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1 The e�ects of the a1-adrenoceptor antagonists doxazosin (0.1 ± 2 mg kg71), RS-100329 (a1A;
0.01 ± 1 mg kg71), RS-513815 (Ro 151-3815, a1B; 0.3 ± 3 mg kg71) and BMY 7378 (a1D; 0.1 ±
1 mg kg71), the 5-HT1A receptor agonist, 8-OH-DPAT (0.03 ± 0.3 mg kg71) and antagonist WAY-
100635 (0.03 ± 0.3 mg kg71) were investigated (i.v.) on the `micturition re¯ex' in the urethane
anaesthetized male rat.

2 Re¯ex-evoked urethra contractions were most sensitive to the inhibitory action of RS-100329,
followed by doxazosin, BMY 7378 and WAY-100635 and then RS-513815. The maximum inhibition
was 66, 63, 54, 46 and 22% at doses of 0.3, 0.5, 0.3, 0.3 and 3 mg kg71 respectively.

3 BMY 7378 and 8-OH-DPAT decreased, while WAY-100635 increased, the pressure threshold to
induce bladder contraction. WAY-100635 (0.01 mg kg71) blocked the e�ects of BMY 7378
(1 mg kg71) on bladder pressure and volume threshold.

4 Doxazosin, RS-100329 and BMY 7378 had a similar potency in inducing a fall in arterial blood
pressure while WAY-100635 only caused a fall at the highest dose.

5 Therefore, re¯ex-evoked urethral contraction involves the activation of a1A/1D-adrenoceptors, as
BMY 7378 and RS-100329 are similarly potent in attenuating this e�ect. The ability of WAY-
100635 to attenuate this contraction may suggest that 5-HT1A receptors are also involved. However,
as this inhibition occurred at the highest dose of WAY-100635, which also caused a fall in arterial
blood pressure; this e�ect is considered to be due to blockade of a1-adrenoceptors not 5-HT1A

receptors. Nevertheless the initiation of the `micturition re¯ex' involves the activation of 5-HT1A

receptors.
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Introduction

Micturition and continence depend on co-ordinated, and
reciprocal, activity in the detrusor muscle of the bladder and
the urethral smooth muscle and sphincter. This co-

ordination is mediated by sympathetic, parasympathetic
and somatic nerve pathways and is integrated by control
centres in the spinal cord, pons and forebrain. As such,

several neurotransmitters regulate lower urinary tract
function, acting at both peripheral and central sites. One
of the major neurotransmitters involved in mediating these

actions is noradrenaline (see Anderson, 1993). Activation of
noradrenergic pathways contracts the urethra and bladder
neck during continence and at the onset of micturition.

Evidence suggests that this contraction is mediated by a1-
adrenoceptors. For example, a1-adrenoceptor agonists in-
crease intraurethral pressure and contract the isolated
urethra (Taniguchi et al., 1996; Nishimatsu et al., 1999)

while antagonists at the a1-adrenoceptor, such as doxazosin

and prazosin, inhibit contractions of the prostate and
urethra induced by phenylephrine or hypogastric nerve
stimulation in the anaesthetized rat, rabbit and dog

(Imagawa et al., 1989a,b; Kenny et al., 1994; Guilmard et
al., 1996; Suzuki et al., 2000). In conscious rats, a1-
adrenoceptor antagonists reduce baseline urethral pressure

(Martin et al., 1995; 1997) and, in the conscious dog,
doxazosin, terazosin and tamsulosin block increases in
urethral pressure induced by phenylephrine (Brune et al.,

1996). a1-adrenoceptor antagonists have also been shown to
reduce central sympathetic tone to the lower urinary tract
(Ramage & Wyllie, 1995; see De Groat et al., 1999).

Furthermore, a1-adrenoceptor antagonists are used in the
clinic to reduce prostatic and urethral pressures in benign
prostatic hyperplasia (see Jùnler et al., 1994; Chapple, 1996).
Currently a1-adrenoceptors have been divided into three

recognizable subtypes (a1A, a1B and a1D: see Hieble et al.,
1995), however the importance of these di�erent a1-
adrenoceptor subtypes in the overall control of micturition

has not yet been established.
To determine the role of these di�erent subtypes in the

control of micturition the following antagonists were
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chosen: doxazosin a non-selective a1, RS-100329 a selective
a1A (Williams et al., 1999), RS-513815 (Ro 151-3815) a
selective a1B (pKi 9.17+0.14, n=4, c.f. a1A 7.39+0.14 and

a1D 6.85+0.05, unpublished data from T.J. Williams using
the method described by Williams et al. (1999)) and BMY
7378, a selective a1D adrenoceptor antagonist (Goetz et al.,
1995). However, BMY 7378 is known to be a partial

agonist at 5-HT1A receptors (Yocca et al., 1987). In this
respect, it has been shown that 5-HT1A receptors play a
role in the control of bladder contractions (Lecci et al.,

1992). This is consistent with the demonstration that central
5-hydroxtryptaminergic pathways (De Groat et al., 1979;
McMahon & Spillane, 1982; Morrison & Spillane, 1982;

Espey et al., 1998) are involved in the control of bladder
re¯exes and the concept that 5-HT1A receptors are
important in the re¯ex control of parasympathetic out¯ow

(see Ramage, 2000). Therefore, the e�ects of the selectve 5-
HT1A receptor agonist 8-OH-DPAT (Middlemiss & Fozard,
1983) and antagonist WAY-100635 (Forster et al., 1995)
were also examined on the micturition re¯ex in urethane

anaesthetized male rats based on a method developed by
M. Fraser (see Kakizaki et al., 1997; Wibberley, 2001)
which allows simultaneous measurements of bladder and

urethral changes during this re¯ex. Preliminary accounts of
the results have been published in abstract form (Snowball
et al., 1999; 2000).

Methods

The experiments were carried out under the Animals
(Scienti®c Procedures) Act, 1986. After completion of
experiments, animals were killed by an overdose of

pentobarbitone sodium (i.v.).

General preparation

Experiments were carried out in 125 male anaesthetized
spontaneously breathing Sprague Dawley rats (300 ± 390 g).

Anaesthesia was induced and maintained during initial
surgical procedures, with iso¯urane in oxygen (3.5% reduced
to 1% as necessary). The femoral vein, femoral artery and
trachea were cannulated to permit intravenous injection of

drugs, measurement of arterial blood pressure (and heart
rate) and maintenance of a patent airway. Iso¯urane
administration was discontinued and anaesthesia was

maintained for the remainder of the experiment with i.v.
injections of urethane (25% solution, initial dose of 1.0 ±
1.2 g kg71, see Maggi et al., 1986). Depth of anaesthesia was

assessed by the stability of blood pressure and heart rate,
and by an absence of limb withdrawal in response to paw
pinch. In preparations where neuromuscular blockade was

produced by a-bungarotoxin (0.4 mg kg71, i.v.), depth of
anaesthesia was assessed by stability of cardiovascular
variables and by an absence of cardiovascular response to
paw pinch. Supplementary doses of urethane (0.1 g kg71,

i.v.) were given where necessary. In some experiments, a
cannula was inserted into the descending aorta via the other
femoral artery to allow close arterial injections of tyramine.

Body core temperature was maintained between 36 and 388C
by feedback from a thermosensor in the rectum to a heated
blanket.

Measurement of bladder and urethral pressures

The ureters were isolated at the level of the kidney through

retroperitoneal incisions. Each ureter was cannulated prox-
imal to the kidney in order to prevent urine ¯ow into the
bladder. The rat's head was secured in a stereotaxic frame
that was tilted at an angle of 10 ± 208 so that the body could

lie in a supine position. This ensured that intravesical bladder
pressure was not a�ected by the weight of the rat. The
urinary bladder was exposed and two cannulae were inserted

into the lumen of the bladder through an incision in the
bladder dome. One of the cannulae allowed the measurement
of intraluminal pressure and the other permitted infusion of

saline into the bladder. A third cannula was inserted through
the bladder dome into the proximal urethra. This cannula
comprised an outer tube (outer diameter: 1.52 mm, inner:

0.86 mm), through which saline was perfused, and an inner
tube (outer diameter: 0.80 mm, inner: 0.40 mm), through
which urethral pressure was measured, encased in an
Eppendorf pipette tip which was positioned in the neck of

the bladder (see Kakizaki et al., 1997; Figure 1). The urethra
was perfused at a constant rate (0.08 ml min71) so that
changes in urethral pressure re¯ected changes in resistance to

the ¯ow of saline. The three cannulae were secured with a
purse-string suture around the bladder dome. Surgical
preparation was followed by a stabilization period of

30 min. During stabilization, inspired air was enriched with
oxygen (0.05 ± 0.10 l min71) and blood gases and pH were
monitored and maintained between 90 ± 130 mmHg PO2

, 40 ±

50 mmHg PCO2
and pH 7.3 ± 7.4.

Experimental protocol

Saline was infused into the bladder at 0.05 ml min71 (the
maximal physiological rate of diuresis in the cat, see
Klevmark, 1974). The saline infusion was discontinued after

three consecutive bladder contractions of the same amplitude.
Bladder and urethral activities were monitored for a further
5 min before the saline was drained from the bladder through

the bladder infusion cannula. This ®rst infusion was carried
out to `test and prime' the system and was followed by a
delay of 20 min. A second infusion was carried out to evoke
a `control' re¯ex. Again, the saline infusion was discontinued

after three consecutive bladder contractions of the same
amplitude. Bladder and urethral activities were monitored for
a further 5 min before the saline was drained from the

bladder. After 5 min, 0.05 ± 0.35 ml of 0.04 M lactic acid or
test drug (in 0.04 M lactic acid) was injected i.v. and 5 min
later a distension-induced bladder re¯ex was evoked as

described above. In the tyramine experiments, two injections
were given i.a. via the femoral artery 20 min apart followed
15 min after the last injection by an injection of test

substance i.v. After a further 5 min, another i.a. injection
of tyramine was given. When neuromuscular blockade was
induced, animals were left for 30 min after the administration
of a-bungarotoxin for blood gases and pH to stabilize before

tyramine was given as described above.

Analysis of data

Re¯ex changes in bladder and urethral pressure were
analysed o�-line using Spike 2 (CED). Re¯exes before and
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after the test solution i.v. were analysed. Analysis of each
re¯ex focused on the volume and pressure thresholds required

to initiate the ®rst contraction of the bladder that was
discernible from background activity and the three con-
secutive re¯ex-evoked bladder contractions of similar ampli-

tude that immediately preceded the end of the infusion. In
addition, the urethral responses that accompanied these
contractions were measured. Although urethral relaxations

were observed, most of the urethral responses that were
associated with contractions of the bladder were contractions.
Thus, only urethral contractions were analysed. The follow-

ing bladder and urethral variables were measured: (1) the
volume and pressure threshold to initiate the ®rst bladder
contraction; (2) the mean amplitude (peak-base) and duration
of the three regular bladder contractions; and (3) the mean

amplitude and duration of the urethral responses associated
with the three regular bladder contractions. The following
baseline measurements were made: (1) urethral pressure and

background activity (mean value measured over 3 min); and
(2) mean arterial pressure and heart rate (measured over 30 s,
2 min before the beginning of the infusion to evoke the

control re¯ex). Changes in baseline variables caused by the
test substances were measured 2 min before the test (second)
re¯ex and compared to the values obtained 2 min before the

control re¯ex. It should be noted that the control re¯ex did
not a�ect baseline values. Some test drugs induced bursts of
high amplitude, high frequency oscillations in urethral
pressure (e.g. see Figure 5). This e�ect was quanti®ed by

measuring the number of bursts induced over 60 min after
the test drug.
Changes in these variables caused by drug or vehicle were

measured as a percentage of the control values and compared
using a Student's unpaired t-test. Values of P50.05 were
considered signi®cant.

Drugs and solutions

Drugs and chemicals were obtained from the following
sources: urethane, a-bungarotoxin, tyramine HCl, 8-hydro-

xy-2-(di-N-propylamino) tetralin HBr (8-OH-DPAT), BMY
7378 (8-[2-[4-(2-methoxyphenyl)-1-piperazinyl]ethyl]-8-azas-
piro[4,5]decane-7,9-dione. 2HCl) and WAY-100635 (N-[2-[4-

(2-methoxyphenyl) -1-piperazinyl] ethyl] -N- (2-pyridinyl)cyclo-
hexanecarboxamide trihydrochloride) from Sigma Aldrich
Chemical Co., Poole, Dorset, U.K.; pentobarbitone sodium

from RhoÃ ne MeÂ rieux Ltd, Harlow, Essex, U.K.; iso¯urane
from Abbott Labs, Queenborough, Kent, U.K. Doxazosin
mesylate and prazosin base were gifts from P®zer Central
Research, Kent, U.K. RS100329 (3-(3-{4[Fluro-2-(2,2,2-

tri¯uoroethoxy) -phenyl] -piperazin-lyl} -propyl) -5-methyl-1H-
pyrimidine-2,4-dione monohydrochloride monohydrate) and
RS-513815 (Ro 151-38154; 4-(2-Naphthalen-1-yl-5-oxo-

oxazol-4-ylidenemethyl)-N-phenyl-piperazine-1-carboxamidine
hydrochloride) were synthesized at Roche Bioscience at Palo
Alto, CA, U.S.A. Agents were given i.v. as their respective

salts, with the exception of tyramine which was given i.a.

Results

Baseline values

Control micturition re¯ex Infusion of saline into the bladder
in 117 male rats caused distension of the bladder, which in

turn evoked the `micturition re¯ex', characterized by the
appearance of rhythmic bladder contractions of 31+1 mmHg
(e.g. see Figure 2). These contractions had a mean duration

Eppendorf tip

Figure 1 Schematic representation of the experimental method used for both evoking and measuring changes in bladder and
urethral pressures. (A) Shows the overall preparation with the ureters tied and cut at the level of the bladder and cannulated at the
level of the kidneys plus the position of the cannulae for evoking and recording of changes in bladder and urethral pressures. (B) Is
an expanded diagram of the double lumen cannula embedded in an eppendorf tip which is wedged against the bladder neck plus the
two additional cannulae inserted into the bladder which allow the measurement of intravesical bladder pressure as well as saline
infusion to evoke the micturition re¯ex.
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of 30+2 s. The mean bladder pressure threshold to evoke the
micturition re¯ex was 8+0.3 mmHg, which was reached
when 0.15+0.01 ml of saline had been infused into the

bladder. Each rhythmic bladder contraction was accompa-
nied by an increase in urethral pressure of 19+1 mmHg that
continued for 30+2 s before returning to baseline (see Figure

2). Occasionally, during these bladder contractions, the rise in
urethral pressure was associated with high frequency low
amplitude oscillations in urethral pressure. The mean data for

the control re¯ex in each experimental group are shown in
Table 1. Re¯ex bladder contractions were often accompanied
by small increases in MAP and HR, which were not analysed.

The combined (n=125) baseline mean urethral pressures,
urethral slow wave background activity (see Figure 2), MAP
and heart rate were 22+0.6 mmHg, 3.6+0.1 waves min71,

112+2 mmHg, 385+4 beats min71, respectively. The mean
baseline data for individual experimental groups are shown in
Table 2.

Figure 2 Urethane anaesthetized male rats: traces showing changes in bladder and urethral pressures during intravesical infusions
of saline before (Control) and after i.v. injections of (A) lactic acid, (B) 0.3 mg kg71 of RS-100329, (C) 0.3 mg kg71 of BMY 7378,
(D) 0.3 mg kg71 of 8-OH-DPAT and (E) 0.1 mg kg71 of WAY-100635. The length of line under each trace represents the duration
of the intravesical infusions.
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Effect of the a1-adrenoceptor antagonists, doxazosin,
RS-100329, RS-513815 and BMY 7378 on the micturition
reflex

Urethra Doxazosin (i.v., 0.1 ± 2 mg kg71; n=5) signi®cantly

(P50.05), when compared with vehicle (0.04 M lactic acid),
attenuated the re¯ex-induced urethral contractions at all
doses, causing a maximum inhibition of 63+7% at

0.5 mg kg71 (Figure 3). Both RS-100329 (0.01 ± 1 mg kg71;
n=4±5) and BMY 7378 (0.1 ± 1 mg kg71; n=5) signi®cantly
attenuated the re¯ex-induced urethral contractions, causing a

maximum inhibition of 66+9 and 54+3% respectively at
0.3 mg kg71. Traces showing the e�ect of RS-100329 and
BMY 7378 at the dose 0.3 mg kg71 are shown in Figure 2.

RS-100329 also attenuated the contractions at doses of 0.03
and 0.1 mg kg71 by 27+11 and 28+14% respectively,
although only the inhibition at 0.03 mg kg71 was signi®cant.
RS-513815 (0.3 ± 3 mg kg71; n=3) only caused a signi®cant

attenuation of these contractions at 3 mg kg71 of 22+8%. A
dose response curve showing the e�ect of these antagonists
on re¯ex urethral contractions is shown in Figure 3. None of

these antagonists signi®cantly a�ected the duration of the
contractions, except doxazosin, which signi®cantly increased
the duration at the high dose of 2 mg kg71 by 315+82 s.

All antagonists caused a fall in baseline urethral pressure

reaching a maximum of 19+5% for doxazosin at 2 mg kg71,
of 23+5% for RS-100329 at 1 mg kg71, of 12+5% for RS-
513815 at 0.3 mg kg71 and of 27+6% for BMY 7378 at
1 mg kg71. Although these changes were dose related, except

those evoked by RS-513815, the dose response curve was very
shallow (Figure 3). Background slow wave activity in the
urethra was abolished by doxazosin at 0.5 mg kg71 and also

by RS-100329 and BMY 7378 at 1 mg kg71 but not by RS-
513815 (data not illustrated). Both doxazosin and RS-100329
caused the appearance of bursts of fast high amplitude

oscillations in baseline urethral pressure (see Figure 4). The
appearance of these bursts was dose related, occurring at 0.01
and 0.03 mg kg71 respectively; however, for the highest dose

of RS-100329 the number declined.

Bladder Only the highest dose (2 mg kg71) of doxazosin
had any e�ect on distension-induced bladder contractions

causing a signi®cant rise in the pressure threshold by
55+21% and in the duration of the bladder contractions
by 235+58%. RS-100329 and RS-513815 at all doses used

had no signi®cant e�ect on distension-induced bladder
contractions. However, BMY 7378 caused a signi®cant
decrease in the pressure threshold by 35+8% at 1 mg kg71

Table 1 Baseline values of control `initial' re¯ex-evoked changes in bladder and urethral pressures caused by intravesical infusion of
saline for each experimental group in urethane anaesthetized male rats. All drugs and solutions were given i.v.

`Initial' reflex baseline
Bladder thresholds Rhythmic bladder contractions Urethral contractions

Saline
Experimental Pressure Volume Amplitude Duration Amplitude Duration
group n (mmHg) (ml) (mmHg) (s) (mmHg) (s)

Lactic acid
0.3 ml 7 8.9+1.6 0.11+0.02 31.2+2.3 29.3+8.1 18.9+1.7 28.5+7.0

Doxazosin
0.1 mg kg71 5 6.5+0.4 0.17+0.05 30.9+6.5 39.0+6.5 19.8+4.0 42.5+8.3
0.5 mg kg71 5 6.6+0.6 0.21+0.06 26.7+6.0 23.8+4.9 14.8+1.1 23.7+4.7
1.0 mg kg71 5 6.8+1.6 0.15+0.07 30.7+6.0 39.9+8.4 19.3+4.7 38.8+8.5
2.0 mg kg71 5 7.4+1.7 0.28+0.13 31.7+6.8 22.1+2.8 19.2+2.3 17.7+1.5

RS100329
0.01 mg kg71 5 9.6+1.2 0.28+0.11 24.2+3.6 35.0+9.8 23.5+3.5 39.2+10.4
0.03 mg kg71 5 9.3+0.9 0.18+0.06 31.6+3.5 33.5+15.1 21.7+1.9 34.7+14.5
0.1 mg kg71 5 9.4+0.7 0.08+0.03 30.9+4.2 38.9+9.2 13.9+4.0 35.9+10.2
0.3 mg kg71 4 4.8+1.0 0.09+0.04 29.4+2.9 21.5+3.9 17.0+3.1 21.3+3.4
1.0 mg kg71 4 10.4+0.3 0.18+0.05 24.5+3.4 35.9+18.6 23.1+2.7 36.2+18.4

RS513815
0.3 mg kg71 3 10.8+1.7 0.25+0.13 24.3+2.4 31.4+7.5 27.0+6.6 30.3+7.5
1.0 mg kg71 3 8.0+0.4 0.19+0.08 34.2+9.9 30.5+7.9 17.8+3.1 33.5+10.7
3.0 mg kg71 3 8.0+1.0 0.07+0.04 41.0+3.0 24.3+2.5 17.2+1.3 20.8+4.2

BMY 7378
0.03 mg kg71 5 8.4+1.1 0.10+0.03 27.4+4.1 21.6+1.9 17.5+2.5 22.7+3.2
0.1 mg kg71 5 8.7+1.5 0.13+0.04 28.8+3.9 26.8+6.7 15.5+1.5 26.0+7.4
0.3 mg kg71 5 5.8+1.3 0.06+0.03 35.9+5.7 26.0+3.1 18.1+3.8 28.8+3.7
1.0 mg kg71 5 9.7+0.7 0.25+0.07 32.9+6.3 23.8+4.6 20.5+2.4 22.5+4.5

8-OH-DPAT
0.03 mg kg71 5 8.1+0.4 0.05+0.03 41.8+4.6 26.4+3.1 16.5+1.5 26.0+3.2
0.1 mg kg71 5 7.7+1.6 0.09+0.04 29.0+2.0 27.1+6.6 12.3+1.2 30.0+9.8
0.3 mg kg71 6 8.5+1.1 0.10+0.01 35.1+2.2 46.6+9.6 26.3+2.6 50.6+10.0

WAY100635
0.01 mg kg71 4 8.6+0.8 0.27+0.09 32.1+5.4 33.1+9.6 20.1+3.9 35.1+10.3
0.03 mg kg71 4 7.6+0.5 0.19+0.04 35.6+5.8 20.7+1.7 19.6+3.1 21.1+1.6
0.1 mg kg71 5 5.8+0.5 0.10+0.02 34.3+2.3 22.7+2.3 19.9+2.4 24.8+4.0
0.3 mg kg71 5 5.7+1.3 0.08+0.05 25.8+4.0 21.7+2.4 16.5+2.8 19.7+3.4

WAY100635
0.01 mg kg71 4 10.1+1.4 0.20+0.03 25.7+1.8 41.2+10.1 27.3+3.9 43.9+9.7
+BMY 7378
1.0 mg kg71
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(Figure 3). The volume threshold was inhibited at all doses,

although this was only signi®cant at 0.1 and 1 mg kg71

(770+13% and 766+16% respectively).

Effect of the 5-HT1A receptor ligands 8-OH-DPAT and
WAY-100635 on the micturition reflex

Traces of the e�ects of i.v. 8-OH-DPAT and WAY-100635

on the micturition re¯ex are shown in Figure 2D,E.

Urethra 8-OH-DPAT (0.03 ± 0.3 mg kg71; n=5± 6) had no

e�ect on re¯ex-induced contractions, while WAY-100635
(0.03 ± 0.3 mg kg71; n=4±5) caused a signi®cant inhibition
of these contractions by 44+6% at the highest dose. 8-OH-
DPAT also caused a signi®cant increase in baseline urethral

pressure at all doses, which was near maximum at the lowest
dose of 31+11% reaching 41+11% by the highest dose. 8-
OH-DPAT also caused complete inhibition of the sponta-

neous urethral slow waves at 0.1 mg kg71. WAY-100635
caused a signi®cant decrease in baseline pressure of 11+4
and 14+4% at 0.1 and 0.3 mg kg71 respectively, and at the

highest dose caused a signi®cant inhibition of background

slow waves by 19+8%. A comparison of the e�ects of 8-OH-
DPAT and WAY-100635 with that of BMY 7378 on re¯ex-
evoked urethral contractions and baseline pressure is shown
in Figure 5.

Bladder 8-OH-DPAT had a biphasic e�ect on the amplitude
of re¯ex-induced contractions, causing a small but signi®cant

inhibition at the lowest dose of 79+4% and a potentiation
of these contractions at the two highest doses of 23+6 and
25+10% respectively, although this was only signi®cant at

0.1 mg kg71 (data not illustrated). In addition, 8-OH-DPAT
signi®cantly decreased the pressure threshold to induce a
contraction at the two highest doses, reaching a maximum of
718+7% at 0.1 mg kg71 (Figure 6A). Further, at the

highest dose the volume threshold was also signi®cantly
reduced by 70+9%. However, WAY-100635 had no e�ect on
the re¯ex-induced contractions only increasing the pressure

threshold signi®cantly at the two highest doses, reaching a
maximum of 153+43% (Figure 6A). It should be noted that
for the doses of 0.01 and 0.03 mg kg71 in three experiments

Table 2 Baseline values of urethral pressure, background urethral activity, mean arterial blood pressure (MAP) and heart rate for all
experimental groups in urethane anaesthetized male rats. NMB=neuromuscular blocked

Baseline values
Background

Experimental Urethral pressures urethral activity MAP Heart rate
group n (mmHg) (slow waves min71) (mmHg) (beats min71)

Lactic acid
0.3 ml 7 23.1+0.7 3.5+0.2 123+4 369+10

Doxazosin
0.1 mg kg71 5 17.3+2.7 4.0+0.1 106+5 375+13
0.5 mg kg71 5 19.2+1.4 3.8+0.2 111+7 346+5
0.1 mg kg71 5 22.2+0.5 3.5+0.2 122+5 353+14
2.0 mg kg71 5 25.3+2.2 4.1+0.3 122+5 351+7

RS100329
0.01 mg kg71 5 24.9+2.0 3.4+0.2 119+6 401+10
0.03 mg kg71 5 22.7+1.3 3.1+0.2 109+9 365+6
0.1 mg kg71 5 20.3+2.5 3.6+0.2 102+8 390+16
0.3 mg kg71 4 19.6+0.5 3.7+0.2 109+4 394+19
1.0 mg kg71 4 24.5+2.4 3.8+0.2 114+15 418+11

RS513815
0.3 mg kg71 3 27.9+2.4 3.6+0.4 131+9 434+22
1.0 mg kg71 3 16.3+1.4 3.2+0.3 85+15 397+13
3.0 mg kg71 3 18.8+1.4 3.7+0.2 105+10 367+18

BMY 7378
0.03 mg kg71 5 22.0+0.8 4.1+0.2 102+8 364+12
0.1 mg kg71 5 17.3+1.1 3.4+0.4 111+4 391+7
0.3 mg kg71 5 18.5+1.1 3.2+0.3 102+2 398+21
1.0 mg kg71 5 18.3+0.9 3.7+0.1 119+7 394+7

8-OH-DPAT
0.03 mg kg71 5 19.7+0.4 4.0+0.4 101+5 372+12
0.1 mg kg71 5 20.9+2.0 3.9+0.2 102+3 368+7
0.3 mg kg71 6 20.1+0.6 4.0+0.2 105+6 373+9

WAY100635
0.01 mg kg71 4 20.9+0.5 3.3+0.3 115+2 370+16
0.03 mg kg71 4 22.2+1.1 4.2+0.3 109+4 406+9
0.1 mg kg71 5 21.0+0.7 3.3+0.3 107+6 377+13
0.3 mg kg71 5 20.8+1.6 3.9+0.4 105+15 415+19

WAY100635
0.01 mg kg71 4 25.3+1.7 3.8+0.3 107+9 394+16
+BMY 7378
1.0 mg kg71

Tyramine group
Lactic acid 2 25.8+0.5 3.3+0.3 122+10 405+14
Prazosin 3 27.1+0.4 3.2+0.4 131+9 388+10
Prazosin plus NMB group 3 22.4+1.0 3.8+0.5 124+3 405+15
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in each group, which have not been included in the overall
groups for WAY-100635, the saline infusion did not evoke a

re¯ex after WAY-100635, although 10 min later a re¯ex
could be evoked.

Effect of pretreatment with the 5-HT1A receptor
antagonist WAY-100635 on changes in the micturition
reflex induced by BMY 7378

Urethra Pretreatment with WAY-100635 (n=4) at
0.01 mg kg71 (i.v.), a dose that did not signi®cantly a�ect
the micturition re¯ex (see above), did not a�ect the ability of

BMY 7378 1 mg kg71 (i.v.) to completely inhibit background
activity, to reduce baseline pressure by 15+3% and to inhibit

re¯ex-evoked contractions by 51+8%.

Bladder Pretreatment with WAY-100635 blocked the ability

of BMY 7378 to decrease the pressure threshold (Figure 6B)
and the volume threshold from 766+16 to 41+14%.
However, this increase in volume threshold was not

signi®cantly di�erent from lactic acid.

Effect of tyramine in the absence and presence of
a-bungarotoxin

Tyramine given close arterially (1 mg kg71) evoked a
contraction of the urethra and a rise in heart rate and

arterial blood pressure in the absence (n=5) and presence
(n=3) of a-bungarotoxin. Pretreatment with prazosin
(0.3 mg kg71) in both cases abolished the urethral contrac-

tion and attenuated the pressor response evoked by tyramine.
In the absence of a-bungarotoxin, prazosin evoked sponta-
neous bursts of high amplitude and frequency oscillations in

Figure 3 Urethane anaesthetized male rats: comparison of changes
(D) caused by i.v. doxazosin (0.1 ± 2 mg kg71), RS-100329 (0.01 ±
0.1 mg kg71), RS-513815 (0.3 ± 3.0 mg kg71) and BMY 7378 (0.1 ±
1 mg kg71) on (A) intravesical infusion of saline (re¯ex) evoked
urethral contractions, (B) baseline urethral pressure and (C) mean
arterial blood pressure. Each point represents the mean value and the
vertical bars show s.e.mean. Changes caused by drugs were compared
with vehicle controls (0.04 M lactic acid i.v.) using Student's unpaired
t-test. * P50.05 and ** P50.01.

Figure 4 Urethane anaesthetized male rat. (A) traces showing the
e�ect of i.v. doxazosin (2 mg kg71) on baseline urethral and bladder
pressure (P, mmHg). The lower trace shows an expanded section, as
indicated by the dotted lines, the top urethral pressure trace
illustrates the very fast oscillations observed in urethral pressure
after pretreatment with doxazosin. (B) A graph comparing the e�ects
of doxazosin (0.1 ± 2 mg kg71) with those of RS-100329 (0.01 ±
0.1 mg kg71) on urethral fast oscillations (bursts).
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urethral pressure in two out of three animals as observed for
doxazosin and RS-100329.

The effect of doxazosin, RS-100329, RS-513815, BMY
7378, 8-OH-DPAT and WAY-100635 on arterial blood
pressure and heart rate

Doxazosin (0.1 ± 2 mg kg71; n=5) caused a signi®cant fall in
mean arterial blood pressure at all doses, which was near

maximum by the lowest dose at 744+2% (Figure 3). This
was associated with no change in heart rate at low doses, but
a signi®cant bradycardia of 714+4% by the highest dose.

RS-100329 (0.01 ± 1 mg kg71; n=4± 5) caused a signi®cant
dose related fall in mean arterial blood pressure starting at
724+4% and reaching 764+2% by the highest dose

(Figure 3). Again this was associated with no change in heart
rate at low doses but at the highest dose a signi®cant
bradycardia of 11+3% and 16+1%. RS-513815 (0.3 ±

3 mg kg71; n=3) had no e�ect on mean arterial blood
pressure or heart rate. Like RS-100329, BMY 7378 (0.03 ±
1 mg kg71; n=5) caused a dose related fall in mean arterial
blood pressure (Figure 3) reaching a maximum of 50+4%

and again at the highest two doses this was associated with a
bradycardia of 10+3 and 18+3% respectively. 8-OH-DPAT
(0.03 ± 0.3 mg kg71; n=5± 6), surprisingly failed to have any

e�ect on mean arterial blood pressure or heart rate, while
WAY-100635 only caused a fall in mean arterial blood
pressure at the highest dose of 21+6% and this was not

associated with any change in heart rate. Further, the dose of
0.01 mg kg71 of WAY-100635 failed to a�ect the hypoten-
sion and bradycardia caused by 1 mg kg71 of BMY 7378.

Discussion

These experiments have shown that the a1-adrenceptor
antagonists doxazosin, RS-100329 and BMY 7378 reduce
baseline urethral pressure and inhibit re¯ex urethral contrac-

tions. The selectivity of these compounds towards di�erent
a1-adrenoceptor subtypes (see Introduction) would indicate
that these e�ects involve the activation of a1A- and a1D-
adrenoceptors. Further, as RS-513815 only attenuates
urethral contractions at very high doses this would imply
that a1B-adrenoceptors do not play a major role in the

micturition re¯ex. However, BMY 7378 di�ered from the
other a1-adrenoceptor antagonists in that, at high doses, it
causes a reduction in bladder pressure and volume threshold.
The selective 5-HT1A receptor agonist 8-OH-DPAT, in the

present experiments, also reduced the bladder pressure and
volume thresholds. This latter result con®rms similar
observations made by Lecci et al. (1992) who found that 8-

OH-DPAT evoked contractions of the bladder when it was
®lled with a subthreshold volume of saline. The ability of the
selective 5-HT1A receptor antagonist to block these e�ects of

BMY 7378 at a dose that did not interfere with the re¯ex
indicates that such actions of BMY 7378 are mediated by 5-
HT1A receptors, not a1D-adrenoceptors. Further, the ability
of WAY-100635 at a higher concentration to increase the

bladder pressure threshold indicates that 5-HT1A receptors
play a major physiological role in the control of the
micturition re¯ex, as well as con®rming the recent observa-

tions of Testa et al. (1999). Thus, the combined data indicate
that a1-adrenoceptors mediate contractions of the urethra
whilst 5-HT1A receptors regulate bladder activity during

micturition. Interestingly, WAY-100635 also attenuated
re¯ex-evoked urethral contractions at these high doses, which
could suggest that 5-HT1A receptors are involved in such

e�ects. However, the next receptor family after 5-HT1A

receptors that WAY-100635 has a�nity for are a1-adreno-
ceptors (Forster et al., 1995). Further, WAY-100635 shows
little selectivity between the a1-adrenoceptor subtypes (Testa

et al., 1999). Thus, as WAY-100635 also causes a fall in
arterial blood pressure at the concentration at which it a�ects
urethral contraction (and further as this occurs at a higher

dose than that observed for the bladder e�ects), it is likely
that this e�ect is mediated by blockade of a1-adrenoceptors
rather than 5-HT1A receptors.

Figure 5 Urethane anaesthetized male rats. Comparison of changes
(D) caused by i.v. 8-OH-DPAT (0.03 ± 0.3 mg kg71), WAY-100635
(0.03 ± 0.3 mg kg71) and BMY 7378 (0.1 ± 1 mg kg71) on (A)
intravesical infusion of saline (re¯ex) evoked urethral contractions,
(B) baseline urethral pressure and (C) mean arterial blood pressure.
Each point represents the mean value and the vertical bars show
s.e.mean. Changes caused by these drugs were compared with vehicle
controls (0.04 M lactic acid i.v.) using Student's unpaired t-test.
*P50.05 and ** P50.01.
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That RS-100329 and BMY 7378 have similar potencies in
causing inhibition of re¯ex-evoked urethral contractions and

the fall in arterial blood pressure suggests that their e�ects
are mainly mediated by a1D-adrenoceptors with some a1A-
adrenoceptor involvement, since both drugs have similar
a�nities for the a1D-adrenoceptor. On the rat aorta (a1D) the
pA2 for RS-100329 is 7.9 (Williams et al., 1999), while the
pKi for BMY 7378 is 8.2 (Goetz et al., 1995). At a1A-
adrenoceptors, RS-100329 has approximately 1000 fold

higher a�nity than BMY 7378, the pA2 on the rabbit
bladder neck (a1A) being 9.2 (Williams et al., 1999) while the
pKB for BMY 7378 is 6.2 (Kava et al., 1998). This is

somewhat surprising as contractions of the rat urethra are
mediated by a1A-adrenoceptors (Chess-Williams et al., 1994).
In fact, in the present experiments where tyramine was used

to cause the release of noradrenaline from local varicosities,
the increase in urethral pressure thus evoked was blocked by
prazosin, suggesting that these receptors receive sympathetic
innervation. This is further supported by the recent

observations that, in anaesthetized male rats in which the
prostate had been removed, stimulation of the hypogastric
nerve caused an increase in urethral pressure which was

blocked by prazosin (0.1 mg kg71; Kontani & Shiraoya,
2000). Yet the observation that the micturition re¯ex evokes
contractions of the urethra is unexpected, in that e�ective

micturition requires urethral relaxation. However, in the
present experiments urethral pressure measurements were
made in the proximal, prostatic urethra, where the long-

itudinal smooth muscle contracts at the onset of micturition
to open the bladder neck (see Kakizaki et al., 1997).
However, it is doubtful that changes in the bladder neck
are being measured as the cannula is wedged up against this

area and would thus be expected to prevent any changes
being measured. In this respect, measurements in conscious
human subjects have shown that the smooth muscle

component of the bladder neck contracts during the initiation
of voiding (Yalla & Resnick, 1997). Interestingly, in female
rats, using the above experimental technique urethral

relaxations only were observed (Wibberley et al., 1999). It
should be noted that this probably re¯ects anatomical

di�erences in the respective urethras, the male being much
longer and kinked, combined with the physical problems of
recording pressure at one end of a tube and assuming that it
re¯ects changes along the whole tube. Therefore in males it

would be expected that the recording will tend more to re¯ect
changes in the proximal part while in the female there will be
a greater chance that the changes measured will be

representative of the whole urethra. Further, the contraction
of male urethral longitudinal smooth muscle to open the
bladder neck at the onset of micturition, as measured in the

present experiments, is not mediated by sympathetic but by
parasympathetic out¯ow and blocked by atropine, at least in
the rat (Kakizaki et al., 1997). Thus the ability of a1A/D-

adrenoceptors to modify this component of the micturition
re¯ex suggests that during micturition the parasympathetic
out¯ow to this part of the urethra is controlled by a
noradrenergic input. The precise site/s at which the

noradrenergic input controls this parasympathetic out¯ow
remains to be determined. In this respect, central a1-
adrenceptors have long been known to be facilitatory in the

control of sympathetic out¯ow to the cardiovascular system
(Ramage, 1984; 1986) and to the lower urogenital tract
(Gajewski et al., 1984; Ramage & Wyllie, 1995; Danuser et

al., 1995). One site at which these a1-adrenoceptor facilitatory
receptors may be is in the spinal cord (Yoshimura et al.,
1990a;b; Ishizuka et al., 1997; Jeong & Lee, 2000). However,

a1A-adrenoceptors are the major subtype that is found in the
rat spinal cord (Wada et al., 1996), although the present data
indicate that the main a1-adrenoceptor subtype that is
involved is the a1D-adrenceptor. It is possible that these

a1D-adrenceptors could be at a di�erent site to the a1A-
adrenoceptors. Another possibility is that the a1-adrenceptor
could be located prejunctionally (Somogyi et al., 1995) on the

cholinergic terminals; however, these facilitatory receptors
have been shown to be a1A- and not a1D-adrenceptors (SzeÂ ll
et al., 2000). It should be pointed out that these data come

Figure 6 Urethane anaesthetized male rats. (A) Comparison of changes (D), in bladder pressure threshold for intravesical infusion
of saline to evoke bladder contractions, caused by i.v. 8-OH-DPAT (0.03 ± 0.3 mg kg71), WAY-100635 (0.03 ± 0.3 mg kg71) and
BMY 7378 (0.1 ± 1 mg kg71). Each point represents the mean value and the vertical bars show s.e.mean. Changes caused by these
drugs were compared with vehicle controls (0.04 M lactic acid i.v.) using Student's unpaired t-test. ** P50.01. (B) A comparison of
the e�ect of 1 mg kg71 of BMY 7378 in the absence and presence of WAY-100635 (0.01 mg kg71) on changes (D) in bladder
pressure threshold.
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from experiments focusing on the bladder rather than the
urethra. Further, in the present experiments, resting urethral
tone was decreased in the presence of the antagonists, RS-

100329 being the most potent with BMY 7378 and doxazosin
having a similar potency and RS-513815 having little e�ect,
indicating that this e�ect is predominantly mediated by a1A-
adrenoceptors and that the maintenance of background

urethral tone is, to a degree, under sympathetic control.
Interestingly, the present data indicate that there is little dose
relationship to these e�ects. It could be argued that the doses

used are maximal; however, Martin et al. (1997) using lower
doses of doxazosin in male rats anaesthetized with
pentobarbitone showed a similar e�ect. The failure to observe

a dose response may be related to the method of recording
changes in urethral tension in the present experiments and in
those of Martin et al. (1997); however, the exact mechanism

remains to be determined. The present data suggest that this
background tone is mainly mediated by a1A-adrenoceptors; it
is, therefore, surprising that 5-methyl-urapidil, which is
selective for a1A-adrenoceptors, failed to a�ect background

urethral tone (Martin et al., 1997). However, 5-methyl-
urapidil is also a 5-HT1A receptor agonist (Gross et al., 1990)
and, in the present experiments, the 5-HT1A receptor agonist

8-OH-DPAT caused an increase in baseline urethral tone.
Thus, the ability of 5-methyl-urapidil to have opposing
actions on baseline urethral tone may explain the lack of

e�ect observed by Martin et al. (1997). Such an interaction
could also explain why the e�ects of BMY 7378 on urethral
tone seem to be dose related in the present experiments.

Further, in the present experiments RS-100329, doxazosin
and prazosin but not BMY 7378 or RS-513815 caused the
appearance of bursts of fast high amplitude oscillation in
urethral pressure. Such bursts of high frequency oscillation in

urethral pressure are observed during bladder distension,
although of a much smaller amplitude (Figures 2 and 4).
These small amplitude oscillations in urethral pressure during

simulated micturition are considered to be due to changes in
the activity in the external (striated muscle) urethral sphincter
(see Kakizaki et al., 1997). However, exactly what these very

high amplitude oscillations are remains to be determined,
although they probably represent changes in the external
sphincter activity and such changes could be related to
ejaculation. However, the present data suggest that whatever

these high amplitude oscillations represent they are under
tonic a1A-adrenoceptor inhibitory control.
In the present experiments bladder distension-induced

contractions were una�ected by RS-100329 and RS-513815
indicating that, in the rat, a1A and a1B-adrenoceptors play
little role in the control of bladder re¯ex contractions. This

may seem somewhat surprising due to the evidence (see
above) indicating that a1-adrenoceptors play a facilitatory
role in the control of sympathetic supply to the bladder.

BMY 7378 did decrease bladder threshold to initiate a re¯ex
but, as this was similar to the e�ect observed with 8-OH-
DPAT and could be blocked by pre-treatment with WAY-
100635, this e�ect is due to activation of 5-HT1A receptors

not a1D-adrenoceptors con®rming the data of Lecci et al.
(1992) and Testa et al. (1999). Further the ability of WAY-
100635 to cause a dose related increase in bladder pressure

threshold in anaesthetized and conscious rats (Testa et al.,
1999) indicates that 5-HT1A receptors play a major
physiological role in the control of micturition. Interestingly,

in some of the present experiments, WAY-100635 was found
to completely abolish the bladder re¯ex and this is consistent
with i.c.v. application of WAY-100635 in other reports (see

Testa et al., 1999; Kakizaki et al., 1998). Overall the
published data (Lecci et al., 1992; Testa et al., 1999; Kakizaki
et al., 1998) indicate that these 5-HT1A receptors are located
supra-spinally and spinally. These data again support the

view (Ramage, 2000) that 5-HT1A receptors play an
important role in the re¯ex activation of parasympathetic
out¯ow. However, as the urethral-evoked contractions (see

above) are mediated by parasympathetic out¯ow the question
arises as to why they seem to be una�ected by interference
with 5-HT1A receptors. The argument presented above

suggests that the e�ects of WAY-100635 in inhibiting
urethral-evoked re¯ex contraction are due to a1-adrenoceptor
blockade as, at these high doses, WAY-100635 also caused

decreases in baseline urethral pressure and arterial blood
pressure indicative of a1-adrenoceptor blockade. However, 8-
OH-DPAT had a tendency to increase re¯ex-evoked urethral
contractions. Thus, although in the present study this

parasympathetic re¯ex has been demonstrated to be regulated
by a1-adrenoceptors, the problem of the overlap between a1-
adrenoceptors and 5-HT1A receptors in the selectivity of the

ligands used makes it di�cult to absolutely determine if there
is a role for 5-HT1A receptors in the control of this particular
system. Further, the overall role of sympathetic innervation

to the urethra in the regulation of this organ also remains to
be determined.

The fact that both RS-100329 and BMY 7378 have a

similar potency in lowering arterial pressure suggests that the
maintenance of a1-adrenoceptor-mediated sympathetic vaso-
constrictor tone is mediated by both a1A- and a1D-
adrenoceptors and a comparison of the potency di�erences

between the antagonists at these receptors (see above)
suggests that a1D-adrenoceptors are predominant in this
e�ect. In this respect a1D-adrenoceptors have been shown to

be involved in the contraction of rat aorta, mesenteric and
pulmonary artery (Hussain & Marshall, 1997; Williams et al.,
1999), while a1A-adrenoceptors have been shown to mediate

contraction of the rat caudal artery (Lachnit et al., 1997).
However, the failure of RS-513815 to a�ect arterial pressure
indicates that a1B-adrenoceptors, at least in the present model
of urethane anaesthetized rats, play no role in the

maintenance of baseline arterial blood pressure. Interestingly,
at high doses, RS-100329 caused a profound fall in arterial
blood pressure and this is greater than that observed for high

doses of doxazosin, implying that RS-100329 is interfering
with a mechanism other than a1-adrenoceptors that is also
important in the maintenance of arterial blood pressure. In

addition, and somewhat surprisingly, 8-OH-DPAT failed to
cause a fall in arterial blood pressure in this model. However,
in the rat, activation of central 5-HT1A receptors can evoke

both sympathoinhibition (Gradin et al., 1985; Fozard et al.,
1987) and excitation (Anderson et al., 1995; 1996).

In conclusion, the present data indicate that, in the male
rat, the re¯ex-evoked parasympathetic mediated contractions

of the urethra are under a1A- and a1D-adrenoceptor
regulation; however, no role for a1B-adrenoceptors could be
identi®ed. The proportion of each subtype a1A- and a1D
involved is di�cult to determine, although the data favour a
dominant role for a1D-adrenoceptors. The precise site/s at
which this noradrenergic pathway controls the re¯ex-evoked
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contraction remains to be determined. Interestingly, at least
in the male urethane anaesthetized rat, these receptors play
no overt role in the control of bladder, although the present

and other published data (see above) indicate that 5-
hydroxytryptaminergic input activating 5-HT1A receptors is
important in the induction of volume distension-induced
re¯ex contractions of the bladder. Again the precise site/s for

this action remain to be determined. Although the present
data do not favour a role for this pathway in the control of
re¯ex urethral contraction, the ability of WAY-100635 to

block a1-adrenoceptors makes this di�cult to completely rule
out.
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