
Involvement of a glibenclamide-sensitive mechanism in the
nitrergic neurotransmission of the pig intravesical ureter

*,1Medardo HernaÂ ndez, *Dolores Prieto, *,{Luis M. Orensanz, *MarõÂ a Victoria Barahona,
{Miguel JimeÂ nez-Cidre, *Luis Rivera, *Albino GarcõÂ a-SacristaÂ n & #Ulf Simonsen

*Departamento de FisiologõÂ a, Facultad de Veterinaria UCM, 28040-Madrid; {Departamento de InvestigacioÂ n and {Servicio de
UrologõÂ a, Hospital RamoÂ n y Cajal, 28034-Madrid, and #Institute of Pharmacology, Aarhus University, 8000-Aarhus C., Denmark

1 The present study was designed to investigate whether potassium (K+) channels are involved in the
relaxations to nitric oxide (NO) of pig intravesical ureteral preparations suspended in organ baths for
isometric tension recordings. In ureteral strips treated with guanethidine (1075

M) and atropine (1077
M)

to block adrenergic neurotransmission and muscarinic receptors, respectively, NO was either released
from nitrergic nerves by electrical ®eld stimulation (EFS, 0.5 ± 10 Hz, 1 ms duration, 20 s trains), or
exogenously-applied as an acidi®ed solution of sodium nitrite (NaNO2, 10

76 ± 1073
M).

2 Incubation with an inhibitor of guanylate cyclase activation by NO, methylene blue (1075
M) did not

change the basal tension of intravesical ureteral strips but inhibited the relaxation induced by EFS or
exogenous NO on ureteral preparations contracted with the thromboxane analogue U46619 (1077

M).

3 Incubation with charybdotoxin (361078
M) and apamin (561077

M), which are inhibitors of large
and small conductance calcium (Ca2+)-activated K+ channels, respectively, did not modify basal tension
or the relaxations induced by EFS and exogenous NO. Treatment with charybdotoxin or apamin plus
methylene blue (1075

M) signi®cantly reduced the relaxations to EFS and exogenous NO. However, in
both cases the reductions were similar to the inhibition evoked by methylene blue alone. The combined
addition of charybdotoxin plus apamin did not change the relaxations to EFS or exogenously added NO
of the porcine intravesical ureter.

4 Cromakalim (1078 ± 361076
M), an opener of ATP-sensitive K+ channels, evoked a dose-dependent

relaxation with a pD2 of 7.3+0.2 and maximum relaxant e�ect of a 71.8+4.2% of the contraction
induced by U46619 in the pig intravesical ureter. The blocker of ATP-sensitive K+ channels,
glibenclamide (1076

M), inhibited markedly the relaxations to cromakalim.

5 Glibenclamide (1076
M) had no e�ect on the basal tone of ureteral preparations but signi®cantly

reduced the relaxations induced by both EFS and exogenous NO. Combined treatment with methylene
blue (1075

M) and glibenclamide (1076
M) did not exert an e�ect greater than that of methylene blue

alone on either EFS- or NO-evoked relaxations of the pig ureter.

6 The present results suggest that NO acts as an inhibitory neurotransmitter in the pig intravesical
ureter and relaxes smooth muscle through a guanylate cyclase-dependent mechanism which seems to
favour the opening of glibenclamide-sensitive K+ channels.
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Introduction

Ureteral peristalsis is a myogenic phenomenon in which the
autonomic nervous system plays a modulatory role by reg-
ulating the transport of urine bolus throughout the ureter and
its discharge into the urinary bladder (Weiss, 1992). The au-
tonomic nervous system has a signi®cant role in the distal
ureter and ureterovesical junction as indicated by dense adre-
nergic and cholinergic innervation (Schulman, 1985; Prieto et
al., 1993; 1994), and the observation that noradrenaline and
acetylcholine induce contractions of the intravesical ureter and
ureterovesical junction through activation of subtype speci®c
receptors (Rivera et al., 1992a,b; HernaÂ ndez et al., 1992; 1993;
1995a).

Nitric oxide (NO) has been proposed as a putative non-
adrenergic non-cholinergic inhibitory neurotransmitter in both
central and peripheral nerves (Bredt et al., 1990; Bredt &
Snyder, 1992). Nitrergic ®bres have been demonstrated in the
human (Smet et al., 1994) and porcine (HernaÂ ndez et al.,
1995b) ureter. Thus, the NO donor, 3 morpholino-sydnoni-
mine (SIN-1) produced relaxations in the human ureter (Stief
et al., 1993), and both endogenously-released and exogenous
NO relaxes the pig intravesical ureter (HernaÂ ndez et al.,
1995b).

NO causes relaxation by activating soluble guanylate cy-
clase resulting in accumulation of intracellular guanosine 3':5'-
cyclic monophosphate (cyclic GMP) (Ignarro et al., 1990).
Cyclic GMP seems to cause relaxation of smooth muscle by
lowering the intracellular calcium concentration by stimulating
sarcoplasmic Ca2+-ATPase activity, or through opening of K+

channels leading to hyperpolarization (Lincoln & Cornwell,
1991; Robertson et al., 1993). In addition, NO can directly
stimulate Ca2+-activated K+ channels in both vascular and
colonic smooth muscle (Bolotina et al., 1994; Koh et al., 1995).
Therefore, the purpose of the present study was to investigate
whether K+ channels are involved in the relaxation to NO of
the pig intravesical ureter.

Methods

Adult pigs of either sex with no lesions in their urinary tract
were selected from the local slaughterhouse. Urinary bladders
with attached ureters were removed immediately after the an-
imals were killed, and kept in chilled physiological saline so-
lution (PSS) at 48C. The adjacent connective and fatty tissues
were removed with care and longitudinal preparations (4 ±
6 mm long and 2 ± 3 mm wide) of the intravesical ureter were
isolated from the bladder by dissection, as previously described1Author for correspondence.
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(HernaÂ ndez et al., 1992). The ureteral strips were suspended
horizontally and placed parallel between two platinum elec-
trodes, with one end connected to an isometric transducer
(Grass FT 03C) and the other to a displacement unit in 5 ml
organ baths. The signal was continuously recorded on a
polygraph (Graphtec Multicorder MC 6621). Passive tension
of 2 g was applied to the ureteral preparations and they were
allowed to equilibrate for 60 min.

Experimental procedures

The contractile ability of the preparations was determined by
exposing the ureteral strips to 124 mM potassium-rich phy-
siological saline solution (KPSS). Adrenergic neurotransmis-
sion and muscarinic receptors were blocked by incubation with
guanethidine (1075

M) and atropine (1077
M), respectively,

during a period of 1 h, washing every 20 min and these drugs
were present throughout both electrical ®eld stimulation (EFS)
experiments and dose-response curves to exogenous NO. The
preparations were contracted with the thromboxane analogue
U46619 (1077

M). EFS was performed with rectangular pulses
(1 ms duration, 0.5 ± 10 Hz, 20 s trains), at 3 min intervals,
from a Cibertec CS20 stimulator (Barcelona, Spain) with
constant current output adjusted to 75 mA. A ®rst frequency-
response curve in U46619-contracted preparations was ob-
tained. The porcine ureteral strips were repeatedly washed and
allowed to equilibrate for at least 1 h before they were in-
cubated with either methylene blue (1075

M), charybdotoxin
(361078

M), apamin (561077
M), glibenclamide (1076

M) or
the combination of either of the K+ channel blockers with
methylene blue. All tissues were incubated with modifying
agents for a period of 30 min before a second frequency-re-
sponse curve on U46619 contracted strips was performed.
Relaxation curves to exogenous NO (added as acidi®ed
NaNO2 solution) and cromakalim were obtained on U46619-
precontracted ureteral preparations, which were then washed

several times during 1.5 h, the strips were incubated with
blocking agents for 30 min before a second curve was per-
formed. Control curves were run in parallel. At the end of each
experiment, papaverine (Pap, 1074

M) was added to the organ
bath with the aim of obtaining the maximal relaxation of the
ureteral preparations.

Drugs and solutions

The following drugs were used: Apamin, atropine sulphate,
charybdotoxin, cromakalim, glibenclamide, guanethidine,
methylene blue, papaverine hydrochloride, 9, 11-dideoxy-11a,
9a-epoxymethano-prostaglandin F2a (U46619) (Sigma Chemi-
cal Co., St. Louis, Missouri, U.S.A.). All drugs were dissolved
in double distilled water, except glibenclamide and cromakalim
which were dissolved in dimethyl sulphoxide (DMSO) and
U46619 which was dissolved in 96% ethanol. These solvents in
the amount applied had no e�ect on pig intravesical ureteral
activity. The composition of PSS was (mM): NaCl 119, KCl
4.6, MgCl2 1.2, NaHCO3 24.9, glucose 11, CaCl2 1.5, KH2PO4

1.2, EDTA (ethylenediamine tetraacetic acid) 0.027. The so-
lution was gassed at 378C with 95% O2 and 5% CO2 to
maintain pH at 7.4 KPSS was PSS with KCl exchanged for
NaCl on an equimolar basis. Stock solutions were prepared
daily in double-distilled water.

The 1 mM solution of NaNO2 was prepared daily in distilled
water with HCl giving a ®nal pH of 2. This solution was placed
on ice and protected from air. Further dilutions were made in
this acidi®ed solution (pH=2). The acid solvent as well as the
NaNO2 solution at pH=7.4 had no e�ect on pig intravesical
ureteral smooth muscle.

Calculations and statistics

For each frequency- or concentration-response curve, the pulse
frequency or drug concentration in the absence or presence of
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Figure 1 Isometric force recordings showing the e�ect of methylene blue (MB, 1075
M) on the responses of pig intravesical ureteral

strips to (a) electrical ®eld stimulation (EFS, 0.5 ± 10 Hz) and (b) exogenous addition of nitric oxide (NO, 1076 ± 1073
M, added as

an acidi®ed solution of NaNO2). Guanethidine (10
75

M) and atropine (1077
M) were present throughout the experiment, to block

adrenergic neurotransmission and muscarinic receptors, respectively. The ureteral strips were contracted with the thromboxane
analogue U46619 (1077

M) and when a sustained tone was obtained, frequency- and/or concentration-response curves to EFS and
NO were performed in the absence and presence of methylene blue (1075

M). At the end of the experiment papaverine (Pap,
1074

M) was added to obtain the maximal relaxation of the pig intravesical ureteral preparations. Numbers indicate frequency (Hz)
or molar concentration in the bath W: wash out.
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blocking agent required to give half-maximal relaxation (EF50

or EC50, respectively) was determined by a computer pro-
gramme (Graph Pad Inplot 4.1, San Diego, California,
U.S.A.), ®tting the data to the Hill equation: E/Emax=A (M)nH/
(A(M)+EC50(M)

nH), where E/Emax is the relative response to the
e�ective concentration of drug, A(M), and EC50(M) are given in
molar concentrations; nH is a curve ®tting parameter or Hill
coe�cient. The sensitivity and maximal relaxant responses of
the exogenous NO and cromakalim were expressed in terms of
pD2 and Emax, respectively. pD2 being de®ned as the negative
logarithm of EC50 (7log EC50). Each parameter was de-
termined from ureters of at least 4 ± 5 di�erent animals. Sta-
tistical di�erences were calculated by Student's t test, for
paired observations for individual concentrations or fre-
quencies and variance analysis (ANOVA) for multiple com-
parisons followed by an a posteriori Bonferroni test (Wallestein
et al., 1980). Di�erences were considered signi®cant with a
probability level of P50.05.

Results

Responses to EFS and exogenous NO

The pig intravesical ureteral strips were equilibrated to a pas-
sive tension of 1.8+0.2 g (n=65). The thromboxane analogue
U46619 (1077

M) induced sustained contractions of 1.6+0.2 g
(n=65). EFS evoked frequency-response relaxations at 0.5 ±
10 Hz which peaked at 10 s, with an EF50=0.8+0.1 Hz and
an Emax obtained at 10 Hz, which averaged 60.8+4.6%
(n=34) of the tone induced by U46619 (1077

M) (Figures 1a
and 2a). The relaxations to EFS were reproducible, giving EF50

values and Emax of 0.9+0.1 Hz and 66.2+3.9% and
0.88+0.07 Hz and 62.1+5.4%, in a ®rst and second fre-
quency-response curve, respectively, performed in the same
preparation (n=11).

Exogenous NO (1076 ± 1073
M), induced relaxations of pig

intravesical ureter with pD2 of 4.8+0.2 and Emax of
58.3+5.7% (n=26) of the U46619-induced contraction (Fig-
ures 1b and 2b). These relaxations were reproducible in a
second curve with a pD2 of 4.7+0.2 and an Emax of
56.3+4.2% (n=7).

E�ect of methylene blue and potassium channel blockers

The inhibitor of soluble guanylate cyclase, methylene blue
(1075

M) had no e�ect on resting tension (1.8+0.1 g, n=14) or
contractions to U46619 in the pig intravesical ureter. However,
it reduced signi®cantly the relaxations to EFS at all frequencies
applied (Figures 1a and 2a, Table 1). Similarly, incubation
with methylene blue also inhibited the relaxations of the pre-
parations to exogenous NO, although relaxations at the
highest concentrations (1074 ± 1073

M) still persisted (Figures
1b and 2b, Table 1).

Charybdotoxin (361078
M) and apamin (561077

M),
blockers of the large and small conductance Ca2+-activated
K+ channels, respectively, had no e�ect on either resting ten-
sion or contractions to U46619. Thus, the resting tension was
1.7+0.2 g (n=7) and 1.8+0.1 g (n=5) in the presence of
charybdotoxin or apamin, respectively, in the pig intravesical
ureter. Moreover, both the sensitivity and maximal relaxations
to EFS and exogenous NO added as acidi®ed NaNO2 were
unchanged in the presence of the inhibitors of large or small
Ca2+-activated K+ channels, charybdotoxin (Figures 3a and b,
Table 1) and apamin (Figures 3c and d, Table 1), respectively.
Incubation of the ureteral strips with both charybdotoxin plus
methylene blue (n=6) or apamin plus methylene blue (n=5)
inhibited the relaxations induced by both EFS and exogenous
NO, but these inhibitions were not di�erent to that observed
with methylene blue alone (Figure 3a, b, c and d, Table 1).
Combined treatment with charybdotoxin and apamin (n=5)
did not modify the relaxation to endogenous or exogenous NO
(Table 1).

In U46619-contracted pig intravesical ureteral strips, ad-
dition of an opener of ATP-sensitive K+ channels, croma-
kalim (1078 ± 361076

M) (n=7) induced concentration-
dependent relaxations with pD2 values of 7.3+0.2 and Emax

of 71.8+4.2% of the U46619 induced contraction. The in-
hibitor of ATP-sensitive K+ channels, glibenclamide (1076

M)
caused signi®cant rightwards shifts of the concentration-re-
laxation curves to cromakalim in pig intravesical ureter, the
pD2 values and Emax being 5.8+0.2 and 20.3+6.4%, re-
spectively (P50.05, paired t test) (n=7) (Figures 4c and 5).

Glibenclamide (1076
M) did not change the basal tension in

the ureteral preparations (1.7+0.2 g) (n=11) nor the con-
tractions obtained to U46619. However, it reduced sig-
ni®cantly the sensitivity to electrical ®eld stimulation, while the
maximal relaxations to EFS were unchanged in the presence of
this K+ channel inhibitor (Figures 4a and 6a, Table 1). In the
presence of glibenclamide (1076

M), exogenous NO added as
acidi®ed NaNO2 also produced signi®cantly smaller relaxa-
tions of U46619-contracted ureteral preparations at the lowest
concentrations (1076 ± 1074

M), while the maximal relaxations
obtained to 1073

M acidi®ed NaNO2 were not changed (Fig-
ures 4b and 6b, Table 1). Incubating the preparations with
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Figure 2 Frequency- (a) and concentration-response (b) relaxation
curves to EFS- and NaNO2 acidi®ed solution, respectively, in
U46619-precontracted pig intravesical ureteral preparations, in the
absence (*) and presence (*) of methylene blue (1075

M).
Relaxations are expressed as a percentage of the tone induced by
U46619 (1077

M). Each point represents the mean and vertical lines
show s.e.mean of 6 ± 7 experiments.
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both glibenclamide and methylene blue caused a pronounced
inhibition of the relaxations to both EFS and exogenous NO.
However, these inhibitory e�ects were not signi®cantly greater
than those elicited by methylene blue alone (Figures 6a and b,
Table 1).

Discussion

The present study reveals that EFS-released and exogenously-
added NO induces relaxations of the ureteral smooth muscle
through a guanylate cyclase-dependent mechanism which
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Figure 3 Frequency- (a, c) and concentration-response (b, d) relaxation curves to EFS and NaNO2 acidi®ed solution, respectively,
in U46619-precontracted pig intravesical ureteral preparations in (a and b) the absence (*) and presence of either charybdotoxin
(361078

M) alone (*) or charybdotoxin (361078
M) plus methylene blue (1075

M) (&), and in (c and d) the absence (*) and
presence of either apamin (561077

M) alone (*) or apamin (561077
M) plus methylene blue (1075

M) (&) (c, d). Relaxations are
expressed as a percentage of the tone induced by U46619 (1077

M). Each point represents the mean and vertical lines s.e.mean of
5 ± 7 experiments.

Table 1 The effect of methylene blue (MB, 10
±5

M), charybdotoxin (ChTX, 3610
±8

M), charybdotoxin plus methylene blue, apamin

(Apa, 5610
±7

M), apamin plus methylene blue, charybdotoxin plus apamin, glibenclamide (Glib, 10
±6

M) and glibenclamide plus

methylene blue on frequencies (EF
50
) and concentrations (pD

2
) causing half-maximal, and maximal (E

max
) relaxations to electrical field

stimulation (EFS) and exogenous nitric oxide (NO) in pig intravesical ureter contracted to U46619 (10
±7

M)

EFS NO

EF50 (Hz) Emax (%) pD2 Emax (%)

Control

MB

Control

ChTX

ChTX+MB

Control

Apa

Apa+MB

Control

ChTX+Apa

Control

Glib

Glib+MB

0.8+0.1 (6)

1.2+0.1 (6)*

1.0+0.3 (7)

1.0+0.3 (7)

1.5+0.2 (6)#

0.7+0.2 (5)

0.7+0.2 (5)

1.4+0.1 (5)#

0.9+0.0 (5)

0.9+0.1 (5)

1.0+0.2 (8)

2.5+0.2 (8)#

1.5+0.3 (7)#

53.3+4.0 (6)

23.7+3.5 (6)*

61.0+3.6 (7)

57.6+4.8 (7)

24.1+2.6 (6)#

54.4+2.9 (5)

52.4+5.3 (5)

32.6+4.8 (5)#

51.4+5.1 (5)

45.7+6.9 (5)

54.2+3.8 (8)

49.6+6.5 (8)

22.8+6.3 (7)#

4.8+0.2 (6)

3.7+0.1 (6)*

5.0+0.1 (7)

5.0+0.2 (7)

4.2+0.1 (6)#

4.7+0.1 (5)

4.6+0.1 (5)

3.9+0.0 (5)#

4.7+0.1 (5)

4.6+0.1 (5)

4.9+0.1 (6)

4.1+0.1 (6)#

4.1+0.1 (6)#

57.2+5.0 (6)

31.1+4.2 (6)*

61.3+4.9 (7)

59.6+4.2 (7)

24.8+8.7 (6)#

56.1+5.1 (5)

58.5+4.7 (5)

29.0+7.9 (5)#

52.5+6.2 (5)

50.2+5.9 (5)

59.2+5.3 (6)

53.2+7.4 (6)

26.1+7.2 (6)#

Results are mean+s.e.mean of (n) experiments. *Parameter signi®cantly (P50.05) di�erent compared to control value by paired t test.

#Parameter signi®cantly (P50.05) di�erent compared to control value by analysis of variance (ANOVA), followed by an a posteriori

Bonferroni test. pD
2
=7log EC

50
value. NO was added as acidi®ed sodium nitrite (NaNO

2
).
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seems to favour the opening of glibenclamide-sensitive K+

channels. Nitrergic nerves forming rich networks in the ur-
eterovesical junction of man (Smet et al., 1994) and porcine
ureter (HernaÂ ndez et al., 1995b) were previously described, and
exogenously NO added either as acidi®ed NaNO2 or sodium
nitroprusside induces relaxation of porcine isolated ureteral
strips (HernaÂ ndez et al., 1995b). Moreover, the neurogenic
relaxations evoked by EFS in porcine isolated ureteral strips
were abolished in the presence of the NO synthase inhibitor,
NG-nitro-L-arginine, suggesting a role for NO as inhibitory
neurotransmitter in the porcine intravesical ureter (HernaÂ ndez
et al., 1995b).

Cyclic GMP and cyclic adenosine 3':5'-monophosphate
(cyclic AMP) are important intracellular messengers in smooth
muscle cells, and NO causes relaxation by activating soluble
guanylate cyclase resulting in accumulation of intracellular
cyclic GMP (Ignarro et al., 1990). The inhibitor of the NO-

elicited soluble guanylate cyclase activation and cyclic GMP
accumulation, methylene blue (Martin et al., 1985), induced a
signi®cant reduction of the relaxations evoked by both EFS
and exogenous NO in the pig intravesical ureter. Similar ob-
servations have been obtained previously for the pig trigone
(Persson & Andersson, 1992) and urethra of several species
(see Andersson, 1993). Moreover, Iselin et al. (1996) observed
that the inhibition exerted by exogenous NO on 5-hydro-
xytryptamine-induced contraction of the pig ureter is asso-
ciated with an increase in the cyclic GMP levels. Taken
together, these data suggest that NO released from nitrergic
nerves relaxes U46619-contracted ureteral smooth muscle tone
by activation of guanylate cyclase, with the subsequent accu-
mulation of cyclic GMP.

NO may relax some blood vessels via activation of po-
tassium channels, either through cyclic GMP-dependent pro-
tein kinase (Robertson et al., 1993) or by direct opening of
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Figure 4 Isometric force recordings showing the e�ect of glibenclamide (Glib, 1076
M) on the response of pig intravesical ureteral

strips to (a) EFS (0.5 ± 10 Hz), (b) exogenous addition of NO (NaNO2, 10
76 ± 1073

M) and (c) cromakalim (Cromak, 1078 ±
361076

M). Guanethidine (1075
M) and atropine (1077

M) were present throughout the experiment to block adrenergic
neurotransmission and muscarinic receptors, respectively. The ureteral strips were contracted to the thromboxane analogue, U46619
(1077

M) and when a sustained tone was obtained, frequency- and/or concentration-response curves to EFS, NO and cromakalim
were performed in the absence and the presence of glibenclamide (Glib, 1076

M). At the end of the experiment papaverine (Pap,
1074

M) was added to obtain the maximal relaxation of the pig intravesical ureteral preparations. Numbers indicate frequency (Hz)
or molar concentration in the bath. W: wash out.
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Ca2+-activated K+ channels which does not require cyclic
GMP (Bolotina et al., 1994). Cyclic GMP has been suggested
to cause relaxation of smooth muscle by lowering the in-
tracellular calcium concentration by either stimulating Ca2+-
ATPase activity or through opening of K+ channels leading to
hyperpolarization and subsequent reduction of Ca2+ in¯ux
through voltage-operated Ca2+ channels (Lincoln & Cornwell,
1991; Robertson et al., 1993). Thus, large conductance Ca2+-
activated K+ channels mediate the relaxations to NO in rabbit
aorta (Bolotina et al., 1994), and to both endogenous and
exogenous NO in guinea-pig ileum (Osthaus & Galligan,
1992). Small conductance Ca2+-activated K+ channels were
shown to mediate the hyperpolarization and relaxations to
EFS and S-nitrosocysteine in the rat gastric fundus (Kitamura
et al., 1993), and to EFS-induced NO-release and NO donors
in guinea-pig trachea (Ellis & Conanan, 1994). In contrast, in
the present study the inhibitors of the large (GimeÂ nez-Gallego
et al., 1988) and small (Weir & Weston, 1986) conductance
Ca2+-activated K+ channels, charybdotoxin and apamin, re-
spectively, did not change the relaxations induced by either
EFS or exogenous NO. Moreover, in the presence of methy-
lene blue neither charybdotoxin nor apamin produced an ad-
ditional inhibitory e�ect on the relaxation to either
endogenous or exogenous NO. Recently, it has been found
that the combined treatment of charybdotoxin plus apamin
produces an inhibitory e�ect on endothelium-dependent va-
sodilatation in the rat hepatic artery (Zygmunt & HoÈ gestaÈ tt,
1996). This contrasts with results in the present study, where
the incubation with the combination of inhibitors of the Ca2+-
sensitive K+ channels failed to modify the relaxations evoked
by EFS or exogenous NO. Such data suggest that Ca2+-sen-
sitive K+ channels are not involved in the response to in-
hibitory neurotransmission evoked by NO in the pig
intravesical ureter.

ATP-sensitive K+ channels (Cook & Quast, 1990) play an
important role in the regulation of the smooth muscle of the
urinary tract (see Andersson, 1993). Thus, an opener of ATP-
sensitive K+ channels, cromakalim, reduces bladder mechan-
ical activity in guinea-pig and rat (Foster et al., 1989a; Mal-
mgren et al., 1989), as well as contractions in normal and
unstable human and pig detrusor (Foster et al., 1989b). Cro-
makalim induces smooth muscle hyperpolarization and re-
duces the open probability of voltage-sensitive calcium
channels (Foster et al., 1989b; Cook & Quast, 1990; Maggi et
al., 1994a,b). In isolated preparations of guinea-pig urinary
bladder (Fujii et al., 1990), renal pelvis and ureter (Maggi et
al., 1994a), cromakalin reduced both spontaneous and elec-
trically-evoked contractions. The inhibitor of ATP-sensitive
K+ channels, glibenclamide (Ashcroft & Ashcroft, 1990; Ed-
wards et al., 1991), reversed the e�ect of cromakalim in the
guinea-pig urinary bladder, ureter and renal pelvis (Fujii et al.,
1990, Bonev & Nelson, 1993; Trivedi et al., 1994; Maggi et al.,
1994a). Cromakalim also induced concentration-dependent
relaxations of U46619-contracted pig intravesical ureteral
strips, and these relaxations were inhibited by glibenclamide,
suggesting the presence of ATP-sensitive K+ channels in the
porcine intravesical ureter.

Calcitonin gene-related peptide (CGRP), which acts as an
inhibitory neurotransmitter in the mammalian ureter (Maggi
& Giuliani, 1991; Sann et al., 1993), increases cyclic AMP and
causes hyperpolarization and relaxation through the opening
of ATP-sensitive K+ channels in both ureteral and arterial
smooth muscle (Maggi et al., 1994b; 1995; Santicioli & Maggi,
1994; Quayle et al., 1994). These e�ects could be mimicked by
an activator of adenylate cyclase, forskolin, suggesting that
elevation of cyclic AMP may be involved in the opening of
ATP-sensitive K+ channels in both guinea-pig ureter (Maggi et
al., 1995) and arterial smooth muscle (Quayle et al., 1994). On
the other hand, NO, which activates guanylate cyclase and
increases cyclic GMP, was shown to induce hyperpolarization
of mesenteric arteries through ATP-sensitive K+ channels
(Murphy & Brayden, 1995). In the present study of the pig
intravesical ureter, glibenclamide signi®cantly reduced the re-
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Figure 5 Average concentration-response curves for the relaxant
e�ect of cromakalim in U46619-precontracted pig intravesical
ureteral preparations, in the absence (*) and presence (*) of
glibenclamide (1076

M). Relaxations are expressed as a percentage of
the tone induced by U46619 (1077

M). Each point represents the
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Figure 6 Frequency- (a) and concentration-response (b) relaxation
curves to EFS- and NaNO2 acidi®ed solution, respectively, in
U46619-precontracted pig intravesical ureteral preparations in
control conditions (*) and in the presence of either glibenclamide
alone (1076
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induced by U46619 (1077
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vertical lines s.e.mean of 6 ± 8 preparations.
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laxations elicited by EFS. This inhibitory e�ect appeared to be
postjunctional, since glibenclamide also e�ectively inhibited
the relaxations to exogenous NO. These results collectively
suggest that in addition to activation of glibenclamide-sensitive
K+ channels by the cyclic AMP pathway in guinea-pig ureter
(Maggi et al., 1994b; 1995), both endogenous NO released by
EFS and exogenous NO produce relaxations of the pig in-
travesical ureter in part via opening of glibenclamide-sensitive
K+ channels.

In the present investigation, part of the relaxations induced
by either EFS or exogenous NO were resistant to methylene
blue suggesting the existence of a cyclic GMP-independent
mechanism. As previously stated, NO can relax smooth muscle
via activation of K+ channels, either by activation of a cyclic
GMP-dependent protein kinase (Robertson et al., 1993) or the
direct opening of K+ channels without the requirement of
cyclic GMP (Bolotina et al., 1994). If the latter occurred in the
ureter the inhibitory e�ects of methylene blue and glib-
enclamide would be expected to be additive. However, in-
cubation of pig ureteral strips with both methylene blue and
glibenclamide did not produce a signi®cant additional inhibi-
tion of the relaxations induced by either EFS or exogenous
addition of NO to that induced by methylene blue alone. Such
®ndings thus suggest that both EFS-released NO and exo-
genous NO activate guanylate cyclase and that the subsequent
increase in cyclic GMP favours the opening of glibenclamide-
sensitive K+ channels, hyperpolarization and relaxation of pig
intravesical ureter.

It has been shown that the increase in cyclic GMP may
cause apamin-resistant hyperpolarization but the apamin-
sensitive hyperpolarization induced by EFS or S-ni-
trosocysteine is mediated by another mechanism in the rat
gastric fundus (Kitamura et al., 1993). Recently, Takeuchi
and colleagues (1996) observed that NO induced relaxations
of rat proximal colon by an unknown mechanism which
were not associated with changes in cyclic GMP content and
membrane potential of the smooth muscle. In the present
study, there was persistence of some NO-induced relaxation
in the presence of methylene blue and glibenclamide. This
also suggests that another mechanism, perhaps similar to
that in the gastric fundus (Kitamura et al., 1993) or prox-
imal colon (Takeuchi et al., 1996) of the rat, might also
contribute to the relaxations obtained to NO in the pig in-
travesical ureter.

In summary, the present results suggest that the inhibitory
neurotransmission in the pig intravesical ureter is in part
mediated by NO, causing relaxation through a guanylate cy-
clase-dependent mechanism which seems to favour the opening
of glibenclamide-sensitive K+ channels.

The authors thank Mr Francisco Puente and Mr Manuel Perales for
their technical assistance. They also wish to thank GIPISA
slaughterhouse (Pozuelo de AlarcoÂ n, Madrid) for kindly donating
the ureters.
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