NG-nitroarginine methyl ester (L-NAME, 100 mM) and the selective iNOS inhibitor,
aminoguanidine (100 mM).

3 L-NAME alone similarly shifted the concentration-response curve to NA leftward in arteries
from both strains, while aminoguanidine had no e�ect. L-Arg shifted the curve to NA rightward
only in SHR MRAs.

4 Basal activity of both iNOS and constitutive NOS (conversion of [3H]-L-Arg to [3H]-L-citrulline)
was similar in arteries from both strains. After 5 h incubation with LPS, only iNOS activity in
arteries from SHR was increased.

5 Basal iNOS protein expression was undetectable; basal endothelial (eNOS) protein expression was
similar in arteries from both strains, while neuronal (nNOS) was greater in arteries from SHR. LPS
induced iNOS protein expression, that was higher in arteries from SHR than in those from WKY.

6 These results indicate that NO production, via iNOS induction, is greater than in those from
MRAs from SHR to WKY.
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Introduction

Nitric oxide (NO), generated from L-arginine (L-Arg) by NO
synthase (NOS), is reported to play many physiological roles.
NOcanbe synthesized indi�erent cell types, includingneurones,
endothelial and smooth muscle cells (Moncada et al., 1991;

MarõÂ n &RodrõÂ guez-MartõÂ nez, 1997). Three NOS isoforms have
been described, two that are constitutive (cNOS) and one that is
inducible (iNOS) (Moncada et al., 1997; MarõÂ n & RodrõÂ guez-

MartõÂ nez, 1997). The cNOS isoform was initially described in
the vascular endothelium and was designated eNOS; the other
constitutive isoform is present in neurones and is designated

nNOS (Moncada et al., 1997). These constitutive isoforms
generate NO under basal conditions and in response to several
physiological stimuli, whereas iNOS, expressed by exposure to
bacterial endotoxin (lipopolysaccharide, LPS) and some

proin¯ammatory cytokines, produces very large amounts of
NO (Moncada et al., 1991;MarõÂ n&RodrõÂ guez-MartõÂ nez, 1997).

It has been suggested that alterations in NO synthesis might
be associated with elevations of vascular resistance and, thus,
with hypertension (Moncada et al., 1991; MarõÂ n & RodrõÂ guez-
MartõÂ nez, 1997). In this sense, an impairment of endothelium-

dependent relaxations has been observed in di�erent vessels
from spontaneously hypertensive rats (SHR) and from patients
with essential hypertension (MarõÂ n & RodrõÂ guez-MartõÂ nez,

1997). This suggests that endothelial function might be
impaired in hypertension. However, there is growing evidence
demonstrating that NO synthesis can be increased in SHR,

probably as a counteregulatory mechanism activated to
compensate for the increase of blood pressure. An increase
in both basal iNOS activity and expression (Wu et al., 1996;
Chou et al., 1998; Vaziri et al., 1998) as well as an increase of

both eNOS and nNOS expressions in SHR have been reported
(Nava et al., 1995; Hayakawa & Raij, 1997; Boulanger et al.,
1998).

It has been described that the precursor of NO synthesis, L-
Arg, produces inhibition of contractions and vasodilatation in*Author for correspondence; E-mail: mercedes.salaices@.uam.es
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precontracted vessels by the generation of NO (Jovanovic et
al., 1994; Alonso et al., 1998; Briones et al., 1999). We and
others have demonstrated that iNOS is the isoform involved in

these e�ects (Jovanovic et al., 1994; Alonso et al., 1998;
Briones et al., 1999). In addition, a greater fall in blood
pressure or vasodilatation after L-Arg administration (Schleif-
fer et al., 1991; Briones et al., 1999), as well as an exaggerated

increase in blood pressure after NOS inhibition (Lacolley et al.,
1991) have been described in SHR. The isoform involved in
these actions, iNOS, can be induced by certain substances,

including bacterial endotoxin. Bernard et al. (1998) recently
described a greater resistance to endotoxin shock in SHR than
in Wistar Kyoto (WKY) rats, whereas Yen et al. (1997)

reported a higher mortality in SHR after LPS administration.
In view of these contradictory results, we considered it of
interest to study the e�ects of LPS in SHR.

The aim of the present study was to assess the in¯uence of
hypertension on vascular NO synthesis, specially that
generated by iNOS. For this, we have studied the e�ects of
LPS on the vasoconstrictor responses induced by noradrena-

line (NA) as well as on NOS expression and activity, in
mesenteric resistance arteries (MRAs) from normotensive
(WKY) and hypertensive (SHR) rats.

Methods

Six-month-old male WKY and SHR rats were obtained from
colonies maintained at the Animal Quarters of the Facultad de

Medicina of the Universidad AutoÂ noma of Madrid. Systolic
arterial pressure was measured by an automatic sphygmoman-
ometer with a tail-cu� device placed on the tail of pretrained
rats placed for 1 h in a warm chamber at 308C, and restrained.

The average systolic blood pressure (mean+s.e.mean in
mmHg) was 226+4 and 144+5 for SHR and WKY rats,
respectively (P50.01). Rats were anaesthetized with diethyl

ether (Panreac, Barcelona, Spain) and killed by exsanguina-
tion; thereafter, the mesenteric vascular bed was removed and
placed in cold (48C) Krebs-Henseleit solution (KHS) bubbled

with a 95% O2 ± 5% CO2 mixture.
For reactivity experiments the 4th branch of the mesenteric

artery was dissected from the mesenteric bed and cleaned of
connective tissue under a light microscope. For NOS activity

and expression analysis, the 3rd and 4th branches of the
mesenteric bed were carefully dissected out and cleaned.
Arteries from one mesenteric arterial bed were used to perform

two NOS determinations, either activity or expression. Some
arteries were incubated for 5 h in KHS bubbled with a 95%
O2 ± 5% CO2 mixture, while the other group was incubated for

5 h in KHS containing 10 mg ml71 LPS. Afterwards, the
arteries were rapidly frozen in liquid nitrogen and kept at
7708C until the day of the experiment.

Reactivity experiments

Ring segments, approximately 2 mm in length, were mounted

in a small vessel dual chamber myograph for measurement of
isometric tension. Two myographs were used in parallel,
permitting investigation of four vessels each day. Two tungsten

wires (40 mm diameter) were introduced through the lumen of
the segments and mounted according to the method described
by Mulvany & Halpern (1977).

After a 30 min equilibration period in oxygenated KHS at
378C and pH=7.4, segments were stretched to their optimal
lumen diameter for active tension development. This was
determined based on the internal circumference-wall tension

ratio of the segments by setting their internal circumference,
Lo, to 90% of that the vessels would have if they were exposed
to a passive tension equivalent to that produced by a

transmural pressure of 100 mmHg (Mulvany & Halpern
1977). The e�ective lumen diameter was calculated as Lo p71.

Afterwards, the segments were washed three times and left
to equilibrate for 30 min; then, contractility was tested by an

initial exposure to a high K+ solution (120 mM K+-KHS). The
presence of endothelium was determined by the ability of
10 mM acetylcholine (ACh) to produce relaxation in segments

precontracted with 30 mM NA. At the end of the experiment,
segments were washed and KHS was replaced by 120 mM K+-
KHS; when the contraction was stable, 0.1 mM papaverine was

added to determine the maximum response of segments.

Experimental protocol In segments with functional endothe-

lium, concentration-response curves to NA were constructed
by the cumulative addition of NA (0.1 ± 30 mM). Each NA
concentration was applied once a steady-state with the
previous one had been reached. Consecutive curves to NA

were made at 1 h intervals over 6 h.
The e�ect of 10 mg ml71 LPS on NA-induced contraction

and the role of NO in this e�ect were investigated at di�erent

incubation times (1, 2, 3, 4 and 5 h). For this, parallel
experiments were designed as follows: LPS was added, in the
presence or absence of 10 mM L-Arg, 100 mM L-NG-nitroargi-

nine methyl ester (L-NAME) or 100 mM aminoguanidine, after
the ®rst concentration-response curve to NA was performed.
LPS was present in the bath through the successive NA curves;

L-Arg was added 15 min before each concentration-response
curve, while L-NAME or aminoguanidine were added 30 min
before.

The involvement of NO in the concentration-response

curves to NA was assessed in paired experiments. The e�ect
of L-Arg was tested by administering increasing concentrations
(1 mM±1 mM) of this aminoacid 15 min before the second to

®fth NA response curves. In another group of arteries, the
e�ect of L-NAME or aminoguanidine on the concentration-
response curve to NA was also analysed; these substances were

administered 30 min before the second NA response curve.

NOS activity assay

Mesenteric arteries were homogenized in a cold bu�er (25 mM

HEPES; 1 mM dithiothreitol, DTT; 50 mM sucrose, pH=7.4),
containing protease inhibitors (10 mg ml71 leupeptin, pepsta-

tin, bestatin and chymostatin; 125 mg ml71 soybean trypsin
inhibitor and 100 mg ml71 phenylmethylsulphonyl ¯uoride,
PMSF). Aliquots of this homogenate were used for protein

determination (Bradford, 1976) and NOS activity assay.
NOS activity was determined by measuring the conversion

of [3H]-L-Arg to [3H]-L-citrulline after these aminoacids were

separated by thin layer chromatography. Tissue homogenates
(35 ± 50 mg protein) were incubated with the same volume of
reaction mixture (25 mM HEPES, 1 mM DTT, pH=7.4
containing 20 u ml71 calmodulin, 4 mM EDTA, 20 mM CaCl2,

40 mM BH4, 20 mM FAD, 20 mM FMN, 2 mM NADPH, 4 mM
L-Arg, 5 mCi ml71 [3H]-L-Arg and 50 mM L-valine) for 30 min
at 378C. The reaction was stopped adding stop bu�er (0.2 M

sodium acetate bu�er, pH=5.2, containing 2 mM EDTA and
0.5 mM citrulline) and 50 ml of aliquots were applied on thin
layer chromatography plates (TLC aluminium sheets silica gel

60 F254, Merck KGaA, Darmstadt, Germany), including lanes
for L-Arg and L-citrulline standards at 5 mg ml71. After
chromatography development was complete, the plates were
removed from the chromatography tank and the lanes for
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standards were cut and visualized using ninhydrin reagent; the
position of these bands was used as a reference and the
corresponding bands of L-Arg and L-citrulline from the

samples were cut and then incubated in 5 ml of 0.01 M HCl
at 378C overnight to eluate aminoacids from the plates.
Afterwards, scintillation liquid (OptiPhase `HiSafe', Wallac,
Loughborough, U.K.) was added to and thoroughly mixed

with 1 ml of each eluate before measuring radioactivity in a
beta scintillation counter (Beckman LS 2800, Beckman
Instruments; Fullerton, CA, U.S.A.).

For the study of calcium-independent isoform activity,
calcium and calmodulin were omitted from the reaction
mixture. Similarly, when the activity of the calcium-dependent

isoforms was determined, EDTA was removed from the
reaction mixture.

Western blot analysis of NOS protein expression

Mesenteric arteries were homogenized in a boiling bu�er
composed of: 10 mM Tris (pH=7.4), 1% sodium lauryl

sulphate (SDS) and the protease inhibitor sodium metavana-
date (1 mM). Homogenates containing 15 mg protein were
electrophoretically separated on a 7.5% SDS-polyacrylamide

gel (SDS ±PAGE) and then transferred to polyvinyl di¯uoride
membranes overnight, using a Bio-Rad Trans-Blot Cell system
(Bio-Rad Laboratories, Hercules, CA, U.S.A.) containing

25 mM Tris, 190 mM glycine, 20% methanol and 0.05% SDS.
Prestained SDS±PAGE standards (BioRad Laboratories)
were used as molecular mass standards. The membrane was

blocked for 60 min at room temperature in Tris-bu�ered
solution (10 mM Tris, 100 mM NaCl, 0.1% Tween 20) with 5%
powdered non-fat milk and then incubated for 1 h at room
temperature with mouse monoclonal antibody for iNOS

(1 : 10,000 dilution), eNOS (1 : 2500 dilution) or nNOS
(1 : 2500 dilution), all purchased from Transduction Labora-
tories, Lexington, U.K. After washing, the membrane was

incubated with a 1 : 2000 dilution of antimouse IgG antibody
conjugated to horseradish peroxidase (Transduction Labora-
tories). The membrane was thoroughly washed and the

immunocomplexes were detected using an enhanced horse-
radish peroxidase/luminol chemiluminiscence system (ECL
Plus, Amersham International plc, Little Chalfont, U.K.) and
subjected to autoradiography (Hyper®lm ECL, Amersham

International plc) for 30 min (iNOS), 3 ± 5 min (eNOS) or 5 ±
10 min (nNOS). Signals on the immunoblot were quanti®ed
with a NIH Image V1.56 computer program. The same

membrane was used to determine a-actin expression, and the
content of the latter was used to correct NOS expression in
each sample, using a monoclonal antibody anti a-actin
(1 : 30,000 dilution, Boehringer Mannheim, Mannheim, Ger-
many).

Data analysis and statistics Vasoconstrictor responses were
expressed as active wall tension (calculated as the increase in
vessel wall force above resting level divided by twice the vessel
segment length) or as a percentage of the maximum response

(determined by the di�erence between the tone generated by
120 mM K+ and that produced by 0.1 mM papaverine).
Concentrations of NA producing 50% of maximum response

(EC50 values) were calculated from individual concentration-
response curves according to the method of Fleming et al.
(1972). The concentration-ratio (ratio between EC50 values in

the presence and in the absence of drugs) was also determined.
The results of NOS activity were expressed as pmol min71

mg protein71. For NOS expression, data are expressed as the
ratio between optical density for NOS and for a-actin.

Results are expressed as mean+s.e.mean of the number of
segments indicated in each case, and statistically signi®cant
di�erences were calculated by means of Student's t-test for

paired or unpaired experiments, or by two way analysis of
variance (ANOVA) to compare groups; a probability value of
less than 5% was considered signi®cant. At least four rats were
used for each set of experiments. The EC50 values are expressed

as means and 95% con®dence intervals.

Drugs and solutions KHS contained (mM): NaCl 115,

NaHCO3 25, KCl 4.7, MgSO4.7H2O 1.2, CaCl2 2.5, KH2PO4

1.2, glucose 11.1 and Na2EDTA 0.01. The high K+ solution
was identical to KHS except NaCl that was replaced by KCl in

an equimolar basis. Drugs used were: Aminoguanidine
hemisulphate, NA hydrochloride, L-Arg hydrochloride, D-
Arg hydrochloride, ACh chloride, L-NAME dihydrochloride,

papaverine hydrochloride, LPS (Escherichia coli, serotype
055:B5), HEPES, leupeptin, pepstatin A, bestatin, chymosta-
tin, PMSF, soybean trypsin inhibitor, calmodulin, EDTA,
BH4, FAD, FMN, NADPH, L-valine, L-citrulline, glycine,

sodium metavanadate and DTT (Sigma Chemical, Co., St.
Louis, MO, U.S.A.); Tween 20, Tris, SDS and acrylamide
(BioRad, Laboratories, Hercules, CA, U.S.A.) and methanol

and sucrose (Merck KGaA, Darmstadt, Germany). Drug
solutions were made in bidistilled water except for NA, which
was dissolved in saline (0.9% NaCl)-ascorbic acid (0.01% w

v71) solution. Stock solutions were kept at 7208C, and
appropriate dilutions were made on the day of the experiment.

Results

Reactivity experiments

Data of e�ective lumen diameter, maximum response,
contraction induced by the highest concentration of NA used

(30 mM) and relaxation induced by 10 mM ACh in segments of
MRAs from WKY and SHR, are shown in Table 1. The
e�ective lumen diameter and the relaxation elicited by 10 mM
ACh were higher in segments from normotensive than
hypertensive rats, whereas the maximum response (di�erence
between the response to 120 mM KCl and that of 0.1 mM

papaverine added at the end of the experiment) was greater in

the hypertensive strain. The percentage of contraction to
30 mM NA was similar in both strains; however, the response
to NA was higher in the hypertensive strain when the

comparison was made in active wall tension values (mN
mm71, Table 1).

Concentration-response curves to NA (0.1 ± 30 mM), ex-

pressed as a percentage of maximum response, were similar in
mesenteric arteries from WKY and SHR rats (Figure 1). The
EC50 values were also similar in arteries from either strain

Table 1 E�ective lumen diameter, maximum response and
responses to NA and ACh in MRA segments from WKY
and SHR

Parameter WKY (n=38) SHR (n=42)

E�ective lumen diameter (mm)
Maximum response (mN mm71)
30 mM NA: (mN mm71)
(% Maximum response)

1 mM ACh (% previous tone)

290.9+8.4
3.30+0.15
4.13+0.15
123.4+2.4
63.8+4.1

263.0+5.4**
3.86+0.17*
4.74+0.18*

126.8+1.7
39.2+3.6*

Results are expressed as mean+s.e.mean. *P50.01,
**P50.005.

LPS and hypertensive rat resistance mesenteric arteries 187A.M. Briones et al

British Journal of Pharmacology, vol 131 (2)



[WKY: 1.92 (1.66 ± 2.23) mM; SHR: 2.13 (1.87 ± 2.42) mM; in
parentheses 95% con®dence interval]. The results of the
concentration-response curves to NA were the same at least

six times each segment was tested, independently of the strain
of origin for the MRAs (results not shown).

Incubation with LPS (10 mg ml71) for di�erent time periods
(1, 2, 3, 4 and 5 h) induced a slight decrease in the response to
NA in MRAs from WKY rats that did not reach statistical

signi®cance. However, in SHR arteries, LPS induced a
signi®cant decrease in the response to NA that was
incubation-time dependent (Figure 2 and Table 2). Only the
e�ects of 1 and 5 h incubation with LPS on the concentration-

response curve to NA in both types of arteries are shown. Five
hours incubation with LPS did not a�ect the contraction to
120 mM KCl in MRAs from either WKY (control: 4.18+0.17

vs LPS: 4.35+0.28 mN mm71, n=7) or SHR (control:
4.82+0.21 vs LPS: 5.15+0.22 mN mm71, n=7).

The e�ect of 1 and 5 h incubation with LPS on the

concentration-response curve to NA in the presence of the NO
synthesis precursor, L-Arg (10 mM), or the NOS inhibitors, L-
NAME (100 mM) and aminoguanidine (100 mM), in segments

from WKY and SHR is shown in Figure 3 and Table 2. In the
presence of L-Arg, LPS reduced the response to NA in arteries
from either strain. In WKY arteries, this reduction was
independent of the incubation time with LPS, while in SHR

arteries it increased with the length of LPS incubation time
(Figure 3A and Table 2). In MRAs from SHR, the reduction
of the response to NA induced by L-Arg plus LPS was greater

than that observed with LPS after 1 h (Table 2). D-Arg
(10 mM) did not modify the inhibitory e�ect of LPS (data not
shown). The incubation with L-NAME (100 mM) shifted the

concentration-response curves to NA leftward in arteries from

Figure 1 Concentration-response curves to noradrenaline (NA) in
intact mesenteric arteries from WKY and SHR. Results (mean+
s.e.mean) are expressed as a percentage of maximum response in each
case (Table 1). n=number of arterial segments used.

Figure 2 Concentration-response curves to noradrenaline (NA) in the absence and presence of 10 mg ml71 LPS for 1 or 5 h in
intact mesenteric arteries from WKY and SHR. Results (mean+s.e.mean) are expressed as a percentage of the maximum response
in each case (WKY: 3.11+0.28 mN mm71; SHR: 3.93+0.23 mN mm71). n=number of arterial segments used.

Table 2 E�ect of LPS (1 and 5 h incubation) in the absence or presence of L-Arg, L-NAME or aminoguanidine on the contraction to
NA in MRAs from WKY and SHR

WKY SHR
Drugs 1 h 5 h 1 h 5 h

LPS
LPS+L-Arg
LPS+L-NAME
LPS+aminoguanidine

1.09+0.06
1.24+0.04{
0.55+0.06{
1.02+0.05

1.03+0.08
1.49+0.23{
0.61+0.06{
0.98+0.08

1.42+0.15
2.06+0.23{
0.55+0.04{
1.03+0.07{

2.21+0.27*
2.59+0.16*
1.00+0.08*{
1.37+0.08*{

Data are presented as the ratio between the concentration of NA that induces 50% of maximum response in the presence and absence
of LPS (10 mg ml71), LPS plus 10 mM L-Arg, plus 100 mM L-NAME or plus 100 mM aminoguanidine (mean+s.e.mean) *P50.05 vs 1 h,
{P50.05 vs LPS.
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either strain incubated with LPS for 1 h. This displacement
was abolished, in arteries from SHR but not in those from
WKY, when the incubation time with LPS was increased to

5 h (Figure 3B and Table 2). In the presence of aminoguani-
dine (100 mM), LPS (1 ± 5 h) did not a�ect the concentration-
response curve to NA in MRAs from WKY (Figure 3C and
Table 2). In segments from SHR, aminoguanidine abolished

the inhibitory e�ect induced by 1 h incubation with LPS, and
reduced that observed after 5 h incubation (Figure 3C and
Table 2).

L-Arg (1 mM±1 mM) alone, but not D-Arg (results not
shown), inhibited the concentration-response curve to NA
only in segments from the hypertensive strain and this

inhibition was independent of the L-Arg concentration. Figure
4A shows only the e�ect of 1 mM and 1 mM L-Arg on the
concentration-response curve to NA; the e�ect of 10 and
100 mM was similar (results not shown). L-NAME (100 mM)

did not modify arterial basal tone; however, this inhibitor
similarly shifted the concentration-response curves to NA
leftward in arteries from both strains (Figure 4B) (concentra-

Figure 3 Concentration-response curves to noradrenaline (NA) in the absence and presence of 10 mg ml71 LPS for 1 or 5 h plus
(A) 10 mM L-Arg, (B) 100 mM L-NAME and (C) 100 mM aminoguanidine (AG) in intact mesenteric arteries from WKY and SHR.
Results (mean+s.e.mean) are expressed as a percentage of the maximum response in each case (WKY: 3.34+0.20 mN mm71,
n=21; SHR: 3.81+0.24 mN mm71, n=23). n=number of arterial segments used.
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tion ratio: WKY, 0.43+0.02; SHR, 0.55+0.06). Aminogua-
nidine (100 mM) alone did not modify the concentration-
dependent response to NA either in MRAs from WKY or in

those from SHR (Figure 4C).

NOS activity

The activity of both constitutive and inducible NO isoforms

was determined in basal conditions and after 5 h incubation

Figure 4 Concentration-response curves to noradrenaline (NA) in the absence and presence of (A) 1 mM and 1 mM L-Arg, (B)
100 mM L-NAME and (C) 100 mM aminoguanidine in intact mesenteric arteries from WKY and SHR. Results (mean+s.e.mean) are
expressed as a percentage of the maximum response in each case (WKY: 3.50+0.17 mN mm71, n=23, SHR:
4.01+0.13 mN mm71, n=23). n=number of arterial segments used.
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with LPS (10 mg ml71) in mesenteric arteries from WKY and
SHR.

Basal activities of cNOS and iNOS were similar in arteries

from both strains (Figure 5). Incubation for 5 h with LPS did
not modify cNOS activity; however, LPS induced an increase
of iNOS activity in arteries from SHR, but not in those from
WKY (Figure 5).

Expression of NOS isoforms

Homogenates from mesenteric arteries showed a detectable
basal expression of both eNOS and nNOS, as determined by
Western blot analysis. The expression of eNOS was similar in

arteries from WKY and SHR, while the expression of nNOS
was approximately two times higher in mesenteric arteries
from SHR than in those from WKY (Figure 6). Neither the

expression of eNOS nor that of nNOS were modi®ed by 5 h
incubation with LPS (data not shown).

No detectable basal expression of iNOS protein was
observed in arteries from either WKY or SHR (Figures 6 and

7). After incubation of arteries with LPS for 5 h, there was a
substantial induction of iNOS in mesenteric arteries from both
strains, and this induction was signi®cantly greater in arteries

from SHR than in those from WKY (Figure 7).

Discussion

Bacterial LPS, which initiates septic shock, is one of the

di�erent stimuli that leads to induction of NOS through an
over-production of NO (Radomski et al., 1990; Fleming et al.,
1991); an over-production that can impair vasoconstrictor
responses. In the present study, we investigated the e�ects of

incubation with LPS on NA-induced vasoconstrictor re-
sponses and NOS activity and expression in mesenteric
resistance arteries from SHR and WKY rats. The results show

a greater e�ect of LPS on NA responses in SHR than in WKY
mesenteric arteries, probably due to the higher iNOS
expression and activity in the hypertensive strain. To our

knowledge, this is the ®rst report showing higher iNOS
expression in resistance arteries from SHR after LPS
stimulation. This suggests an alteration in the mechanisms of
NO generation via iNOS with hypertension.

The contraction elicited by NA was greater in segments
from SHR compared to those fromWKY. These changes seem
to be independent of receptor-signal transduction mechanisms

since the maximum responses (di�erence between the
contraction induced by K+ and the relaxation induced by
papaverine) were also increased. Similar increases in the
vasoconstrictor responses with hypertension have been

described by some investigators in di�erent peripheral arteries,
including those of the mesenteric bed (Vila et al., 1993;
Marquer-Domagala & Finet, 1997). However, a reduction in

vasoconstrictor responses has also been described in rat
cerebral arteries from SHR and stroke prone SHR (SHRSP)
compared to WKY (Arribas et al., 1996; Briones et al., 1999).

Hypertrophy of the media of large and small arteries from
SHR and SHRSP has been established (Mulvany, 1990;
Arribas et al., 1997). In agreement with these results, we have

observed a reduction of the e�ective lumen diameter in
segments from hypertensive rats. An impairment of the
endothelium-dependent vasodilatation induced by ACh with
hypertension has been described in di�erent vascular prepara-

tions (MarõÂ n & RodrõÂ guez-MartõÂ nez, 1997), while no change or
enhancement have also been reported (LuÈ scher, 1992; MarõÂ n &
RodrõÂ guez-MartõÂ nez, 1997; Briones et al., 1999). In our

preparation, a reduction of ACh-induced relaxation in
segments from hypertensive rats is observed. It is unlikely
that the higher vascular tone generated by NA is the cause of

this impairment, since the percentage of maximum response
was similar. The decrease in ACh-induced relaxation observed

Figure 5 Activity of the NOS isoforms in intact mesenteric arteries
from WKY and SHR rats incubated for 5 h in the absence (basal) or
presence of 10 mg ml71 LPS. NOS activity was determined by the
conversion of [3H]-L-arginine into [3H]-L-citrulline in the absence
(iNOS) or presence (cNOS) of Ca2+ and calmodulin. Results are
expressed as mean+s.e.mean. Each determination was performed in
duplicate. *P50.05 vs WKY and +P50.05 vs basal situation.
n=number of arterial segments used.

A

B

Figure 6 (A) Representative Western blot of nNOS, eNOS and
iNOS protein expression in intact mesenteric arteries from WKY and
SHR rats. The expression of a-actin is also shown as a loading
control. The ®rst lane shows the corresponding positive control for
each protein (human endothelial cells, mouse macrophages and rat
pituitary for eNOS, iNOS and nNOS, respectively). Arterial
homogenates were subjected to SDS±PAGE followed by immuno-
blot analysis using anti-iNOS, anti-eNOS, anti-nNOS and anti-a-
actin antibodies. (B) Densitometric analysis of the Western blot for
nNOS, eNOS and iNOS protein expression. Results (mean+
s.e.mean) are expressed as the ratio of the optical density of each
protein versus that of a-actin. *P50.05 vs WKY. n=number of
arterial segments used.
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in our preparation with hypertension does not seem to be due
to an alteration of eNOS isoform, because no change in basal
cNOS activity or in eNOS expression was observed here in
mesenteric arteries from SHR, as was also reported in aorta

from SHR (Bauersachs et al., 1998). However, Chou et al.
(1998) have found a reduction in both eNOS expression and
activity in aorta from SHR, whereas Vaziri et al. (1998) and

Kerr et al. (1999) found an increase in eNOS protein
expression in aorta from hypertensive animals. It has been
suggested that the endothelial dysfunction observed with

hypertension is due to an excess of endothelium-derived
contracting factors, i.e. superoxide anions (Tschudi et al.,
1996; Kerr et al., 1999) or an impaired expression of soluble
guanylate cyclase (KloÈ û et al., 2000), rather than to a decrease

of NO generation. In addition, an endothelium-derived
hyperpolarizing factor is involved in the relaxation to ACh
in MRAs (Hwa et al., 1994). An impairment of the

hyperpolarizing component has been suggested to possibly
account for the reduction of the ACh-induced relaxation
observed in MRAs from hypertensive rats (Fujii et al., 1992).

This could explain the disagreement between the impairment
of endothelium-dependent vasodilatation and the unaltered
cNOS activity and eNOS expression observed in our

preparation, although further experiments are necessary to
clarify this point.

The precursor of NO synthesis, L-Arg, but not D-Arg,
inhibited the response to NA but only in the hypertensive

strain. These results agree with those found by Pucci et al.
(1995) and Wu et al. (1996) who both observed that L-Arg
caused relaxation in aortic rings from hypertensive but not

from normotensive rats. In cerebral arteries, L-Arg inhibits

vasoconstrictor responses and induces vasodilatation (Riedel
et al., 1995; Alonso et al., 1998; Briones et al., 1999), which is
increased in hypertension (Riedel et al., 1995; Briones et al.,

1999). We and other authors have described the vasodepressor
e�ects of L-Arg as being due to generation of NO, with
inducible NOS being the isoform involved in these e�ects
(Jovanovic et al., 1994; Alonso et al., 1998; Briones et al.,

1999). Since iNOS, but not cNOS, depends on extracellular L-
Arg (Schott et al., 1993; Durante et al., 1996) and D-Arg has
no e�ect, it is possible that the inhibitory e�ect of L-Arg, which

was only observed in SHR mesenteric arteries, was due to
iNOS activation in unstimulated conditions in these arteries as
has been described in SHR aorta (Wu et al., 1996; Chou et al.,

1998). However basal iNOS expression was not found in any
strain. Since iNOS isoform produces very large amounts of
NO (Moncada et al., 1991; MarõÂ n & RodrõÂ guez-MartõÂ nez,

1997), the expression of a quantity of protein too small to be
detected by our method, could be responsible for the e�ects
observed in the presence of L-Arg in SHR. Ex vivo induction of
NOS by low levels of endotoxin present in the incubation

medium was thought to be involved in the inhibitory e�ect of
L-Arg (Rees et al., 1990). It is unlikely that this mechanism is
involved in our study, since the inhibitory e�ect of L-Arg was

only observed in mesenteric arteries from the hypertensive
strain. In addition, the control responses to NA did not change
with incubation time.

The NOS inhibitor, L-NAME, had no e�ect in basal
conditions, although it did increase the NA-induced contrac-
tion. These results indicate that NO is not spontaneously

released under basal conditions, at least to a signi®cant extent,
and that release of NO requires an active tone mediated by
vasoconstrictors such as NA. These results agree with those of
other authors, also in the rat mesenteric arterial bed (Mitchell

et al., 1993; Marquer-Domagala & Finet, 1997). The similar
increase of NA contraction elicited by L-NAME in both kinds
of arteries and the lack of e�ect induced by the selective iNOS

inhibitor, aminoguanidine, suggest the involvement of cNOS
on the L-NAME-e�ect and con®rm the non apparent
dysfunction of this isoform with hypertension.

It has been established that LPS administration decreases
vascular resistance, produces vascular hyporeactivity to
di�erent vasoconstrictors and promotes the overproduction
of NO through the iNOS activation (Stoclet et al., 1993;

Thiemermann, 1997). Our results show that, in arteries from
normotensive rats, the contractile responses to NA were not
modi®ed by 1 ± 5 h incubation with LPS, however, when L-Arg

was present, LPS induced a reduction of contraction to NA. In
contrast, in mesenteric arteries from hypertensive rats, LPS did
not modify the contraction induced by high KCl but shifted

the concentration-response curve to NA rightward, with no
modi®cation of the contraction induced by the highest
concentration of NA used. This displacement was increased

with L-Arg and with a longer incubation time. This reduction
in the NA response was speci®c to LPS since no modi®cation
of control response to NA with the incubation time was
observed. The results obtained in normotensive animals agree

with those obtained by some investigators who also found, in
mesenteric arteries from LPS-treated rats, no alteration in the
contractile responses, unless L-Arg was added to the bath

(Mitchell et al., 1993; MartõÂ nez et al., 1996). However, Mitolo-
Chieppa et al. (1996), found that in vivo administration of LPS
produced hyporesponsiveness to NA in the perfused rat

mesenteric vascular bed. Other workers have also found that
LPS inhibits vasoconstrictor responses in arteries from
normotensive animals (Schott et al., 1993; Briones et al.,
1999). We have recently demonstrated that the inhibitory e�ect

A

B

Figure 7 (A) Representative Western blot of iNOS protein
expression in intact mesenteric arteries from WKY and SHR rats
incubated for 5 h in the absence (Control, C) or presence of
10 mg ml71 LPS (LPS). The expression of a-actin is also shown as a
loading control. (B) Densitometric analysis of the Western blot of
iNOS protein expression. Results (mean+s.e.mean) are expressed as
the ratio of the signal of the iNOS protein versus that of a-actin.
*P50.05 vs WKY, +P50.01 vs Control. n=number of arterial
segments used.
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of LPS on PGF2a-induced contraction, in rat cerebral arteries,
is potentiated by hypertension (Briones et al., 1999). The
increase in iNOS expression and activity after LPS stimulation

supports the decrease in NA responses in the presence of LPS
observed in arteries from SHR. It is possible that in mesenteric
arteries from normotensive rats the degree of iNOS induction
with LPS is not su�cient to inhibit vasoconstrictor responses.

Thus, although an increase of iNOS expression was observed
with LPS in normotensive arteries, this increase was lower than
that observed in mesenteric arteries from SHR and no

modi®cation of iNOS activity in this strain was found.
L-NAME shifted the vasoconstrictor responses induced by

NA leftward in arteries from the normotensive strain

incubated with LPS during 1 or 5 h. However, in the
hypertensive strain, this leftward displacement was only
observed in arteries incubated with LPS for 1 h. These results

support the previous assumption that NO production in the
presence of LPS is greater in the hypertensive strain, and that
NO production is increased with the time of exposure to LPS
in SHR. The fact that aminoguanidine reduced the inhibitory

e�ect of LPS in MRAs from SHR supports the participation of
NO generated by iNOS in this inhibitory e�ect.

Taken together, the results with LPS indicate that

mesenteric arteries from SHR reach a higher functional
expression of iNOS in the presence of LPS. In agreement with
our results, other investigators have found that intravenous

infusion of LPS caused more severe hypotensive e�ects and a
higher mortality in SHR than in WKY (Yen et al., 1997; Wu &
Yen, 1999) and that these e�ects were associated with an

elevated synthesis of NO in SHR. In addition, the increase in
rat aorta of iNOS activity and expression and nitrate and
cyclic GMP levels induced by LPS are greater in SHR than in
WKY rats (Wu et al., 1996; Chou et al., 1998; Vaziri et al.,

1998; Wu & Yen, 1999). We did not investigate why SHR
mesenteric arteries are more sensitive to induction of iNOS by
LPS than WKY arteries. However, some immune abnormal-

ities have been reported in SHR. Thus, Wu et al. (1996) have
proposed that the higher increase of TNFa levels found in SHR
after challenge with LPS contributes to the more severe e�ect

of LPS in this strain. On the other hand, Haller et al. (1995)
found a higher macrophage in®ltration in the perivascular
space of hearts from SHR and these cells can be stimulated to

produce NO from iNOS.
The expression of basal nNOS was greater in mesenteric

arteries from SHR than from WKY, suggesting a possible
increase in the production of NO through the nNOS isoform in

hypertensive arteries. A similar increase in nNOS expression in
vascular smooth muscle cells of carotid arteries from SHR was
described by Boulanger et al. (1998). These authors also

observed that angiotensin II stimulates the release of NO from
this isoform only in arteries from SHR, leading to an
impairment of the direct contractile e�ect of the peptide. So,

we can not exclude the e�ect of NO derived from nNOS on the
NA responses. However, this NO does not seem to be involved
in the responses induced in the presence of LPS because no

alteration of nNOS expression was observed in this situation.
In conclusion, the present work shows that LPS induces an

inhibitory e�ect on vasoconstrictor responses to NA in
mesenteric arteries from SHR whereas the e�ect is only

observed in those from normotensive rats when the NOS
substrate, L-Arg, is also present. These e�ects could be related
to the increased iNOS expression and activity found in the

hypertensive rat. The alterations observed in iNOS and nNOS
expression of mesenteric arteries from the hypertensive animals
suggest that the mechanisms that generate NO through these

isoforms are increased with hypertension, although further
experiments are necessary to determine the actual mechanism
involved in this alteration.
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