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1 Experiments were designed to investigate the role of cyclo-oxygenase isoforms in endothelial
dysfunction in ageing. Aortic rings with endothelium of aged and young (24 vs 4 month-old) Wistar
rats, were mounted in organ chambers for the recording of changes in isometric tension.

2 In young rats, acetylcholine (ACh) caused a complete relaxation which was not a�ected by
indomethacin (0.3 mM), NS-398 (a preferential COX-2 inhibitor; 1 mM), SQ-29548 (a thromboxane-
receptor antagonist; 1 mM), nor valeryl-salicylate (VAS, a preferential inhibitor of COX-1; 3 mM).

3 In aged rats, ACh caused a biphasic response characterized by a ®rst phase of relaxation (0.01 ±
1 mM ACh), followed by a contraction (3 ± 100 mM ACh). Indomethacin, NS-398 and SQ-29548, but
not VAS, augmented the ®rst phase. Indomethacin, VAS, NS-398 and SQ-29548 decreased the
contractions to high ACh concentrations. Then, the sensitivity to thromboxane receptor activation
was investigated with U-46619. The results show comparable EC50 values in young and aged rats.

4 In aged rats, the ACh-stimulated release of prostacyclin, prostaglandin F2a and thromboxane A2

was decreased by either indomethacin, NS-398, VAS or endothelium removal. However, in young
animals, the ACh-stimulated release of prostacyclin and prostaglandin F2a were smaller than in older
animals and remained una�ected by NS-398.

5 Aortic endothelial cells from aged ± but not young ± rats express COX-2 isoform, while COX-1
labelling was observed in endothelial cells from both young and aged rats.

6 These data demonstrate the active contribution of COX-1 and -2 in endothelial dysfunction
associated with ageing.
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Introduction

The endothelium modulates the response of vascular smooth

muscle by producing not only relaxing factors [such as nitric
oxide, the endothelium-dependent hyperpolarizing factor or
prostacyclin] but also mediators which cause the contraction of

the underlying smooth muscle cells (Furchgott & Vanhoutte,
1989). These contracting factors include endothelin-1, super-
oxide anions and arachidonic acid metabolites such as
thromboxane (TX) A2 or prostaglandin (PG) H2. The

endothelial dysfunction observed in ageing (as well as under
pathological conditions) is characterized by impaired endothe-
lium-dependent relaxations, which could be associated with

either an alteration of the release or the e�ect of endothelial
vasoactive substances (Belmin, 1999; Mombouli & Vanhoutte,
1999). However, the mechanisms accounting for the impair-

ment of endothelium-dependent relaxations in ageing have not
been completely elucidated. For instance, reduced endothe-
lium-dependent hyperpolarizations could participate to the
dysfunction (Nakashima & Vanhoutte, 1993). In addition,

both a decreased bioavailability of endothelium-derived nitric

oxide and an impaired expression of soluble guanylate cyclase
could contribute to the blunted response to endothelium-
dependent agonists in ageing (Moritoki et al., 1992; Tschudi et

al., 1996; Cernadas et al., 1998; Klobeta et al., 2000).
Furthermore, indomethacin, a non-selective inhibitor of
cyclo-oxygenases, has a bene®cial e�ect not only on
endothelium-dependent relaxations in animal models of

ageing, but also on the vasodilatation to acetylcholine in old
patients (Koga et al., 1988; Taddei et al., 1995; 1997; Imaoka et
al., 1999). This suggests that the release or the e�ect of cyclo-

oxygenase-dependent vasoactive factors may also contribute to
the endothelial dysfunction in ageing.

Cyclo-oxygenase (COX) is a rate-limiting enzyme in the

metabolism of arachidonic acid. Di�erent genes (Vane et al.,
1998) encode the two COX isoenzymes (COX-1 and COX-2).
COX-1 is expressed in a constitutive manner, while COX-2
expression can be induced following cytokine stimulation or

after vascular injury (Vane et al., 1998; Rimarachin et al.,
1994). The purpose of the present study was to further
investigate the contribution of the cyclo-oxygenase pathway in

endothelial dysfunction in ageing. We examined the relaxa-
tions to acetylcholine from isolated aortas from young and
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aged rats in order to determine the respective contribution of
each COX isoform as well as that of thromboxane-
endoperoxide receptors.

Methods

All experiments were performed on the thoracic aorta from
rats (male Wistar; I�a-Credo, Domaine des Oncins, St
Germain sur l'Arbresle, France), aged 4 and 24 months.

Systolic blood pressure was recorded by the tail-cu� method in
unanaesthetized animals.

All procedures were in accordance with the guidelines of the

European Community standards for animal care and
euthanasia (French MinisteÂ re de l'Agriculture; authorization
number 07430). The rats were anaesthetized with pentobarbi-

tone sodium (50 mg kg71; intraperitoneally) and were ex-
sanguinated.

Organ chambers experiments

The thoracic aortas were dissected free, excised and placed in
ice-cold modi®ed Krebs-Ringer bicarbonate solution of the

following composition (in mM): NaCl 118.3, KCl 4.7, MgSO4

1.2, KH2PO4 1.2, CaCl2 2.5, NaHCO3 25.0, calcium disodium
edetate (EDTA) 0.026 and glucose 5.0 (control solution). The

blood vessels were cleaned of adherent connective tissue and
cut into rings (5 mm long). In some preparations, the
endothelium was mechanically removed by inserting the tips

of a pair of forceps in the lumen and gently rubbing the ring
back and forth on a piece of tissue wetted with ice-cold control
solution. Rings were suspended horizontally between two
stainless steel wires in organ chambers which contained 8 ml of

control solution (378C) aerated with 95% O2 and 5% CO2 and
were connected to force transducers (Grass FT03) for
recording of changes in isometric force. Prior to experimenta-

tion, the rings were stretched in a stepwise manner until the
optimal point of the length-active force relationship was
reached and then were allowed to equilibrate for 30 min. All

rings were then exposed to KCl (120 mM) to determine their
maximal responsiveness.

Experiments were performed in parallel rings with endothe-
lium.The presence of functional endothelial cells was con®rmed,

unless otherwise stated, by the relaxation to thrombin
(1 u ml71) during contraction evoked by phenylephrine (0.1 to
3 mM) (LuÈ scher & Vanhoutte, 1986a; Ge et al., 1995). After

extensive washout and equilibration, the preparations were
exposed for 45 min with either indomethacin (0.3 mM; a non-
selective COX inhibitor), valeryl salicylate (VAS; 3 mM; a

preferential inhibitor of COX-1; Davidge & Zhang, 1998;
Bhattacharayya et al., 1995), NS-398 (1 mM; a preferential
inhibitor of COX-2; Futaki et al., 1994; Henrion et al., 1997), or

SQ-29548 (1 mM; a thromboxane receptor antagonist; Ge et al.,
1995). The preparations were then exposed to phenylephrine
(30 nM to 10 mM; to obtain about 50% of the maximal
contraction to KCl and to match the level of contraction

between the di�erent conditions). When the contraction was
stable, increasing concentrations of acetylcholine (ACh; 1 nM to
100 mM) were added. The organ chamber medium (8 ml) was

collected 30 min after the addition of the last concentration of
ACh (100 mM) and was immediately frozen (7708C) for further
determination of the formation of TXA2, prostacyclin and

PGF2a by the preparations. Pilot experiments revealed that a 30-
min delay period was necessary to accumulate detectable
amounts of metabolites from both unstimulated preparations
and rings exposed to cyclo-oxygenases inhibitors.

Prostaglandins (PG) and thromboxane measurements

The release of either TXB2 (the stable metabolite of TXA2),

prostacyclin (PGI2) or PGF2a was examined in the organ
chamber incubation medium. Although TXB2 is produced by
platelets, previous studies have shown that isolated rat aortic
rings exposed to ACh could release this arachidonic acid

metabolite in an endothelium-dependent manner (Ge et al.,
1995). Organ chamber medium was collected and stored at
7708C. Samples were treated as described by Powell (Powell,

1982) with some modi®cations. Brie¯y, samples were
centrifuged, acidi®ed with formic acid and mixed with 2500
c.p.m. of [3H]-TXB2 (3.7 ± 9.25 TBq mmol71) for recovery

estimation prior to solid phase extraction with a 3-ml C18 silica
cartridge. The C18 silica cartridges were ®rst treated with pure
methanol (4 ml). The excess methanol was removed by passing

water (4 ml). For extraction, samples were applied and the
cartridges were washed once with 4 ml of water and further
dried. PGs and TX were eluted with 4 ml methanol, dried
using a Speed Vac dryer and resuspended in 1 ml of EIA

(enzyme immunoassay) bu�er (EIA bu�er: 1 M phosphate
bu�er, pH 7.4 containing 0.15 M NaCl, 1 mM EDTA, 0.1%
bovine serum albumin and 0.01% sodium azide). TXB2, the

stable metabolite of TXA2, PGF2a or 6-keto-PGF1a, the stable
metabolite of prostacyclin, were determined by EIA (Pradelles
et al., 1985).

Immunohistochemistry

Aortic rings (3 mm long) were frozen in isopentane in liquid
nitrogen immediately after euthanasia of the animal. Frozen
transverse sections (7 mm) were incubated with 5% bovine
serum albumin (BSA) in phosphate bu�ered saline solution

(PBS) for 30 min at room temperature, washed once in PBS,
then incubated with primary polyclonal antibodies against
COX-1 and COX-2 (CreÂ minon et al., 1995a,b) in 2% BSA in

PBS for 2 h at room temperature. These antibodies were used
at a dilution 1 : 400 for COX-1 and 1 : 200 for COX-2. After
washing in PBS, the slides were incubated with a biotinylated

goat anti-rabbit IgG at a dilution of 1 : 40 for 30 min at room
temperature. Immunostains were visualized with the use of
avidin-biotin HRP visualization system.

The speci®city of the immunostaining was evaluated either

by omission of the primary antibody, or replacement of the
primary antibody by nonimmune rabbit IgG at equivalent
protein concentration and processed as above. Under these

conditions, no staining was observed in the vessel wall of either
young or aged rats.

Materials

The following drugs were used in organ chamber studies: ACh

HCl, indomethacin, phenylephrine, SQ-29548 ([1S]1a, 2b(5Z),
3b, 4a-7- (3-{2- [(phenylamino) carbonyl] hydrazino } methyl)-
79 oxabicyclo [2.2.1] hept-2-yl-5-heptonic acid), superoxide
dismutase and thrombin from Sigma-Aldrich (St Quentin

Fallavier, France). Valeryl salicylate, NS-398 (N-(2-Cyclohex-
yloxy-4-nitrophenyl) methane sulphonamide) and U-46619
(15S)-hydroxy-11a, 9a-(epoxymethano) prosta-5Z, 13E-die-

noic acid) were purchased from Cayman Chemical Company
(Ann Arbor, MI, U.S.A). Drug concentrations are expressed
as ®nal molar concentrations in the bath solution. Modi®ed

Krebs-Ringer solution and drugs were prepared daily in
distilled water except for valeryl salicylate which was dissolved
directly into warm control solution and indomethacin which
was dissolved in distilled water containing Na2CO3 (10 mM
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®nal bath concentration) and sonicated before use. Stock
solutions of ACh and phenylephrine (10 mM) were prepared in
distilled water and were frozen in aliquots (7208C). Stock

solutions of NS-398 (10 mM) and SQ-29548 (10 mM) were
prepared in pure dimethylsulphoxide, frozen in aliquots
(7208C) and further dissolved in water. Stock solutions of
U-46619 (10 mM) were obtained in pure alcohol, kept in

aliquots (7808C) and further dissolved in water. The ®nal
concentration of solvents used (dimethylsulphoxide or alcohol;
0.1%) did not have any signi®cant e�ect.

For the measurement of prostaglandins and TXB2, [
3H]-

TXB2 and the C18 silica cartridge were purchased from NEN-
Dupont (Paris, F) and from Bakerbond, Baker (Phillipsburg,

NJ, U.S.A.), respectively. For immunohistochemistry studies,
the secondary antibody (biotinylated goat anti-rabbit IgG), the
non-immune rabbit IgG and the avidin-biotin HRP visualiza-

tion system were purchased from SIGMA-Aldrich (St Quentin
Fallavier, France).

Statistical analysis

Results are given as means+s.e.mean. When evaluating the
relaxations to ACh, experiments were performed on prepara-

tions exposed to di�erent concentrations of phenylephrine
(30 nM to 30 mM) in order to reach the same relative degree of
tone, de®ned as 50% of the response of each preparation to

KCl (120 mM). Relaxations to ACh are expressed as per cent
inhibition of the contraction evoked by phenylephrine. The
IC50 values represent the concentration of ACh that elicits 50%

of inhibition of the contraction evoked by phenylephrine. EC50

values represent the concentration of U-46619 that elicits 50%
of the contraction. n represents the number of rats used.

Statistical analysis was performed using StatView 4.5

software (Abacus). An analysis of variance (ANOVA) for
repeated measures was used to evaluate the e�ects of cyclo-
oxygenases inhibitors and that of SQ-29548 on the concentra-

tion-dependent responses to ACh in either young or aged rats.
An analysis of variance (ANOVA) was used, followed by
Bonferroni as a post hoc test, when comparing in each group of

animals the contractions to KCl, the response to phenylephrine,
the release of arachidonic acid metabolites, the maximal
relaxation to ACh or the IC50 values for Ach under the di�erent
experimental conditions. Statistical evaluation of rat body

weight, systolic blood pressure and of EC50 values and maximal
responses for U-46619 in young and aged rats was done by
Student's t-test for unpaired observations. Means were

considered signi®cantly di�erent when P was less than 0.05.

Results

At the time of the in vitro experiments, the body weight was

428+10 and 709+27 g in young (4 month-old) and aged (24
month-old) animals, respectively (n=8; P=0.001). The
systolic blood pressure was 153+9 mmHg in young adults
while it averaged 165+7 mmHg in old rats (n=8; P=0.5).

Organ chamber experiments

The amplitude of response to KCl (120 mM) was signi®cantly
larger in preparations from aged, as compared with those from
young rats (P=0.001; Table 1). Within each animal group, the

contractions to KCl and those to phenylephrine were not
di�erent between the di�erent experimental conditions (Table
1). In both young and aged rats, all preparations were

contracted with phenylephrine (30 nM to 30 mM) to reach a
comparable relative degree of tone, de®ned as 50% of the
response of each preparation to KCl (120 mM; Table 1).

In the aged rat aorta, increasing concentrations of

acetylcholine (ACh) caused biphasic responses, characterized
by a ®rst phase of relaxation at low concentrations (from
10 nM to 1 mM), and followed by a contractile response at

higher concentrations (from 3 to 100 mM) (Figure 1).
Indomethacin (0.3 mM) signi®cantly augmented the ®rst phase
of relaxation to ACh (P=0.003) and abolished the contrac-

tions induced by high concentrations of ACh (P=0.0001;
Figure 1A). If the preparations from aged rats were brought
back to initial conditions and were then challenged again with

ACh, indomethacin only impaired signi®cantly the contrac-
tions induced by high concentrations of ACh (3 to 100 mM;
P=0.02), while the relaxations observed at of lower ACh
concentrations remained una�ected (10 nM to 1 mM; P=0.67)

(Figure 1B). In aorta from young animals, ACh evoked a
complete relaxation which was not a�ected by indomethacin
(P=0.61; Figure 1C; Table 1).

Next, the e�ects of preferential inhibitors of either COX-1
(valeryl salicylate, VAS, 3 mM), or COX-2 (NS-398, 1 mM) on
the response to ACh were investigated (Figure 2; Table 1). In

aged rats, VAS signi®cantly impaired the contractions to high
concentrations of ACh (3 to 100 mM; P=0.022), but had no
e�ect on the relaxations evoked by low concentrations of the
agonist (10 nM to 1 mM; P=0.58) (Figure 2A). Unlike VAS,

NS-398 augmented the relaxation phase evoked by ACh
(10 nM to 1 mM, P=0.04) and signi®cantly decreased the
contractions observed at higher concentrations of ACh (3 to

100 mM; P=0.027) (Figure 2A). In young animals, the

Table 1 Contractions to phenylephrine (Phe) and relaxation to ACh in aortic rings with endothelium from young and aged animals
(n=8 each)

Young rats Aged rats
Max KCl Phe Phe ACh ACh max Max KCl Phe Phe ACh max

Conditions (mg) (mg) (% KCl) log IC50 (%) (mg) (mg) (% KCl) (%)

Control 1650+105 938+123 53+6 76.96+0.31 83+6 3556+193 1830+182 51+4 ±
Indom (0.3mM) 1656+70 911+124 55+6 76.61+0.21 79+6 3297+162 1947+216 59+5 85+5
VAS (3 mM) 1678+130 953+165 57+7 77.40+0.33 76+7 3890+231 1808+292 46+5 64+3
NS-398 (1mM) 1651+155 767+130 46+7 76.56+0.17 83+4 3530+317 1658+257 47+4 ±
SQ-29584 (1mM) 1675+128 829+120 51+3 76.70+0.20 87+4 3461+224 1627+152 47+4 68+4
P value 0.99 0.72 ± 0.20 0.91 0.58 0.97 ± ±

Experiments were performed either under control conditions or in the presence of indomethican (Indom), valerylsalicylate (VAS), NS-
398 or SQ-29548. The maximal response to KCl 120mM (Max KCl; given as mg increase in tension), obtained at the beginning of the
experiment is also given for each experimental condition. The contractions to Phe (30 nM to 30 mM) are given either as mg increase in
tension or as per cent of the response to KCl. The maximal response (ACh max) could not be obtained in some preparations from aged
rats (control and NS-398) because the concentration-response curves were biphasic. ANOVA analysis (calculated to compare more than
two means) indicated for each agonist no statistical di�erence among the conditions (P40.05)
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relaxation to ACh was una�ected by VAS (P=0.82) and by
NS-398 (P=0.71) (Figure 2B, Table 1).

The thromboxane-endoperoxide receptor antagonist SQ-

29548 (1 mM) signi®cantly augmented the relaxations to ACh
(10 nM to 1 mM) in aortic rings from aged rats (P=0.03; Figure
3A). In addition, SQ-29548 abolished the contractions

observed at higher concentrations of ACh (3 to 100 mM;
Figure 3A). On the contrary, SQ-29548 did not a�ect the
response to ACh in young rats (P=0.43; Figure 3B; Table 1).

Since the endothelial dysfunction in ageing was improved
following blockade of thromboxane-endoperoxide receptors,
the response of vascular smooth muscle to the thromboxane
analogue U-46619 (0.1 nM to 3 mM) was examined in rings

without endothelium from young and aged rats. The EC50

values obtained for U-46619 were comparable between
preparations from young and aged rats (P=0.37; Table 2).

The maximal response to U-46619 was signi®cantly greater in

old rats as compared with young animals (P=0.0001), but

when expressed as per cent of the response to KCl (120 mM)
there was no longer a signi®cant di�erence between the two
groups (P=0.12; Table 2).

Prostaglandins and thromboxane B2 measurement

ACh (100 mM) stimulated the release of prostacyclin in aortic

rings of aged (P=0.002) and young (P=0.006) rats (Figure
4A). The prostacyclin release was greater in rings from aged
animals (P=0.01) (Figure 4A). In both aged and young

animals, the ACh-stimulated prostacyclin release was en-
dothelium-dependent (P=0.0002; P=0.029) and was signi®-
cantly decreased by indomethacin (0.3 mM; P=0.007; P=0.04)
or valeryl salicylate (3 mM; P=0.007; P=0.04), respectively.

However, NS-398 (1 mM) decreased the ACh-stimulated
prostacyclin release in preparations from aged animals
(P=0.01), but not in those from young rats (P=0.45) (Figure

4A). After stimulation with ACh the release of prostacyclin

Figure 1 E�ect of indomethacin (0.3 mM) on the relaxation evoked by ACh during contraction to phenylephrine in aortic rings with
endothelium from aged (A, n=6; B, n=5) and young rats (C, n=6). (B) The preparations were challenged ®rst with ACh before
investigating again the full concentration response curve. The relaxations to ACh are expressed as percent inhibition of the
contraction to phenylephrine and are given as mean+s.e.mean. The asterisk (*) indicates a signi®cant di�erence in the response to
ACh between control preparations and those exposed to indomethacin (p=0.001 for A and B).

Figure 2 E�ect of valeryl salicylate (VAS; 3 mM) and NS-398 (1 mM)
on the relaxation induced by ACh in aortic rings with endothelium
from aged (A) and young rats (B). The relaxations to ACh are
expressed as per cent inhibition of the contraction to phenylephrine
and are given as mean+s.e.mean. The # sign indicates a signi®cant
di�erence in aged rats between the response to ACh (3 to 100 mM)
under control preparations and that after exposure to VAS
(P=0.022). The asterisks (*) indicates a signi®cant di�erence in aged
rats between the response to ACh (10 nM to 100 mM) under control
preparations and that after exposure to NS-398 (P=0.008).

Figure 3 E�ect of SQ-29548 (1 mM) on the relaxation to ACh in
aortic rings with endothelium from aged (A; n=6) and young rats (B;
n=6). The relaxations to ACh are expressed as per cent inhibition of
the contraction to phenylephrine and are given as mean+s.e.mean.
The asterisks (*) indicate a statistically signi®cant di�erence in aged
rats between the response to ACh (10 nM to 100 mM) under control
preparations and that following exposure to SQ-29548 (P=0.001).
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from aged preparations exposed to NS-398 was comparable to

that of control aortas from young rats (P=0.89).
ACh also stimulated the release of prostaglandin F2a in

aortic rings of aged (P50.001) and young (P=0.04) rats

(Figure 4B). This e�ect was also greater in rings from aged
animals as compared with young (P=0.001) (Figure 4B). Both
in aged and young animals, the ACh-stimulated release of

prostaglandin F2a was endothelium-dependent (P=0.0001;
P=0.05) and was signi®cantly reduced by indomethacin
(0.3 mM; P=0.0001; P=0.05) or VAS (3 mM; P=0.0001;
P=0.04), respectively. However, NS-398 (1 mM) decreased the

ACh-stimulated release of prostaglandin F2a in aortic rings of

aged animals (P=0.002), but not in those from young rats
(P=0.86) (Figure 4B). Following stimulation with ACh, the

release of prostaglandin F2a from aged rat preparations
exposed to NS-398 was comparable to that of control aortas
from young rats (P=0.98).

ACh (100 mM) increased the release of thromboxane in
aortic rings of aged rats (P=0.005) (Figure 4C). This e�ect was
endothelium-dependent (P=0.0004) and signi®cantly was

reduced by indomethacin (0.3 mM; P=0.0001), valeryl salicy-
late (3 mM; P=0.005) or NS-398 (1 mM; P=0.03) (Figure 4C).
In young animals, there was no di�erence between thrombox-
ane release obtained under basal conditions and that obtained

following ACh stimulation (P=0.49).

Immunohistochemistry

Immunohistochemistry studies were performed to con®rm the
results obtained with the preferential COX-1 and COX-2

inhibitors in organ chambers and to gather substantial
information regarding the cellular location of the COX
isoforms in the vessel wall of aged and young animals.

In aortas from young rats, COX-1 expression was observed

mainly in endothelial cells (Figure 5A) but COX-2 isoform was
undetectable (Figure 5C). In aortas from aged rats, COX-1
was expressed in both endothelial and smooth muscle cells

(Figure 5B), while COX-2 expression was detected in
endothelial cells only (Figure 5D). COX-1 staining appeared
to be spread throughout the cellular compartment in

endothelial cells from both young and aged animals, while
COX-2 labelling seemed to be preferentially localized in a
limited region of aortic endothelial cells from aged rats.

Discussion

The present study demonstrates the contribution of COX-1
and COX-2 in endothelial dysfunction observed in ageing and
the subsequent activation of thromboxane-endoperoxide

receptors.
The present results con®rm the impairment of endothelium-

dependent relaxations to ACh in the aorta of normotensive

aged rats, as observed earlier (Hongo et al., 1988; Moritoki et
al., 1986). In addition, the e�ect of the cyclo-oxygenase
inhibitor indomethacin observed in the present study is in
agreement with previous data obtained in aged (Koga et al.,

1988) or in spontaneously hypertensive rats (LuÈ scher &
Vanhoutte, 1986b; Mombouli & Vanhoutte, 1993). The
present results show that both isoforms of cyclo-oxygenase

(the constitutive COX-1 and the inducible COX-2) contribute
to the endothelial dysfunction in the aorta of aged rats. This
conclusion is based on the di�erent e�ects observed for

indomethacin and the preferential inhibitors of each isoform
(valeryl salicylate and NS-398). The detection of COX-2 in
endothelial cells from aged ± but not from young ± animals

(this study) and in senescent cultured endothelial cells

Table 2 Contractions to the thromboxane analogue U-46619 in aortic rings without endothelium from young and aged rats (n=6
each)

Max KCl U-46619 U-46619 U-46619
(mg) maximum (mg) maximum (% KCl) EC50

Young rats 1616+194 2698+185 167+8 78.41+0.30
Aged rats 3780+194 5859+332 155+4 78.23+0.40

The maximal response to KCl (120mM, Max KCl; obtained at the begining of the experiment) is also given for each experimental
condition. The maximal response to U-46619 is given either in mg increase in tension or as per cent of the response to KCl (120mM).

Figure 4 Release of prostacyclin (A), prostaglandin F2a (B) and
thromboxane A2 (C) in the organ chamber medium under basal
conditions or following stimulation with ACh (100 mM; 30 min) in
aortic rings with or without endothelium of aged (n=5±8) and
young rats (n=4±8). Experiments on rings with endothelium
exposed to ACh were performed either under control conditions, or
in the presence of indomethacin (0.3 mM), valeryl salicylate (VAS;
3 mM) or NS-398 (1 mM). The asterisk indicates a statistically
signi®cant di�erence when compared to the ACh-stimulated release
of PGl2 (PGF2a or TXB2) from control preparations with
endothelium of young and aged rats. The # sign indicates a
statistically signi®cant e�ect of ACh when compared to the release
of PGl2 (PGF2a or TXB2) observed in unstimulated control
preparations with endothelium of young or aged rats.
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(Gar®nkel et al., 1994) further reinforces this interpretation.

The present study shows that both indomethacin and the
COX-2 inhibitor NS-398, but not the COX-1 inhibitor valeryl
salicylate, signi®cantly augmented the relaxation to low

concentrations of ACh. The rebound in the ACh response
observed at larger concentrations is abolished either by
indomethacin or the COX-1 inhibitor valeryl salicylate.
However, although the COX-2 inhibitor NS-398 impaired the

contractions evoked by ACh, the full concentration-response
curve to the agonist remained biphasic under these conditions.
Therefore, COX-2 products are likely to contribute to the

endothelial dysfunction at low concentrations of ACh (below
1 mM) while COX-1 products would be involved in the second
phase following exposure to high concentrations of ACh

(larger than 3 mM). Furthermore, the contribution of COX-2 to
the endothelium-dependent response to ACh in ageing is
consistent with previous observations showing that COX-2

activation could be involved in immediate biosynthesis of
arachidonic acid metabolites following receptor activation
(Murakami et al., 1999; Saunders et al., 1999). The subtle
di�erence in subcellular localization of the cyclo-oxygenase

isoforms reported earlier (Spencer et al., 1998; Vane et al.,
1998) may also contribute to their separate involvement in the
response to ACh observed in the present study. An additional

possibility is that the two isoforms expressed in ageing may be
coupled to distinct phospholipases A2 and thus, to di�erent
arachidonic acid pools, as suggested by previous studies from

Reddy & Herschman, (1997) and Murakami et al. (1999).
Alternatively, the distinct involvement of COX-2 and COX-1
in the ACh response may be explained by the fact that COX-2
is more active when arachidonic acid concentrations are low,

while COX-1 is active when substrate concentrations are high,
as demonstrated by previous results obtained with CHO cells
transfected with COX-1 and COX-2 (Murakami et al., 1999).

Activation of the thromboxane-endoperoxide receptor
contributes to the endothelial dysfunction in ageing, as
evidenced by the signi®cant e�ect of SQ-29548 on both phases

of the response to ACh. This result contrasts with the lack of

e�ect of another thromboxane receptor antagonist (SQ-30741)
in the aorta of aged Wistar-Kyoto rats (KuÈ ng & LuÈ scher,
1995). The discrepancy between these two studies may be

related to the fact that the Wistar-Kyoto rats were 17 month-
old, as compared to the 24 month-old rats of the present
results. However, di�erences in the experimental protocol
cannot be ruled out. Indeed, we observed that the endothelial

dysfunction to ACh in ageing was not as severe when the
preparations were challenged twice with ACh. The fact that
both isoforms are susceptible to suicide inactivation (Smith et

al., 1996) suggests that in aged aortic endothelial cells, cyclo-
oxygenases may be less able to process the arachidonic acid
substrate during the second ACh challenge and subsequently

release lower amounts of metabolites. This interpretation
would not only ®t with the smaller indomethacin-sensitive
component of the relaxation observed in aortic rings

challenged twice with ACh but it could also help to explain
the lack of e�ect of a thromboxane receptor antagonist in the
study by KuÈ ng & LuÈ scher (1995).

In the present study, the thromboxane receptor antagonist

augmented the relaxation to low concentrations of ACh and
also abolished the contractions observed at higher concentra-
tions of the agonist. This e�ect was associated with increased

release of arachidonic acid metabolites (thromboxane A2 and
prostaglandin F2a) following ACh stimulation of aortas from
aged rats. The present data and those by Dorn et al. (1992)

suggest that these metabolites may contribute to the
impairment of endothelium-dependent responses in aged rats.
A possible increased sensitivity of ageing aortic vascular

smooth muscle to thromboxane-endoperoxide receptor activa-
tion can be ruled out since the characteristics of response to the
thromboxane analogue U-46619 were similar in preparations
from young and aged animals. However, the present study

does not exclude the possibility that other ligands of
thromboxane receptors, such as the endoperoxide prostaglan-
din H2, may contribute to the endothelial dysfunction. In

addition, the augmented aortic release of prostacyclin
observed in the present study could also participate in the
thromboxane receptor activation and to the endothelial

dysfunction in ageing, as suggested earlier in the aorta from
hypertensive rats (Williams et al., 1994; Rapoport & Williams,
1996). Furthermore, despite the obligatory role of the
endothelium in the ACh-stimulated release of arachidonic

acid metabolites, we cannot rule out the possibility of a
transcellular production of these metabolites within the vessel
wall (Karim et al., 1996).

In young rats, the endothelium-dependent relaxations to
ACh were una�ected by indomethacin or VAS, while these
compounds signi®cantly decreased the production of prosta-

glandins (PGI2 and PGF2a) under these conditions. This
discrepancy may be explained by the fact that the amount of
prostaglandins released in the incubation medium does not

reach a concentration high enough to mediate a detectable
vasoactive e�ect.

In conclusion, the present study shows that inhibition of
cyclo-oxygenase-1 and cyclo-oxygenase-2 in aortas from aged

animals improves the endothelium-dependent response to
ACh. These data suggest that both isoforms may have a
deleterious e�ect on endothelial function in ageing.
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Figure 5 Representative immunohistochemistry (of three separate
experiments) investigating the expression of Cox-1 (A,B) and Cox-2
(C,D) in aortas from young (A,C) and aged (B,D) rats. The arrows
indicate the cellular location of the labelled cyclo-oxygenase isoforms.
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