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Abstract

The renin–angiotensin system (RAS) is present in the
human prostate and may be activated in benign prostatic
hyperplasia (BPH), possibly contributing to the patho-
physiology of this disorder by enhancing local sympathetic
tone and cell growth. The functional role of the RAS in
the prostate, however, is unknown. The present study was
undertaken to determine whether angiotensin (Ang) II
enhances sympathetic transmission in the prostate. The
neuronal stores of the rat prostate were labelled with
[3H]noradrenaline (NA). Ang II and Ang I enhanced
[3H]NA release in a concentration-dependent manner.
The Ang II receptor subtype 1 (AT1 receptor) antagonist
losartan and the AT2 receptor antagonist PD123319 in-
hibited this facilitatory effect of Ang II and Ang I, whereas
the other AT2 receptor antagonist, CGP42112, was with-
out effect. Bradykinin also increased [3H]NA release,
which was inhibited by the B2 receptor antagonist

Hoe140. The angiotensin-converting enzyme inhibitor
captopril inhibited the effect of Ang I, but potentiated that
of bradykinin. Interestingly, captopril alone produced an
increase in [3H]NA release which was inhibited by
Hoe140. Losartan, but not PD123319 or CGP42112,
inhibited [125I]-Ang II binding in Chinese hamster ovary
cells transfected with the AT1a or AT1b receptor. In
contrast, in cells expressing the AT2 receptor, PD123319
and CGP42112, but not losartan, inhibited [125I]-Ang II
binding. In conclusion, Ang II enhances the release of NA
from sympathetic nerves of the rat prostate via a novel
functional receptor distinct from the cloned AT1a, AT1b or
AT2. These data provide direct evidence in support of a
functional role for the local RAS in modulating sympa-
thetic transmission in the prostate, which may have
important implications for the pathophysiology of BPH.
Journal of Endocrinology (2001) 171, 97–108

Introduction

Benign prostatic hyperplasia/hypertrophy (BPH) is a
highly prevalent disorder that represents the most common
cause of urinary obstruction in the ageing male population
and frequently co-exists with hypertension (Garraway
et al. 1991, Maruenda et al. 1999). BPH is characterised by
increased cellular proliferation of stromal elements and
enhanced sympathetic smooth muscle tone (Isaacs &
Coffey 1989, McNeal 1990, Madsen & Bruskewitz 1995).
In patients with BPH, approximately 50% of total urethral
pressure is due to increased sympathetic smooth muscle
tone, which can be ameliorated by �1-adrenoceptor
blockers such as prazosin, terazosin or doxazosin (Furuya
et al. 1982, Kirby 1989, Madsen & Bruskewitz 1995). The
prostate is innervated by sympathetic nerves which, upon
stimulation, release the chemical transmitter noradrenaline

(NA) and evoke smooth muscle contraction, mediated by
�1-adrenoceptors of the �1A (�1c) subtype (Forray et al.
1994, Marshall et al. 1995). Moreover, there is some
evidence to suggest that local sympathetic activity may
also influence prostate growth (McVary et al. 1994). For
example, it has been reported that unilateral sympathec-
tomy of the lower urinary tract reduces ventral prostate
weight in rats (McVary et al. 1994). Thus enhanced
sympathetic activity is a major factor in the development of
BPH, influencing smooth muscle tone and, possibly,
growth of the prostate.

The renin–angiotensin system (RAS) is a hormonal
cascade that has an important role in regulating blood
pressure and cardiovascular homeostasis (Peach 1977,
Johnston 1990). Similarly, hyperactivity of the RAS has
been implicated in the development of hypertension
and other cardiovascular disorders (Nicholls et al. 1998).
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Angiotensin II (Ang II) is the principal effector peptide of
the RAS and is formed by the sequential cleavage of the
precursor macromolecule, angiotensinogen, to the inactive
decapeptide Ang I by renin, and then hydrolysed to the
active octapeptide Ang II by angiotensin-converting en-
zyme (ACE) (Johnston 1990). It should be noted, how-
ever, that ACE is not a specific enzyme and can degrade
bradykinin and a host of other peptides to inactive
fragments (Fabiani et al. 2000). In addition to its formation
within the circulation, Ang II can also be generated locally
in many target tissues such as the kidney, heart, brain and
blood vessels, and may therefore also mediate autocrine or
paracrine effects (Campbell 1987, Dzau 1988, Johnston
1992).

The effects of Ang II are subserved by at least
two distinct receptor subtypes, denoted AT1 and AT2
(Griendling et al. 1996, Unger et al. 1996, Fabiani 1999).
In rodents, but not higher species or humans, two further
isoforms of the AT1 receptor have been identified and
termed AT1a and AT1b (Iwai & Inagami 1992, Yoshida
et al. 1992). The characterisation of Ang II receptors into
two major classes was promulgated by the development of
selective non-peptide antagonists such as losartan and
PD123319 (Timmermans et al. 1993). Ang II receptors
sensitive to losartan were designated AT1, whereas
those sensitive to PD123319 were designated AT2
(Timmermans et al. 1993). Ang II exerts a variety of
biological effects that serve to modulate cardiovascular
function and structure, including vasoconstriction, stimu-
lation of aldosterone release and promotion of cell growth/
hypertrophy, all of which are mediated by the AT1
receptor (Chung et al. 1998, Fabiani 1999). The functional
role of the AT2 receptor is less well understood, but may
be involved in anti-proliferation, apoptosis, differentiation
and, possibly, vasodilatation (Chung et al. 1998, Csikos
et al. 1998, Fabiani 1999).

Of particular note, the RAS can interact with the
sympathetic nervous system in a stimulatory manner at
several different levels of the neuronal network (Saxena
1992). Ang II is well known to facilitate the release of NA
from sympathetic nerve terminals in many tissues includ-
ing the heart, kidney and blood vessels (Story & Ziogas
1987). Moreover, Ang II is able to amplify the post-
junctional actions of NA and other excitatory mediators on
cardiac and smooth muscle cells (Purdy & Weber 1988).
This facilitatory effect on sympathetic transmission repre-
sents one of the most potent actions of Ang II, usually
requiring concentrations that are much lower than those
required to produce direct vasoconstriction or cardiac
inotropic and chronotropic effects (Story & Ziogas 1987).

Despite the known role of sympathetic activity in BPH,
as described above, the functional role of the RAS in the
prostate is unknown. Furthermore, although it was re-
ported several years ago that the biochemical activity of
ACE is significantly greater in BPH than in normal
prostate or a variety of other tissue homogenates

(Yokoyama et al. 1980, Van Sande et al. 1985), no further
work has since been undertaken to investigate the physio-
logical or pathophysiological role of the RAS in the
prostate. Our group has shown more recently that both the
protein and mRNA expression of ACE (Nassis et al. 2000,
2001), in addition to Ang II immunoreactivity (Dinh et al.
2001a), are increased in BPH. Furthermore, we have
observed that AT1 receptors predominate in the human
prostate and are down-regulated in BPH (Dinh et al.
2001a,b). Taken together, these findings suggest that the
local RAS is activated in BPH, which may have patho-
physiological consequences.

Nothing is known about the functional interaction of
the RAS with sympathetic nerves in the prostate. We
hypothesise that a local tissue-based RAS is functionally
active and facilitates sympathetic neuroeffector transmis-
sion in the prostate, such that hyperactivity of the local
RAS contributes to the development of BPH by enhan-
cing local sympathetic activity. In view of the possibility
that the RAS may be activated in BPH, the present study
was undertaken to determine whether Ang II, the main
effector molecule of the RAS, facilitates sympathetic
transmission in the prostate. Specifically, we aimed to
examine the effects of exogenous and locally generated
Ang II on NA release from sympathetic nerves of the rat
prostate and endeavoured to characterise the Ang II
receptor subtype(s) involved.

Materials and Methods

Rat prostate preparation

Male Sprague–Dawley rats (250–350 g) were killed by
decapitation and then exsanguinated. An incision was
made in the lower abdominal region and the prostate
identified and dissected free. The isolated prostate was
transferred to a Petri dish containing pre-warmed physio-
logical salt solution (PSS) and continuously gassed with
carbogen (95% O2–5% CO2). Excess fatty tissue was
removed and the prostate cut into two even sections. Each
piece of prostate tissue was tied at both ends with fine silk
threads.

Radiolabelling of noradrenergic transmitter stores with [3H]NA

The procedure used to radiolabel the noradrenergic trans-
mitter stores was adopted from Fabiani & Story (1994,
1996). Prostate tissues were placed in small glass-jacketed
organ baths and equilibrated for 10 min in 2 ml PSS,
maintained at 37 �C and continuously gassed with carbo-
gen. After this initial equilibration period, 5 µl [3H]NA
(30–50 Ci/mmol) was added to each organ bath and the
preparations allowed to incubate for 30 min. After incu-
bation, prostate tissues were removed from the organ baths
and immersed in a small volume of PSS to rinse any loosely
bound radioactivity. Prostate preparations were then
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mounted vertically between two platinum electrodes in
acrylic flow chambers and superfused with PSS at a rate of
2 ml/min using an ISCO Wiz peristaltic pump (ISCO
Inc., Lincoln, NE, USA). In order to further remove
loosely bound radioactivity, the tissues were washed for
90 min before experimental procedures were commenced.
After the first 30 min of the washout period, the prepar-
ations were subjected to a 30 s period of electrical field
stimulation with a train of 1 ms monophasic square-wave
pulses at a frequency of 5 Hz and a supramaximal voltage
of 20 V, delivered by a Grass S88 stimulator (Grass
Medical Instruments, Quincy, MA, USA). This brief
‘priming stimulus’ was intended to assist in the removal of
any non-specifically bound radioactive material.

Stimulation of intrinsic sympathetic nerves

After the washout period, the intrinsic sympathetic nerves
of the prostate preparations were subjected to two 60 s
periods of electrical field stimulation (1 ms pulses, 5 Hz,
20 V). The first period of stimulation was given immedi-
ately after the 90 min washout period and the second
period of stimulation given 30 min later.

The effects of Ang II, Ang I and various drugs on the
resting and stimulation-induced effluxes of radioactivity
were examined by adding the drugs to the PSS superfusing
the prostate preparations 15 min before the second period
of stimulation. The drugs then remained present for the
duration of the experiment.

Determination of resting and stimulation-induced effluxes of
radioactivity

The superfusate from the prostate preparations was col-
lected at 3 min intervals by an automated ISCO Retriever
IV fraction collector (ISCO Inc.). Each 3 min (6 ml)
fraction of superfusate was mixed with 4 ml of scintillant
(Ultima Gold, Packard Bioscience BV, Groningen, The
Netherlands) and the radioactivity present determined by
liquid scintillation counting. External automatic standard-
isation was utilised to correct for counting efficiency and
the data were expressed in disintegrations per minute
(d.p.m.).

The resting efflux of radioactivity from the prostate
preparations was determined for each of the two periods of
stimulation (R1 and R2) from the amount of radioactivity
present in the fraction of superfusate collected immediately
before stimulation. The stimulation-induced efflux of
radioactivity for each of the two periods of stimulation (S1
and S2) was determined by subtracting the resting efflux
from the amount of radioactivity present in each of the
fractions of superfusate collected from the commencement
of stimulation, and summing the differences:

S1=(F1 + F2 + F3 . . .) - nR1
S2=(F1� + F2� + F3� . . .) - nR2

where F and F� represent the radioactive content in each
fraction collected after the first and second period of
stimulation respectively, R1 and R2 represent the resting
efflux for the first and second period of stimulation
respectively and n represents the number of fractions. In
each experiment, the resting and stimulation-induced
effluxes for the second period of stimulation were ex-
pressed as percentages of the corresponding values for the
first period of stimulation (% R2/ R1 and % S2/S1
respectively).

Receptor constructs, expression and binding assay
The cloning of the rat AT1a receptor and its incorporation
into the mammalian expression vector, pRc/CMV, have
been described previously (Thekkumkara et al. 1995). The
rat AT1b receptor, sub-cloned into pRc/CMV, was kindly
provided by Dr T J Thekkumkara (Department of
Medicine, University of Colorado, Denver, CO, USA).
The rat AT2 cDNA was kindly provided by Dr T J
Murphy (Department of Pharmacology, Emory University
School of Medicine, Atlanta, GA, USA) and subsequently
sub-cloned into pRc/CMV using unique 5� (HindIII) and
3� (XbaI) restriction sites.

Chinese hamster ovary (CHO-K1) cells were trans-
fected in 12-well plates with 0·6 µg/well of either AT1a,
AT1b or AT2 receptor plasmid DNA using lipo-
fectAMINE (4·8 µl/well), as previously described
(Thomas et al. 1998). At 48 h post-transfection, compe-
tition radioreceptor-binding assays were performed using
0·05 nM [125I]-Ang II as tracer and increasing concen-
trations of Ang II, losartan (an AT1-selective ligand),
PD123319 (an AT2-selective ligand) or CGP42112 (an
AT2-selective ligand). Non-linear regression of the data
was achieved using GraphPad Prism (Graphpad Software
Inc., San Diego, CA, USA) and KD and Bmax were
determined by the method of Swillens (1992).

Drugs, solutions and radiochemicals
The following drugs were used: angiotensin II (AUSPEP
Pty Ltd, Parkville, VIC, Australia; Sigma Chemical Co.,
St Louis, MO, USA); angiotensin I (AUSPEP Pty Ltd;
Sigma Chemical Co.); �-conotoxin GVIA (AUSPEP Pty
Ltd); tetrodotoxin (Sigma Chemical Co.); losartan (Merck
& Co. Inc., Rathway, NJ, USA), PD123319 (Research
Biochemicals International, Natick, MA, USA),
captopril (Sigma Chemical Co.), indomethacin (Sigma
Chemical Co.), CGP42112 (Novartis Pharma AG, Basel,
Switzerland), idazoxan (Research Biochemicals Inter-
national), atropine (Sigma Chemical Co.), bradykinin
(Sigma Chemical Co.) and Hoe140 (Hoechst AG,
Frankfurt, Germany).

Stock solutions of indomethacin were made in 2 M
Na2CO3. All other stock solutions and intermediate
dilutions of drugs were made in distilled water. Final
concentrations of drugs were achieved by the appropriate
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dilution in PSS, continuously gassed with carbogen and
maintained at a temperature of 37 �C.

The PSS had the following composition (mM): NaCl,
118; KCl, 4·7; CaCl2, 2·5; MgSO4, 0·45; NaHCO3, 25;
KH2PO4, 1·03 and -(+)-glucose, 11·1. EDTA
(0·067 mM) and ascorbic acid (0·14 mM) were also
present to prevent oxidation of NA.

()-[Ring 7, 8-3H]-noradrenaline (specific activity
30–50 Ci/mmol) was supplied by Amersham Pharmacia
Biotech Pty Ltd (Buckinghamshire, England, UK).

Statistical analysis of results

Results are expressed as mean±...; n represents the
number of experiments. The levels of statistical signifi-
cance of differences were determined by one-way analysis
of variance (ANOVA) followed by Dunnett’s test or
Student–Newman–Keuls (SNK) test, where appropriate.
All statistical analyses were performed using the statistical
program SigmaStat for Windows (Jandel Scientific
Software Inc., San Rafael, CA, USA). In all cases, prob-
ability levels less than 0·05 (P<0·05) were taken to
indicate statistical significance.

Results

Effects of exogenous and locally-generated Ang II on [3H]NA
release from rat prostate

Control experiments Figure 1 shows the mean content
of radioactivity (d.p.m.) in consecutive 3 min fractions of

superfusate collected from control rat prostates (n=6)
loaded with [3H]NA and subjected to two periods of
stimulation. The mean resting efflux of radioactivity for
the first period of electrical field stimulation (R1) was
1414±134 d.p.m. per 3 min collection (n=6). There was a
gradual decrease in the resting efflux between the two
periods of stimulation, such that the resting efflux preced-
ing the second period of stimulation, expressed as a
percentage of the first (%R2/R1), had a mean value of
80·1±1·0%. Electrical field stimulation evoked an increase
in the radioactive efflux from prostate preparations loaded
with [3H]NA. The mean stimulation-induced efflux
evoked by the first period of stimulation (S1) was
2954±587 d.p.m. (n=6). The mean value of the
stimulation-induced efflux for the second period of stimu-
lation, expressed as a percentage of the first (% S2/S1), was
87·0±3·0%.

Characterisation of stimulation-induced efflux To
confirm that the source of radioactivity released from the
radiolabelled prostate by electrical field stimulation was
due to the neuronal exocytotic release of [3H]NA from
sympathetic nerves, the effects of tetrodotoxin (neuronal
Na+ channel blocker), �-conotoxin (neuronal N-type
Ca2+ channel blocker) and Ca2+-free PSS on
stimulation-induced efflux were investigated. Tetrodo-
toxin (1 µM), �-conotoxin (0·1 µM) and the removal of
extracellular Ca2+ from the PSS, introduced 15 min
before the second period of stimulation, virtually
abolished the stimulation-induced efflux of radioactivity
(Fig. 2; P<0·05). The selective �2-adrenoceptor
antagonist idazoxan was used to determine whether
transmitter NA release was subject to auto-inhibition
mediated by prejunctional �2-adrenoceptors. Idazoxan
(0·1 µM), introduced into the PSS 15 min before the
second period of stimulation, markedly enhanced
stimulation-induced efflux, by approximately 170%
above control (Fig. 2; P<0·05).

Effects of Ang II and Ang I As shown in Fig. 3,
introduction of exogenous Ang II (0·001–1 µM) into the
PSS, 15 min before the second period of stimulation,
produced a concentration-dependent increase in the
stimulation-induced efflux of [3H]NA, with a maximal
effect at 0·1 µM (P<0·05). The precursor molecule Ang I
was used to determine whether locally generated Ang II
could also modulate transmitter NA release in the pros-
tate. Similar to Ang II, Ang I (0·001–1 µM), intro-
duced 15 min before the second period of stimulation,
also enhanced the stimulation-induced efflux in a
concentration-dependent manner, but was approximately
10-fold less potent than Ang II, with a maximal effect at
1 µM (Fig. 3; P<0·05). The maximal increase in
stimulation-induced efflux produced by both Ang II and
Ang I was approximately 40% above control.

Figure 1 Effects of successive periods of electrical field stimulation
on the radioactive efflux from isolated preparations of the rat
prostate in which the noradrenergic transmitter stores had been
loaded with [3H]NA. The intrinsic sympathetic nerves of the
prostate were subjected to two 60 s periods of electrical field
stimulation (S1 and S2) at 5 Hz, given 30 min apart. The graph
shows the radioactive content, expressed in disintegrations per
minute (d.p.m.), from consecutive 3-min fractions of superfusate
collected against time (min). Each point on the graph represents
the mean ± S.E.M. of six prostate preparations.
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Effects of Ang II and Ang I in the presence of
losartan The Ang II receptor antagonists losartan,
PD123319 and CGP4112 were used to characterise the
angiotensin receptor subtype(s) mediating the effects of
Ang II and Ang I on stimulation-induced [3H]NA release.
When introduced alone 15 min before the second period
of stimulation, the AT1 receptor antagonist losartan had no
effect on stimulation-induced efflux. However, when
introduced 15 min before the second period of stimulation
in combination with Ang II (0·1 µM) or Ang I (1 µM),
losartan (0·01 and 0·1 µM) significantly inhibited the
increase in stimulation-induced efflux produced by Ang II
and Ang I, in a concentration-dependent manner (Fig. 4;
P<0·05).

Effects of Ang II and Ang I in the presence of
PD123319 When introduced alone 15 min before the
second period of stimulation, the AT2 receptor antagonist
PD123319 had no effect on the stimulation-induced
efflux. However, as seen with losartan, when introduced
in combination with Ang II (0·1 µM) or Ang I (1 µM)
15 min before the second period of stimulation, PD123319
(0·01 and 0·1 µM) also inhibited the increase in

stimulation-induced efflux produced by Ang II and Ang I,
in a concentration-dependent manner (Fig. 5; P<0·05).

Effects of Ang II and Ang I in the presence of
CGP42112 When introduced alone 15 min before the
second period of stimulation, the AT2 receptor ligand
CGP42112, like PD123319 or losartan, had no effect on
the stimulation-induced efflux. However, in contrast to
PD123319 or losartan, CGP42112 (0·01 and 0·1 µM),
introduced in combination with Ang II (0·1 µM) or Ang I
(1 µM), did not alter the facilitatory effect of Ang II or Ang
I on stimulation-induced efflux (Fig. 6; P>0·05).

Effects of Ang I in the presence of captopril The
ACE inhibitor captopril was used to determine whether
the effects of Ang I on stimulation-induced efflux were
due to generation of Ang II via an ACE-dependent
pathway. When introduced alone 15 min before the
second period of stimulation, captopril (3 µM) produced a
small but significant increase in stimulation-induced efflux
(Fig. 7; P<0·05). However, when introduced in combi-
nation with Ang I (1 µM) 15 min before the second period

Figure 2 Effects of various neuronal drugs and the removal of
extracellular Ca2+ on the stimulation-induced (S-I) release of
[3H]NA from the rat prostate. The intrinsic sympathetic nerves of
the prostate were subjected to two 60 s periods of electrical field
stimulation at 5 Hz, given 30 min apart. Where indicated,
tetrodotoxin (TTX, 1 µM), �-conotoxin (�-CTX, 0·1 µM) or
idazoxan (IDZ, 0·1 µM) was added to the PSS superfusing the
prostate preparations, or the PSS was replaced with Ca2+-free PSS,
15 min before the second period of stimulation and then
remained present throughout. The stimulation-induced efflux for
the second period of stimulation was expressed as a percentage
of the value for the first period (% S2/S1). Each column represents
the mean ± S.E.M. of four to six prostate preparations. *Significant
difference from control (P<0·05, ANOVA, Dunnett’s test).

Figure 3 Effects of Ang II and Ang I on the stimulation-induced
(S-I) release of [3H]NA from the rat prostate. The intrinsic
sympathetic nerves of the prostate were subjected to two 60 s
periods of electrical field stimulation at 5 Hz, given 30 min apart.
Ang II or Ang I (0·001–1 µM) was added to the PSS superfusing
the prostate preparations 15 min before the second period of
stimulation and then remained present throughout. The
stimulation-induced efflux for the second period of stimulation
was expressed as a percentage of the value for the first period
(% S2/S1). Each point on the graph represents the mean ± S.E.M. of
four to nine prostate preparations. *Significant difference from
control (0) (P<0·05, ANOVA, Dunnett’s test).
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of stimulation, captopril (3 µM) markedly inhibited the
facilitation of stimulation-induced efflux by Ang I (Fig. 7;
P<0·05).

Effects of bradykinin in the absence and presence of
Hoe140 or captopril The potential effects of bradykinin
on transmitter NA release in the prostate were also
investigated. Bradykinin (1 µM), introduced 15 min
before the second period of stimulation, produced a
significant increase in the stimulation-induced efflux,
approximately 35% above control (Fig. 7; P<0·05). The
selective B2 receptor antagonist Hoe140 was used to
characterise the bradykinin receptor subtype involved in
mediating the effects of bradykinin on stimulation-
induced efflux. When introduced alone 15 min before the
second period of stimulation, Hoe140 had no effect on the
stimulation-induced efflux. However, when introduced in

combination with bradykinin (1 µM) 15 min before the
second period of stimulation, Hoe140 (0·3 and 1 µM)
significantly inhibited the facilitatory effect of bradykinin
(1 µM) on the stimulation-induced efflux (Fig. 7;
P<0·05).

The ACE inhibitor captopril was used again to deter-
mine whether exogenously applied bradykinin is subject
to degradation by ACE in the prostate. As shown in Fig.
7, in the presence of captopril (3 µM), introduced 15 min
before the second period of stimulation, bradykinin further
increased the stimulation-induced efflux, to approximately
50% above control and about 15% greater than that
achieved with bradykinin alone (P<0·05). Interestingly,
when introduced in combination with captopril (3 mM)
15 min before the second period of stimulation, Hoe140
(1 µM) inhibited the increase in stimulation-induced
efflux produced by captopril (3 µM) alone (Fig. 7; P<0·05).

Figure 4 Effects of Ang II and Ang I in the absence and presence
of losartan on the stimulation-induced (S-I) release of [3H]NA from
the rat prostate. The intrinsic sympathetic nerves of the prostate
were subjected to two 60 s periods of electrical field stimulation
at 5 Hz, given 30 min apart. Ang II (0·1 µM), Ang I (1 µM) or
losartan (0·01 and 0·1 µM) was added to the PSS superfusing the
prostate preparations 15 min before the second period of
stimulation and then remained present throughout. The
stimulation-induced efflux for the second period of stimulation
was expressed as a percentage of the value for the first period
(% S2/S1). Each column represents the mean ± S.E.M. of four to six
prostate preparations. *Significant difference from corresponding
control (P<0·05, ANOVA, Dunnett’s test); †significant effect of
losartan (P<0·05, ANOVA, SNK test).

Figure 5 Effects of Ang II and Ang I in the absence and presence
of PD123319 on the stimulation-induced (S-I) release of [3H]NA
from the rat prostate. The intrinsic sympathetic nerves of the
prostate were subjected to two 60 s periods of electrical field
stimulation at 5 Hz, given 30 min apart. Ang II (0·1 µM), Ang I
(1 µM) or PD123319 (0·01 and 0·1 µM) was added to the PSS
superfusing the prostate preparations 15 min before the second
period of stimulation and then remained present throughout. The
stimulation-induced efflux for the second period of stimulation
was expressed as a percentage of the value for the first period
(% S2/S1). Each column represents the mean ± S.E.M. of four to six
prostate preparations. *Significant difference from corresponding
control (P<0·05, ANOVA, Dunnett’s test); †significant effect of
PD123319 (P<0·05, ANOVA, SNK test).
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Effects of drugs on resting effluxes Addition of all the
various drugs tested had little or no effect on the mean
values of resting efflux (% R2/R1) (data not shown).

Competition displacement of [125I]-Ang II binding from the
cloned rat AT1a, AT1b or AT2 receptor in CHO-K1 cells

In order to characterise further the receptor subtype
mediating the effects of Ang II on NA release, binding
studies were also performed in CHO cells expressing each
of the cloned rat AT1a, AT1b and AT2 receptor. Figure 8
shows competition displacement curves of [125I]-Ang II
binding to the cloned rat AT1a, AT1b and AT2 receptor
expressed in CHO-K1 cells (three experiments performed
in triplicate). The AT1a receptor displayed a KD of
1·8±0·3 nM for Ang II and a receptor density (Bmax) of
1066±356 fmol/mg protein. The KD and Bmax for the
AT1b receptor were 4·9±1·4 and 571±160 fmol/mg pro-
tein respectively, whereas those for the AT2 receptor were

3·3±0·7 nM and 1254±301 fmol/mg protein. Displace-
ment of [125I]-Ang II by losartan was observed for the
AT1a and AT1b receptors, but not the AT2 receptor,
whereas PD123319 and CGP 42112 displaced bound
[125I]-Ang II from the AT2 receptor, but not the AT1a or
AT1b receptor.

Discussion

Recent evidence from our laboratory suggests that the
local RAS is activated in BPH. It is well documented that
Ang II, the bioactive product of the RAS, facilitates
sympathetic transmission in many cardiovascular organs by
enhancing the release of the chemical transmitter NA from
sympathetic nerve terminals. However, nothing is known
about the interaction of the RAS with sympathetic
neurotransmission in the prostate, which may possibly be
implicated in the pathophysiology of BPH. Therefore, the

Figure 6 Effects of Ang II and Ang I in the absence and presence
of CGP42112 on the stimulation-induced (S-I) release of [3H]NA
from the rat prostate. The intrinsic sympathetic nerves of the
prostate were subjected to two 60 s periods of electrical field
stimulation at 5 Hz, given 30 min apart. Ang II (0·1 µM), Ang I
(1 mM) or CGP42112 (0·01 and 0·1 µM) was added to the PSS
superfusing the prostate preparations 15 min before the second
period of stimulation and then remained present throughout. The
stimulation-induced efflux for the second period of stimulation
was expressed as a percentage of the value for the first period
(S2/S1). Each column represents the mean ± S.E.M. of four to six
prostate preparations. *Significant difference from corresponding
control (P<0·05, ANOVA, Dunnett’s test).

Figure 7 Effects of Ang I and bradykinin (BK) in the absence and
presence of captopril or Hoe140 on the stimulation-induced (S-I)
release of [3H]NA from the rat prostate. The intrinsic sympathetic
nerves of the prostate were subjected to two 60 s periods of
electrical field stimulation at 5 Hz, given 30 min apart. Ang I
(1 µM), bradykinin (1 µM), captopril (3 µM) or Hoe140 (0·3 and
1 µM) was added to the PSS superfusing the prostate preparations
15 min before the second period of stimulation and then
remained present throughout. The stimulation-induced efflux for
the second period of stimulation was expressed as a percentage
of the value for the first period (% S2/S1). Each column represents
the mean ± S.E.M. of four to six prostate preparations. *Significant
difference from corresponding control (P<0·05, ANOVA,
Dunnett’s test); †significant effect of captopril or HOE140 (P<0·05,
ANOVA, SNK test); ‡significant difference between captopril plus
Hoe140 and captopril alone (P<0·05, ANOVA, SNK test).
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present study was undertaken to determine whether
exogenous and locally generated Ang II enhances trans-
mitter NA release in the rat prostate, in an effort to
ascribe a functional role of the local RAS in modulating
sympathetic activity in the prostate.

Radiotracer techniques have been used widely and
extensively to monitor transmitter NA release in many
sympathetically innervated tissues. The noradrenergic
transmitter stores of the rat prostate were labelled with
[3H]NA, as described previously (Fabiani & Story 1994,
1996). Electrical field stimulation evoked an increase in
the efflux of radioactivity from the radiolabelled prostate
preparations. The neuronal Na+ channel blocker tetro-
dotoxin, the neuronal N-type Ca2+ channel blocker
�-conotoxin, and the removal of extracellular Ca2+ each
abolished the stimulation-induced efflux of radioactivity.
This confirms that the stimulation-induced efflux is caused
by the neuronal exocytotic release of [3H]NA by a
mechanism dependent on the influx of Ca2+ through
N-type Ca2+ channels. It is well established that sympa-
thetic nerve terminals are endowed with �2-adrenoceptors
that subserve auto-inhibition of transmitter NA release
(Starke 1987, Rand et al. 1990, Fuder & Muscholl 1996).
In the present study, the �2-adrenoceptor antagonist
idazoxan markedly enhanced stimulation-induced
[3H]NA release in the rat prostate, which is consis-
tent with blockade of prejunctional inhibitory �2-
adrenoceptors on sympathetic nerve terminals, and similar
to that observed in other tissues, such as rat atria (Loiacono
et al. 1985, Story et al. 1985), human atria (Abadie et al.
1996), rat kidney (Rump et al. 1990), rat mesenteric artery
(Fabiani & Story 1996) and rabbit ear artery (Loiacono
et al. 1985). These initial findings suggest that the
stimulation-induced efflux from the radiolabelled rat pros-
tate is caused by the evoked exocytotic release of [3H]NA
from sympathetic nerves and is subject to auto-inhibition
mediated by prejunctional �2-adrenoceptors. Thus the
stimulation-induced efflux may be taken as an index of
transmitter NA release from sympathetic nerves of the rat
prostate.

It is generally accepted that one of the most important
actions of Ang II on sympathetic neurotransmission is the
prejunctional facilitation of transmitter NA release (Story
& Ziogas 1987, Saxena 1992). In the present study, Ang
II, over a concentration range of 0·001–1 µM, enhanced
the stimulation-induced efflux of [3H]NA in a
concentration-dependent manner, with a maximal effect
at 0·1 µM, of approximately 35% above control. The
facilitatory effect of Ang II on stimulation-induced
[3H]NA release in the rat prostate is consistent with
findings in other tissues such as the rat caudal artery (Cox
et al. 1995, 1996a,b), rat and human kidney (Rump et al.
1990, 1995), guinea-pig (Brasch et al. 1993) and human
atria (Rump et al. 1994, Abadie et al. 1996).

Many tissues, including blood vessels, heart, kidney,
adrenals and brain, are capable of generating Ang II locally

Figure 8 Competition displacement of specific [125I]-Ang II
binding by unlabelled Ang II, losartan, PD123319 and CGP42112
(1�10−11 – 1�10−6 M) in CHO-K1 cells expressing the cloned
rat AT1a, AT1b or AT2 receptor. Data are expressed as a
percentage of initial specific binding (Bo) in the absence of any
drugs (% of Bo). Each point represents the mean ± S.E.M. of three
experiments performed in triplicate.
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(Campbell 1987, Dzau 1988, Johnston 1992). In the
present study, the precursor molecule Ang I was therefore
used to determine whether locally generated Ang II could
modulate transmitter NA release in the prostate. Similar to
Ang II, the inactive precursor Ang I also enhanced the
[3H]NA release in a concentration-dependent fashion but
was approximately 10-fold less potent than Ang II. The
facilitatory effect of Ang I on [3H]NA release in the rat
prostate was markedly inhibited by the ACE inhibitor
captopril, indicating that the effects of Ang I are due to
local conversion to Ang II via an ACE-dependent path-
way. This finding suggests that a tissue-based RAS is
indeed present and functionally active in the rat prostate
and capable of generating Ang II locally. Facilitation of
[3H]NA release by Ang I in the rat prostate is consistent
with other studies in guinea-pig atria (Ziogas et al. 1984,
Brasch et al. 1993), rat kidney (Böke & Malik 1983,
Rump et al. 1990), human kidney (Rump et al. 1995), and
rat vena cava (Ziogas & Story 1991), which was reportedly
caused by locally generated Ang II.

We also endeavoured to characterise the Ang II recep-
tor subtype(s) mediating the actions of Ang II on sympa-
thetic transmission in the rat prostate. Previous studies
suggest that, in a number of tissues from different species
such as guinea-pig atria (Brasch et al. 1993), rat atria
(Gironacci et al. 1994), human atria (Rump et al. 1994), rat
trachea (Boicos et al. 1996), human kidney (Rump et al.
1995) and various mouse tissues (Cox et al. 1999), the
facilitatory effect of Ang II on transmitter NA release is
mediated by AT1 receptors, as they were inhibited by
losartan and unaffected by PD123319. However, in the
present study, the increase in [3H]NA release by both Ang
II and Ang I in the rat prostate was significantly inhibited,
in a concentration-dependent manner, by the selective
AT1 receptor antagonist losartan in addition to the AT2
receptor antagonist PD 123319, whereas the other AT2
receptor antagonist, CGP42112, had no effect. These
findings suggest that the receptor mediating the effects of
exogenous and locally generated Ang II on NA release in
the rat prostate involves a receptor that is sensitive to both
losartan and PD123319. Similar findings have also been
reported by Cox et al. (1995, 1996a,b) who showed that
the facilitation of [3H]NA release by Ang II in the rat
caudal artery was also inhibited by both losartan and
PD123319.

The other AT2 receptor antagonist, CGP42112, did not
alter the facilitatory effect of Ang II and Ang I on [3H]NA
release, which suggests that AT2 receptors may not be
involved. Cloning studies have revealed the existence of at
least two subtypes of the AT1 receptor in rodents (rats and
mice), but not higher species or humans, which have been
designated AT1a and AT1b (Iwai & Inagami 1992, Yoshida
et al. 1992). Interestingly, it has been reported in rat
mesangial cells that two distinct AT1 receptor binding sites
exist, which are coupled to activation of phospholipase
C-mediated intracellular Ca2+ mobilisation and inhibition

of adenylate cyclase, and sensitive to inhibition by losartan
and PD123319 but not CGP42112 (Ernsberger et al.
1992, Zhou et al. 1993, Madhun et al. 1993). The AT1
binding site that displayed a greater affinity for losartan was
denoted AT1A, and the other binding site, which displayed
a greater affinity for PD123319, was denoted AT1B (here,
subscript A and B denote the pharmacologically charac-
terised receptors, as opposed to the cloned receptors
denoted by subscript a and b).

To delineate further the Ang II receptor subtype
involved in mediating the effects of Ang II on transmitter
NA release in the rat prostate, Ang II binding studies were
performed in CHO cells expressing each of the cloned rat
Ang II receptors (AT1a, AT1b and AT2) to establish their
sensitivity to inhibition by losartan, PD123319 and
CGP42112. As expected, losartan inhibited Ang II bind-
ing in a concentration-dependent manner in CHO
cells transfected with either the AT1a or AT1b receptor,
whereas PD123319 and CGP42112 had little or no effect.
Conversely, PD123319 and CGP42112 inhibited Ang II
binding in CHO cells expressing the AT2 receptor and
losartan had little or no effect. As the functional receptor
mediating the effects of Ang II on NA release in the rat
prostate was sensitive to inhibition by both losartan and
PD123319 but not CGP42112, this receptor subtype does
not appear to correspond to the cloned AT1a, AT1b or AT2
as determined by binding studies in CHO cells. We
therefore propose that the functional receptor mediating
the effects of Ang II on sympathetic transmission in the rat
prostate may be similar to the functional AT1B receptor as
described above (Ernsberger et al. 1992, Zhou et al. 1993,
Madhun et al. 1993, Cox et al. 1995, 1996a,b), which
is pharmacologically distinct from the cloned rat AT1b
receptor.

We have observed in other studies the overwhelming
presence of typical AT1 receptors in both the human
(Dinh et al. 2001a,b) and rat prostate (unpublished obser-
vations). Given that several isoforms of the AT1 receptor
exist in the rat but not in the human, coupled with the
apparent absence of AT2 receptors in the rat prostate, the
functional AT receptor mediating the effects of Ang II on
NA release in the rat prostate would appear to represent a
novel subtype of the AT1 receptor that is uniquely
sensitive to both losartan and PD123319 but not to
CGP42112. This novel prejunctional AT receptor medi-
ating the effects of Ang II on NA release in the rat prostate
represents only a fraction of the total AT receptor pool in
the rat prostate. Furthermore, given that the human
prostate expresses almost exclusively AT1 receptors but
not AT2 receptors, and that humans are not known to
express any isoforms of the AT1 receptor, it seems highly
likely that the potential effects of Ang II on NA release in
the human prostate would also be mediated by the AT1
receptor, which is still consistent with the findings in the
rat prostate. Thus the characterisation of this functional
AT1B receptor subtype mediating the effects of Ang II
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on NA release in the rat prostate represents a unique
phenomenon in the rat and might not be pertinent in the
human prostate, as humans are not known to contain any
isoforms of the AT1 receptor. Unfortunately, because of
the unavailability of fresh and functionally viable human
prostate tissues, it is not possible also to conduct NA
release studies in the human prostate in order to compare
directly the effects of Ang II on NA release in the rat
prostate, and the receptor subtype involved, with that in
the human prostate. Nonetheless, the findings of the
present study provide direct evidence that Ang II facilitates
NA release in the rat prostate, which may have direct
implications for the pathophysiology of BPH in humans
(see below).

Very recently, it was reported that AT1 and bradykinin
B2 receptors form stable heterodimers in vascular smooth
muscle cells and that this association dramatically affects
the signalling and regulation of the AT1 receptor (AbdAlla
et al. 2000). Whether AT1 and B2 receptors dimerise and
cross-modulate in the prostate remains to be determined,
but such a possibility may also be responsible for the
changes in AT1 receptor pharmacology and functionality
observed.

ACE has broad substrate specificity which, in addition
to converting Ang I to Ang II, also degrades bradykinin to
inactive peptide fragments (Fabiani et al. 2000). In the
present study, captopril itself produced a significant in-
crease in [3H]NA release. The facilitatory effect of capto-
pril on transmitter NA release in the rat prostate may
potentially be the result of accumulation of bradykinin as a
consequence of impaired bradykinin degradation after
ACE inhibition. Indeed, the observed increase in [3H]NA
release in the rat prostate was inhibited by the bradykinin
B2 antagonist Hoe140, suggesting that this facilitatory
effect of captopril was mediated by bradykinin. Bradykinin
has been shown to enhance transmitter NA release in a
variety of tissues, including rat kidney (Böke & Malik
1983) and human kidney (Rump et al. 1995), rat and
mouse vas deferens (Llona et al. 1991), rat atria (Chulak
et al. 1995) and human atria (Rump et al. 1997), and rat
hypothalamus (Tsuda et al. 1993). Consistent with these
observations, bradykinin enhanced [3H]NA release in the
rat prostate to an extent similar to that produced by Ang
II or Ang I, suggesting that bradykinin enhances sympa-
thetic transmission in the prostate. Moreover, the effect of
bradykinin on [3H]NA release was further enhanced after
ACE inhibition with captopril, suggesting that exogenous
bradykinin is subject to degradation by prostatic ACE.
This is consistent with the findings of other studies in
which the facilitatory effect of bradykinin on NA release
was revealed after ACE inhibition with captopril in the
human kidney and atria (Rump et al. 1995, 1997). These
effects of bradykinin on [3H]NA release in the rat prostate
were significantly inhibited by Hoe140, suggesting that
facilitation of transmitter NA release by bradykinin in the
rat prostate is mediated by B2 receptors. This is also in

accordance with other studies in which bradykinin was
found to increase NA release in the rat heart (Kurz et al.
1997) and mouse heart (Chulak et al. 1998), pithed rat and
PC12 cells (Dendorfer & Dominiak 1995, Dendorfer et al.
1996) via B2 receptors – an effect that was markedly
antagonised by Hoe140.

These findings suggest that ACE may have an import-
ant neuromodulatory role on sympathetic transmission in
the prostate by regulating the synthesis of Ang II and the
metabolism of bradykinin, both of which have demonstra-
ble effects on transmitter NA release in the rat prostate.
Therefore, although ACE inhibition may suppress local
Ang II-mediated effects on sympathetic transmission in the
prostate, this may potentially be compensated by the
effects mediated by bradykinin accumulation. Further to
this, bradykinin has been shown to induce contraction of
the canine prostate, which can be potentiated further by
ACE inhibition (Steidle et al. 1990). Thus, if the RAS has
an obligatory role in the pathophysiology of BPH, then
suppression of the RAS with AT1 receptor blockers, rather
than ACE inhibition, may offer potential benefits by
virtue of the fact that the former do not interfere with
bradykinin metabolism.

The findings of the present study provide direct evi-
dence that Ang II enhances NA release from sympathetic
nerves of the rat prostate. These data establish a novel
functional role for the RAS in the modulation of sympa-
thetic transmission in the prostate, which may have
important implications for the understanding of the patho-
physiology of BPH. Increased local sympathetic activity is
a characteristic feature of BPH and represents a target for
drug treatment with �1-adrenoceptor blockers. Recent
findings from our laboratory suggest that the local RAS is
activated in BPH. Specifically, we have shown that the
expression of ACE mRNA and protein (Nassis et al. 2000,
2001) and Ang II peptide (Dinh et al. 2001a) is signifi-
cantly increased in BPH compared with the normal
prostate. Furthermore, we have demonstrated that AT1
receptors predominate in the human prostate and are
down-regulated in BPH, which may be due to receptor
internalisation as a result of receptor hyper-stimulation by
increased tissue concentrations of Ang II (Dinh et al.
2001a,b). It is possible, therefore, that hyperactivity of the
local RAS resulting in increased tissue concentrations of
Ang II may represent an important factor in the patho-
physiology of BPH by enhancing local sympathetic activity
in the prostate. Facilitation of NA release from sympa-
thetic nerves by Ang II would consequently result in
hyper-stimulation of �1-adrenoceptors, causing contrac-
tion of prostatic smooth muscle and urethral compression,
with subsequent resistance to urinary outflow.

In conclusion, exogenous and locally generated Ang II
facilitates the release of NA from sympathetic nerves of the
rat prostate by a prejunctional mechanism. The receptor
subtype mediating the effects of Ang II on sympathetic
transmission in the rat prostate is unclear, but may involve
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a novel functional Ang II receptor distinct from the cloned
AT1a, AT1b or AT2. These novel data provide direct
evidence in support of a functional role for the local RAS
in modulating sympathetic activity in the prostate, which
may have important implications for the pathophysiology
of BPH.
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