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I. Introduction

The smooth muscles of the human lower urinary tract

are generally divided into the detrusor (bladder dome),

the trigone, and the bladder neck and urethra. They work

as a functional unit, and this is a prerequisite for normal
voiding and continence. Unfortunately, these muscles

have been studied much less intensively than many other

types of smooth muscle. However, the mechanisms un-

denying the basic functions of the bladder, to store urine

at a low pressure and to empty its contents at regular

intervals, have been the subject of much research during

the last decade. Thus, our knowledge of the central

regulation of micturition has increased considerably

(Maggi and Meli, 1986; de Groat, 1990; Maggi, 1991b;
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Steers, 1992; de Groat et al., 1992), as has information
concerning factors of importance for micturition control

at the bladder level (Brading, 1987; Andersson, 1990a;

Van Arsdalen and Wein, 1991). Much new information

has also been obtained regarding the morphology, phys-

iology, and pharmacology of penile erectile tissues (Lue

and Tanagho, 1987; Krane et al., 1989; Andersson and
Holmquist, 1990; Andersson et al., 1991d). Most of the
literature concerns animal work, and because of the

many well-established differences between species, the
information is not always valid for humans.

In this review, the peripheral regulation of lower uri-

nary tract and penile erectile smooth muscles will be

discussed. Much of the presented information was ob-
tained from animal studies. However, when possible, the

discussion will focus on human tissues.

A. Anatomy

II. Detrusor

Details concerning the innervation and morphology of

detrusor smooth muscle can be foun#{231}lin recent reviews

(Burnstock, 1990; Dixon and Gosling, 1990; Elbadawi,
1991), and only a few aspects will be discussed here.

In the human detrusor, bundles of muscle cells of

varying size are surrounded by connective tissue contain-

ing much collagen. The bundles are arranged in a com-
plicated pattern, but from a functional viewpoint, the

detrusor comprises an integrated unit of interconnected
muscle bundles. In smaller animals, e.g., rabbit, the bun-

dles are less complex and the patterns of arrangement
simpler. Gap junctions between detrusor cells can be

found in the guinea pig and rabbit (Gabella, 1981) but
not in the rat (Gabella and Uvelius, 1990). The guinea
pig detrusor was shown to possess cable properties, i.e.,

the smooth muscle cells have electrical connections such

that the detrusor acts as single-unit smooth muscle

(Creed, 1971a). True gap junctions seem to be absent

from human detrusor (Daniel et al., 1983; Dixon and
Gosling, 1990). If spread of excitation occurs, “the re-

gions of close approach,” a frequently observed junction

between detrusor cells (Dixon and Gosling, 1990), may

represent the morphological feature that enables this

physiological event to take place (see section II.C).

B. Mechanical Properties

The bladder can accommodate large volumes of urine

without an increase in intravesical pressure (Coolsaet,

1985), and detrusor smooth muscle cells have the ability
to change length without marked changes in tension. It

is hard to define the resting length of a strip of detrusor

muscle, and above a certain elongation, passive tension

increases quite steeply (Uvelius, 1976). The relationship

between length and tension and between force and ve-
locity have been extensively studied in animal detrusor

tissue (Bissada and Finkbeiner, 1980; Uvelius, 1980;
Finkbeiner and O’Donnell, 1990; Longhurst et al., 1990),

whereas the information concerning human tissue is

limited (Uvelius et al., 1990a; Malmqvist et al., 1991).

The maximal active force of human detrusor strips was

similar to that found in detrusor muscle from rat and
rabbit, and the maximal shortening velocity corre-

sponded well with data from rabbit tissue (Uvelius, 1977).

The lack of pressure increase during normal filling and
distension of the bladder was originally ascribed to reflex

mechanisms, but later, experimental evidence suggested

that natural filling occurs independently of extrinsic
innervation (Klevmark, 1977) and that inherent prop-

erties of the detrusor muscle play an important role.

However, whether or not this is the case is still an

unsettled question.

As the bladder is filled, the thickness of the wall

decreases (Uvelius and Gabella, 1980). The length of the

individual muscle cells increases linearly with bladder

radius over normal functional volumes, the mean length
increasing nearly 4-fold in the guinea pig (Uvelius and

Gabella, 1980). There was a proportional decrease in the

diameter of both cells and bundles. The results suggest
that both single cells and bundles are simply stretched

as the bladder fills without cells slipping longitudinally

past each other.

Another characteristic of detrusor smooth muscle is

the ability to contract efficiently over a wide range of
volumes. Over a range of cell lengths, corresponding to

filling volumes of 25 to 75% of bladder capacity, the

active force was nearly maximal (Uvelius and Gabella,

1980). At maximum capacity, the active force was 75%

of its maximal value, and in an empty bladder, it was
approximately 25%. Maximal intravesical pressure on

activation was obtained at much lower volumes and

declined to about 30% of maximum when the bladder

was fully distended.

C. Electrophysiology

Most available electrophysiological information re-

garding detrusor muscle has been obtained from tissues

of a few animal species (Mostwin, 1988, 1991; Brading,

1992). Information concerning human detrusor is scarce.

Because conventional intracellular recording was impos-

sible in this tissue, recordings were made using the whole
cell patch-clamp technique on cells obtained by collagen-
ase digestion of bladder biopsy specimens (Montgomery
and Fry, 1992). In the guinea pig bladder dome, a resting

membrane potential value of -37.3 ± 5.2 mV was re-

ported (Creed, 1971a); the corresponding value in the

rabbit was -37.5 ± 3.9 mV (Callahan and Creed, 1986).

In isolated human detrusor cells, the resting membrane

potential, recorded by conventional 3 M KC1-filled mi-

croelectrodes, was -47.2 ± 16.7 mV (Montgomery and

Fry, 1992).
Spontaneous action potentials, associated with slow

waves of depolarization, have been demonstrated by sev-

eral investigators in detrusor tissue from guinea pig and
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rabbit (Ursillo, 1961a; Creed, 1971a,b; Creed et al., 1983;

Mostwin, 1986). Similar action potentials have been

described in human detrusor cells (Montgomery and Fry,

1992). In the guinea pig detrusor, the passive and active

electrical properties did not change significantly with the

growth of the animal (Seki et al., 1992a). The sponta-

neous electrical activity of the guinea pig detrusor is

usually single spikes occurring at regular intervals, but

occasionally bursts of spikes can be recorded (Creed,

1971a). The frequency of the spontaneous action poten-

tials is voltage sensitive, depolarization increasing and

hyperpolarization decreasing the rate of firing. In detru-

sor tissue from the guinea pig, intracellularly recorded

action potentials have a duration of about 10 ms. They

have no plateau phase and have an overshoot of approx-

imately 15 to 18 mV. Corresponding values from isolated

human detrusor cells were approximately 40 to 60 and 0

to 20 mV (Montgomery and Fry, 1992). In guinea pig

detrusor, the action potentials exhibit a pronounced af-

terhyperpolarization, which may last for 500 ms (Mos-

twin, 1986). The rising phase is generated by an inward

Ca2� current, as suggested by the failure of TTXt (block-

ing Na� channels) to block elicited action potentials

(Creed, 1971b) and as demonstrated by Kl#{246}ckner and

Isenberg (1985a,b) using voltage clamp of isolated guinea

pig detrusor cells. Also in the human detrusor, the de-

polarizing phase of the action potential occurs by an

inward Ca2� current (Montgomery and Fry, 1992). Re-

polarization probably involves inactivation of the Ca2�

current and activation of an outward K� current that is

partially Ca2� dependent (Mostwin, 1986; Montgomery

and Fry, 1992).

Under normal circumstances, there would appear to

be little cell to cell conduction in detrusor muscle due to

a high longitudinal resistance (Brading et a!., 1989; Brad-

ing and Inoue, 1991; Brading, 1992). However, this may

well vary between species, and indirect evidence suggests

that, in the pig detrusor, the smooth muscle cells are less

well connected than in the guinea pig (Fujii, 1988; Brad-

ing and Inoue, 1991; Brading, 1992). Changes in detrusor

morphology, such as those occurring in the hypertrophic

detrusor, may change cell to cell transmission of excita-

tion. Seki et al. ( 1992b,c) studied the changes in electrical

properties of guinea pig smooth muscle membrane by

t Abbreviations: ACE, angiotensin-converting enzyme; ATP, aden-

osine triphosphate; AVP, arginine vasopressin; At, angiotensin; BK,

bradykinin; [Ca2’11, intracellular calcium concentration; cGMP, cyclic

guanosine-3’,5’-monophosphate; CGRP, calcitonin gene-related pep-
tide; carbachol, carbamyl choline chloride; ET, endothelin; GABA, ‘y-

aminobutyric acid; 5-HT, 5-hydroxytryptamine, serotonin; Ic.,2�, in-

ward calcium current; NADPH, fl-nicotinamide adenine dinucleotide

phosphate; NANC, nonadrenergic, noncholinergic; L-NMMA, N#{176}-

monomethyl-L-arginine; L-NNA, NG�nitro�L�arginine; D-NNA, NG�

nitro-D-arginine; NO, nitric oxide; NOS, nitric oxide synthase; NK,
neurokinin; NPY, neuropeptide Y; PG, prostaglandin; SIN-i, 3-mor-

pholino-sydnonimin hydrochloride, linsidomine; SP, substance P; TX,

thromboxane; TTX, tetrodotoxin; VIP, vasoactive intestinal polypep-

tide.

experimental bladder outflow obstruction and found sig-

nificant changes. There was a reduction of the membrane

constants (space constant and time constant) and of

spontaneously occurring electrical activity. The mem-

brane potential was unchanged, but there was a greater

amount of ouabain-sensitive membrane hyperpolariza-

tion after application of K4-free solution and a greater

membrane depolarization evoked by a low extracellular

chloride concentration solution. It was suggested that

there was a suppression of the cell to cell transfer of

electrical activity and activation of a membrane electro-

genic Na-K1 pump mechanism in the obstructed and

hypertrophied guinea pig detrusor.

D. Excitation-Contraction Coupling

The exact mechanism underlying excitation-contrac-

tion coupling in the detrusor is unknown. As in other

types of smooth muscle, an increase in the intracellular

free Ca2� concentration is a crucial step in the activation

of contraction. This increase is due to influx from the

extracellular space and/or release from intracellular

stores (Isenberg et al., 1992). In single smooth muscle

cells of the guinea pig urinary bladder held under voltage

clamp, Ganitkevich and Isenberg (1991) recorded [Ca2�J1

by means of the Ca2� indicator Indo-1. They concluded
that Ca2� influx through voltage-operated Ca2� channels

is the key event in depolarization-mediated changes in

[Ca2�]1. The voltage dependence of peak [Ca2�]1 was bell

shaped, which supported the idea that [Ca2�}1 is con-

trolled by Ca2� influx through Ca2� channels and that

Ca2� influx via the Na�-Ca2� exchanger is insignificant.

They also concluded that depolarization-induced influx

of Ca24 through L-type Ca2� channels induces a release

of Ca2� from intracellular stores, which constitutes a

major portion of the phasic [Ca2�]1 transient (Ganitkev-

ich and Isenberg, 1992).
When contracted by high K� solutions or prolonged

application of agonists, the detrusor muscle has an ma-

bility to sustain the contraction, and the response fades

rapidly. Brading (1992) suggested that this may be due

to a transient increase in the membrane permeability to

Ca2�, the Ca2� channels closing even in the face of

persistent depolarization. A well-developed Ca2�-induced

inactivation of the channels may account for the phasic

nature of the detrusor contraction and its inability to

sustain tone.

In the urinary bladder, the Ca2� channels seem to be

mainly, if not exclusively, of the L type. For example, in

guinea pig detrusor cells, the contribution of Ca2� influx

via T-type channels is of no importance (Isenberg et al.,

1992). Extracellular Ca2� removal and L-type Ca2� chan-

nel blockers slow the rate of rise, decrease the amplitude

of the action potential (Mostwin, 1986), and reduce the

contractile amplitude (Andersson and Forman, 1986).

Because the smooth muscle of the urinary bladder

generates action potentials spontaneously, Ca2� influx
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through voltage-operated Ca2’ channels can be regulated

through the amplitude, duration, and frequency of the

action potentials. However, the cells may also generate

slow depolarizations due to stretch or under the influence

of neurotransmitters or hormones. The sources of Ca2�

used for contraction induced by acetylcholine or car-

bachol in detrusor smooth muscle are of particular inter-
est because of the possible use of drugs with Ca2� chan-

nel-blocking effects in the management of bladder hyper-

activity.
Several studies of animal detrusor tissue demonstrated

the importance of extracellular Ca2� entry through di-

hydropyridine-sensitive Ca2� channels and mobilization

of intracellular Ca2� (Mostwin, 1985; Huddart and But-

ler, 1986; Batra et al., 1987b; Maggi et al., 1988c; Kishii
et al., 1992). In addition, carbachol was suggested to

increase the sensitivity of the contractile machinery to

Ca2� (Kishii et al., 1992). Which of these mechanisms is

the most important has not been established. In the

human detrusor (Fovaeus et al., 1987a), extracellular

Ca2� seems to play a major role in the activation process.

In line with this view, Maggi et al. (1989c), who found

that different agonists used different Ca2� sources to
various degrees, suggested that in the human bladder

carbachol-induced activation involved dihydropyridine-

sensitive Ca2� channels but not T- or N-type channels.

Carbachol can mobilize a calcium pool (either extracel-

lular or located at the membrane level) that is LaC13

sensitive and nifedipine resistant. In addition, carbachol

can mobilize an intracellular Ca2� pool independently

from membrane depolarization.

It is of interest that phorbol esters, which are activa-

tors of protein kinase C and may produce contraction of

smooth muscle without activation of myosin light chain

kinase, caused a concentration-dependent contraction of

rabbit bladder dome (Yoshida et al., 1992). It was pro-

posed that protein kinase C activation may contribute to

agonist-induced contraction in this tissue.

E. Mechanisms of Activation

1. Myogenic activity. The spontaneous electrical activ-

ity demonstrated in detrusor muscle in vitro is associated

with contractions that are resistant to TTX and cannot

be blocked by hexamethonium, atropine, and a-adreno-

ceptor blockers, suggesting a myogenic origin. Support-

ing such a view is the observation that the contractions

can be effectively inhibited by L-type Ca2� channel

blockers and K� channel openers (Andersson and For-

man, 1986; Fovaeus et al., 1987a). They can also be
increased by agents that decrease K� permeability, such

as procaine (Kurihara, 1975) and tetraethylammonium

ions (Mostwin, 1986). It has been suggested that the
activity is under the control of PGs produced by the

tissues because PG synthesis inhibitors may have an
inhibitory effect (Downie and Slack, 1983; Satake et al.,

1984).

Increasing extracellular Mg�� reduced spontaneous

contractile activity and attenuated the inward Ca2� cur-

rent associated with the action potential. It was proposed

that the spontaneous contractile activity was related to

generation of spontaneous action potentials or to alter-

ation of the ability of intracellular organelles to regulate

intracellular calcium (Montgomery et al., 1992).

The frequency of the spontaneous mechanical activity
of isolated detrusor tissue seems to vary among species

(Sibley, 1984), being more frequent in the rabbit (100%)

than in pig and human (20%), but is probably also

dependent on experimental factors, e.g., the duration of

the equilibration period in the organ bath. The charac-

teristics of spontaneous contractile activity have been
studied in detail in detrusor tissue from pigs (van Duyl,

1985; Hak et al., 1988; van Duyl et al., 1990) and rabbits

(Potjer and Constantinou, 1989). Levin et al. (1986a)

pointed out that the frequency and amplitude of the

spontaneous contractions of, for example, the rabbit

detrusor are extremely variable among strips of the same

bladder. They found no spontaneous contractile activity

in the isolated whole rabbit bladder or in the catheterized

bladder in vivo and suggested that the spontaneous ac-

tivity observed in isolated strips has no physiological

significance in normal bladder functioning.

It is obvious that the observations on the mechanical

activity of an isolated tissue cannot be immediately

translated into functions exerted by the whole organ.
Myogenic activity may contribute to tone in many types

of smooth muscle (Ruegg, 1971), including the urinary

bladder. In vivo, such activity may be exaggerated in

conditions in which an increased afferent activity leads
to conditions of bladder hyperactivity. Thus, Kinder and

Mundy (1987) found that spontaneous contractile activ-

ity developed more often in muscle strips from hyperac-

tive than normal bladders. Detrusor cells may have au-

tomacity, i.e., spontaneous generation of action poten-

tials. This may not necessarily mean that some cells have
a pacemaker role in the initiation of detrusor contrac-

tions leading to bladder emptying. It seems unlikely,

considering the morphological and electrophysiological

information available, that a bladder contraction leading

to micturition can occur without efferent nervous activity

coordinated via the micturition reflex.

2. Cholinergic mechanisms. a. MUSCARINIC RECEPTORS.

In most animal species, bladder contraction is mediated

by both cholinergic and NANC mechanisms (Ambache
and Zar, 1970; Taira, 1972). In isolated guinea pig and

rabbit detrusor muscle, acetylcholine produced slight

depolarization, initiated spike generation, increased the

frequency of action potentials, and contracted the muscle

(Creed, 1971a; Callahan and Creed, 1981; Creed et al.,

1983). The isolated human detrusor also is contracted by

acetylcholine. These contractions are enhanced by cho-

linesterase inhibitors and abolished by atropine and,

thus, must be mediated by stimulation of muscarinic
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receptors. In the normal human detrusor, the emptying
contraction in vivo and the contraction evoked by elec-

trical stimulation of nerves in vitro have been suggested
to be mediated mainly, if not exclusively, through mus-

carinic receptor stimulation (Sjogren et al., 1982b; Sibley,
1984; Kinder and Mundy, 1985a; Craggs et al., 1986),

because these responses can be more or less completely
blocked by atropine. In support of this hypothesis, atro-
pine (Cullumbine et al., 1955) and other anticholinergic

drugs produce an almost complete paralysis of the blad-

der when injected intravenously in normal humans.

The role of an NANC mechanism in the contractile

activation of the human bladder is still disputed. In strips
of human detrusor, Hindmarsh et al. (1977) found that

electrically induced contractions were partially resistant
to atropine. They concluded that acetylcholine was the
main, but not the sole, motor transmitter in the human

detrusor. Support for such a view was given by Cowan

and Daniel (1983), who found that acetylcholine was

responsible for approximately 50% of the electrically

induced contraction in strips of the normal human de-

trusor. In contrast, Sjagren et al. (1982b), who investi-

gated morphologically normal detrusor samples from pa-

tients undergoing bladder surgery for different reasons,

found that atropine caused >95% inhibition of electri-
cally evoked contractions.

Sibley (1984) compared the effects of atropine on

contractions induced by electrical field stimulation in
isolated detrusor preparations from rabbit, pig, and hu-

mans. He found that in human preparations, obtained

from patients undergoing lower urinary tract surgery for

different disorders or donor nephrectomy, atropine abol-
ished nerve-mediated contractions. He concluded that

nerve-mediated contractile activity in human detrusor is

exclusively cholinergic. This was supported by the results

of Kinder and Mundy (1985a), who found that atropine

caused an almost total inhibition of the electrically in-
duced contraction in human detrusor tissue taken from
patients with urodynamically normal bladders. Craggs et

al. (1986), investigating the effects of atropine on bladder
contractions evoked by sacral ventral root stimulation in
paraplegic humans, also arrived at the conclusion that

the parasympathetic innervation of the human bladder

is exclusively cholinergic.

These apparently conflicting data may partly be ex-

plained by differences in the tissues investigated and by
varying experimental approaches. Most probably, normal

human detrusor muscle exhibits little “atropine resist-
ance.” This does not exclude that atropine resistance

may exist in morphologically and/or functionally
changed bladders. Sjogren et a!. (1982b) found that, in

detrusor strips from male patients with a diagnosis of

unstable bladder, and in particular from patients with

bladder hypertrophy, an atropine-resistant component
of up to 50% of the electrically induced contraction could

be demonstrated. Nerg#{226}rdh and Kinn (1983) found a

varying degree of atropine resistance (0 to 65%) in iso-

lated detrusor preparations from male patients, most of

them having prostatic hypertrophy. Sibley (1984) yen-

fled the occurrence of atropine resistance in hypertrophic
bladder muscle but also showed that the atropine-resist-

ant response was resistant to TTX, suggesting that it
was not nerve mediated but was caused by direct muscle
stimulation.

Even if part of the detrusor response to electrical
stimulation is mediated by noncho!inergic mechanisms,

there is evidence from experiments with isolated whole
rabbit bladder preparations suggesting that muscaninic

receptor stimulation is responsible for the main part of
bladder emptying (Levin et a!., 198Gb; Chancellor et a!.,
1992). This seemed also to be the case in vivo in the

guinea pig. A highly significant correlation was found
between the potencies of anticholinergic agents to inhibit

isolated guinea pig detrusor muscle contraction and peak
intravesical bladder pressure in the cystometrogram in

vivo (Noronha-Blob et a!., 1989).
Muscaninic receptors consist of several subpopula-

tions, and at least five different subtypes (m1 to m5) have

been cloned. Pharmacologically, three different subtypes

(M1 to M3) have been defined using subtype-selective

agonists and antagonists (Hulme et a!., 1990; Richards,

1991). In the human detrusor, muscaninic receptor ago-

nists were found to recognize more than one population

of receptor sites, whereas muscarinic receptor antago-
nists were bound to a virtually uniform population of

sites (Nilvebrant et a!., 1985). Results of functional

(Adami et al., 1985; Zappia et al., 1986) and receptor-

binding experiments (Batra et a!., 1987a; Ruggieri et al.,
1987; Levin et a!., 1988), using pirenzepine for subc!as-

sification of muscaninic receptors as M1 or M2, have

suggested that the receptors of the detrusor in rats and

humans are of the M2 type. Experiments with the selec-

tive M1 receptor-blocking drug, telenzepine, seem to rule

out any significant occurrence of M1 receptors in the
human detrusor (Poli et a!., 1992b). In sheep ureteroves-

ical junction, evidence was presented for the occurrence
of M1, M2, and M3 receptor subtypes, all mediating

contraction (Rivera et a!., 1992). In the rat detrusor, van

Char!dorp et al. (1985) suggested the occurrence of a

heterogenous population of M2 receptors. Other investi-

gators identified a small proportion of glandular musca-
ninic receptors (M2), which could represent the functional

receptor responsible for muscaninic agonist-induced con-

traction. It was proposed that this receptor subtype
should be called M3 (Monferini et al., 1988). A systematic

subclassification of the muscaninic receptors of the hu-

man bladder remains to be done, but indirect evidence

suggests that the human detrusor also contains musca-
rinic receptors of the M3 subtype (Poli et al., 1992b).

In rabbits, the mechanical detrusor response to car-

bachol required a much lower concentration than that
needed for stimulation of 45Ca uptake or for occupying
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binding sites for [3H]quinuclidinyl benzilate-binding

sites, and there appeared to be about a 150-fold musca-
rinic receptor excess (Anderson and Marks, 1982). These

results are in conflict with those of Levin et al. (1984b),

who found the rabbit bladder to have few spare musca-

rinic receptors. If there are no spare receptors, there

should be a direct relation between the contractile re-
sponse to muscarinic receptor stimulation and the recep-

tor density. Such a direct relation is not always found.
Batra and Andersson (1989) demonstrated in the rabbit

detrusor that, despite a 90% reduction in muscaninic
receptor number after 4 weeks of estrogen treatment,

there was no significant effect on the concentration-

response curve for carbachol.

Muscarinic receptors, which when stimulated inhibit

transmitter release, have been demonstrated on adrener-

gic nerve terminals in detrusor tissue from rabbit, cat,

dog, and humans (Mattiasson et al., 1987a; Mutoh et a!.,
1987; Somogyi and de Groat, 1990) and on cholinergic

nerves in rat bladder (d’Agostino et al., 1986; Somogyi
and de Groat, 1992). In rat urinary bladder, three types

of cholinergic receptors were demonstrated to affect ace-

tylcholine release (Somogyi and de Groat, 1992). M2

inhibitory receptors dominated in untreated prepara-
tions, whereas in physostigmine-treated bladder strips,

in which the concentrations of acetylcholine were ele-

vated, facilitatory M1 and nicotinic receptors were also

demonstrated. Physostigmine had a biphasic effect, caus-

ing inhibition of acetylcholine release at low (M2) and

facilitation at high (M1) concentrations. The authors

suggested that, even if muscarinic inhibitory receptors

appear to be the only type activated by acetylcholine
released by electrical stimulation under normal condi-

tions, facilitatory receptors may be activated by the high-

frequency parasympathetic nerve discharge that occurs

during micturition. Particularly in pathological condi-

tions, such as the neurogenic hyperreflexic bladder, such

a mechanism may contribute to changes in bladder func-

tion.
The subtype(s) of receptor involved in acetylcholine

release in human bladder has not been clarified. Presyn-
aptic modulation seemed to exclude M1 receptors (Poli

et a!., 1992b), but this was not systematically investi-

gated.

The coupling between the muscarinic receptors and
intracellular messenger systems in the human detrusor

has not been extensively studied. Carbachol was found

to inhibit adenylate cyclase in both rabbit and human
urinary detrusor muscle (Ruggieri et a!., 1987). Both

carbachol and acetylcho!ine were able to stimulate pro-

duction of inositol phosphates in human detrusor (An-

dersson et a!., 1989, 1991c; Iacovou et a!., 1989, 1990).
However, the functional role of inositol phosphates in
human bladder contraction has not been established. In

the guinea pig, on the other hand, the inositol phosphate

mechanism was considered a main mediator of bladder

contraction (Noronha-Blob et al., 1987, 1989; Iacovou et

a!., 1990). If this is the case, it would be reasonable to

suppose that lithium, which is known to inhibit phos-

pho!ipid hydrolysis (Godfrey et al., 1989), would affect
muscaninic receptor-mediated contraction. This was not

found in the rat bladder (Lucchel!i et a!., 1992).

It is known that parasympathetic denervation or de-
centralization leads to an impaired abi!ity of the bladder

to empty. The bladder may be distended by residual

urine, and the bladder wall hypertrophies. These changes

can be prevented by urinary diversion. The denervated/
decentralized bladder exhibits an increased responsive-

ness to muscaninic receptor stimulation, which has been

the basis for the use of bethanecho! or carbacho! as a

test to diagnose neurogenic bladder disorders (Lapides

et a!., 1962; Glahn, 1970). It has been suggested that this

supersensitivity may be related to an increase in the

density of muscarinic receptors in detrusor muscle (Raz,

1983), but the mechanisms involved have not been iden-

tified. Short-term, partial obstruction of the rabbit blad-
der resulted in a marked decrease in muscarinic receptor

density (Levin et a!., 1984a). Whether or not significant

changes in muscaninic receptor densities can be found

after long-term obstruction does not seem to have been

investigated.

In decentralized cats, Mattiasson et a!. (1984c) were
unable to demonstrate any supersensitivity to muscaninic

receptor stimulation, provided that the urine was di-

verted and the bladder did not hypertrophy. In the de-

nervated rat bladder, Ni!vebrant et a!. (1986) found no

changes in the muscaninic receptor density that could

explain supersensitivity. They found an increase in re-

ceptor density in hypertrophied bladders, whereas the

receptor density decreased when the development of

hypertrophy was prevented by urinary diversion. It was

suggested that the regulation of the receptor levels was

influenced by the functional state of the bladder.

In pigs with experimental outflow obstruction, Sibley
(1987) found that, although the response to intramural

nerve stimulation was decreased, there was a supersen-
sitivity of the detrusor muscle, including a leftward dis-

placement of the concentration-response curve for ace-

ty!cho!ine. He suggested that this was due to partial

denervation of the bladder as a resu!t of the obstruction

and that the supersensitivity may manifest as detrusor
instability. Such a denervation had previously been

claimed to occur in the obstructed pig and human detru-

sor (Gosling et a!., 1986; Speakman et a!., 1987). Support

for the presence of cholinergic denervation in the blad-

ders of patients with obstruction and bladder instability
was presented by Harrison et a!. (1987). They found that,

in muscle strips from patients with bladder instabi!ity,

the acety!cho!ine concentration-response curve demon-
strated a significant !eftward shift, suggesting an in-

creased sensitivity to acetylcholine. There was a depres-
sion of the responses to electrical stimulation. In con-
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trast, Yokoyama et a!. (1991) found that there was a

displacement to the right of the concentration-response

curve for acetylcholine obtained in detrusor strips from

patients with obstruction and benign prostatic hyperpla-

sia compared to the curve obtained in preparations from
controls without obstruction, suggesting a decreased sen-
sitivity to acetylcholine. The responses to acety!choline

of detrusor strips from patients with bladder instability

were not significantly different from those without (Yo-

koyama et a!., 1991). The reasons for these conflicting

results are unclear.
It might be assumed that the muscarinic receptor

functions change also in nonobstructed bladders showing

hyperactivity. Kinder et a!. (1985b) and Kinder and
Mundy (1987) compared detrusor muscle from human
norma!, idiopathic unstable, and hyperreflexic (neuro!og-

ical damage) bladders. They found no significant differ-

ences in the degree of inhibition of electrically induced

contractions by TTX and atropine between detrusor

strips from any of these bladders and no significant

differences in the concentration-response curves for ace-

tylcho!ine. In hyperactive bladders, without associated

neurological disorders, a decreased number of muscarinic

receptors has been demonstrated (Restorick and Mundy,

1989), but the relation to hyperactivity remains unclear.

Also, in patients with neurogenic bladder dysfunction,
small-capacity bladders, and detrusor instability, the

density of muscarinic receptors was lower than in normal

controls (Lepor et a!., 1989). The lower density in neu-

rogenic bladders was suggested to represent down regu-

!ation of muscarinic receptors or a replacement of smooth
muscle by fibrosis.

b. NICOTINIC RECEPTORS. Nicotine induces an atro-
pine-resistant increase in intravesical pressure in cats

(Koley et a!. (1984), and in isolated strips of the urinary

bladder of guinea pigs and rabbits, it causes a phasic
concentration-related contraction (Hisayama et a!., 1988;
Kizawa et a!., 1988). The mechanism of this action in

the guinea pig was analysed (Hisayama et a!., 1988, 1989).

It was suggested that nicotine induced contraction by an

interaction with nicotinic receptors on nerve terminals,
involving parasympathetic cho!inergic (acety!cho!ine),

sympathetic nonadrenergic (possibly tachykinins), and

nonsympathetic purinergic nerves (ATP). In addition,
intramural PG release, initiated by ATP, may contribute

to the response. The nicotine response was insensitive

to TTX, suggesting that it was produced mainly through

an Na� action potential-independent mechanism. Tachy-
kinins, probably re!eased from sympathetic nerves, were

suggested to enhance nicotine’s ability to release acety!-

choline through stimulation of NK-2 receptors (Shinkai
et a!., 1993). Nicotine-induced contractions were reduced
following chronic treatment with nicotine, possibly due

to a reduction in the number of nicotine receptors (Ki-
zawa et a!., 1988, 1990)

3. Adrenergic mechanisms. a. a-ADRENOCEPTORS. In

detrusor muscle from several species, including humans,

�3-adrenoceptors have been shown to preponderate over

a-adrenoceptors. Creed (1971b) showed in guinea pig

bladder that the frequency of spontaneous action poten-

tia!s was decreased by adrenaline and noradrena!ine.

However, in most species, it is possible to evoke detrusor

contraction with drugs stimulating a-adrenoceptors (Sal-
imi et a!., 1969; Nerg#{226}rdh and Bor#{233}us, 1972; Awad et a!.,

1974; Elmer, 1974a; Raezer et a!., 1973; Sundin and

Dah!str#{246}m, 1973; Downie et a!., 1975; Sundin et a!., 1977;

Levin and Wein, 1979a; Levin et a!., 1980a, 1981b; Johns,
1983; Honda et a!., 1985, 1987; Honda and Nakagawa,

1986; Amark et a!., 1986; Mattiasson et al., 1987b),

preferentially with those acting on a1-adrenoceptors
(Honda et a!., 1985, 1987; Honda and Nakagawa, 1986).

The role of the sympathetic nervous system in human

bladder function has been much discussed, partly because

of the paucity of the adrenergic innervation of human

detrusor muscle. There is no doubt, however, that nor-

adrenaline is released when human bladder tissue is

electrically stimulated (Mattiasson et a!., 1987a) and that
the normal response to released noradrenaline is relax-

ation (Perlberg and Caine, 1982; Amark et a!., 1986).

Drugs stimulating a-adrenoceptors have hardly any con-

tractile effects in isolated, normal human detrusor mus-

cle, but both trigonal and urethral smooth muscle re-
spond with contraction.

There are reasons to believe that the predominating

postjunctiona! a-adrenoceptor subtype in the human

lower urinary tract is a� (Levin et a!., 1988). a2-Adre-

noceptors have been demonstrated on adrenergic nerve

terminals in both detrusor and urethral smooth muscle,
which when stimulated by noradrenaline inhibit further

release of the amine (Mattiasson et a!., 1984a, 1985a,

1987a). However, postjunctional a2-adrenoceptors prob-

ably have little functional importance. In rat detrusor,

clonidine produced concentration-dependent inhibition

of contractions evoked by electrical field stimulation

(Santicio!i et a!., 1983; Maggi et al., 1985b). This effect
was suggested to be due to stimulation of a2-adrenocep-

tors located on postganglionic nerve endings, leading to

reduced output of excitatory neurotransmitters.

Even if the a-adrenoceptors have no significant role

in normal bladder contraction, there is evidence that this

may change after, for example, bladder outlet obstruction

and parasympathetic decentra!ization and in hyperactive

bladders. Detrusor tissue from patients with bladder

hyperactivity (without neurological disorders) had an
a!most 4-fold increase in the density of a-adrenoceptors

compared to the density in norma! persons (Restorick

and Mundy, 1989). The importance of this finding for
bladder hyperactivity is, however, unclear (Andersson,

1990b).
Rohner et a!. (1978) found that in isolated dog detrusor

muscle, which normally responds to noradrenaline with

relaxation, contraction could be demonstrated in seven
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of 12 dogs after bladder outlet obstruction was estab-

!ished. This was suggested to be dependent on a decrease

in fl-adrenoceptor function rather than an increased a-

adrenoceptor function. Per!berg and Caine (1982) found

that noradrenaline caused contraction instead of the

norma! relaxant response in bladder strips from 1 1 of 47
patients with benign prostatic obstruction. They pro-

posed that there was a correlation between the response

to stimu!ation, on one hand, and bladder instability and
irritative symptoms, on the other. It has been observed

that, in patients with benign prostatic hyperp!asia

treated with a-adrenoceptor blockers, bladder hyperac-

tivity (bladder instability) disappears during treatment

(Caine, 1985, 1986). Taken together, these observations
suggest that there may be an increased a-adrenoceptor

function associated with the morphological changes oc-

curring in bladder hypertrophy. On the other hand, Mat-

tiasson et a!. (1987b) found that the number of a-adre-
noceptors in the detrusor, as determined by [3H]dihy-

droergocryptine binding was decreased in rats with

bladder outflow obstruction. At the same time, a-adre-

noceptor-mediated contraction was impaired. Saito et a!.
(1993b) found that, in mildly obstructed rats, there was

an increased detrusor response to pheny!ephrine, sug-

gesting an enhanced a-adrenoceptor function. It cannot

be excluded that factors such as the degree and duration
of obstruction have an important influence on a-adre-

noceptor-mediated responses in the detrusor.

Sundin and Dah!str#{228}m (1973) found that, in parasym-

pathetically decentralized cat bladder, there was a change

in adrenoceptor-mediated function with a shift from a /3-

adrenoceptor-dominated relaxant influence in the nor-

ma! bladder to an a-adrenoceptor-dominated response
after decentralization. However, more recent!y, investi-

gators were unable to confirm this finding (Ma!kowicz

et a!., 1985; Andersson et a!., 1991a). It is possible that,

in the study of Sundin and Dahlstr#{246}m (1973), there was
bladder hypertrophy with an increased a-adrenoceptor

function and that this may explain the discrepancy in

results.
However, there are clinical observations in agreement

with the view that neurological damage may be associated

with a change in a-adrenoceptor functions in the detru-

sor. In a study on patients with bladder hyperactivity
and neurological disorders (bladder hyperreflexia), Jen-

sen (1981) found that treatment with prazosin decreased

the hyperreflexia and increased bladder capacity. This
was confirmed by other investigators (Petersen et a!.,

1989), but the results were not impressive. In children
with mye!omeningocele and detrusor hyperactivity,

phentolamine injected intramuscularly decreased tone

and bladder hyperactivity (Amark and Nerg#{226}rdh, 1991).
It cannot be excluded that an effect of the a-adrenoceptor

blockers on the central nervous system contributed to

these actions.

b. /3-ADRENOCEPTORS. Many functional, as we!! as

receptor binding, studies have demonstrated the occur-

rence of /3-adrenoceptors in detrusor muscle from various

animals (Dhasmana et a!., 1970; Gregg et a!., 1970; Elmer,

1974b; Dave and Dhattiwa!a, 1976; Ganguly and Veda-
siromoni, 1976; Larsen, 1979; Levin and Wein, 1979a,b;

Wein and Levin, 1979; Khanna et a!., 1981; Maggi and
Meli, 1982; Anderson and Marks, 1984; Morrison et a!.,

1986; Morita et a!., 1986, 1990; Labadia et a!., 1988;

Levin et a!., 1988; Li et a!., 1992), as we!! as from humans

(Todd and Mack, 1969; Awad et a!., 1974; Ek et a!., 1977;

Nerg#{226}rdh et a!., 1977; Larsen, 1979; Perlberg and Caine,

1982; Amark et a!., 1986). In most species, /32-adrenocep-

tors seem to predominate. However, in guinea pig detru-

sor, which contains both /3k- and fl2-adrenoceptors, the
relaxant effect was mediated mainly by /31-adrenoceptors

(Li et a!., 1992).

In humans, the /3-adrenoceptors of detrusor muscle

were shown to have functional characteristics typical of

neither i.3�- nor /32-adrenoceptors, because they could be

blocked by propranolo! but not by practo!ol or butox-
amine (Nerg#{226}rdh et a!., 1977; Larsen, 1979). On the other

hand, receptor-binding studies in which subtype-selec-

tive ligands were used suggest that the /3-adrenoceptors

of the human detrusor are primarily of the /32 subtype
(Levin et a!., 1988).

There are much evidence suggesting that the sympa-

thetic nervous system contributes to the urine storage
function by inhibiting the reflex activation of the detru-

sor muscle during bladder filling (Learmonth, 1931; Ed-

vardsen, 1968; de Groat and Saum, 1972; de Groat, 1975;

de Groat and Theobald, 1976; de Groat and Booth, 1980;

Ohtsuka et a!., 1980; Maggi et a!., 1985e; Rudy and

Downie, 1988). It may be expected that this occurs via

/3-adrenoceptor stimulation (Per!berg and Caine, 1982;

Amark et a!., 1986). However, the role of/3-adrenoceptor-

mediated detrusor relaxation has been questioned, par-
ticularly in humans (Klevmark, 1977; Nordling, 1983;

Andersson, 1986). One argument is that /3-adrenoceptor

blockade seems to have no effect on norma! detrusor
function. Thus, the functional importance of /3-adre-

noceptors for norma! detrusor function remains to be

settled.
It cannot be excluded that bladder relaxation during

fi!ling may be obtained by activation of a-adrenoceptors.

a-Adrenoceptor stimulation can inhibit excitatory neu-

rotransmission in the pelvic ganglia, as described in cats

(de Groat and Theobald, 1976; de Groat and Booth, 1980;

Keast et a!., 1990), but also in gang!ia within the bladder
wall and at the nerve terminal level (Mattiasson et a!.,

1984a; Amark et a!., 1986).

It may be speculated that, in bladder hyperactivity,

there is a lack of the inhibitory /3-adrenoceptor-mediated
noradrenaline response. However, detrusor muscle from

patients with bladder instabi!ity was reported to show a

similar degree of inhibition in response to isoprenaline
as norma! detrusor (Eaton and Bates, 1982), even if the
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inhibitory effect of isoprena!ine on the response to elec-

trical stimulation was less in unstable muscle. No differ-
ences in the density of /3-adrenoceptors were revealed by

receptor-binding studies between normal and hyperac-

tive bladders (Restorick and Mundy, 1989).
4. Nonadrenergic, noncholinergic mechanisms. It has

been known for a long time that, in most mammalian

species, part of the neurona!ly induced b!adder contrac-

tion is resistant to atropine (Lang!ey and Anderson,
1895; Henderson and Roepke, 1934; Edge, 1955; Ursillo

and Clark, 1956; Ursi!lo, 1961b; Chester and Thorpe,
1965; Hukovic et a!., 1965; Dumsday, 1971; Carpenter,

1977; Downie and Dean, 1977; Johns and Paton, 1977;

Krell et a!., 1981; Longhurst et a!., 1984). Several expla-
nations for this phenomenon have been proposed (Taira,

1972), one being the occurrence of an NANC transmitter

(Ambache and Zar, 1970; Burnstock et a!., 1972, 1978a,b;

Dean and Downie, 1978a; Krell et a!., 1981). The pro-

portion of NANC-mediated response to the total con-
traction varies with species and the frequency of stimu-

lation. Thus, in rats and guinea pigs, atropine has little

effect on the response to single nerve stimuli, but at 20

Hz, it inhibits about 25% of the response. Corresponding
figures for rabbit and pig are 40 and 75%, respectively

(Brading and Inoue, 1991). The only species in which
the occurrence of NANC transmission has been ques-

tioned is the human urinary bladder (see section II.E.2).

Luheshi and Zar (1990b) investigated whether the

reported full atropine sensitivity of the human detrusor

was due to a genuine absence of a noncho!inergic element

in its motor transmission or was dependent on the ex-

perimental protocols, which in most investigations in-
volve prolonged electrical stimulation. They used an

experimental protocol with which field stimulation was

limited to the minimum required to elicit consistent and
reproducible contractions and found that part of the

electrically induced response (about 30%) was resistant
to atropine. With a more conventional stimulation pro-
tocol involving long trains of pulses, however, the re-

sponses were enhanced by physostigmine and fu!!y

blocked by atropine. Atropine-resistant, TTX-sensitive

contractions evoked by electrical stimulation in normal
human detrusor tissue also have been reported by other

investigators and have been suggested to be caused by

ATP (Hoyle et a!., 1989; Ruggieri et a!., 1990). However,

the contribution ofpurinergic neurotransmission to blad-

der excitation in humans, and a!so in pigs, seems to be
small.

These resu!ts suggest that there is an NANC compo-

nent contributing to motor transmission in the isolated
human detrusor and that no obvious qualitative differ-

ence exists between humans and other mammalian spe-

cies. The importance of the NANC component for detru-
sor contraction in vivo, normal!y, and in different mic-
turition disorders remains to be established.

a. ADENOSINE 5’-TRIPHOSPHATE. Stimulation of

NANC nerves in the guinea pig b!adder evokes contrac-

tions that can be mimicked by exogenous ATP, and

studies of the NANC component of bladder contraction

in this species (Burnstock et a!., 1978a,b; Westfa!l et a!.,

1983) suggested that the excitatory transmitter is ATP.

Excitatory purinergic responses have been reported in

bladders from rabbit (Downie and Dean, 1977; Dean and

Downie, 1978a; Levin et a!., 1981a; Hoy!e and Burnstock,

1985; Sneddon and McLees, 1992), rat (Burnstock et a!.,
1972; Brown et a!., 1979; Dahlen and Hedqvist, 1980),

mouse (Acevedo and Contreras, 1985; Holt et a!., 1985),
ferret and marmoset (Moss and Burnstock, 1985), and

cat (Theobald, 1983, 1986). It was suggested that ATP
interacts with P2�-purinoceptors, because the contrac-

tions were blocked by desensitization with /3#{231}y-methylene

ATP (Brown et a!., 1979; Hourani et a!., 1985; Nicholls

et a!., 1992). The results of several investigations support

the view that ATP is an NANC transmitter in the guinea
pig bladder (Kasakov and Burnstock, 1983; Levin et a!.,

1986b; Fujii, 1988; Brading and Mostwin, 1989; Brading
and Williams, 1990; Inoue and Brading, 1990; Creed et

a!., 1991; Schneider et a!., 1991). Activation of P2�-puri-

noceptors depolarizes the cells, increases the spike fre-

quency, and causes contraction (Brading and Inoue,
1991). However, ATP may not be the only NANC trans-

mitter. Based on their findings in rabbit and guinea pig

bladders, Creed et a!. (1991) suggested that either the

desensitization with a,/3-methy!ene ATP is not complete

or other noncholinergic, nonpurinergic nerves contribute

to the innervation of the guinea pig bladder.

This may also be the case in the rat bladder (Bo and
Burnstock, 1990; Parija et a!., 1991), in which it is

possible, by single-pulse stimulation, to separate the

cholinergic (slow) and noncho!inergic (fast) contractile
components distinctly (Maggi et a!., 1985d; Bhat et a!.,

1989). The slow component could be abolished by atro-

pine, and the fast component could be reduced, but not

abolished, by a,j3-methylene ATP (Parija et a!., 1991;
Maggi, 1991a). Maggi (1991a) showed that �-conotoxin-

sensitive voltage-dependent calcium channels played a
more important role in determining the cho!inergic,

rather than the noncholinergic, putatively purinergic,

component of the response. The action of w-conotoxin

was likely to be exerted on N-type rather than L-type

calcium channels.

Luheshi and Zar (1990a) found that the responses to

electrical stimulation in the rat b!adder were reduced

following a,/3-methy!ene ATP desensitization but that a

sizable proportion of the response persisted (in the pres-

ence of atropine and indomethacin). They concluded,
therefore, that ATP is unlikely to be the sole noncholi-
nergic motor transmitter in the rat detrusor. Choo and

Mitche!son (1980), using ATP as the desensitizing nu-
cleotide, had previously arrived at a similar conclusion.
Also, in the rabbit, there was a residual response to nerve

stimulation in the presence of atropine and desensitiza-
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tion of P2-purinoceptors, which could be blocked by TTX

(Chen, 1990).
In the cat, two distinct bladder responses to parasym-

pathetic nerve stimulation were demonstrated (Theo-

bald, 1986). The initial response was a sharp transient
increase in intravesical pressure, and the second con-

sisted of a tonic maintenance during stimulation. Theo-
bald (1986) reported that the photoaffinity analogue of
ATP, arylazido aminopropiony! ATP, 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.

Also, these results may be interpreted as suggesting that
ATP and acetylcholine are the main contracti!e activa-
tors of the cat detrusor, but they do not exclude that

another NANC transmitter may contribute to the first
contractile response to parasympathetic nerve stimula-

tion.
Based on their observations on the isolated, whole

rabbit bladder mode!, in which a biphasic contractile

response to electric field stimulation was found, Levin et

a!. (1986b) suggested that purinergic stimulation may

play a role in initiating micturition, whereas bladder
emptying appears to be primarily a result of muscarinic
receptor stimulation. This suggestion was supported by

the results of Chancellor et a!. (1992) using the same

model.

Igawa et al. (1993a) found that, in the normal, unan-

aesthetized rat, both exogenous ATP and carbachol were

able to empty the bladder. Micturition was still possible

after desensitization with a,/3-methylene ATP or after

blockade of the muscarinic receptors with atropine. How-

ever, in the presence of atropine, a,f3-methylene ATP

produced dribbling incontinence in all animals tested.

This is in agreement with previous findings in vitro
showing that, given separately, neither atropine nor a,/3-

methy!ene ATP were effective inhibitors of electrically

evoked contractions, but given together, they abolished
the responses (Brading, 1987; Brading and Mostwin,

1989; Peterson and Noronha-Blob, 1989; Brading and

Williams, 1990). When the micturition reflex was

blocked after intrathecal morphine injection, neither

ATP and a,fl-methylene ATP nor carbachol were able to

empty the bladder (Igawa et a!., 1993a). This suggests
that these drugs, by increasing the tone of the detrusor
muscle cells, elicit a micturition reflex leading to syn-

chronized detrusor contraction and outlet relaxation
with consequent bladder emptying. Such a mechanism
was previously suggested for the bladder emptying in-

duced by bethanechol (Downie et a!., 1983).
Whether or not ATP is involved in the contractile

response of the human bladder to electrical stimulation

has not been settled. Husted et a!. (1983) found that

ATP produced a concentration-dependent contraction in
isolated human detrusor muscle, but they also reported

that ATP influenced the responses to transmura! nerve

stimulation, probably by both prejunctional and post-

junctional effects. Evidence has been presented (Hoyle

et a!., 1989; Ruggieri et a!., 1990) that the atropine-

resistant contractile component evoked in human detru-
sor by electrical stimulation can be abolished by a,/3-

methylene ATP, suggesting that the NANC mediator is

ATP. Inoue and Brading (1991) showed that the prop-
erties of the ATP-induced current in human and pig

detrusor, and the current intensity, were similar to those

in guinea pig detrusor. The smooth muscle cells of the
three species all have a high density of ATP receptors.

The variation in the purinergic component of the excit-

atory innervation in bladder muscle from different spe-
cies thus could not be explained by differences in the

properties of the postsynaptic purinoceptors. On the

other hand, in the feline detrusor muscle, Theobald

(1992) found evidence for the presence of novel purino-

ceptors and/or the presence of multiple purinoceptors.
This suggests the possibi!ity of species-specific pun-

nergic responses of detrusor muscle.

Nifedipine abolished the NANC-mediated contractile
component in rabbit (Andersson et a!., 1986b) and rat

detrusor (Bo and Burnstock, 1990; Zar et a!., 1990). If it

is assumed that ATP is responsible for the NANC com-

ponent of the contraction, this suggests that voltage-

sensitive L-type calcium channels play an important role

in the excitatory mechanical action of ATP in the urinary

bladder of rats and rabbits. Also, in the guinea pig urinary

bladder, it was found that nifedipine inhibited both ATP-

induced contraction and the simultaneous elevation of

intracellular Ca2� (Katsuragi et a!., 1990). However,

Schneider et a!. (1991), studying single smooth muscle

cells from the guinea pig detrusor with whole cell patch-

clamp combined with microspectrofluometry, found that
nitrendipine did not block the ATP-induced inward cur-
rent or the ATP-induced [Ca2�]1 transient. They sug-

gested that ATP activates (via membrane depolarization)

a dihydropynidine-sensitive inward Ca2� current in the
multicellular specimen but not in the isolated myocyte.

Available results suggest that ATP may contribute to

the NANC-mediated excitatory neurotransmission.
Whether or not it is the sole transmitter mediating this

response is unclear, but most probably other factors may

contribute. Because ATP may be released from nerves

in the bladder, and because it is readily metabolized to
adenosine in this tissue (Cusack and Hourani, 1984),

Acevedo et a!. (1992) proposed that adenosine may have
a modulatory role as an endogenous regulator of NANC

transmission. In the mouse urinary bladder, they found

that adenosine (and related structural analogues) inhib-

ited the responses to transmura! electrical stimulation

as well as the responses to exogenous ATP. Both of these

responses were increased by 8-phenyltheophy!line (Ac-

evedo et al., 1992). It was suggested that endogenous

adenosine may modulate bladder neurotransmission,
possibly by acting both prejunctionally (A1 receptors)
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and postjunctionally (A2 receptors). In the rat bladder,

Nicholls et a!. (1992) suggested that the P1-puninoceptors

inhibiting contraction were of the A2 type (A2b subclass).

In the human detrusor muscle, in which the contnibu-

tion of the NANC mechanism has been questioned,
Husted et a!. (1983) found that adenosine and dipynida-

mole reduced responses to electrical stimulation, whereas
theophy!line augmented these responses. This may be

taken as further support of the hypothesis advanced by

Acevedo et a!. (1992).
b. NITRIC OXIDE. The mechanism underlying the b!ad-

den relaxation during filling is not fully understood. It
has been attributed to the physical properties of the

bladder (Nesbit et a!., 1947; Tang and Ruch, 1955) and

also to inhibition of the parasympathetic (Shernington,

1915; Klevmark, 1977) or sympathetic (Edvandsen, 1968;

de Groat, 1975; Maggi et al., 1985e) bladder nerves. NO

has been suggested to be a mediator of adaptive relaxa-

tion in the stomach, i.e., to accommodate food or fluid

(Desai et a!., 1991). Theoretically, an increased activity
of NO-releasing inhibitory nerves to the detrusor could
be a factor keeping the bladder relaxed during the filling

phase.

NO is synthesized from L-arginine by two main classes

of NOS. The one occurring in peripheral nerves is a

constitutive, Ca2�-calmodu!in-dependent enzyme, which
releases picomoles of NO in response to receptor stimu-

lation (F#{246}rstermann et a!., 1991; Moncada, 1992). It was

shown that NO synthase and neuronal NADPH dia-

phorase are identical in brain and peripheral tissues, and

it was suggested that NADPH diaphorase histochemistry

should provide a specific marker for neurons producing
NO (Dawson et a!., 1991; Hope et a!., 1991). NADPH

diaphorase-positive fibres and thick nerve branches were

found in or around the muscular bundles of the pig

detrusor, tnigone, and urethra. The nerve fibres in the

tnigone and urethra were thinner and more dispersed
within the muscle than those of the detrusor. There was

a distinct staining of the urothelium (Larsson et a!.,

1992; Persson et a!., 1993). Conflicting results have been
reported concerning the NADPH diaphorase staining of
the detrusor of different species. No NADPH diaphorase

staining was observed in the rat detrusor by Keast (1992),
whereas McNeil! et a!. (1992) and Grozdanovic et al.

(1992) found staining in the rat and mouse detrusor,
respectively.

Immunohistochemistry, with antisera produced in nab-
bits against COOH- and NH2-termina! fragments (Alm

et al., 1993) of a cloned NOS from rat cerebellum (Bredt

et al., 1991), revealed a difference in the distribution of
NOS-positive nerves among pig detnuson, tnigone, and

urethra. Thus, the density of NOS immunoreactivity was
higher in tnigonal and urethra! tissue than in the detrusor

(Persson et a!., 1993). This corresponds we!! with the
ability to respond with NO-mediated relaxation in re-

sponse to nerve stimulation, which was distinct in the

tnigone and the urethra but not in the detrusor (Persson
and Andersson, 1992). There was no NOS staining of the

urothelium, which contrasts to the results with NADPH

diaphorase. This may be due to a high specificity for the

NOS of nerves exhibited by the antisera used or to the

fact that NADPH diaphorase histochemistry visualizes

other enzymes in addition to NOS. The data obtained by
immunohistochemistry and NADPH diaphorase staining

suggest that NOS is localized in nerve fibres of the lower
urinary tract, including the detrusor, but predominantly
in the outflow region.

In pig detrusor muscle, an NANC-mediated relaxation

preceded by a contraction, and which was blocked by

TTX, was demonstrated by Klarskov (1987a). In the

human detrusor, Klarskov (1987a) claimed to have found
an occasional NANC-mediated relaxation, but the evi-

dence for this was not convincing. James et a!. (1991)

found that, in isolated preparations of the human detru-

son contracted by 20 mM K�, in the presence of atropine,

e!ectnica! stimulation evoked relaxations sensitive to L-

NNA but insensitive to TTX. They suggested that NO

might be generated from the detrusor muscle and could
be an important factor for bladder relaxation during the

filling phase.
It was not possible to convincingly reproduce these

results in human, pig, or rat detrusor. In human detrusor

strips contracted by 35 mM K� or ET-1, in the presence

of atropine and after desensitization with a,/3-methy!ene

ATP, no relaxation could be evoked by electrical stimu-

lation (K. Persson and K.-E. Andersson, unpublished

results). In pig detrusor muscle contracted by K� (35

mM), after pretreatment with atropine and a,fl-methyl-
ene ATP, no response or small contractions were found.
If, instead, contraction was induced by ET-1 in a con-

centration that induced a tension near that evoked by
high K� (124 mM), a small relaxation was seen in some

preparations that was sensitive to L-NNA but partly
insensitive to TTX (Persson and Andersson, 1992). Elec-

tnical stimulation of the precontracted rat detrusor in

the presence of atropine and after desensitization with

a,/3-methylene ATP did not produce relaxation-only
further contraction (Persson et a!., 1992).

In the pig detrusor, the NO donor SIN-i and NO
(stimulating guanylate cyclase) relaxed carbacho!- and

ET-i-contracted preparations by approximately 60%.
However, isoprenaline (stimulating adenylate cyclase)

was about 1000 times more potent than SIN-i and NO
and caused complete relaxation (Persson and Andersson,

1992). Nitroprusside, SIN-i, and NO were only moder-
ate!y effective in relaxing isolated rat detrusor muscle,

compared to their effects on the urethral muscle (Persson

et a!., 1992). These results agree well with those of Monita
et a!. (1992), who found that, in rabbits, cGMP is mainly
related to urethra! relaxation and cyclic adenosine-3’ ,5’ -

monophosphate is mainly related to urinary bladder re-

laxation.
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The possible role of the L-arginine/NO pathway as a
neuromodulator of the excitatory response in the pig

isolated detrusor has been studied (Persson et a!., i993).

L-NNA caused a nonsignificant enhancement of the con-

tractile response to electrical field stimulation. L-Argi-
nine, but not D-arginine, decreased the electrically

evoked contractions by 25 to 30%. This effect of L-

arginine was reversed by L-NNA. Propranolol did not

affect the decrease in amplitude caused by L-arginine,

excluding the possiblity that the observed effect was due
to (indirect) /3-adrenoceptor stimulation. Furthermore,

L-arginine had no effect on NANC contractions in the

presence of scopolamine, indicating that the inhibitory
response was associated with the cholinergic component

of the contraction. Concentration-response curves to car-

bachol or contractions induced by carbacho! were not

influenced by L-arginine, demonstrating that L-arginine
has no postjunctional effects on the detrusor muscle.
Therefore, the results support the view that NO may act

prejunctional!y to inhibit acetylcho!ine release.

Taken together, these results do not suggest that NO

has a role as a neurotransmitter causing direct relaxation

of the detrusor smooth muscle. However, NO may exert

its action prejunctionally and influence the bladder tone

by modulation of acety!cho!ine release. It is still unsettled

to what extent the L-arginine/NO pathway may be in-
vo!ved in muscle relaxation responses in the detrusor.

c. NEUROPEPTIDES. The functional roles of the many

neuropeptides that have been demonstrated to be syn-

thesized, stored, and released in the human lower urinary

tract (de Groat and Kawatani, 1985; Burnstock, 1990;
Maggi, i99ib) have not been established. These peptides,

which are present in sensory nerves, include SP, NKA,

VIP, CGRP, somatostatin, enkephalins, NPY, BK, gal-

anin, and the ETs. As discussed by Maggi and Meli

(1986) and Maggi (i99ib), neuropeptide-containing, cap-

saicin-sensitive primary afferents in the bladder and

urethra may not only have a sensory function but also
may have a local effector or efferent function. In addi-

tion, they may play a role as neurotransmitters and/or

neuromodulators in the bladder ganglia and at the neu-

romuscular junctions. As a result, the peptides may be

involved in the mediation of various effects, including

mictunition reflex activation, smooth muscle contraction,
potentiation of efferent neurotransmission, and changes
in vascular tone and permeability. Evidence for this is

based mainly on experiments in animals. Studies of

isolated human bladder muscle strips have failed to re-

veal any specific local motor response attributable to a

capsaicin-sensitive innervation (Maggi, i99ib). How-

ever, cystometnic evidence that capsaicin-sensitive

nerves may modulate the afferent branch of the mictu-

nition reflex in humans has been presented (Maggi et a!.,
i989a). In a small number of patients suffering from

bladder hypersensitivity disorders, intravesical capsaicin
produced a long-lasting, symptomatic improvement.

It has been much discussed whether neuropeptides are

involved in various forms of bladder hyperactivity, and
it has been demonstrated that obstruction, which is often

associated with hyperactivity, causes a reduction in the

density of neuropeptide-containing nerves (Chapple et

al., i992). On the other hand, in bladder tissue from
women with idiopathic detrusor instability, there was a

significant increase in the density of subepithelial, pre-
sumptive sensory nerves compared to stable controls

(Moore et al., 1992). Capsaicin-sensitive afferents may
be a part of a spinal, vesico-vesica! excitatory (short-

loop) reflex, providing a neurogenic mechanism for un-

stable and/or hyperreflexic detrusor contractions (de

Groat et a!., i990; Maggi, i991b).
Evidence in support of a role of capsaicin-sensitive

nerves in the pathogenesis of detrusor hyperreflexia in

humans was given by Fow!er et a!. (i992). They found

that intravesica! capsaicin improved the control of detru-
son hyperreflexia in four of five patients with multiple

sclerosis.

i. Vasoactive intestinal polypeptide. VIP was
shown to inhibit spontaneous contractile activity in iso-

lated detrusor muscle from several animal species (Levin

and Wein, i98i; Finkbeiner, i983a; Kihl et a!., 1985;

Sjogren et a!., 1985) and from humans (Larsen et a!.,

i98i; Klarskov et a!., i984; Kinder and Mundy, i985b;

SjOgren et al., 1985) but to have little effect on contrac-

tions induced by muscaninic receptor stimulation or by

electrical stimulation of nerves (Sjagren et a!., i985). In

isolated rat bladder, VIP had no effect (Andersson et al.,

i988c; Igawa et a!., i993c), whereas in isolated guinea
pig bladder, VIP produced contraction (MacKenzie and

Burnstock, i984). However, if the low-amplitude my-

ogenic contractile activity demonstrated in human (Sib-

!ey, 1984), as we!! as animal (Sibley, i984; van Duyl 1985;

van Duyl et a!., 1990; Potjer and Constantinou, 1989),

bladders is of primary importance for the genesis of reflex

bladder contraction, direct inhibitory effects of VIP on

bladder smooth muscle should not be neglected. The

findings that VIP levels were markedly reduced in pa-

tients suffering from idiopathic detrusor instability (Gu

et a!., i983b; Chapple et a!., 1992) or detrusor hyperre-

flexia (Kinder et a!., i985a) were interpreted to suggest
that VIP (or rather lack of it) may be involved in some

forms of bladder hyperactivity.

Stimulation of the pelvic nerves in cats increased the
VIP output from the bladder and increased bladder blood

flow, although moderately (Andersson et a!., i987c). VIP
injected intravenously into dogs induced a relaxation of

the urinary bladder (Andersson et al., 1990). On the

other hand, VIP given intravenously to patients in a dose

causing increases in heart rate had no effect on cysto-
metric parameters (Klarskov et a!., 1987). This may, of

course, be due to a too low concentration of VIP reaching

the bladder, but plasma concentrations of VIP were
obtained that, in other clinical investigations, had been
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sufficient to cause relaxation of smooth muscle (K!arskov

et a!., 1987). In rats with infravesical outflow obstruction,

bladder hypentrophy, and bladder hyperactivity (Ma!m-

gren et al., 1987), the concentrations ofVIP in the middle

and lower parts of obstructed bladders were higher than

in controls (Andersson et a!., i988c). Neither in the

hypertrophic nor in the normal isolated rat bladder did

VIP have relaxant or contractant effects, and the peptide

did not influence contractions induced by electrical stim-

ulation (Andersson et a!., 1988c; Igawa et a!., 1993c).

This does not support the view that lack of VIP is

associated with bladder hyperactivity, at least not in the

rat.

ii. Tachykinins. Falconieni Erspamer et al. (1973)

showed that SP and various related peptides had con-

tractile effects in the isolated bladder smooth muscle

from various species. They suggested that biogenic pep-

tides may interfere in the physiological control of bladder

motility and tone. The potential role of SP in the atro-

pine-resistant component of the contractile response in-

duced by electrical stimulation was studied by several

investigators (Husted et al., 1981; Leander et a!., 1981;

Johns, 1982; Sjogren et a!., i982a; Norl#{233}net a!., 1983;

Hourani, 1984; Longhurst et a!., 1984; Mackenzie and

Burnstock, 1984; Meldrum and Burnstock, 1985; Dvek-

sler et al., 1985; Berggren et a!., 1988). With few excep-

tions, these studies did not favor the view that SP,

released from postganglionic nerve terminals, has an

excitatory transmitter role. Evidence has been presented,

on the other hand, that SP may play a role in the afferent,

sensory branch of the mictunition reflex (Sharkey et al.,
1983; Maggi et al., i985h, 1986, i987c, i988a, i99ib;

Holzer-Petsche and Lembeck, 1984).

Several tachykinins are present in sensory nerves of

the urinary bladder in rat and other mammalian species,

including humans (Maggi, i99ib; Keast and de Groat,

1992). Receptor subtypes were identified in urinary blad-

dens of several mammals, both in vitro and in vivo

(Miznahi et a!., i985a; Burchen et a!., 1986; Maggi et a!.,
1986). In the rat urinary bladder, three receptor types,

classified as NK1, NK2, and NK3, have been demon-

strated, as evidenced by radioligand binding, autonadi-

ographic, and functional experiments (Buncher and

Buck, 1986; Maggi et a!., i987d, i988d; Dion et a!., 1987;

Hall et a!., 1992; Nimmo et al., 1992; van Giersbergen et

al., 1992).
Maggi et a!. (i986) suggested the existence of two

different receptors for tachykinins in the rat bladder,

whose activation was responsible for initiation of the

mictunition reflex and direct smooth muscle contraction,

respectively. In a later study by the same group, however,

evidence was presented that, at the peripheral level,

neither NK1 nor NK2 receptors have any importance to

normal initiation of the mictunition reflex in the rat

(Lecci et a!., 1993). This does not exclude that they have

such a role in, for example, detrusor hyperreflexia in-

duced by irritants.
Thiorphan, an inhibitor of endopeptidase 24.11 (en-

kepha!inase), was found to potentiate and prolong the
contractile response to tachykinins on strips of guinea

pig isolated urinary bladder in the presence and absence
of the mucosal layer (Maggi et a!., i990a). Endopeptidase

24.11 activity was found in both the mucosal and mus-

cular layers, although it was more concentrated in the

former. It was suggested that endopeptidase 24.11 ten-

minates the activity of tachykinins and modulates the

intensity of the biological response produced after their

release from peripheral nerve endings. In the dog bladder,

Saban et a!. (1992) found that remova! of the mucosa, or

treatment with the metalloproteinase inhibitor phos-

phoramidone, increased the sensitivity to NKA. They
suggested that NKA was degraded by enkephalinase in
the mucosa.

In the guinea pig, Shinkai and Takayanagi (1990)

found that both NK1 and NK2 receptors mediated con-
traction; the NK3 receptor-selective agonist senktide had

no effect. Longmone and Hill (1992) confirmed this con-

clusion. In the rat, both NK1 and NK2 receptors mediate

contraction; multiple tachykinins activating these recep-

tons were shown to be coreleased by capsaicin (Maggi et

a!., i99ib). The dog bladder also may have a mixture of

NK1 and NK2 receptors (Dion et al., 1987; Saban et a!.,

1992).

Maggi et a!. (i991b) presented evidence for the involve-
ment of SP and NKA (or other NKA-nelated peptides

preferentially acting at NK2 receptors) as cotransmittens
in rat detrusor muscle and that, in addition to acetylcho-
line and ATP, tachykinins must be considered as excit-

atory transmitters in this organ. Intravenous administra-

tion of tachykinins caused dose-dependent increases in

vascular permeability in the rat lower urinary tract, and

this effect was suggested to be mediated by NK1 receptors

(Abelli et a!., 1989). Nimmo et a!. (i992) found that NK2-

binding sites appeared to be present on the peripheral
terminals of capsaicin-sensitive visceral afferent fibres
and that the density of these binding sites may increase

following bladder outlet obstruction. Their results sug-

gested that NK3-binding sites were present on the pe-
nipheral terminals of nerves that have their cell bodies

in the pelvic gang!ia.
Tachykinins also have contractile effects in the human

bladder (Erspamer et al., 1981; Kalbfleisch and Daniel,

1987; Dion et a!., 1988; Maggi et a!., i988e, i989e). The

potency of NKs was shown to be NKA > NKB >> SP
(Dion et a!., 1988; Maggi et a!., 1989e). This, and results
with subtype-selective agonists (Maggi et a!., i989e),

suggested that the tachykinin receptor mediating con-

traction in the human bladder is of the NK2 type.

A specific functional role for the tachykinins in the
lower urinary tract of animals or humans has not been

demonstrated. However, as mentioned previously, cys-
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tometnic evidence that capsaicin-sensitive nerves may
modulate the affenent branch of the mictunition reflex in

humans has been presented (Maggi et a!., i989a). This

may also be the case in, for example, rats and guinea

pigs, in which a selective agonist for NK2 receptors,

administered intravesically, stimulated micturition

(Maggi et a!.,i99ia).

iii. Neuropeptide Y. NPY-containing nerves were
shown to be present in abundance in the rat detrusor

(Mattiasson et a!., i985c; Iravani and Zar, 1988; Keast

and de Groat, 1989). Iravani and Zar (i988) found that

exogenously added NPY contracted strips of rat detrusor

and potentiated the noncholinergic motor transmission.
The effects were blocked by nifedipine, and it was con-

cluded that the abundant presence of NPY-!ike immu-
noneactive nerve fibres in the detnusor muscle was con-
sistent with a motor transmitter function of the peptide

in the rat bladder. These results are not in agreement
with those ofZoubek et a!. (1993), who found that porcine

NPY did not induce any direct contractile effect in

isolated strips of rat detrusor. On the other hand, porcine
NPY had a marked inhibitory effect on the cho!inergic

component of electrically induced contractions in rat

bladder strips, particularly at low (<10 Hz) frequencies
of stimulation. In the isolated guinea pig detrusor, NPY

had no effects per se but decreased the electrically in-

duced NANC response (Lundberg et a!., 1984).

Even if the available information regarding the effects
of NPY on the rat detrusor is conflicting, it cannot be

excluded that NPY may have an important role in the

neural control of the lower urinary tract in this species.
iv. Arginine vasopressin. In detrusor from rabbits

and humans, higher levels of of AVP-like immunoreac-

tivity were detected than those normally found in plasma

(Holmquist et al., i99ib). Vasopressin receptors were

identified in rat urinary bladder (Thibonnien et a!., i986),
and the peptide was shown to have potent contractile

effects especially in the isolated rabbit (Angelucci et a!.,
1974; Cnankshaw, 1989; Falconieni Enspamer et a!., 1981),

but also in the rat, bladder (Abde!-Hakim et a!., 1983;

Fa!conieni Erspamen, 1973; Uvelius et a!., i990b); AVP
had little effect on the isolated human bladder (Erspamer

et a!., 1981; Holmquist et a!., i99ib). In the rabbit

bladder, the contractions were effectively inhibited by a
V1 receptor-selective antagonist. However, the antago-

nist had no effect on contractions induced by electrical
field stimulation (Holmquist et a!., i99ib).

Radioligand membrane-binding studies, using [3H]
AVP as the !igand, revealed the existence of a single

population of binding sites in the rabbit bladder, and

displacement experiments indicated that the receptor
was of the V1 subtype. By autoradiography, [3H]AVP-

binding sites were found in the rabbit bladder, both in
the smooth muscle layers and in the submucosa. Neither

binding experiments nor autoradiography revealed any

specific [3H}AVP-binding sites in the human bladder

(Holmquist et a!., 199ib). It was concluded that, in both
rabbit and human bladder, AVP seems to be synthesized

locally and/or extracted from the circulation. It is un-

likely that AVP is the NANC transmitter in rabbit
detrusor, and the functional importance of the hormone

in the lower urinary tract can only be speculated on.

In bladders from rats with hereditary diabetes insipi-

dus due to lack of hypothalamic AVP (Sokol et a!., 1982),

the total amount of AVP immunoreactivity was the same

as in norma! controls, but the concentration was lower

(Uve!ius et a!., 1992). It was suggested that this AVP was
synthesized locally; it did not seem to be responsible for

NANC-mediated contraction.
V. Calcitonin gene-related peptide. Among the

sensory neunopeptides from capsaicin-sensitive nerves,

CGRP has been proposed as a determinant of certain
responses in the urinary tract (Hua, 1986; Maggi et a!.,

i987b; Stief et a!., 1990; for review, see Maggi et a!.,

1992b). CGRP-immunoreactive nerves distribute to
smooth muscle, around blood vessels, and may form a

dense subunothe!ial plexus with some nerve fibres pene-

trating within the urothelium. Binding sites for the pep-

tide were demonstrated in the mucosa both in rat

(Nimmo et a!., 1988) and human bladders (Edyvane and

Marshall, 1990). CGRP was colocalized with tachykinin-
like immunoreactivity in primary sensory neunones of

the bladder in several species (Ghatei et al., i985b; Su et

a!., 1986; Yokokawa et a!., 1986), and a physiological

antagonism was suggested to occur beween the tachyki-

nins and CGRP (Maggi and Meli, 1986; Maggi et a!.,

i992b).

Even if the CGRP content of the bladder is of primary

afferent origin, CGRP may have an effenent function
when released, including relaxation of smooth muscle

and vasodilation. However, as Maggi et a!. (i992b)

pointed out, the action of CGRP is of different intensity

in different regions of the urinary tract of the same

species, and for the same region of the urinary tract, the

effect of CGRP may vary with the species investigated.

Thus, in the guinea pig, the relaxant action of CGRP is

much more intense in the bladder neck than in the

bladder dome (Maggi et a!., i988fl. In guinea pig and

canine urinary bladder, CGRP is a potent relaxant agent.

However, in the rat bladder, CGRP had little or no effect

on either bladder motility or vascular permeability
(Maggi et a!., i987b), and it had no effect on contractile

activity in the human bladder (Maggi et al., i989e). In

agreement with these findings, Pensson et a!. (i99ia)

found no functionally important mechanical effects in
isolated pig detruson strips, but the peptide was a potent

dilator of vesica! arteries through an endothelium-inde-

pendent mechanism. It has been reported that CGRP

increases blood flow in the cat bladder (Andersson, 1989),
but whether or not CGRP has any importance for bladder

function through this action remains to be established.

Maggi et a!. (i992b) presented evidence that CGRP is
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a neurotransmitter regulating motility in the mammalian

urinary tract. There is hardly enough data to support
that this is the case in, for example, the normal human
bladder. However, it cannot be excluded that CGRP and

tachykinins, released by different noxious stimuli from
capsaicin-sensitive afferents, may contribute to symp-
toms in different disorders of the lower urinary tract,

particularly those with damage of the urothelium due to

inflammation, trauma, or cancer (Maggi et a!., i992b).

vi. Somatostatin. H#{246}kfeltet a!. (1978) demonstrated

somatostatin in the lower urinary tract of various species.

Sjogren et a!. (i982a) found that, in the rabbit detrusor,

somatostatin caused a concentration-dependent, slowly
developing increase in tension that was unaffected by

TTX and or physostigmine. The peptide had a low
potency, and it was considered unlikely that it had any

transmitter function in the lower urinary tract.
vii. Enkephalins. By immunohistochemistry, en-

kephalins have been demonstrated in parasympathetic
ganglia on the surface of the urinary bladder (H#{246}kfeltet

a!., 1978; A!m et a!., 1981; de Groat et a!., 1981, 1983;

Kawatani et a!., 1983; de Groat and Kawatani 1989),

where they are suggested to be involved in #{244}-receptor-

mediated inhibitory mechanisms (de Groat and Kawa-
tani, 1989). Both methionine and leucine enkephalin
were found to inhibit electrically evoked contractions in

human detnusor and pig lower urinary tract smooth

muscle, probably by a prejunctional effect (Klarskov,

i987b). In guinea pig urinary bladder, neither methionine

nor leucine enkephalin had any prominent direct action
on the smooth muscle, non did they significantly modify

the cholinengic or noncholinergic components of the
contractile response to electrical stimulation of nerves
(Mackenzie and Burnstock, 1984).

An involvement of opioid mechanisms in the peniph-

era! control of detnuson muscle was suggested by Berg-

gren et al. (1992). They found in isolated rat and human

detnusor muscle that na!oxone caused a significant faci!-
itation of the response to electrical field stimulation,

which was counteracted by morphine and the synthetic
#{244}-neceptor agonist D-ala2-D-!eu5-enkephahn. Morphine

and D-ala2-D-!eu5-enkephalin had by themselves no effect

on the electrically induced contractions, which is in

agreement with previous findings in mouse urinary blad-

den (Acevedo et a!., 1986). The authors suggested that

there was a tonic, inhibitory action on the detrusor

contraction elicited by electrical field stimulation exerted
via �t- and, possibly, #{244}-receptons. Whether on not a pe-

ripheral action complements the central depressant ef-

fects on micturition exerted by morphine (Dray and

Metsch, 1984), and the stimulatony effects of naloxone
(Vaidyanathan et a!., i98ia; Murray and Fene!ey, 1982),

is an open question.

viii. Bradykinin. BK can contract the detnusor of

several animal species with a wide range of relative
potencies (Falconieni Enspamer et a!., 1973). In isolated

dog bladder muscle, where BK was a potent contractile

agonist (Regoli et a!., 1986; Steidle et a!., 1990) the
response was mediated by B2 receptors. Albert et a!.

(1970) found that BK had a contractile effect on human

detruson muscle but that the sensitivity to the peptide
varied widely. Confirming these observations, BK was

found to contract isolated human detrusor muscle (An-

dersson et al., i992b). However, it was considerably less

potent and effective than AtI and AtIl. The contractile

effect was significantly increased after pretreatment with

captopri! or enalapnilate, which suggests that ACE inhib-

itors may reduce the degradation of BK in the human

detrusor also. These results are again in contrast with
findings in the dog bladder (Steidle et a!., 1990), where

BK caused a contraction, which at a concentration of
iO_6 M was >150% of that induced by 150 mM KC1; the

effect was not enhanced by ACE inhibition.
In guinea pig urinary bladder, in which BK was found

to have a rather low relative potency (Falconieni Erspa-

men et a!., 1973), binding of [3H}BK was located to the

subepithelial lamina propnia; it was absent over the mus-

c!e layers (Manning and Snyder, 1986). Therefore, it was

suggested that BK had an indirect action on urinary

tract smooth muscle. Supporting such a view, several
investigators found that the effect of BK in the rabbit

bladder could be inhibited by PG synthesis inhibitors,
and they concluded that part of the effect was mediated

by prostanoids (Downie and Rouffignac, i98i; Nakahata

et al., 1987). It cannot be excluded that, in the human

detrusor, also, part of the response to BK is mediated by

prostanoids (Andensson et al., i992b).
Maggi et a!. (i989d) found that multiple mechanisms

were involved in the motor responses of the guinea pig

isolated bladder to BK. They found that BK-induced

contraction involved activation of both B2 receptors and

prostanoid synthesis. In addition, they found that in

carbachol-contracted detrusor strips BK produced relax-
ation. This response involved activation of B2 receptors

and opening of apamine-sensitive K� channels. Maggi et

a!. (i989d) also found that BK stimulated sensory nerves
in the bladder, mainly by prostanoid production.

Even if the role for BK in normal detrusor function is

unclear, it cannot be excluded that it may contribute

significantly to lower urinary tract symptoms in, for
example, inflammatory conditions.

ix. Bombesin. The tetradecapeptide bombesin was

found to induce concentration-dependent contractions

of human, rat, and guinea pig urinary bladder smooth
muscle (Falconieni Erspamer et a!., i973, 1988; Erspamer

et a!., i98i; Abde!-Hakim et a!., 1981; Mizrahi et a!.,

i985b; Regoli et a!., 1988; Rouissi et a!., 1991; Watts and

Cohen, 1991; Maggi et a!., i992a). There was no tachy-

phylaxis to the effects of the peptide, which were unaf-

fected by antagonists to several putative transmitters.

However, the effects of bombesin were inhibited by some
tachykinin antagonists (Miznahi et a!., i985b).
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The effects of bombesin seem to be produced by direct

activation of bombesin receptors on the smooth muscle

cells and not via release of other endogenous agents. The

bombesin receptors may not be the same in guinea pig

and rat urinary bladder (Rouissi et al., 1991). Using a

potent antagonist of bombesin receptors, Maggi et al.

(i992a) found no effect against the NANC response to

electrical stimulation or to capsaicin-induced contrac-

tions in the isolated guinea pig bladder.

Even if bombesin-!ike immunoreactivity occurs in the
rat urinary bladder (Ghatei et a!., i985a), and bombesin

has a potent contractile effect on the bladder of severa!

species, a physiological role for the peptide in bladder
function has not been demonstrated.

x. Galanin. By immunohistochemistry, the 29-amino
acid peptide galanin has been demonstrated in nerves of

the rat and human urinary tract (Bauer et a!., 1986). The

peptide contracts rat urinary bladder (Rokaeus, 1987).

Maggi et a!. (19870 showed that galanin concentration-
dependently caused a pronounced reduction of the re-

sponses to electrical stimulation in human detruson

strips. Its action was restricted to the atnopine-sensitive,

neura!!y mediated bladder contractility, and a prejunc-

tional site of action was suggested. Because the human
bladder is contracted mainly by an atropine-sensitive

mechanism (see section II.E.2), a possible neuromodu-
laton role of galanin in the human urinary bladder was

proposed. However, its functional role, if any, in the

lower urinary tract remains to be established.

xi. Endothelins. ET-i is known to induce contraction

in rabbit (Secrest and Cohen, i989; Gancia-Pascua! et

a!., 1990; Saenz de Tejada et a!., 1992; Traish et a!.,

1992), guinea pig and rat (Wik!und et al., 1989), and

human detrusor muscle (Maggi et a!., i989b, i990b;

Saenz de Tejada et a!., i992). Garcia-Pascual et a!. (1990)

showed that, in isolated rabbit detrusor muscle, ET- 1

caused concentration-related, slowly developing contrac-

tions that were difficult to wash out. There was a marked

tachyphylaxis to the effects of the peptide. The ET-i-
induced contractions were not significantly affected by

scopolamine or indomethacin but could be abolished by
incubation in a Ca2�-free so!ution, and nifedipine had a

marked inhibitory action. These results were confirmed

by Saenz de Tejada et a!. (1992). On the other hand, in
human detrusor, the ET-i-induced contractions were
resistant to Ca2� channel blockade by nifedipine (Maggi

et a!., i989b), illustrating species variation in the acti-

vation mechanisms.

In the rabbit bladder, ET-i was found to have no

significant effect on the responses induced by electrical

stimulation, but it did increase basal tension (Garcia-

Pascual et a!., 1990). However, Saenz de Tejada et a!.

(1992) demonstrated that ET-i caused a small, but con-
sistent, attenuation of the atnopine-resistent contraction,
whereas it had no effect on the atnopine-resistant com-

ponent.

Garcia-Pascua! et a!. (1990) found ‘25I-ET-1-binding

sites mainly in the outer longitudinal muscle layer, in

vessels, and in the submucosa of the rabbit bladder. The

highest density of binding sites appeared to be in vessels

and the outer muscle layer. These findings were extended

by Saenz de Tejada et a!. (1992). They demonstrated, in

both human and rabbit bladder, ET-like immunoneactiv-

ity in the transitional epithelium, senosal mesothelium,

vascular endothelium, smooth muscles of the detrusor

(nonvascular) and vessels, and in fibroblasts. This cell-
ular distribution was confirmed in in situ hybridization

experiments. The authors suggested that ET may act as

an autocnine hormone in the regulation of the bladder
wall structure and smooth muscle tone and that it may
regulate cholinengic neurotransmission by a paracnine

mechanism.

Maggi et a!. (i990b) demonstrated that ET-i, as we!!
as ET-3, produced concentration-dependent contnac-

tions of the human isolated urinary bladder. ET-3 was

less potent than ET-i. In rabbit bladder, Traish et a!.

(1992) found that ET-i, ET-2, and ET-3 all caused

concentration-dependent contractions. The threshold

concentrations of ET-3 to initiate contraction were

higher than for ET-i and ET-2. Traish et a!. (1992) also

characterized the ET receptor subtypes in the rabbit

bladder and suggested that at least two subtypes exist in
rabbit bladder tissue, ET-i and ET-2 binding to one

subpopulation and ET-3 to another. These receptors may

be involved in the modulation of smooth muscle tone.
xii. Angiotensins. AtIl was reported to contract the

urinary bladder of several species, including rat, guinea

pig, rabbit, dog, cat, and monkey, but with a wide range

of relative potencies (Fa!conieni Erspamer et al., 1973).

Anderson et al. (1984) demonstrated the occurrence of

AtII receptors in the rabbit urinary bladder and con-

firmed that AtII was able to contract the bladder smooth

muscle. However, exogenous AtII had a delayed onset of

action, and sana!asin was not able to block completely

the atnopine-resistant component of electrically induced

contractions. It was, therefore, suggested that, if AtII is

involved in neurotransmission, it may be as a neunomod-

ulator.

Erspamer et a!. (1981) reported that among several

peptides, AtII was the most potent contractant agent in

human detrusor muscle. Renin-At systems and the ACE
have been demonstrated in several peripheral tissues,

including human (van Sande et a!., i985; Dzau, i988). In
vascular smooth muscle and in the heart, these systems

have been suggested to have a trophic effect and be

involved in the cardiovascular changes associated with

hypertension (Dzau, 1988). A similar role in the lower
urinary tract has not been established.

In the human detrusor, AtII was a potent and effective

contractile agent (Andersson et a!., i992b; Saito et a!.,
i993a). The onset of action was rapid and the amplitude

of contraction similar to that obtained with 124 mM K�.
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This is in contrast to the findings in dog bladder, where

the responses to both Atil and AtI were minor or lacking

(Steidle et a!., 1990), illustrating the wide variation in
response to the peptide between species. There was a

marked tachyphy!axis to the effects of AtII, which made

it difficult to characterize its actions (Andersson et a!.,

i992b). Notably, the contractile effect was very sensitive

to removal of extracel!ulan calcium but less so to calcium

antagonists, which suggests that calcium influx may
occur through pathways in addition to L-type calcium

channels. Also, AtI caused concentration-dependent con-

tractions in the human detnusor, which, like those evoked

by Atli, could be blocked by saralasin. This suggests that
the actions of both AtI and AtII were mediated through

stimulation ofAtlI receptors. It was, therefore, surprising
that the effects of AtI could not be blocked by the ACE

inhibitors captopnil and enalapnilate (Andensson et a!.,

i992b). The ability of captopnil and enalapril to block

the AtI-induced contractions under similar experimental

conditions was verified in rabbit mesentenic arteries,
where both ACE inhibitors markedly reduced or abo!-

ished the responses induced by AtI (Andersson et al.,

i992b). In contrast to these findings, Saito et a!. (i993a)

reported that AtI-induced contractions in the isolated

human detrusor were completely blocked by captopnil.
However, they used only one relatively low (i0� M)

concentration of AtI.

ACE is not the sole enzyme able to convert AtI to AtII
(Connish et a!., 1979; Oliver and Sciacca, 1984). In dog

isolated rena! artery without endothelium, the AtI-in-

duced relaxation was not significantly attenuated by
ACE inhibition, suggesting that AtIl-generating en-
zyme(s) other than ACE exist in vascular tissue (Okun-

ishi et a!., 1984; Okamura et a!., 1990). This may be the

case also in the human detruson. Further experiments on

isolated membranes from the human detrusor have

shown the presence of an enzyme (or enzymes) other

than ACE that is able to convert AtI to AtII, most

probably a senine proteinase (Lindberg et a!., 1993). Such

an enzyme (on enzymes) has been demonstrated to con-
vert AtI to AtII in the human heart in the presence of

captopnil (Urata et a!., i990a,b).
Previous investigations (van Sande et a!., 1985) dem-

onstrated the occurrence of ACE in the human bladder.
The amounts were low compared to the levels found in

other parts of the urogenital tract, e.g., the normal pros-
tate. Notably, very high concentrations were found in

the hypertrophic prostate (Yokoyama et a!., 1980, 1982;

van Sande et a!., 1985). Because bladder hypertnophy is

common in patients with benign prostatic hyperplasia,

it cannot be excluded that the bladder renin-At system

may be different from normal in this condition. Further

studies on the effects of AtI and AtII on human bladder
muscle, as well as on the characteristics of possible AtII-
generating enzymes other than ACE, in normal and

hypertnophic human bladder seem necessary.

d. PROSTANOIDS. The importance ofprostanoids in the
regulation of detnusor function has attracted considera-

ble interest, and the topic has been the subject of several

reviews (Andersson and Forman, 1978; Andersson and

Sjogren, 1982; Pav!akis et a!., 1983; Mikhailidis et al.,

1987; Maggi, 1992). Prostanoids are known to be gener-

ated locally by physiological stimuli such as stretch of

the detrusor smooth muscle (Gilmone and Vane, 1971;
Ghoneim et a!., 1976; Poggesi et a!., 1980) but also

injuries of the vesica! mucosa (Downie and Kanmazyn,

1984), nerve stimulation (Khalaf et a!., 1979; Alkondon

and Ganguly, 1980; Dveksler et al., 1989), and agents

such as ATP and mediators of inflammation, e.g., BK

(Nakahata et a!., i987; Maggi et a!., i989d), and the

chemotactic peptide N-formy!-methiony!-leucyl-phenyl-
alanine (Giuliani et a!., 1991) may initiate prostanoid

generation.

Both during contraction (Bu!titude et a!., 1976; Khalaf

et a!., 1980; Klarskov, i987c) and under basal conditions

(Brown et a!., 1980; Poggesi et a!., 1980), E-type PGs

were found to be synthesized and released by the bladder

of various species. That the major prostanoid produced

by the rabbit bladder was PGE2 was confirmed by Leslie

et a!. (1984). They also showed that the rabbit bladder
was capable of releasing PGI2, PGF2a, and TXA2. In rat

bladder, on the other hand, PGI2 was the principal pros-

tanoid, with smaller amounts of PGE2 and TXA2 being

produced (Jeremy et al., i984). Biopsies of human un-

nary bladder mucosa were demonstrated to release the

same prostanoids as the rabbit bladder, but the quanti-

tative order was PGI2 > PGE2 > PGF2a > TXA2 (Jeremy
et al., 1987). Obviously, there seems to be marked species
variation in the spectrum of prostanoids and their rela-

tive amounts synthesized and released by the urinary
bladder (Larsson, 1980).

Several investigators have shown that PGF2a, PGE1,

and PGE2 contract isolated human, as well as animal,

detrusor muscle, whereas PGF2a contracts and PGE1 and
PGE2 relax or have no effect on the urethra (Ambache

and Zar, i970; Abrams and Feneley, 1976; Persson, 1976;

Andersson et a!., 1977, i978b; Khanna et a!., i978; Kha!af

et a!., i979; Klarskov et a!., i983a; Maggi et a!., i984a,
i985a, i988b; Ueda et al., 1985; Gotoh et al., 1986a; Poli

et a!., i992a). Misoprostol, a stable PGE1 derivative, had
no effect on human bladder, whereas other derivatives

of this PG had contractile effects comparable to those of

the parent compound (Poli et a!., i992b). Prostanoids
may affect the excitation-contraction coupling in the

bladder smooth muscle in two ways: directly by effects

on the smooth muscle and/on indirectly via effects on

neurotransmission.

The membrane potential of guinea pig and rabbit

smooth muscle cells was unchanged by low concentra-
tions of PGE2 (up to 10-6 M), but higher concentrations

depolarized the cells and increased the frequency of
spontaneous action potentials. It was concluded that
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pnostanoids are not normally released by the nerves to

the guinea pig urinary bladder but are able to facilitate

excitation-contraction coupling, possibly by mobilizing

Ca2� (Creed and Callahan, 1989). The response of blad-
den smooth muscle to prostanoids is slow, and it is

unlikely that these agents are directly involved in the

evacuation of the bladder by exerting direct effects on
the bladder smooth muscle (Andersson and SjOgren,

1982). The prostanoids may affect the excitation-con-

traction coupling in lower urinary tract smooth muscle

by indirect effects, leading to a modulation of the efferent

and/or afferent neurotransmission. When physostigmine
was added to the rabbit bladder, spontaneous contrac-

tions and basal tone increased. Because these effects

were inhibited by indomethacin, and the inhibition was

counteracted by PGF2a, it was suggested that there was
a connection between the effects mediated by acetyicho-

line and by prostanoids in the bladder (Bultitude et a!.,

1976). This suggestion was supported by Borda et a!.

(1982), who found that, in the human bladder, endoge-

nous prostanoids facilitated the action of acetylcholine

through an increase in its concentration, probably by an

inhibition of the acety!cho!inesterase activity. Johns and

Paton (1977) found that contractions elicited by trans-

mural electrical stimulation of rabbit and monkey detru-

son were moderately reduced when the preparations were

exposed to atropine or indomethacin but that the inhi-

bition was marked when both agents were present si-

multaneously. The potential NANC transmitter ATP is

degraded to ADP, which causes release of prostanoids.

In turn, these may contribute to tone, spontaneous con-

tractions, and modulation of excitatory neurotnansmis-

sion (Choo and Mitchelson, i977; Dean and Downie,

i978b; Andersson et a!., 1980; Husted et al., i980b,c;

Downie and Larsson, 1981; Anderson, 1982; Kasakov

and Vlaskovska, 1985).
Available results thus suggest a role for the prostanoids

as modulators of efferent neurotransmission.

Capsaicin-sensitive afferents in the bladder are che-

mosensitive and can be activated by prostanoids to in-

crease the afferent input produced by a given degree of

bladder filling. Maggi et a!. (i988b) and Maggi (1992)
suggested that prostanoids may be the link between

detrusor muscle stretch produced by bladder filling and
activation of capsaicin-sensitive afferents by bladder dis-
tension. Evidence for this was produced in the rat urinary

bladder, where intravesica! instillation of PGE2 lowered
the threshold for reflex micturition, and topical applica-

tion of PGE2 and TXB2 on the senosal surface activated

reflex mictunition. Both effects were prevented by sys-

temic capsaicin desensitization. Indomethacin pretreat-

ment and systemic capsaicin increased the mictunition

threshold without affecting the amplitude of the mictu-

nition contraction. Because intravesical PGE2 did not
reduce the residual urine volume in capsaicin-pretreated

animals, it was suggested that endogenous prostanoids

enhance voiding efficiency through an action, direct or

indirect, on sensory nerves (Maggi et a!., i988b; Maggi,

1992).

Prostanoids may also be involved in the pathophysi-
ology of different bladder disorders. As pointed out by

Maggi (1992), in cystitis there may be an exaggerated
prostanoid production leading to intense activation of

sensory nerves, increasing the afferent input. In addition,

through the “efferent” function of capsaicin-sensitive

bladder afferents, there may be a neurogenic contribution

to the overall inflammatory process. Supporting this

view, Abelli et a!. (1992) found that SP injected intra-

venously in rats, via stimulation of NK1 receptors, pro-

moted plasma exudation in the urinary bladder by release

of cyclooxygenase metabolites of arachidonic acid. This

release may be caused by SP interacting with mast cells

and was suggested to amplify the direct effect of SP on

the permeability of postcapillary venules.

In view of the evidence for a role of prostanoids in the

function of the lower urinary tract, it is not surprising

that these agents, and drugs interfering with their syn-

thesis, have been used therapeutically (Andersson, 1988).

Bultitude et a!. (1976) gave PGE2 intravesically to women

with difficulties in micturition and with various degrees

of urinary retention. They found a decrease in the blad-

den volume at which voiding was initiated, an increase

in bladder pressure, and a decrease in residual urine in

two-thirds of their patients (n = 22). Most interestingly,

the effects were reported to last for several months.

These results were confirmed in a prospective study by

the same group (Desmond et a!., 1980). Also, other in-

vestigators have found beneficial effects of intravesica!

prostanoids in, for example, patients with neurogenic

bladder dysfunction (Vaidyanathan et a!., i98ic) and

patients with partial or complete urinary retention after
surgery for female stress incontinence (Tammela et a!.,

1987). However, other investigators have not demon-

strated any such effects, either in patients with chronic

retention (Delaere et a!., 1981) or in postoperative pa-

tients (Wagner et a!., 1985). Both PGE2 and su!prostone

(a derivative of PGE2), instilled intravesically, caused a

strong urgency sensation, resulting in reduced bladder

capacity and bladder instability (Sch#{252}ss!en, 1990).

Thus, the clinical value ofpnostanoids in the treatment

of urinary retention is controversial. If prostanoids are
involved in the genesis of bladder hyperactivity, use of

inhibitors of their synthesis would be a logical treatment
alternative. In the few controlled studies published, both

flunbiprofen (Candozo et al., i980) and indomethacin

(Candozo and Stanton, i980) produced symptomatic re-
lief in patients with bladder instability but had little

effect on unodynamic parameters, and the incidence of

side effects was high.
e. 5-HYDROXYTRYPTAMINE (sEROTONIN). 5-HT has

been shown to contract the bladder on isolated bladder

smooth muscle from several species (Gyenmek, 1962;
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Hukovic et a!., 1965; Matsumura et a!., 1968; Ambache

and Zar, 1970; Saum and de Groat, 1973; Creed and
Tulloch, 1978; Saxena et a!., 1985; Andensson et a!.,

i987b; Chen, 1990; Cohen, 1990), although its potency

seems to vary with the species investigated. 5-HT also
potentiates the contractions induced by electrical field
stimulation of isolated urinary bladder of mouse and

man (Holt et a!., 1986; Clean et a!., 1989; Hindmarsh et

al., 1977). The response to the amine may be caused by
direct actions on the smooth muscle cells or by indirect
effects on the autonomic innervation of these organs.

Saxena et a!. (1985) suggested that both actions were

implicated in the effects of 5-HT on the cat bladder, but
in general, there is evidence in favour of predominating

indirect effects.

Cohen (1990) found that, in isolated strips of bladder
tissue from dogs, but not rats, 5-HT had potent contract-

i!e effects. These effects were mimicked by the 5-HT2

selective agonist a-methyl senotonin, but not by 8-hy-
dnoxy-2-(di-n-pnopylamino)tetra!ine, acting on 5-HT1A

receptors and 2-methyl serotonin acting on 5-HT3 necep-

tons. Furthermore, the effect of both 5-HT and a-methyl

serotonin could be blocked by a selective 5-HT2 receptor

antagonist. Based on her data, Cohen (1990) suggested
that the contractions induced by 5-HT in the dog bladder

were mediated by 5-HT2 receptors.

In mouse bladder, the potentiating action of 5-HT has

been analysed, and the activation of facilitatory 5-HT1B

and 5-HT2 receptors, located on intrinsic nerves, was

demonstrated (Holt et a!., 1986; Clean et a!., i989).

Hindmansh et a!. (1977) found that the potentiating

effect of 5-HT could be demonstrated at very low con-
centrations and was unaffected by methysergide and

morphine.
In the isolated rabbit bladder, Chen (1990) found

that the contraction induced by 5-HT was concen-
trationdependently inhibited by 5-HT3 receptor an-

tagonists �i-aH-3a-5aH-tropan-3-y!-3,5-dichlonobenzo-

ate, (3-a-tropanyl)’H-indole-3-canboxy!ic acid ester,

N8-[3-(4-indolyloxy)-2-hydnoxypropylj-N’-(propidoyl-

(z)-i.8-diamino-p-methane-granisetron, endo-N-(meth-

y!-9-azabicyclo-[3.3. i]-non-3-yl)- 1 -methyl-indazo!-3-

carboxamide} but not by 5-HT1 (metitepine) or 5-HT2
(methysengide, ketansenin) receptor antagonists. 5-HT3

receptor blockade had no effect on the electrically in-
duced contraction. Like electrically induced contrac-

tions, the responses to 5-HT were also inhibited by a,f3-

methylene ATP and atnopine, and it was suggested that

5-HT, through stimulation of 5-HT3 receptors, mediated
release of ATP and acety!choline from nerve terminals.
This effect was not sensitive to blockade with TTX.

There was, however, a residual contractile response to 5-

HT that could not be blocked by 5-HT1, 5-HT2, or 5-
HT3 receptor antagonists.

In human (Todd and Mack, i969; Klarskov and
H#{248}rby-Petensen, 1986) and pig (Klanskov and H#{248}rby-

Petersen, 1986) detrusor tissue, 5-HT produces concen-

tration-dependent contractions. These contractions were
partly blocked by ketansenin, methysengide, and cypro-

heptadine, but the antagonists had no effects on con-

tractions induced by electrical stimulation of nerves
(K!arskov and H#{248}rby-Petersen, 1986). Corsi et a!. (1991)

found that, in the human urinary bladder, 5-HT had two

opposite effects on the contractile response to electrical

field stimulation. A potentiating effect at low concentra-

tions was due to an interaction with an atypical receptor

different from the classical 5-HT1, 5-HT2, or 5-HT3-
receptor subtypes. This receptor was probably prejunc-

tional and controlled release of acety!cho!ine. An inhib-

itory effect at higher concentrations was probably due to
an interaction with 5-HT1-!ike receptors.

5-HT-immunoreactive cells can be demonstrated in

human urinary tract tissue (Fetissof et a!., 1983), but the

importance of 5-HT to bladder function in humans is

not known. The 5-HT2 receptor antagonist ketansenin
was found to have little effect on bladder function, as

judged by unodynamic investigation, but did reduce in-

traurethral pressure (H#{248}rby-Petersen et a!., i985; An-

densson et al., i987b; Delaere et a!., 1987). This was,

however, attributed mainly to ketansenin’s blocking ef-

fect on urethra! a-adrenoceptors. In patients with neu-

rogenic bladder dysfunction, administration of clomipra-

mine, which inhibits 5-HT uptake, decreased the in-

travesica! volume where the first detrusor reflex activity

was observed and reduced residual urine (Vaidyanathan

et a!., i98ib). Whether this observation reflects effects

exerted by 5-HT can only be speculated on, and the
importance of this observation remains to be established.

f. HISTAMINE. Because histamine is a known mediator

of allergic and acute inflammatory reactions, and because
such reactions may occur in the lower urinary tract, the

mechanical actions of the amine on isolated urinary tract
smooth muscle have been studied by several investiga-

tons. In the rabbit and guinea pig urinary bladder, his-

tamine was suggested to produce contraction through H1
receptors located on the smooth muscle (Fredericks,

1975; Khanna et a!., 1977; Poli et a!., 1988). In the rabbit

bladder, part of the contraction may be mediated by

release of acetylcholine, because the histamine-induced

contraction was effectively inhibited by atropine or pro-
pantheline (Fredericks, 1975). Kondo et a!. (1985) yen-

fled the contractant effect of the amine in the guinea pig
and characterized, by means of radioligand binding, the

H1 receptor involved in the response. In strips of sheep

unetenovesical junction, histamine produced a concentra-
tion-dependent contraction through activation of H1 re-

ceptors, with no apparent involvement of H2 receptors
(Benedito et a!., 1991). Part of the contraction was

possibly mediated via a cholinergic mechanism, because

scopolamine had an inhibitory effect on the contractions
induced by the amine.

Interestingly, in the guinea pig bladder, histamine was
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found to inhibit noncholinengic contraction through

stimulation of H2 receptors (Taniyama et al., 1984).

However, these results have not been confirmed (Poli et
a!., 1988). Instead, it was suggested that prejunctional

histamine receptors also are of the H1 subtype and that

there is a heterogeneity in the H1 receptor population,

the prejunctional receptors differing from the postjunc-

tional (Poli et a!., 1988).

g. ‘y-AMINOBUTYRIC ACID. GABA seems to have com-

plex effects on the lower urinary tract. It is a major

inhibitory transmitter in the central nervous system,

and, as pointed out by Maggi et a!. (i987a), there is
considerable evidence indicating that GABA can inhibit

the reflex-activated bladder motility by acting through

at least five distinct sites: at the supnaspinal level by

inhibiting activation of neurons in the pontine mictuni-

tion center (Satoh et a!., 1978; Sill#{233}net a!., 1979), at the

spinal level by reducing afferent input from the detrusor

or by inhibiting the neurons of the sacral parasympa-

thetic nucleus (de Groat et al., 1981; Maggi et a!.,

1987a,e), at the pelvic ganglionic level by inhibiting

excitatory neurotnansmission (de Groat, 1970; Maggi et
a!., i985c), and/or at the postganglionic level by reducing

neunotransmitter release from neurons innervating the

detrusor (Maggi et a!., i985f,g; Taniyama and Tanaka,

1986; Chen et a!., 1992).

Evidence has been presented suggesting that

GABAergic neurons are present in the vesical ganglia of

the guinea pig urinary bladder and that they are involved

in the control of bladder motility (Taniyama and Tan-

aka, 1986; Erd#{246}et a!., 1989). GABA and the GABAA-

selective agonist muscimo!, but not baclofen acting on

GABAB receptors, produced concentration-related

phasic contractions of isolated strips from the guinea pig

bladder dome (Maggi et a!., i985f). This effect was be-
lieved to be produced by a burst release of neurotnans-

mittens from intramural postganglionic elements in the

bladder wall, because it was almost abolished by TTX
and partially antagonized by atnopine. In the urinary

bladder from guinea pigs, rabbits, and newborn rats,
prejunctiona! GABAB receptors were found to reduce the

cholinengic component of the postganglionic excitatory

neurotransmission to the detrusor muscle (Maggi et al.,

1983, i984b, i985f,g; Santicioli et al., i984). In the mouse
urinary bladder, GABA inhibited cholinergic, as well as
NANC, components of the postganglionic excitatory in-

nervation through stimulation of prejunctional GABAB
receptors (Santicioli et a!., 1986) and in the rabbit blad-

den GABA, acting via GABAB receptors, inhibited detru-

son contraction (Chen et a!., 1992). This was attributed,

at least partly, to a direct effect on detrusor muscle cells,
because both GABA and baclofen inhibited canbachol-

induced muscle contractions, and these effects were not

inhibited by TTX (Chen et a!., 1992). Alternatively,
GABA may cause the release of substance(s) inhibiting

bladder smooth muscle contraction (Maggi et a!., i985g).

On the other hand, GABAA receptors also were found to
be involved in the regulation of motility in the guinea

pig isolated bladder through a modulatory effect on both

cholinergic and NANC components of the postgang!ionic

excitatory innervation (Taniyama et a!., 1983; Kusunoki
et al., 1984; Maggi et a!., i985f,g). Thus, GABA was

found to inhibit the release of acety!cho!ine from post-

ganglionic nerve terminals, an effect mimicked by mus-

cimol (Kusunoki et a!., 1984). The release of GABA from

GABAergic neurons may be enhanced by SP (Shinakawa

et a!., 1989).

Activation of GABAA and GABAB receptors by mus-

cimo! and baclofen, respectively, reduced and increased

release of CGRP-!ike immunoneactivity from capsaicin-

sensitive affenents in the guinea pig urinary bladder; this

indicated an ability of GABA receptors to modulate the

effenent function of afferent nerves (Santicioli et a!.,

i99i).

In the norma!, unanaesthetized rat, muscimo! and
baclofen, injected intraarterially near the bladder, had

little affect on mictunition. Only in high doses, for which

central nervous effects of the drug could not be excluded,
were inhibitory effects recorded. It was, therefore, con-

c!uded that in vivo muscimo! and baclofen have insignif-
icant peripheral effects on the lower urinary tract but

depress mictunition by actions on the central nervous

system (Igawa et a!., i993b).

These partly conflicting data make it difficult to assess

the importance of peripheral GABA receptors for con-

trolling bladder motility. GABA analogues, probably be-

cause of their central nervous system effects, have a

potential for treatment of bladder hyperactivity, both in

patients with idiopathic detrusor instability (Taylor and

Bates, 1979) and in patients with neurogenic voiding

disturbances (Kiesswetter and Schoben, 1975; Hachen

and Krucken, 1977; Flonante et a!., 1980), particularly

when given intratheca!ly (Nanninga et a!., 1989; Steers

et al., i99i, 1992).

F. Inhibition of Activation Mechanisms

1. Membrane hyperpolarization-potassium channel

openers. Even if the relationship of action potential to

contraction is not completely understood, control of

membrane excitability may prove useful in the control
of bladder contractility. As mentioned previously, the
frequency of spontaneous action potentials is voltage

sensitive. Therefore, hyperpolanization of the detrusor

muscle cell membrane would be a means of decreasing

action potential firing and associated contraction. Drugs

are available that produce hyperpolanization by the open-

ing of K� channels and subsequent efflux of K�. Exam-

ples of such drugs are cromakalim, pinacidil, and nicon-

andi! (Weston and Abbott, i987; Cook, i988; Robertson
and Steinberg, 1990; Andersson, i992; Longman and

Hamilton, 1992).

Cromakalim reduced the spike frequency in isolated
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guinea pig bladder. In high concentrations (iO_6 to i05

M), it abolished the spikes, and there was a concentra-

tion-dependent hyperpo!anization of the cell membrane

(Fujii, 1987; Foster et a!., i989a). Spontaneous contract-

ile activity was abolished. Similar effects have been dem-

onstrated with pinacidil (Seki et a!., i992d). Cromakalim

opened a K� channel having properties similar to those
of the delayed rectifier K� channel responsible for spike

repolanization. This channel is also similar to the ATP-
dependent K� channels in vascular smooth muscle (Fujii

et a!., 1990). Supporting such a view, the relaxant effects

of several K� channel openers in the rat detrusor were

antagonized by glibenclamide (Edwards et a!., i99i).
Grant and Zuzack (1991) also concluded from their re-

sults that cromakalim opens ATP-sensitive K� channels

in the guinea pig detrusor. They found marked stimu!a-

tory effects of charybdotoxin and ibeniatoxin, which were

used as probes for investigation of the large conductance,

Ca24-activated K� channels, and concluded that these
channels may be involved in the control of basal tension

and possibly the membrane potential of detrusor cells.

Studies of isolated human detrusor muscle (Andersson

et a!., i988a; Foster et a!., i989b; Fovaeus et al., 1989)
and bladder tissue from several animal species (Anders-

son et a!., i988a; Foster et a!., i989a,b; Ma!mgren et a!.,
1990; Edwards et al., 1991; Levin et a!., 1992; Soares de

Moura et a!., 1993) have shown that K� channel openers

reduce not only spontaneous contractions but also con-

tractions induced by electrical stimulation, carbachol,

and low, but not high, external K� concentrations. The

drugs also increase the outflow ofseRb or 42K in pne!oaded
tissues, further supporting the view that they relax blad-

den tissue by K� channel opening and subsequent hyper-

polarization. The K� channel openers were particularly

effective in hypertrophic rat bladder muscle in vitro
(Malmgren et a!., 1990) and effectively suppressed blad-

den hyperactivity in rats with bladder outflow obstruction

(Ma!mgren et al., 1989). Pinacidil given intravesically
significantly reduced bladder “hypenreflexia” induced by

penile ligation in anesthetized rabbits (Levin et a!.
(1992). However, available K� channel openers were

approximately 8 times more potent as inhibitors of the

spontaneous contractions of the rat portal vein than of
K�-induced contractions of the rat detrusor (Edwards et
a!., i99i).

No effects of pinacidil on the bladder were found in a

pilot study ofpatients with detrusor instability secondary
to outflow obstruction caused by benign prostatic hyper-

plasia (Hed!und et a!., 1991). The potential clinical use-

fulness of presently available K� channel openers in
states of bladder hyperactivity remains to be established

(Andersson, 1992).
2. Inhibition of cakium influx-cakium antagonists. As

discussed previously, activation of detrusor muscle, both
through cholinengic and NANC pathways, seems to re-
quire influx of extracellular Ca2� through dihydropyni-

dine-sensitive Ca2� channels, as well as via mobilization

of intracellular Ca2� (Forman et a!., 1978; Khanna et a!.,

1983; Mostwin, 1985, Huddart and Butler, 1986; Batra

et a!., i987b; Fovaeus et a!., i987a; Maggi et a!., i988c,

i989c).

There seems to be an age dependence in the sensitivity

to extracellular Ca2t Thus, the ED50 for Ca2� was lower

in isolated bladder preparations from i-day- and i-week-

old rabbits than in mature 8-week-old rabbits (Zdenic et

a!., i99i). Similarly, when bladder tissue from young (six
months old) and aged (16 and 24 months old) rats were

compared, the contractile response to Ca2� was signifi-
cantly less in preparations from old than from young

rats (Saito et a!., 1991). It was suggested that this was

dependent on a decreased membrane permeability with

age. Supporting this view, neonatal bladder showed a
much greater sensitivity to diltiazem than did adult

bladders (Zdenic et a!., 1991). It is unclear whether the
age-related sensitivity to extracellular Ca2� can be linked

to detrusor hypenreflexia with impaired contractility in

elderly patients (Resnick and Yalla, 1987; Resnick et a!.,
1989). If there is an increased Ca2� influx in detrusor

hyperreflexia, one would expect changes in, for example,

the binding on functional properties of the voltage-de-

pendent Ca2� channels. In bladders from children with
mye!odysp!asia, in whom detrusor hyperreflexia is a com-

mon phenomenon, this was not found (Shapiro et a!.,

1991). Saito et al. (1989) found that the supersensitivity
to Ca2�, demonstrated in rabbit bladder after denervation

achieved by bilateral sacral rhizotomy, could be effec-

tively inhibited by a Ca2� antagonist, and it was hypoth-

esized that there was a hyperpermeability to Ca2� re-

sponsib!e for this phenomenon. If so, this would be in

agreement with the finding of an increased sensitivity to

depolarizing stimuli in the hypertrophic rat bladder
(Malmgren et a!., 1988).

Considering the importance of Ca2� influx for con-

tractile activation, blockade of L-type Ca2� channels

seems to be an attractive way of inhibiting bladder con-

traction. By voltage clamp, nifedipine was shown to

decrease I�a2� in guinea pig urinary bladder smooth mus-

cle cells (Kuna et a!., 1992), which is in line with the
finding that, irrespective of the mode of activation, ni-

fedipine inhibited detrusor contraction in isolated human
detrusor preparations (Forman et a!., 1978). Nifedipine
also abolished the NANC-mediated contractile compo-

nent in rabbit (Andersson et a!., i986b) and rat detrusor
(Bo and Burnstock, 1990; Zar et al., 1990), and the

atropine-nesistant contractile component in hypen-

trophic human detrusor muscle (Sjogren et al., i982b).
Several other studies have shown that Ca2� antagonists

have potent inhibitory effects on contraction of isolated

detrusor muscle from various animal species, including
humans (Sjogren and Andersson, 1979; Husted et a!.,

i980a; Finkbeiner, i983b; Mostwin, 1985; Yousif et a!.,
1985, Gotoh et a!., i986b; Hassouna et a!., i986; Batra
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et a!., i987b; Fovaues et a!., 1987; Maggi et al., i988c,

i989c; Acevedo and Contreras, 1989; Faustini et a!., i989;

Lowe and Noronha-B!ob, 1991; Latifpour et a!., 1992.

They also inhibit bladder contractions under in vivo

conditions (Diederichs et a!., 1992) and clinically in

patients with bladder hyperactivity without and with

neunogenic lesions (Rud et a!., 1979; Palmer et a!., 1981;

Faustini et a!., 1989).

Using [3H]nitrendipine as a ligand, Yousifet a!. (1985)

demonstrated high-affinity binding sites in bladder mem-

branes from the guinea pig. They also found that nife-
dipine and D-600 were noncompetitive inhibitors of de-

trusor muscle contractions induced by K� and muscaninic
receptor stimulation. The tonic component of contrac-
tion was more sensitive to inhibition than was the phasic.

The [3H]nitrendipine binding was sensitive to displace-

ment with other dihydropynidines, paralleling their phar-

macological activities. Latifpour et al. (1992) compared

the density of binding sites in the rabbit bladder dome,

bladder base, and urethra. Their data showed that the
density of binding sites for the ligand (+)-[3H]isopropy!-

4-(2,i,3-benzoxadiazol-4-yl)-i,4-dihydro-2,6-dimethy!-5-

methoxy-carbonyl-pynidine-3-carboxy!ate was signifi-

cantly higher in the urethra than in the bladder dome.

They also found that the contractile responses to can-

bachol were in parallel with the dihyropynidine receptor
densities and concluded that the urethra is functionally

more sensitive to dihydropynidine agonists and antago-
nists than the bladder dome. This conclusion may not

be interpreted to mean that urethra! function is affected

at lower dihydropynidine antagonist concentrations than
detrusor function. In sheep urethral smooth muscle, the

effect of nifedipine on noradrenaline-induced contrac-

tion was not impressive (Garcia-Pascual et a!., 199ib),

and in humans, nifedipine caused no effect on intraure-

thna! pressure at doses having effects on the bladder

(Fonman et a!., 1978).

Nifedipine belongs to the agents interacting selectively

with binding sites on L-type calcium channels (Spedding

and Pao!etti, 1992). In contrast, terodiline is a nonspe-

cific calcium antagonist which, in addition, has musca-
ninic receptor-blocking properties (Husted et al., i980a;

#{248}stergaard et a!., 1980; Lansson-Backstn#{246}m et a!., 1985;
Andensson et a!., i988b; Nononha-Blob et a!., i99i). This
profile of action should be of particular interest for
inhibition of bladder contraction, and indeed, terodiline
was shown to be clinically effective in the treatment of

motor urge incontinence (Andensson, 1988; Langtry and

McTavish, 1990). In isolated guinea pig urinary bladder,

Kura et a!. (1992) demonstrated that tenodiline blocked

not only the � but also the Ca2�-independent outward

K� current. Terodiline reduced the overshoot and maxi-
mum upstroke velocity of the action potential by inhib-

iting Ic�2� in a use- on frequency-dependent way. It also

prolonged the action potential by inhibition of the out-

ward K� current.

The complex interactions of terodiline with Ca2�, K�,

and possibly other ion channels may be responsible for

the recently discovered cardiac side effects of the drug;

terodiline caused polymorphic ventricular tachycardia

(torsade de pointes) in some patients (Connolly et a!.,

i99i; Stewart et a!., 1992) and has, therefore, been with-

drawn from clinical use.

Several other drugs used for treatment of bladder

hyperactivity are thought to have calcium antagonistic
properties (Andersson, 1988). A comparison of the cal-

cium antagonist properties of imipramine, oxybutynin,

and flavoxate suggested that only imipramine had cal-

cium antagonistic actions (Malkowicz et a!., i987).
Whether on not this action of imipramine has any rele-

vance for its effectiveness in the treatment of bladder

hyperactivity (Andersson, 1988) is unclear.

G. Effects of Sexual Hormones

1. Estrogen and progesterone. Estrogen receptors have

been demonstrated in detrusor muscle from animals

(Lindskog et a!., 1982; Urner et a!., 1983; Weaken et a!.,

i983) as well as in detrusor and tnigonal muscle from

humans (losif et a!., 1981; Saez and Martin, 1981). The

effects of estrogen on autonomic nervous control of the

urinary bladder have been examined in different studies

(Levin et a!., i980b; Ghoneim et a!., 1983; Shapiro, 1986;
Batra and Andersson, 1989; Elliott et a!., i992a,b). Levin

et a!. (i980b) found that when immature female rabbits

were treated with estrogen (estradiol) a marked increase

was induced in the response to stimulation of a-adre-

noceptons and muscarinic receptors and to ATP in the

bladder body and midbladder but not in the bladder base.

There were no changes in the response to isoprenaline

or K�. In the bladder body and midsection, but not the

base, there was a significant increase in the number of

a-adrenoceptons and muscaninic receptors. Shapiro

(1986) reported that treatment of mature female rabbits
with estradiol led to a significant decrease in muscarinic

receptor density. This observation was confirmed by

Batna and Andersson (1989) who also found that the

decrease in muscaninic receptor number had little effect

on the responses to carbacho! and electrical stimulation.
Elliott et a!. (i992a) found a decreased sensitivity to

acetylcholine, carbacho!, and electrical stimulation, but

not to K�, in isolated detrusor tissue from female rats
treated with estradiol. Addition of diethy!stilbestnol fur-

then reduced these responses, an effect previously inves-

tigated by the same group and attributed to a reduction
of calcium influx into the detrusor cells (Elliott et a!.,

i992b). In male rats treated with diethylstilbestnol, there

was a decrease in the response to electrical stimulation

(Ghoneim et a!., 1983).
Taken together, these results show that estrogens can

modify the responses of the detruson to autonomic nerv-

ous influences. Some of the discrepancies in results may

be attributed to differences in experimental approach.
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The results also suggest that estrogens may have a role

in the treatment of motor urge incontinence, even if their

place in therapy is unclear (Miodnag et a!., 1988).
Progesterone receptors have been demonstrated in the

lower urinary tract of rabbits previously treated with
estrogen (Batra and losif, 1987). However, their func-

tional importance has not been established, even if it has

been suggested that progesterone may enhance the ef-

fects of /3-adrenoceptor stimulation on the detrusor

(Miodrag et a!., 1988).

2. Testosterone. A significant increase in the density
of muscaninic receptors in bladder tissue was demon-
stnated in rabbits treated with testosterone (Anderson
and Navarro, 1988). There was, however, no change in

the maximal response to canbacho!, and no change in the
EC50 value. Testosterone treatment did not affect the

density of a- on /3-adrenoceptons; it increased the ratio of

the bladder to total body weight (Anderson and Navanro,
1988).

3. Pregnancy. Pregnancy may be associated with

changes in bladder function (Andriole, 1975). The
length-tension curves obtained in bladder strips from

pregnant and virgin rabbits did not differ (Levin et a!.,
1991). In the presence of bethanechol, bladder strips

from pregnant rabbits generated 50% less tension in
response to calcium than those from nonpregnant rabbits

(Zdenic et al., i990). The isolated whole bladder from

pregnant animals responded to low-frequency stimu!a-
tion and to ATP with a greater increase in intravesical

pressure than did preparations from virgin rabbits,

whereas the response to bethanecho! was greater in the

virgin rabbits (Levin et a!., 1991). Receptor-binding stud-
ies in bladder tissue from pregnant animals revealed a

significantly reduced muscaninic receptor density (50%),
corresponding to the decrease in response to bethanechol

of the whole bladder. The results were interpreted to
mean that pregnancy induced an increase in the pun-

nergic, and a decrease in the cho!inergic, component of

the urinary bladder response to field stimulation (Levin

et a!., 1991).
In the rabbit, there was a decrease in the response to

a-adrenoceptor stimulation in the midsegment and base

of the bladder from pregnant as compared to virgin
animals (Tong et a!., i992b). It was speculated that such

an effect would be beneficial, because a relaxation of the

outlet region would compensate for a decreased contract-

ile strength of the bladder body.

III. Trigone

The traditional view has been that the superficial

tnigone is adrenengically innervated, whereas the deep

tnigone has the same properties as the detruson muscle
(Dixon and Gosling, 1987). There are, however, few
investigations of the electrical and mechanical properties

of tnigona! smooth muscles.

Speakman et a!. (1988) dissected muscle strips from

the two layers of the human tnigone and compared their
responses to those of strips from the detruson. They

found that the superficial tnigone produced its maxima!

response to a-adrenoceptor stimulation (phenylephrine)

but also produced 40% of maximal response to musca-
ninic receptor stimulation (carbachol). In the deep tn-

gone, the maximal response was obtained by carbachol,
whereas there the response to phenylephnine was about

20%. Detrusor strips responded, as expected, maximally

to carbachol but did not contract in response to pheny!-

ephnine. Electrical stimulation of superficial tnigone
preparations revealed three excitatory components, one

a-adrenoceptor-mediated (blocked by phentolamine),
one muscarinic receptor mediated (blocked by atnopine),

and one mediated by an NANC mechanism. In addition,
a relaxant response to electrical stimulation could be
demonstrated in 40% of the strips. This response could

not be blocked by propranolol, and it was enhanced by

atropine and phentolamine, which suggested that it was

NANC mediated. Similar relaxant effects were previ-

ously demonstrated in human and pig tnigonal muscle

(Klarskov et a!., i983b; Hills et a!., 1984; K!arskov,
i987a).

In pig tnigonal muscle, NADPH diaphorase-positive

fibres and thick nerve branches were found in or around
the muscular bundles. The nerve fibres were thinner and

more dispersed within the tnigonal muscle than those of
the detrusor (Larsson et a!., 1992; Pensson et al., 1993).

Immunohistochemistry revealed that the density of NOS

immunoreactivity was higher in tnigonal and urethral

tissue than in the detrusor (Persson et a!., 1993). In

isolated trigonal strips from pigs, precontracted by non-
adrenaline, carbachol, or ET-i and relaxed by electrical

stimulation, exposure to L-NNA concentration-depend-

ently reduced the relaxant response (Pensson and An-

densson, 1992). L-NNA abolished all relaxation and un-

masked a contractile component; D-NNA had no effect.
Maxima! relaxation was increased after pretreatment
with L-anginine, and the inhibitory effect of L-NNA was
prevented. Incubation of the preparations with methyl-

ene blue had no effect on relaxations elicited at frequen-
cies <6 Hz, but a small inhibition was observed at higher
frequencies. NO induced concentration-dependent relax-

ations in preparations contracted by noradrenaline, ET-
1, or carbachol. These results suggest that NANC-me-

diated relaxation, involving the L-arginine/NO pathway,
can be demonstrated in the pig tnigona! smooth muscle.
The functional importance of this is, however, unclear.

A. Anatomy

IV. Bladder Neck and Urethra

In the male, the urethra comprises four regions, the
preprostatic, the prostatic, the membranous, and the

penile urethra. Anatomical details can be found else-
where (Dixon and Gosling, i987; Elbadawi, 1987), but it

should be stressed that there are disagreements about
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the architecture of the proximal urethra and the exact
arrangements of the smooth musculature and intrinsic

striated muscle or rhabdosphincter, both in males and

females. It seems, however, that the proximal sphincter

in the male is a sexual sphincter, preventing retrograde

ejaculation, and that the sphincter mechanism maintain-

ing continence is confined to the membranous and distal

prostatic urethra. In the female, the urethra has sphinc-

teric functions throughout its length.

Many factors have been suggested to contribute to

urethral closure (Rud et al., 1980; Tonrens, 1987; Delan-
cey, i990), including urethra! smooth muscle tone and

the properties of the urethra! lamina propnia. The rela-

tive contribution to intnaurethral pressure of the various

factors are still a matter of different opinions. For ex-

ample, Rud et al. (1980) suggested that in humans a
vascular factor contributed to approximately one-third

of the intnaurethra! pressure. This was not supported by

the experiments of Downie and Lautt (1986), who found

that in cats urethra! constriction produced by hypogas-

tnic nerve stimulation could be produced without any

change in urethra! vascular resistance. There is ample

pharmacological evidence, however, supporting the view

that the smooth muscle component has an important

role in maintaining intnaunethral pressure.

B. Electrophysiology

The resting membrane potential of the smooth muscle
of the guinea pig urethra was found to be -42.2 ± 4.0

mV (Callahan and Creed, i98i), and similar values
(-40.1 ± 3.1 mV) were found in the rabbit (Ito and

Kimoto, 1985). Spontaneous electrical activity was re-
corded from all regions of the organ (Callahan and Creed,
1981). Excitatory and inhibitoryjunction potentials have

been recorded in the rabbit urethra (Ito and Kimoto,

1985). The excitatory junction potentials were found to

have a fast and a slow component. Only the slow com-
ponent was blocked by atropine; the fast component was
partially, but not completely, blocked by guanethidine
and phentolamine. The inhibitory junction potentials
were not affected by adrenergic or cholinengic antago-

nists, suggesting that they were generated by stimulation

of NANC nerves.

C. Mechanisms of Activation

1. Myogenic activity. Even if spontaneous electrical
activity was recorded from all regions of the isolated

guinea pig urethra (Callahan and Creed, 1981), sponta-

neous mechanical contractions were rarely observed. In

isolated human urethra, spontaneous motor activity was

infrequently seen; when observed, it was irregular and of

low amplitude (Mattiasson et a!., i985a; Parlani et a!.,

i990). The middle part of the pig urethra develops tone
spontaneously. This preparation can be relaxed by a high
extracellular K� concentration, an effect attributed to
closing of voltage-sensitive Ca2� channels (Brading and

Chen, 1990).

2. Adrenergic mechanisms. a. a-ADRENOCEPTORS.

There is evidence that a substantial part of urethral tone.

which is an important factor for the maintenance of

intraurethra! pressure, is mediated through stimulation

of a-adrenoceptors in the urethra! smooth muscle by

released noradrenaline (Persson and Andersson, 1976;

Awad and Downie, 1976; Andersson et a!., i978b; Levin

and Wein, i979a; Hassouna et a!., 1983; Mattiasson et

a!., i984a; Poinier et a!., 1988; Azuma et a!., 1989; Garcia-

Pascual et a!., i99ia,b,d). In the rabbit urethra, incu-
bated with [3Hjnoradrena!ine, electrical stimulation of
nerves caused a release of 3H which was decreased by

nonadrenaline and clonidine and increased by nauwo!-
scine. It was also increased by scopolamine and markedly

reduced by carbacho! (Mattiasson et a!., i984a). In the

isolated guinea pig urethra, [3H]noradrenaline secretion

was suggested to be regulated by presynaptic a2A-adre-

noceptors, which may be coupled to a 4-aminopynidine-

sensitive K� channel (Albents, 1992).

Clonidine is known to reduce intraunethral pressure in

humans (Nondling et a!., 1979). This may be attributed

partly to a peripheral effect on adrenergic nerve termi-

nals, leading to decreased noradrenaline release. More

probable, however, this effect is exerted on the central

nervous system with a resulting decrease in peripheral

sympathetic nervous activity. Supporting this view, don-

idine produced a decrease in plasma nonadrenaline con-

centration (Nondling et a!., i979). Furthermore, in cats,

c!onidine was able to depress firing in the hypogastnic

nerves innervating the bladder, possibly by a spinal site

of action (Knier et a!., 1979).

a-Adrenoceptor agonists induce bursts of spikes in the

guinea pig urethra (Callahan and Creed, 1985) and con-

tract isolated urethra! smooth muscle. Radioligand bind-

ing and functional studies have demonstrated that there

are significant amounts of both a1- and a2-adrenoceptons

in the rabbit urethra (Larsson, 1983; Andersson et a!.,

i984a; Ueda et a!., 1984; Honda et a!., 1985; Tsujimoto

et a!., 1986; Yab!onsky et a!., 1986; Kimoto et a!., 1987;
Monita et a!., 1987; Latifpour et a!., 1990; Yoshida et a!.,

1991; Yamaguchi et a!., 1993). The density of a-adreno-

cepton-binding sites was higher in urethral than in detru-

son smooth muscle (Levin and Wein, 1979a,b; Johns,

1983).

Andersson et a!. (i984a) showed that the female rabbit

urethra contains a preponderance of a2-adrenoceptons

(approximately 25% a1- and 75% of a2-adrenoceptons), a

finding that has been confirmed by some investigators

(Monita et a!., 1987; Latifpoun et a!., i990) but not by

others (Tsujimoto et a!., 1986). Interestingly, in the male
rabbit urethra, a1-adrenoceptors seem to predominate

(Ueda et a!., 1984; Honda et al., 1985; Kimoto et a!.,

1987; Yamaguchi et a!., 1993). Yamaguchi et a!. (1993)
suggested different functions for the a-adrenoceptor sub-

types in the rabbit urethra, a1-adnenoceptons mediating

a fast response dominating in males and a2-adrenocep-
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tons mediating a slow and prolonged response, essential

for urinary continence in female rabbits.

Latifpour et a!. (1990) determined the a2-adrenoceptor

subtypes in the rabbit urethra and provided evidence for

a preponderance of the a2A subtype. In human urethral

smooth muscle, both functional studies and receptor-

binding studies have shown that the predominating post-

junctional a-adrenoceptor subtype is a1 (Kunisawa et a!.,
1985; Levin et a!., 1988). Levin et a!. (1988) found that

the distribution of a1-adrenocepton subtypes in the hu-
man bladder base was approximately 80% a1 and 20%

a2.

Both a1- and a2-adrenoceptons seem to be involved in

contractile responses (Yoshida et a!., 1991). Contractions

mediated by a1-adrenoceptons were mediated through

both alA and aiB subtypes (Yoshida et a!., i99i). Com-
paring the a-adrenoceptons of young (6 months) and old

(4.5 to 5 years) female rabbits, Yoshida et a!. (i99i)

found smaller EDse values for phenylephnine and cloni-

dine but otherwise no age-dependent differences. In the
pithed nat, neurally evoked (stimulation of hypogastnic

spinal outflow) urethral constriction was found to involve

mainly postjunctional a1-adrenoceptors. However, stim-

ulation of extnasynaptic, postjunctiona! a2-adnenoceptons

by circulating catecholamines may also increase tone in
the proximal urethra (Willette et a!., 1989, i990).

In the isolated urethra, the noradrenaline-induced con-

traction seemed to be dependent on both influx of extra-

cellular calcium and on release of intracellular calcium

(Larsson et a!., i984c; Garcia-Pascual et a!., 199ib).
Calcium influx for contractile activation and refilling of
extnacellular stores seemed to occur through membrane
channels that could only partly be blocked by calcium

antagonists. More than one type of potential dependent

calcium channel may be operating (GarcIa-Pascua! et a!.,

i99id). The contraction mediated by a2-adrenoceptors

in the female rabbit urethra was found to be almost

entirely dependent on extracellular calcium, whereas a1-

adrenocepton-mediated responses were dependent on

both intna- and extnacellulan calcium (Yoshida et a!.,

1991).
Patients with a panasympathetica!ly decentralized

lower urinary tract have been suggested to develop an

urethral supersensitivity to a-adrenocepton agonists
(Koyanagi, 1978, 1979; Koyanagi and Tsuji, 1979). This

suggestion was based on the finding that patients with
lower motor neuron lesions responded to a single dose of

an a-adrenocepton agonist with a greaten increase of the

maximum urethral pressure than did normal patients. It
was further proposed that this could be used as a test for

damage of the autonomic innervation of the lower uri-

nary tract. However, Mattiasson et a!. (i984b) found

that the maximal urethral pressure at nest was signifi-
cantly lower in patients with panasympathetically decen-

tralized lower urinary tract than in normal persons.
Noradrenaline dose-dependently increased the maximal

urethra! pressure in all subjects. The absolute increase

was greaten in the patients with parasympathetical!y

decentralized lower urinary tracts, but they had no in-

creased sensitivity to noradrenaline.

b. /3-ADRENOCEPTORS. Both a- and /3-adrenoceptors

can be demonstrated in isolated urethral smooth muscle
from animals (Pensson and Andersson, 1976; Latifpoun

et a!., i990) as well as humans (Ek et a!., 1977). The

density of a-receptor-binding sites was similar to or

somewhat greater than the density of /3-receptor-binding
sites (Levin and Wein, i979a,b), the ratio being depend-

ent on which binding site for [3H]dihydroergocryptine

(high or low affinity) was used for calculation (Johns,

1983). The /3-adnenoceptons are probably of the /32 sub-

type, as shown by receptor-binding studies using sub-
type-selective antagonists (Levin et a!., 1988; Latifpour

et a!., 1990).

The functional importance of urethral /3-adrenoceptors
has not been established, but they are potential targets

for therapeutic interventions. Thus, in humans, selective
/3-adrenocepton agonists have been shown to reduce in-

tnaunethral pressure (Lava! and Lutzeyer, 1978; Rao et

a!., 1981; Vaidyanathan et a!., i980; Bapna et a!., 1981;

Thind et a!., 1993). /3-Adrenoceptor blockers, on the other

hand, have not been shown to influence intraurethral
pressure acutely (Donken and van der Sluis, 1976; Whit-

field et a!., 1976; Thind et a!., 1993), and although it can

be expected that /3-adrenoceptor blockade would increase
the a-adrenoceptor-mediated effects of nonadrenaline on

the urethra, this has not been shown to be an effective

therapeutic principle in women with stress urinary in-
continence (for review, see Andersson, 1988).

3. Cholinergic mechanisms. The number of muscaninic

receptor binding sites in the rabbit urethra was lower

than in the bladder (Johns, 1983). Muscaninic receptor

agonists contract isolated urethral smooth muscle from

several species, including humans, but these responses

seem to be mediated mainly by the longitudinal muscle

layer (Nerg#{226}rdh and Boreus, 1972; Persson and Anders-

son, 1976; Hassouna et a!., 1983; Mattiasson et a!., 1990;

Hashimoto et a!., 1992). Resistance to flow in the urethra
was only increased by high concentrations of acetylcho-

line (Pensson and Andersson, 1976; Andensson et a!.,

1978b). In humans, tolerable doses of bethanechol (Ek

et a!., 1978) and emepronium (Ulmsten and Andensson,

1977) had little effect on intraurethral pressure.

Prejunctiona! muscarinic receptors may influence the

release of both noradrenaline and acetylcholine in the

bladder neck/urethra. In urethral tissue from both nab-

bits and humans, carbachol decreased and scopolamine

increased concentration-dependently the release of [3H]

noradrenaline from adrenengic, and of [3H]choline from

cholinergic, nerve terminals (Mattiasson et a!., 1988).
4. Nonadrenergic, noncholinergic mechanisms. The

normal pattern of voiding in humans is characterized by

an initial decrease in urethral pressure followed 5 to 15
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seconds later by an increase in intravesica! pressure

(Tanagho and Miller, 1970; Asmussen and Ulmsten,

1976; Low, 1977; McGuire, 1978; Rud et a!., 1978; Low

et al., 1989). The mechanism of this relaxant effect has

not been established. One possibility is that the decrease

in intraurethra! pressure is caused by stimulation of

muscaninic receptors on noradrenengic nerves, diminish-

ing noradrenaline release and, thereby, tone in the prox-

imal urethra (Mattiasson et a!., i987a). Another possi-

bility is that an NANC mechanism mediates this ne-

sponse (Andersson et a!., i983b; K!arskov et a!., 1983b;

Hills et a!., 1984; Klarskov, i987b; Ito and Kimoto, 1985).

Slack and Downie (1983) analysed the mechanical

responses of the cat urethra to autonomic nerve stimu-

lation and to intraarterial acety!choline injection. Sacra!

ventral root stimulation produced an atnopine-sensitive

constriction when basal urethral resistance was low but

dilation when resistance was high. The latter response

was reduced, but not abolished, by atropine. When ure-

thra! constriction had been produced by phenylephnine,

injection of acetylcholine produced a consistent decrease

in urethral resistance, which was not reduced by atro-

pine. It was suggested that parasympathetic dilation of

the urethra may be mediated by an unknown NANC

transmitter released from postganglionic neurons.

a. NITRIC OXIDE. NADPH diaphorase-positive fibres

were found in or around the muscular bundles of the pig

urethra and were frequently seen around arteries but not
veins (Larsson et a!., 1992; Persson et a!., 1993). In the

female rabbit lamina propnia, numerous NADPH dia-

phonase-positive, fine varicose nerve fibres were demon-

strated around arteries and in and around smooth muscle

fibres. There was also staining of nerves in the connective

tissue and staining of the endothelium of small arteries.

The urothelium stained intensively (Zygmunt et a!.,

1993). NOS-positive nerves were demonstrated with im-

munohistochemistry in the bladder neck and membra-

nous urethra of rats (Burnett et a!., 1992) and in the pig

urethra (Persson et a!., 1993). There was no NOS stain-

ing of the unothe!ium, which contrasts to the results with

NADPH diaphonase. In the rat urethra, high NOS activ-

ity was found, as revealed by the ability of urethral tissue

to convert [3H]arginine to [3H]citru!!ine (Burnett et al.,

1992).

Andensson et a!. (199ib, i992a) demonstrated that the

NANC nerve-mediated relaxation induced in the isolated

female rabbit urethra, contracted by nonadnena!ine, ET-

1, AVP, or electrical stimulation, could be inhibited

concentration-dependently by L-NNA. D-NNA had no

effect. Maximal relaxation was increased after pretreat-

ment with L-anginine, and the inhibitory effect of L-NNA
was counteracted. NO also induced concentration-de-

pendent relaxations in preparations contracted by nor-

adrenaline or carbachol. These results were confirmed

by Dokita et a!. (1991), who also showed that a selective

cGMP-phosphodiesterase inhibitor potentiated, and

methylene blue reduced, the relaxation.

Nerve-induced relaxation of the rabbit urethra in-

creases the smooth muscle content of cGMP. Inhibition

of NOS by L-NNA prevented both the urethral relaxation

and the increase in cGMP content. Furthermore, in the

presence of the cGMP phosphodiesterase inhibitor, za-
pninast, the increase in cGMP level was more pronounced

(Persson and Andensson, 1993). Thus, it seems that

cGMP has a role as a second messenger in the rabbit

urethra and that this system is activated during NANC

nerve-mediated relaxation.

The involvement of the L-arginine/NO pathway in

relaxation of isolated urethral and bladder neck smooth

muscle has now been demonstrated by several investi-

gators in various species, including sheep (Garcia-Pas-

cual et a!., i991c; Thornbuny et a!., 1992), nat (Persson

et a!., 1992), pig (Persson et a!., i99ib; Pensson and

Andersson, 1992), dog (Hashimoto et a!., 1993), and

humans (Andersson et a!., i992a). Hashimoto et a!.

(1992) demonstrated in the dog that the relaxation re-

sponse to electrical stimulation had more than one peak

and suggested that more than one relaxing component

was involved. The first, transient component of relaxa-

tion could be inhibited by L-NNA but not the second,

slow component (Hashimoto et a!. (1993).

These results suggest that NANC-mediated relaxation,

involving the L-arginine/NO pathway, can be demon-

strated in bladder neck/urethral smooth muscle, but they

do not exclude that other NANC transmitters can be

involved.

Hindmarsh et a!. (1983) suggested that the origin of

detrusor instability was to be found in the urethra, and

Chalfin and Bradley (1982) showed that, by local anes-

thesia of the hyperplastic prostate, detrusor instability

in patients was inhibited. Persson et a!. (i99ic, 1992)

showed that, in the unanesthetized rat, inhibition of the

L-arginine/NO pathway led to bladder hyperactivity and

decreased bladder capacity. They suggested that contin-

uous activity in this pathway is one of the factors keeping

the bladder relaxed during filling. Because the NANC-

mediated relaxant response to electrical stimulation was

found in the tnigone and the urethra of several species,

but not in the detrusor muscle, this may reflect the

localization of such activity and lends support to the
view that bladder hyperactivity (unstable detruson con-

tractions) may be initiated from the bladder outlet.

Isolated preparations of the rabbit urethral lamina

propria, contracted by noradrenaline, produce frequency-
dependent, NANC relaxations in response to electrical

field stimulation and to acety!cho!ine (Mattiasson et al.,
i985b; Zygmunt et a!., 1993). It was shown (Zygmunt et

a!., 1993) that electrically induced relaxations were pos-
sible to evoke even in preparations in which acetylcho-

line-induced relaxation was poor or absent. Pretreatment
with L-NNA reduced the maximum relaxation obtained
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at 30 Hz to 12% of the control response. D-NNA had no

effect. The effects of L-NNA were antagonized by addi-

tion of L-arginine. Acetylcho!ine relaxed noradrenaline-
precontracted strips by 36%; VIP reduced the contrac-

tion by 95%. L-NNA, but not D-NNA, abolished and
reversed acety!choline-induced relaxations but failed to

reduce the relaxations produced by VIP. The NO donor,
SIN-i, relaxed lamina propnia preparations contracted

by nonadrenaline in a concentration-dependent way.

This effect was not influenced by L-NNA (Zygmunt et

a!., 1993).

The results show that, in the rabbit urethral !amina
propnia, both nerve- and acety!choline-induced relaxa-

tions sensitive to inhibition of the L-arginine/NO path-
way can be produced but do not exclude the occurrence

of other relaxation-mediating factors.

b. NEUROPEPTIDES. Abelli et a!. (i99i) produced me-
chanical irritation by a catheter inserted into the urethral

meatus of urethane-anesthetized rats and measured the

result as micnovascu!ar permeability changes. The in-

crease in permeability produced could be reduced by

previous pretreatment with capsaicin, and when com-

bined with pelvic ganglionectomy, it was virtually abo!-

ished. It was suggested that the increase in vascular
permeability produced by mechanical irritation was

nerve mediated and that both capsaicin-sensitive affen-

ents and capsaicin-insensitive nerves passing through
the pelvic ganglia contributed to the response. Neuno-

peptides have also been suggested to be involved in both
contraction and relaxation of urethra! smooth muscle.

i. Vasoactive intestinal polypeptide. One of the

agents suggested to be the relaxation-producing NANC
transmitter in urethral smooth muscle is VIP (Andensson

et a!., i983b; Klanskov et a!., i983b). Larsen et al. (1981)

reported that the peptide had inhibitory effects on iso-

lated feline urethra contracted by noradrenaline. Such a

relaxant effect on isolated cat urethra could not be con-

firmed by Abdel-Hakim et a!. (1983). A relaxant effect
of the peptide on pig tnigone, bladder neck, and urethra

was reported by Klanskov et a!. (1984). Sjogren et al.
(1985) showed that VIP had a marked inhibitory effect

on isolated female rabbit urethra contracted by non-

adrenaline on electrical stimulation of nerves. No effect

was found on nonadrenaline release. In human urethral

smooth muscle, relaxant responses were less consistent,

but a modulatory role in neunotransmission could not be

excluded (Sjogren et a!., 1985). Infusion of VIP in
amounts that caused circulatory side effects had no ef-

fects on urethral resistance (K!anskov et a!., 1987).

Plasma concentrations of VIP were obtained that in

other clinical investigations had been sufficient to cause
relaxation of the lower esophageal sphincter and to de-

press uterine contractions (Klarskov et a!., 1987). There-
fore, the physiological importance of VIP on the lower

urinary tract in humans was questioned (Klarskov et a!.,
1987).

ii. Tachykinins. Tachykinins produced powerful

contractions of isolated rat, guinea pig, and human ure-

thral smooth muscle (Maggi et a!., i988d; Panlani et a!.,

1990; Maggi and Patacchini, 1992). The contractile ef-

fects were not influenced by TTX, favouring the view

that the receptors for the peptides are localized on the

urethra! smooth muscle cells. In rat proximal urethra,

both NK1 and NK2 receptors seem to be present (Maggi

et al., i988d). In human urethral tissue the rank order of

potency was found to be NKA > NKB >> SP, suggesting

that NK2 receptors are the dominating species. This was

supported by results obtained with receptor-selective

synthetic peptide agonists (Parlani et a!., 1990). On the

other hand, in guinea pig isolated proximal urethra, NK1

receptors were found to be the main, if not the only,

mediator of tachykinin-mediated responses (Maggi and

Patacchini, 1992), illustrating differences between spe-

cies. Capsaicin-induced contractions were inhibited by a

selective NK1 receptor antagonist.

It may be speculated that tachykinins, locally released

by chemical or mechanical irritation of the primary

sensory afferent nerves, may have a role in the genesis

of abnormal urethral contractions (urethral instability)

seen in humans (Maggi and Patacchini, 1992). However,

it should be stressed that the role, if any, for tachykinins

in urethral function remains to be established.

iii. Neuropeptide Y. In the isolated female rabbit
urethra, NPY reduced the electrically induced contrac-

tion of the longitudinal muscle, probably by selectively

inhibiting the release of acety!choline. It had no effect

on circular muscle preparations. In the rabbit urethra,

the peptide did not appear to have any significant post-

junctional effects or to interfere with the release on

effects of noradrenaline or NANC transmitters (Sjogren

et al., 1988). However, in the spirally cut rat urethra,

Zoubek et a!. (1993) found that NPY exhibited a nearly

maxima! inhibition (90 to 100%) of electrically induced

contractions oven a broad range of stimulus frequencies

(i to 20 Hz). This finding suggests that NPY, at least in

some species, may affect also the release of noradrenaline

in the urethra.

iv. Endothelins. Garcia-Pascual et a!. (1990) showed

that, in isolated urethral smooth muscle, ET-i caused

concentration-related, slowly developing contractions.

There was a marked tachyphylaxis to the effects of the

peptide. The ET-i-induced contractions were not signif-

icantly affected by phentolamine or indomethacin, sug-

gesting that they were produced by a direct effect on the

smooth muscle cells. Incubation for 30 minutes in a Ca2�-

free solution abolished the ET-i-induced contractions,

but nifedipine had no effect. In the presence of ET-i,

Ca24-induced contractions were not significantly blocked

by nifedipine. ET-i stimulated phosphoinositide hydrol-

ysis in the rabbit urethra. The formation of inositol

phosphates was dependent on extracellular Ca2. The
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Ca2� entry pathway used was Ni� sensitive and nifedipine

resistant (Garcia-Pascual et a!., 1993).

Pretreatment with ET-1 produced a significant in-
crease in the contractions induced by electrical stimula-

tion but had no significant effect on contractions induced
by exogenous noradrenaline. ET-i did not affect spon-

taneous or stimulation-induced efflux of [3H]nonadren-
aline (Garcia-Pascual et a!., 1990).

‘25I-ET-i-binding sites in the urethra were found
mainly in the outer longitudinal muscle layer, in vessels,

and in the submucosa. The highest density of binding
sites appeared to be in vessels and the outer muscle layer

(Gancia-Pascua! et a!., 1990).
The functional significance of the ET-i actions on the

urethra are not known. It may be speculated that, if the

effects on mechanical activity are of any importance, it

may be in long-term regulation of smooth muscle tone.

c. PROSTANOIDS. Persson (1976) showed that PGE1

and PGE2 decreased, but PGF25 increased, the perfusion
pressure in the isolated, perfused cat urethra. This was

also found in the isolated, perfused human fetal urethra
(Andensson et a!., i978b). Strips of human urethral

smooth muscle were contracted by PGF2�, but not by

PGE1 and PGE2. However, preparations contracted by

noradrenaline, adrenaline, or PGF2a were effectively re-

laxed by by PGE1 and PGE2. The relaxation was not

affected by TTX, propranolol, phenoxybenzamine

(PGF2a-contnacted preparations), or atropine (Andens-

son et a!., 1977). In dogs, PGE2 produced a reduction of

intraunethna! pressure (Ghoneim et al., 1976; Kha!af et

a!., i98i). Such an effect was also demonstrated in female

patients receiving PGE2 intravesically or intraunethrally;

a decrease in the maximum urethral pressure and a

reduction of the closure pressure were found (Andersson

et a!., i978a). In rabbit urethral preparations at resting

tension, PGF2a, but not PGE2, caused contraction

(Khanna et a!., 1978); PGI2, in high concentrations
(>iO_6 M), also had a weak contractile effect (Gotoh et

a!., i986a).
Even if the dual direct effects of PGE2 on bladder and

urethral smooth muscle may seem appropriate for blad-

der emptying, the importance of prostanoids for urethral

function have not been clarified. Because the bladder,
tnigone, and urethra form a functional unit, it may be

that the function of prostanoids in these structures is

the same and primarily involves local modulation of

affenent nerve activity.

d. 5-HYDROXYTRYPTAMINE (SER0T0NIN). In search of
transmitter candidates mediating the NANC relaxation
of bladder neck and urethra, Hills et a!. (1984) found

that, in the isolated pig bladder neck preparation, 5-HT

produced concentration-dependent relaxations. The ef-

fect was antagonized by methysergide, but the relaxant

response to electrical nerve stimulation was not. In the

rabbit tnigona! and urethral muscle strips, 5-HT pro-

duced a concentration-dependent contraction (Chen,

1990). Although no detailed data for the urethra were

presented, it was concluded that, like in the bladder, the

5-HT3 receptor was involved in the mediation of the

response.

D. Effects of Sexual Hormones

1. Estrogen and progesterone. The urethra, as well as

the detrusor, seems to be a target for estrogen action,

and estrogen receptors have been demonstrated in une-
thral smooth muscle from animals and humans (Iosif et
a!., i98i; Lindskog et a!., 1982; Batra and losif, 1983,

1992). After 1 week of estrogen treatment, there was a

5-fold increase in urethra! weight and a simultaneous
increase in penoxidase activity. There was also a signifi-

cant decrease in both cytosolic and nuclear estrogen
receptor content.

Treatment with estrogens per se was claimed to in-
crease the intraurethnal pressure in women (Faber and
Heidenneich, 1977). This finding was confirmed, but even

after high doses, it was small, and its clinical significance

may be questioned. There seemed to be no effect on
intraurethral pressure during long-term treatment (losif,

1992). The transmission of intnaabdominal pressure to

the urethra increased (Rud, 1980; losif, 1992), an effect
considered of importance. An improved urethra! sphinc-

ten mechanism was also demonstrated after estrogen
treatment of the castrated female baboon (Bump and
Friedman, 1986).

The positive effects on the urethra may not only be

related to actions on the urethra! smooth musculature

but also to changes in the urethral mucosa and the

vasculatune and connective tissue of the lamina propnia.

Thus, Batra et a!. (1986) found that estrogens increased

blood perfusion to the urethra of oophorectomized female
rabbits. Estrogen treatment may also increase the effect

of a-adrenoceptor stimulation both experimentally
(Hodgson et a!., 1978; Larsson et a!., 1984a; Callahan
and Creed, 1985), and clinically (Andersson, 1988; Miod-
rag et al., 1988). Thus, Schreiter et a!. (1976) showed in
a preliminary investigation in humans that the urethral
pressure response to phenylephnine increased after estra-

diol treatment, a finding confirmed by Beisland et a!.

(i981). In the rabbit urethra, there was a 3-fold shift to

the right of the concentration-response curve for nor-
adrenaline and a more than 2-fold increase of the a-
adrenoceptor number (Larsson et a!., i984a).

Progesterone receptors also have been demonstrated
in the human urethra (Batra and losif, 1987). However,

treatment with gestagens seemed to have no affect on

urethral pressure parameters (Rud, 1980).

V. Penile Erectile Tissues

Decreased penile vascular resistance with resultant
increased penile blood flow is considered a primary
hemodynamic event in penile erection. This has focused
attention not only on the penile vasculature but also

highlighted the central role of corporeal smooth muscle
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in the erection process (Adaikan and Kanim, 1981; Hed-

lund and Andersson, 1985a; Andersson et a!., 1987a;
Saenz de Tejada et a!., 1988, i989c; Knane et a!., 1989;

Andensson and Holmquist, 1990; Adaikan et a!., 1991).
The therapeutic success of intracorporeal pharmacother-
apy in the treatment of enectile dysfunction (for review,

see Juenemann and Alken, 1989) has further underlined

this role.
Specimens of corpus cavernosum, corpus spongiosum,

helicine arteries, deep penile artery and vein, and circum-

flex veins have been used in several laboratories to study

neunotransmission and the effect of drugs in isolated
penile erectile tissues and vasculature (Adaikan and

Kanim, 1981; Andensson et a!., 1983a; Fontaine et a!.,
1987; Kirkeby et al., i989a; Saenz de Tejada et a!., 1988;

Christ et a!., 1989; Pickand et a!., i99i; Rajfer et al.,

1992). One must keep in mind, however, that each of

these tissues only gives a piece of information concerning

the complex process of penile erection and that in vitro
results must be interpreted with caution in terms of

physiological and clinical implications.

The restricted availability of human penile enectile

tissues is a disadvantage and has led to the use of isolated
rabbit cavennosal tissue both as a screening mode! and
for detailed analysis of mechanisms previously demon-

strated to exist also in human tissue (Holmquist et a!.,
i990a,b, 1992a; Brodenick et a!., 1991). Similar informa-

tion may be obtained by use of tissues from rat (Dail et

a!., 1987) and dog (Carati et a!., 1985; Kimoto and Ito,

1987) and probably several other species.

A. Anatomy

Details of the innervation and morphology of the hu-

man penis can be found in recent reviews (Steers, 1990;

Lincoln et a!., i99i; de Groat and Booth, 1992; Lue,

1992), and below only a few aspects will be discussed.

The penis consists of three corpora, the pained, don-

sally placed corpora cavennosa, and the ventral corpus
spongiosum, which surrounds the urethra and forms the
glans penis distally. The corpora cavennosa are sur-
rounded by a thick fibrous sheath, the tunica albuginea,
and share a perforated septum that allows them to func-

tion as a single unit. The tunica albuginea consists of

bundles of collagen and elastin fibres and is much thinner

around the corpus spongiosum than around the corpora
cavernosa.

Cavennosal tissue is sponge-like and composed of a
meshwork of interconnected sinusoidal spaces, which are

lined by vascular endothelium and separated by trabec-

ulae, containing bundles of smooth muscle in a frame-
work of collagen, elastin, and fibroblasts (Goldstein and

Padma-Nathan, 1990). The smooth muscle cells of the

corpus cavernosum are connected by gap junctions,
which may play an important role during activation of

the tissue (Christ et a!., i99ia, i992a; Moreno et a!.,
1993). A gap junction protein (connexin 43) has been

identified between the smooth muscle cells of the human

corpus cavernosum (Campos de Carvalho et a!., 1993).

The penis is supplied by the terminal branches of the

penile artery, which on each side consist of the bulboun-
ethral, dorsal, and cavernous arteries. The cavernous
artery (deep penile artery) penetrates the tunica albugi-

nea and gives off the terminal helicine arteries. These

are multiple muscular and corkscrew-shaped arteries
(i50 to 350 �zm in diameter), which open directly into

the sinusoidal spaces, and act like resistance arteries.

Banya et a!. (1989) suggested two circulatory routes in

the human corpora. One goes from the cavernous artery

to capillary networks collected into the venular plexus

just beneath the tunica albuginea and is believed to serve
as a main circulatory pathway during the flaccid state

with the capillaries functioning as nutritional vessels.

The other route is through anastomoses from the cavern-

ous artery, via the helicine arteries to the sinusoids,
which are then emptied into the postcavernous venu!es.

The postcavernous venules coalesce to form larger em-

issary veins that pierce the tunica albuginea at an oblique

angle. The venous drainage from the pendulous penis is

primarily through the deep dorsal vein.

B. Mechanism of Erection

Erection results from a complex interplay between

central nervous and local factors; this interaction has

been reviewed elsewhere (Lue and Tanagho, 1987; de
Groat and Steers, i988; Krane et a!., 1989; Steers, 1990;

Bnindley, i99i; de Groat and Booth, 1992; Lue, 1992).

When the penis is in the flaccid state, there is a dominant

sympathetic influence, and the terminal arterioles and

sinusoidal smooth muscles are contracted. There is a

minimal amount of blood flowing through the sinusoidal
spaces and a free outflow of blood from the subtunica!

venules to the emissary veins. Following sexual stimu-

lation, parasympathetic nervous activity dominates, and
the peripheral resistance decreases because of dilation of
the cavennosal and helicine arteries. The blood flow into

the corpora cavernosa increases without any change in

the systemic blood pressure. Relaxation of the trabecular
smooth muscle markedly increases the compliance of the

sinusoids, causing penile engorgement and erection. The
relaxed trabecular muscle will expand and compress the

plexus of subtunica! venules against the tunica albuginea,
reducing venous outflow (the veno-occ!usive mechanism)

and increasing intracavennous pressure to about 10 to 20

mm Hg below the systolic blood pressure. In a rabbit

mode!, the increase in outflow resistance was estimated
to be 100-fold (Saenz de Tejada et a!., i99ib).

Detumescence results when the activity in the para-
sympathetic system decreases and that of the sympa-

thetic nervous system again increases, leading to in-
creased tone in the helicine arteries and contraction of

the trabecular smooth muscle. When arterial inflow de-
creases, the volume of the sinusoids is reduced, the veno-
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occlusive mechanism becomes inactivated, and the penis

returns to the flaccid state.

C. Electrophysiology

Little information is available concerning electrophys-

iologica! characteristics of corporeal smooth muscle cells.

It has been suggested that, despite a relatively sparse
neurona! innervation, the electrical activity of the human

corpus cavernosum in vivo, as revealed by electromyo-
graphic studies, is well synchronized (Christ et al.,

i992a). Because no action potentials could be detected

by electrophysiological investigation of cultured smooth

muscle cells from the human corpus cavernosum (Christ

et al., 1992c), there may be an important role for a

mechanism by which local neural and hormonal stimu-
lation can be rapidly propagated. Some information re-

ganding cultured corporeal smooth muscle cells is avail-
able in this respect. Such cells are we!! coupled with

respect to intercellular diffusion of current-carrying ions

and of second messengers, such as Ca2� and, maybe, D-

myo-inosito! i,4,5-tnisphosphate (Christ et a!., i992a).

According to a preliminary report, the resting potential

of cultured corporeal smooth muscle cells was found to
be 43 ± 4.9 mV (Christ et a!., i992c). Voltage clamp

analysis of smooth muscle cells indicated the presence of

a Ca2�-sensitive K� channel. Single-channel analysis
suggested the presence of at least two K� channels, a
large, predominant maxi-K� channel and a smaller, less

frequently observed delayed rectifier. Additionally, a pre-
sumed chloride channel was demonstrated.

It is obvious that further characterization of the ion

channels in corpus cavernosum smooth muscle would be

of great interest.

D. Mechanisms of Activation

1. Myogenic activity. When mounted in organ baths,

strip preparations of human corpus cavernosum may
exhibit spontaneous contractile activity. This is not

found in all preparations, and figures of its occurrence
vary between approximately a few percent and 100%
(Andersson et a!., i983a; Hedlund and Andensson, i985a;

Holmquist et a!., 1990a,c; Christ et a!., i990; Kimoto et
a!., 1990). The variation is most probably due to differ-

ences in the experimental approaches and handling of

the preparations. The spontaneous activity is not af-
fected by TTX, atropine, or phentolamine, suggesting a
myogenic origin. Supporting such a view, removal of
extracellular calcium, and addition of calcium antago-
nists and the K�-channel opener pinacidil, can abolish

this activity (Fovaeus et a!., i987b; Ho!mquist et a!.,
i990c). Adaikan (1979) showed that inhibitors of PG
synthesis reduced spontaneous activity and decreased
resting tone. Christ et a!. (1990) confirmed that the

spontaneous activity was markedly attenuated by such
drugs and suggested that the spontaneous oscillations in

tension, at least partly, resulted from the generation and/
or presence of a stable cyclooxygenase product.

The physiological significance of spontaneous con-

tractile activity is unknown, but it cannot be excluded
that myogenic activity, with on without reinforcement of
locally generated PGs, may contribute to the mainte-
nance of tone of cavernous tissue and to the mechanisms

maintaining detumescence.

2. Adrenergic mechanisms. Several studies have dem-
onstrated the presence of adrenergic nerves in the cay-

ennosa! and helicine arteries as well as in the trabecular
smooth muscle (Shirai et a!., 1972; Benson et a!., 1980;

McConnell and Benson, 1982; Gu et a!., i983a). It is

generally accepted that, in the detumescent state, penile

smooth muscle is kept contracted mainly by release of

noradnenaline acting on postjunctional a-adrenoceptors

on the cavernous and helicine arteries and on trabecular

smooth muscle. The release of noradrenaline seems to

be modulated via presynaptic a2-adrenoceptors (Hedlund

et a!., 1984; Moldenings et al., 1989). Even if contnibu-
tions of myogenic activity and other contractant factors

(e.g., prostanoids, ETs) cannot be excluded, modulation
of the adrenergic activity seems to be one of the most

important means by which the contractile state of the

smooth muscle of the corpus cavernosum and the penile

vasculatune is influenced.

a. a-ADRENOCEPTORS. It has been shown by several

investigators that, in isolated human corpus cavernosum

and spongiosum preparations, and in penile arteries and

veins, noradrenaline and phenylephnine produce concen-
tration-dependent contractions (Benson et a!., 1980;

Adaikan and Kanim, 1981; Andersson et a!., i983a; Hed-
lund and Andersson; i985a; Imagawa et a!., 1991; Kimura

et a!., 1989; Kirkeby et a!., i989a,b; Saenz de Tejada et

a!., i989c; Christ et a!., 1990, i99ib, i992b). Several

investigators have addressed the question of which

a-adrenoceptor subtype mediates the effect in the

cavernosa! tissue and the penile vasculature. Both phen-
y!ephnine, which is selective for a1-adrenoceptors, and

clonidine, which has a preference for a2-adrenoceptors,

contract trabeculan tissue. However, clonidine was less
potent and had less intrinsic activity than did pheny!-

ephnine and noradrenaline (Hedlund and Andersson,

i985a; Kimura et a!., 1989; Christ et a!., 1990).

In segments of the cavennosal artery, on the other
hand, clonidine was the more potent contractile agent

(Hedlund and Andersson, i985a). The a1-adrenoceptor
blocker prazosin, but not rauwo!scine and yohimbine
which are selective for a2-adrenoceptors, effectively re-

laxed noradrenaline-contracted trabecular tissue and in-
hibited contractions produced by the amine (Hedlund

and Andersson, i985a; Christ et a!., 1990). In cavernosal
artery segments, prazosin and nauwolscine were about

equieffective for relaxation of noradrenaline-induced

contractions (Hedlund and Andersson, i985a). Prazosin

was more potent than rauwolscine in inhibiting contrac-

tions evoked by electrical stimulation of nerves in tra-

becular tissue (Hed!und and Andersson, i985a; Saenz de
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Tejada et a!., i989c), but in arterial segments rauwo!scine

was more potent than pnazosin (Hedlund and Andersson,

1985a). There is limited information about the reactivity

of the helicine arteries, but they respond to electrical

stimulation with contractions that can be blocked by
guanethidine; they contract concentration dependently
in response to exogenous noradrenaline (Saenz de Te-

jada, 1992).

These findings suggest that in the human cavernous
tissue a1-adrenoceptors, and in the cavernosal artery, a2-
adrenoceptors, predominate (Hedlund and Andersson,

i985a; Kimura et a!., 1989; Saenz de Tejada et a!., i989c;

Christ et a!., 1990). Also, in circumflex veins (Kinkeby et

al., 1989a) and in the deep dorsal penile vein (Fontaine
et a!., 1987), both a1- and a2-adrenoceptor functions can

be demonstrated, with a certain predominance of a1-
adrenoceptons in the latter vessel. Both alA- and aiB-

adrenoceptor subtypes seemed to be present in porcine

cavernosal smooth muscle (Wagner and Wei, 1992). In

human corporeal tissue, three subtypes of a1-adrenergic

receptor in mRNA (aiB, aiB, aic) were identified. The
alA and aic receptors were the predomoninant sub-
types expressed in this tissue at an mRNA level (Price

et a!., 1993).

Intracavennosa! injection of a-adrenocepton-active

drugs have confirmed the results obtained in vitro. Thus,

injection of a-adrenoceptor blockers (phenoxybenz-

amine, phento!amine, thymoxamine) produced tumes-

cence and erection (Bnindley, i983a,b, 1986; B!um et a!.,

i985; Buvat et a!., 1989), and a-adrenoceptor agonists

(metanamino!, noradrena!ine) caused detumescence

(Bnindley, 1984; De Meyer and De Sy, 1986). Bnindley
(1986) found that intracavennosal injection of the selec-

tive a a2-adrenoceptor blocker, idazoxan, had no affect,
supporting the view that the a1-adrenoceptor is the func-

tiona!!y dominant subtype.
Drugs, such as trazodone and ketanserin have been

reported to influence, at least partly, penile erectile tis-

sues by blockade of a-adrenoceptors. Trazodone, a non-
tricyclic antidepressant, which was reported to cause

priapism during treatment for depressive disorders (And-

ersson et a!., i99id), was shown to have marked a-

adrenoceptor-blocking properties (Abber et a!., 1987;

Azadzoi et a!., 1990). Ketanserin, a selective 5-HT necep-

tor blocker, which also blocks a-adrenoceptors in human

corpus cavernosum tissue, produced erection following

intracavennous injection in man (Adaikan et a!., 1991).

In some cases, impotence can be secondary to changes
in a-adrenocepton function. Christ et a!. (1990) found, in

some age groups, a small but significant difference be-

tween cavernous tissue obtained from diabetic and non-
diabetic patients with impotence, the diabetic patients

having both increased and reduced sensitivity to phen-

y!ephnine. In contrast, Creed et a!. (1989) found no

differences in sensitivity to pheny!ephnine between cav-

ernous tissue preparations taken from impotent men

with diabetes, alcoholism, or Peyronie’s disease and men

with no obvious condition causing the impotence. Kin-

keby et a!. (i989a) found no difference in the a-adreno-

ceptor function of isolated penile circumflex veins be-

tween potent and impotent men (venous leakage). In a

study of the kinetics of a1-adrenoceptor-mediated con-

tractions at steady state, Christ et a!. (i992b) found age-
and pathology-dependent alterations that could result in

heightened corporeal tissue tone and may contribute to

the pathophysiology of erectile dysfunction in some pa-

tients. Whether or not such extrapolations from the in

vitro situation really can be made remain to be demon-

strated.

b. /3-ADRENOCEPTORS. In human penile tissue, the

density of /3-adrenoceptors was found to be only one-

tenth ofthe density ofa-adrenoceptors (Levin and Wein,
1980). Nevertheless, both isoprenaline and salbutamo!

were shown to relax noradrenaline-contracted isolated

human corpus cavernosum and to inhibit spontaneous

contractile activity (Adaikan and Kanim, i98i; Hedlund
and Andersson, i985a). The relaxations could be blocked

by propranolo! but not by practolol (/3k) and butoxamine

(/32). It was, therefore, suggested that the /3-adrenoceptors
in human corpus cavernosum were of neither the /3� nor

132 subtype (Adaikan, 1979; Adaikan and Kanim, i98i).
However, other functional data (Hedlund and Anders-

son, i985a) as well as radioligand-binding studies (Dha-

buwa!a et a!., 1985) suggest that the /3-adrenoceptors of
the human corpus cavernosum are of the /32 type.

Whether or not they are “atypical” remains to be settled.

In isolated segments of the cavennosal artery, isoprena-
line had no contractant or relaxant effect (Hedlund and
Andersson, 1985a). When injected intracavernosally, sal-

butamo! caused tumidity, but no erection, and propran-

olo! had no effect (Bnindley, 1986).
These findings suggest that the physiological role of

/3-adrenoceptors in both corpus cavernosum tissue and
penile vasculatune probably is small.

3. Cholinergic mechanisms. The occurrence of musca-

ninic receptors in human corpus cavennosum was dem-

onstrated in radioligand-binding studies (Godec and

Bates 1984; Traish et a!., 1990). Godec and Bates (1984)

measured by [3H]quinuc!idiny! benzi!ate binding the

amount of muscarinic receptors in corpus cavernosum

tissue of 13 impotent men undergoing penile implant

surgery. In tissue from three of the patients, no receptors

were found, but in the other 10, concentrations ranged

from 34 to 136 fmo!/mg protein. Traish et a!. (1990), also

using [3H]quinuc!idinyl benzi!ate, found that it bound to

crude human corpus cavernosum tissue membranes and
to endothe!ia! cells from the corpus cavernosum with

high affinity and limited capacity. There was only one

class of binding sites. In corporeal tissue incubated with
[3H]choline, transmura! electrical field stimulation was

shown to cause release of [3H]acety!cho!ine synthesized

within the tissue (Blanco et a!., 1988).
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Several investigators have demonstrated that car-

bacho! and acetylcholine, although having no effect at

basal tension, concentration-dependently relax nor-

adrenaline-contracted corpus cavernosum and spon-

giosum preparations (Andensson et a!., i983a; Hedlund

et a!., 1984; Hedlund and Andersson, 1985a; Saenz de

Tejada et a!., 1988). In both tissues, this relaxant effect
was blocked by scopolamine, indicating that it was me-

diated by muscaninic receptors. In contrast, Adaikan et

a!. (1983) reported that in corpus cavernosum prepara-
tions acety!cho!ine produced contraction, relaxation, or

contraction followed by relaxation. There is no obvious

explanation for these differing results.

Saenz de Tejada et a!. (1988) reported that destruction
of the endothelium eliminates on greatly attenuates re-

laxation produced by acetylcho!ine, suggesting that the

effect, as in several other vascular preparations (Furch-

gott, 1990), is mediated by release of a relaxation-me-
diating factor from the endothelium. In isolated segments

of the cavernosa! artery contracted by noradrenaline,

carbachol induced relaxation only at high concentrations

and was clearly less effective than in corporeal tissue

(Hedlund and Andersson, i985a).
It has been suggested that the peripheral nervous

control of tumescence is dependent on an interaction

between adrenergic and cholinergic nerves (K!inge and

Sj#{246}strand, i977b; Hedlund and Andensson, i985a; Saenz

de Tejada et a!., 1988). Thus, tumescence may be the

result of relaxation of erectile smooth muscle caused by

cholinergic nerves suppressing excitatory adrenergic
neurotransmission. In support of this suggestion, Hed-

lund et al. (1984), studying the effect of carbachol on
electrically induced release of [3H]noradnenaline from

adrenergic nerves in corpus spongiosum preparations,

found a concentration-related inhibition of the electni-

ca!!y evoked efflux of 3H. Scopolamine, blocking musca-

ninic receptors, concentration-dependently increased the

3H efflux.

Eckhardt (1863) found in dogs that electrical stimu-

lation of the nervi enigentii produced penile erection, and

Niko!sky (1879) described that penile erection induced

by stimulation of the pelvic nerves was abolished by

atropine. However, this was not confirmed by Henderson
and Roepke (1933), who found that atropine had almost

no effect but that physostigmine enhanced the penile
response to pelvic nerve stimulation. Andensson et a!.

(i984b) found in dogs that muscaninic receptor blockade
with atnopine caused no significant decrease in the blood

flow response to pelvic nerve stimulation but clearly

curtailed the erectile response. A reduced erectile re-

sponse to neurostimulation after intracavernous injec-

tion of atnopine was also found by Tnigo-Rocha et a!.

(1993b). However, at the concentration of atropine in-

jected (iO_2 M), atropine can be assumed to block a-

adrenoceptors (Larsson et a!., i984b), which makes it

unclear to what extent the effect was mediated via mus-

caninic receptors. Stief et a!. (1989) showed that in mon-
keys intracavernous acety!cho!ine produced a tniphasic

response, including full erection.

In man, it has been suggested that muscarinic trans-

mission plays no significant part in penile erection (Wag-

ner and Bnindley, 1980). In agreement with this, Bnindley

(1986) found that intracorponea! injection of atnopine or

neostigmine had no effect on human penile erection. On

the other hand, [3Hlcholine accumulation and [3H]ace-

ty!choline synthesis and release were significantly re-

duced in the corporeal tissue from diabetic patients com-

pared to tissue from the nondiabetic patient. It was

suggested that a functional penile neuropathic condition

of the cholinergic nerves in the corpus cavennosum of

diabetic impotent patients may be responsible for the

erectile dysfunction (Blanco et a!., 1990).
These findings suggest that parasympathetic activity

may contribute to penile tumescence and erection by at

least two mechanisms, both of which decrease the effects

of nonadrenaline. The release of noradrenaline may be

inhibited by stimulation of muscarinic receptors on ad-

renergic nerve terminals. In addition, the postjunctiona!

effects of noradrenaline may be counteracted by musca-

ninic receptor-mediated release of a relaxant factor from

the endothelium (see section V.D.4a).

The significance of increased muscarinic receptor-

mediated PGI2 synthesis (Jeremy et a!., 1986) for penile

erection is not known, and the role of muscaninic receptor

functions for penile erection in humans remains to be

settled.

4. Nonadrenergic, noncholinergic mechanisms. Accord-

ing to current concepts, erection follows when the sinus-

oids and the cavernosa! and helicinal arteries dilate with

subsequent increase in blood flow to the lacunar spaces

of the corpora cavernosa. It is believed that this is

achieved partly by a decrease in noradrenaline-mediated

tone but also through the release of relaxing NANC

transmitter(s) from nerves and from the endothelium.

The existence of NANC inhibitory innervation in the rat

anococcygeus and bovine retractor penis muscles was

first reported by Gillespie (1972) and K!inge and Sj#{246}s-

trand (1974). The response to electrical stimulation of

the nerves of the rat anococcygeus muscle was mimicked

by nitrovasodilators, including NO, but the mediator of

the response was not established (for review, see Gillespie
et a!., 1990).

To keep the penis in a flaccid state, it cannot be

excluded that contractant factors other than noradren-

aline may contribute. The nature and mechanism(s) of

action of both relaxation- and contraction-mediating

transmitters have not been definitely clarified, although

much new information has been obtained (for review,

see Andersson and Ho!mquist, 1990).

a. NITRIC OXIDE. It has been known for more than a

decade that acetylcholine and several other agents can

release relaxing factors from the vascular endothelium
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(Furchgott and Zawadski, 1980; Furchgott, 1984). One of

these factors has been identified as NO, synthesized from

L-arginine (Palmer et a!., 1987; Ignanro et a!., 1987;

Ignanro, 1990; Moncada et a!., 1989, 1992). However, NO

may also be released from nerves. There is growing
evidence that, during erection, local release of NO or

related factors produce relaxation of corpus cavernosum

tissue. This tissue is known to relax not only after

administration of acetylcholine and other agents ne!eas-

ing NO from the endothelium (Saenz de Tejada et a!.,
1988; Kimoto et a!., 1990, Azadzoi et a!., 1992) but also

in response to electrical stimulation of nerves. Recent

data have shown that both acetylcholine and neunonally

mediated relaxation in rabbit and human corpus caver-

nosum involves release of NO, or an NO-like substance
(Ignarro et a!., 1990; Holmquist et a!., 199ia, i992a;

Knispel et a!., 1991, i992a,b; Kim et a!., 1991; Pickard
et a!., 1991; Rajfen et al., 1992; Bush et al., i992a,b).

Rat and rabbit corpus cavernosum was shown to dis-

play substantial NOS activity, as monitored by the abi!-

ity to convert [3H]anginine to [3H]citrulline (Burnett et

a!., 1992; Bush et a!., i992c). The enzyme present in
rabbit corpus cavennosum was shown to be a cytosolic,

constitutive isoform of NOS, like that found in brain

neuronal tissue (Bush et al., i992c).

The source of the NO produced may be the endothe-

hum and/or the nerves innervating the corpus caver-

nosum. By immunohistochemistry, NOS has been local-

ized in the rat penis (Burnett et a!., 1992; Alm et a!.,

1993). Burnett et a!. (1992), using an antiserum to the
constitutive NOS found in rat cerebellum, demonstrated

staining of the pelvic plexus and the axonal processes
forming the cavernous nerve. The nerve plexus of the
adventitia of the deep cavernosal arteries and the neu-

ronal processes in the sinusoids and the periphery of the

corpora cavernosa stained prominently. Dorsal penile

and cavernosa! arteries stained for NOS both in the

adventitia! and endothelia! layers, although endothelial

staining was faint in the cavernosa! vessels. Immunohis-

tochemistry, using antiserum produced in rabbits against

a COOH-terminal fragment (Alm et a!., 1993) of the rat

cerebe!!ar NOS, confirmed these findings.
The most important source of NO in penile tissue

seems to be neurona!, because endothelium-derived NOS
is primarily membrane bound, whereas neunonally de-

nived NOS, like that demonstrated in rabbit corpus cay-

ennosum (Bush et a!., i992c), is primarily cytosolic or

soluble (F#{246}rstenmann et a!., 1991). Furthermore, the

relaxant response of isolated cavernous tissue to electri-
cal stimulation of nerves can be evoked after disruption

of the endothelium, whereas responses to acetylcho!ine,

BK, and SP are abolished (Saenz de Tejada et a!., 1988;

Kimoto et a!., 1990; Azadzoi et a!., 1992). In anesthetized
dogs, intracavernous injection of 3-(3-cho!amidopropyl)-
dimethylammonio]- 1-propane sulfonate to destroy the

sinusoidal endothelium, abolished the erectile response

to acety!cho!ine but only partially inhibited the response

to electrostimulation (Tnigo-Rocha et al., 1993b). NOS

can be inhibited by analogues of L-arginine, such as L-

NNA, L-NMMA, and NG�nitro�L�anginine methyl ester.

They effectively inhibit relaxation of cavernous tissue
caused by electrical field stimulation, acety!cho!ine, or

carbacho! (Ignanro et a!., 1990; Ho!mquist et a!., i99ia,

i992a; Knispel et a!., 1991, i992a,b; Kim et a!., 1991;

Pickard et al., 1991; Rajfer et a!., 1992; Bush et al.,

i992a,b), an effect partly counteracted by L-arginine. L-

NNA had little or no effect on isolated human corpus

cavernosum when given to preparations at basal tension

but increased the contractions elicited by electrical stim-

u!ation (Ho!mquist et al., i99ia, i992a).

L-NNA also augmented the contractions induced by

electrical field stimulation or by noradrena!ine (Holmqu-

ist et a!., i992a). This suggests that passive stretching of

cavernous tissue is not sufficient to induce NO release

but that continuous release of NO may occur during

active contraction. NO may, therefore, be involved not
only in the process of erection but also in the minute to

minute control of penile blood flow in the detumescent

state. Interestingly, the NO production, but not the

ability of the smooth muscle to respond to NO, seems

dependent on the oxygen tension (Kim et a!., 1992, 1993).

Thus, electrically induced relaxations were progressively

inhibited as a function of decreasing oxygen tension at
partial pressures of <50 mm Hg and markedly attenuated

at oxygen tensions measured in the flaccid state.

Sj#{246}strand et a!. (1990) could not find any effect of L-

NMMA on electrically induced contractions in human
corpus cavernosum preparations. They concluded that
neunogenic relaxation in human enectile tissue is not

produced by a nitrate material formed from L-arginine.

However, L-NMMA, but not L-NNA, is extensively me-

tabolized by endothelial cells to L-citrulline (Hecker et

a!., 1990), and L-NMMA is 30 to 50 times less potent

than L-NNA (Gibson et a!., 1990). Furthermore, it has

been suggested that isoforms of NOS may differ in their

sensitivity to inhibition by L-arginine analogues (For-

stenmann et a!., 1991). Such differences may contribute

to the discrepancy in results.
Native NO and vasodilatons acting through NO, re-

leased enzymatica!!y or nonenzymatically (Fee!isch,
1991), such as nitroglycerin, sodium nitnoprusside, 5-

nitroso-N-acety!penici!!amine, and SIN- 1, cause concen-

tration-dependent relaxation of rabbit and human corpus

cavernosum (Ignarro et a!., 1990; Holmquist et a!., i99ia,

i992a; Bush et a!., 1992a,b; Kirkeby et a!., 1993). The

effects of NO can be reduced or abolished by oxyhemo-

globin, which has a high binding affinity for NO in the

extnace!!ulan compartment, and by pyrogallo!, a potent
generator of superoxide anions (Bush et a!., i992a,b;
Kirkeby et a!., i993). However, oxyhemoglobin and scav-

engers of NO are not always effective against relaxation

induced by electrical stimulation or against relaxation
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induced by agents acting through release of NO (Bush et

a!., i992a,b; Kirkeby et a!., 1993).

NO and NO-related vasodilators produce relaxation of

corpus cavernosum through stimulation of soluble gua-

nylate cyclase, leading to an increase in the tissue levels

of cGMP. This was first demonstrated in rabbit corpus

cavernosum by Ignarro et al. (1990). They also showed

that selective inhibition of cGMP phosphodiesterase en-

hanced the relaxant effect of electrical stimulation (Ig-

narro et a!., i990; Bush et a!., i992a,b). These findings
have been confirmed by other investigators in both rabbit

and human corporeal tissue.
The guanylate cyclase-stimulating effect of NO is sen-

sitive to methylene blue (Martin et a!., 1985; Waldman

and Murad, 1987). In apparent accordance with this,
Ignanro et a!. (1990) reported that the relaxation induced

by electrical stimulation in rabbit corpus cavernosum

was inhibited by methylene blue. This was confirmed by

other investigators and also in human tissue (Pickard et

a!., 1991; Holmquist et a!., i992a; Rajfer et a!., 1992).

Methylene blue in a low concentration (i0� M) and with

a short exposure time (10 minutes), was found to inhibit

NO- and sodium nitroprusside-induced relaxation of nor-

adrenaline-induced tension in human corpus cavernosum

preparations (Kirkeby et a!., 1993). However, neither the

relaxation induced by electrical stimulation nor acety!-

choline-induced relaxations were significantly affected

by methylene blue in this concentration. On the other

hand, increasing the methylene blue concentration to 5

x iO-4 to i0� M and extending the exposure time to 60

to 90 minutes significantly decreased these responses. It

cannot be excluded that methylene blue may have more

than one mode of action. Thus, it may act by formation

of superoxide anion (Wolin et a!., 1990; Marczin et a!.,

1992) in addition to its inhibitory effect on guany!ate

cyclase.

The role of penile veins in control of penile venous

outflow resistance is uncertain, but experimental data
have suggested that an active mechanism adds to the

passive compression of the outflow channels resulting

from cavernous sinusoidal distension (Canati et al., 1988;

Aoki et a!., i989). If this mechanism includes active

venoconstniction, it would require the presence of agents

or mechanisms affecting corpus cavernosum and venous
smooth muscle tissue differently. Kirkeby et a!. (1993)

found that inhibitory responses could be evoked by elec-

tnical stimulation in corpus cavennosum, but not in penile
veins, and that endothelium-depend�nt responses to ace-

ty!choline in vein preparations were insensitive to L-

NNA and to oxyhemoglobin, in contrast to the findings

in corpus cavennosum. Thus, endothelium-denived sub-
stances unrelated to the L-arginine/NO pathway may be

involved in acety!choline-induced relaxation in human

penile vein preparations.

Although the exact neuroeffector mechanisms are not

completely understood, these results suggest that, in the

isolated corpus cavernosum, both neunogenic and endo-

thelium-dependent relaxations involving NO or an NO-

containing compound can be elicited. The physiological

significance of this remains to be fully established, but

it is tempting to speculate that NO, on a related com-

pound, acts as the main physiological transmitter me-

diating relaxation of penile vasculature and corpus cay-

ennosum and that it is essential for normal erection.

Indeed, in vivo data seem to support that this is the case.
Ho!mquist et a!. (i991c) showed that, in anesthetized

rabbits, erections induced by stimulation of the cavern-

ous nerves could be dose-dependently inhibited by intra-

corporeal injection of L-NNA, inhibiting NOS. This was

also shown in the pithed rat, in which L-NNA attenuated

the corporeal response to spinal stimulation (Finbeng

and Vandi, 1991), and in the intact rat, in which intra-
venous L-NNA in low doses (1 to 5 mg/kg) inhibited

erection induced by stimulation of the cavernous nerves

(Burnett et a!., 1992). In dogs, L-NNA blocked pelvic
nerve-stimulated erections, an effect that could be re-

versed by intracavernous injection of L-arginine, inhib-

ited by methylene blue, and enhanced by a cGMP phos-

phodiesterase inhibitor (Tnigo-Rocha et a!., i993a). In

men with erection dysfunction, intracorponea! injection

of the NO donor SIN-i produced erection (Stief et a!.,

i99ia, 1992). Further support for a role ofthe L-arginine/

NO pathway in penile erection was obtained by Steers

and Selby (i99i), who found that intracavennous injec-

tion of methylene blue produced detumescence in a pa-

tient with pniapism.

Saenz de Tejada et a!. (1989b) reported that, in isolated

corpus cavernosum from diabetic patients with impo-

tence, both neurogenic and endothelium-dependent re-

laxation was impaired. This was also found in rabbits in

which diabetes was induced by alloxan (Azadzoi and

Saenz de Tejada, 1992). Evidence supporting the view

that the reduced relaxation in cavennosal tissue from

diabetic patients was due to lack of NO production, and

not to inability of the smooth muscle to relax, was

presented by Pickard et a!. (i992). They demonstrated

that the NO production, measured as the formation of

nitrite in response to electrical stimulation, was reduced

in men with diabetic impotence.

Also, hypercho!esteno!emia was found to impair endo-

thelium-mediated relaxation of rabbit corpus caven-
nosum smooth muscle (Azadzoi and Saenz de Tejada,

1991). The mechanism of this effect is unknown but did

not seem to involve cyc!ooxygenase products or the the

ability of the smooth muscle to react to stimulation by

an NO donor (nitroprusside).
Saenz de Tejada et a!. (i989b) suggested that vasodi-

lators producing endothelium-independent relaxation
would be preferable in diabetic patients treated with
intracavernosal injections. Whether this prediction is

clinically valid remains to be tested. Heaton (1990) found
that in vitro synthetic nitnovasodilators effectively re-

 at T
ham

m
asart U

niversity on D
ecem

ber 8, 2012
pharm

rev.aspetjournals.org
D

ow
nloaded from

 

http://pharmrev.aspetjournals.org/


288 ANDERSSON

laxed human corporeal tissue from impotent men, and it

is notable that topical nitroglycerin may have clinically

important effects (Claes and Baert, 1989; Heaton et a!.,

1989; Owen et a!., 1989; Meyhoffet a!., 1992). The clinical

potential of NO donors was shown by Stief et a!. (i99ia,

1992). They injected SIN-i intracavennously in men with

erectile dysfunction with good clinical results.

b. NEUROPEPTIDES. Several investigators have dem-

onstrated different peptides in nerves of human erecti!e
tissues. Among these peptides are VIP (Polak et a!.,

1981; Larsen et a!., 1981; Willis et a!., 1981, 1983; Gu et
a!., i983a; Steers et a!., 1984), peptide histidine methio-

nine (Yiangou et a!., 1985; Kirkeby et a!., 1990), SP,
somatostatin, NPY (Gu et a!., i983a; Adrian et a!., 1984),

and CGRP (Stief et a!., 1990). The localization of these

peptides in penile erectile tissues has led to speculations

about their functional roles as inhibitory on excitatory
transmitters and/or modulators of neurotransmission.

i. Endothelins. It is we!! established that release of

noradrena!ine into the synaptic cleft is involved in re-

turning the erect penis to the flaccid state. However, it

is not known whether nonadrenaline alone or together

with additional factors mediates the constant tone of the

penile smooth muscle necessary for maintaining penile

flaccidity (Andersson and Holmquist, 1990). There is a

possibility that ETs may contribute to this control. ET-

1 mRNA was shown to be expressed in cultured endo-

thelial cells from the human corpus cavennosum (Saenz
de Tejada et a!., 1989a, i991a), and significant amounts

of ET-!ike activity were measured with nadioimmuno-

assay in the supernatants of endothelia! cells in culture

(Saenz de Tejada et a!., i991a).

Binding experiments revealed high-affinity, specific,
and saturable binding of labeled ETs to corporeal mem-

branes. At least two distinct ET receptors were found to

exist, one type with high affinity for ET-1 and -2 and

low affinity for ET-3 and another, less abundant, with

high affinity for ET-1, -2, and -3 (Saenz de Tejada et a!.,

i991a). Binding sites for ET-i were demonstrated by

autonadiography in the deep penile artery, the circumflex
veins, and throughout the cavernous tissue (Holmquist

et a!., i992b). Ho!mquist et a!. (1992b), using a commen-

cially available ET-1 antiserum, did not find any specific
immunohistochemical localization of ET-i in human on

rabbit cavennosal tissue. They speculated that in this

tissue there were no intracellular stores of ET-i, which

did not exclude the possibility that the peptide could be

synthesized and released continuously. However, utiliz-

ing an ET-i monoclona! antibody, Saenz de Tejada et a!.

(1991a) found that ET-like immunoneactivity was local-
ized intensely in the endothelium and, to a lesser degree,

in the trabeculan smooth muscle from humans.
ET-i potently induces slowly developing, long-lasting

contractions in isolated preparations of both human
corpus cavennosum (Saenz de Tejada et a!., 1989a;
Ho!mquist et al., 1990b, i992b,c; Lau et a!., 1991), cay-

ernous artery, deep dorsal vein (Lau et a!., 1991), and

penile circumflex veins (Holmquist et a!., i992b). Similar
contractions can be evoked in human corpus cavernosus

tissue by ET-2 and -3, although these peptides have a

lower potency. Thus, the concentration of ET-3 neces-

sany to initiate contraction in this tissue was 30-fold

higher than those of ET-i and -2 (Saenz de Tejada et

a!., i99ia).
In the rabbit corpus cavennosum, pretreatment with

ET-i enhanced contractions induced by noradrena!ine

(Holmquist et a!., 1990b). Muscaninic receptor stimula-

tion (carbacho!) and VIP effectively counteracted ET-i-
induced contractions in both rabbit and human tissue.

Likewise, contractions induced in human cavernosa! tis-

sue were readily reversed by transmural electrical stim-

u!ation, acety!choline, and sodium nitroprusside (Saenz
de Tejada et a!., i99ia). This is of particular interest

because acety!cho!ine and VIP, which both may be in-
volved in the mechanisms leading to penile erection

(Andersson and Holmquist, 1990), have been localized to

the same nerves (Lincoln et a!., 1987) and because the
L-arginine/NO pathway seems to be of great functional

importance for penile erection (see section V.D.4.a).

In corpus cavernosum, the contractions induced by

ET-i were attenuated by the calcium antagonist nimo-

dipine (Ho!mquist et al., i990b), whereas in the cincum-
flex veins, the effect of the peptide was independent of

influx of extracellular calcium through dihydropynidine-

sensitive calcium channels (Ho!mquist et al., i992b). In

calcium-free medium, on the other hand, contractions

induced by ET-1 were greatly reduced, but not abolished,
in both corpus cavernosum and circumflex veins. The

protein kinase C inhibitor, i-(5-isoquinolinesu!fonyl)-2-

methylpipenazine, abolished the contractile component

observed in calcium-free medium in the rabbit corpus

cavernosum (Ho!mquist et a!., i990b), and, in addition,

ET-i was shown to induce hydrolysis of phosphoinosi-

tides in a concentration-dependent manner (Holmquist

et a!., 1992c). Whether or not ET-i also activates phos-
pho!ipase C in the human corpus cavernosum is not
known, but such an action could explain the contraction

induced by the peptide in a calcium-free medium.
Available information supports the suggestion that

ETs are involved in the control of penile smooth muscle

tone.
ii. Neuropeptide Y. Wespes et a!., (1988) studied the

distribution of NPY-containing nerves in the human

penis. They found a concentration of fibres in the inner

part of the adventitia close to the media of the arterial
and venous vessels and among the intracavennous

smooth muscle cells; they speculated that the peptide

could act as a neurotransmitter or neuromodulator, es-

pecially during detumescence. Adrian et al. (1984) found
moderately high concentrations of NPY in the human

corpus cavennosum, but nevertheless, they suggested that
NPY could be intimately involved in the control of
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erection. Of interest is that NPY and VIP were shown

to be co!oca!ized in the cavernous tissue and helicine

arteries ofthe monkey (Schmalbruch and Wagner, i989).

Whether or not this is the case in human tissues is not

known.

If NPY is a neurotransmitter involved in detumes-

cence, a contractile effect on erectile tissues would be

expected. Hedlund and Andersson (i985b) found no ef-

fects of NPY in corpus cavernosum or in segments of the

cavernosal artery when preparations were studied at

basal tension level or contracted by noradrenaline. Elec-

tnically induced contractions were not affected. Kirkeby

et a!. (1990) found that six of eight strips of norma!

corpus cavernosum did not respond to NPY, and two

responded with a contraction approximately 20% of that

induced by high Kt Yajima et a!. (1992) did not find any

effects of NPY on rabbit corpus cavernosum, nor did the

peptide enhance the actions of noradrenaline.
These results do not support the view that NPY is of

importance in the control of smooth muscles involved in

penile erection.

iii. Arginine vasopressin. Even if it is generally

held that AVP is a circulating hormone, AVP-!ike activ-

ity has been demonstrated to be widely distributed in the

sympathetic nervous system of mammals (Hanley et a!.,

i984). This AVP-like activity was demonstrated in both

ganglionic neurons and in nerve fibers innervating pe-

niphera! tissues.

AVP was found to potently, and in a concentration-

dependent way, contract isolated human corpus caver-

nosum and spongiosum and preparations of the

cavernosa! artery. AVP could be demonstrated by radio-

immunoassay in cavernous tissue in concentrations up

to 10 times those circulating in plasma (Andersson et a!.,

i986a). This suggested that the peptide was either taken

up and stored and/on synthesized locally. However, AVP

antagonists, in concentrations almost completely sup-

pressing the contractions induced by exogenous AVP,

had no effect on electrically induced contractions in

corpus cavennosum preparations (Andersson et a!.,

1986a). This indicates that AVP is not released on elec-

trical stimulation in amounts that can affect the smooth

muscle directly and/or influence the response to released

noradrenaline.

iv. Somatostatin. Somatostatin-containing nerves
have been localized in the male genital tract by immu-

nohistochemistry and are found mainly associated with

the smooth muscle of the seminal vesicle and the vas

deferens (Gu et a!., i983a). The concentrations of so-

matostatin in these structures were, however, only

slightly higher than those found in corpus cavernosum.
Somatostatin had no effects on cavernosa! tissue in vitro,

except at high concentrations, when contractions were

produced. Preparations of the cavennosal artery re-

sponded with contraction at 100 times lower concentra-

tions, but the maximum effect was small (Hedlund and

Andersson, i985b). These findings do not suggest that

somatostatin has any direct effects on smooth muscle

structures of importance for penile erection.

v. Vasoactive intestinal polypeptide and peptide

histidine methionine. VIP has been found in high
concentrations in the erectile tissue of the human penis

(Polak et a!., 1981; Shirai et al., 1990). It is present in

nerve fibres with nerve endings around cavernous

smooth muscle and blood vessels, mainly arteries and

arterioles (Polak et al., i98i; Andersson et al., i983a; Gu

et a!., i983a; Willis et al., 1983). Peptide histidine me-

thionine is derived from the same precursor as that of

VIP and was shown to be localized to the nerves in close
relation to bundles of smooth muscle and around arteries

in the corpus cavernosum and in circumflex veins (Yian-

gou et al., 1985; Kirkeby et a!., 1992). A role for these

peptides as neurotransmitters and/or neuromodulators

has been postulated by several investigators.

VIP has a relaxant action on human erectile tissue

(Larsen et a!., 1981; Andersson et al., i983a; Willis et a!.,

1983; Steers et al., 1984; Hedlund and Andersson, i985b;

Adaikan et a!., 1986). In isolated corpus cavernosum

strips, the effect on spontaneous (myogenic) contractile

activity and on electrically induced contractions was

pronounced but not on noradnenaline-contracted prepa-

rations (Willis et a!., i981; Hedlund and Andersson,

i985b; Steers et a!., 1984; Kirkeby et a!., 1992; Pickard

et al., 1993). However, VIP was very effective in relaxing

preparations of penile circumflex veins precontracted by

nonadrenaline (Kirkeby et al., 1992), as well as prepa-
rations stimulated electrically (F. Ho!mquist, H. J.

Kirkeby, A. Forman, and K.-E. Andensson, unpublished

results). VIP antiserum (Adaikan et a!., 1986) and a-

chymotrypsin (Pickard et a!., 1993) reduced on abolished

the relaxant effect of exogenous VIP on isolated human

corpus cavernosum tissue but had no effect on relaxation

induced by electrical stimulation of nerves. The effects

on electrically induced contractions in segments of the

cavennosal artery were small, as were its relaxant actions

on noradrena!ine-contracted arterial preparations (Hed-
lund and Andersson, i985b).

Kawanishi et a!. (1990) found that, in noradrenaline-

contracted human corpus cavernosum tissue, the relax-

ation induced by acetylcholine and VIP together was no

greater than that obtained by acetylcholine or VIP given
separately. They suggested that the coexistence of ace-

tylcho!ine and VIP (Lincoln et a!., 1987) has no func-

tiona! significance. On the other hand, in dogs, simulta-

neous intracavernous injection of VIP and acetylcho!ine

produced a synergistic effect, and it was suggested that

the two agents may play a cooperative role in canine

penile erection (Takahashi et a!., i992a).

A marked release of VIP during tumescence and erec-

tion produced by visual sexual stimulation, by intracav-

ernous injection of papavenine, or by intracavernous

infusion of saline has been demonstrated in pilot studies
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(Virag et a!., 1982; Ottesen et a!., 1984). However, Kiely

et a!. (1987), measuring cavernosa! and peripheral VIP

concentrations during erection induced by a variety of
vasoactive compounds in patients with either predomi-

nantly organic or predominantly psychogenic impotence,

found no increase in cavernosa! VIP concentration. In
patients with impotence, Gu et al. (1984) found that

VIP-containing nerves were depleted and that the extent

of the depletion broadly reflected the severity of erectile

dysfunction, irrespective of its etiology. Lincoln et a!.
(1987) found that five of six diabetic patients with im-

potence had a marked reduction of VIP-like immuno-
reactivity in nerves associated with the cavernous

smooth muscle. Gu et a!. (1984) suggested that VIP was
the principal neunotransmitten involved in penile enec-

tion and that depletion of the peptide may play a key

role in the development of impotence. However, the

inability of VIP to produce erection when injected intra-

cavernosally in impotent men (Adaikan et a!., 1986; Kie!y
et a!., 1989; Roy et a!., 1990) indicates that it cannot be

the only, and probably not the main, NANC mediator

for relaxation of penile enectile tissues.

Peptide histidine methionine concentration-depend-

ently relaxed corpus cavennosum strips contracted by

noradrenaline by only 10%. Corresponding figure for

circumflex vein preparations was 90% (Kirkeby et a!.,

1992). For peptide histidine methionine, as for VIP, a

role as neurotransmitter and/or neunomodulator in the
nervous control of penile erection cannot be excluded

but has to be established.

vi. Calcitonin gene-related peptide. CGRP, a 37-

amino acid peptide (Ishida-Yamamoto and Tohyama,

1989), is known to be a potent vasodilator in a variety of

human blood vessels, where it is believed to produce an

endothelium-dependent relaxation (Hughes et a!., 1985;

Crossman et al., 1987). The peptide also relaxed the

bovine penile artery, mainly by acting directly on the
smooth muscle cells (Alaranta et a!., 1991). Stief et a!.

(1990) demonstrated CGRP in nerves of the human

corpus cavernosum. However, in vitro, CGRP had little
relaxant effects on strips of human corpus cavennosum

contracted by nonadrenaline or by electrical field stimu-

lation (F. Holmquist and K.-E. Andensson, unpublished

results). Whether the peptide has a role in normal penile

physiology remains to be established. Even if it does not,

this does not exclude that it may be useful for therapeutic

purposes (Stief et a!., i99ib).

vii. Substance P. Few SP-immunoreactive nerves
were found in cavernosa! tissue (Andensson et a!., i983a;

Gu et a!., i983a). SP was more concentrated in groups

of nerve fibres underneath the epithelium of the glans

penis (Gu et a!., i983a). In vitro investigations of strips

of human corpus cavernosum contracted by noradrena-

line showed a transient relaxation by SP, amounting to

approximately 30% (Andensson et a!., i983a). In isolated

rabbit cavennosa! tissue contracted by pheny!ephnine, SP

had a relaxant effect, reaching a maximum of 15% at a

concentration of 3 x iO_� M. The effect was enhanced

by indomethacin, reduced by 3-[(3-cholamidopropy!)-di-

methylammonio]-i-pnopane sulfonate to destroy the en-

dothelium, and blocked by L-NMMA (Azadzoi et a!.,

1992). Strips of human corpus cavennosum showed con-

tractile effects of SP at resting tension, whereas no

effects were observed in segments of the cavernosal ar-

tery (Andersson et a!., i983a; Hedlund and Andersson,

i985b). The contractant response in isolated human

erectile tissue proper is in contrast to the vasodilator
effects produced by SP in vivo in the dog (Andersson et
a!., i984b). However, the latter action may be explained

by SP causing relaxation by releasing NO and relaxation-

producing cyclooxygenase products from the endo-

thelium.

It cannot be excluded that SP is involved in the sensory

innervation of the penis (Keast and de Groat, 1989,

1992). However, available information does not suggest
that the peptide has any direct effects on corpus caver-

nosum smooth muscle or penile vessels of importance for
erection.

c. PROSTANOIDS. The human penis has the ability to

synthesize various prostanoids (Roy et al., 1984; Bonn-

man et a!., 1986; Jeremy et a!., 1986; Roy et a!., 1989),

and it has been suggested that arachidonatic cascade

products may be involved in the control of penile erec-

tion. PG dehydrogenase activity has been demonstrated
in human corpus cavernosum tissue (Roy et a!., 1989),

which may be one of the reasons why PGE1, when given

intracavernously, seldom causes prolonged erection and

pniapism (Juenemann and Alken, 1989).

Luduena and Gnigas (1972) showed that PGE1 in low

concentrations relaxed the dog retractor penis muscle,

and Klinge and Sjostnand (i977a) found in various iso-

lated mammalian smooth muscle effectons of penile erec-

tion that PGF2a contracted and PGE1 relaxed the tissues.

These findings were confirmed by Adaikan (1979) using

human tissue. Hedlund and Andersson (1985c) demon-

strated that PGF2a, PGI2, high concentrations of PGE2,

and, most potently among the prostanoids tested, the

TXA2 analogues U466i9 and U44069 contracted corpus
cavernosum and preparations of the cavernous artery at

baseline tension. The contraction-mediating prostanoid
receptor in the human corpora is most probably a TXA2-

sensitive receptor, even if the presence of more than one

contraction-mediating prostanoid receptor cannot be ex-

cluded (Hedlund et a!., i989a,b). Whether or not tone in

penile enectile tissues is maintained by stimulation of the

TXA2-sensitive receptor remains to be established. Car-

bachol completely relaxed PGF2a-contracted trabecular

preparations, but the arterial segments remained con-
tracted (Hedlund and Andersson, i985c). Both corpus

cavernosum and arterial preparations contracted by

PGF2a could be relaxed to baseline by VIP.

Hed!und and Andensson (i985c) found no contractant
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action of PGE1, but the prostanoid effectively relaxed

human trabecular tissue and segments of the cavernous

artery contracted by noradrenaline and PGF2a. Also,

PGE2 at low concentrations was shown to have a certain
relaxant action in the corpus cavernosum preparations

but was without any obvious effects in noradrenaline-

contracted arterial segments. Contributing to a direct

smooth muscle effect of PGE1, the pnostanoid has been
shown to inhibit release of noradrenaline from penile

adrenergic nerves (Porst, 1989; Mo!denings et a!., 1992).

This is of particular interest, because such an effect may

contribute to PGE1’s relaxant effect on penile erectile

tissues when it is injected intnacorporea!!y for treatment

of erectile dysfunction (Juenemann and Alken, 1989).
Muscaninic receptor stimulation has been reported to

cause synthesis and release of PGI2 in human penile

corpus cavernosum tissue (Jeremy et a!., 1986). In iso-

lated preparations of the cavernosal artery, PGI2 was
found to be highly effective as a relaxant agent in both

noradrenaline- and PGF2a-contnacted preparations.

However, the findings that PGI2 caused contraction and
had no relaxant action when added to isolated corporeal

preparations contracted by nonadrenaline and PGF2a

(Hedlund and Andensson, i985c) seems to rule out any

major role of this prostanoid in relaxation of cavernous
tissue. Supporting this view, intracavennous injection of

PGI2 in pigtailed monkeys did not increase cavernosa!

arterial blood flow, and there was a large reduction of

the cavernosa! compliance due to smooth muscle con-

traction (Bosch et a!., 1989). This does not exclude that

PGI2 may serve as a vasodi!ator in the initial phase of

penile erection, as was suggested by Andensson et a!.

(1984b), based on findings in a dog mode!. Furthermore,

during penile enlargement and blood stasis, PGI2, syn-

thesized from vascular endothe!ium as well as from the

corporeal sinusoids, may counteract local thrombosis
induced by TXA2 and other endogenous platelet aggre-

gatons.

If any of the PGs plays a physiological role in penile

erection, PGE1 seems to have the most appropriate pro-

file of action (Hedlund and Andersson, i985c).

d. HISTAMINE. Variable responses to histamine have

been demonstrated in human cavennosa! tissue: contrac-

tion, relaxation, or contraction followed by relaxation
(Adaikan and Kanim, 1977). Stimulation of H1 receptors

by 2-methyl histamine mainly caused contraction, and
stimulation of H2 receptors by 4-methyl histamine pro-

duced relaxation. Blockade of H1 receptors with mepyr-

amine enhanced the relaxant effects, and blockade of H2

receptors with bunimamide enhanced the contractile ef-

fects of histamine (Adaikan and Karim, 1977). Further

support for the existence of contraction-mediating H1
receptors and relaxation-mediating H2 receptors were

found in vivo in anesthetized baboons (Adaikan et a!.,

1991).

Kirkeby et a!. (i989b), investigating the effects of

histamine on human cavernous tissue and circumflex

veins, found no effect of histamine at basal tension but

that the amine relaxed both types of preparations when
precontracted with noradrenaline. The relaxation was

not affected by H1 (mepyramine) or H2 (cimetidine)

receptor blockade. This apparent discrepancy may be

attributed to differences in experimental approach and

also to the fact that histamine seems to be able to release
NO from the endothelium. The relaxation of noradren-

aline-contracted preparations induced by the amine

could be partly blocked by L-NNA (K.-E. Andersson and
P. Hedlund, unpublished results).

Histamine given intracorporeally has been shown to
induce erection (Nahoum et a!., 1988; Adaikan et a!.,

1991). The mechanism of the relaxant effect is unknown

but, as indicated before, may be due to stimulation of
relaxation-mediating H2 receptors as we!! as to release

of NO. Histamine, in addition, can interfere with adre-

nergic function (McGrath and Shepherd, 1976). Because

mast cells have been demonstrated in human corpus

cavennosum tissue (Sathananthan et a!., 1991), and nab-

bit erectile tissues contain histamine (Pentil!o and Van-

tiainen, 1964), it cannot be ruled out that histamine may
have a role in penile erection.

e. ADENOSINE 5’-TRIPHOSPHATE AND ADENOSINE. In

the canine penile artery, ATP was found to produce
relaxation (Bowman and Gillespie, 1983). Furthermore,

ATP was shown to induce a pronounced relaxation of

rabbit cavernosa! tissue (Broderick et a!., 1991; Tong et

a!., i992a). The response to ATP was more pronounced

than that produced by bethanechol in the same tissue

and was independent of the endothelium. It was sug-

gested that ATP is an NANC transmitter in the corpora

cavennosa and that puninengic transmission may be an
important component involved in the initiation and

maintenance of penile erection (Tong et a!., i992a). In

line with this, ATP injected intracavernously in dogs
was found to produce increases in intracavernous pres-

sure and erection (Takahashi et a!., i992b). This effect,

which was unaffected by atnopine and hexamethonium,

could be obtained without changes in systemic blood

pressure.

It is of interest that adenosine also produced full

erection when administered intracavernously in dogs
(Takahashi et a!., 1992c). Whether or not ATP or aden-

osine are involved in the physiological mechanisms of

erection, and if they may be useful alternatives in the
treatment of erecti!e dysfunction in man, remains to be
established.

E. Inhibition of Activation Mechanisms

1. Membrane hyperpolarization-potassium channel

openers. K’ channnel openers such as pinacidi!, nicor-

andil, and cromakalim relax various types of smooth

muscle cells by opening of seRb�penmeable K� channels

and subsequently hyperpolanizing cells. The hyperpolar-
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ization will prevent the opening of voltage-dependent

calcium channels, but additional mechanisms may be

involved in the relaxation (Weston and Abbott, 1987;

Cook, 1988; Hamilton and Weston, 1989; Quast and
Cook, 1989; Robertson and Steinberg, 1990; Andersson,

1992; Longman and Hamilton, 1992).

In isolated human corpus cavernosum, pinacidi! abo!-

ished spontaneous contractile activity, effectively relaxed

preparations contracted by noradrenaline, and inhibited

contractions induced by electrical stimulation of nerves.
Pinacidi! also depressed contractions induced by low

concentrations of K� and concentration-dependently in-

creased the efflux of seRb from preloaded tissue (Ho!m-
quist et a!., 1988, i990c). In isolated corpus cavernosum

from rabbit, the effects were similar to those in human

tissue. It was also shown that cromakalim was 3 to 4

times more potent than pinacidil and up to 36 times

more potent than papavenine (Holmquist et a!., 1990c).

Furthermore, in rabbit tissue, the effects of pinacidil on

contracted preparations and on seRb efflux were blocked

by glibenclamide, a selective inhibitor of ATP-dependent

K� channels (F. Holmquist and K.-E. Andensson, unpub-

!ished results).

Ginaldi and Wagner (1990) showed that pinacidil, in

high concentrations (>i05 M), may relax even com-
pletely depolarized corpus cavernosum tissue. This effect

is most probably not related to pinacidil’s K� channel-

opening action. Intracavernous injection of pinacidil pro-

duced tumescence or erection in 16 of i7 monkeys, a

result similar to that obtained with papavenine (Ginaldi

and Wagner, 1990). Although the systemic blood pressure

decreased in only one of the five monkeys in which the
blood pressure was monitored, the potential risk of sys-

temic side effects should not be disregarded. Lemakalim,
nicorandil, and pinacidi! all caused erections in a dose-

dependent manner when injected intracavernosally in

cats (Hel!stnom et a!., 1992).
Whether or not K� channel openers, alone or together

with other vasoactive agents, can be used for diagnosis

and treatment of enectile dysfunction warrants further

investigations.

2. Inhibition of calcium influx-cakium antagonists.

Fovaeus et a!. (1987b) showed that removal of calcium
from the extracellulan medium reduced, but did not abol-

ish, contractions of the human corpus cavernosum in-

duced by noradrenaline, suggesting that contractions

evoked by a-adrenoceptor stimulation are partly depend-
ent on intracellular calcium. Kimura et a!. (i990b) ar-

rived at a similar conclusion. The calcium antagonists
verapamil, diltiazem, and nifedipine a!! depressed the

response to noradrenaline but not by more than 50%

(Fovaeus et al., i987b). Diltiazem depressed the contrac-

tion induced by PGF2a to a similar extent (Kimura et a!.,
i990b). In calcium-free medium, the responses to elec-
trical stimulation were rapidly abolished (Fovaeus et a!.,

i987b). High concentrations of verapamil and diltiazem

also completely depressed electrically induced contrac-

tions, whereas nifedipine did not. This was also found in

isolated rabbit corpus cavernosum preparations (Kerfoot

et a!., 1992). As expected, the calcium antagonists were

able to completely suppress contractions induced by high

concentrations of K� (Fovaeus et a!., i987b).

Bnindley (1986) suggested that intracavernosal injec-

tion of verapamil may have a clinical potential for the

diagnosis and treatment of impotence. Considering that

the effects of verapamil to some extent may be attribut-
able to its a-adrenoceptor-blocking properties, a combi-
nation of the two actions may be more useful than

calcium channel blockade alone. Christ et a!. (1989)
found synergistic effects of a combination of papavenine

and nifedipine on isolated human enectile tissue and
suggested such a drug combination to be particularly

effective. This finding supports the view that, for calcium
antagonists to be effective for diagnosis and treatment

of enectile dysfunction, they should be combined with

other drugs.

F. Effects of Sexual Hormones

Many investigations of receptor mechanisms in penile
enectile tissue have been performed on tissue from pa-

tients undergoing gender reassignment operations after

estrogen treatment. Although it has been claimed that

hormonal treatment does not qualitatively change re-

sponses to drugs and electrical field stimulation (Adaikan

and Kanim, 1981; Hedlund and Andersson, i985a), this
is open to discussion, because systematic comparisons

between tissues from these patient groups and normal
subjects have apparently not been performed.

In isolated human corpus cavernosum pretreated with
testosterone for 30 minutes, testosterone had no effect

on contraction or relaxation (Kimura et a!., i990a). On

the other hand, castration enhanced NANC nerve-me-

diated relaxation in corpus cavernosum tissue from rab-

bits (Andersson et a!., 1992c). Because the response to

the NO donor SIN-i was the same in corpus cavennosum
tissue from controls and castrated animals, it may be

assumed that the responsiveness of the penile erecti!e

tissue to effects mediated via NO was not changed. Thus,

the hormonal changes caused by castration, which in-
dude a change in the balance between androgens and
estrogens, may stimulate the synthesis and/or release of

NO and/or suppress the noradrena!ine release from ad-

nenergic nerves. Obviously, hormonal factors may influ-
ence the response to electrical field stimulation of nerves
in corpus cavennosum tissue, which should be considered

in in vitro studies.

VI. Conclusion

In Ruch and Fulton’s textbook of medical physiology

and biophysics from 1960, Ruch (1960) began his chapter
concerning the urinary bladder by stating: “Conflicting

concepts, unphysio!ogic terminology, ignorance of fun-
damental anatomy and physiology of such structures as
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the internal sphincter,’ and the intermixture of mechan-
ical, pathologic and neural factors-al! contribute to
making bladder function a complex subject.” Bladder

function is still a complex subject, but since Ruch made
his statement, much has been done to standardize ten-

minology and to clarify fundamental morphology, phys-
iology, and pharmacology of the urogenital tract. The

field of urogenital pharmacology is rapidly expanding,
and further investigations of basic mechanisms are
needed to create a basis for effective pharmacological
treatment of voiding and erectile dysfunctions.
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