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1 Isometric tension was recorded in isolated rings of aorta, carotid, coronary and mesenteric arteries taken from endothelial nitric oxide synthase knockout mice (eNOS(7/7) mice) and the corresponding wild-type strain (eNOS(+/+) mice). The membrane potential of smooth muscle cells was measured in coronary arteries with intracellular microelectrodes. 2 In the isolated aorta, carotid and coronary arteries from the eNOS(+/+) mice, acetylcholine induced an endothelium-dependent relaxation which was inhibited by No-L-nitro-arginine. In contrast, in the mesenteric arteries, the inhibition of the cholinergic relaxation required the combination of No-L-nitro-arginine and indomethacin. 3 The isolated aorta, carotid and coronary arteries from the eNOS(7/7) mice did not relax in response to acetylcholine. However, acetylcholine produced an indomethacin-sensitive relaxation in the mesenteric artery from eNOS(7/7) mice. 4 The resting membrane potential of smooth muscle cells from isolated coronary arteries was signi®cantly less negative in the eNOS(7/7) mice (764.8+1.8 mV, n=20 and 758.4+1.9 mV, n=17, for eNOS(+/+) and eNOS(7/7) mice, respectively). In both strains, acetylcholine, bradykinin and substance P did not induce endothelium-dependent hyperpolarizations whereas cromakalim consistently produced hyperpolarizations (77.9+1.1 mV, n=8 and 713.8+2.6 mV, n=4, for eNOS(+/+) and eNOS(7/7) mice, respectively). 5 These ®ndings demonstrate that in the blood vessels studied: (1) in the eNOS(+/+) mice, the endothelium-dependent relaxations to acetylcholine involve either NO or the combination of NO plus a product of cyclo-oxygenase but not EDHF; (2) in the eNOS(7/7) mice, NO-dependent responses and EDHF-like responses were not observed. In the mesenteric arteries acetylcholine releases a cyclo-oxygenase derivative. Keywords: Cyclo-oxygenase products; EDHF; endothelium; eNOS knockout mice; nitric oxide; smooth muscle Abbreviations: EDHF: endothelium-derived hyperpolarizing factor; eNOS: endothelial nitric oxide synthase; eNOS(7/7) mice: endothelial nitric oxide synthase knock-out mice; eNOS(+/+) mice: wild-type strain mice; L-NA: No-nitro-Larginine



Introduction The production by the endothelial cells of vasoactive substances, such as nitric oxide (NO; Furchgott & Zawadzki, 1980; Palmer et al., 1987), prostacyclin (Moncada & Vane, 1979) and a still unidenti®ed molecule, endothelium-derived hyperpolarizing factor (EDHF; Chen et al., 1988; FeÂleÂtou & Vanhoutte, 1988; Taylor & Weston, 1988), contributes to the local regulation of vascular tone. The relative importance of these factors for endothelium-dependent vasodilation depends on the size of the blood vessels and the vascular bed investigated. In resistance arteries, the contribution of EDHF to endothelium-dependent vasodilation may be major (Nagao et al., 1992; Bauersachs et al., 1996; Garland & Plane, 1996; Shimokawa et al., 1996). Chronic inhibition of nitric oxide synthase (NOS) has increased vascular resistance in all species studied. This was associated with an increase in blood pressure in rats and pigs but no such changes in rabbits and dogs (Oliveira et al., 1992; Cayatte et al., 1994; Ito et al., 1995; Puybasset et al., 1995).



However, since inhibitors of NO production are not selective, and the three isoforms of NOS are inhibited during chronic treatment with those drugs, the cardiovascular changes observed are not necessarily linked to the inhibition of the endothelial isoform. In contrast, disruption of the gene encoding the eNOS in mice produces a speci®c suppression of endothelial NO production and an increase in systemic blood pressure (Huang et al., 1995). EDHF may act as a back-up mechanism when the endothelial production of NO is impaired (Kilpatrick & Cocks, 1994; Corriu et al., 1998). Conversely, NO may regulate the production and the e€ect of EDHF (Olmos et al., 1995; Mombouli et al., 1996a; Popp et al., 1996; Kristof et al., 1997). The purpose of the present work was to address these two possibilities by studying endothelium-dependent relaxations and hyperpolarizations in isolated arteries of mutant eNOS(7/7) mice and the corresponding control wild-type strain (eNOS(+/+) mice).



Methods * Author for correspondence. 4 Current address: Department of Pharmacology, Groupe Hospitalier PitieÂ-SalpeÃtrieÁre, 75013 Paris, France



C57BL6 mice (wild-type strain; eNOS(+/+) mice) and homozygotous mutant mice lacking the gene for endothelial
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NOS (eNOS(7/7), I€a Credo, L'Arbresle, France), 8 ± 10 weeks of age, were used for the study. The generation of eNOS de®cient mice has been described elsewhere (Huang et al., 1995). The mice were maintained under pathogen-free conditions in ®lter-topped cages in an air-conditioned room at 21+18C, fed a standard laboratory diet and given water ad libitum.



Contraction eNOS (+/+) and eNOS(7/7) mice were killed by CO2 inhalation. The aorta and the carotid, left anterior coronary and mesenteric (®rst order) arteries were removed and dissected free of adherent connective tissues. Aortic rings (4 mm in length) were suspended in organ chambers and segments of the other vessels (2 mm in length for carotid and mesenteric arteries, 1.5 ± 3 mm for the coronary artery depending on the branching pattern) were mounted in a microvessel myographs for isometric tension recording (Mulvany & Halpern, 1977). Blood vessels were immersed in Krebs' Ringer bicarbonate solution (378C, aerated with a 95% O2/5% CO2 gas mixture, pH 7.4) of the following composition (in mM): NaCl 118.3; KCl 4.7; CaCl2 2.5; MgSO4 1.2; KH2PO4 1.2; NaHCO3 25; calcium-disodium EDTA 0.026 and glucose 11.1 (control solution). Segments were stretched step by step and contracted repeatedly with KCl (60 mM) until maximal and reproducible contractions were obtained (FeÂleÂtou and Teissere 1990). A passive tension of approximately 1000 mg was exerted on the aortas and 100 ± 200 mg on the other arteries. Under these conditions, the imposed diameter of the carotid, mesenteric and coronary arteries was 250, 120 and 70 mm, respectively. After a 45 min equilibration period, endothelium-dependent relaxations to acetylcholine were studied. Aortic rings were contracted with noradrenaline (1 ± 10 mM) and carotid arteries with U 46619 (10 ± 30 nM), in order to achieve a level of tension representing 50 ± 80% of the reference contraction to KCl (60 mM). Cumulative concentration-response curves (1 nM or 10 nM to 100 mM) were performed in these two arteries. Successive concentrations of acetylcholine were applied after stabilization of the relaxation or every 5 min. Murine mesenteric and coronary arteries were contracted with noradrenaline (3 mM) and U 46619 (100 nM), respectively. In preliminary experiments, complete acetylcholine-relaxation curve in mesenteric and coronary arteries were tentatively performed. A sustained level of tension, in all the murine arteries studied, was di�cult to obtain. In contrast to the aorta and the carotid artery, in which acetylcholine-induced relaxation could easily be di€erentiated from a spontaneous decrease in tone, in the mesenteric and coronary arteries the maximal amplitude of acetylcholine-induced relaxation represented only 30 ± 50% of the precontracted level. By using a single, supramaximal concentration of acetylcholine (10 mM), it was easier to evaluate the e€ects of No-nitro-Larginine (L-NA) or/and indomethacin. Indeed, the e€ect of this single concentration of acetylcholine produced fast and sharp relaxation which could not be mistaken for a spontaneous decrease in tone. The incubation time with the various inhibitors studied (L-NA and/or indomethacin) was at least 30 min. At the end of the experiment, maximal relaxation was obtained with sodium nitroprusside (1 mM). In some arterial rings the endothelium was mechanically removed (aorta: with jeweller forceps; other arteries: by inserting a human hair into the lumen) to verify the endothelium-dependency of the relaxation induced by acetylcholine (10 mM).



Endothelium and eNOS knockout mice



Electrophysiology Segments of left anterior descending coronary artery (luminal diameter: 70 ± 90 mm) were pinned down to the bottom of an organ chamber (0.5 ml in volume) and superfused at a constant ¯ow (2.5 ml min71) with modi®ed Krebs' Ringer bicarbonate solution. Care was taken to preserve the integrity of the endothelium. In preliminary experiments, the preservation of the endothelial lining was veri®ed histologically in preparations ®xed in Bouin solution and stained with either haematein and eosin or Masson trichrome at the end of the electrophysiological study (data not shown). Smooth muscle cell impalements were performed from the adventitial side of the vessels. The transmembrane potential was recorded with glass capillary microelectrodes (tip resistance of 30 ± 90 MO) ®lled with KCl (3 M) connected to the headstage of a recording ampli®er (Intra 767, World Precision Instruments Ltd, New Haven, CT, U.S.A.) equipped with capacitance neutralization; an Ag/AgCl pellet, in contact with the bath solution and directly connected to the ampli®er, served as the reference electrode. The electrophysiological signal was continuously monitored on an oscilloscope (3091 Nicolet, Madison, WI, U.S.A.) and simultaneously recorded on paper (Gould, Valley View, OH, U.S.A.) and on a video recorder (TEAC XR310, Tokyo, Japan). Successful impalements were signalled by a sudden negative drop in potential from the baseline (zero potential reference) followed by a stable negative potential for at least 3 min.



Drugs The drugs used were: noradrenaline hydrochloride, acetylcholine chloride, bradykinin, indomethacin, No-nitro-L-arginine (L-NA), sodium nitroprusside (Sigma, La VerpilleÁre, France); substance P (Bachem, Voisins-Le-Bretonneux, France); U 46619 (9,11-dideoxy-9a, 11a-methanoepoxyprostaglandin F2a, Cayman Chemical Company, Ann Arbor, MI, U.S.A.). Cromakalim and SIN-1 were synthesized in the chemistry department of the Servier Research Center (Suresnes, France). Indomethacin was dissolved in deionized water with an equimolar concentration of Na2CO3. Cromakalim was dissolved in equivalent volumes of deionized water and propylene glycol. SIN-1 was prepared in methanol. U 46619 was solubilized in ethanol. Final concentrations of propylene glycol, methanol and ethanol in the bath were respectively 6.8, 25 and 0.2 mM. The other drugs were dissolved in distilled water.



Statistics Data are shown as mean+s.e.mean. n indicates the number of animals from which arteries were taken. Statistical analysis was performed using Student's t-test for paired or unpaired observations. Di€erences were considered to be statistically signi®cant when P was less than 0.05.



Results Contraction The contractions induced by KCl (60 mM) were not signi®cantly di€erent in arteries from eNOS(+/+) and eNOS(7/7) mice (contraction, in arteries from eNOS(+/ +) and eNOS(7/7) mice, respectively: aorta: 910+110 mg, n=13 and 890+210 mg, n=11; carotid arteries: 52+13 mg, n=5 and 77+18 mg, n=6; coronary arteries: 20+3 mg, n=17
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and 21+3 mg, n=17; mesenteric arteries: 54+5 mg, n=18 and 54+5 mg, n=20). Isolated rings of aorta and carotid arteries from both strains were studied in control solution or in the presence of L-NA (100 mM), indomethacin (5 mM), or the combination of both inhibitors. Aortic rings were contracted with noradrenaline (1 ± 10 mM) and carotid arteries with U 46619 (10 ± 30 nM), in order to achieve a level of tension representing 50 ± 80% of the reference contraction to KCl (60 mM). Acetylcholine (10 nM to 100 mM) induced endothelium-dependent relaxations in aortas and carotid arteries from the eNOS(+/+) mice but not in those from eNOS(7/7). In the eNOS(+/+), these relaxations were una€ected by indomethacin but were blocked by LNA or by the combination of the two inhibitors (Figure 1 and 2). In the eNOS(7/7), the decrease in tension was not signi®cantly di€erent from that observed in time-matched controls (data not shown). Mesenteric arteries were contracted with noradrenaline (3 mM). The contractile response was signi®cantly larger in mesenteric arteries from the eNOS(7/7) mice (48+4 mg, n=33 and 67+7 mg, n=31, in eNOS(+/+) and eNOS(7/7) mice, respectively, P50.05). The addition of L-NA (100 mM) induced a further increase in tension in mesenteric arteries from eNOS(+/+) but not in eNOS(7/7) mice (+14+7 mg, n=7 and 78+6 mg, n=8 in eNOS(+/+) and eNOS(7/7) mice, respectively). Indomethacin (5 mM) decreased the contractile response to noradrenaline in eNOS(+/+) mice but did not in¯uence the level of tension in the eNOS(7/7) mice. The combination of L-NA and indomethacin provoked an increase in tension in arteries in eNOS(+/+) mice but not



Figure 1 Concentration-relaxation curves to acetylcholine in aortas with endothelium from eNOS(+/+) (upper panel; n=13) and eNOS(7/7) mice (lower panel; n=11) in the absence and presence of indomethacin (5 mM) and/or No-nitro-L-arginine (L-NA, 100 mM). Data are shown as means+s.e.mean.
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in eNOS(7/7) mice (+13+4 mg, n=10 and 73+11 mg, n=7 in eNOS(+/+) and eNOS(7/7) mice, respectively). Acetylcholine (10 mM) induced relaxation in the mesenteric arteries from both strains. In the wild-type strain the relaxation to acetylcholine was not signi®cantly a€ected by indomethacin or L-NA but was abolished by the combination of the two inhibitors. In mesenteric arteries from eNOS(7/7) mice, acetylcholine-induced relaxation was not a€ected by L-NA but was signi®cantly inhibited either by indomethacin or the combination of both inhibitors (Figure 3). Coronary arteries were contracted with U 46619 (100 nM). The contractile response was signi®cantly larger in coronary arteries from the eNOS(7/7) mice (27+3 mg, n=25 and 45+7 mg, n=28, in eNOS(+/+) and eNOS(7/7) mice, respectively). The addition of L-NA (100 mM) induced a further increase in tension in coronary arteries in eNOS(+/+) but not in eNOS(7/7) mice (+17+4 mg, n=5 and +2+1 mg, n=6 in eNOS(+/+) and eNOS(7/7) mice, respectively). Indomethacin (5 mM) did not signi®cantly a€ect the contractile response to U 46619 in either strain. The combination of L-NA and indomethacin provoked an increase in tension in eNOS(+/+) mice but not in eNOS(7/7) mice (+8+1 mg, n=7 and 76+2 mg, n=6 in eNOS(+/+) and eNOS(7/7) mice, respectively). Acetylcholine (10 mM) induced relaxation in the coronary artery from eNOS(+/+) mice. This relaxation was una€ected by indomethacin but was inhibited by L-NA or by the combination of both inhibitors. In coronary arteries from eNOS(7/7) mice, acetylcholine did not produce any signi®cant relaxations either in control or in presence of inhibitors (Figure 4).



Figure 2 Concentration-relaxation curves to acetylcholine in carotid arteries with endothelium from eNOS(+/+) (upper panel; n=5 ± 6) and eNOS(7/7) mice (lower panel; n=4 ± 5) in the absence and presence of indomethacin (5 mM) and/or No-nitro-L-arginine (L-NA, 100 mM). Data are shown as means+s.e.mean.
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Sodium nitroprusside (1 mM) induced complete relaxation in all the arteries studied from both strains (data not shown).



Endothelium and eNOS knockout mice



Under control conditions, the resting membrane potential of eNOS(+/+) mice coronary arterial smooth muscle cells was not altered signi®cantly by the presence of L-NA and/or indomethacin (Table 1). In eNOS(7/7) mice, under control conditions, the resting membrane potential of the coronary arterial smooth muscle cells was signi®cantly less negative. This value was not altered signi®cantly by the presence of LNA and/or indomethacin (Table 1). In coronary smooth muscle cells from eNOS(+/+) mice, acetylcholine (1 mM) did not modify the resting membrane potential in the absence or the presence of L-NA and/or indomethacin. At a higher concentration (10 mM), acetylcholine induced a depolarization of the smooth muscle cells in approximately 50% of the cells (®ve depolarizations in nine blood vessels studied) in control solution and in the presence of



(Table 2) which was in some cases accompanied by a rhythmic activity (Figure 5). The depolarization was observed in only one artery treated with indomethacin or L-NA plus indomethacin (one depolarization in seven blood vessels studied; Table 2). Substance P (100 nM) and bradykinin (100 nM) did not in¯uence the resting membrane potential. In two smooth muscle cells out of twelve, SIN-1 (10 mM) induced a marked hyperpolarization (75 and 79 mV) but no signi®cant changes in the other cells (data not shown). In contrast, cromakalim (10 mM) induced a signi®cant hyperpolarization under the various experimental conditions (Figure 5, Table 2). In coronary smooth muscle cells from eNOS(7/7) mice, the e€ects of acetylcholine (1 mM) bradykinin (100 nM), substance P (100 nM), SIN-1 (10 mM) and cromakalim (10 mM) were qualitatively and quantitatively similar to those observed in eNOS(+/+) mice (Figure 5, Table 2). Acetylcholine (10 mM) induced a depolarization of the smooth muscle cells in six out of seven blood vessels studied, either under control conditions or in the presence of L-NA (Table 2), which was in



Figure 3 Acetylcholine (10 mM)-induced relaxations in mesenteric arteries with endothelium from eNOS(+/+) (upper panel; n=8 ± 10) and eNOS(7/7) mice (lower panel; n=8 ± 9), in the absence and presence of indomethacin (5 mM) and/or No-nitro-L-arginine (L-NA, 100 mM). Data are shown as means+s.e.mean. Asterisks indicate a statistically signi®cant di€erence with the corresponding control value.



Figure 4 Acetylcholine (10 mM)-induced relaxations in coronary arteries with endothelium from eNOS(+/+) (upper panel; n=6 ± 8) and eNOS(7/7) mice (lower panel; n=6 ± 8), in presence or not of indomethacin (5 mM) and/or No-nitro-L-arginine (L-NA, 100 mM). Data are shown as means+s.e.mean. Asterisks indicate a statistically signi®cant di€erence with the corresponding control value.
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Table 1 Resting membrane potential (mV) in coronary artery smooth muscle cells from eNOS(+/+) and eNOS(7/7) mice



eNOS (+/+) eNOS (7/7)



Control (mV)



L-NA (mV)



Indo. (mV)



L-NA+Indo. (mV)



764.8+1.8 (n=10) 758.4+1.9* (n=12)



765.5+3.3 (n=5) 763.3+1.6 (n=6)



761.4+1.8 (n=7) 758.5+2.5 (n=5)



763.9+1.3 (n=5) 760.3+2.0 (n=5)



Data are shown as means+s.e.mean. n indicates the number of tissues taken from di€erent mice. Experiments were performed in the presence or absence of No-L-nitro-arginine (L-NA, 100 mM) or/and indomethacin (Indo, 5 mM). The asterisk indicates a statistically signi®cant di€erence between eNOS (+/+) and eNOS (7/7) mice.
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Table 2 Changes in membrane potential induced by acetylcholine SIN-1 and cromakalin in coronary artery smooth muscle cells from eNOS (+/+) and eNOS (7/7) mice Control (mV) eNOS (+/+) eNOS (7/7) eNOS (+/+) eNOS (7/7) eNOS (+/+) eNOS (7/7)



Acetylcholine (10 mM) SIN-1 (10 mM) Cromakalin (10 mM)



+4.2+2.6 (n=5) +6.3+1.1 (n=4) +1.7+0.3 (n=3) +4.0+2.5 (n=3) 77.9+1.1 (n=8) 713.8+2.6 (n=4)



L-NA (mV) +3.5+2.5 (n=4) +7.7+3.0 (n=3) 73.0+2.1 (n=4) 0.0+1.5 (n=3) 78.3+2.3 (n=4) 711.3+1.5 (n=6)



Indo. (mV)



L-NA+Indo. (mV)



70.3+1.7 (n=3) +0.7+1.7* (n=3) 70.5+2.5 (n=2) 72.3+2.0 (n=3) 712.0+2.7 (n=5) 712.3+5.2 (n=4)



71.0+1.1 (n=4) +2.0+2.1 (n=3) 71.3+2.0 (n=3) 71.3+2.8 (n=3) 710.6+1.6 (n=4) 717.8+4.3 (n=4)



Data are shown as means+s.e.mean. n indicates the number of tissues taken from di€erent mice. Experiments were performed in the presence or absence of No-L-nitro-arginine (L-NA, 100 mM) or/and indomethacin (Indo, 5 mM). The asterisk indicates a statistically signi®cant di€erences between control and treated tissues.



Figure 5 Original traces showing the e€ects of acetylcholine (ACh, 10 mM) and cromakalim (10 mM) on the resting membrane potential of smooth muscle cell from isolated coronary artery with endothelium taken from eNOS(+/+) (upper panel) or eNOS (7/7) mice (lower panel) mice.



some cases accompanied by a rhythmic activity. The depolarization was inhibited signi®cantly by indomethacin.



Discussion The disruption of the eNOS gene did not alter the intrinsic contractile properties of the smooth muscle cells, since isolated rings of aorta, carotid, mesenteric and coronary arteries from eNOS(7/7) mice developed a similar level of tension in response to KCl (60 mM) to that of corresponding arterial rings from eNOS(+/+) mice. The absolute value of the resting membrane potential of the coronary artery smooth muscle cells from eNOS(7/7) mice was less negative than that observed in eNOS(+/+) mice. The modest depolarization observed in smooth muscle cells from eNOS(7/7) mice is unlikely to be attributed to the disappearance of endothelial NO per se. Indeed, in both eNOS(7/7) and eNOS(+/+) mice as well as in various arteries from di€erent species, treatment of the isolated artery rings with either L-NA or indomethacin or their combination did not a€ect the resting membrane potential. Furthermore, in other species, endothelial denudation does not a€ect vascular smooth muscle membrane potential indicating that basal production of NO or/and cyclo-oxygenase products does not exert any modulatory role on the membrane potential of vascular smooth muscle cells (Parkington et al., 1993; 1995; Zygmunt et al.,



1994; Corriu et al., 1996). eNOS(7/7) mice have systemic arterial and moderate pulmonary hypertension (Huang et al., 1995; 1996; Steudel et al., 1997). Depolarization of the arterial smooth muscle cells has been associated with various experimental models of hypertension and may be linked to the physical strain exerted by high blood pressure on the blood vessel wall (Tomobe et al., 1991; Fujii et al., 1992; Morel et al., 1996; Vanheel & Van De Voorde, 1996). In mesenteric and coronary arteries from eNOS(+/+) mice, the addition of L-NA after stabilization of the contractile response produced either by noradrenaline or U 46619, the analogue of thromboxane A2, resulted in a further increase in tension indicating a basal endothelial release of NO and possibly the release of NO by activation of endothelial a2adrenoceptor (Cocks & Angus 1983; Thorin et al., 1998). In the corresponding arteries from eNOS(7/7) mice, the addition of L-NA did not produce a contraction, indicating the absence of endothelial NO production in these blood vessels. However, when compared with eNOS(+/+) mice, the contractile responses to noradrenaline and U 46619 observed in the mesenteric and the coronary arteries from eNOS(7/7) mice were signi®cantly larger. The di€erence observed was abolished after L-NA treatment demonstrating the role of endothelial NO release in modulating agonist-induced contraction of vascular smooth muscle. The endothelium-dependent relaxations induced by acetylcholine in the aorta, carotid and left anterior descending coronary arteries from eNOS(+/+) mice were abolished by acute inhibition of NOS indicating that, in these blood vessels, NO is the sole endogenous endothelium-derived vasodilator (Ku et al., 1996). This conclusion is stengthened by the disappearance of these relaxations in eNOS(7/7) mice, in agreement with previous studies (Huang et al., 1995; Faraci et al., 1998). In the isolated perfused murine heart, the vasodilatation produced by acetylcholine involved both NO and a cyclo-oxygenase derivative in eNOS(+/+) mice and only the latter in eNOS(7/7) mice (Godecke et al., 1998) which may indicate that the cyclo-oxygenase component is more proeminent in distal coronary arteries than in the left anterior decending coronary artery studied in the present work. Acetylcholine, bradykinin and substance P did not hyperpolarize the smooth muscle cells of the murine coronary artery, which, in conjunction with the absence of relaxations resistant to inhibitors of NOS and cyclo-oxygenase, indicates that EDHF does not contribute to endothelium-dependent relaxations in the various murine blood vessels studied. NO
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could suppress or regulate the expression of EDHF (Olmos et al., 1995; Mombouli et al., 1996a; Popp et al., 1996; Kristof et al., 1997) which has been described in various species as a back-up mechanism in case of dysfunction of the endothelial NO pathway (Kilpatrick & Cocks, 1994; Corriu et al., 1998). However, studies performed in eNOS(+/+) mice in presence of an inhibitor of NOS and eNOS(7/7) mice did not unmask an EDHF-like response. To date, the mouse, appears to be the only mammal studied so far that appears to lack an endothelium-dependent hyperpolarizing mechanism in isolated coronary arteries (for review: FeÂleÂtou & Vanhoutte, 1996). Compensatory mechanisms have been described in isolated perfused heart from eNOS(7/7) mice, in response to reactive hyperaemia, but the origin of these mechanisms is not known at present (Godecke et al., 1998). Although endothelium-dependent hyperpolarization could not be observed in murine coronary smooth muscle cells, cromakalim induced hyperpolarization of the coronary arteries of both murine strains, under all the experimental conditions tested. However, cromakalim activates ATPsensitive potassium channels while EDHF in most blood vessels, taken from other species, activates a di€erent but yet undetermined potassium conductance (Corriu et al., 1996). Therefore, this observation does not allow to determine whether the absence of EDHF-mediated responses lies in the absence of EDHF-synthesis/release by the endothelial cells or in the absence of the target for EDHF such as a speci®c population of potassium channel on the vascular smooth muscle cells. Exogenous NO released by SIN-1 produced a hyperpolarization in depolarized smooth muscle cells. Repolarization of the smooth muscle cells by endogenous release of NO or by the addition of nitrovasodilators in the absence of any hyperpolarizing e€ect has been described in other species (Tare et al., 1990; Vanheel et al., 1994). Sodium nitroprusside, another nitrovasodilator, consistently induced maximal relaxations in all the vessels studied from both murine strains. This is in agreement with previous studies demonstrating that the relaxing e€ect of exogenous NO, which can be attributed to activation of soluble guanylate cyclase, was not altered (and even enhanced) in eNOS(7/7) mice (Huang et al., 1995; Faraci et al., 1998). The endothelium-dependent relaxation induced by acetylcholine in the mesenteric arteries from eNOS(+/+) mice was partially blocked by the NOS inhibitor, as previously shown in the murine perfused mesenteric bed (Berthiaume et al., 1997). However, in contrast with the aorta and carotid arteries, a combined exposure to L-NA plus indomethacin was necessary to inhibit acetylcholine-induced relaxation fully. The cyclo-oxygenase component is unmasked only after NOS inhibition and the e€ects of the two endothelial mediators are not additive. Similar observations have been previously reported concerning the relative participation of NO and prostacyclin in the endothelium-dependent relaxations and hyperpolarizations of rat and guinea-pig arteries (Corriu et al., 1996; Zygmunt & HoÈgestaÈtt, 1996). In the mesenteric arteries
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from eNOS(7/7) mice, acetylcholine induced a relaxation which was insensitive to L-NA but abolished by indomethacin indicating that nitric oxide is not involved in this relaxation and that the products of cyclo-oxygenase present in mesenteric arteries from eNOS(+/+) mice can still be produced in eNOS(7/7) mice. An upregulation of the endothelial cyclooxygenases has been shown in dogs (COX-1) and rats (COX-2) chronically treated with inhibitors of NOS (Puybasset et al., 1996; Beverelli et al., 1997; Henrion et al., 1997). The present study was not designed to determine whether or not cyclooxygenase is upregulated in eNOS(7/7) mice. However, intravenous indomethacin injection does not modify systemic haemodynamic parameters either in eNOS(+/+) or in eNOS(7/7) mice (Steudel et al., 1997). In isolated mesenteric artery from both eNOS(+/+) and eNOS(7/7) mice, Thorin et al. (1998) have recently shown that an a2-adrenergic agonist could elicit NO-sensitive, endothelium-dependent relaxations which are resistant to cyclo-oxygenase inhibition. These experiments suggest that an endothelium-derived hyperpolarizing factor, whose release and/or production is reduced by NO, can be produced by the murine mesenteric endothelial cells. Whether or not this relaxation is due to the hyperpolarization of the underlying vascular smooth muscle cells remains to be determined. The speci®city of this response upon a2-adrenergic stimulation and the unusual occurrence of an endothelium-dependent relaxation markedly potentiated by a NOS inhibitor has to be further explored. Neuronal NO may compensate for the absence of endothelial NO during acetylcholine-induced dilatation of cerebral arterioles of eNOS(7/7) mice (Meng et al., 1996, 1998) and contribute to the increase in regional cerebral blood ¯ow in response to hypercapnia (Ma et al., 1996). The present study experiments did not reveal a L-NA sensitive component in the various peripheral arteries from the eNOS(7/7) mice. Thus the compensatory role of neuronal NOS might be restricted to the cerebral circulation. Acetylcholine-induced depolarizations were observed in coronary smooth muscle cells from both eNOS(7/7) and eNOS(+/+) mice. The depolarization to acetylcholine could be due to a direct e€ect of acetylcholine on the smooth muscle cells. Alternatively, acetylcholine may release endothelialderived depolarizing factor (Corriu et al., 1996; Mombouli et al., 1996b), or vasoconstricting endothelial products of cyclooxygenase observed in several models of hypertension (LuÈscher & Vanhoutte, 1986; Zanchi et al., 1995). The depolarization was not a€ected by L-NA but was inhibited by indomethacin suggesting the latter possibility. In conclusion, in the murine eNOS(+/+) blood vessels studied, endothelium-dependent relaxations involve either NO or the combination of NO and a product of cyclo-oxygenase, but EDHF is not involved. In the eNOS(7/7) mice, NOdependent responses and EDHF-like responses were not observed suggesting that the latter pathway is not upregulated by eNOS gene disruption. The only back-up mechanism which was observed in mesenteric arteries from the eNOS(7/7) mice was a cyclo-oxygenase-dependent response.
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