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1 We have systematically reviewed the presence, functional responses and regulation of a1-, a2- and
b-adrenoceptors in the bladder, urethra and prostate, with special emphasis on human tissues
and receptor subtypes.

2 a1-Adrenoceptors are only poorly expressed and play a limited functional role in the detrusor.
a1-Adrenoceptors, particularly their a1A-subtype, show a more pronounced expression and promote
contraction of the bladder neck, urethra and prostate to enhance bladder outlet resistance, particularly
in elderly men with enlarged prostates. a1-Adrenoceptor agonists are important in the treatment of
symptoms of benign prostatic hyperplasia, but their beneficial effects may involve receptors within
and outside the prostate.

3 a2-Adrenoceptors, mainly their a2A-subtype, are expressed in bladder, urethra and prostate. They
mediate pre-junctional inhibition of neurotransmitter release and also a weak contractile effect in the
urethra of some species, but not humans. Their overall post-junctional function in the lower urinary
tract remains largely unclear.

4 b-Adrenoceptors mediate relaxation of smooth muscle in the bladder, urethra and prostate. The
available tools have limited the unequivocal identification of receptor subtypes at the protein and
functional levels, but it appears that the b3- and b2-subtypes are important in the human bladder
and urethra, respectively. b3-Adrenoceptor agonists are promising drug candidates for the treatment
of the overactive bladder.

5 We propose that the overall function of adrenoceptors in the lower urinary tract is to promote
urinary continence. Further elucidation of the functional roles of their subtypes will help a better
understanding of voiding dysfunction and its treatment.
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Introduction

The lower urinary tract is responsible for urine storage

and voiding (see Andersson & Wein, 2004). During the storage

phase of the micturition cycle, the bladder relaxes to

accommodate increasing volumes of urine at acceptable

pressure, and the bladder neck and urethra contract to provide

resistance to prevent involuntary leakage. During the micturi-

tion phase, the bladder neck and urethral muscles relax to

allow the detrusor to contract and expel urine without major

resistance. While the prostate does not appear to play a major

physiological role in continence, its enlargement in patients

with benign prostatic hyperplasia (BPH) can increase bladder

outlet resistance and thereby disturb physiological voiding.

Diseases of the lower urinary tract are frequent in the

general population. They include the syndrome of the

overactive bladder (OAB), which is defined as urgency, with

or without incontinence, usually accompanied by frequency

and nocturia (Abrams et al., 2002), and is present in about

16% of the population aged 40 years and over (Milsom et al.,

2001). Another frequent condition is stress urinary incon-

tinence, a condition largely affecting the female population. Its

reported prevalence in the general female population ranges

between 5 and 37% (Hampel et al., 2004). The reasons for this

remarkable heterogeneity include differences between study

populations and the use of varying definitions of the condition.

More consistently, stress incontinence accounts for approxi-

mately 80% of incontinence in women (Hampel et al., 2004).

While BPH is a very frequent condition in elderly males, its

prevalence estimates depend on whether the histological

diagnosis of BPH or the associated bothersome symptoms

are assessed, the latter being reported in about 30% of men

aged 50–80 in population-based studies (Berges et al., 2001).

The autonomic nervous system plays a key role in the

regulation of lower urinary tract function (see Bannowsky &

Juenemann, 2003; Michel et al., 2005c). Its sympathetic

innervation occurs via the hypogastric nerve arising from the

nucleus intermediolateralis of spinal cord segments Th12–L2.

Noradrenaline released from these nerves can act on all three
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classes of adrenoceptors, that is, a1-, a2- and b-adrenoceptors.
Three receptor subtypes have been cloned within each of these

classes and are designated as a1A (in earlier papers, sometimes

also referred to as a1A/D or a1C), a1B, a1D, a2A (its rodent

analogue sometimes referred to as a2D), a2B, a2C, b1, b2 and b3
(see Bylund et al., 1994; Hieble et al., 1995). Multiple splice

variants of the a1A-adrenoceptor have been reported, but they

have a very similar ligand recognition profile and hence their

pharmacological relevance remains unclear (Hirasawa et al.,

1995; Chang et al., 1998; Daniels et al., 1999). Moreover, the

a1A-adrenoceptor gene product can exhibit low affinity for

prazosin and several other drugs upon expression in some cell

types, and this phenotype is often referred to as ‘a1L’ (Ford
et al., 1997; Daniels et al., 1999). Similarly, the b1-adreno-
ceptor gene product can exhibit low affinity for propranolol

and several other drugs upon expression in some cell types,

and this phenotype is sometimes referred to as ‘b4’ and

sometimes as ‘atypical b-adrenoceptor’ (Joseph et al., 2003;

2004). Moreover, it should be considered that single-nucleotide

polymorphisms exist for most of the nine cloned human

adrenoceptor subtypes, which could lead to altered tissue

responses (see Leineweber et al., 2004; Lei et al., 2005). The

present manuscript reviews the expression, functional

responses and regulation of each of these adrenoceptor sub-

types in the bladder, urethra and prostate, and discusses their

therapeutic implications and potential value as drug targets.

Bladder

The bladder stores and expels urine. The force needed to expel

it during the voiding phase of the micturition cycle is generated

by the detrusor smooth muscle (sometimes with the help of

increasing intra-abdominal pressure), which is anatomically

largely found in the bladder dome. In contrast, the bladder

neck is involved in generating resistance during the filling

phase of the micturition cycle to help prevent involuntary urine

leakage. Therefore, the bladder neck is functionally more

closely related to the urethra than to the detrusor. The trigone

and bladder base are anatomically located close to the bladder

neck. Interestingly, the bladder neck appears to have a much

denser sympathetic innervation than the detrusor, and the role

of neuronally released noradrenaline in activating adrenocep-

tors expressed in the detrusor has not been well established.

a1-Adrenoceptors

mRNA expression The presence of a1-adrenoceptor sub-

type mRNA in the urinary bladder has been assessed in rats,

mice, monkeys and humans, with rats and humans apparently

differing considerably. Using competitive RT–PCR, a1A-,
a1B- and a1D-adrenoceptors were found to account for 95, 1

and 4%, respectively, of total a1-adrenoceptor mRNA in

rat bladder (Scofield et al., 1995). Another study based upon

RNase protection assays has reported a roughly similar

abundance of all three subtypes in whole rat bladder, but did

not provide quantitative information (Malloy et al., 1998),

whereas a later, more quantitative report from those investi-

gators based upon competitive RT–PCR has shown the

presence of the three subtypes in a ratio of 70 : 5 : 25%

(Hampel et al., 2002). Microarray analysis detected hybridiza-

tion signals for the a1A-adrenoceptor, but not for any other

a-adrenoceptor subtype (Lluel et al., 2003b). For each of the

three subtypes, expression in the rat bladder base was shown to

be markedly greater than in the detrusor (Yono et al., 2004).

A predominant expression of the a1A-subtype was qualitatively
confirmed using in situ hybridization studies, which found

a strong expression of this subtype in the urothelium, a

moderate expression in smooth muscle (quantitatively similar

to that in prostate smooth muscle), but no presence in

connective tissue; bladder dome and bladder base were similar

in this regard (Walden et al., 1997). The same study also found

a very similar situation in the rhesus monkey bladder (Walden

et al., 1997). In contrast, that study detected a moderate

expression of a1A-adrenoceptors in the human bladder

dome smooth muscle (quantitatively similar to that in prostate

smooth muscle), but not in bladder dome connective tissue or

urothelium or in prostate epithelium (Walden et al., 1997).

Using real-time PCR, other investigators confirmed a

moderate expression of a1-adrenoceptor mRNA in the human

bladder (corresponding to only 3% of b-adrenoceptor mRNA
abundance), to which a1A-, a1B- and a1D-adrenoceptors
contributed 33, 53 and 14%, respectively (Nomiya &

Yamaguchi, 2003). RT–PCR studies reported a dominant

abundance of a1A- and a1D-adrenoceptor mRNA with less, if

any, a1B-adrenoceptor mRNA in the human bladder (Sigala

et al., 2004). Other investigators, using RNase protec-

tion assays, detected a1A-, a1B- and a1D-adrenoceptors in

a 34 : 0 : 66% ratio (Malloy et al., 1998). The predominance

of a1D-adrenoceptor mRNA has been confirmed in a recent

study from the same group using two independent sets of

samples using quantitative real-time PCR confirmed by

RNase protection assays (Schwinn, personal communication).

Real-time PCR studies in mice reported a1A-, a1B- and a1D-
adrenoceptors in a 42 : 8 : 50% ratio (Chen et al., 2005), that

is, in a roughly similar ratio as in the human bladder.

Taken together, the total quantity of a1-adrenoceptor mRNA
expression in the detrusor appears low. While the a1A-
adrenoceptor is the most abundant subtype in the rat bladder,

the relative contributions of a1-adrenoceptor subtypes in the

human bladder remain controversial.

Protein expression The presence of a1-adrenoceptors in the

detrusor of rats, rabbits, guinea-pigs, pigs, cats, monkeys and

humans has been examined at the protein level using

radioligand-binding studies in tissue homogenates and, in

some cases, receptor autoradiography. Using [125I]BE 2254

(also known as [125I]HEAT) as the radioligand, a low density

of a1-adrenoceptors (E7 fmolmg�1 protein) was found in rat

bladder, which was shown to represent a homogeneous

population of a1A-adrenoceptors (Hampel et al., 2002). A

low density of a1-adrenoceptors was confirmed in autoradio-

graphy studies using [3H]prazosin (Monneron et al., 2000).

Saturation-binding experiments with the a1A-selective radioli-
gand [3H]L-771,688 also detected a relatively low density of

this subtype in the rat bladder as compared to several other

tissues (Chang et al., 2000). In rabbit bladder, a slightly

greater but still only moderate a1-adrenoceptor density

(14–18 fmolmg�1 protein) was reported using [125I]BE 2254

(Tsujimoto et al., 1986) or [3H]prazosin (Latifpour et al.,

1990). Autoradiography studies using [3H]prazosin also

detected only few, if any, a1-adrenoceptors in the guinea-pig,

cat and female pig bladder (Monneron et al., 2000). Using the

same radioligand in membrane preparations, no quantifiable
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amounts of a1-adrenoceptors were detected in male or female

porcine detrusor (Goepel et al., 1997). Autoradiography

studies with [3H]prazosin found very little a1-adrenoceptor
expression at the protein level in the urothelial or smooth

muscle layers of the rhesus monkey detrusor (Walden et al.,

1997). Studies in the human detrusor using [125I]BE 2254

as the radioligand reported a low a1-adrenoceptor density

(E6 fmolmg�1 protein); based upon competition studies with

BMY 7378, 66% of these were described as a1D-adrenoceptors
(Malloy et al., 1998). A low level of a1-adrenoceptor expression
at the protein level in the detrusor was confirmed using

[125I]BE 2254 by other investigators (Sigala et al., 2004).

Using Western blots with subtype-selective antibodies, the

latter study demonstrated the presence of all three subtypes at

the protein level in the human detrusor, but did not provide

subtype-specific quantification (Sigala et al., 2004). Another

group, however, using [3H]prazosin as the radioligand, has not

detected quantifiable numbers of a1-adrenoceptors in the

human detrusor (Goepel et al., 1997). Thus, the overall density

of a1-adrenoceptors in the detrusor of various species,

including humans, is low.

The presence of a1-adrenoceptors has also been investigated

in the trigone, bladder base and/or bladder neck of several

species. In this regard, pigs appear to be the only species

where a1-adrenoceptors have not been detected in the bladder

neck (Goepel et al., 1997). In the rabbit bladder base, early

studies had found a1-adrenoceptors of an unspecified

subtype (Andersson et al., 1984; Larsson et al., 1986; Levin

et al., 1988). Direct comparative studies in rats (Monneron

et al., 2000) and rabbits (Latifpour et al., 1990) reported

greater a1-adrenoceptor binding in the trigone and bladder

base, respectively, than in the dome. Similar autoradiography

studies with [3H]prazosin found greater a1-adrenoceptor
expression in the monkey bladder base than detrusor; based

upon competition by the highly a1A-selective SNAP 5272, the

latter appeared to predominantly represent a1A-adrenoceptors
(Figure 1) (Walden et al., 1997). a1-Adrenoceptors have

also been found in the human bladder base (Levin et al.,

1988). This was confirmed by other investigators, using not

only radioligand binding but also Western blotting with

subtype-selective antibodies, which detected all three

subtypes (Sigala et al., 2004). Thus, in agreement with the

mRNA measurements, radioligand binding and receptor

autoradiography studies have detected only low densities of

a1-adrenoceptors in the detrusor of several species, including

humans; in this regard, detection by [125I]BE 2254 appears to

be more sensitive than that by [3H]prazosin. A more consistent,

and in some direct comparative studies greater, a1-adrenocep-
tor expression was seen in the trigone/bladder base/bladder

neck region. While the a1A-adrenoceptor appears to be the

most abundant subtype in healthy rats, the a1D-adrenoceptor
appears to be the most abundant subtype in humans.

In vitro function In vitro studies on the functional role of

a1-adrenoceptors in the urinary bladder have focused not

only on direct contractile effects but also on the modulation of

neurotransmitter release. The a1-adrenoceptor agonists phe-

nylephrine and methoxamine enhanced the field stimulation-

induced release of both noradrenaline and acetylcholine in

the isolated rat bladder (Somogyi et al., 1995). Phenylephrine

also increased the basal release of noradrenaline, but not

of acetylcholine. While the phenylephrine effect on acetylcho-

line release was blocked by the a1-adrenoceptor antagonist

terazosin, that on noradrenaline release was not, indicating

Figure 1 Presence of a1A-adrenoceptor protein in the lower urinary tract of the monkey. Receptors were localized by
autoradiography, using [3H]praozsin and defining non-specific binding in the presence of SNAP 5272. Receptor autoradiograms
were scanned into computer as a 16 grey scale image. The 16 grey levels corresponding to specific a1A-adrenoceptor receptor binding
were each assigned colour (see scale) to allow subtle differences in film exposure to be easily visible. Sections show bladder dome and
prostate (i), bladder trigone (ii), bladder base (iii), prostatic urethra (iv) and penile urethra (v). Key: sm (smooth muscle); ur
(urothelium); lm (longitudinal muscle). Schematic representation of monkey urinary tract together with the orientation of sectioning
planes (i)–(v) shown in (b). Taken with permission from Walden et al. (1997).
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that the latter may have been b-adrenoceptor-mediated. The
increased acetylcholine release was accompanied by an

enhancement of field stimulation-induced contraction, which

was mainly seen at low-frequency nerve stimulation and at low

extracellular Ca2þ concentrations. It was concluded that

cholinergic nerve terminals in rat bladder express a1-adreno-
ceptors that facilitate acetylcholine release. Later studies

from these investigators confirmed the initial observations

and further demonstrated that the facilitation of acetylcholine

release was largely, if not exclusively, mediated by a1A-
adrenoceptors (Szell et al., 2000). An a1-adrenoceptor-
mediated depolarization of parasympathetic nerves in the

vesical ganglia has also been demonstrated in cats (Nakamura

et al., 1984).

The possible direct contractile effects of a1-adrenoceptor
stimulation have been investigated in rat, rabbit, guinea-pig

and human bladder. In the rat detrusor, a1-adrenoceptor
agonists such as phenylephrine produced only weak contrac-

tions, that is, in the range of 10–43% of those reached by

muscarinic receptor stimulation or receptor-independently by

KCl (Kolta et al., 1984; Somogyi et al., 1995; Lluel et al., 2000;

2003a, b; Szell et al., 2000). The effect appears to be mediated

by a subtype with low affinity for the a1D-selective BMY 7378,

most likely the a1A-adrenoceptor (Lluel et al., 2003b).

Interestingly, and in line with the data on a1-adrenoceptor
expression at the protein level (see above), the phenylephrine-

induced contraction was about three times as large in rat

bladder neck as compared to the detrusor (Lluel et al., 2003a).

One study demonstrates that the weak direct contractile

effects of a1-adrenoceptor agonists in the rat detrusor occur

via chloroethylclonidine-sensitive a1B- or a1D-adrenoceptors,
that is, a different subtype than the one mediating enhanced

acetylcholine release and hence indirect contractile effects

(Szell et al., 2000). The direct contractile effects of a1-
adrenoceptor agonists in the rabbit detrusor were also weak

(Ueda et al., 1984; Tsujimoto et al., 1986; Latifpour et al.,

1990). However, several direct comparative studies demon-

strate greater a1-adrenoceptor-mediated contraction in rabbit

trigone (Ueda et al., 1984) and bladder base (Latifpour et al.,

1990). Interestingly, some data show that the a1-adrenoceptor
subtype mediating the contraction of rabbit trigone, bladder

base and/or bladder neck resembles the cloned a1A-adreno-
ceptor (Honda & Nakagawa, 1986; van der Graaf et al., 1997;

Kava et al., 1998; Williams et al., 1999), but has relatively low

affinity for prazosin (pA2 8.0–8.4), indicating that it may

belong to the a1L-phenotype of the a1A-adrenoceptor (Lefevre-
Borg et al., 1993; Deplanne & Galzin, 1996; van der Graaf

et al., 1997; Kava et al., 1998; Williams et al., 1999) (a more

detailed discussion of the a1L-phenotype is given in the prostate
section). Based upon the high potency of the antagonist

L-771,688 (also known as SNAP 6383) in inhibiting the

contractile effects of the agonist A61603, the receptor

mediating contraction of the monkey bladder neck was also

classified as being a1A (Chang et al., 2000).

In analogy to rats and rabbits, studies in the human detrusor

have found only very weak contraction (up to 5% of the

maximum muscarinic response) by the a1-adrenoceptor agonist
phenylephrine (Nomiya & Yamaguchi, 2003). A more robust

contraction was observed in studies with the human bladder

base and bladder neck (Caine et al., 1975). In the latter tissue,

contraction was potently elicited by the a1A-selective agonist

A-61603 and inhibited potently by the a1A-selective antagonist

L-771,688 (Chang et al., 2000). In contrast to the rabbit

bladder neck, however, responses in the human bladder base

exhibited high potency for prazosin (pA2 8.9) (Kunisawa et al.,

1985), indicating that the a1L-phenotype of the a1A-adreno-
ceptor was not involved.

In contrast to rats, rabbits and humans, a1-adrenoceptor
stimulation in the isolate guinea-pig bladder did not enhance,

but rather inhibited, the amplitude and frequency of phasic

contractions (Gillespie, 2004), but the reasons for such

species differences remain unclear. Thus, in most species,

including humans, a1-adrenoceptor stimulation produces only

weak detrusor contraction, whereas a stronger contraction is

observed for the trigone, bladder base and/or bladder neck.

The physiological relevance of this, however, remains unclear,

since the bladder neck appears largely under the control of the

parasympathetic (and perhaps nonadrenergic–noncholinergic)

rather than the sympathetic nervous system (Deplanne

et al., 1998).

In vivo function The in vivo analysis of a role for

a1-adrenoceptors in the regulation of bladder function is

complicated by the fact that both central and peripheral

receptors may be involved and may serve distinct functions. In

anaesthetized rats, intra-thecal injections of prazosin inhibited

bladder contraction evoked from the locus coeruleus

(Yoshimura et al., 1988). Using continuous cystometry in

conscious rats, doxazosin given intra-thecally was shown to

reduce the size of the bladder pressure (Ishizuka et al., 1996b).

Two studies have investigated the a1-adrenoceptor subtypes

involved in the central stimulation of bladder contraction.

Reductions in the height of isovolumetric contraction were

reported for the a1A-adrenoceptor antagonist RS 100,329 given
intra-thecally and for the moderately a1B-selective antagonist

(þ )-cyclazosin; however, the latter effect was not dose-related

(Yoshiyama & De Groat, 2001). Further, both drugs increased

the frequency of these contractions, while the a1D-adrenocep-
tor antagonist BMY 7378 had no effect. Naftopidil, which may

have some selectivity for a1D-adrenoceptors, given intra-

thecally, was reported to inhibit the appearance of regular

isovolumetric bladder contractions and reduce their height

(Sugaya et al., 2002). In addition, tamsulosin, which has high

affinity for both a1A- and a1D-adrenoceptors, was also reported
to inhibit the appearance of these contractions. These studies

demonstrate that central, most likely spinal, a1-adrenoceptors
are involved in stimulating bladder contractility, and that

an a1A-adrenoceptor is the most likely candidate mediating

such effects.

Studies with systemic administration of a1-adrenoceptor
antagonists have yielded less consistent results. For example,

i.v. a1-adrenoceptor antagonists inhibited the sympathetic

control of the bladder by reducing hypogastric nerve activity

(Danuser & Thor, 1995; Ramage & Wyllie, 1995) and somatic

activity to the urethra (Danuser & Thor, 1995). However,

spontaneous bladder contractions, presumably mediated by

the parasympathetic nervous system, were unaffected (Ramage

& Wyllie, 1995). Others compared the intra-thecal and

intra-arterial effects of doxazosin, phentolamine, prazosin,

tamsulosin and yohimbine upon cystometric parameters in

anaesthetized rats (Jeong & Lee, 2000); based upon differences

between drugs and modes of administration, these authors

proposed that a1-adrenoceptors suppress the micturition

effect via a peripheral mechanism, whereas a2-adrenoceptors
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do so via a central mechanism. Finally, antagonists selective

for a1A-, a1B- and a1D-adrenoceptors, that is, RS-100,329,

RS-51,385 and BMY 7378, given i.v. to anaesthetized rats,

were found to have no effect on bladder contraction height

induced by infusion of saline into the bladder, but the

associated reflex urethral contractions were attenuated by

blockade of a1A/D-adrenoceptors (Conley et al., 2001). Both

RS-100,329 and BMY 7378 also decreased resting urethral

pressure. The failure to see any changes in evoked bladder

contraction may reflect a difference in the method being

used to evoke it and/or the route of administration. How-

ever, the increase in frequency observed for intra-thecal

a1A-adrenoceptor antagonists would be expected to be

translated into a decrease in the volume threshold, but this

was also not observed.

Thus, despite some ongoing controversies, the overall in vivo

data suggest that at a spinal level a1-adrenoceptors are

probably involved in mediating bladder contractions and

decreasing the frequency of micturition. Therefore, systemi-

cally administered a1-adrenoceptor antagonists that penetrate
into the central nervous system may predominantly inhibit

bladder contractions. On the other hand, a1-adrenoceptors
are also involved in the peripheral control of the sympathetic

supply to the bladder and thus storage. In this respect,

stimulation of the hypogastric nerve has also been shown

to facilitate cholinergic transmission at the level of the pelvic

ganglia via the action of a1-adrenoceptors (Keast et al., 1990)

and thus also enhancing bladder contractions. Interestingly, it

has been reported that in anaesthetized dogs the a-adreno-
ceptor agonist midodrine did not affect bladder capacity

in young animals, but reduced it in old animals (Takahashi

et al., 1996).

Treatment with a very high dose of the a1-adrenoceptor
antagonist doxazosin (30mgkg�1 orally) was reported to

attenuate obstruction-induced bladder hypertrophy (Das

et al., 2002). However, these findings are difficult to interpret

since another study in nonobstructed rats found that

doxazosin (2 or 4mgkg�1 s.c. plus 4mgkg�1 orally) increased

the weight of the bladder base and, in at least some dose

groups, upregulated a1A-adrenoceptor mRNA in the bladder

base (Yono et al., 2004), and also because the doxazosin doses

in both studies are very high as compared to a therapeutic dose

of 4–8mg per patient. Such high doses of doxazosin may

have growth-inhibiting or apoptotic effects on the lower

urinary tract, which are independent of a1-adrenoceptors
(Walden et al., 2004).

Regulation of receptor expression and function Some

studies have investigated a possible regulation of the role of

a1-adrenoceptors in bladder function by gender, ageing and

bladder outlet obstruction. Expression of a1A-adrenoceptor
mRNA was similar in the detrusor and bladder base of male

and female rats (Walden et al., 1997), and the number of

a1-adrenoceptor-binding sites was also similar in the detrusor

and bladder base of male and female rabbits (Latifpour et al.,

1990). A study in humans confirmed a lack of gender effect on

a1-adrenoceptor binding in detrusor and bladder neck, but

found a significantly greater a1-adrenoceptor density in female

than in male trigone; this study also reported on the quantity

of a1A-, a1B- and a1D-adrenoceptor mRNA in all three regions

of both genders, but did not provide a statistical analysis of the

observed differences (Sigala et al., 2004).

Ageing studies on a1-adrenoceptors in the bladder have been
reported for rats, rabbits and dogs. A comparison of 7-, 17-

and 29-month-old Fischer rats did not detect significant

alterations in the maximum effects or potency of phenylephr-

ine (Kolta et al., 1984). This was confirmed in studies on 10-

and 30-month-old female (Lluel et al., 2000) and male Wistar

rats (Lluel et al., 2003b), as well as in 6- and 24-month-old

male Sprague–Dawley rats (Lluel et al., 2003a). However, the

former two studies surprisingly reported a markedly increased

noradrenaline-induced contraction in aged animals, which was

not explained by a possible a2-adrenoceptor stimulation (Lluel

et al., 2000; 2003b). Since the same studies did not detect

differential expression of any a-adrenoceptor subtype in a

microarray analysis, the phenylephrine findings appear some-

what more plausible than the noradrenaline findings. Ageing

was also reported not to affect the number of a1-adrenoceptor-
binding sites in detrusor and bladder base of 6 months vs

4.5–5-year-old male or female rabbits (Latifpour et al., 1990).

On the other hand, studies in anaesthetized dogs found

reductions of bladder capacity upon systemic administration

of the a1-adrenoceptor agonists in 68-month-old, but not in

12-month-old, animals; the interpretation of these findings,

however, is complicated by the fact that the old dogs had been

parous, whereas the young ones were nonparous (Takahashi

et al., 1996). Thus, the overall data suggest that neither gender

nor ageing has a major effect on a1-adrenoceptor function in

the bladder.

Due to the high prevalence of BPH, bladder outlet

obstruction is frequent in elderly men. Since it has been

speculated that the a1-adrenoceptor antagonist-induced symp-

tom relief in BPH patients may involve effects on bladder

function (see Michel, 2002; Roehrborn & Schwinn, 2004),

potential alterations of a1-adrenoceptors have been investi-

gated in the bladder of animal models of obstruction and

in patients. Studies in a rat model of obstruction found an

unchanged total a1-adrenoceptor mRNA and radioligand

binding. However, this was accompanied by a reduction of

a1A- and an increase of a1D-adrenoceptor mRNA; in competi-

tion-binding experiments, a1D-adrenoceptors had been unde-

tectable in control rats, but represented approximately 40%

of all a1-adrenoceptors in obstructed animals (Hampel et al.,

2002). The contractile effects of phenylephrine were reported

to remain unchanged in obstructed patients (Nomiya &

Yamaguchi, 2003). Further studies are needed to define the

role of a1-adrenoceptors in the detrusor in settings of bladder

outlet obstruction.

Clinical implications In conclusion, a1-adrenoceptors
appear to play a small functional role if any in the detrusor

of healthy animals and humans. Since some of the beneficial

effects of a1-adrenoceptor antagonists in BPH patients cannot

easily be explained solely based upon prostatic a1-adrenocep-
tors (see the section on prostate), it nevertheless appears

plausible that those located in the detrusor may have

therapeutic relevance. This hypothesis, however, remains to

be tested. In a similar vein, it has been reported in a small

group of patients with spinal cord injury that treatment with

the a1-adrenoceptor antagonist terazosin increases bladder

compliance and results in less incontinence and dysreflexia

(Swierzewski et al., 1994), but it remains unclear whether

this reflects a direct effect on the bladder or an indirect effect.

On the other hand, a1-adrenoceptors may play a more
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prominent functional role in the bladder neck and hence the

regulation of bladder outlet resistance. Antagonizing their

function may contribute to the beneficial effects of a1-
adrenoceptor antagonists in BPH patients (see the section on

prostate), whereas their stimulation provides a potential target

in the treatment of stress incontinence (see the section on

urethra).

a2-Adrenoceptors

mRNA and protein expression To the best of our knowl-

edge, the presence of a2-adrenoceptor subtype mRNA in the

bladder has not been reported. At the protein level, however,

radioligand-binding studies have detected a2-adrenoceptors
in the detrusor and bladder base/bladder neck of rabbits

(Andersson et al., 1984; Levin et al., 1988; Latifpour et al.,

1990), pigs (Goepel et al., 1997) and humans (Levin et al.,

1988; Goepel et al., 1997). Their density in the rabbit bladder

base was reported to be smaller (Levin et al., 1988), larger

(Andersson et al., 1984) and similar (Latifpour et al., 1990)

to that of a1-adrenoceptors within the same tissue. In the

porcine and human bladder, their density (15–25 and

40 fmolmg�1 protein, respectively) clearly exceeded that of

a1-adrenoceptors, but was somewhat smaller than that of

b-adrenoceptors within the same study (Goepel et al., 1997).

In competition-binding experiments in porcine and human

bladder, a predominant, if not exclusive, population of

a2A-adrenoceptors was found (Goepel et al., 1997).

In vitro function Only few studies have assessed the

functional role of a2-adrenoceptors in the bladder. The pre-

junctional inhibition of neurotransmitter release from both

post-ganglionic sympathetic and parasympathetic nerve term-

inals is the best-established function of a2-adrenoceptors in

most tissues. Consistent with this concept, a2-adrenoceptor
stimulation inhibited field stimulation-induced contraction

of rat bladder in a tetrodotoxin, but not hexamethonium-

sensitive, manner (Santicioli et al., 1983; Maggi et al., 1985).

Moreover, a2-adrenoceptor stimulation also inhibits parasym-

pathetic nerve activity in the bladder of rabbits (Tsurusaki

et al., 1990) and cats (Nakamura et al., 1984; Keast et al.,

1990) by an effect on the vesical parasympathetic ganglion.

Despite the considerable abundance of a2-adrenoceptors
in bladder homogenates, their post-junctional function has

not been established as they do not mediate contractile effects

in the rabbit detrusor (Ueda et al., 1984), whole guinea-pig

bladder (Gillespie, 2004) or human bladder base (Kunisawa

et al., 1985).

In vivo function In vivo studies on a2-adrenoceptor function
in the bladder are often difficult to interpret because central

and peripheral a2-adrenoceptor stimulation may not have the

same effects; they may even partly counteract each other and

their relative roles may depend on the use of anaesthetized

vs conscious animals. In anaesthetized rats a2-adrenoceptor
stimulation reduced volume-induced bladder contraction (Maggi

et al., 1985; Harada & Constantinou, 1993). Using somewhat

different methods, an opposite conclusion was drawn from

a more recent study (Jeong & Lee, 2000). However, all of these

studies agree that the site of action of the a2-adrenoceptor
agonists and antagonists is in the spinal cord rather than in the

periphery. An initial report in conscious rats reported that

intra-thecal and intra-arterial (close the bladder) administra-

tion of an a2-adrenoceptor agonist reduced micturition

pressure, bladder capacity and micturition volume; while

an a2-antagonist inhibited the effects of intra-thecal agonist,

it mimicked those of the peripheral administration (Ishizuka

et al., 1996a). In contrast, other studies found that

a2-adrenoceptor agonists increase the frequency of bladder

contractions (Durant et al., 1988; Kontani et al., 2000) and

voiding (Harada & Constantinou, 1993), but the interpretation

of this finding would be complicated by a diuretic effect of

the agonist (Harada & Constantinou, 1993). Similar to the

situation in anaesthetized rats, all of the above studies agree

that a2-adrenoceptors in the spinal cord are likely to be the

main source of modulation of bladder function.

Regulation of receptor expression and function Studies

in rabbit detrusor or bladder base reported a similar a2-
adrenoceptor density in male and female animals as well as in

young (6 months) and old (4.5–5 years) rabbits (Latifpour

et al., 1990). A study in male and female pigs confirmed the

lack of gender difference in detrusor and bladder neck, with

a2A-adrenoceptors being the only detectable subtype in all

groups (Goepel et al., 1997). Based upon all of the above data,

a2-adrenoceptors are not considered a promising target for the

treatment of voiding disorders.

b-Adrenoceptors

mRNA expression The presence of b-adrenoceptors in the

rat and human bladder at the mRNA level has been studied

using Northern blots, PCR and in situ hybridization.

Messenger RNA for all three b-adrenoceptor subtypes has

been detected in rats (Seguchi et al., 1998; Fujimura et al.,

1999; Matsubara et al., 2002). It has been claimed that the b3-
adrenoceptor may be the most abundant subtype (Fujimura

et al., 1999), but no specific quantitative data were reported.

Studies in the human bladder have also detected mRNA for

all three b-adrenoceptor subtypes (Fujimura et al., 1999;

Igawa et al., 1999; Takeda et al., 1999; Li et al., 2003; Nomiya

& Yamaguchi, 2003). Based upon quantitative PCR experi-

ments, it appears that the b3-adrenoceptor accounts for more
than 95% of all b-adrenoceptor mRNA in the human bladder

(Nomiya & Yamaguchi, 2003). The presence of b3-adrenocep-
tor mRNA in the human detrusor has also been confirmed in

in situ hybridization studies (Takeda et al., 1999).

Protein expression The identification of b-adrenoceptors at
the protein level is typically based upon binding studies with

radioligands such as [125I]iodocyanopindolol, [125I]iodopindo-

lol, [3H]CGP 12,177 or [3H]dihydroalprenolol. [125I]iodocya-

nopindolol and [3H]CGP 12,177 have much lower affinity for

b3- than for b1- or b2-adrenoceptors (Hoffmann et al., 2004;

Baker, 2005). Data from our lab confirm this and further

demonstrate that [3H]dihydroalprenolol yields a similarly poor

labelling of b3-adrenoceptors (Niclauss et al., unpublished

observations), a finding that is entirely consistent with the low

b3-adrenoceptor affinity of unlabelled alprenolol (Hoffmann

et al., 2004). While high concentrations of [125I]iodocyanopin-

dolol and [3H]CGP 12,177 have successfully been used to label

b3-adrenoceptors in transfected cells, the use of similarly high

concentrations in tissues yields very high nonspecific binding

and will saturate b1- and b2-adrenoceptors. Both problems
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make the detection of b3-adrenoceptors in tissues expressing

mixed b-adrenoceptor subtype populations virtually impossible.
A potential alternative would be the use of a b3-adrenoceptor-
selective radioligand such as [3H]SB 206,606. However, this

ligand has only high nanomolar affinity for b3-adrenoceptors
(Kd values of 200–500 nM) (Muzzin et al., 1994; Klaus et al.,

1995). Therefore, [3H]SB 206,606 is also a poor choice for the

labelling of b3-adrenoceptors in tissues. These technical

limitations must be considered when interpreting existing

radioligand-binding data in the bladder and other tissues.

Radioligand-binding studies on bladder b-adrenoceptors
have been reported for rats, rabbits, pigs and humans.

Saturation-binding studies with various radioligands have

reported 6–42 fmolmg�1 protein in rats (Nishimoto et al.,

1995; Ma et al., 2002), 60–92 fmolmg�1 protein in rabbits

(Levin et al., 1988; Latifpour et al., 1990; Morita et al., 1998),

30–154 fmolmg�1 protein in pigs (Goepel et al., 1997;

Yamanishi et al., 2002b, c) and 22–60 fmolmg�1 protein in

humans (Levin et al., 1988; Goepel et al., 1997; Morita et al.,

2000; Li et al., 2003). Limited attempts have been made to

identify the receptor subtypes in the bladder by radioligand

binding. Based upon competition studies with the b2-selective
antagonist ICI 118,551 and a b1-selective antagonist, sites in

the rabbit (Latifpour et al., 1990) and human bladder (Goepel

et al., 1997) were reported to largely belong to the b2-subtype.
On the other hand, three studies in the porcine bladder

detected few, if any, high-affinity sites for ICI 118,551, and the

b1-selective antagonist CGP 20,712A recognized largely low-

affinity sites in those studies (Goepel et al., 1997; Yamanishi

et al., 2002b, c). Two of the studies additionally report about

60% high-affinity sites for SR 59,230A (Yamanishi et al.,

2002b, c); the latter authors interpreted these findings as

evidence in favour of the presence of a population of largely

b3-adrenoceptors. However, three reasons argue against this

interpretation: Firstly, ICI 118,551 may not be b2-selective in
pigs (Goepel et al., 1996), which make the low affinity of this

compound in the porcine bladder difficult to interpret.

Secondly, while SR 59,230A can be used to functionally block

b3-adrenoceptors, it is not selective for this subtype and, at

least in humans, has even slightly lower affinity for b3- than for
b1- and b2-adrenoceptors (Hoffmann et al., 2004). Thirdly, the

radioligands used in all of the above studies are unlikely to

label a major fraction of possibly present b3-adrenoceptors
due to their low affinity for this subtype (at least in humans;

see above). Therefore, we consider the presently available pig

data to be inconclusive. This does not exclude the presence

of b3-adrenoceptors at the protein level in any of these species,

but the currently available radioligand-binding techniques

are probably inadequate to detect their presence. Hence,

the reported densities of b-adrenoceptors in the bladder

may represent an underestimation if the additional presence

of b3-adrenoceptors is taken into account.

In vitro function Since activation of adenylyl cyclase is the

prototypical signalling pathway of b-adrenoceptors, it is not
surprising that an isoprenaline-stimulated, propranolol-sensi-

tive elevation of cAMP content has also been reported in

rat bladder (Derweesh et al., 2000; Ma et al., 2002; Uchida

et al., 2005). However, various recent studies have questioned

whether this can sufficiently explain b-adrenoceptor-mediated
smooth muscle relaxation (Horinouchi et al., 2003; Peters &

Michel, 2003; Tanaka et al., 2003). One study in rat bladder

demonstrated that the concentration–response relationships

for isoprenaline, clenbuterol and FR 165,101 for relaxa-

tion and cAMP elevations were largely superimposable in

noncontracted muscle; however, no such relationship was

observed during KCl-induced contraction (Uchida et al.,

2005). Accordingly, the adenylyl cyclase inhibitor SQ 22,536,

in a concentration where it fully suppressed cAMP formation,

inhibited rat bladder relaxation by all three agonists in the

absence of pre-contraction, but not in its presence (Uchida

et al., 2005). Similarly, SQ 22,536 and the protein kinase

A inhibitors H7, H89 and Rp-cAMPs, if anything, inhibited

isoprenaline-induced relaxation of rat bladder only against

passive tension, but not against KCl-induced tension in

another study (Frazier et al., 2005a). These data demonstrate

that, at least in rats, elevation of cAMP is relevant for the

regulation of bladder smooth muscle tone against passive

tension, but not in the presence of a depolarizing stimulus such

as KCl. Interestingly, a combination of adenylyl and guanylyl

cyclase inhibitors (SQ 22,536 and ODQ) caused the strongest

inhibition of relaxation against passive tension, but was also

inactive against KCl-induced tension (Frazier et al., 2005a).

A possible modulation of membrane potential, ion-channel

activity and intracellular ion concentrations has been studied

as an alternative means of b-adrenoceptor control of bladder
function. In guinea-pig bladder smooth muscle bundles

exhibiting spontaneous action potentials, isoprenaline was

found to hyperpolarize the cells, prevent action potentials

and reduce the associated Ca2þ transients; the elevation

of membrane potential was blocked by protein kinase

A inhibitors and by high extracellular Kþ concentrations,

but not by Kþ channel inhibitors (Nakahira et al., 2001). In

other studies, both isoprenaline and the receptor-independent

adenylyl cyclase activator forskolin were shown to increase

iberiotoxin-sensitive Kþ currents in guinea-pig bladder

smooth muscle cells, and such stimulation was sensitive to

a peptidergic inhibitor of protein kinase A (Kobayashi et al.,

2000). In a later study, these investigators also demonstrated

propranolol-sensitive isoprenaline inhibition of Ba2þ current

through L-type Ca2þ channels due to a shift of steady-state for

inactivation by 11mV; this effect was apparently mediated

by protein kinase A, but did not involve protein kinase

G (Kobayashi et al., 2003). Other investigators reported

that isoprenaline caused marginal increases in Ca2þ currents

after large conditioning depolarizations (but not in their

absence) in the guinea-pig bladder, and that this effect was

not mimicked by forskolin (Smith et al., 1999). On the

other hand, a third group found that isoprenaline causes

intracellular Ca2þ sparks and activates voltage-dependent

Ca2þ channels in guinea-pig bladder, and proposed that

this may underlie the activation of large-conductance, iber-

iotoxin-sensitive Kþ channel (Petkov & Nelson, 2005).

Differences in the electrophysiological procedures used by

the two groups may have contributed to this apparent

controversy. Activation of iberiotoxin-sensitive Kþ channels

can relax the urinary bladder (Malysz et al., 2004). Several

studies have assessed the functional relevance of ion

channel modulation by b-adrenoceptor stimulation. Studies

using KCl-precontracted bladder strips from guinea-pigs

(Kobayashi et al., 2000) or rats (Frazier et al., 2005a;

Uchida et al., 2005) have consistently found that Kþ channel

blockers such as iberiotoxin or charybdotoxin inhibit

isoprenaline-induced bladder relaxation. Interestingly, the
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latter two studies also report that relaxation against passive

tension is not sensitive to those toxins.

Prostaglandins may play a role in bladder contraction by

several agents such as protease-activated receptors or brady-

kinin (Nakahara et al., 2003; 2004; Chopra et al., 2005).

Therefore, it is surprising that prostaglandins were also

postulated to play a permissive role for b-adrenoceptor-
mediated relaxation of the urinary bladder (Bolle et al., 1999).

The key function of b-adrenoceptors in the bladder is

smooth muscle relaxation and an increase in bladder

compliance during the filling phase of the micturition cycle.

The interpretation of in vitro bladder relaxation experiments

has to take into account that the results are sensitive to the

experimental conditions. Thus, it has been found that the

b-adrenoceptor agonist isoprenaline was approximately six

times more potent when tested against passive tension than

when tested against KCl-induced bladder tone in rats (Frazier

et al., 2005a; Uchida et al., 2005). This is consistent with

indirect comparisons in the published literature, where a pEC50

for isoprenaline of 8.3 (Yamazaki et al., 1998) vs 7.2

(Longhurst & Levendusky, 1999) and of 9.1 (Yamazaki

et al., 1998) vs 7.3 (Oshita et al., 1997) were reported in rats

and rabbits, respectively, for passive tension vs pre-contrac-

tion. In a comparison between KCl-induced and carbachol-

induced tension in rat isolated detrusor, isoprenaline was

significantly less potent and effective against the latter (Long-

hurst & Levendusky, 1999). Moreover, the choice of passive

tension vs pre-contraction for relaxation experiments may also

affect the underlying signal transduction of the b-adrenoceptor
response (Frazier et al., 2005a; Uchida et al., 2005). A second

methodological consideration relates to the use of muscarinic

receptor agonists to induce bladder pre-contraction in

combination with b-adrenoceptor agonists such as BRL

37,344 to induce relaxation. This drug has affinity for

muscarinic acetylcholine receptors in the same concentration

range where it acts as a b-adrenoceptor agonist (Kubota et al.,

2002); hence, data using this combination may at least partly

reflect direct muscarinic receptor antagonism rather than

b-adrenoceptor agonism (see below).

A relaxation of bladder smooth muscle by b-adrenoceptor
agonists has been demonstrated against passive tension (Igawa

et al., 2001; Takeda et al., 2002a), endothelin receptor-

mediated (Takeda et al., 2003), muscarinic receptor-mediated

(Seguchi et al., 1998; Nomiya & Yamaguchi, 2003) and KCl-

induced pre-contraction (Nishimoto et al., 1995; Yamanishi

et al., 2003a) or against field stimulation-induced tone

(Nishimoto et al., 1995; Hudman et al., 2001). Moreover,

relaxation responses have been demonstrated in the detrusor of

various species, including rats (Kolta et al., 1984; Nishimoto

et al., 1995; Oshita et al., 1997; Seguchi et al., 1998; Yamazaki

et al., 1998; Fujimura et al., 1999; Longhurst & Levendusky,

1999; Lluel et al., 2000; Morita et al., 2000; Woods et al., 2001;

Matsubara et al., 2002; Inci et al., 2003; Malysz et al., 2004;

Uchida et al., 2005; Frazier et al., 2005a), mouse (Matsui et al.,

2003), rabbits (Oshita et al., 1997; Morita et al., 1998; 2000;

Yamazaki et al., 1998; Bing et al., 2003), guinea-pigs (Li et al.,

1992; Gopalakrishnan et al., 1999; Kobayashi et al., 2000;

Malysz et al., 2004), ferrets (Takeda et al., 2000a), cats

(Nergardh et al., 1977), dogs (Yamazaki et al., 1998), pigs

(Yamanishi et al., 2002b, c; 2003a), monkeys (Takeda et al.,

2002a) and humans (Nergardh et al., 1977; Fujimura et al.,

1999; Igawa et al., 1999; 2001; Takeda et al., 1999;

Morita et al., 2000; Nomiya & Yamaguchi, 2003). In contrast,

b-adrenoceptor stimulation did not consistently relax the basal
tone of the human bladder neck (Caine et al., 1975).

Some studies have performed direct inter-species compar-

isons regarding the ability of b-adrenoceptor agonists to

induce bladder relaxation. Such comparisons of, for example,

rat vs dog (Takeda et al., 2003), rat vs rabbit (Oshita et al.,

1997) or rat vs rabbit vs dog (Yamazaki et al., 1998) have

consistently reported that the maximum effects of an agonist

without subtype selectivity, such as isoprenaline, were similar

in various species. However, within the same study, the rank

order of isoprenaline potency consistently was rabbit4rat4
dog, suggesting that rabbits may have the largest and dogs the

smallest receptor reserve for this response, respectively. Similar

inter-species comparisons with subtype-selective b-adrenocep-
tor agonists are more difficult to interpret, since the subtype

being involved may differ between species.

Functional studies into the b-adrenoceptor subtypes mediat-
ing bladder relaxation have been hampered by several

problems. Firstly, some drugs proposed to be b3-adrenocep-
tor-selective agonists may have effects independent of

b-adrenoceptors. For example, it was reported that both

BRL 37,344 and SR 58,611 can cause vasodilatation, which is

insensitive to b-adrenoceptor antagonists (Brahmadevara

et al., 2003). Moreover, BRL 37,344 was reported to be a

direct muscarinic receptor antagonist (Kubota et al., 2002) and

a1-adrenoceptor antagonist (Leblais et al., 2005). Secondly, no

truly b3-adrenoceptor-selective antagonist has been described.

Thus, SR 59,230, the most frequently used drug to antagonize

b3-adrenoceptors, does not discriminate human b-adrenocep-
tor subtypes (Hoffmann et al., 2004) and, similarly to the

chemically related bupranolol, may also be an a1-adrenoceptor
antagonist (Leblais et al., 2005). When binding to b3-
adrenoceptors, SR 59,230 may exhibit agonist rather than

antagonist properties in some tissues (Horinouchi & Koike,

2001). Such limitations should be taken into account when

interpreting the functional data presented below.

Studies in various species have used agonist and antagonist

potency to identify the functional involvement of b-adreno-
ceptor subtypes in bladder relaxation. Since absolute agonist

potency may differ between species even for nonsubtype-

selective agonists (see above), the former approach has used

either rank orders of potency of various agonists or the

potency of highly subtype-selective agonists to classify the

receptor subtype being involved. Most studies have been

reported from rats. Based upon a high potency of b3-selective
agonists such as CL 316,243 (Woods et al., 2001) and FK175

(Fujimura et al., 1999), it has been proposed that rat bladder

relaxation predominantly occurs via this subtype. However,

studies assessing the rank order of potency of multiple

subtype-selective agonists have proposed a mixed involvement

of b2- and b3-adrenoceptors in rat bladder relaxation in most

cases. These were based upon rank orders such as isoprena-

line¼ procaterol (b2-selective)4CL 316,2434dobutamine

(b1-selective) (Takeda et al., 2003), CL 316,243Xisoprenali-

neXprocaterol (Takeda et al., 2000b), isoprenalineXCL

316,243Xprocaterol4dobutamine (Yamazaki et al., 1998),

BRL 37,344Xisoprenaline (Oshita et al., 1997), isoprena-

line¼GS-332 (b3-selective)Xclenbuterol (b2-selective) (Morita

et al., 2000) or isoprenaline4FR 165101 (b3-selective)Xclen-

buterol�dobutamine (Uchida et al., 2005). One study, based

upon a rank order of agonist potency of isoprenaline4BRL
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37,344XT-0509 (b1-selective)4terbutaline (b2-selective)XSR

58,611 (b3-selective), has even proposed a mixed involvement

of b1-, b2- and b3-adrenoceptors in rat bladder relaxation

(Longhurst & Levendusky, 1999). Antagonist studies have

reported that ICI 118,551 inhibits the effects of clenbuterol

against low-, but not high-frequency field stimulation (Hud-

man et al., 2000). Relaxant effects of the b3-agonist FK175
were moderately inhibited by the nonselective bupranolol, but

not by even high concentrations of the b1-selective CGP 20,712

or the b2-selective ICI 118,551 (Fujimura et al., 1999).

Similarly, relaxation induced by BRL 37,344 was not inhibited

by low propranolol concentrations, but by CGP 12,177 or SR

59,230 when added atop of propranolol; in the same study,

relaxation by CGP 12,177 was not affected even by high

propranolol concentrations (Longhurst & Levendusky, 1999).

These data indicate that b2- and b3-selective agonists may

indeed cause rat bladder relaxation via their cognate receptor

subtypes. With regard to nonsubtype-selective agonists such as

isoprenaline or noradrenaline, several studies report relatively

poor antagonism by propranolol, metoprolol, butoxamine

or ICI 118,551 (Oshita et al., 1997; Seguchi et al., 1998;

Longhurst & Levendusky, 1999). However, SR 59,230, which

should inhibit the cloned b3-adrenoceptor, also caused only

poor isoprenaline antagonism (Longhurst & Levendusky,

1999). Taken together, these data argue against a strong

involvement of b1- and b2-adrenoceptors, but also fail to

provide clear evidence for a b3-adrenoceptor. Interestingly, the
isoprenaline-induced cAMP response in rat bladder was fully

sensitive to propranolol (Ma et al., 2002), which is in line with

the proposal that b-adrenoceptor-mediated bladder relaxation

occurs largely cAMP-independent (Frazier et al., 2005a;

Uchida et al., 2005).

In vitro relaxation studies in rabbit bladder have reported

agonist rank orders of potency of isoprenalineX

adrenaline4noradrenalineXBRL 37,344 (Oshita et al.,

1997), procaterol4isoprenaline4adrenalineXCGP 12,1774
noradrenalineXdobutamine4CL 316,243 (Yamazaki et al.,

1998) or clenbuterol�GS-332 (Morita et al., 2000). Propra-

nolol, bupranolol and ICI 118,551 antagonized the isoprena-

line-induced relaxation with high potency, whereas CGP

20,712, in concentrations up to 100 nM, had no effect (Oshita

et al., 1997; Yamazaki et al., 1998). Taken together, these

data demonstrate that relaxation of the rabbit detrusor is

predominantly mediated by a b2-adrenoceptor.
In the porcine detrusor, there was a rank order of potency of

salbutamol (b2-agonist)4noradrenaline4BRL 37,3444CGP

12,177 (the latter two being partial agonists only); while the

BRL 37,344 response was antagonized by SR 59,230, the

corresponding Schild slope was significantly smaller than unity

(Yamanishi et al., 2002a). The same investigators also reported

a low potency of BRL 37,344 sensitive to SR 59,233 in the

porcine bladder base (Yamanishi et al., 2002c). More recently,

these authors also reported porcine bladder base relaxation by

isoprenaline and salbutamol (Yamanishi et al., 2003a). CGP

20,712 did not inhibit the isoprenaline responses, whereas

propranolol and ICI 118,551 caused inhibition, but with a

Schild slope of less than unity; in contrast, ICI 118,551

inhibited the salbutamol responses with high potency and a

Schild slope close to unity. Another group of investigators

found an order of potency of isoprenaline¼ adrenalineX

procaterolXBRL 37,3444CGP 12,177Xsalbutamol4CL

316,243Xnoradrenaline; in this regard, BRL 37,344, CL

316,243 and, surprisingly, noradrenaline were reported to be

partial agonists and CGP 12,177 was found to be a weak

partial agonist (Badawi et al., 2005). Taken together, these

findings suggest that both b2-adrenoceptors and an additional

subtype, possibly b3-adrenoceptors, mediate porcine bladder

relaxation.

Data from several other animal species are too limited or

controversial to allow definitive conclusions. In guinea-pigs,

a predominant role of b1-adrenoceptors was proposed based

upon relaxation by dobutamine, but not by BRL 37,344,

salbutamol or clenbuterol, and antagonism of the isoprenaline,

noradrenaline and adrenaline responses by atenolol

(Yamamoto et al., 1998). Another study also proposed an

involvement of b1-adrenoceptors based upon partial antagon-

ism of the isoprenaline response by metoprolol, but reported

an even greater role of b2-adrenoceptors based upon partial

agonism by salbutamol and terbutaline and antagonism of the

isoprenaline response by ICI 118,551 (Li et al., 1992). A more

recent study based upon whole bladder contraction reported

relaxation by noradrenaline and BRL 37,344, but not by

formoterol (b2-selective) (Gillespie, 2004). Limited data from

one study in cats have suggested a predominant involvement of

b1-adrenoceptors (Nergardh et al., 1977). One study in ferrets

has proposed a primary involvement of b3-adrenoceptors
based upon an agonist rank order of potency of BRL

37,3444CGP 12,177XisoprenalineXCL 316,2434dobutami-

neXprocaterol and upon antagonism of the isoprenaline

response by SR 58,894, but not by CGP 20,712 or ICI

118,551 (Takeda et al., 2000a). One study in dogs reported an

agonist rank order of potency of CL 316,2434isoprenali-

neXCGP 12,1774noradrenalineXdobutamineXprocaterol-

Xadrenaline, and that the isoprenaline-induced relaxation

was inhibited with high potency by bupranolol, but not by

CGP 20,712 or ICI 118,551 (Yamazaki et al., 1998); the same

group later confirmed the rank order of CL 316,2434dobu-

tamineEprocaterol (Takeda et al., 2003), suggesting predomi-

nantly an involvement of b3-adrenoceptors. A study in

Cynomolgus monkeys found an agonist rank order of potency

of isoprenaline4noradrenalineXCGP 12,1774BRL 37,344X

adrenaline4dobutamineXsalbutamolXprocaterol, with the

b1-selective xamoterol being a very weak partial agonist; the

effects of isoprenaline were inhibited by bupranolol, but not

by CGP 20,712 or ICI 118,551 (Takeda et al., 2002a),

suggesting a predominant involvement of a b3-adrenoceptor.
Early reports on human bladder relaxation already pro-

posed that this does not occur via a b1- or b2-adrenoceptor
(Nergardh et al., 1977). Several more recent studies suggest

that it indeed occurs via a b3-adrenoceptor. Igawa et al. (1998)

originally reported relaxation of the human bladder (inhibited

by bupranolol), whereas dobutamine, procaterol and CGP

12,177 caused much smaller if any relaxation. Thereafter,

they reported an agonist order of potency of BRL 37,344X

isoprenalineXnoradrenalineXadrenalineXCGP 12,177XCL

316,243; in that study, isoprenaline responses were inhibited

by SR 58,894, but only poorly by ICI 118,551 and not at all by

CGP 20,712 (Figure 2) (Igawa et al., 1999). Another study

from the same group reported an order of BRL 37,344X

isoprenaline4CGP 12,177XCL 316,243, with all but isopre-

naline being partial agonists (Igawa et al., 2001). Another

study reported a rank order of potency of BRL 37,3444CGP

12,1774isoprenaline, with the former two being partial

agonists only, and the b3-adrenoceptor agonist ZD 7114 being
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a very poor partial agonist; the isoprenaline responses were

inhibited by SR 59,230, but not by butoxamine and atenolol

(Takeda et al., 1999). In another study, isoprenaline and the

b3-adrenoceptor selective agonist L 755,507, but not dobuta-

mine or clenbuterol, relaxed carbachol-contracted human

bladder strips (Nomiya & Yamaguchi, 2003). A very recent

study reported a rank order of potency of isoprenaline4pro-

caterol¼CL 316,243¼ salbutamol, with the latter three

compounds being considerably less effective than isoprenaline

(Badawi et al., 2005). Finally, GS 332 was found to be more

potent in the human bladder than clenbuterol in another study

(Morita et al., 2000). In agreement with the predominant

expression of b3-adrenoceptor mRNA in the human bladder

(see above), these data demonstrate that this subtype is also

most important for bladder relaxation in vitro. With the

possible exception of ferrets and monkeys, the role of this

subtype in other animal species is less prominent.

In vivo function Functional in vivo effects on bladder

function can be assessed in several ways. Noninvasive studies

frequently look at micturition frequency, which is a key

symptom of OAB (see Abrams et al., 2002). Invasive studies

are based upon the insertion of a catheter coupled to a pressure

transducer into the bladder and subsequent filling of the

bladder endogenously or by installation of fluid. This allows

various types of measurements, including the frequency

of bladder contractions, maximum detrusor pressure, filling

volume at first contraction or bladder compliance, all of which

are typically also assessed in urodynamic studies in humans

(see Abrams et al., 2002). Moreover, it should be considered

that the effects of systemically administered drugs on bladder

function are not necessarily mediated by drug targets

located in the bladder (see the above section on bladder

a1-adrenoceptors). Finally, the use of anaesthetized vs con-

scious animals may differentially affect the endogenous

sympathetic tone.

Studies in rats (Lecci et al., 1998; Takeda et al., 2000b; 2003;

Kaidoh et al., 2002; Tucci et al., 2002), ferrets (Takeda et al.,

2000a) and monkeys (Takeda et al., 2002a) demonstrate that

b-adrenoceptor agonists such as isoprenaline can reduce intra-

vesical pressure, indicating that this is a consistent feature in

biology. On the other hand, propranolol had little, if any,

effects on bladder function on its own (Durant et al., 1988),

indicating that either there is little endogenous b-adrenergic
tone under the chosen experimental conditions and/or that the

receptor mediating the bladder effects is propranolol-insensi-

tive, that is, distinct from b1- and b2-adrenoceptors. Consistent
with the latter possibility, neither i.v. terbutaline nor oral

propranolol affected intra-vesical pressure in healthy women

(Thind et al., 1993b), but both drugs caused small increases in

bladder volume in another study in healthy women (Norlen

et al., 1978).

A comparison of intra-peritoneal vs intra-thecal adminis-

tration of isoprenaline in conscious, chronically instrumented

rats with measurement of the contraction frequency of the

urinary bladder demonstrated a peripheral site of action

(Durant et al., 1988). This is consistent with the finding that

b-adrenoceptor agonists reduce bladder pressure both in

conscious (Kaidoh et al., 2002) and anaesthetized rats (Lecci

et al., 1998; Takeda et al., 2000b; 2003; Tucci et al., 2002).

In a model of distension-induced bladder activity under

isovolumetric conditions in urethane-anaesthetized rats,

the reduction of intra-vesical pressure by i.v. isoprenaline

decreased with increasing intra-vesical volumes (Lecci et al.,
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b2-antagonist ICI 118,551 and the nonselective antagonist SR 58,894. Taken with permission from Igawa et al. (1999).
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1998), possibly reflecting a physiological increase in endogen-

ous b-adrenergic tone with increased bladder filling. In

pentobarbital-anaesthetized rats, isoprenaline-induced reduc-

tion of bladder tone was attenuated by the cyclooxygenase

inhibitor indomethacin, the Ca2þ flux blocker ruthenium red

and the neurokinin A receptor antagonist MEN-10376,

whereas the phosphodiesterase inhibitor papaverine did not

affect them (Tucci et al., 2002). These data were interpreted

to suggest that b-adrenoceptor-mediated bladder relaxations

in vivo involve prostaglandins, neurokinin A and capsaicin-

sensitive nerve fibres. Moreover, the lack of effect of

papaverine is consistent with a cAMP-independent relaxation

that has been demonstrated in vitro (Frazier et al., 2005a;

Uchida et al., 2005).

In urethane-anaesthetized rats, isoprenaline, the b2-agonist
procaterol and the b3-agonist CL 316,243 dose-dependently

lowered intra-vesical pressure; CL 316,243 also increased

bladder capacity and micturition intervals and reduced

micturition pressure, whereas procaterol only increased

bladder capacity and residual volume (Takeda et al., 2000b).

Neither drug altered the total micturition volume, but their

combination had somewhat greater effects on micturition

interval, bladder capacity and residual volume than either drug

alone. In conscious, unrestrained rats, i.v. procaterol did not

affect voiding pressure relative to vehicle, and had little effect

on bladder capacity, whereas CL 316,243 had no effect on

bladder capacity but reduced voiding pressure (Kaidoh et al.,

2002). Both procaterol and CL 316,243 reduced intra-vesical

pressure in another study in urethane-anaesthetized rats; the

procaterol effect was inhibited by ICI 118,551 and the CL

316,243 effect by the b3-adrenoceptor antagonist L 748,337,

whereas neither antagonist affected the response to the other

agonist (Takeda et al., 2003). In pentobarbital-anaesthetized

ferrets, isoprenaline and CL 316,243 dose-dependently reduced

bladder pressure, whereas dobutamine and procaterol had

little effect (Takeda et al., 2000a). Taken together, these

data suggest that both b2- and b3-adrenoceptors contribute to
bladder relaxation in rats in vivo, whereas only b3-adrenocep-
tors are involved in ferrets. Both conclusions are consistent

with the available in vitro data (see above).

In this context, it is interesting to note that the

b3-adrenoceptor agonists (in contrast to nonsubtype-selective

or b2-selective agonists) consistently had only small, if any,

cardiovascular effects in the above studies (Takeda et al.,

2000b; 2003; Kaidoh et al., 2002), indicating a possible safety

advantage. On the other hand, two b3-adrenoceptor agonists,
ZD 7114 and ZD 2079, were reported to induce cystitis and

renal tubular necrosis upon chronic dosing in male and female

rats (Waghe et al., 1999), but it remains unclear whether this

is a specific effect of these two compounds or related to their

mechanism of action; moreover, it is unclear whether this

is limited to rats or can be extrapolated to other species.

Regulation of receptor expression and function A possi-

ble gender effect on b-adrenoceptor-mediated regulation of

bladder function has been studied in rabbits and rats.

Radioligand-binding studies with [3H]dihydroalprenolol as

the radioligand have found a significantly greater receptor

number in young female as compared to young male rabbits in

the bladder base, but no such differences were seen in the

bladder base of older rabbits or in the bladder dome of either

age group (Latifpour et al., 1990). Another study with the

same radioligand confirmed a greater receptor number in

the trigonal part (but not the detrusor) of young adult female

as compared to male rabbits (Morita et al., 1998). Within

the same study, this was confirmed functionally by a greater

isoprenaline-induced relaxation in female than in male

trigonal, but not detrusor muscle. Similarly, a study on

ovariectomized Wistar rats reported a reduced potency for

BRL 37,344 in relaxing bladder strips as compared to control-

or oestrogen-treated ovariectomized rats; similar differences

for isoprenaline did not reach statistical significance

(Matsubara et al., 2002). On the other hand, relaxant

responses for the weak partial agonist CGP 12,177 were

reduced in female relative to male Wistar rats, but no such

alterations was seen for the agonists BRL 37,344, isoprenaline

and noradrenaline (Frazier et al., 2005b).

A regulation of b-adrenoceptor responsiveness with age has

been demonstrated in several species. A binding study with

[3H]dihydroalprenolol reported that the number of b-adreno-
ceptors increased in rabbit bladder dome and base with age

(Latifpour et al., 1990). In contrast, a study using [125I]iodo-

pindolol in 1- vs 3- vs 22-month-old male Fischer 344 rats

reported an age-related decrease in receptor density (Nishi-

moto et al., 1995). A similar decrease in [3H]dihydroalprenolol-

binding sites was also reported for human bladder (Li et al.,

2003). Consistent with these findings, an age-related reduction

of isoprenaline-stimulated cAMP formation has been found

in a comparison of bladders from 3-, 6- and 24-month-old

male Fischer 344 rats (Derweesh et al., 2000). The latter was

accompanied by an increase in the expression of a-subunits of
Gs, Go and Gi proteins, with the latter two increasing more

than Gs and hence shifting the overall balance towards

inhibition rather than stimulation of adenylyl cyclase. In line

with these biochemical findings, it was reported from a

comparison of 1- vs 3- vs 22-month-old male Fischer 344 rats

that bladder relaxation by noradrenaline or isoprenaline

against KCl-induced tone was attenuated, involving a reduc-

tion in agonist potency and maximum effects; isoprenaline

effects against field stimulation-induced tone were similarly

reduced (Nishimoto et al., 1995). Within that study, relaxation

responses to forskolin, but not those to dibutyryl-cAMP,

were also reduced with age, indicating that an alteration prior

to cAMP formation rather than in cAMP responsiveness

is involved. While these biochemical and functional studies

in male Fischer 344 rats are consistent with a reduced

b-adrenoceptor function with age, not all studies have

confirmed that. Thus, one study in 7- vs 17- vs 29-month-old

male Fischer 344 rats detected no alteration in the potency or

efficacy of isoprenaline to relax isolated bladder strips (Kolta

et al., 1984). Similarly, a study in 3- vs 23-month-old male

Wistar rats reported similar concentration-dependent bladder

strip relaxation by isoprenaline, noradrenaline, BRL 37,344

and CGP 12,177 in both age groups (Frazier et al., 2005b).

A study in 10- vs 30-month-old female Wistar/Rij rats

also found similar isoprenaline-induced bladder strip relaxa-

tion in both age groups (Lluel et al., 2000). Finally, a study

comparing newborn, 1- and 4-month-old Sprague–Dawley rats

also did not detect alterations of b-adrenoceptor-mediated
bladder relaxation (Tugay et al., 2003), a finding probably

more related to development than to ageing. In this context,

it should be noted that studies on age-related differences of

muscarinic receptor responsiveness in the bladder have found

major strain differences, with Wistar rats most closely
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resembling the situation in humans (Schneider et al., 2005). A

single and limited study in humans has reported that bladder

relaxation responses to isoprenaline and BRL 37,344 and

also receptor-independently to forskolin and dibutyryl-cAMP

are lower in a group of subjects in their mid-60s than in

those in their late 20s (Li et al., 2003), indicating that the

observed difference may at least partly relate to an overall

reduced ability to relax rather than a specific b-adrenoceptor
desensitization.

Several studies have investigated the effects of b-adreno-
ceptor agonists in animal models of bladder dysfunction. Some

of them compared such effects with those in healthy animals to

test the possible alterations by disease, whereas other studies

looked at the pathological condition only to determine

whether b-adrenoceptor agonists might be effective therapeu-
tics in such settings. Spontaneously hypertensive rats are a

genetic animal model, which exhibits several features of OAB,

including increased urinary frequency and reduced bladder

capacity. A comparison of male spontaneously hypertensive

with normotensive Wistar Kyoto rats detected a reduced

bladder relaxation in response to noradrenaline and isoprena-

line, but not to the partial agonist BRL 37,344 (Frazier et al.,

2005b). OAB-like symptoms can also occur secondarily to

bladder outlet obstruction. CL 316,243 dose-dependently

inhibited spontaneous bladder contraction in obstructed rats,

but a direct comparison with healthy rats (who have much less

if any such spontaneous contractions) was not reported

(Woods et al., 2001). When bladder hyper-reflexia was induced

by intra-vesical installation of acetic acid, CL 316,243 also

concentration-dependently reduced bladder contractions; com-

parison to the obstruction data from the same study indicates

that the hyper-reflexic model may be more sensitive to this

agonist (Woods et al., 2001). Bladder hyperactivity can also be

induced by intra-vesical installation of prostaglandin E2. In

this model, CL 316,243 dose-dependently increased micturi-

tion interval and micturition volume and decreased basal

pressure, whereas threshold pressure and micturition pressure

were not affected; on the other hand, procaterol reduced

threshold pressure, but did not significantly affect the other

parameters (Takeda et al., 2002b). Bladder hyper-reflexia

can also be induced by cerebral infarction, which impairs

some of the central nervous control of the bladder. While

CL 316,243 had little effect on bladder capacity in control

animals, it dose-dependently restored the reduced bladder

capacity in cerebral infarction rats, and a similar restoration

of bladder capacity was seen with procaterol; neither drug

normalized voiding pressures within the tested dose range

(Kaidoh et al., 2002).

Few studies have looked into alterations of b-adrenoceptor
responsiveness in the bladder of patients. A limiting factor

of all these studies is the problem of obtaining tissue from

matched healthy controls. Apparently tumour-free tissue from

cancer patients is most frequently used as control; while this

appears the only feasible option, it remains unclear how

representative such tissue is for healthy subjects. One study

compared the relaxation of isolated bladder strips without pre-

contraction by the b-adrenoceptor agonists isoprenaline, BRL
37,344, CL 316,243 and CGP 12,177 in patients with low

bladder compliance, hyperreflexic bladders and controls;

agonist potency was similar in all three groups for each

agonist, and maximum effects were also similar across groups

for the agonists, except for an increased effect of CGP 12,177

in low-compliance bladders (Igawa et al., 2001). Another study

has reported on the relaxation of field stimulation-contracted

bladder strips from patients with urodynamically confirmed

urge incontinence with those from continent patients without a

history of incontinence; clenbuterol caused only weak relaxa-

tion in control subjects at both 1 and 40Hz stimulation, but

significantly greater relaxation in strips from incontinent

patients (Hudman et al., 2001). A comparison of bladder

from males with and without bladder outlet obstruction

detected statistically significant differences in the abundance

of b1-, b2- or b3-adrenoceptor mRNA between groups;

similarly, potency and maximum effects of isoprenaline and

the b3-selective L 755,507 were similar in both groups (Nomiya

& Yamaguchi, 2003). Taken together, the limited available

animal and human data do not provide conclusive evidence for

an alteration of b-adrenoceptor function in states of bladder

dysfunction.

Clinical implications The available data demonstrate that

b-adrenoceptor agonists relax urinary bladder from various

species including humans. In humans, this occurs largely, if not

exclusively, via a b3-adrenoceptor. Several animal studies

suggest that selective b3-agonists will have much fewer, if

any, cardiovascular side effects as compared to agonists acting

on other b-adrenoceptor subtypes (Takeda et al., 2000b; 2003;

Kaidoh et al., 2002). Moreover, b-adrenoceptor agonists

improved symptoms in various rat models of bladder

dysfunction, and small pilot studies reported beneficial

effects with terbutaline (Lindholm & Lose, 1986) and

clenbuterol (Gruneberger, 1984). Against this background,

several pharmaceutical companies are developing b3-adreno-
ceptor agonists for the treatment of OAB. Some of them

have recently reported positive proof-of-concept studies

with their selective agonists in OAB patients; while none of

the underlying studies have published in the peer-reviewed

literature, such findings would seem to indicate that

bladder b3-adrenoceptors are a potentially important drug

target.

Urethra

The urethra functions not only as a passive conduit for the

urine being passed from the bladder but also actively

contributes to bladder outlet resistance and hence the

maintenance of continence during the filling/storage phase of

the micturition cycle. In contrast to the other tissues covered in

this manuscript, the urethra contains both smooth muscle,

frequently referred to as the ‘internal urethral sphincter’, and

striated muscle, frequently referred to as the ‘external urethral

sphincter’. Since sympathetic fibres primarily innervate the

smooth muscle, much of the data reviewed below refer to the

smooth muscle portion of the urethra only. However, it should

be noted that striated urethral muscle also expresses adreno-

ceptors and that centrally located adrenoceptors may indir-

ectly affect striated muscle function in the urethra by

modulating the activity of the somatic pelvic nerves (see

Michel et al., 2005c). Moreover, studies on the urethra have

often been used as a substitute for the prostate in the

evaluation of a1-adrenoceptor antagonist for the treatment of
LUT symptoms suggestive of BPH.
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a1-Adrenoceptors

mRNA and protein expression The presence of a1-adreno-
ceptors in the urethra has been assessed at the mRNA and

protein level. Studies in rats have detected a rank order of

abundance of a1A4a1BXa1D using real-time PCR (Yono et al.,

2004). In the human proximal urethra, RNase protection

assays detected the a1A-adrenoceptor as the most abundant

subtype in male and female samples, whereas a1D-adrenoceptor
mRNA was seen only in female samples and a1B-adrenoceptor
mRNA in neither; this resulted in an a1A : a1B : a1D ratio

of 100 : 0 : 0 in males and 90 : 0 : 10 in females (Nasu et al.,

1998). In situ hybridization studies confirmed these findings

and localized the a1A-signal to the urethral smooth muscle

(Nasu et al., 1998). In situ hybridization studies in the penile

urethra of the rhesus monkey have found no a1A-adrenoceptor
signal in the urothelium or surrounding connective tissue, but

in the smooth muscle and longitudinal striated muscle layers

(Walden et al., 1997), with the functional significance of the

latter remaining unclear.

Receptor autoradiography studies under conditions prefer-

entially detecting a1A-adrenoceptors confirmed the presence of

this subtype at the protein level in smooth and longitudinal

muscle layers of the monkey urethra (Figure 1) (Walden et al.,

1997). Radioligand-binding studies in tissue homogenates

confirmed the presence of a1-adrenoceptors in the rabbit

urethra; these studies demonstrated an abundance similar to

that in bladder base and exceeding that in the detrusor

(Andersson et al., 1984; Larsson et al., 1986; Latifpour et al.,

1990; Testa et al., 1993). Within the rabbit urethra, proximal

and distal parts were reported to express similar a1-adreno-
ceptor densities (Larsson et al., 1986). A study comparing

urethral a1-adrenoceptors in multiple species in radioligand-

binding experiments found a rank order of abundance of

rat4human4dog4rabbit; based upon a lack of their

inactivation by chloroethylclonidine, it was proposed that

the a1-adrenoceptors in these species belong largely, if not

exclusively, to the a1A-subtype (Testa et al., 1993). Thus, the

urethra of various species including humans contains a1-
adrenoceptors at the mRNA and protein levels, which appear

to largely belong to the a1A-subtype.

In vitro and in vivo functions Various studies have

assessed the role of a1-adrenoceptors in the contractile tone

of the urethra. Most of these were done in rabbits, but limited

data have also been presented for rats, dogs and humans. In

contrast to the bladder and prostate (see above and below),

the adrenoceptor-mediated contraction of the rabbit urethra

involves both a1- and a2-adrenoceptors (Ueda et al., 1984;

Larsson et al., 1986). Field stimulation studies indicate that

the proximal urethra appears largely under the control of

the parasympathetic nervous system, whereas the medial

and distal urethra are to a larger extent controlled by the

sympathetic nervous system (Deplanne et al., 1998). The

overall contribution of an a-adrenoceptor mechanism relative

to muscarinic mechanism to nerve stimulation-induced ure-

thral contraction appears limited (van der Werf & Creed,

2002). Nevertheless, it was found that the potency of an a1-
adrenoceptor agonist did not differ between rabbit proximal

and distal urethra (Larsson et al., 1986). A study involving

multiple subtype-selective antagonists found that the contrac-

tion of the rabbit urethra is mediated by the a1A-adrenoceptor

(Testa et al., 1993). This was confirmed by a high affinity of

the moderately a1A-selective tamsulosin in other studies on

rabbit urethra (Honda & Nakagawa, 1986). However, multiple

studies have demonstrated that the a1A-adrenoceptor mediat-
ing the contraction of rabbit urethra has rather low affinity

for prazosin (Lefevre-Borg et al., 1993; Testa et al., 1993;

Deplanne & Galzin, 1996; van der Graaf et al., 1997),

demonstrating that it exhibits the a1L-phenotype of the a1A-
adrenoceptor (see also sections on bladder and prostate).

Mechanistically, it was reported that a1A-adrenoceptor-
mediated contraction of the rabbit urethra is moderately

sensitive to inhibition by the Ca2þ -entry blocker nifedipine

(Testa et al., 1993). Apparently, a1-adrenoceptor-mediated
urethral contraction has also been demonstrated in rats (Lluel

et al., 2003a), dogs (Testa et al., 1993) and humans (Kunisawa

et al., 1985). However, the latter was reported to differ from

the situation in rabbits in two important ways: Firstly,

contraction of the human urethra appeared to involve only

a1- and no a2-adrenoceptors. Secondly, the a1-adrenoceptor-
mediating contraction of the human urethra exhibited high

affinity for prazosin, indicating that it does not represent the

a1L-phenotype repeatedly found in rabbits.

Two studies in anaesthetized cats found that hypogastric

nerve-induced urethral contraction is a1-adrenoceptor-
mediated (Lefevre-Borg et al., 1993; Springer et al., 1994).

The a1-adrenoceptor agonist midodrine also increased urethral
pressure in anaesthetized rats (Takeda et al., 2003). Studies

with several subtype-selective a1-adrenoceptor and 5-HT

receptor antagonists demonstrate that a1A/D-adrenoceptors
and 5-HT1A receptors are involved in urethral contraction

via the micturition reflex; the anatomical location of these

receptors has not been fully clarified (Conley et al., 2001).

Studies in healthy women found that prazosin (1mg kg�1)

reduced the intra-urethral static pressure, but did not

affect responses to coughing or squeezing (Thind et al., 1992;

1993a). Numerous other in vivo studies on the effects of

a1-adrenoceptor agonist and antagonists on intra-urethral

pressure (IUP) have been performed in animals, but the

observed effects can largely be attributed to effects on prostatic

rather than urethral a1-adrenoceptors (Akiyama et al., 1999),

and hence will be discussed in the prostate section of this

manuscript (see below).

Regulation of receptor expression and function Few

studies have investigated a physiological or pathophysiological

regulation of urethral a1-adrenoceptors. They were reported

not to be affected by gender at the mRNA level in humans

(Nasu et al., 1998) or at the protein level in rabbits (Latifpour

et al., 1990). In contrast, a1-adrenoceptor-mediated urethral

contraction was reported to be markedly reduced in 24- vs

6-month-old rats (Lluel et al., 2003a). One study reported that

chronic treatment with a high dose of the antagonist doxazosin

upregulates a1A-adrenoceptor mRNA in rat urethra; however,

this finding remains difficult to interpret, since several other

dosing regimens within the same study did not reveal such

upregulation (Yono et al., 2004).

Clinical implications Based upon the contribution of

the urethra to bladder outlet resistance and the role of

a1-adrenoceptors in controlling urethral tone, a1-adrenocep-
tors are a potential target in the treatment of stress inconti-

nence. Several a1-adrenoceptor agonists, particularly those
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with selectivity for the a1A-subtype, have been developed pre-

clinically for this indication, including NS-49 (Obika et al.,

1995), A-61603 (Knepper et al., 1995) and Ro 115–1240 (Blue

et al., 2004). The latter compound has been successfully tested

in a clinical proof-of-concept study in stress incontinence

patients (Musselman et al., 2004), but its clinical development

has been discontinued due to undisclosed reasons. Whether the

beneficial effects of the combined serotonin/noradrenaline

uptake inhibitor duloxetine in stress incontinence apart

from its spinal cord-mediated enhancement of the somatic

pudendal nerve activity also involve a direct effect on the

urethral smooth muscle remains to be determined (see Michel

et al., 2005c).

a2-Adrenoceptors

mRNA and protein expression To the best of our knowl-

edge, the presence of a2-adrenoceptor subtype mRNA in the

urethra has not been reported. At the protein level, urethral

a2-adrenoceptors have repeatedly been identified in radio-

ligand-binding studies in rabbits (Andersson et al., 1984;

Larsson et al., 1986; Latifpour et al., 1990). One of these

studies found that the density of a2-adrenoceptors increases

from the proximal to the distal urethra (Larsson et al., 1986).

Based upon prazosin affinity, the urethral a2-adrenoceptors
appear to belong largely, if not exclusively, to the a2A-subtype
(Latifpour et al., 1990), which is consistent with those in

bladder and prostate (see above and below). The density of

rabbit urethral a2-adrenoceptors appears not to be regulated

by gender or age (Latifpour et al., 1990).

In vitro and in vivo function Functionally, in contrast to

the studies in the bladder and prostate (see above and below),

a2-adrenoceptors can elicit urethral contraction, which is

quantitatively at least as strong as that mediated by a1-
adrenoceptors, in rabbits (Andersson et al., 1984; Ueda et al.,

1984; Larsson et al., 1986) and horses (Garcia-Sacristan et al.,

1984). In line with the finding that a2-adrenoceptor expression
increases in the distal urethra, an enhanced a2-adrenoceptor-
mediated contraction was found in this part of the rabbit

urethra (Larsson et al., 1986). In line with the in vitro data in

rabbits, in vivo studies in dogs reported that i.v. clonidine can

increase IUP via an a2-adrenoceptor, and that this effect

accounted for about 50% of that of adrenaline; whether the

difference between the two is due to an a1-adrenoceptor
component in the adrenaline response or due to the partial

agonism of clonidine remains to be determined (Shapiro

et al., 1987). In contrast to rabbits and dogs, however, no

a2-adrenoceptor-mediated contraction of the human urethra

was found in vitro (Kunisawa et al., 1985). Therefore, little

consideration has been given to the possibility of urethral

a2-adrenoceptors being a potential therapeutic target in

urological disease.

b-Adrenoceptors

mRNA and protein expression To the best of our knowl-

edge, the presence of b-adrenoceptor subtype mRNA in the

urethra has not been reported. We are aware of only three

studies that have quantified urethral b-adrenoceptors at the

protein level using radioligand binding. One study reported a

similar receptor density in the urethra of young and old male

and female rabbits (Latifpour et al., 1990). Within the study,

the b-adrenoceptor density in the urethra was somewhat lower

than that in the bladder base and much lower than in the

detrusor. In all four groups, the b2-selective antagonist ICI

118,551 had a much higher affinity in competition-binding

studies than the b1-selective antagonist ICI 89,406, indicating
that the urethral b-adrenoceptors in the rabbit urethra belong

largely, if not exclusively, to the b2-subtype. A study in female

pigs demonstrated binding sites with a low affinity for the

b1-selective CGP 20,712A, whereas the b2-selective ICI 118,551
yielded biphasic fits with approximately 30% high-affinity

sites; SR 59,230A, an antagonist that is often used to block b3-
adrenoceptors but is not selective for this subtype and actually

has slightly higher affinity for b1- and b2-adrenoceptors
(Hoffmann et al., 2004), yielded monophasic competition

curves (Yamanishi et al., 2002c). These data are difficult to

interpret (see the above discussion of data on bladder base

from same paper). The low affinity of CGP 20,712A appears to

exclude the presence of b1-adrenoceptors. While it would be

logical to assume that the low-affinity component of the ICI

118,551 competition curves represents b3-adrenoceptors, the
study has used [3H]dihydroalprenolol as the radioligand, which

is unlikely to detect b3-adrenoceptors (Hoffmann et al., 2004).

Finally, one study has used [125I]iodocyanopindolol to detect

b-adrenoceptors in the human external urethral sphincter, but

no detailed subtype characterization was performed (Morita

et al., 2000). Therefore, the identity of the b-adrenoceptor
subtype in the urethra remains unclear.

In vitro function Functional in vitro studies on urethral

b-adrenoceptors have been performed in rat, dog, pig and

horse. In rats and dogs, the maximum relaxant effects of

several b-adrenoceptor agonists were only about half of those
seen in bladder detrusor or trigone within the same study; the

maximum relaxant effects were greater in the proximal than in

the distal canine urethra (Takeda et al., 2003). Attempts to

identify the b-adrenoceptor subtype mediating urethral relaxa-
tion have been based upon rank orders of potency of subtype-

selective agonists and on their inhibition by subtype-selective

antagonists. In the rat urethra, the b2-selective agonist

procaterol was more potent than the b3-selective CL 316,243,

and the b1-selective dobutamine was least potent (Takeda

et al., 2003). Limited data in the equine urethra indicate

involvement of a b2-adrenoceptor (Garcia-Sacristan et al.,

1984). In the canine urethra, the agonist rank order of potency

was procaterol4dobutamine¼CL 316,243, which clearly

differed from that observed in the detrusor within the same

study, where CL 316,243 had been the most potent agonist

(Takeda et al., 2003). In the porcine urethra, the b3-selective
BRL 37,344 was more potent than the nonselective isoprena-

line, with the b2-selective salbutamol being least potent

(Yamanishi et al., 2003b). BRL 37,344 relaxed the urethra

about 300 times more potently than the bladder base

(Yamanishi et al., 2002c). The nonselective antagonist

propranolol inhibited isoprenaline-induced relaxation with

high potency (pA2 8.55), but had a Schild slope of less than

unity (Yamanishi et al., 2003b). While even high concentra-

tions of the b1-selective CGP 20,712A had no effect against

isoprenaline, the b2-selective ICI 118,551 inhibited the effects

of both salbutamol and isoprenaline with high potency and

a Schild slope close to unity (Yamanishi et al., 2003b). SR

59,230A inhibited the effects of BRL 37,344 (Yamanishi et al.,
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2002c) and isoprenaline (Yamanishi et al., 2003b), with

apparent pA2 values of 7.72 and 7.38, respectively, but in

either case the Schild slope was less than unity, which makes

interpretation of the data difficult. Taken together, these data

demonstrate that the functional importance of b-adrenocep-
tors for smooth muscle tone in the urethra, particularly in its

distal parts, is less than in the bladder. This is consistent with

the lower b-adrenoceptor expression level in the urethra as

compared to the bladder (Latifpour et al., 1990). This is also in

line with studies demonstrating that the nerve stimulation-

induced relaxation of the urethra is largely mediated by NO,

whereas b-adrenergic mechanisms account for a minor

component only (van der Werf & Creed, 2002). Relaxation

of the rat, dog and pig urethra appears to involve a strong

b2-adrenoceptor component; an additional involvement of a

b3-adrenoceptor appears possible, particularly in the porcine

urethra, whereas b1-adrenoceptors do not appear important in
either species. Since the urethra also contains striated muscle

(external urethral sphincter), it appears interesting to note

that b-adrenoceptor stimulation has been reported to

cause contraction of the striated urethral muscle (possibly via

b2-adrenoceptors), which may contribute to the overall effects

on urethral resistance (Morita et al., 2000).

In vivo function A possible in vivo role of urethral

b-adrenoceptors has been investigated in rats, cats and

humans. In anaesthetized rats the b2-agonist procaterol

reduced urethral pressure, while the b3-agonist CL 316,243

had less, if any, effects; the pressure reductions by procaterol

were inhibited by the b2-antagonist ICI 118,551 (Takeda et al.,

2003). Hypogastric nerve stimulation in cats caused propra-

nolol-sensitive urethral relaxation, which was further

enhanced in the presence of the noradrenaline uptake

inhibitors nisoxetine and tomoxetine (Springer et al., 1994).

In healthy women, systemic administration of the b2-adreno-
ceptor agonist terbutaline reduced resting urethral pressure,

whereas the antagonist propranolol had no effect (Thind et al.,

1993a, b).

Clinical implications In conclusion, the stimulation of

b-adrenoceptors by exogenous agonists can induce urethral

relaxation, an effect predominantly involving the b2-subtype.
Endogenous catecholamines do not appear to have major

effects on urethral b-adrenoceptors. Since even the effects

of exogenous agonists on the urethra are small relative to

those on the bladder, it appears unlikely that the use of

b-adrenoceptor agonists, particularly those selective for the

b3-subtype, for the treatment of OAB will have no major

adverse effects on urethral tone.

Prostate

In contrast to bladder and urethra, which are largely muscular

tissues, the prostate contains both stromal, that is, smooth

muscle, and epithelial, that is, glandular, elements, which serve

different functions. The ratio of smooth muscle and glandular

elements differs markedly between species, and few species

mimic the strong stromal component in the human prostate

(Lepor et al., 1994). The histological state of human BPH is

associated with a relative increase in the smooth muscle

component of the prostate (Bartsch et al., 1979; Shapiro et al.,

1992). The enlarged prostate is believed to contribute to

increased bladder outlet resistance in two ways. Firstly, the

enlargement itself can narrow the urethral lumen, and this

is referred to as the static component of bladder outlet

obstruction. Secondly, the contraction of bladder smooth

muscle can additionally narrow the urethral lumen, and this is

referred to as the dynamic component of bladder outlet

obstruction. The high prevalence of BPH in elderly men has

sparked a large number of studies into prostatic adrenocep-

tors, particularly a1-adrenoceptors.

a1-Adrenoceptors

mRNA expression Prostatic a1-adrenoceptors have re-

ceived considerable attention in the last decade due to the

clinical success of a1-adrenoceptor antagonists in the treatment
of symptoms of BPH (see Roehrborn & Schwinn, 2004). The

presence of a1-adrenoceptor subtype mRNA has been assessed

in the prostate of various species, including rats, rabbits,

monkeys and humans. An early study on rat prostate based

upon a competitive RT–PCR technique described the presence

of a1A-, a1B- and a1D-adrenoceptor mRNA in a 99 : 1 : 0% ratio

(Scofield et al., 1995). Other studies in rat prostate also using

RT–PCR (Rokosh et al., 1994; Homma et al., 2000) or real-

time PCR (Foster et al., 2004) did not confirm this strong

dominance and rather described a roughly similar abundance

of all three subtypes. On the other hand, an in situ

hybridization study on rat prostate detected only the a1A-
adrenoceptor, which was primarily localized in the prostatic

smooth muscle cells (Walden et al., 1997). The same study

reported similar findings for the monkey prostate (Walden

et al., 1997). A study in rabbits has looked only at the a1D-
subtype mRNA, and found this to be highly abundant in the

prostate, that is, at a relative density only surpassed by the vas

deferens and thoracic aorta in a panel of 16 tissues (Suzuki

et al., 1997).

Owing to the obvious therapeutic implications, various

studies have reported on a1-adrenoceptor subtype mRNA in

the human prostate. While early studies based upon RT–PCR

have detected only a1A-adrenoceptor mRNA in the human

prostate (Hirasawa et al., 1993), later studies using Northern

blots, RT–PCR or RNase protection assays have typically also

detected a1D-adrenoceptor mRNA (Price et al., 1993; Faure

et al., 1994; Weinberg et al., 1994; Tseng-Crank et al., 1995;

Moriyama et al., 1996; Nasu et al., 1996). The overall data

indicate that the approximate relative ratio of a1A-, a1B- and
a1D-adrenoceptor mRNA in the human prostate is 70 : 0 : 30%.

In line with this relative dominance of the a1A-adrenoceptor at
the mRNA level, an in situ hybridization study has detected

only this subtype (Walden et al., 1997). The a1-adrenoceptor
subtype expression appears similar in the peri-urethral, base,

apex and lateral lobe regions of the human prostate (Faure

et al., 1994) or in its urethral, central and peripheral regions

(Moriyama et al., 1998). At the cellular level, a1A-adrenoceptor
mRNA expression was found both in stromal (smooth muscle)

and epithelial (glandular) cells (Tseng-Crank et al., 1995).

Messenger RNA for a1B- and a1D-adrenoceptors was found in

primary cultures of human prostatic smooth muscle cells in

some (Boesch et al., 1999), but not other, studies (Tseng-Crank

et al., 1995). Of note, at least four splice variants exist of the

a1A-adrenoceptor, and the human prostate expresses all of

them, with variant 4 exhibiting the greatest abundance (Chang
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et al., 1998). The epithelial prostate cancer cell lines PC3

and Du145 have been reported to express mRNA for all three

a1-adrenoceptor subtypes (Tseng-Crank et al., 1995). Taken

together, at least in rats and humans considerable amounts

of data demonstrate that the a1A-subtype is the most abundant
a1-adrenoceptor at the mRNA level.

Protein expression The presence of a1-adrenoceptors at the
protein level has been investigated in radioligand-binding

and receptor autoradiography studies in a variety of species,

including rats, rabbits, pigs, dogs, monkeys and humans.

While indirect comparisons between species are difficult, some

studies have concomitantly investigated multiple species.

Despite the major histological differences between species with

regard to stromal content, it was reported that the density of

a1-adrenoceptor-binding sites differed only modestly among

them, with a rank order of abundance of humanXratX

dogXrabbit (Testa et al., 1993). Studies in human tissues have

investigated the intra-prostatic distribution of a1-adrenocep-
tors at the macroscopic and microscopic levels. One study

reported that the a1-adrenoceptor density was greater in the

adenoma as compared to the submucosal tissue of the

prostatic urethra in enucleated hyperplastic prostate tissue

(Kawabe et al., 1990). On the other hand, similar receptor

densities were found in the central and peripheral zones of

BPH tissue (Chapple et al., 1989). Another study divided

the prostate into eight different regions and detected similar

a1-adrenoceptor densities and similar phenylephrine-induced

contractions in all of them (Lepor et al., 1993a). At the

microscopic levels, receptor autoradiography studies have

localized rat and human prostatic a1-adrenoceptors predomi-
nantly to the stroma rather than the glandular tissue, and

within the stroma largely to smooth muscle rather than

fibroblasts or connective tissue (Chapple et al., 1989; Killam

et al., 1995). This was confirmed at higher resolution using

fluorescent approaches (MacKenzie et al., 2000).

The relative presence of a1-adrenoceptor subtypes has been
investigated in the prostate of various species. Early studies

have used the ability of chloroethylclonidine to subtype-

selectively alkylate a1-adrenoceptors so as to identify subtypes

in the prostate. However, this approach has limited validity

because chloroethylclonidine can potentially alkylate all

subtypes of a1- and even a2-adrenoceptors if incubation

concentration, time and temperatures are high, long and

warm enough, respectively (Michel et al., 1993). One study

using an incubation of prostatic membranes with 10 mM
chloroethylclonidine for 30min at 371C has reported that

480% of receptors in the rat and human, 490% of all

receptors in the rabbit and almost all receptors in the canine

prostate are chloroethylclonidine-insensitive, and proposed

them to belong to the a1A-subtype (Testa et al., 1993). On the

other hand, a study using less stringent incubation conditions

(10mM chloroethylclonidine for 30min at room temperature)

reported only 77, 44 and 56% chloroethylclonidine-insensitive

a1-adrenoceptor-binding sites in rat, canine and human

prostate, respectively (Lepor et al., 1994). Expectedly, studies

using a tritiated form of moderately a1A-selective tamsulosin as
the radioligand have detected only chloroethylclonidine (10 mM
for 10min at 371C) resistant sites in the rat prostate (Yazawa

& Honda, 1993).

Later studies have rather used competition-binding experi-

ments with subtype-selective drugs to characterize a1-adreno-

ceptors in the prostate. One study in rats detected low affinity

of the a1D-selective BMY 7378 in rat prostate, indicating that

this subtype is largely absent in rat prostate at the protein level;

the same study detected monophasic competition curves of

high affinity for the somewhat a1A-selective 5-methylurapidil,
suggesting that this is the most abundant subtype at the

protein level in rat prostate (Deng et al., 1996). Supporting this

conclusion, studies with [3H]tamsulosin as the radioligand

also found high affinity of the a1A-selective WB 4101 and

5-methylurapidil (Yazawa & Honda, 1993). Studies in rabbit

prostate also reported at least 50% of a1-adrenoceptor-binding
sites to have high affinity for WB 4101 and 5-methylurapidil

(Hiraoka et al., 1995). One study in dog prostate detected

mainly low-affinity sites for WB 4101 (Ohmura et al., 1993),

but the poor selectivity of this drug makes the data difficult to

interpret. Based upon competition by a single concentration

of the highly a1A-selective antagonist SNAP 5272, autoradio-

graphic studies reported that this subtype accounts for at least

80% of a1-adrenoceptor protein in the monkey prostate

(Figure 1) (Walden et al., 1997). In an early study of the

human prostate, the potency of a panel of six drugs (prazosin,

phentolamine, 5-methylurapidil, urapidil, spiperone, WB 4101)

to compete for [3H]prazosin binding correlated best with that

for binding to rabbit liver (a1A-adrenoceptors), somewhat less
with that for binding to chloroethylclonidine-treated rat

hippocampus (a1D-adrenoceptors) and worst with that for

binding to rat liver (a1B-adrenoceptors), suggesting that the

receptors in the human prostate largely belong to the a1A-
subtype (Testa et al., 1993). A similar approach was used by

other investigators, who substituted the prototypical animal

tissues with cell lines transfected with the cloned human

receptors; in such experiments, the affinity of a panel of 12

drugs, some of which, such as the stereoisomers of niguldipine,

have much greater subtype selectivity than those used in earlier

studies, correlated very well with that at a1A-adrenoceptors,
but not with that at either other subtype (Tseng-Crank et al.,

1995). A study from our own laboratory has used narrowly

spaced concentration increments of 5-methylurapidil, phentol-

amine, tamsulosin and WB 4101 in competition-binding studies

with human prostate membranes (Michel et al., 1996). This has

allowed detecting biphasic competition curves for all four agents

despite their limited selectivity for a1A-adrenoceptors, and the

percentage of high-affinity sites for these agents ranged between

61 and 79%, confirming that the a1A-adrenoceptor is the

most abundant subtype in the human prostate (Figure 3). In

conclusion, it appears that the a1A-subtype is the most abundant
a1-adrenoceptor subtype in the rat and human prostate at the

protein level, and limited data suggest a similar situation in

rabbits and monkeys. The remaining receptors appear to belong

largely to the a1B-subtype, with a1D-adrenoceptors apparently
being absent at the protein level. While the large abundance of

a1A-adrenoceptor protein is in agreement with the mRNA data,

no such agreement between mRNA and protein data exists

for a1B- and a1D-adrenoceptors. The reasons for the poor

detection of a1D-adrenoceptor protein despite the presence of

corresponding mRNA remain to be elucidated, but similar

discrepancies for mRNA and protein expression of this subtype

have been found in many other tissues of several species (Yang

et al., 1997; 1998b).

In vitro function Studies in guinea-pig prostate have

demonstrated that a1-adrenoceptor stimulation enhances
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inositol phosphate formation, apparently via an a1A-like
subtype (Haynes & Hill, 1997). Experiments with rat prostatic

neuroendocrine cells demonstrated a1-adrenoceptor agonist-

induced Ca2þ elevations, which were abolished by the

phospholipase C inhibitor U 73,122 (Kim et al., 2003). Since

a1-adrenoceptor stimulation can promote cellular growth in

several cell types, it has been studied whether this is also the

case in cultured prostatic smooth muscle cells. However,

several studies with human tissue failed to detect growth

modulation in these cells by a1-adrenoceptor agonists or

antagonists (Boesch et al., 1999; Michel et al., 2000b). Whether

this reflects of lack of such responses in prostatic stromal

cells or rather a loss of a1-adrenoceptor expression under

cell culture conditions (Ohmi et al., 1999) has remained

unclear. The latter possibility is supported by some reports

demonstrating modulation of prostatic cell growth upon

treatment with a1-adrenoceptor agonists and antagonists

in vivo (see below).

Most functional in vitro studies have focused on prostate

contraction. This has been assessed by videoimaging of human

prostatic stromal cell contractions in the presence of a1-
adrenoceptor agonists and antagonists in some cases (Corvin

et al., 1998), but the vast majority of studies has used classical

organ bath approaches with prostatic strips from various

species. a-Adrenoceptor-mediated contraction of the prostate

of rabbits (Honda et al., 1985), dogs (Felsen et al., 1994;

Delaflotte et al., 1996) and humans (Hieble et al., 1985; Lepor

et al., 1988b; Chapple et al., 1989; Yu et al., 1994) appears

to occur largely, if not exclusively, via a1- rather than

a2-adrenoceptors; such findings have been obtained by

comparing the effects of a1-selective agonists such as pheny-

lephrine with those of a2-selective agonists such as UK 14,304,

or by comparing the antagonism of noradrenaline by a1-
selective antagonists such as prazosin with that of a2-selective
antagonists such as rauwolscine. The predominant, if not

exclusive, mediation of prostate contraction via a1- rather than
a2-adrenoceptors is further supported by a potent antagonism

of field stimulation-induced contraction by prazosin

(Tsujii et al., 1992; Guh et al., 1995). At least within the rat

(Steidle et al., 1989) and human prostate (Lepor et al., 1994),

all regions appear to have similar contractile responsiveness to

a1-adrenoceptor stimulation.
The identification of a1- relative to a2-adrenoceptors is

classically based upon a high affinity of the antagonist

prazosin for the former (see Bylund et al., 1994). However, it

has repeatedly been reported that prazosin has lower potency

than expected (but, nevertheless, higher than that for a2-
adrenoceptors) for some a1-adrenoceptor responses. Based

upon such observations, it has been proposed to classify a1-
adrenoceptor responses with relatively low prazosin affinity as

a1L (Muramatsu et al., 1990; Ohmura et al., 1992); in this

scheme, all three cloned a1-adrenoceptor subtypes have high

affinity for prazosin and are designated as a1H. Despite

extensive searches and completion of the sequencing of the

human genome, a corresponding gene for the proposed a1L-
adrenoceptor has not been identified. Rather, it has been

reported that transfection of cells that lack functional a1-
adrenoceptors with the cDNA encoding the a1A-adrenoceptor
can induce the presence of a receptor with relatively low

prazosin affinity under some experimental conditions; on the

other hand, prazosin low-affinity sites did not become

detectable in cells transfected with a1B- or a1D-adrenoceptors
(Ford et al., 1997; Daniels et al., 1999). Therefore, it is now

generally assumed that the relatively low prazosin affinity

observed in some settings represents a phenotype of the cloned

a1A-adrenoceptor rather than a distinct receptor subtype.

Nevertheless, the a1L phenomenon is important for the

pharmacology of the prostate, since it affects not only prazosin

but also other antagonists with a quinazoline structure, such as

alfuzosin, doxazosin and terazosin, which are routinely used in

BPH treatment; in contrast, antagonists from other chemical

classes such as tamsulosin do not discriminate the classical a1A
pharmacology and its a1L phenotype (Ford et al., 1997; Daniels

et al., 1999). With regard to a1A/L-adrenoceptors in the

prostate, most studies have been performed in rabbits and

humans. Binding affinities of both prazosin and tamsulosin

in human prostate membranes were consistent with their

reported affinities at cloned a1A-adrenoceptors (Figure 4), and
studies in isolated human prostatic cells using fluorescent

ligands have reported even higher affinities, possibly reflecting

technical differences between mixed tissue and isolated cell

approaches (MacKenzie et al., 2000). On the other hand, the

reported functional potencies of prazosin in the rabbit prostate

were about 1.5 log units lower than its affinity in binding

studies with cloned a1A-adrenoceptors or in human prostate

membranes (Figure 4). These data demonstrate that the

a1-adrenoceptor mediating contraction of the rabbit prostate

has the characteristics of an a1L-adrenoceptor. Similarly low

prazosin potencies were found in functional studies with the

canine prostate (range pA2 7.90–8.55) (Ohmura et al., 1993;

Buckner et al., 1996; Leonardi et al., 1997) or rat prostate (pKB

8.13–8.78) (Killam et al., 1995; Homma et al., 2000). On the

other hand, tamsulosin has similar affinity for the classical

a1A-adrenoceptor and its a1L phenotype in rabbit prostate

(Figure 4), and this was confirmed in radioligand-binding

studies with [3H]prazosin in bovine prostate, where tamsulosin

had a similarly high affinity at prazosin high- and low-affinity

sites (pKi 9.13 and 8.99, respectively) (Maruyama et al., 1998).

Other radioligand-binding studies suggested that the canine

prostate expresses a much larger abundance of low- than high-

affinity binding sites for [3H]prazosin (Ohmura et al., 1993).

Studies in human prostate have yielded a less clear picture.

Thus, the reported functional potencies of prazosin were only

slightly lower than to be expected based upon the affinity

estimates from the radioligand-binding studies, and higher

than the functional estimates in the rabbit prostate (Figure 4).

Figure 3 Competition of subtype-selective antagonists for [3H]pra-
zosin binding to human prostate membranes. Data are means of 4–5
experiments (error bars deleted for clarity). Modified with permis-
sion from Michel et al. (1996).
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Interestingly, functional affinity estimates (pA2 or pKB values)

for other quinazolines in rabbit prostate (alfuzosin: median

7.22, range 7.19–7.25 (two studies), doxazosin: 7.01 (one

study), terazosin: median 7.71, range 7.46–7.96 (two studies))

were also much lower than their pKi values in binding studies

with human prostate (alfuzosin: median 8.18, range 7.46–8.29

(four studies), doxazosin: median 8.40, range 8.20–8.60 (two

studies), terazosin: median 8.52, range 7.96–8.98 (five studies))

or cloned a1A-adrenoceptors (alfuzosin: median 8.20, range

7.99–8.42 (five studies), doxazosin: median 8.56, range 8.34–

8.89 (five studies), terazosin: median 8.35, range 7.58–8.53

(seven studies)), whereas much smaller discrepancies were

observed for human prostate (alfuzosin: not reported; dox-

azosin: median 8.32, range 8.20–8.43 (two studies), terazosin:

median 7.60, range 7.38–8.48 (three studies)) (Hieble et al.,

1985; Chapple et al., 1989; Morita & Kondo, 1992a; Yamada

et al., 1992; Lefevre-Borg et al., 1993; Testa et al., 1993; 1996;

Faure et al., 1994; Forray et al., 1994; Goetz et al., 1994; Teng

et al., 1994; Yu et al., 1994; Hancock et al., 1995; Marshall

et al., 1995; Tseng-Crank et al., 1995; Chueh et al., 1996;

Ford et al., 1996; Hatano et al., 1996; Kenny et al., 1996;

Michel et al., 1996; Leonardi et al., 1997; Martin et al., 1997;

Noble et al., 1997; Chang et al., 2000). Therefore, the overall

evidence suggests that the a1-adrenoceptors mediating con-

traction of the rabbit and canine prostate have relatively low

affinity for prazosin and other quinazolines; in contrast, the

receptor mediating contraction of the human prostate has only

moderately lower affinity for prazosin and other quinazolines

than would be expected based upon their affinity in binding

studies, and hence cannot be unequivocally classified as a1L.
Numerous studies have investigated which of the cloned a1-

adrenoceptor subtypes mediates prostate contraction in vitro.

Similar to the radioligand-binding studies in this tissue, the

early studies have relied largely on the ability of the subtype-

selectively alkylating chloroethylclonidine to identify receptor

subtypes. Later studies have used panels of drugs with largely

moderate subtype selectivity and correlated their potencies in

the prostate with their affinities at the cloned receptor

subtypes. Highly subtype-selective drugs (mostly selective for

a1A-adrenoceptors) were only used in the most recent studies

and have enabled an unequivocal identification of the receptor

subtype being involved.

A study comparing a1-adrenoceptor-mediated prostate

contraction in rats with those in dogs and humans reported

only negligible contraction in rats despite a greater density of

receptors than in dogs, and hence did not allow for identi-

fication of receptor subtypes (Lepor et al., 1994). How-

ever, most other studies reported more substantial contrac-

tions of the rat prostate. Based upon a lack of effect of

chloroethylclonidine (10 mM for 10 or 30min at 371C), it was

proposed that rat prostate contraction in response to

phenylephrine is mediated by an a1A-adrenoceptor (Yazawa

& Honda, 1993). Since 30 nM of the a1D-selective BMY 7378

did not shift the concentration–response curve for rat prostate,

it was proposed that this subtype may not be involved (Deng

et al., 1996). More definitive conclusions could be based upon

highly a1A-selective antagonists such as L-771,688 (also known
as SNAP 6383) (Chang et al., 2000) or SNAP 7915 (Lagu et al.,

2000), which had a subnanomolar KB value in rat prostate.

Moreover, the a1A-selective agonist A-61603 was an effective

contractile agent in rat prostate (Chang et al., 2000;

Lagu et al., 2000). Therefore, it appears that contraction of

rat prostate is mediated predominantly, if not exclusively,

by an a1A-adrenoceptor. Based upon limited data, that is,

insensitivity towards chloroethylclonidine and high affinity for

5-methylurapidil, a similar situation has been proposed in

guinea-pig prostate (Haynes & Hill, 1997).

As stated above, contraction of the rabbit prostate occurs

via an a1-adrenoceptor with relatively low prazosin affinity

(Honda et al., 1985; Hiraoka et al., 1995; Delaflotte et al.,

1996; Leonardi et al., 1997; Martin et al., 1997). Since studies

Figure 4 Potency and affinity of prazosin and tamsulosin at cloned
a1A-adrenoceptors and those in human and rabbit prostate. Data are
from individual studies (filled circles) and their means (horizontal
lines), and given as pKi (binding studies) or pKB/pA2 (functional
studies), as taken from the following references: Hieble et al. (1985);
Chapple et al. (1989); Morita & Kondo (1992a); Yamada et al.
(1992); Lefevre-Borg et al. (1993); Testa et al. (1993; 1996); Faure
et al. (1994); Forray et al. (1994); Goetz et al. (1994); Teng et al.
(1994); Yu et al. (1994); Hancock et al. (1995); Marshall et al. (1995);
Tseng-Crank et al. (1995); Chueh et al. (1996); Ford et al. (1996);
Hatano et al. (1996); Kenny et al. (1996); Michel et al. (1996);
Leonardi et al. (1997); Martin et al. (1997); Noble et al. (1997);
Chang et al. (2000).
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with cloned receptors have detected such low-affinity states for

prazosin only with the a1A- but not with the a1B- or a1D-
adrenoceptor (Ford et al., 1997), these data already provided

indirect evidence for a predominant involvement of the a1A-
adrenoceptor. Several studies with the moderately a1A-selective
antagonist tamsulosin support this conclusion (Honda et al.,

1985; Honda & Nakagawa, 1986; Yamagishi et al., 1996;

Martin et al., 1997; Taguchi et al., 1997). One study reported

only low affinity for the moderately a1A-selective antagonists
WB 4101 and 5-methylurapidil, but suggested that this might

be due to their poor recognition of the a1L-phenotype (Hiraoka
et al., 1995). However, somewhat greater potencies for both

antagonists (but not for prazosin) were reported in another

study, which also found a low potency of BMY 7378

(Delaflotte et al., 1996). Based upon correlation of potencies

of a panel of five drugs with those at cloned subtypes, this

study proposed involvement of an a1A-adrenoceptor. Based
upon a similar approach with a panel of six drugs, the same

conclusion was reached (Martin et al., 1997). Another report

from the same laboratory, but with largely distinct authors,

reported identical values for all six drugs (van der Graaf et al.,

1997). More definitive conclusions can be based upon the high

potency of highly a1A-selective antagonists such as silodosin

(formerly known as KMD 3213) (Yamagishi et al., 1996) or

B8805–033 (Eltze et al., 2001), which also had high potency.

Taken together, these data demonstrate that contraction of

the rabbit prostate occurs via an a1A-adrenoceptor with low

affinity for prazosin.

As stated above, contraction of the canine prostate, similar

to that of the rabbit, occurs via an a1-adrenoceptor with

relatively low prazosin potency (Ohmura et al., 1993; Buckner

et al., 1996; Leonardi et al., 1997). With regard to the cloned

subtypes being involved, initial studies in the canine prostate

reported that chloroethylclonidine (10 mM for 30min at 371C)

reduced phenylephrine-induced contraction by 53% (Lepor

et al., 1994). On the other hand, several moderately subtype-

selective antagonists had Schild slopes around unity in the

canine prostate, indicating the involvement of a single

subtype only (Hancock et al., 1995). In later studies from the

same investigators, the potency of a panel of 11 antagonists

correlated better with that at the cloned a1A- than the

other a1-adrenoceptor subtypes; moreover, in such studies

the a1A-selective A-61603 was a full agonist for canine prostate
contraction (Buckner et al., 1996). Other investigators

reached a similar conclusion based upon a panel of 14

antagonists (Leonardi et al., 1997). Moreover, highly a1A-
selective antagonists such as SNAP 7915 (Lagu et al., 2000)

and L-771,688 (Chang et al., 2000) also had high potency

in the canine prostate. Therefore, contraction of the canine

prostate also involves predominantly, if not exclusively, an

a1A-adrenoceptor.
Early studies into the a1-adrenoceptor subtype mediating

contraction of the human prostate were primarily based upon

chloroethylclonidine (10–100mM for 30min at 371C) and have

reported 30–80% inhibition of agonist- or field stimulation-

induced contraction (Lepor et al., 1993b; 1994; Teng et al.,

1994; Guh et al., 1995; Marshall et al., 1995). While these

experiments did not allow definitive conclusions, later experi-

mental approaches have consistently supported the suggestion

that the contraction of the human prostate occurs predomi-

nantly, if not exclusively, via an a1A-adrenoceptor. This was
based upon a high potency of moderately a1A-selective drugs

such as WB 4101, 5-methylurapidil, SB 216,469 and tamsulo-

sin (Marshall et al., 1995; Chess-Williams et al., 1996; Chueh

et al., 1996; Noble et al., 1997), and upon the correlation of the

potency of panels of antagonists with those at cloned receptor

subtypes (Forray et al., 1994; Marshall et al., 1995; 1996; Ford

et al., 1996; Kenny et al., 1996; Testa et al., 1996). Most

recently, highly a1A-selective antagonists such as L 771,688

(Chang et al., 2000), SNAP 7915 (Lagu et al., 2000) or B 8805–

033 (Eltze et al., 2001) have allowed definitive conclusions.

They are in line with potent and effective agonism by a1A-
selective drugs such as A 61603 (Chang et al., 2000; Lagu et al.,

2000). Taken together, the overall evidence demonstrates that

contraction of prostate of rats, guinea-pigs, rabbits, dogs and

humans in response to exogenous agonists occurs largely,

if not exclusively, via the a1A-subtype. Some studies in isolated

human prostate have used field stimulation to release

endogenous agonist (Yu et al., 1994; Guh et al., 1995; Chueh

et al., 1996). Those studies unequivocally reported high

potency for a1A-selective antagonists and hence demonstrate

that human prostate contraction not only in response to

exogenous but also to endogenous release agonist occurs via

this subtype.

In contrast to the range of subtyping reports, only few

studies have addressed the possible underlying mechanisms.

Thus, contractions induced by exogenous noradrenaline

(Teng et al., 1994) and by endogenous agonist released by

field stimulation (Guh et al., 1995; 1996; Haynes & Hill, 1997)

were sensitive to Ca2þ entry blockers such as nifedipine. One

study in rats found that the protein kinase C inhibitors

calphostin C and bisindolylmaleimide I did not affect

noradrenaline-induced contraction (Ramasamy et al., 2002).

In vivo function In vivo studies on prostate function have

typically measured alterations of IUP. In the interpretation of

such data, it has to be taken into account that this response is

a composite measure of the contractile force developed by the

urethra and the surrounding prostate (see also the section on

urethra). However, the contribution of the prostate appears to

dominate because phenylephrine-induced IUP elevations were

about 80% smaller in prostate-ablated male, castrated male or

female as compared to prostate-intact rats (Akiyama et al.,

1999). The systemic administration of a1-adrenoceptor ago-

nists such as noradrenaline, adrenaline or phenylephrine has

been shown to increase IUP in anaesthetized rats (Guilmard

et al., 1996; Martin et al., 1997; Akiyama et al., 1999),

anaesthetized cats (Lefevre-Borg et al., 1993) and anaesthe-

tized dogs (Breslin et al., 1993; Kenny et al., 1994; 1996; Testa

et al., 1997; Witte et al., 1997; 2002; Pulito et al., 2000; Eltze

et al., 2001) and conscious dogs (Brune et al., 2002). Similar

IUP elevations have also been produced by the systemic

administration of a1A-selective agonists such as A 61603

(Knepper et al., 1995). Agonist-induced IUP elevations were

inhibited by various a1-adrenoceptor antagonists, including the
clinically used alfuzosin (Lefevre-Borg et al., 1993; Kenny

et al., 1994; Guilmard et al., 1996; Martin et al., 1997; Testa

et al., 1997; Akiyama et al., 1999), doxazosin (Kenny et al.,

1994; 1996; Martin et al., 1997; Witte et al., 2002), tamsulosin

(Breslin et al., 1993; Kenny et al., 1994; 1996; Martin et al.,

1997; Testa et al., 1997; Akiyama et al., 1999; Pulito et al.,

2000; Brune et al., 2002; Witte et al., 2002) and terazosin

(Breslin et al., 1993; Kenny et al., 1994; Martin et al., 1997;

Testa et al., 1997; Witte et al., 1997; 2002; Akiyama et al.,

S106 M.C. Michel & W. Vrydag Adrenoceptors in the lower urinary tract

British Journal of Pharmacology vol 147 (S2)



1999; Brune et al., 2002). Similar inhibition was also obtained

when IUP elevations had been induced by stimulation of the

hypogastric nerves (Lefevre-Borg et al., 1993; Leonardi et al.,

1997; Sato et al., 2001), indicating its physiological relevance.

Many studies have compared the effects of antagonists on

IUP with those on blood pressure. Most such studies appear to

have been designed with the primary aim of demonstrating

that the drug manufactured by the sponsoring company is

superior to the comparator drugs in this regard rather than

with a genuine interest to better understand the adrenergic

control of prostatic function. Nevertheless, it appears from

the overall body of evidence that drugs with selectivity for

a1A-adrenoceptors produce less blood pressure lowering for

any given level of antagonism of the IUP response (Kenny

et al., 1996; Testa et al., 1997; Akiyama et al., 1999; Pulito

et al., 2000; Eltze et al., 2001). Together with the numerous

in vitro studies on prostate contraction (see above), these data

clearly demonstrate that prostate contraction occurs mainly, if

not exclusively, via an a1A-adrenoceptor. In agreement with

these animal data, it has been found that nonselective a1-
adrenoceptor antagonists (Martorana et al., 1997; Witjes et al.,

1997), the a1A/D-selective tamsulosin (Abrams et al., 1998) and

the a1A-selective RO700004 (Blue et al., 2002) can lower

bladder outlet resistance in patients in vivo. However, the

overall effect of a1-adrenoceptor antagonists on bladder outlet

resistance in patients is small and detected only inconsistently

(see Kortmann et al., 2003).

Based upon the role of a1-adrenoceptors in the modulation

of cell growth in many other tissues, this possibility has also

been investigated in the prostate. Studies in rat have found

induction of atypical prostatic hyperplasia upon chronic

(26 days) treatment with the agonist phenylephrine; these

effects were blocked by the a1A-antagonist RS 100,329, but not
by BMY 3738, cyclazosin or yohimbine (Marinese et al., 2003).

Treatment of BPH patients has been reported to reduce

smooth muscle myosin heavy chain mRNA expression relative

to control or androgen-ablated patients (Lin et al., 2001).

Other studies have found that treatment with doxazosin and

other quinazoline a1-adrenoceptor antagonists induces apop-
tosis in the human prostate (Kyprianou et al., 1998; Chon

et al., 1999; Tahmatzopoulos & Kyprianou, 2004). However,

the assessment of apoptosis was largely based upon the

TUNEL assay, which is known to frequently yield false-

positive results, and no alterations of overall prostate size were

seen with doxazosin relative to placebo in a large multi-year

study (McConnell et al., 2003). Therefore, it appears unlikely

that therapeutic doses of a1-adrenoceptor antagonists indeed
modulate prostate growth in an appreciable manner.

Regulation of receptor expression and function An

increase in a1-adrenoceptors with age was reported for rabbit

prostate, but failed to reach statistical significance (Kondo

et al., 1992). Patients with diabetes suffer from greater BPH

symptoms than those without (Michel et al., 2000a). If this

would be a-adrenoceptor-related, an enhanced responsiveness

of the receptors would be expected in diabetes. However, a

study in rats with streptozotocin-induced diabetes reported the

opposite, that is, a reduced potency and efficacy of noradrena-

line to contract the prostate in vitro, and insulin treatment

in vivo restored the maximum effects but not the agonist

potency; the protein kinase C inhibitor calphostin C (but not

bisindolylmaleimide I) restored the contractile effects of

noradrenaline in diabetic rats (Ramasamy et al., 2002). The

authors interpreted these findings to indicate that an increased

protein kinase C activity in prostates from diabetic rats may

impair a1-adrenoceptor function; desensitization of a1-adreno-
ceptor function by protein kinase C activation is well

documented (Yang et al., 1998a).

Most studies on the regulation of prostatic a1-adrenoceptor
expression and function were performed in the context of

BPH, which develops in an androgen-dependent manner.

Accordingly, the effect of androgen removal on prostatic a1-
adrenoceptors has been studied in castrated rats. Castration

causes a major shrinkage of the prostate. This was accom-

panied by a markedly loss of a1-adrenoceptor-mediated
elevations of IUP in vivo (Akiyama et al., 1999). In vitro

studies found that strips from castrated rats developed a

greater tension in response to a1-adrenoceptor stimulation, but
relative to KCl-induced contraction no change was observed

(Homma et al., 2000), indicating that the enhanced responses

are related to an altered overall tissue responsiveness and

change in the glandular/stromal ratio. However, the potency of

phenylephrine decreased in castrated rats. On the other hand,

receptor expression at the protein level remained unchanged

when expressed relative to tissue weight and even increased

when expressed per mg protein, although a1A-adrenoceptor
mRNA expression was reduced (Homma et al., 2000). A

similar receptor increase relative to protein content was also

observed by others after castration (Takahashi et al., 2002).

In contrast to the rat studies, a seven-fold increase in total

a1-adrenoceptor mRNA, largely due to an increase in a1A-
adrenoceptor mRNA, was reported in the prostate from BPH

patients (Nasu et al., 1996). A later study found numerically

more a1A-adrenoceptor mRNA in the urethral, central and

peripheral areas of the prostate from BPH as compared to

control patients, but the differences were statistically signifi-

cant only for the central area (Figure 5) (Moriyama et al.,

1998). While an increased receptor density was also found at

the protein level in some studies (Morita & Kondo, 1992b;

Kondo et al., 1993), others reported a similar density of a1-
adrenoceptors in the prostate from BPH and control patients

(Figure 5) (Chapple et al., 1989; Tsujii et al., 1992), and

another study found a similar density in prostates from men

with symptomatic vs asymptomatic BPH (Gup et al., 1990).

Accordingly, a fourth study reported a lack of correlation

between the density of prostatic a1-adrenoceptors and the size

of the adenoma within a group of BPH patients (Kawabe

et al., 1990). A report on increased contraction of prostatic

tissue from BPH patients in response to phenylephrine does

not necessarily contradict these findings, because that study

found similarly increased contraction in response to prosta-

glandin E2 and F2a and also receptor-independently in

response to KCl (Kitada & Kumazawa, 1987), suggesting that

the enhanced responses may not be related to alterations in

adrenoceptor expression, but rather to the increased contribu-

tion of smooth muscle cells in the hyperplastic human prostate.

Moreover, another study found similar contractile responses

in patients with symptomatic and asymptomatic BPH (Gup

et al., 1989).

Since a-adrenoceptor antagonists are the most frequent

form of rational medical BPH treatment, the effects of agonist

and antagonist treatment on receptor expression have been

studied. In cultured human prostatic smooth muscle cells,

surprisingly only a1B- and a1D-, but no a1A-, adrenoceptor
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mRNA was detected; neither expression was altered by

treatment with the agonist phenylephrine or the antagonist

doxazosin (Boesch et al., 1999). In in vivo studies, an 8-week

treatment with doxazosin also failed to alter the expression

of rat prostatic a1-adrenoceptor subtype mRNA, and only

a 12-week treatment with very high doxazosin doses (2 and

4mgkg�1) caused detectable upregulation (Foster et al., 2004).

Given the inverse agonism of doxazosin (Hein et al., 2001)

and the known regulation of all three subtypes by agonists

(Yang et al., 1999), these findings are difficult to understand.

Clinical implications Based upon the above data, it is

obvious that a1-adrenoceptor antagonists are an option for the
treatment of BPH, and indeed they have become the most

widely used form of medical treatment worldwide (see Roehr-

born & Schwinn, 2004). Original concepts have assumed that

their beneficial effects are largely mediated by the a1-
adrenoceptors mediating prostate smooth muscle contraction,

that is, a1A-adrenoceptors. In this line of thought, a1A-selective
antagonists may be fully effective, but lack some of the side

effects associated with blockade of the other subtypes, for

example, in the vasculature (Rudner et al., 1999). While the

excellent tolerability of the moderately a1A-selective tamsulosin
is in line with this reasoning, several lines of evidence have

challenged this view. Firstly, alfuzosin, which has similar

affinity for all a1-adrenoceptor subtypes except for those in the
a1L-state, has a similarly good tolerability profile as tamsulosin
(see Michel et al., 2001). Secondly, mechanistic models in

which symptom relief in BPH patients is related to prostatic

smooth muscle relaxation imply that a1-adrenoceptor antago-
nists relieve BPH symptoms by lowering bladder outlet

obstruction. While such effects have been found in some

clinical studies, the overall evidence suggests that clinically

used doses of a1-adrenoceptor antagonists have little effect

on bladder outlet obstruction (see Kortmann et al., 2003).

Thirdly, and perhaps most importantly, a1-adrenoceptor
antagonists were also shown to improve typical BPH

symptoms in animal models of bladder outlet obstructions

under experimental conditions where a reduction of bladder

outlet resistance was not possible (Broten et al., 1998;

Gu et al., 2004). Taken together, these data suggest that

mechanisms distinct from prostatic smooth muscle relaxation

may contribute to the a1-adrenoceptor antagonist-induced

symptom relief in BPH patients. Candidates for such

alternative mechanisms include a1-adrenoceptors, possibly

a1D-adrenoceptors, in the bladder or in parts of the spinal

cord involved in micturition control. However, the anatomical

and pharmacological identity of such sites remains to be

determined.

Another conceptually important point is the finding that

some a1-adrenoceptor antagonists, specifically alfuzosin and

tamsulosin, have little effect on blood pressure at doses where

they clearly relieve BPH symptoms (see Michel et al., 2001).

Several not mutually exclusive theories have been proposed in

this regard. One possibility is that all three a1-adrenoceptor
subtypes contribute to vascular resistance (see Guimaraes &

Moura, 2001). This implies that no a1-adrenoceptor antagonist
could ever be fully free of vascular effects, but that subtype-

selective antagonists may have fewer than others. Based upon

the above, it appears that inhibition of a1A- and perhaps also

a1D-adrenoceptors is sufficient for a full therapeutic response

in BPH and hence a drug with little affinity for a1B-
adrenoceptors may have less effect on the vasculature. In this

context, it should be considered that the relative role of a1B-
adrenoceptors increases in blood vessels of the elderly (Rudner

et al., 1999). This might explain why tamsulosin has little

vascular effects, but it cannot explain a relatively similar

cardiovascular profile of alfuzosin that does not discriminate

between a1-adrenoceptor subtypes (Michel & Insel, 1994).

A second theory relates to a possible differential tissue

distribution of some a1-adrenoceptor antagonists. Thus, it

has been demonstrated that both alfuzosin and tamsulosin

enrich in tissues of the lower urinary tract as compared to

other tissues or the blood stream (Sato et al., 2001; Mottet

et al., 2003; Romic et al., 2003). However, it remains unclear

whether other drugs with greater blood pressure effects, for

example, doxazosin or terazosin, lack such properties despite

being chemically rather similar to alfuzosin. Thirdly, it has

been proposed that other pharmacokinetic factors, that is,

a late tmax and a small Cmax/Ctrough ratio, may contribute.

Indeed, formulations fulfilling those criteria have been

introduced for alfuzosin, doxazosin and tamsulosin, and in

all three cases this has resulted in moderate improvements

in tolerability (Kirby et al., 2001; Roehrborn et al., 2003;

Figure 5 a1A-Adrenoceptor mRNA (upper panel) and total a1-
adrenoceptor protein expression (lower panel) in prostates from
BPH patients. Data are expressed as % of the corresponding control
group and taken from Chapple et al. (1989); Gup et al. (1990); Tsujii
et al. (1992); Nasu et al. (1996); Moriyama et al. (1998). *Po0.05 vs
control in the respective study. Note that Moriyama et al. have
studied the urethral, central and peripheral zones in parallel.
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Chapple et al., 2005; Michel et al., 2005a, b). While all of the

above are plausible hypotheses, it must be emphasized that

each remains to be proven and that they are not mutually

exclusive.

a2-Adrenoceptors

mRNA and protein expression Based upon PCR (Eason &

Liggett, 1993) and RNase protection assays (Perälä et al.,

1992), all three cloned a2-adrenoceptor subtypes are expressed
at the mRNA level in the human prostate. Studies at the

protein level have sometimes been performed using immuno-

histochemistry (Slater et al., 2000) and receptor autoradio-

graphy (James et al., 1989; Felsen et al., 1994), but in most

cases have relied upon radioligand-binding experiments with

tissue homogenates. In young and old rats, a2A-adrenoceptor
immunoreactivity was mainly detected in the prostatic

epithelium (Slater et al., 2000). Studies in canine prostates

have reported a similar density of total a2-adrenoceptors in the
proximal, midportion and distal region (Shapiro et al., 1987),

and on a histological level they were largely found in the

epithelium (Felsen et al., 1994). Autoradiographic studies in

the human prostate have localized the a2-adrenoceptors mainly
in association with blood vessels and, to a lesser extent, with

the prostate epithelium (James et al., 1989). Competition

radioligand-binding studies reported that prostatic a2-adreno-
ceptors belong predominantly, if not exclusively, to the a2A-
subtype (Goepel et al., 1997). Several studies in the human

prostate have compared the density of a2- and a1-adrenocep-
tor-binding sites. While some studies reported a similar

abundance of both receptors at the protein level (Hedlund

et al., 1985; Shapiro & Lepor, 1986; Lepor et al., 1988a, b; Gup

et al., 1990; Morita & Kondo, 1992a, b), others reported

significantly fewer a2- than a1-adrenoceptors (Chapple et al.,

1989; James et al., 1989; Yamada et al., 1992); some studies

also reported much fewer a2- than a1-adrenoceptors, but the
difference did not reach statistical significance with small

patient numbers (Kawabe et al., 1990; Hatano et al., 1996).

In vitro and in vivo functions Similar to most other

tissues, a2-adrenoceptor agonists and antagonists can inhibit

or enhance, respectively, the pre-junctional noradrenaline

release in the human prostate (Hedlund et al., 1985).

Accordingly, the a2-adrenoceptor agonist clonidine inhibited

the field stimulation-induced contraction of the human

prostate (Guh et al., 1995). In rat prostate neuroendocrine

cells a2-adrenoceptor agonists can inhibit high-voltage-oper-

ated Ca2þ channels in a pertussis toxin-sensitive manner (Kim

et al., 2003), but the effect of this on the overall prostatic

function remains unclear.

In line with the above studies demonstrating the presence of

prostatic a2-adrenoceptors in the epithelium rather than the

stroma, however, no post-junctional contractile function of

prostatic a2-adrenoceptors has been identified, since they

contribute little to a-adrenergic contraction in dogs (Somers

et al., 1989; Felsen et al., 1994), horses (Garcia-Sacristan et al.,

1984) or humans (Hedlund et al., 1985; Hieble et al., 1985;

Lepor et al., 1988b; Chapple et al., 1989; Gup et al., 1989;

Steidle et al., 1989; Hatano et al., 1996). In light of the a2-
adrenoceptor-mediated in vitro contraction of the rabbit

urethra (see above) but not the prostate, in vivo data with

systemic administration of a2-adrenoceptor drugs on canine

IUP are interpreted to represent effects upon the urethra

rather than the prostate (Shapiro et al., 1987). One study has

reported that, in a rat model of androgen/oestrogen-induced

BPH, chronic administration of the a2-agonist atipamezole

increased prostatic compliance, while an a1-agonist did not

(Constantinou & Omata, 1996); unfortunately, no follow-up of

this interesting study has been reported.

Regulation of receptor expression and function While no

major alterations in a2A-adrenoceptor immunoreactivity were

found in histochemical studies comparing prostates from

12-week- and 18-month-old rats (Slater et al., 2000), another

study comparing 6-month- and 4.5–5-year-old rabbits found a

numerically higher overall a2-adrenoceptor density in the older
animals, but the difference failed to reach statistical signifi-

cance (Kondo et al., 1992). Four studies in patients with

BPH have reported an increased a2-adrenoceptor density as

compared to controls (Chapple et al., 1989; Gup et al., 1990;

Morita & Kondo, 1992b; Kondo et al., 1993). While this

finding seems remarkably consistent, its relevance remains

unclear due to the lack of knowledge regarding physiological

functions of this receptor in the prostate (apart from pre-

junctional inhibition). For this very reason, a2-adrenoceptors
are not considered to represent a therapeutic target at present.

b-Adrenoceptors

mRNA and protein expression The presence of b-adreno-
ceptor subtype mRNA has been studied in a limited way only.

One study using Northern blot analysis has demonstrated the

presence of b2-adrenoceptor mRNA in rats (Collins et al.,

1988), and another study using RNase protection assays

without previous PCR amplification has reported the presence

of b3-adrenoceptor mRNA in humans (Berkowitz et al., 1995).

The presence of prostatic b-adrenoceptor subtypes at the

protein level has been studied by radioligand-binding

and immunological techniques. Saturation-binding studies

using [3H]dihydroalprenolol or [125I]iodocyanopindolol have

reported 125–1000 fmolmg�1 protein in rats (Poyet et al.,

1986b; Collins et al., 1988; Guthrie et al., 1990; Gousse

et al., 1991; Fukumoto et al., 1993; Chen et al., 1995),

60 fmolmg�1 protein in pigs (Goepel et al., 1997) and

40–280 fmolmg�1 protein in humans (Tsujii et al., 1992;

Goepel et al., 1997). Three of these studies have performed

a characterization of the b-adrenoceptor subtypes being

present using competition binding, and report a predominant

contribution of the b2-subtype in rats, pigs and humans

(Poyet et al., 1986b; Gousse et al., 1991; Goepel et al., 1997).

However, all of these studies have employed radioligand

concentrations that are unlikely to detect b3-adrenoceptors
(Hoffmann et al., 2004). This did not allow detection of

possibly present b3-adrenoceptors and may underestimate the

total b-adrenoceptor density. Indeed, immunohistochemical

studies with a selective antibody have detected the presence of

b1- and b3-adrenoceptors in the rat and human prostate,

respectively (Chamberlain et al., 1999; Slater et al., 2000).

In vitro and in vivo functions The functional presence of

b-adrenoceptors in the rat, guinea-pig and human prostate has
been demonstrated by adenylyl cyclase stimulation studies,

largely involving b2-adrenoceptors (Shima et al., 1980; Poyet

et al., 1986a; Purvis et al., 1986; Solano et al., 1994; Carmena
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et al., 1995; 1997; Chen et al., 1995; Haynes & Hill, 1997;

Juarranz et al., 1998). While b-adrenoceptor stimulation did

not inhibit a1-adrenoceptor-mediated inositol phosphate for-

mation (Haynes & Hill, 1997) and did not alter basal prostatic

tone (Caine et al., 1975), it has been shown to inhibit

a1-adrenoceptor-mediated, field stimulation-induced or recep-

tor-independent prostate contraction in rats (Kalodimos &

Ventura, 2001), guinea-pigs (Haynes & Hill, 1997), dogs

(Normandin & Lodge, 1996), horses (Garcia-Sacristan et al.,

1984) and humans (Tsujii et al., 1992; Drescher et al., 1994).

Based upon subtype-selective agonists and antagonists, the

relaxation responses against field stimulation and against

a1-adrenoceptor agonist were reported to occur via different

receptors in guinea-pigs, that is, via b1-adrenoceptors for field
stimulation and via b2-adrenoceptors for the a1-response
(Haynes & Hill, 1997). In rat prostate, the nonselective

agonists isoprenaline and adrenaline, the b1-selective noradre-
naline and RO363, and the b2-selective salbutamol relaxed

field stimulation-induced contraction, whereas the b3-selective
BRL 37,344 did not; on the other hand, the b2-antagonist ICI
118,551 antagonized responses to isoprenaline and salbutamol,

while the b1-antagonist atenolol did not (Kalodimos &

Ventura, 2001). Relaxation of field stimulation-induced con-

traction affected the nifedipine-sensitive component only,

whereas relaxation of the a1-response inhibited the nifedi-

pine-sensitive and -insensitive components of contraction

(Haynes & Hill, 1997). Since the relaxations were mimicked

by the adenylyl cyclase stimulator forskolin and by phospho-

diesterase inhibitors in various species (Tsujii et al., 1992;

Drescher et al., 1994; Chen et al., 1995; Normandin & Lodge,

1996; Kalodimos & Ventura, 2001), these appear to be cAMP-

mediated. b-Adrenoceptor stimulation has also been reported

to regulate gene transcription in the rat prostate (Guthrie

et al., 1990). Some functional data also demonstrate the

presence of b-adrenoceptors, most likely b2-adrenoceptors, in
the LNCaP human prostate cancer cell line (Nagmani et al.,

2003). To the best of our knowledge, in vivo studies on the

b-adrenoceptor-mediated regulation of prostatic function have
not been reported, apart from the above-mentioned studies

on IUP, which may partly reflect prostatic effects.

Regulation of receptor expression and function A possi-

ble regulation of the prostatic b-adrenoceptor expression and

function by age has been studied in rats (Chen et al., 1995).

The number of [3H]dihydroalprenolol-binding sites increased

somewhat between 4 and 12 weeks of age and remained at a

similar level up to an age of 52 weeks. In contrast, isoprena-

line-stimulated adenylyl cyclase activity increased stronger

between the ages of 2 and 12 weeks, and then continuously

declined until the age of 104 weeks. Concomitantly, the ratio

of Gs/Gi a-subunits, as assessed by toxin-catalyzed ADP

ribosylation, also was lowest at 2 weeks, maximum at 12

weeks, and declined at 52 and 104 weeks. On the other hand,

an immunohistochemical study has reported an increased

b1-adrenoceptor density in 20- vs 3-month-old rats (Slater

et al., 2000). Thus, a reduced prostatic b-adrenoceptor
function in immature and old rats appears to reflect

predominantly a change in G-protein function rather than

one in receptor expression. Accordingly, a study in rabbits did

not detect any alterations of b-adrenoceptor-binding sites with
age (Kondo et al., 1992).

A study in tissue specimens from control patients and those

with BPH has found a significant reduction of b-adrenoceptor,
assessed as [3H]dihydroalprenolol-binding sites, by about 40%

in the latter group (Tsujii et al., 1992). This was accompanied

by a loss of isoprenaline-induced (but not forskolin-induced)

prostate relaxation; concomitantly, propranolol enhanced

noradrenaline-induced contraction in control, but not in

BPH tissue. Together, these data suggest that a reduced

receptor density is the cause of an impaired b-adrenoceptor-
mediated relaxation in BPH.

Since the prostate is an androgen-dependent tissue, the

modulation of prostatic b-adrenoceptor expression and func-

tion by androgens has been studied in rats. While castration

reduced prostatic b-adrenoceptor density at the protein

level and testosterone replacement restored it, castration had

little effect on b2-adrenoceptor mRNA and testosterone

replacement had only transient increasing effects (Collins

et al., 1988). Upregulation of b2-adrenoceptor mRNA by

androgen has also been observed in the intact rat prostate

(Guthrie et al., 1990). The functional relevance of this

is supported by the observation that castration reduced

b-adrenoceptor-mediated adenylyl cyclase stimulation in the

prostate, and this was also restored by androgen replace-

ment; basal and forskolin-stimulated adenylyl cyclase activity

exhibited a similar androgen-dependent pattern (Poyet et al.,

1986a; Purvis et al., 1986). Thus, b-adrenoceptor expression
and function in the prostate are androgen-dependent, and

this may involve transcriptional and post-transcriptional

effects at the receptor level, as well as receptor-independent

effect.

Three studies have evaluated the effect of diabetes on

prostatic b-adrenoceptors using the rat streptozotocin model.

The initial report described a marked reduction in prostatic

b-adrenoceptors in diabetes (shown to be a predominant

b2-adrenoceptor population), which was fully restored upon

insulin substitution (Gousse et al., 1991). A later study from

the same group confirmed these findings, and reported that

such regulation was not accompanied by alterations of

the relative contribution of agonist high- and low-affinity sites

(Fukumoto et al., 1993). Other investigators found that

diabetes markedly reduced isoprenaline- or forskolin-stimu-

lated adenylyl cyclase activity in rat prostate, but this was not

corrected by insulin treatment; in that study, diabetes was also

associated with a reduced expression of Gs, Gi1/2 and Gi3/o

proteins, which also was not fully restored by insulin treatment

(Carmena et al., 1997). Finally, it has also been reported that

chronic alcohol intake increases isoprenaline-induced adenylyl

cyclase activity as well as expression of Gs and Gi1/2 proteins in

rat prostate (Juarranz et al., 1998).

Clinical implications Taken together, these data demon-

strate that all three b-adrenoceptor subtypes appear to be

expressed in the prostate at the mRNA and protein levels,

but precise quantitative information on their relative contri-

bution is lacking. b-Adrenoceptor stimulation in the

prostate causes smooth muscle relaxation, an effect involving

both b1- and b2-adrenoceptors; while a single study in

rats argues against an involvement of b3-adrenoceptors, the
present data are too limited to allow definitive conclusions.

Ageing, ambient androgen levels and diabetes can regulate

prostatic b-adrenoceptor expression and function.
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Conclusions

In conclusion, adrenoceptors in the lower urinary tract

predominantly mediate continence-supporting functions,

that is, a relaxation of smooth muscle in the detrusor via

b-adrenoceptors and hence increased bladder compliance and

a contraction of smooth muscle in the bladder neck, urethra

and prostate via a1-adrenoceptors. In humans, the former

appears to involve mainly b3-adrenoceptors, and the latter

mainly a1A-adrenoceptors. a2-Adrenoceptors, possibly from

the a2A-subtype, mediate pre-junctional inhibition of transmit-

ter release, but the great abundance of this subtype makes

other, as yet undefined functions likely. Most of the six other

adrenoceptor subtypes are also expressed to varying extents in

the lower urinary tract, but their function remains unclear. In

pathophysiological settings, particularly during states of

bladder outlet obstruction in elderly men with enlarged

prostates, a1-adrenoceptors may contribute to the symptoms

and hence antagonists of these receptors effectively relieve

such symptoms. b3-Adrenoceptor agonists may be a useful

form of treatment of bladder dysfunction in the context of

OAB, but perhaps also in the context of BPH. The latter

possibility makes the possible combination of a1-adrenoceptor
antagonist with b3-adrenoceptor agonist treatment potentially
interesting.

Work in our lab on the subject of this article has been funded in part
by the Deutsche Forschungsgemeinschaft, Astellas and Boehringer
Ingelheim. We thank Dr A.G. Ramage for his help with the section on
central nervous a1-adrenoceptors.
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