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1 This study was designed to investigate the e�ect of 5-hydroxytryptamine (5-HT) and to
characterize the 5-HT receptors involved in 5-HT responses in the pig intravesical ureter.

2 5-HT (0.01 ± 10 mM) concentration-dependently increased the tone of intravesical ureteral strips,
whereas the increases in phasic contractions were concentration-independent. The 5-HT2 receptor
agonist a-methyl 5-HT, mimicked the e�ect on tone whereas weak or no response was obtained with
5-CT, 8-OH-DPAT, m-chlorophenylbiguanide and RS 67333, 5-HT1, 5-HT1A, 5-HT3 and 5-HT4

receptor agonists, respectively. 5-HT did not induce relaxation of U46619-contracted ureteral
preparations. Pargyline (100 mM), a monoaminooxidase A/B activity inhibitor, produced leftward
displacements of the concentration-response curves for 5-HT.

3 5-HT-induced tone was reduced by the 5-HT2 and 5-HT2A receptor antagonists ritanserine
(0.1 mM) and spiperone (0.2 mM), respectively. However, 5-HT contraction was not antagonized by
cyanopindolol (2 mM), SDZ± SER 082 (1 mM), Y-25130 (1 mM) and GR 113808 (0.1 mM), which are
respectively, 5-HT1A/1B, 5-HT2B/2C, 5-HT3, and 5-HT4 selective receptor antagonists.

4 Removal of the urothelium did not modify 5-HT-induced contractions. Blockade of neuronal
voltage-activated sodium channels, a-adrenergic receptors and adrenergic neurotransmission with
tetrodotoxin (1 mM), phentolamine (0.3 mM) and guanethidine (10 mM), respectively, reduced the
contractions to 5-HT. However, physostigmine (1 mM), atropine (0.1 mM) and suramin (30 mM),
inhibitors of cholinesterase activity, muscarinic- and purinergic P2-receptors, respectively, failed to
modify the contractions to 5-HT.

5 These results suggest that 5-HT increases the tone of the pig intravesical ureter through 5-HT2A

receptors located at the smooth muscle. Part of the 5-HT contraction is indirectly mediated via
noradrenaline release from sympathetic nerves.
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Introduction

5-Hydroxytryptamine (5-HT) produces a wide variety of

mechanical e�ects such as contraction, relaxation or both
responses in the mammalian urinary tract by either a direct
action on the smooth muscle cells or by indirect e�ects on the

autonomic intramural neurons. Thus, 5-HT induces contrac-
tion of the detrusor muscle through a mechanism which
involves ketanserine-sensitive muscular 5-HT2 receptors in
man (Klarskov & Hùrby-Petersen, 1986) and dog (Cohen,

1990) and neural 5-HT3 receptors in the rabbit (Chen, 1990)
and guinea-pig (Messori et al., 1995), by enhancing

cholinergic transmission. Moreover, an inhibitory action of

5-HT in monkey urinary bladder, through muscular 5-HT4

receptors, has been described (Waikar et al., 1994).
5-HT receptors are classi®ed into four major subtypes,

namely 5-HT1 (1A, 1B, 1D, 1e, 1f) (negatively coupled to
adenylate cyclase), 5-HT2 (2A, 2B, 2C) (positively coupled to
phospholipase C), 5-HT3 (ligand-gated ion channel) and 5-
HT4 (positively coupled to adenylate cyclase). In addition,

molecular cloning studies have identi®ed three other less
well-de®ned subtypes (5-HT5, 5-HT6, 5-HT7), which can be
discriminated by their relative agonist potency. Thus,

lysergic acid (LSD) shows relatively high a�nity, in
comparison to 5-HT and 5-carboxamidotryptamine (5-CT),
at the 5-HT5 subtype (LSD45-CT45-HT). At 5-HT6
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receptors, 5-CT is less potent than 5-HT and 5-methoxy-
tryptamine (5-MeOT) (5-MeOT45-HT45-CT). Finally, 5-
CT shows higher a�nity than 5-HT, LSD and 5-MeOT at

5-HT7 (5-CT45-HT45-MeOT4LSD) (Boess & Martin,
1994; Hoyer et al., 1994).
5-HT has been localized in the urothelium of the

mammalian urinary tract (Fetissof et al., 1983) and its role

on ureteral activity is not yet well understood. Either in vitro
(Gidener et al., 1995, 1999) or in vivo (Hauser et al., 2002)
pharmacological studies have shown that 5-HT evokes

ureteral contractions. However, variations have been
evidentiated with regard to the subtype of 5-HT receptor
involved in these responses on the basis of the pharmaco-

gical model (in vitro or in vivo) and the species used. The
present study was undertaken, therefore, to analyse the
e�ect(s) of 5-HT and to characterize further the 5-HT

receptors mediating these responses of the isolated 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
animals were killed, and kept in chilled (48C) physiological

saline solution (PSS). 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
described (HernaÂ ndez et al., 1992). The ureteral strips were
suspended horizontally with one end connected to an
isometric transducer (Grass FT 03C) and the other one to

a micrometer screw which regulates the tension applied to the
preparations, in 5 ml organ baths. The signal was con-
tinuously recorded on a polygraph (Graphtec Multicorder

MC 6621, Hugo Sachs Elektronik, Germany). Passive tension
of 2 g was applied to the preparations and they were allowed
to equilibrate for 60 min.

Experimental procedure

At the beginning of each experiment, the contractile

capacity of the samples was tested by exposing the ureteral
strips to 124 mM potassium enriched PSS (KPSS). Increases
in basal tone (g) were examined by single application of

increasing concentrations of 5-HT and tryptamine analo-
gues with a washout period between two consecutive
concentrations.

Due to the development of a strong tachyphylaxis of the
tissue to the agonists, two consecutive concentration-response
curves could not be constructed in the same preparation.

Thus, the antagonist study was performed in adjacent
preparations of the same animal run in parallel, one of them
used as control and the other one treated with the 5-HT
receptor antagonist under study for 30 min before 5-HT was

added. Treatment with pargyline, an irreversible MAO A/B
activity inhibitor, was during a period of 1 h and then this
drug was removed from the organ bath. Incubation with

guanethidine to block the adrenergic neurotransmission was
during a period of 1 h washing every 20 min and this drug
was present throughout the experiment.

To investigate whether 5-HT or the 5-HT1 and 5-HT4

receptor agonist 5-CT and RS 67333, respectively, induced
relaxation, the strips were incubated for 30 min with the 5-

HT2 receptor antagonist ritanserine (0.1 mM), to block the 5-
HT-induced contraction. The preparations were contracted
with the thromboxane analogue, U46619 (0.1 mM), and when
the contraction was stable increasing concentrations of the

5-HT receptor agonists were added.

Drugs and solutions

The following drugs were used: atropine (Sigma, U.S.A.), m-

chlorophenylbiguanide (Tocris, U.K.), 5-CT (5-carboxamido-
tryptamine, Tocris), cyanopindolol (Tocris), GR 113808 (1-
methyl-1H-indole-3-carboxylic acid, [1-2[(methylsulfonyl)ami-

no]ethyl]-4-piperidinyl]methyl ester, Tocris), guanethidine
(Sigma), 8-OH-DPAT (8-hydroxy-2-dipropylaminotetralin
hydrobromide, Tocris), 5-HT (5-hydroxytryptamine, Sigma),
a-methyl-5-HT (a-methyl-5-hydroxytryptamine, Tocris), par-

gyline (Sigma), phentolamine (Sigma), physostigmine (Sig-
ma), ritanserine (Sigma), RS 67333 (1-(4-amino-5-chloro-2-
methoxyphenyl)-3-[1-butyl-4-piperidinyl]-1-propanone hydro-

chloride, Tocris), SDZ SER 082 ((+)-cis-4,5,7a,8,9,10,
11,11a-octahydro-7H-10-methylindolo-[1,7-bc][2,6]-naphthyr-
idine fumarate, Tocris), spiperone (Tocris), suramin (Sigma),

TTX (tetrodotoxin, Sigma), U46619 (9,11-dideoxy-11(,9a-
epoxy-methanoprostaglandin F2a, Sigma), VIP (vasoactive
intestinal peptide, Sigma), Y-25130 (N-(1-azabicyclo-

[2,2,2]oct-3-yl)-6-chloro-4-methyl-3-oxo-3,4-dihydro-2H-1,4-
benzoxazine-8-carboxamide hydrochloride, Tocris).

Physostigmine, spiperone and U46619 were dissolved in
96% ethanol, while GR 113808 and cyanopindolol were

dissolved in dimethyl sulphoxide and further diluted in
distilled water. The other drugs were dissolved in distilled
water. The solvents had no e�ect on the preparation.

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

solution was continuously gassed at 378C with 95% O2 and
5% CO2, to maintain pH at 7.4. KPSS (124 mM) was PSS
with KCl exchanged for NaCl on an equimolar basis. Stock
solutions were prepared daily in distilled water.

Calculations and statistics

For each concentration-response curve, the concentration
required to give half-maximal response (EC50) to 5-HT and

related analogues was estimated by computerized non linear
regression analysis (GraphPad InPlot 4, U.S.A.). The
sensitivity of the drugs is expressed in terms of pD2, where

pD2 is de®ned as the negative logarithm of EC50

(pD2=7logEC50 [M]). Each parameter was determined
from ureters of at least 4 ± 6 di�erent animals. Results are
showed as percentage of maximal reponse induced by KPSS.

Statistical signi®cance of di�erences was calculated by
Student's t-test, for unpaired observations for individual
concentrations and variance analysis (ANOVA) for multiple

comparisons, followed by an a posteriori Bonferroni test.
Di�erences were considered signi®cant with a probability
level of P50.05.
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Results

The pig intravesical ureteral strips were allowed to equilibrate

to a passive tension of 1.7+0.4 g (n=93). Under these
conditions the exposition of samples to 124 mM KPSS
evoked a contraction of 2.3+0.4 g (n=93).

Contraction induced by 5-HT and tryptamine analogues
in the pig intravesical ureter

5-HT (0.01 ± 10 mM) induced increases in the two contractile
components (phasic activity and basal tone) of pig
intravesical ureter. In all strips, concentrations up to 0.3 mM
5-HT essentially evoked the elevation of intravesical ureteral
basal tone (Figures 1, 2, Table 1). 5-HT also caused the
generation or the increase of phasic contractions in quiescent

segments or in those which showed spontaneous activity,
respectively, but this e�ect was manifested as concentration
independent and often masked by the superimposed increased
tone.

a-methyl-5-HT, a selective 5-HT2 receptor agonist, induced
a signi®cant increase of the ureteral tone. 5-CT, 8-OH-
DPAT, m-chlorophenylbiguanide and RS 67333, which are

respectively, 5-HT1, 5-HT1A, 5-HT3 and 5-HT4 receptor
agonists, caused either no or only small increases in ureteral
tone (Figure 2, Table 1).

Treatment with pargyline (100 mM), a monoaminooxidase
(MAO) A/B activity inhibitor, produced a leftward displace-
ment yielding a monophasic sigmoidal concentration-con-

traction curve to 5-HT. Furthermore, the pD2 values and
maximal contraction to 5-HT were 6.10+0.07 and 7.01+0.09
(P50.05, unpaired t-test, n=10) and 74.33+8.36% and
84.96+7.43% (P40.05, unpaired t-test, n=10) (Figure 2) in

the absence and presence of pargyline, respectively. Pargyline
enhanced 5-HT-induced tone with no e�ect on the ureteral
phasic activity. Due to the marked e�ect of the MAO

blocker, the subsequent experiments, were carried out after
the preparations had been treated with pargyline.

Effects of ritanserine, spiperone, SDZ-SER 082,
cyanopindolol, Y-25130 and GR 113808 on
5-HT-induced tone

Pretreatment of ureteral strips with ritanserine (0.1 mM) and
spiperone (0.2 mM), 5-HT2 and 5-HT2A receptor antagonists,
respectively, reduced the contractions to 5-HT (Figure 3a,b,

Table 2) . Such contractions, however, were resistant to
incubation with SDZ SER 082 (1 mM), cyanopindolol (2 mM),

Y-25130 (1 mM) and GR 113808 (0.1 mM), which are
respectively, 5-HT2B/2C, 5-HT1A/1B, 5-HT3, and 5-HT4

selective receptor antagonists (Figures 3c; 4a,b,c, Table 2).

Combined treatments of Y-25130 plus ritanserine and GR
113808 plus ritanserine evoked a reduction of the 5-HT-
induced contraction similar to that induced by ritanserine
alone (Table 2).

Effects of urothelium denudation, tetrodotoxin,
guanethidine, phentolamine, atropine, physostigmine and
suramin on 5-HT-induced tone

Exposition of urothelium-denuded strips to 124 mM KPSS

induced a contraction of 2.2+0.6 g (n=6). Urothelium
removal failed to modify the contractions to 5-HT. Thus,
the pD2 values and maximal response to 5-HT were

7.22+0.07 and 7.19+0.09 (P40.05, unpaired t-test, n=6)
and 63.95+6.27% and 68.90+6.31% (P40.05, unpaired t-
test, n=6) (Figure 5a) in the presence and absence of
urothelium, respectively.

Incubation with TTX (1 mM) (Figure 5b, Table 3),
guanethidine (10 mM) and phentolamine (0.3 mM), inhibitors
of neuronal voltage-activated sodium channels, adrenergic

neurotransmission and a-adrenergic receptors, respectively,
reduced the contractions to 5-HT (Figure 6a,b, Table 3).
However, physostigmine (1 mM), atropine (0.1 mM) and

suramin (30 mM), inhibitors of cholinesterase activity, mus-
carinic- and purinergic P2-receptors, respectively, failed to
modify these contractions (Table 3).

Figure 1 Isometric force recordings showing the contractions to 5-hydroxytryptamine (5-HT) (0.1 ± 3 mM) in isolated pig
intravesical ureter. Vertical bar shows tension in g and horizontal bar time in min. Numbers indicate micromolar concentration in
the organ bath. W: wash out.

Table 1 Contractions induced by 5-HT and tryptamine
analogues in isolated pig intravesical ureter

Drugs n pD2 Emax (%)

5-HT 10 5.99+0.14 72.31+8.61
5-CT 7 6.14+0.11 16.52+5.89*
8-OH-DPAT 6 6.18+0.06 11.72+5.78*
a-methyl-5-HT 7 6.41+0.17 43.41+7.80*
m-chlorophenylbiguanide 8 ± 2.67+1.26*
RS 67333 6 ± 3.86+2.24*

Results are expressed as mean+s.e.mean of n experiments.
Di�erences were calculated by one-way analysis of variance
(ANOVA) followed by an a posteriori Bonferroni t-test in
case of signi®cance; pD2=7log EC50, where EC50 is the
concentration of agonist producing 50% contraction. Emax is
the maximal contraction expressed in percentage of the
maximal response induced by potassium rich physiological
saline solution (KPSS, 124 mM). n, number of experiments.
*P50.05 versus 5-HT value (unpaired t-test).
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Effect of 5-HT , 5-CT and RS 67333 on U46619-induced
tone in porcine intravesical ureter

In ritanserine (0.1 mM)-treated ureteral samples, the throm-
boxane analogue, U46619 (0.1 mM) evoked a sustained
contraction of 1.5+0.3 g (n=16). On the U46619-induced
tone, 5-HT, 5-CT and RS 67333, did not induce any

relaxation of the porcine intravesical ureteral strips. VIP
(0.1 mM) relaxed the same preparations by 81.6+5.1%
(n=16).

Discussion

The present study was designed in order to show the e�ect of
5-HT and to characterize the 5-HT receptor(s) involved in the
activity of the isolated pig intravesical ureter. For this aim we

used selective agonists and antagonists to determine the 5-HT
receptor subtypes that mediate these e�ects. 5-HT and a-
methyl-5-HT, a selective 5HT2 receptor agonist, concentra-

tion-dependently contracted the pig intravesical ureter,

Figure 3 Log concentration-response contraction curves to 5-hydroxytryptamine (5-HT) in pig intravesical ureteral strips in
control conditions or in the presence of (a) 0.1 mM ritanserine, (b) 0.2 mM spiperone or (c) 1 mM SDZ SER 082. The contractions are
expressed as a percentage of the 124 mM KPSS-induced contraction. Results represent means and vertical line s.e. of the mean of
6 ± 8 preparations.

Figure 2 Log concentration-response contraction curves to 5-
hydroxytryptamine (5-HT), 5-HT plus pargyline (100 mM), 5-carbox-
amidotryptamine (5-CT), 8-hydroxy-DPAT (8-OH-DPAT), a-methyl-
5-hydroxytryptamine (a-methyl-5-HT), m-chlorophenylbiguanide (m-
cpbiguanide) and 1-(4-amino-5-chloro-2-methoxyphenyl)-3-[1-butyl-4-
piperidinyl]-1-propanone hydrochloride (RS 67333) in pig intravesical
ureter. Contractions are expressed as a percentage of the 124 mM

KPSS-induced contraction. Results represent means and vertical line
s.e. of the mean of 6 ± 10 preparations.

Table 2 E�ect of ritanserine, spiperone, SDZ SER 082,
cyanopindolol, Y-25130, GR 113808 and Y-25130 (1 mM) or
GR 113808 (0.1 mM) plus ritanserine (0.1 mM) on 5-HT-
induced tone of isolated pig intravesical ureter

Drugs n pD2 Emax (%)

Control 8 6.95+0.16 86.48+5.99
Ritanserine (0.1 mM) 8 6.42+0.09* 54.31+7.71*
Control 6 7.11+0.12 72.40+5.83
Spiperone (0.2 mM) 6 6.53+0.09* 61.11+7.60
Control 6 6.79+0.11 74.56+7.16
SDZ SER 082 (1 mM) 6 6.71+0.10 79.41+7.52
Control 7 6.94+0.12 71.33+5.58
Cyanopindolol (2 mM) 7 7.11+0.14 73.21+5.11
Control 5 7.42+0.15 81.52+6.56
Y-25130 (1 mM) 5 7.54+0.10 85.30+5.96
Y-25130+ritanserine 5 6.61+0.12* 47.81+8.92*
Control 6 7.01+0.11 87.51+5.93
GR 113808 (0.1 mM) 6 6.94+0.14 85.10+6.68
GR 113808+ritanserine 6 6.20+0.17* 50.31+7.89*

Results are expressed as mean+s.e.mean of n experiments.
Di�erences were calculated by one-way analysis of variance
(ANOVA) followed by an a posteriori Bonferroni t-test in
case of signi®cance; pD2=7log EC50, where EC50 is the
concentration of agonist producing 50% contraction. Emax is
the maximal contraction expressed in percentage of the
maximal response induced by potassium rich physiological
saline solution (KPSS, 124 mM). n, number of experiments.
*P50.05 vs control value (unpaired t-test).
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whereas 5-CT, 8-OH-DPAT, m-chlorophenylbiguanide and

RS 67333, 5-HT1, 5-HT1A, 5-HT3 and 5-HT4 receptor
agonists, respectively, failed to increase the ureteral tone. 5-
HT-induced relaxation was not observed in our preparation.

These results, together with the observations that ritanserine
and spiperone antagonize 5-HT-induced contraction, suggest
that 5-HT increases tone in the pig intravesical ureter by

activation of 5-HT2A receptors. The lack of e�ect of the
urothelium removal and the inhibitory e�ect caused by TTX,
guanethidine and phentolamine on 5-HT-induced contrac-

tions suggests that part of this contractile e�ect is indirectly
mediated through NA release from sympathetic nerves.
Recently, in vivo studies performed in the pig ureter

showed that the intravenous administration of 5-HT and

DOI, a 5-HT2A/2C receptor agonist, increases the frequency of

ureteral contractions in a concentration-dependent manner

(Hauser et al., 2002). In the present study 5-HT preferentially
increased tone in the isolated intravesical ureter. Phasic
contractions were induced or increased in the presence of 5-

HT in the pig intravesical ureter, but the frequency of the
contractions were not related to the concentration of 5-HT.
Moreover, the phasic contractions were usually abolished by
the marked 5-HT-evoked increases in ureteral tone. The

di�erent treatments used in our experimental protocol
inhibited the 5-HT-evoked tone without a�ecting the
frequency of ureteral phasic activity. The observed di�erence

between the contraction produced by 5-HT in the in vivo
(stimulation of peristaltic activity) and in vitro (elevation of
basal tone) models could be explained on the basis of the

Figure 4 Log concentration-response contraction curves to 5-hydroxytryptamine (5-HT) in pig intravesical ureteral strips in
control conditions or in the presence of (a) 2 mM cyanopindolol, (b) 1 mM Y-25130 or (c) 0.1 mM GR 113808. The contractions are
expressed as a percentage of the 124 mM KPSS-induced contraction. Results represent means and vertical line s.e. of the mean of
5 ± 7 preparations.

Figure 5 (a) Log concentration-response contraction curves to 5-
hydroxytryptamine (5-HT) in pig intravesical ureteral strips in the
presence and in the absence of urothelium. (b) Log concentration-
response contraction curves to 5-HT in control conditions or in the
presence of 1 mM tetrodotoxin (TTX). The contractions are expressed
as a percentage of the 124 mM KPSS-induced contraction. Results
represent means and vertical line s.e. of the mean of six preparations.
*P50.05 vs control value (unpaired t-test).

Table 3 E�ect of tetrodotoxin (TTX), guanethidine,
phentolamine, atropine, physostigmine and suramin on 5-
HT-induced tone of isolated pig intravesical ureter

Drugs n pD2 Emax (%)

Control 6 6.88+0.10 84.52+9.30
TTX (1 mM) 6 6.90+0.12 58.41+8.51*
Control 9 6.83+0.11 66.71+8.21
Guanethidine (10 mM) 9 6.90+0.14 39.06+5.60*
Control 7 7.19+0.08 83.75+7.16
Phentolamine (0.3 mM) 7 6.49+0.09* 52.32+5.60*
Control 7 7.07+0.12 89.74+7.91
Atropine (0.1 mM) 7 6.89+0.14 88.52+10.16
Control 5 6.87+0.09 71.20+7.46
Physostigmine (1 mM) 5 6.90+0.10 74.94+4.15
Control 6 7.05+0.08 82.43+5.93
Suramin (30 mM) 6 7.20+0.12 83.72+4.98

Results are expressed as mean+s.e.mean of n experiments.
Di�erences were calculated by one-way analysis of variance
(ANOVA) followed by a posteriori Bonferroni t-test in case
of signi®cance; pD2=7log EC50, where EC50 is the
concentration of agonist producing 50% contraction. Emax

is the maximal contraction expressed in percentage of the
maximal response induced by potassium rich physiological
saline solution (KPSS, 124 mM). n, number of experiments.
*P50.05 versus control value (unpaired t-test).
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ureteral segment used in the present study. Thus, isolated

intravesical ureter is the ureteral component of the uretero-
vesical junction and it functions as a sphincter whose
peristaltic contractions facilitate progression of the urine

bolus during bladder ®lling and its closure avoids vesicour-
eteral re¯ux at micturition (Blok et al., 1985; HernaÂ ndez et
al., 1993; 1995; 1999; Prieto et al., 1997). At this level, 5-HT

could be more related to the closure of the ureter once the
urine bolus has been discharged into the urinary bladder,
rather than to the stimulation of phasic contractions.
In some preparations as rat stomach, contractions evoked

by tryptamine and analogues were potentiated by MAO
inhibitors (Handschumacher & Vane, 1967). In the present
study, pargyline (100 mM), an irreversible MAO A/B

inhibitor, also caused a potent leftward displacement of the
concentration-dependent contraction curve to 5-HT, suggest-
ing the presence of a MAO barrier with high enzymatic

activity which precludes the access of 5-HT to its receptor(s)
in this preparation. Due to this reason the rest of our
experimental protocol was performed in the presence of the
MAO A/B activity inhibitor.

The possible involvement of 5-HT1 receptors in the ureteral
contractions to 5-HT is still unclear. Thus, in the isolated
human ureter (Gidener et al., 1999) 5-CT, a selective agonist

of these receptors (Humphrey, 1984), evoked smooth muscle
contraction. However, in our study, the slight contractile
response induced by 5-CT and 8-OH-DPAT (Bjork et al.,

1991), which show high and moderate a�nity for 5-HT1A

and 5-HT7, respectively, as well as the lack of inhibitory
e�ect shown by cyanopindolol (Engel et al., 1986), a selective

5-HT1A/1B antagonist, indicate that these receptors do not
seem to be involved in the 5-HT-induced tone.
5-HT2 receptors have previously been reported to mediate

5-HT contraction in human (Klarskov & Hùrby-Petersen,

1986) and dog (Cohen, 1990) urinary bladder. In the pig
intravesical ureter, a-methyl-5-HT, a selective 5-HT2 agonist
(Humphrey, 1984) was the unique tryptamine analogue that

increased ureteral basal tone. In addition, the antagonism
a�orded by ritanserine and spiperone (Hoyer et al., 1994) and
the lack of e�ect of SDZ SER 082 (Nozulak et al., 1995), a

selective 5HT2B/2C receptor antagonist with low a�nity for 5-
HT2A, on contractions induced by 5-HT in the ureteral strips,
indicate that the e�ects of 5-HT are mediated through

activation of a 5-HT2A receptor subtype. These results di�er
from those found in the human isolated upper ureter where
the lack of contractile e�ect of DOI, a 5-HT2A receptor
agonist, and the weak antagonism of ketanserine suggested

that these receptors were not involved (Gidener et al., 1999).
Our results, however, are consistent, in part, with those
reported in the pig in vivo model, where the excitatory action

of 5-HT and DOI on ureteral phasic contractions was
reversed by the 5-HT2A/2C receptor antagonist ketanserine
indicating, thus, the activation of these receptors (Hauser et

al., 2002). In the pig isolated intravesical ureter, the
involvement of a sole 5-HT2A subtype was supported by
the reduction caused by spiperone, a selective 5-HT2A

antagonist, and by the fact that incubation with SDZ SER
082 (Nozulak et al., 1995), an antagonist that shows high and
low a�nity for 5-HT2B/2C and 5HT2A, respectively, failed to
modify the 5-HT-induced contractions.

5-HT3 receptors have been described in the urinary bladder
of the rabbit (Chen, 1990), where they induce indirect
contractile e�ects which are due to neurally released ACh

and ATP. In the pig intravesical ureter, m-chlorophenylbi-
guanide (Kilpatrick et al., 1990), a selective 5-HT3 receptor
agonist, failed to increase the ureteral tone. Moreover, Y-

25130, a potent selective 5-HT3 receptor antagonist (Fukuda
et al., 1991), did not modify the contractions induced by 5-
HT and combined treatment of Y-25130 plus ritanserine did

not cause greater antagonism than that caused by ritanserine
alone. These results exclude the idea that 5-HT3 receptors are
involved in the 5-HT-induced ureteral tone.

5-HT4 receptors have been described in the urinary

bladder, where they locate prejunctionally causing ACh and
ATP release, as reported in the guinea-pig (Messori et al.,
1995) and man (Tonini et al., 1994). In the pig intravesical

ureter, RS 67333 (Eglen et al., 1995), a selective 5-HT4

receptor agonist, did not increase the ureteral basal tone.
Moreover, GR 113808, a selective 5-HT4 receptor antagonist

(Gale et al., 1994), failed to reduce 5-HT contractions. The
antagonism exerted by this blocker plus ritanserine was
indistinguishable from that a�orded by ritanserine alone.
Therefore it is unlikely that 5-HT4 receptors are involved in

the contraction to 5-HT in the pig intravesical ureter.
In our study, mechanical denudation of the urothelium

failed to modify the tone induced by 5-HT, indicating that

these responses are mediated via a receptor located at the
ureteral smooth muscle. These results agree with previous
studies showing 5-HT evokes contraction of the isolated

human ureter (Gidener et al., 1995; 1999) by activation of
smooth muscle 5-HT receptors. However, the inhibition
caused by TTX, guanethidine and phentolamine on 5-HT-

induced tone suggests that part of this excitatory action is
evoked indirectly via NA release from noradrenergic
terminals.

It has previously been reported that 5-HT may di�eren-

tially a�ect ACh or ATP release from guinea-pig urinary
bladder by activating at least three di�erent excitatory
receptors, presumably located at di�erent sites including the

neuronal cell body (5-HT3 receptors) and axon (5-HT2A and
5-HT4 receptors) (Messori et al., 1995). In the present study,
the involvement of a neuronal mechanism in 5-HT contrac-

Figure 6 Log concentration-response contraction curves to 5-
hydroxytryptamine (5-HT) in pig intravesical ureteral strips in
control conditions or in the presence of (a) 10 mM guanethidine or
(b) 0.3 mM phentolamine. The contractions are expressed as a
percentage of the 124 mM KPSS-induced contraction. Results
represent means and vertical line s.e. of the mean of 7 ± 9
preparations.
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tion of the pig intravesical ureter was supported by the action
of TTX which attenuated the contraction induced by high
concentrations (1 and 3 mM) of 5-HT. However, the lack of

inhibitory e�ect exhibited by physostigmine, atropine and
suramin, cholinesterase, muscarinic- and purinergic P2-
receptor inhibitors, respectively, on 5-HT-induced contrac-
tions excludes that 5-HT contraction involves ACh and ATP

release in the pig intravesical ureter. These results agree with
those reported in the human ureter ruling out a facilitatory
role for 5-HT in ureteral cholinergic transmission (Gidener et

al., 1995).
5-HT is known to modulate peripheral sympathetic

neurotransmission primarily by inhibition of NA release

through prejunctional 5-HT1-like receptors now identi®ed as
a mixture of 5-HT1B, 5-HT1D and 5-HT7 (Saxena et al.,
1998), but also by enhancing the adrenergic neurotransmitter

release through facilitatory presynaptic 5-HT1A receptors
(Cohen et al., 1999). In our study, guanethidine and
phentolamine, adrenergic neurotransmission and a-adrenergic
receptors blockers, respectively, markedly reduced the 5-HT-

induced contractions, thus suggesting that part of the
contraction induced by 5-HT is indirectly mediated by NA
release from adrenergic nerves acting on a-adrenoceptors. NA

stimulates both phasic and tonic contractions of the pig
intravesical ureter through a1 and a2 adrenoceptors (HernaÂ n-
dez et al., 1992) and therefore, NA released in response to 5-

HT could contribute to the contractile e�ect of 5-HT at this
level of the urinary tract.
The lack of e�ect shown by the selective 5-HT1, 5-HT3 and

5-HT4 receptor antagonists on 5-HT-induced contractions,
seems to discard the involvement of these receptor subtypes
as putative prejunctional excitatory 5-HT receptors causing
NA release in our preparation. Moreover, indirect e�ects of

high concentrations of 5-HT to enhance NA release have
been also reported, e�ects thought to be mediated by 5-HT
uptake into the adrenergic terminals and the subsequent

displacement of NA from neuronal stores (MarõÂ n et al.,
1981). This could explain the observed e�ects of 5-HT
releasing NA in the pig intravesical ureter.
In addition to its contractile e�ect, a relaxation to 5-HT

mediated by 5-HT4 receptors has been reported in monkey
urinary bladder (Waikar et al., 1994). Due to the fact that 5-
HT2A receptors mediate the contractions to 5-HT in the pig

intravesical ureter, the blockade of these receptors is a
requisite for the direct relaxant activity of 5-HT and some 5-
HT receptor agonists can be manifested. Thus, on U46619-

contracted intravesical ureteral samples pretreated with
0.1 mM ritanserine to block the 5-HT2A subtype, 5-HT, 5-
CT and RS 67333 failed to induce smooth muscle relaxation

suggesting that 5-HT only evokes contraction in the pig
intravesical ureter.
In conclusion, the results of the present work suggest that

5-HT induces a contractile e�ect through activation of 5-

HT2A receptors in the pig intravesical ureter. This e�ect
involves both neuronal and non-neuronal mechanisms, the
former being related to NA release from noradrenergic nerves

that would enhance 5-HT excitatory action at smooth muscle.
The 5-HT-induced tone at this level suggests that 5-HT
would be involved in the closure of intravesical ureteral wall

rather than in the stimulation of phasic peristaltic activity.

The authors thank Mr Manuel Perales and Mr Francisco Puente
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slaughterhouse (Pozuelo de AlarcoÂ n, Madrid) for kindly donating
the ureters.
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