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1 Endothelial dysfunction has been described with ageing but the mechanisms responsible have not
been clearly elucidated and might be di�erent from one vessel to the other. This study assesses the
relative contribution of endothelial nitric oxide (NO) and cyclo-oxygenase (COX) metabolites in
relaxation to acetylcholine with ageing in the aorta and the small mesenteric artery of the rat.

2 In the aorta and branch II or III of superior mesenteric artery (SMA), endothelium-dependent
relaxation to acetylcholine was not di�erent between 12 ± 14 (adult) and 32-week-old rats whereas it
was reduced at 70 ± 100 (old) weeks of age.

3 Despite an increased endothelial NO-synthase protein expression, the NO-synthase inhibitor,
NG-nitro-L-arginine-sensitive component of relaxation decreased with ageing.

4 In old rats, exposure to the COX inhibitor, indomethacin, but not the selective COX-2 inhibitor,
NS-398, potentiated response to acetylcholine. The thromboxane A2/prostaglandin H2 receptor
antagonist, GR 32191B enhanced relaxation to acetylcholine in aorta but it had no e�ect in SMA.
Furthermore, acetylcholine increased thromboxane B2 production (enzymeimmunoassay) in aorta
but not in SMA. Finally, Western blot analysis showed enhanced expression of COX-1 and 2 in the
two arteries with ageing.

5 These results suggest that the decrease in acetylcholine-induced relaxation with ageing involves
reduced NO-mediated dilatation and increased generation of vasoconstrictor prostanoids most likely
from COX-1. They also point out vascular bed heterogeneity related to the nature of prostanoids
involved between the aorta (i.e., thromboxane A2) and the SMA (unidenti®ed) arteries even though
increased expression of COX occurs in both vessels.
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Abbreviations: ACh, acetylcholine; A23187; calcimycin, calcium ionophore; COX, cyclo-oxygenase; EC50, molar concentration
of the agonist that produces 50% of the maximal e�ect; ECL, enhanced chemiluminescence assay; EIA, enzyme
immuno assay; eNOS, endothelial nitric oxide synthase; GR 32191 B; [1R-[1a(z),2b,3bm 5a]]-(+)-7-[5-[[(1,1'-
biphenyl)-4-yl]methoxy]-3-hydroxy-2-(1-piperidinyl) cyclopentyl]-4-heptenoic acid, hydrochloride, TP receptor
antagonist; H2O2, hydrogen peroxide; HETE, hydroxyoctadecadienoic acid; HODE, hydroxyeicosatetraenoic
acid; L-NA, NG-nitro-L-arginine, nitric oxide synthase inhibitor; NA, noradrenaline; NO, nitric oxide; NS-398:
N-(2-cyclohexyloxy-4-nitrophenyl) methanesulphonamide, selective cyclo-oxygenase-2 inhibitor; O2

7, superoxide
anion; pD2, 7log EC50; PGH2, prostaglandin H2; PSS, physiological salt solution; SDS, sodium dodecyl
sulphate; s.e.m., standard error of the mean; SMA, small mesenteric artery, branch II or III of superior
mesenteric artery; SNAP, S-N-acetylpenicillamine, nitric oxide donor; SOD, superoxide dismutase; TXA2:
thromboxane A2; TXB2, thromboxane B2; U46619, 9,11-di-deoxy-11a,9a-epoxymethano-prostaglandin F2a.

Introduction

Ageing is associated with marked changes in the cardiovas-
cular system, especially at the level of the vascular wall. In
addition to the possible role of intrinsic sympathetic nerves,
the abnormalities of the vascular wall are accompanied with

both structural and functional changes that can take place at
the level of the endothelium, the vascular smooth muscle cells
and the extracellular matrix of blood vessels.

Endothelial dysfunction has been described with ageing
both in animals and human patients under basal conditions
and in response to agonist or physical stimuli. With respect to

endothelium-dependent relaxation to agonist such as acet-
ylcholine (ACh), a reduced response has been found in

di�erent vascular beds including the human brachial artery
(Taddei et al., 1995), the aorta (KuÈ ng & LuÈ scher, 1995), the
carotid (Hongo et al., 1988) and the perfused mesenteric bed of
the rat (Atkinson et al., 1994). The mechanisms responsible for

this age-related endothelial dysfunction have not yet been
clearly elucidated. Several hypothesis have been advanced in
the aorta, including changes in activity or expression of

endothelial NO-synthase (Cernadas et al., 1998; Barton et al.,
1997) or increased participation of vasoconstrictor products
from COX (Koga et al., 1989). Finally, alterations in lipid

prooxidant-antioxidant equilibrium have also been reported to
be associated with age-related endothelial dysfunction in the
rat proximal tail artery (Rodriguez-Martinez et al., 1998). The

present study was aimed to investigate the mechanisms
involved in age-related endothelial dysfunction in the rat. The
experiments were designed to study the relative contribution of
NO-synthase and COX pathways using appropriate pharma-
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cological inhibitors. Furthermore, expression of endothelial
NO-synthase (eNOS) or di�erent COX isoforms (i.e., the
constitutive COX-1 and the inducible COX-2) were deter-

mined. Also, an anatomical heterogeneity of age-related
endothelial dysfunction in the same animal has been reported
in the rat (i.e., aorta and a muscular artery, the common
femoral artery) (Barton et al., 1997). The existence of such

anatomical heterogeneity was studied between the aorta and
small mesenteric arteries which are known to play a role in the
regulation of local blood ¯ow.

Methods

Animals

Male Wistar rats from 12 ± 14 (adult), 32 or 70 ± 100 (old)
week-old were bred in our institute from genitors provided by
I�a-Credo (Lyon, France). This investigation conforms to the
authorization (number 01918) for the use of laboratory

animals given by the French government (Department of
Agriculture).

Mean arterial blood pressure was determined in pento-

barbitone anaesthetized rats (60 mg kg71) by direct measure-
ment with a carotid catheter and a Statham 23 DB
transducer.

Arterial preparation and mounting

The animals were killed by cervical dislocation and
exsanguinated. At necropsy, no apparent pathology was
noted in any animal. Thoracic aorta and branch II or III of
superior mesenteric artery (SMA) (normalized internal

diameter (mm): 172+8 and 198+12 for adult and old rats
respectively) were carefully removed and segments of arteries
(2±3 mm or 1.6±2.0 mm in length for aorta and for SMA,

respectively) were mounted on myographs (for SMA: wire
myographs as described by Mulvany & Halpern (1977) were
used) ®lled with physiological salt solution (PSS) of the

following composition (in mM): NaCl 119, KCl 4.7, MgSO4

1.17, KH2PO4 (1.18 and 0.4), NaHCO3 (25 and 14.9), CaCl2
(1.25 and 2.5) and glucose (11 and 5.5) for aorta and SMA
respectively, under normalized tension as previously described

(Andriambeloson et al., 1997; Martinez et al., 1996). Brie¯y,
SMA were stretched to 200 and 400 mg for adult and old rats
respectively, lengths that yielded circumferences equivalent to

90% of those which the vessels would have had with an
intramural pressure of 100 Hg (i.e., the pressure corresponds
to the physiological value). Aortic rings were stretched to 2

and 2.5 g respectively in adult and old rats, which yielded
maximal contractile responses to high potassium chloride
physiological salt solution. The PSS was continuously kept at

378C and gassed with 95% O2 and 5% CO2 at pH 7.4. In
some experiments, the endothelial layer was removed
immediately after dissection either by gently rubbing the
intimal surface with curved forceps for aorta or by

intraluminal perfusion with 0.5% 3-[(3-cholamidopropyl)
dimethylammonio]-1 propane sulphonate (CHAPS) in PSS
for 25 s followed by repeated washing with PSS for SMA.

Challenges with either 1 mM (aorta) or 10 mM (SMA)
noradrenaline (NA) were performed to test their maximal
contractile capacity and to elicit reproducible contractile

response. The presence of functional endothelium was
assessed, in adult rats, by the ability of acetylcholine (ACh,
1 mM) to induce more than 50% relaxation of vessels pre-
contracted with NA (1 mM (aorta) and 10 mM (SMA)). The

absence of a relaxation response to ACh was taken as evidence
that the vessel segments were functionally denuded of
endothelium.

Relaxation experiments

Arteries with and without functional endothelium were pre-

contracted at 80% of their maximal contraction with NA. The
concentration of NA was adjusted for each preparation being
0.3 mM for the aorta and 3 mM for SMA in vessels with

functional endothelium. In some experiments, the thrombox-
ane agonist, (9,11-di-deoxy-11a, 9a-epoxymethano-prostaglan-
din F2a), U46619 (0.01 mM) was used to contract the aorta.

When the contraction reached a plateau, cumulative addition
of vasodilator agents was performed (i.e., ACh, the Ca2+

ionophore, calcimycin (A23187) and the NO donor, S-N-

acetylpenicillamine (SNAP)). For SNAP, concentration-
response curve was constructed only in vessels functionally
denuded of their endothelium in order to test speci®cally the
sensitivity of the smooth muscle to NO and to avoid the

in¯uence of the endothelium. Only one ring of aorta and SMA
per rat was tested for a given protocol. Each artery was used
with one of the above relaxing agents only. Concentration-

response curves were constructed in the absence or in the
presence of the indicated inhibitor(s). For the aorta, only one
concentration-response curve was performed on each artery

either in the presence or in the absence of inhibitor. For SMA,
preliminary experiments showed that two consecutive con-
centration-response curves to ACh separated by a 45 min

washout period were not signi®cantly di�erent in the absence
of other treatment. The ®rst curve was thus taken as control
and the e�ect of the inhibitor was tested on the second curve.
The following inhibitors were used: the NO synthase inhibitor,

NG-nitro-L-arginine (L-NA, 30 mM), the superoxide anion and
the hydrogen peroxide scavengers, superoxide dismutase
(SOD, 100 u ml71) and catalase (100 u ml71), the non

selective COX inhibitor, indomethacin (10 mM), the selective
COX-2 inhibitor, N-(2-cyclohexyloxy-4-nitrophenyl) methane-
sulphonamide, (NS-398, 1 mM), the thromboxane A2/prosta-

glandin H2, Tp receptor antagonist, [1R-[1a (z),2b,3b m 5a]]-
(+)-7-[5-[[(1,1'-biphenyl)-4-yl] methoxy]-3-hydroxy-2-(1-piper-
idinyl) cyclopentyl]-4-heptenoic acid, hydrochloride, (GR
32191B, 3 mM). When L-NA was used, the concentration of

NA was adjusted in order to obtain the same level of pre-
contraction. All the inhibitors were used at a maximally active
concentration and were incubated with the tissue for 25 min

before the pre-contraction with NA.

Thromboxane B2 (TXB2) production

To determine the production of TXB2, aortic rings or branches
II or III of SMA with endothelium were placed in 1 ml PSS for

20 min at 378C in a 95% O2 ± 5% CO2 incubator. At the end of
this period, NA (0.3 mM or 3 mM, aorta and SMA respectively)
was added for 10 min followed by 1 mM ACh for 2 min. Then
the medium was collected and TXB2 was measured by

enzymeimmunoassay (EIA) system (R&D Systems, Abingdon,
U.K.). TXB2 production was expressed as pg mg71 DNA,
DNA content being measured as described by Brunck et al.

(1976).

Western-blotting with anti-eNOS, anti COX-1 and anti
COX-2 antibodies

Aortic rings or branches II or III of SMA were homogenized
and approximately 50 mg of total protein from supernatant
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fractions was loaded into 7% and 10% SDS-polyacrylamide
gel to separate eNOS and COX-1 or COX-2, respectively.
After electrophoresis, proteins were transferred into nitrocel-

lulose membrane. Immunostaining of eNOS, COX-1 and
COX-2 were achieved using speci®c monoclonal mouse anti-
eNOS (Transduction Laboratories), anti-COX-1 and anti-
COX-2 (Oxford Biochemical Research, Inc) antibodies and

reacted with peroxidase-conjugated antimouse antibody. The
blots were detected using an enhanced chemiluminescence
assay (ECL, Amersham, U.K.) and evaluated by densitometry.

Drugs

Noradrenaline, acetylcholine, A23187, NG-nitro-L-arginine,
superoxide dismutase, catalase and indomethacin were all
obtained from Sigma-Aldrich (Saint-Quentin Fallavier,

France). U46619 was obtained from Cayman Chemical
Company (SPI Bio, Massy, France), S-N-acetylpenicillamine
from Tocris (Bioblock Scienti®c, Illkirch, France). GR 32191B
was a generous gift from Glaxo Research and Development,

Hertfordshire, U.K.

Expression of results and statistical analysis

Results were expressed as a relaxation per cent of the initial
NA- or U46619-induced pre-contraction level. The concentra-

tion of NA (or U46619) was adjusted for each preparation to
obtain 80% of the maximal response. Brie¯y, the 80% of the
maximal response was estimated by performing a concentra-

tion-response curve to the agonist by cumulative addition of
increasing concentrations on both types of vessels from adult
and old rats. The values of contractions obtained with NA in
vessels with endothelium (0.3 mM for aorta and 3 mM for

SMA) were 2.4+0.26 (n=14), 2.0+0.16 (n=6) and 2.0+0.26
(n=13) g mg71 dry tissue in aorta, and 3.2+0.35 (n=12),
2.7+0.25 (n=4) and 3.2+0.32 mN mm71 (n=10) in SMA

from 12 ± 14, 32 and 70 ± 100-week-old respectively (not
signi®cantly di�erent with age). All results are expressed as
mean+s.e.mean of n experiments, n represents the number of

rats. Sensitivities to agonists are expressed as pD2 values,
where pD2=7log EC50, EC50 being the molar concentration
of the agonist that produces 50% of the maximal e�ect and
were calculated by logit-log regression. Analysis of variance

(MANOVA) and Student's t-test were used as appropriate for

statistical analysis. Di�erences were considered signi®cant
when P50.05.

Results

Body weight, and blood pressure

Body weight signi®cantly increased with age (g) (405+17.1
(n=14), 518+16.0 (n=13) and 805+26.1 (n=15), P50.001,

12 ± 14, 32 and 70 ± 100-week-old respectively). Mean blood
pressure was not signi®cantly di�erent between 12 ± 14, 32 and
70 ± 100-week-old rats (114+9.2, 130+2.9 and 126+6.3

mmHg).

Endothelium-dependent relaxation

ACh produced relaxation in a concentration-dependent

manner both in aortic rings and in the SMA with endothelium
precontracted with NA (Figure 1A,B) but it failed to produce
relaxation in endothelium-denuded arteries (not shown). The
concentration-response curves to ACh were not signi®cantly

di�erent in aortic rings and in the SMA from 12 ± 14 and 32-
week-old rats (Figure 1A,B) but were dramatically decreased
in 70 ± 100 compared to 12 ± 14 and 32-week-old rats in both

arteries (P50.001) (Figure 1A,B). Therefore, the following
experiments were performed in arteries taken from 12 ± 14
(adult) and 70 ± 100 (old) week-old rats. Also, the endothelium-

dependent relaxation produced by A23187 was reduced in the
aorta and the SMA precontracted with NA in old versus adult
rats (Table 1).

The NO-synthase inhibitor, L-NA (30 mM), signi®cantly
inhibited ACh-induced relaxation in both type of arteries from
adult rats (P50.001, P50.05, aorta and SMA respectively)
(Figure 2A,B). In old rats, the same concentration of L-NA

abolished the relaxation to ACh in aorta (P50.01) but it had
no e�ect in SMA (Figure 2C,D).

The combination of the superoxide anions and the

hydrogen peroxide scavengers, SOD (100 u ml71) and
catalase (100 u ml71), did not a�ect ACh responses in both
type of arteries (Table 1). The e�cacy of SOD was

demonstrated by its ability to inhibit the contractile response
to pyrogallol, a generator of superoxide anions in aortic rings
from adult rats.

Table 1 pD2 values and maximal e�ects of A23187, ACh and SNAP in aorta and small mesenteric (SMA) arteries from adult and old
rats after pre-contraction to noradrenaline

pD2 Maximal e�ect (% relaxation)

A 23187
Aorta Adult 6.47+0.11 83.1+3.3

Old 6.70+0.15 35.8+7.6***
SMA Adult 6.83+0.51 55.3+9.2

Old 6.27+0.77 26.4+7.3*
Ach+SOD, catalase
Aorta Old 7.44+0.24 41.2+6.7

Old+SOD, catalase 7.31+0.13 39.8+5.8
SMA Old 7.58+0.29 18.9+10

Old+SOD, catalase 7.68+0.31 28.1+6.8
SNAP
Aorta Adult 7.08+0.08 96.3+1.7

Old 7.18+0.07 94.3+1.4
SMA Adult 7.11+0.15 90.1+2.4

Old 6.90+0.13 92.1+3.2

Arteries were precontracted with noradrenaline before addition of either A23187, ACh or S-N-acetylpenicillamine (SNAP). For ACh,
experiments were done in absence or presence of superoxide dismutase (SOD) and catalase.Values are mean+s.e.mean (n=6±9).
*P50.05, ***P50.001 signi®cantly di�erent from adult rats.
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Both in aorta and in SMA, the concentration-response
curves to the NO donor, SNAP, were not signi®cantly di�erent
in vessels without functional endothelium from adult versus

old rats (Table 1).
In adult rats, the non selective COX inhibitor, indometha-

cin (10 mM), did not a�ect signi®cantly relaxation to ACh in
both types of arteries (Figure 3A,B) but, it signi®cantly

potentiated the response to ACh both in aorta and in SMA
from old rats (P50.05, P50.01) (Figure 3C,D).

Exposure to both L-NA (30 mM) and indomethacin (10 mM)
did not result in further alteration of relaxation compared to L-
NA alone (in the aorta from both adult and old rats and in

SMA from adult rats) or to indomethacin alone (in old rats)
(not shown).

As illustrated in Figure 4, NS-398 (1 mM), a selective COX-2
inhibitor, did not a�ect signi®cantly relaxation to ACh in both

types of arteries from adult (Figure 4A,B) and in SMA from
old rats (Figure 4D). In the aorta from old rats, NS-398

Figure 1 In¯uence of age on relaxation to acetylcholine (ACh) in the aorta (A) and the small mesenteric artery (B) from 12 ± 14, 32
and 70 ± 100-week-old rats. Results are expressed as a relaxation per cent of the initial noradrenaline-induced precontraction level.
Data are mean+s.e.mean of 6 ± 14 arterial segments. ***P50.001, 12 ± 14 and 32 week versus 70 ± 100-week-old rats.

Figure 2 E�ect of the nitric oxide synthase inhibitor, NG-nitro-L-arginine (L-NA, 30 mM), on relaxation to acetylcholine (ACh) in
the aorta (A, C) and the small mesenteric artery (B, D) from adult (A, B) and old (C, D) rats. Results are expressed as a relaxation
per cent of the initial noradrenaline-induced precontraction level. Data are mean+s.e.mean of 6 ± 7 arterial segments. ***P50.001,
**P50.01, *P50.05, with versus without L-NA.

NO and eicosanoids in endothelial dysfunction with age306 R.L. Matz et al

British Journal of Pharmacology, vol 131 (2)



slightly but signi®cantly inhibited relaxation to ACh (P50.05)
(Figure 4C).

As illustrated in Figure 5, GR 32191 B (3 mM), a
thromboxane A2/prostaglandin H2 receptor antagonist, sig-

ni®cantly potentiated the response to ACh in aorta (P50.05,
Figure 5A) but it did not modify ACh-induced relaxation in
SMA (Figure 5B) from old rats. In aorta and SMA from adult

rats, the responses to ACh were not signi®cantly modi®ed in
the presence of GR 32191 B (3 mM) (data not shown).

TXB2 production (Figure 5C)

Assay of TXB2, the stable product of TXA2, showed increased
production in aorta from old rats exposed to NA and ACh

(P50.01). In contrast, no change in TXB2 production was
observed after stimulation with NA and ACh in SMA from old
rats.

Western-blot analysis of eNOS, COX-1 and COX-2

The 140 kDa eNOS isoform was expressed in aorta and SMA
from adult rats (Figure 6A). This expression was increased in
both type of arteries from old rats. The increase of eNOS

expression was 3.3+0.66 (n=3, P50.05) and 3.7+0.72 (n=3,
P50.05) fold higher in aorta and in SMA respectively.

The data in Figure 6B,C show increased labelling of a
70 kDa protein by both anti COX-1 (6B) and anti COX-2 (6C)

antibodies with ageing. With COX-1 antibody, the increase
was 2.6+0.23 (n=3, P50.05) and 2.1+0.42 (n=3, P50.05)
fold higher in aorta and in SMA respectively. Finally, COX-2

(70 kDa) was weakly expressed in aorta and SMA from adult

rats (Figure 6C). However in vessels from old rats, COX-2
expression was observed markedly in aorta (fold increase:
9.3+0.32, n=4, P50.001) and at a lower level in SMA (fold
increase: 4.2+0.46, n=4, P50.001).

Discussion

The present study suggests that the reduced endothelium-
dependent relaxation to ACh with ageing results from an

alteration in the balance between endothelial NO and
vasoconstrictor products from COX, both in the conductance
and the small arteries. In addition they show that the relative
importance of these two mechanisms is di�erent in aorta and

in SMA, and that the COX vasoconstrictor products are
di�erent in the two arteries.

The concept of generalized endothelial dysfunction with

ageing is extensively documented in vessels from di�erent
species including humans (Taddei et al., 1995; KuÈ ng &
LuÈ scher, 1995; Haidet et al., 1995). However, most of the

results come from conductance arteries and to the best of our
knowledge only one report studied the possible anatomical
heterogeneity of age-related endothelial dysfunction in the

same animal (Barton et al., 1997). In the latter report the
vascular e�ects of ageing with regard to the NO, SOD and
endothelin-1 pathways were investigated in two di�erent
arteries, the aorta and the common femoral artery, a muscular

artery. The data showed that relaxation to acetylcholine was
impaired in the aorta but not in the femoral artery of the rat
and this di�erence has been related to lower NO-synthase

mRNA expression and superoxide dismutase activity in the

Figure 3 E�ect of the cyclo-oxygenase inhibitor, indomethacin (10 mM), on relaxation to acetylcholine (ACh) in the aorta (A, C)
and the small mesenteric artery (B, D) from adult (A, B) and old (C, D) rats. Results are expressed as a relaxation per cent of the
initial noradrenaline-induced precontraction level. Data are mean+s.e.mean of 6 ± 7 arterial segments. **P50.01, *P50.05, with
versus without indomethacin.
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aorta. In the present work, comparison was performed
between the aorta and a small artery, the SMA. Generalization
about the respective roles of small arteries is not possible but

there is evidence showing that the SMA participate actively in
the physiological regulation of mesenteric bed resistance
(Mulvany & Halpern, 1977; Mulvany & Aalkjaer, 1990;

Warshaw et al., 1979).
Endothelium-dependent relaxation to ACh was impaired

both in the aorta and the SMA with ageing in accordance with

previous observations reported in aorta (Barton et al., 1997;
Shirasaki et al., 1986; Tschudi et al., 1996) and perfused
mesenteric bed (Atkinson et al., 1994) of the rat. It should be
noted that the endothelium-dependent relaxations to ACh

were not signi®cantly di�erent in aortic rings and SMA from
12 ± 14 week and 32-week-old rats whereas they were
dramatically decreased at 70 ± 100 compared to 12 ± 14 and

32-week-old rats. Thus, the reduced endothelial response to
ACh is most likely related to senescence as it is not present in
both young adult (12 ± 14 week) and more mature (32 week)

rats. Therefore, this study focused on the young adult (adult,
12 ± 14 week) and the senescent (old, 70 ± 100 week) rats.

An increase in contractility of the vessels to NA cannot

account for the reduced endothelial relaxation because the
level of pre-contractions were matched between arteries from
adult and old rats. In addition, age-related decreased
endothelial relaxation was also observed in vessels pre-

contracted with another vasoconstrictor agonist, U46619, in
the aorta. A decrease in the number of muscarinic receptors
activated by ACh, agonist a�nity to its receptor, or a default

in the muscarinic receptor signal transduction can be ruled out.

Indeed, the endothelium-dependent relaxation to the calcium
ionophore, A23187, which did not involve receptor stimula-
tion, was also impaired in both types of arteries with ageing.

The most relevant hypothesis to explain the reduced
relaxation to both ACh and A23187 might be an impairment
of either the generation (i.e. synthesis or release) of, or

response to endothelial relaxant factors with ageing. Also, an
alteration of the balance between endothelial relaxant and
constricting factors can be advanced.

One of the major endothelial relaxant factors is NO formed
by eNOS by conversion of L-arginine, the participation of
which has been reported to be altered with ageing in di�erent
blood vessels (Barton et al., 1997; Tschudi et al., 1996). In the

present study a decreased sensitivity of vascular smooth muscle
to NO appears not to be involved as relaxations of
endothelium denuded preparations to the NO donor, SNAP,

were not a�ected by ageing both in aorta and SMA. In
accordance with these results, no evidence for an impaired
responsiveness of vascular smooth muscle to NO donors has

been found in rat aorta with age (Barton et al., 1997).
Reduced endothelium-dependent relaxation in aged rats

may be due to a decreased participation of endothelium-

derived NO. In vessels from adult rats, the NO-synthase
inhibitor, L-NA, used at a concentration of 30 mmol l71 in
order to avoid unspeci®c e�ect of this compound on smooth
muscle cells (Wang & Pang, 1994), reduced ACh-induced

vasodilatation in both type of arteries con®rming that
endothelial NO was involved. In vessels from old rats, L-NA
abolished the response to ACh in aorta but it had no e�ect in

SMA suggesting a reduced endothelial NO-mediated vasodila-

Figure 4 E�ect of the selective cyclo-oxygenase-2 inhibitor, NS-398 (1 mM), on relaxation to acetylcholine (ACh) in the aorta (A,
C) and the small mesenteric artery (B, D) from adult (A, B) and old (C, D) rats. Results are expressed as a relaxation per cent of the
initial noradrenaline (for SMA) or U46619 (for aorta)-induced precontraction level. Data are mean+s.e.mean of 5 ± 6 arterial
segments. *P50.05, with versus without NS-398.
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tion with ageing. These results are in accordance with

observations reported by Dohi et al. (1990) in perfused
mesenteric artery of the rat.

Decreased participation of endothelial NO may result from

an increased NO breakdown due to an augmented production
of O2

7 (Gryglewski et al., 1986; Rubanyi & Vanhoutte, 1986),
an alteration of antioxidant defence systems or an increased

production of reactive oxygen species di�erent from O2
7

(Beckman & Ames, 1998). In the present study, the use of O2
7

and H2O2 scavengers, SOD and catalase, did not improve
ACh-induced endothelial vasodilatation in both type of

arteries. These results ruled out an increased NO breakdown
by extracellular O2

7 even though a participation of
intracellular reactive oxygen species insensitive to exogenous

SOD cannot be excluded. On the other hand, a decrease in the
release of endothelial NO might occur with ageing. Indeed,
direct measurement using porphyrinic NO microsensor

showed a decreased endothelial NO release in aorta and
pulmonary artery of the rat with ageing (Tschudi et al., 1996).
Reduced endothelial NO release with ageing might result from

reduced expression of eNOS. Such observations have been
reported at the level of eNOS mRNA expression in rat aorta
(Barton et al., 1997). On the contrary, in the present study,
Western blot analysis showed that eNOS protein expression

was increased rather than reduced both in aorta and SMA
from old rats. A possible explanation for the di�erent results
could be that Barton et al. (1997) quanti®ed eNOS mRNA

whereas eNOS proteins were studied here. Nevertheless, the

Figure 5 E�ect of the thromboxane A2/prostaglandin H2 receptor antagonist, GR 32191 B (3 mM), on relaxation responses to
acetylcholine (ACh) in the aorta (A) and the small mesenteric artery (B) from old rats and thromboxane B2 (TXB2) production of
aortic (C) and SMA (D) rings from old rats exposed to noradrenaline (0.3 mM) and ACh (1 mM). Results are expressed as a
relaxation per cent of the initial noradrenaline-induced precontraction level. Data are mean+s.e.mean of 8 ± 9 arterial segments for
relaxation experiments and 10 aortic and ®ve SMA rings for TXB2 determination. *P50.05, with versus without GR 32191 B,
**P50.01, adult versus old rats.

Figure 6 Representative Western-blot of e-NOS (A), COX-1 (B) and
COX-2 (C) protein expression in aortic and small mesenteric artery
(SMA) segments from adult and old rats. Similar results were
obtained in three separate experiments.
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age-related reduced participation of endothelial NO cannot be
attributed to a decreased expression of eNOS protein both in
aorta and SMA. Thus, the simplest and most parsimonious

conclusion is that the origin of reduced participation of
endothelial NO vasodilatation takes place at the level of the
activity of the enzyme. Indeed, a decrease of eNOS activity has
been reported in aorta of old rats (Cernadas et al., 1998; Chou

et al., 1998). The present study extends the ®nding to small
arteries such as the SMA.

Another possible explanation for the reduced endothelium-

dependent relaxation with ageing, independently from or in
addition to a decreased contribution of NO, might be an
increased production of endothelium-derived constricting

factors. The most likely candidates are vasoconstrictor
products from endothelial COX such as TXA2 and PGH2

(Maclouf et al., 1998; Vane et al., 1998). Indirect evidence for

the involvement of TXA2 as the endothelial vasoconstrictor
metabolite from COX has been reported in aorta (Koga et al.,
1989) but not in cerebral arteries (Mayhan et al., 1990) from
old rats. In the present study, endothelium-dependent

relaxation to ACh was potentiated after blockade of COX by
indomethacin both in aorta and SMA from old but not adult
rats. Thus, the reduced endothelium-dependent relaxation with

ageing is associated with the participation of vasoconstrictor
products from COX both in the aorta and the SMA.

We cannot exclude that vasoconstrictor prostanoids might

originate from an extra-endothelial source like the medial or
the adventitial layer. However, contractile response to NA in
endothelium-denuded aorta and SMA were not di�erent

between adult and old rats. In addition, indomethacin did not
modify NA response both in aorta and SMA without
functional endothelium from old rats. Thus, the balance
between vasoconstrictor and vasodilator protanoids released

and its functional consequences are not relevant in altering
responses in the used vessels. Furthermore, ACh-induced
relaxation was completely dependent on the presence of the

endothelium in vessels pre-contracted with NA and it was not
able to produce contraction in endothelium denuded arteries
(not shown). Thus, it is most likely that ageing is associated

with the participation of endothelial vasoconstrictor products
from COX activated by ACh both in the aorta and the small
mesenteric artery.

The release of endothelial vasoconstrictor products from

COX was associated with an increased expression of COX-1
and COX-2 proteins both in the aorta and in the SMA. Such
an increase in COX-1 and COX-2 expression in the vascular

wall of old rats has never been reported yet. Caution should be
made for a direct correlation between functional data showing
an increased generation of vasoconstrictor products from

COX and enhanced COX expression, as COX-1 and COX-2
are able to release both vasodilatory and vasoconstrictor
products. To assess the nature of the COX isoform involved in

the release of vasoconstrictor prostanoids, the e�ect of the
selective COX-2 inhibitor, NS-398, on endothelium-dependent
relaxation to ACh was studied. Unlike indomethacin, a non-
selective COX-1 and COX-2 inhibitor, NS-398 was unable to

potentiate ACh relaxation in SMA from old rats. Moreover,
NS-398 slightly but signi®cantly inhibited rather than
potentiated relaxation to ACh in aorta from old rats. Thus,

it is likely that COX-2 generates predominantly vasodilatory
products, at least in the aorta from old rats and that the
balance of vasoactive products released through COX-1 is

probably shifted towards vasoconstrictor prostanoids. The
increased expression of COX-2 and subsequent release of
vasodilatory products in vessels from old rats (at least in the
aorta) may play a compensatory role for the reduced

endothelial NO-mediated vasodilation and increased genera-
tion of vasoconstrictor prostanoids from COX-1. Indeed,
upregulation of COX-2 leading to an overproduction of

vasodilatory prostanoids (i.e. prostacyclin) after chronic
inhibition of NO-synthase has been reported in mesenteric
artery of the rat (Henrion et al, 1997).

The nature of COX vasoconstrictor metabolites involved
was further investigated using the Tp receptor antagonist,
GR32191 B. Interestingly, GR32191 B signi®cantly enhanced

ACh-induced relaxation in aorta but not in SMA from old
rats. Moreover, assay of TXB2, the stable product of TXA2,
showed that ACh was able to increase its production in aorta
but not in SMA from old rats. Taken together, the above

results provide direct evidence for the nature of endothelial
vasoconstrictor prostanoids activated by ACh, most likely
from COX-1, being TXA2 acting on Tp receptors in aorta from

old rats. Also, the data show for the ®rst time a di�erential
involvement of endothelial vasoconstrictor products from
COX-1 in small mesenteric arteries from old rats. The COX-

1 metabolites did not belong to TXA2 or other prostanoids
acting on Tp receptors in the SMA. Thus, the present study
highlights a vascular bed heterogeneity in the mechanism of

age-related endothelial dysfunction between the aorta and the
SMA, the respective role of which is very di�erent in the
regulation of blood ¯ow.

One of the main vasoconstrictor prostanoids produced

includes TXA2 as shown in the aorta from old rats. However,
under certain circumstances with increasing lipid accumula-
tion, the pattern of COX products may change due to the

di�erent lipid substrates, and much more hydroxyoctadeca-
dienoic (HODE), hydroxyeicosatetraenoic (HETE) acids and
isoprostane vasoconstrictor metabolites may be produced

(Bishop-Baley et al., 1999). This might be the case for the
endothelial COX metabolites released by ACh in the SMA
from old rats.

In conclusion, the present results shed light on the alteration

in the equilibrium between endothelial derived NO and
vasoconstrictor products from COX in the age-related
endothelial dysfunction in the aorta and the small mesenteric

artery. They also point out vascular bed heterogeneity related
to the nature of COX metabolites involved despite the fact that
both the aorta and the small mesenteric artery exhibit

increased expression of COX with ageing.
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