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Abstract. 
This study investigated endothelium-derived vasodilators and potassium channels involved in the modulation of ropivacaine-induced contraction. In endothelium-intact rat aortae, ropivacaine concentration-response curves were generated in the presence or absence of the following inhibitors: the nonspecific nitric oxide synthase (NOS) inhibitor N ω-nitro-L-arginine methyl ester (L-NAME), the neuronal NOS inhibitor N ω-propyl-L-arginine hydrochloride, the inducible NOS inhibitor 1400W dihydrochloride, the nitric oxide-sensitive guanylyl cyclase (GC) inhibitor ODQ, the NOS and GC inhibitor methylene blue, the phosphoinositide-3 kinase inhibitor wortmannin, the cytochrome p450 epoxygenase inhibitor fluconazole, the voltage-dependent potassium channel inhibitor 4-aminopyridine (4-AP), the calcium-activated potassium channel inhibitor tetraethylammonium (TEA), the inward-rectifying potassium channel inhibitor barium chloride, and the ATP-sensitive potassium channel inhibitor glibenclamide. The effect of ropivacaine on endothelial nitric oxide synthase (eNOS) phosphorylation in human umbilical vein endothelial cells was examined by western blotting. Ropivacaine-induced contraction was weaker in endothelium-intact aortae than in endothelium-denuded aortae. L-NAME, ODQ, and methylene blue enhanced ropivacaine-induced contraction, whereas wortmannin, N ω-propyl-L-arginine hydrochloride, 1400W dihydrochloride, and fluconazole had no effect. 4-AP and TEA enhanced ropivacaine-induced contraction; however, barium chloride and glibenclamide had no effect. eNOS phosphorylation was induced by ropivacaine. These results suggest that ropivacaine-induced contraction is attenuated primarily by both endothelial nitric oxide and voltage-dependent potassium channels.
 

1. Introduction
Ropivacaine is an aminoamide local anesthetic with a long duration that produces vasoconstriction both in vivo and in vitro, suggesting that intrinsic vasoconstriction induced by ropivacaine contributes to the drug’s long-lasting analgesic effect [1–4]. Ropivacaine produces vasoconstriction at low concentrations, followed by vasodilation at 
	
		
			
				1
				×
				1
				0
			

			
				−
				3
			

		
	
M [4]. The clinical profile of ropivacaine is similar to that of racemic bupivacaine, but its toxicity is relatively low compared with that of bupivacaine [5]. Ropivacaine is an aminoamide local anesthetic of the n-alkyl-substituted pipecolyl xylidine family, which includes levobupivacaine and mepivacaine [5]. Vasoconstriction induced by levobupivacaine and mepivacaine is attenuated by endothelial nitric oxide (NO) [6–8]. In endothelium-denuded aortae, ropivacaine-induced contraction is mediated mainly by the lipoxygenase pathway and partly by the cyclooxygenase pathway [4]. However, in endothelium-intact aortae, endothelium-derived vasodilators, including NO, endothelium-derived hyperpolarizing factor (EDHF), and prostacyclin, are involved in the modulation of vascular tone via vasodilation [9]. Ropivacaine induces endothelial NO-dependent relaxation in isolated vessels precontracted with phenylephrine and attenuates phenylephrine-induced contraction [10, 11]. In addition, the change of the membrane potential of vascular smooth muscle induced by the activation or inhibition of various potassium channels, including voltage-dependent, calcium-activated, inward-rectifying, and adenosine triphosphate-sensitive potassium channels, modulates vascular tone via vasodilation and vasoconstriction [12]. However, the endothelium-derived vasodilators and various potassium channels involved in the modulation of ropivacaine-induced contraction remain unknown. Therefore, the goal of this in vitro study was to investigate both endothelium-derived vasodilators and potassium channels primarily involved in modulating ropivacaine-induced contraction in isolated endothelium-intact aortae.
2. Materials and Methods
All experimental procedures and protocols were approved by the Institutional Animal Care and Use Committee (Jinju, Gyeongnam, Republic of Korea) at Gyeongsang National University and were performed in accordance with the Guide for the Care and Use of Laboratory Animals prepared by the National Academy of Sciences.
2.1.  Preparation of Aortic Rings for Tension Measurement
Experimental preparation was performed as previously described [13]. Male Sprague-Dawley rats weighing 250–300 g were anesthetized via intramuscular injections of Zoletil 50 (15 mg/kg).  The descending thoracic aorta was dissected free, and surrounding connective tissues and fat were removed under microscopic guidance in a Krebs solution bath (118 mM NaCl, 4.7 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 2.4 mM CaCl2, 25 mM NaHCO3, and 11 mM glucose). The aorta was cut into 2.5 mm rings, suspended on Grass isometric transducers (FT-03, Grass Instrument, Quincy, MA, USA) under a 3.0 g resting tension in 10 mL of Krebs bath at 37°C, and aerated continuously with 95% O2 and 5% CO2 to maintain the pH within the range of 7.35–7.45. The rings were equilibrated for 120 min, changing the bathing solution every 30 min. Endothelium was removed from some aortic rings by inserting a 25-gauge needle tip into the lumen of the rings and gently rubbing for a few seconds. Once phenylephrine (
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 M)-induced contraction had stabilized, acetylcholine (
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 M) was added to assess the endothelial integrity. Endothelial integrity was confirmed by the observation of more than 70% acetylcholine-induced relaxation. Contraction in response to isotonic 60 mM KCl was measured for all aortic rings and defined as the reference value (100%). After washing out the KCl from the organ bath and allowing a return to the baseline resting tension, a cumulative concentration-response curve induced by ropivacaine was obtained as described in subsequent sections.
2.2. Experimental Protocols
The first series of experiment assessed the effect of endothelial denudation and nonspecific nitric oxide synthase (NOS) inhibitor N ω-nitro-L-arginine methyl ester (L-NAME, 
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 M)-response curves induced by ropivacaine in isolated aortae. L-NAME was directly added to the organ bath containing endothelium-intact aorta 20 min before the addition of ropivacaine. Subsequent concentrations of ropivacaine were directly added to the organ bath after the previous concentration had produced a sustained and stable response.
The second series of experiments assessed the cumulative concentration-response curves induced by ropivacaine in isolated endothelium-intact aortae in the presence or absence of the following inhibitors: the neuronal NOS inhibitor N ω-propyl-L-arginine hydrochloride (
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 M), the inducible NOS inhibitor 1400W dihydrochloride (
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quinoxalin-1-one (ODQ, 
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 M), the NOS and GC inhibitor methylene blue (
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 M), the cytochrome P450 epoxygenase inhibitor fluconazole (
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 M), and the cyclooxygenase inhibitor indomethacin (
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 M). The aforementioned inhibitors were directly added to the organ bath 20 min before the addition of ropivacaine. Inhibitor concentrations were chosen on the basis of the concentrations used in previous experiments similar to this experiment [6, 10, 13–18].
The third series of experiments assessed which specific potassium channels are primarily involved in the attenuation of ropivacaine-induced contraction in endothelium-intact aortae. In endothelium-intact aortae, ropivacaine concentration-response curves were generated in the presence or absence of the following potassium channel inhibitors: the voltage-dependent potassium channel inhibitor 4-aminopyridine (4-AP, 
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 M), the calcium-activated potassium channel inhibitor tetraethylammonium (TEA, 
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 M) [19–22]. In addition, in the endothelium-intact aortae pretreated with 
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 M L-NAME, cumulative ropivacaine concentration-response curves were generated in the presence or absence of either 4-AP (
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 M). In endothelium-intact aortae, cumulative phenylephrine concentration (
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 M)-response curves were generated in the presence or absence of either 4-AP (
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M) or TEA (
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 M). We also investigated whether ropivacaine-induced contraction involves endothelium-independent activation of voltage-dependent and calcium-activated potassium channels of vascular smooth muscle. After the ropivacaine (10−4 M)-induced contraction in endothelium-denuded aortae reached a plateau, TEA (
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 M) was cumulatively added to the organ bath to generate cumulative concentration-response curves for TEA or 4-AP. 
Finally, we assessed the ropivacaine concentration-response curves in endothelium-intact aortae in the presence or absence of the phosphoinositide-3 kinase (PI3K) inhibitor wortmannin (
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 M) to determine whether the NO-mediated attenuation of ropivacaine-induced contraction is associated with the pathway involving PI3K-Akt-endothelial nitric oxide synthase (eNOS) [23, 24].
2.3. Cell Culture
Human umbilical vein endothelial cells (HUVECs; EA.hy 926 cells, American Type Culture Collection, Manassas, VA, USA) were grown in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine serum (FBS), 2 mmol/L L-glutamine, 100 IU/mL penicillin, and 10 μg/mL streptomycin as previously described [6]. Cells were cultured in 100 mm dishes and grown in a humidified 5% CO2 incubator. HUVECs were plated at a density of 
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 cells per 100 mm dish. Cells were used between passage numbers 6 and 12.
2.4. Cell Stimulation
Cells were plated at a density of 
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 cells per 100 mm dish. The cells were stimulated with ropivacaine (
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 M). To detect phosphorylated eNOS (p-eNOS), cells were treated with ropivacaine (
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 M) for 5, 10, 30, and 60 min, harvested, and subjected to western blot analysis.
2.5. Western Blot Analysis
Western blot analysis was performed as previously described [6]. Briefly, cells were lysed in PRO-PREP protein extract solution to isolate total cell extracts. After centrifugation at 16,000 ×g for 20 min at 4°C, the protein concentration was determined by the Bradford method. Thirty micrograms of protein was subjected to 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis. The separated proteins were transferred to a polyvinylidene difluoride membrane using the SD semidry transfer cell system (Bio-Rad, Hercules, CA, USA). The membranes were incubated with primary antibodies (anti-eNOS antibodies: rabbit polyclonal, Cell Signaling Technology, Beverly, MA, USA; anti-phospho-eNOS antibodies: Ser1777 rabbit polyclonal, Cell Signaling Technology) at a 1 : 500 concentration (4 μg/mL) in 5% skim milk in Tris-buffered saline with Tween (TBST) overnight at 4°C, and the bound antibody was detected by horseradish peroxidase-conjugated anti-rabbit IgG. The membranes were washed and then developed using the Luminol Reagent system (Animal Genetics, Suwon, Republic of Korea).
2.6. Materials
All drugs were of the highest purity available commercially. Phenylephrine, L-NAME, 1400W dihydrochloride, ODQ, indomethacin, wortmannin, 4-AP, TEA, barium chloride, and glibenclamide were obtained from Sigma-Aldrich (Saint Louis, MO, USA). N ω-propyl-L-arginine hydrochloride was obtained from Tocris Bioscience (Bristol, UK). Methylene blue and fluconazole were purchased from SALF Laboratorio Farmacologico (Bergamo, Italy) and Pfizer Global Manufacturing (France), respectively. Ropivacaine was donated by AstraZeneca Korea (Seoul, Republic of Korea). Zoletil 50 was purchased from Virbac (Virbac Laboratories, Carros, France). DMEM, FBS, penicillin, streptomycin, and glutamine were supplied by Gibco BRL (Rockville, MD, USA). All concentrations are expressed as the final molar concentration in the organ bath. ODQ, N ω-propyl-L-arginine hydrochloride, 1400W dihydrochloride, wortmannin, indomethacin, and glibenclamide were dissolved in dimethyl sulfoxide (DMSO) (final organ bath concentration: 0.1% DMSO). Unless stated otherwise, all other drugs were dissolved in distilled water.
2.7. Data Analysis
Data are expressed as the mean ± SD. Contractile responses induced by ropivacaine are expressed as the percentage of the maximum contraction in response to isotonic 60 mM KCl. Vascular responses induced by TEA or 4-AP in endothelium-denuded aortae precontracted with 
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 indicates the number of rats from which descending thoracic aortic rings were derived. The effects of endothelial denudation and various inhibitors on the concentration-response curves induced by ropivacaine or phenylephrine were analyzed by two-way analysis of variance (ANOVA) followed by Bonferroni’s post-hoc test using GraphPad Prism version 5.0 for Windows (GraphPad Software, San Diego, CA, USA). The band intensities from western blotting analysis were analyzed by Student’s 
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-test. Reponses to each concentration of ropivacaine, 4-AP, and TEA were analyzed by repeated-measures ANOVA followed by Bonferroni’s post-hoc test. 
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 values less than 0.05 were considered significant.
3. Results
Ropivacaine produced vasoconstriction at 
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 M; Figures 1 and 2(a)).
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Figure 1: Traces showing the change in tension in endothelium-intact (a) and endothelium-denuded (b) aortae in response to 60 mM KCl and ropivacaine.
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(b)
Figure 2: (a) The effect of endothelial denudation and N ω-nitro-L-arginine methyl ester (L-NAME) on ropivacaine concentration-response curves in isolated aortae. Data are shown as the mean ± SD and expressed as a percentage of the maximal contraction induced by isotonic 60 mM KCl (100% = 
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Ropivacaine-induced contraction was weaker in endothelium-intact aortae than in endothelium-denuded aortae (
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(c)
Figure 3: The effect of 1H-
	
		
			
				[
				1
				,
				2
				,
				4
				]
			

		
	
oxadiazolo
	
		
			
				[
				4
				,
				3
				-
				a
				]
			

		
	
quinoxalin-1-one (ODQ) (a), methylene blue (b), fluconazole (b), and indomethacin (c) on ropivacaine concentration-response curves in endothelium-intact aortae. Data are shown as the mean ± SD and expressed as a percentage of the maximal contraction induced by isotonic 60 mM KCl. N indicates the number of rats from which descending thoracic aortic rings were derived. (a) 100% = 
	
		
			
				2
				.
				4
				0
				±
				0
				.
				4
				8
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
), 100% = 
	
		
			
				2
				.
				5
				5
				±
				0
				.
				5
				5
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
), and 100% = 
	
		
			
				2
				.
				7
				0
				±
				0
				.
				6
				1
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
) for untreated endothelium-intact aortae, endothelium-intact aortae treated with 
	
		
			
				1
				×
				1
				0
			

			
				−
				6
			

		
	
 M ODQ, and endothelium-intact aortae treated with 
	
		
			
				1
				×
				1
				0
			

			
				−
				5
			

		
	
 M ODQ, respectively. (b) 100% = 
	
		
			
				2
				.
				0
				0
				±
				0
				.
				3
				2
			

		
	
 g (
	
		
			
				𝑛
				=
				9
			

		
	
), 100% = 
	
		
			
				2
				.
				1
				2
				±
				0
				.
				4
				0
			

		
	
 g (
	
		
			
				𝑛
				=
				7
			

		
	
), and 100% = 
	
		
			
				2
				.
				1
				0
				±
				0
				.
				4
				2
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
) for untreated endothelium-intact aortae, endothelium-intact aortae treated with 
	
		
			
				1
				×
				1
				0
			

			
				−
				6
			

		
	
 methylene blue, and endothelium-intact aortae treated with 
	
		
			
				1
				×
				1
				0
			

			
				−
				5
			

		
	
 M fluconazole, respectively. (c) 100% = 
	
		
			
				2
				.
				0
				8
				±
				0
				.
				2
				7
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
), 100% = 
	
		
			
				2
				.
				0
				9
				±
				0
				.
				4
				0
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
), and 100% = 
	
		
			
				2
				.
				4
				7
				±
				0
				.
				6
				7
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
) for untreated endothelium-intact aortae, endothelium-intact aortae treated with 
	
		
			
				1
				×
				1
				0
			

			
				−
				5
			

		
	
 M indomethacin, and endothelium-intact aortae treated with 
	
		
			
				3
				×
				1
				0
			

			
				−
				5
			

		
	
 M indomethacin, respectively. (a) and (b): 
	
		
			

				∗
			

			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
 versus control. (c): 
	
		
			

				∗
			

			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
, 
	
		
			

				†
			

			
				𝑃
				<
				0
				.
				0
				5
			

		
	
, and 
	
		
			

				#
			

			
				𝑃
				<
				0
				.
				0
				1
			

		
	
 versus control.


Pretreatment with the voltage-dependent potassium channel inhibitor 4-AP (
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M) greatly enhanced ropivacaine-induced contraction in endothelium-intact aortae (
	
		
			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
 versus control at 
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 to 
	
		
			
				1
				×
				1
				0
			

			
				−
				3
			

		
	
 M), and pretreatment with the calcium-activated potassium channel inhibitor TEA (
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
M) slightly increased ropivacaine-induced maximal contraction (
	
		
			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
 versus control at 
	
		
			
				3
				×
				1
				0
			

			
				−
				4
			

		
	
 M) (Figure 4(a)), suggesting that ropivacaine-induced contraction is attenuated by voltage-dependent and calcium-activated potassium channels. However, pretreatment with the inward-rectifying potassium channel inhibitor barium chloride (
	
		
			
				3
				×
				1
				0
			

			
				−
				5
			

		
	
 M) and the adenosine triphosphate-sensitive potassium channel inhibitor glibenclamide (
	
		
			
				1
				×
				1
				0
			

			
				−
				5
			

		
	
 M) had no effect on ropivacaine-induced contraction in endothelium-intact aortae (Figure 4(a)). Ropivacaine-induced contraction was stronger in endothelium-intact aortae pretreated with L-NAME (
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 M) plus 4-AP (
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
M) or L-NAME (
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 M) plus TEA (
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M) than in endothelium-intact aortae pretreated with L-NAME (
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 M) alone (
	
		
			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
 versus 
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
M L-NAME alone at 
	
		
			
				3
				×
				1
				0
			

			
				−
				5
			

		
	
 and 
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 M; Figure 4(b)). Pretreatment with 4-AP (
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M) or TEA (
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M) enhanced phenylephrine-induced contraction in endothelium-intact aortae (
	
		
			
				𝑃
				<
				0
				.
				0
				1
			

		
	
 versus control at 
	
		
			
				3
				×
				1
				0
			

			
				−
				7
			

		
	
 to 
	
		
			
				1
				0
			

			
				−
				5
			

		
	
 M; Figure 4(c)), suggesting that phenylephrine-induced contraction is attenuated by voltage-dependent and calcium-activated potassium channels.


	
		
	
	
	
		
	
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
	
	
	
		
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
	
	
	
		
	
		
	
	
		
	
		
	
		
	
	
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
	
	
	
	
		
	
	
	
	
	
	
		
	
	
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	


	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
			
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
			
			
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
				
				
				
				
				
				
				
			
		
	


	
		
	
	
	
		
	
	
		
	
		
	
	
	
		
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
		
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
	
	
		
		
	
	
		
		
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
				
			
		
		
			
				
			
			
				
				
				
			
			
				
				
			
			
				
			
			
				
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
		
			
				
			
		
		
			
				
				
				
				
			
			
				
			
			
				
			
			
				
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
				
				
				
				
				
				
				
			
		
	


	
		
	
	
	
		
	
	
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
	
		
	
		
	
		
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
		
	
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
	
	
		
			
			
		
	
	
		
			
		
		
			
		
	
	
		
			
		
		
			
		
	
	
		
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
			
			
			
			
		
	
	
		
			
		
		
			
			
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
			
			
			
			
		
		
			
		
		
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
		
	
	
		
			
				
			
		
	
	
		
			
				
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
					
				
			
		
		
			
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
				
			
			
				
			
			
				
			
			
				
				
				
				
				
				
				
				
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
	
	
		
			
				
			
			
				
				
				
				
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
		
			
				
			
			
				
				
				
				
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
		
			
				
			
			
				
				
				
				
				
				
			
			
				
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
	
	
	
	
	
	
	
	
	
	
	

Figure 4:  (a) and (b) The effect of 4-aminopyridine (4-AP), tetraethylammonium (TEA), barium chloride, and glibenclamide on ropivacaine concentration-response curves in endothelium-intact aortae without or with 
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 M N ω-nitro-L-arginine methyl ester (L-NAME). (c) The effect of 4-AP and TEA on phenylephrine concentration-response curves in endothelium-intact aortae. (a) and (b) Data are shown as the mean ± SD and expressed as a percentage of the maximal contraction induced by isotonic 60 mM KCl. N indicates the number of rats from which descending thoracic aortic rings were derived. (a) 100% = 
	
		
			
				2
				.
				3
				8
				±
				0
				.
				2
				7
			

		
	
 g (
	
		
			
				𝑛
				=
				1
				0
			

		
	
), 100% = 
	
		
			
				2
				.
				4
				8
				±
				0
				.
				4
				7
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
), 100% = 
	
		
			
				2
				.
				2
				0
				±
				0
				.
				2
				2
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
), 100% = 
	
		
			
				2
				.
				3
				2
				±
				0
				.
				3
				1
			

		
	
 g (
	
		
			
				𝑛
				=
				5
			

		
	
), and 100% = 
	
		
			
				2
				.
				3
				9
				±
				0
				.
				3
				1
			

		
	
 g (
	
		
			
				𝑛
				=
				5
			

		
	
) for untreated endothelium-intact aortae and endothelium-intact aortae treated with 
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M 4-AP, 
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M TEA, 
	
		
			
				3
				×
				1
				0
			

			
				−
				5
			

		
	
 M barium chloride, and 
	
		
			
				1
				×
				1
				0
			

			
				−
				5
			

		
	
 M glibenclamide, respectively. (b) 100% = 
	
		
			
				2
				.
				3
				7
				±
				0
				.
				2
				2
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
), 100% = 
	
		
			
				2
				.
				8
				1
				±
				0
				.
				3
				7
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
), 100% = 
	
		
			
				2
				.
				7
				1
				±
				0
				.
				3
				0
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
), and 100% = 
	
		
			
				2
				.
				7
				7
				±
				0
				.
				1
				4
			

		
	
 g (
	
		
			
				𝑛
				=
				6
			

		
	
) for untreated endothelium-intact aortae, endothelium-intact aortae pretreated with 
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 M L-NAME alone, endothelium-intact aortae pretreated with 
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 M L-NAME plus 
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M 4-AP, and endothelium-intact aortae pretreated with 
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
M L-NAME plus 
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M TEA, respectively. (c) Data are shown as the mean ± SD and expressed as a percentage of the maximal contraction induced by isotonic 60 mM KCl (100% = 
	
		
			
				2
				.
				7
				4
				±
				0
				.
				3
				2
			

		
	
 g (
	
		
			
				𝑛
				=
				5
			

		
	
), 100% = 
	
		
			
				2
				.
				7
				7
				±
				0
				.
				3
				5
			

		
	
 g (
	
		
			
				𝑛
				=
				5
			

		
	
), and 100% = 
	
		
			
				2
				.
				6
				6
				±
				0
				.
				3
				8
			

		
	
 g (
	
		
			
				𝑛
				=
				5
			

		
	
) for untreated endothelium-intact aortae and endothelium-intact aortae treated with 
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M 4-AP and 
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 M TEA, resp.). N indicates the number of descending thoracic aortic rings. (a): 
	
		
			

				∗
			

			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
 versus control. (b) 
	
		
			

				∗
			

			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
, 
	
		
			

				†
			

			
				𝑃
				<
				0
				.
				0
				1
			

		
	
 and 
	
		
			

				#
			

			
				𝑃
				<
				0
				.
				0
				5
			

		
	
 versus control. 
	
		
			

				§
			

			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
 versus 
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
M L-NAME alone. (c) 
	
		
			

				∗
			

			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
 and 
	
		
			

				†
			

			
				𝑃
				<
				0
				.
				0
				1
			

		
	
 versus control.


4-AP (
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 to 
	
		
			
				1
				0
			

			
				−
				2
			

		
	
 M) and TEA (
	
		
			
				2
				×
				1
				0
			

			
				−
				3
			

		
	
 to 
	
		
			
				1
				0
			

			
				−
				2
			

		
	
 M) induced contraction in endothelium-denuded aortae that were precontracted with ropivacaine (
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
M) (Figure 5, 
	
		
			
				𝑃
				<
				0
				.
				0
				0
				1
			

		
	
), suggesting that ropivacaine-induced contraction involves endothelium-independent activation of voltage-dependent and calcium-activated potassium channels of vascular smooth muscle.


	
	
	
	
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
		
	
	
	
	
	
	
	
	
		
	
	
		
	
	
		
	
	
		
	
	
		
	
		
	
	
		
	
		
	
	
		


	
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
		
		
			
			
		
	
	
		
			
			
		
		
			
			
		
	
	
		
			
				
				
				
				
				
				
				
				
				
				
				
			
		
		
			
				
			
			
				
				
			
			
				
			
			
				
			
			
				
				
			
		
	
	
		
			
		
		
			
			
			
		
	
	
		
			
			
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
		
			
			
		
		
			
		
		
			
		
		
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	
	
		
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
			
		
	

Figure 5: Cumulative concentration-response curves induced by 4-aminopyridine (4-AP) and tetraethylammonium (TEA) in endothelium-denuded aortae precontracted with 
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 M ropivacaine. Data are shown as the mean ± SD and expressed as a percentage of the maximal contraction induced by ropivacaine (
	
		
			
				1
				×
				1
				0
			

			
				−
				4
			

		
	
 M) (100% = 
	
		
			
				0
				.
				9
				4
				±
				0
				.
				2
				8
			

		
	
 g (
	
		
			
				𝑛
				=
				1
				0
			

		
	
) and 100% = 
	
		
			
				0
				.
				9
				7
				±
				0
				.
				2
				5
			

		
	
 g (
	
		
			
				𝑛
				=
				1
				0
			

		
	
) for endothelium-denuded aortae with 4-AP and TEA, resp.). N indicates the number of descending thoracic aortic rings. 