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Functional importance of cholinergic and purinergic neuro-
transmission for micturition contraction in the normal,
unanaesthetized rat

I*tYasuhiko Igawa, *Anders Mattiasson & **Karl-Erik Andersson

Departments of *Urology and **Clinical Pharmacology, Lund University Hospital, Lund, Sweden, and tDepartment of
Urology, Shinshu University School of Medicine, Matsumoto, Japan

1 The cholinergic and purinergic neurotransmission involved in micturition in the normal, unanaes-
thetized rat was investigated by means of continuous cystometry.
2 ATP (1 and 5 mg kg-'), administered intra-arterially (i.a.) close to the bladder, produced rapid,
phasic, dose-dependent increases in bladder pressure with micturition immediately after injection. The
micturition pressure of the following spontaneous voidings increased, and bladder capacity, micturition
volume, and residual volume decreased. Pretreatment with a,-methylene ATP (1 mg kg-', i.a.) blocked
the effects of ATP (5 mg kg-').
3 a,P-Methylene ATP (0.25, 0.5 and 1 mg kg-', i.a.) produced rapid, phasic, increases in bladder
pressure with micturition immediately after injection. The effects of a,j-methylene ATP (0.25 mg kg-',
i.a.) were not affected by pretreatment with indomethacin (0.5 -2 mg kg -', i.a.). The micturition pressure
of the subsequent spontaneous voidings decreased, and bladder capacity and residual volume increased.
4 Carbachol (5 -50,Ig kg-', i.a.) produced rapid, sustained, dose-dependent increases in bladder
pressure with micturition, and then increased basal pressure, threshold pressure, and micturition
pressure, and decreased bladder capacity and micturition volume during the following spontaneous
voidings.
5 Atropine (1 mg kg-', i.a.) decreased micturition pressure and micturition volume, but did not induce
dribbling incontinence. Micturition contractions still occurred after the injection, but changed in
appearance and were of shorter duration than before. In the presence of atropine (1mgkg-', i.a.),
a,f-methylene ATP (1 mg kg-', i.a.) produced initially a phasic increase in bladder pressure with
micturition and then dribbling incontinence in all animals tested.
6 After blockade of the micturition reflex with morphine (10 fig intrathecally), ATP (5 mg kg-', i.a.),
a,j-methylene ATP (0.25-1 mg kg- , i.a.), and carbachol (5-500 1tg kg-', i.a.) were unable to empty the
bladder.
7 The results suggest that drug-induced bladder emptying in the normal, unanaesthetized rat requires
an intact micturition reflex and they support the view that the two physiologically important transmit-
ters involved in micturition are acetylcholine and ATP.
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Introduction

It is generally agreed that reflex activation of the parasym-
pathetic nerve supply to the bladder is responsible for blad-
der emptying. It is also accepted that acetylcholine is one of
the transmitters released during activation, but the well
known occurrence of atropine resistance has led to the sug-
gestion that other, non-adrenergic, non-cholinergic (NANC)
transmitters may also be involved (Ambache & Zar, 1970). In
the rat bladder, for example, the NANC component of con-
traction seems to be the quantitatively dominating (Carpenter,
1977). Stimulation of NANC-nerves in the guinea-pig blad-
der evokes contractions that can be mimicked by exogenous
adenosine-5'-triphosphate (ATP) and studies on the NANC
component of bladder contraction in this and several other
species, including rat and man (Burnstock et al., 1972;
1978a,b; Dean & Downie, 1978; Dahlen & Hedqvist, 1980;
Kasakov & Burnstock, 1983; Sibley, 1984; Hoyle & Burn-
stock, 1985; Kasakov & Vlaskova, 1985; Fujii, 1988; Bhat et
al., 1989; Brading & Mostwin, 1989; Hoyle et al., 1989;
Brading & Williams, 1990; Luheshi & Zar, 1990; Parija et al.,
1991) have supported the view that ATP is an excitatory
NANC transmitter. The contractile response of guinea-pig,
rat, and human detrusor strips to field stimulation was
shown to be blocked almost completely by a combination of
atropine and desensitization of bladder P2-purinoceptors with
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a,4-methylene ATP (Kasakov & Burnstock, 1983; Brading,
1987; Brading & Mostwin, 1989; Hoyle et al., 1989; Brading
& Williams, 1990). In the rat bladder, a cholinergic (slow)
and a non-cholinergic (fast) contractile component in res-
ponse to single pulse stimulation could be distinctly separated
(Maggi et al., 1985). The slow component was abolished by
atropine, and the fast component was reduced, but not
abolished, by x,j3-methylene ATP (Luheshi & Zar, 1990;
Parija et al., 1991; Maggi, 1991). These results suggest that
ATP and acetylcholine are the main contractile activators of
the rat detrusor.
However, investigations using field stimulation of the

nerves of isolated whole bladders or strips of detrusor muscle
give no information on the importance of the released trans-
mitters for bladder emptying in vivo. In the present inves-
tigation, we have studied by continuous cystometry, the
cholinergic and the purinergic neurotransmission involved in
micturition in normal, unanaesthetized rats.

Methods

Surgical procedures

Female Sprague-Dawley rats weighing 200-250 g were
anaesthetized with ketamine (75 mg kg', i.m.) and xylazine
(15 mg kg-', i.m.). The abdomen was opened through a mid-
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line incision, and a polyethylene catheter (Clay-Adams PE-
50, NJ, U.S.A.) was implanted into the bladder through the
dome as described previously (Malmgren et al., 1987b). Two
days after this operation, the animals were again anaes-
thetized, and a femoral artery was exposed through an
inguinal incision. A poleythylene catheter (Clay-Adams PE-
10, NJ, U.S.A.) filled with heparinized saline (30 iu ml-') was
inserted into the vessel, and advanced proximally until the tip
of the catheter reached the abdominal aortic bifurcation. In
order to increase the amount of drug reaching the bladder,
both femoral arteries were tied. The catheter was tunnelled
subcutaneously and an orifice was made on the back of the
animal. In some animals, a polyethylene catheter (Clay-
Adams PE-10, NJ, U.S.A.) was implanted into the subarach-
noid space at the level of L6-S1 spinal cord segments for
intrathecal (i.t.) administration of drugs as described in detail
previously (Igawa et al., 1992a,b). Neither the placement of
the i.t. catheter itself, nor i.t. injection of saline, affects the
cystometric pattern (Igawa et al., 1992a,b). After the experi-
ment, the position of the catheter in the abdominal aorta and
in the spinal subarachnoid space was confirmed in each
animal.

Cystometric investigations

Cystometric investigations were performed without any
anaesthesia the day after the intra-arterial (i.a.) catheteriza-
tion. The bladder catheter was connected via a T-tube to a
pressure transducer (P23 DC, Statham Instrument Inc., CA,
U.S.A.) and a microinjection pump (CMA 100, Carnegie
Medicine AB, Sweden). The conscious rat was placed, with-
out any restraint, in a metabolic cage which also enabled
measurements of micturition volumes by means of a fluid
collector connected to a Grass force displacement transducer
(FT 03C, Grass Instrument Co., Quincy, Mass, U.S.A.).
Room-temperature saline was infused into the bladder at a
rate of 10 ml h-'. Intravesical pressure and micturition
volumes were recorded continuously on a Grass polygraph
(Model 7E, Grass Instrument Co., Quincy, Mass, U.S.A.;
recording speed: 10 mm min '). Three reproducible micturi-
tion cycles, corresponding to a 20 min period, were'recorded
before drug administration. After each drug administration,
recording was continued for another 60 min. The following
cystometric parameters were investigated (Malmgren et al.,
1987b): basal pressure (the lowest bladder pressure during
filling), threshold pressure (bladder pressure immediately
prior to micturition), micturition pressure (the maximum
bladder pressure during micturition), bladder capacity
(residual volume at the latest previous micturition plus
volume of infused saline at the micturition), micturition
volume (volume of expelled urine), residual volume (bladder
capacity minus micturition volume), and duration of micturi-
tion contraction. Analysis was performed for a 20 min period
before drug administration. Drug effects on cystometric
parameters were assessed for 60 min, and the most effective
two micturition cycles were subjected to analysis. When a
rapid bladder contractiun was observed immediately after
drug injection, the amplitude, and duration of the contrac-
tion, and percentage volume expelled (i.e. volume of expelled
urine/volume of infused saline) were also analysed.

Administration of drugs

The following drugs were used for i.a. or i.t. administration:
carbamylcholine chloride (carbachol), adenosine 5'-triphos-
phate (ATP disodium salt),a,-methylene ATP (lithium salt),
indomethacin (Sigma Chemical Co., St. Louis, MO, U.S.A.),
atropine sulphate (Kabi-Pharmacia, Stockholm, Sweden),
and morphine sulphate (Gacell Laboratories, Malmo, Swe-
den). Drugs were dissolved in redistilled water, and then
stored at - 70°C. Subsequent dilutions of the drugs were
made on the day of experiments in saline. Drugs were
injected through the i.a. catheter in a volume of 1 ml kg-'

(0.20-0.25 ml), and were followed by 0.1 ml of heparinized
saline for less than 5 s. To evaluate the micturition induced
directly by drugs per se, the drugs, except atropine and
morphine, were given at the time when the volume of infused
saline reached half the bladder capacity during the preceding
micturition cycles. Atropine and morphine were injected
immediately after micturition. Administration of the vehicles
had no effects on the cystometric pattern.

Statistical analysis
The results are given as mean values ± s.e.mean. Student's
paired t test was used for comparison between before and
after treatments. Comparison between the drugs was per-
formed by use of factorial analysis of variance. A probability
level <0.05 was accepted as significant.

Results

Repeated cystometries gave reproducible results. The bladder
pressure was low and almost devoid of spontaneous fluctua-
tions during filling. The micturition contractions generally
had a biphasic appearance (biphasic in 19 out of 23 animals;
83%, monophasic in 4 animals; 17%).
ATP, administered i.a. close to the bladder in a dose of

0.1 mg kg-' (n = 5), had no clear-cut effects. In doses of 1
(n = 9) ahd 5 mg kg-' (n = 10), ATP produced rapid, phasic,
dose-dependent increases in bladder pressure with micturition
immediately after the injection. The amplitude and duration
of the drug-induced contractions after injection of 5 mg kg-'
were 26 ± 6 cmH2O and 15 ± 2s, respectively. The percen-
tage volume expelled after 5 mg kg-' was 75 ± 6% (Table 1).
The micturition pressure of the following spontaneous
voidings increased dose-dependently, and bladder capacity,
micturition volume, and residual volume decreased (Figure
la; Table 2). The duration of the effects was approximately
15 min. Pretreatment with ao,-methylene ATP (1 mg kg-',
i.a., 2-3 min before administration of ATP) blocked the
effects of ATP (5 mg kg', n = 6; Figure Ib).
a,-Methylene ATP, administered i.a. in doses of 0.25

(n = 9), 0.5 (n = 4) and 1 mg kg-' (n = 8), produced rapid,
phasic, dose-dependent increases in bladder pressure with
micturition immediately after the injections (Figure 2a). The
amplitude and duration of the drug-induced contractions
after injection of 0.25 and 1 mg kg-' were 49 ± 8 and
64 ± 3 cmH2O, and 36 ± 12 and 54± 7 s, respectively. The
percentage volume expelled after 0.25 and 1 mg kg- was
76 ± 3 and 77 ± 8%, respectively (Table 1). The effects of
a,3-methylene ATP (0.25 mg kg', i.a.) were not affected by
pretreatment with indomethacin (0.5-2mg kg', i.a.; n = 5;
data not shown). After injection of 0.25 mg kg-' ax,-methyl-
ene ATP, there were no consistent effects on the subsequent
spontaneous voidings. After 0.5 and 1 mg kg-' a,-methylene
ATP, on the other hand, the micturition pressure of the
subsequent spontaneous voidings decreased, and bladder
capacity and residual volume increased (Figure 2a; Table 2).
However, dribbling incontinence was not induced. Repeated
injections ofax,-methylene ATP (0.25-0.5 mg kg-', i.a. every
5-7 min x 5-8; n = 4) decreased the micturition pressure of
the following spontaneous voidings, and changed the micturi-
tion contractions in those cases where it was monophasic into
a biphasic pattern (Figure 2b). However, the duration of the
micturition contractions did not change, and dribbling incon-
tinence was not observed. Five to 10 min after the last of the
repeated administrations of a,-methylene ATP, atropine
(1 mg kg-', i.a.; n = 4) was administered. Atropine abolished
the second tonic part of the micturition contractions, but did
not affect the initial phasic component (Figure 2b). Dribbling
incontinence was not produced after the injection of
atropine. In 2 animals,a,-methylene ATP (0.5-1.0 mg kg-',
i.a.) was administered again 10 min after atropine. Small
bladder contractions still remained after the injection, but
dribbling incontinence was now observed in both animals.
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Table 1 The amplitude and duration of the bladder contractions and expelled volume induced by ATP, (x,p-methylene ATP, and
carbachol given intra-arterially to the rat

Amplitude
(cmH20)

ATP
5 mgkg-', n=10

cx,-Methylene ATP
0.25 mg kg-'1, n=9
lmgkg-', n= 8
lmgkg-', n= 8
(in the presence of atropine)
Carbachol
5 figkg-', n=7
50jig kg- , n= 8

26 ± 6

49± 8
64± 3
22 ± 5ttt

63 ± 16
65 ± 15

(s)

15±2**

36± 12**
54±7**
24 ± 6tt

76±36**
458± 108

(%)vlep

75 ± 6

76 ± 3
77 ± 8
23 ± 8ttt

90±4
90±4

Results are expressed as mean ± s.e.mean.
Amplitude; amplitude of the bladder contraction induced by the drugs. Duration; duration of the bladder contraction induced by the
drugs. % vol. exp.; percentage volume expelled by the drug-induced bladder contraction compared to carbachol (50 tLg kg-'):
**P<0.01; compared to the corresponding values in the absence of atropine: ttP<0.01; tttP<0.001.
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Figure 1 Effects of ATP administered intra-arterially (i.a.) in the absence and presence of m,p-methylene ATP on bladder pressure
(BP; cmH20) and micturition volume (MV; ml) during cystometry performed in a normal rat. (a) In the absence of a,-methylene
ATP, ATP (5 mg kg-', i.a.) produced a rapid, phasic rise in bladder pressure with micturition, and then increased micturition
pressure during the following spontaneous voidings. (b) ax,P-Methylene ATP (Me-ATP; I mg kg-', i.a.), administered 2 min before
ATP, by itself produced a rapid, phasic increase in micturition pressure with micturition. In the presence of aji-methylene ATP, the
effects of ATP (5 mg kg-', i.a.) were blocked. *indicates adjustment to baseline position.

Carbachol, administered i.a. in a dose of 1 jig kg' (n = 4),
had no clear-cut effects. Carbachol, in doses of 5 (n = 7) and
50 gpg kg-' (n = 8), produced rapid, sustained, dose-depen-
dent increases in bladder pressure, and micturition (Figure 3).
The amplitude and duration of the drug-induced contractions
after injection of 5 and 50 ltg kg-' were 63 ± 16 and
65 ± 15 cmH20, and 76 ± 36 and 458 ± 108 s, respectively
(Table 1). The duration of the contraction after carbachol
50 gtg kg- Iwas longer than that after ATP (5 mg kg-'), cx,-
methylene ATP (0.25 and 1.0 mg kg-'), and carbachol
5 ;.tg kg-'. The percentage volume expelled after 5 or
50 ttg kg'Iwas 90 ± 4% (Table 1). After 5 and 50 gLg kg-',
the' basal pressure, threshold pressure, and micturition pres-
sure increased during the following spontaneous voidings.
Bladder capacity and micturition volume also decreased
(Figure 3; Table 2). The duration of the effects was approx-
imately 15 min.

Atropine (1 mg kg-', i.a., n = 9) decreased micturition
pressure (by 54%) and micturition volume, and increased
residual volume for about 30 min, but did not induce drib-
bling incontinence (Figure. 4; Table 2). Micturition contrac-
tions still occurred after the injection, but changed
appearance (biphasic in 7, monophasic in 2 out of 9 animals
before administration, monophasic in 9 out of 9 animals
after administration) and were of shorter duration than
before (Figure 4). The mean duration of the micturition
contraction after administration was 6.0 ± 0.6 s, which was
significantly shorter (P<0.00l) than the corresponding value
(12.0 ± 0.6 s) before administra'tion. In the presence of
atropine (1 mg kg-', i.a., 8-15 min before administration of
oc,p-methylene ATP), (X,-methylene ATP (1 mg kg-'. i.a.;
n = 8) produced initially a phasic increase in bladder pressure
with micturition. The amplitude and duration of the drug-
induced contraction after injection of (x,-methylene were
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Figure 2 Original recordings of bladder pressure (BP; cmH2O) and micturition volume (MV; ml) during cystometry performed in a
normal rat before and after intra-arterial (i.a.) single injection (a), and repeated injections (b) of a,3-methylene ATP. (a)
a,P-Methylene ATP (Me-ATP; 1 mg kg ', i.a.) induced a phasic pressure rise with micturition, and suppressed the following
micturition contractions. (b) Repeated administration of a,p-methylene ATP (Me-ATP; 0.5 mg kg-', i.a., 8 times, 7 min intervals)
produced a decrease in micturition pressure, and changed the micturition contractions from a mono- to a biphasic pattern.
Atropine (1 mg kg-', i.a.) abolished the second tonic component of the biphasic contraction. *indicates adjustment to baseline
position. Number of a,-methylene ATP administrations given in parentheses.

Table 2 Effects of intra-arterial administration of ATP (5 mg kg-', n = 10), a,p-methylene ATP (1 mg kg-', n = 8), carbachol
(50 ig kg-', n = 8), and atropine (1 mg kg', n = 9) on cystometric parameters during the following spontaneous voidings

MP BC MV RV

ATP
before
after

a,P-Methylene ATP
before
after

Carbachol
before
after

Atropine
before
after

47.8 ± 5.7
73.9 ± 9.6***

54.2 ± 5.8
30.8 ± 5.8**

44.0+9.6
62.0 ± 12.9*

46.0 ± 4.0
21.1 ± 3.3***

1.15 ± 0.08
0.83 ± 0.09***

0.82 ± 0.07
1.04 ± 0.09*

1.00±0.11
0.41 ± 0.06***

0.80 ± 0.08
0.95 ± 0.11

1.03 ± 0.08
0.78 ± 0.08***

0.76 ± 0.06
0.66 ± 0.07

0.94 ± 0.09
0.39 ± 0.05

0.75 ± 0.08
0.48 ± 0.02***

0.11 ± 0.02
0.05 ± 0.02*

0.06 ± 0.02
0.37 ± 0.04***

0.06 ± 0.04
0.02 ± 0.01

0.05 ± 0.02
0.47 ± 0.09***

MP: micturition pressure (cmH2O); BC: bladder capacity (ml); MV: micturition volume (ml); RV residual volume (ml).
Results are expressed as mean ± s.e.mean.
Values before vs after administration: *P<0.05; **P<0.01; ***P<0.001.
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Figure 3 Effects of carbachol administered intra-arterially on bladder pressure (BP; cmH20) and micturition volume (MV; ml)
during cystometry performed in a normal rat. Immediately after injection of carbachol (CCh; 50 yg kg-'), a rapid, sustained
increase in bladder pressure with micturition was observed. Then, the basal, threshold, and micturition pressures increased, and
micturition volume decreased during the following spontaneous voidings. *indicates adjustment to baseline position.
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Figure 4 Effects of atropine, and a,p-methylene ATP in the presence of atropine on bladder pressure (BP; cmH20) and micturition
volume (MV; ml) during cystometry performed in a normal rat. Atropine (1 mg kg-'), administered intra-arterially (i.a.), by itself
decreased micturition pressure and micturition volume, and shortened the micturition contraction. In the presence of atropine,
a,p-methylene ATP (Me-ATP; 1 mg kg-', i.a.) produced a rapid, transient increase in bladder pressure, and then dribbling
incontinence. * and + indicate adjustment to baseline position and initiation of dribbling incontinence, respectively.
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Figure 5 Effects of carbachol, ATP, and a,p-methylene ATP, administered intra-arterially (i.a.), in the presence of morphine on
bladder pressure (BP; cmH20) and micturition volume (MV; ml) during cystometry performed in a normal rat. Morphine,
administered intrathecally (Morph. i.t.; 10 fig), blocked micturition contractions and produced dribbling incontinence. Carbachol
(CCh; 50 fig kg-', i.a.) ATP (5 mg kg-', i.a.), and a,-methylene ATP (Me-ATP; 1 mg kg-', i.a.) produced small increases in
bladder pressure, but did not induce micturition. t indicates initiation of dribbling incontinence.

22 ± 5 cmH2O and 24± 6 s, respectively. The percentage
volume expelled was 23 ± 8% (Table 1). The micturition
contractions were abolished in 3 animals out of 8, and the
amplitude of the bladder pressure increase was reduced from
18.6 ± 2.4 to 7.6 ± 2.6 cmH20 (P<0.05) in the remaining 5
animals. Dribbling incontinence was observed in all animals
(Figure 4).

Intrathecal administration of morphine (10 1g) blocked
micturition contractions and produced dribbling incon-
tinence, which persisted for more than 2 h. In the presence of
morphine (10lg, i.t.), carbachol (5-500 fig kg-', i.a.; n = 6),
ATP (5 mg kg-', i.a.; n = 6), and 'x,I-methylene ATP (0.25-
1 mg kg', i.a.; n = 6) were all unable to produce bladder
emptying, i.e. the percentage volume expelled was less than
10%, even if bladder contractions were noted after the injec-
tions (Figure 5).

Discussion

The present study showed that ATP and a,p-methylene ATP
were able to induce bladder contraction and micturition in
the normal, unanaesthetized rat. Even when the purinocep-
tors were desensitized by repeated exposure to a,p-methylene
ATP, the micturition contraction, although decreased, was
not abolished. This is in line with the results of several other
investigations supporting the view that ATP is a NANC
transmitter in the rat (Dahlen & Hedqvist, 1980; Brading &
Williams, 1990; Luheshi & Zar, 1990; Parija et al., 1991), but
casts some doubt about its functional predominance under in
vivo conditions (cf. in vitro; Carpenter, 1977). Also carbachol
induced bladder contractions leading to bladder emptying.
The volumes expelled by these contractions were about 75%
of the bladder content after ATP or a,,-methylene ATP, and
90% after carbachol. These results suggest that not only

cholinergic but also purinergic transmission is of importance
for both pressure generation and emptying of the bladder in
vivo in rats.

Based on their studies on field-stimulated rabbit and cat
whole bladder preparations in vitro, Levin et al. (1986; 1990)
and Chancellor et al. (1992) suggested that non-cholinergic
transmission may initiate bladder contraction, but that the
ability to empty the bladder in these two species is primarily
a function of cholinergic transmission. This conclusion may
be valid also for the rat, but factors not possible to study in
the in vitro preparation come into play in vivo. Thus,
Chancellor et al. (1992) found ATP unable to empty the
rabbit isolated bladder with moderate outlet resistance,
whereas bethanechol and electrical field stimulation could. In
vivo, we found that exogenous ATP could empty the bladder.
Downie et al. (1983) found that the ability of bethanechol to
empty the bladder in cats was dependent on an intact mic-
turition reflex. This may also be the case for the contractions
induced by ATP, a,-methylene ATP, and carbachol in the
rat. When the micturition reflex was blocked by morphine
administered i.t., none of these agents produced bladder
emptying. Durant & Yaksh (1988) also found that neither
bethanechol, nor a-adrenoceptor agonists, were able to empty
the bladder when micturition was blocked by i.t. morphine.
These findings suggest that an intact micturition reflex is
necessary for efficient bladder emptying in vivo. It may be
that both ATP, j,-methylene ATP, and carbachol, when
administered in vivo, by increasing tone of the detrusor mus-
cle cells, elicit a micturition reflex leading to synchronized
detrusor contraction and outlet relaxation with consequent
bladder emptying. An increase in bladder pressure alone does
not seem to be sufficient for bladder emptying in vivo. A
direct stimulating effect of bethanechol on the central ner-
vous system (locus caeruleus) has been suggested also to
contribute to initiation of micturition (O'Donnell, 1990;
Stephenson, 1991). This may also be the case for carbachol.
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As shown previously in the rat (Malmgren et al., 1987a),
atropine did not abolish the micturition contractions. How-
ever, atropine changed their characteristics. They became
more rapid and shortlasting than previously, and similar to
the contractions induced by ATP. The bladder contraction
induced by carbachol lasted longer than that induced by
ATP or a,-methylene ATP. In addition, repeated injections
of a,-methylene ATP, which antagonized the effects of ATP,
reduced the amplitude of the micturition contractions, and
disclosed a second, tonic component of the contraction. The
second component, but not the first, was abolished by
atropine. This is in agreement with findings in rat isolated
detrusor strips (Maggi et al., 1985; Parija et al., 1991), which
responded to single pulse stimulation with a biphasic con-
tractile response consisting of an initial, fast, and an ensuing
slow component. a,-Methylene ATP abolished ATP-induced
contractions, and inhibited the fast component by 38%, but
did not alter the slow component, whereas atropine selec-
tively abolished the slow component. Also in the cat,
Theobald (1983) reported two distinct bladder responses to
parasympathetic nerve stimulation. The initial response was a
sharp, transient rise in intravesical pressure, and the second
consisted of a tonic maintenance during stimulation. The
photoaffinity analogue of ATP, ANAPP3, which blocked
ATP-induced contractions, partially blocked the first phase,
and atropine, which had no effect on the first response,
blocked the second phase of the contraction.
The observation that the contractile responses of guinea-

pig and rat detrusor strips to field stimulation was blocked to
a minor extent when atropine and a,-methylene ATP were
given separately, but was almost abolished by a combination
of the two drugs (Brading, 1987; Brading & Mostwin, 1989;
Brading & Williams, 1990), suggests that interaction between
the two transmitters may be important for normal micturi-
tion. This view was supported by the present study, since in
the normal, unanaesthetized rat, the combination of atropine
and desensitization of bladder P2-purinoceptors with a,,-
methylene ATP induced retention and dribbling incontinence.
However, neither atropine, nor a,-methylene ATP, when
given alone, produced dribbling incontinence in any animal
tested.
Even if this and previous studies support a role for ATP in

NANC neurotransmission, ATP may not be the sole NANC

transmitter. Based on their findings in rabbit and guinea-pig
bladders, Creed et al. (1991) suggested that either the desen-
sitization with a,j-methylene ATP is not complete, or other
NANC nerves contribute to the innervation. Luheshi & Zar
(1990) found that the responses to electrical stimulation in
the rat bladder were reduced following a,-methylene ATP
desensitization, but that a sizable proportion of the response
persisted in the presence of atropine and indomethacin. They
concluded therefore that ATP is unlikely to be the sole
non-cholinergic motor transmitter in the rat detrusor. Choo
& Mitchelson (1980), using ATP as the desensitizing
nucleotide, had previously arrived at a similar conclusion.
The present study demonstrated that in the presence of

atropine, a,,-methylene ATP produced dribbling incon-
tinence, even if some animals still showed small bladder
contractions, which did not lead to bladder emptying. On the
other hand, atropine added 5-O min after repeated injec-
tions of a,-methylene ATP did not produce dribbling incon-
tinence. When a,-methylene ATP was given again after
atropine to these animals, dribbling incontinence was
induced. Considering the short duration of action of a,-
methylene ATP, and the fact that the maximum action of
atropine was seen after 5-O min, the possibility cannot be
excluded that the contractions remaining after desensitization
with a,-methylene ATP and addition of atropine were
mediated via purinoceptors. However, even if transmitters
other than acetylcholine and ATP may be released from
bladder nerves, their functional relevance for bladder empty-
ing may be questioned, at least in the rat. Obviously, when
these two main transmitters were blocked, no effective empty-
ing contraction could be elicited, resulting in dribbling incon-
tinence in all animals tested.

In conclusion, the results of the present study suggest that
drug-induced bladder emptying in the normal, unanaes-
thetized rat requires an intact micturition reflex, and they
support the view that the two physiologically important
transmitters involved in micturition are acetylcholine and
ATP.

This study was supported by the Swedish Medical Research Council
(grants no. 6837 & 10399), and the Medical Faculty, University of
Lund.
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