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1 The aim of this study was to investigate the e�ects of adenine nucleosides and nucleotides on
contractility of the smooth muscle of rat prostate gland.

2 Nerve terminals within rat isolated prostatic tissues were electrically ®eld stimulated (60 V,
0.5 ms, 10 Hz, 20 pulses every 60 s). Adenosine 5'-triphosphate (ATP), adenosine 5'-diphosphate
(ADP), adenosine 5'-monophosphate (AMP) and adenosine had no e�ect on baseline smooth muscle
tone but concentration-dependently inhibited electrically-evoked contractile responses. The relative
order of potency was ATP % AMP % adenosine4ADP.

3 The inhibition by ATP and adenosine of ®eld stimulation-induced contractions in the rat
prostate was antagonized by 8-phenyltheophylline (10 mM), but not by suramin (100 mM) and only
slightly by reactive blue 2 (5 mM).

4 The adenosine metabolizing enzyme adenosine deaminase (0.1 unit ml71) inhibited the inhibitory
e�ects of ATP and adenosine. The P2 purinoceptor agonist 2-methylthio ATP (10 nM± 0.1 mM), had
no e�ect on ®eld stimulation-induced contractions of the rat prostate.

5 ATP and adenosine did not modify the contractile responses of the rat prostate to exogenously
added noradrenaline (10 mM).

6 Inhibitory concentration-response curves to a number of adenosine analogues with di�ering
stabilities and selectivities for the di�erent adenosine receptors yielded a relative rank order of
agonist potency of: N6-cyclopentyladenosine (CPA)4N6-cyclohexyladenosine (CHA) % (7)-N6-(2-
phenylisopropyl)-adenosine (R-PIA) % 5'-(N-ethylcarboxamido)-adenosine (NECA)4(+)-N6-(2-
phenylisopropyl)-adenosine (S-PIA)42-p-[2-carboxyethyl]phenethyl-amino-5'-N-ethylcarboxamido-
adenosine (CGS 21680).

7 These results indicate that adenine nucleoside and nucleotide induced inhibition of electrically-
evoked contractions in the rat prostate occurs through activation of adenosine but not ATP
receptors. The relative order of potency of adenosine analogues is consistent with activation of
receptors of the A1-adenosine receptor subtype. These receptors appear to be prejunctional.
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Introduction

This study investigates the role of adenine nucleosides and
nucleotides in the contractility of the smooth muscle of the rat

prostate gland. Adenine nucleosides and nucleotides exhibit
speci®c extracellular as well as intracellular signalling actions,
so regulating a number of physiological systems. Cell surface
purinoceptors are widely distributed throughout mammalian

tissues (Windschief, 1996; Abbracchio & Burnstock, 1998;
Rathbone et al., 1999). Most pertinent to this study is the
ability of nucleosides and nucleotides to modulate autonomic

neurotransmission (Abbracchio & Burnstock, 1998).
These receptors for ATP and adenosine can pharmacolo-

gically be classi®ed into two primary groups. Adenosine

receptors designated Ax and the P2 or ATP receptors which
can be further divided into the P2X and P2Y families
(Abbracchio & Burnstock, 1998; Rathbone et al., 1999).

ATP is colocalized with noradrenaline in postganglionic
sympathetic nerve ®bres (Abbracchio & Burnstock 1998). In

this capacity, it acts as a co-transmitter in several genito-
urinary tissues including the rat and guinea-pig vas deferens
and the guinea-pig seminal vesicle, being co-released with
noradrenaline upon nerve stimulation. In the rat vas deferens it

has an excitatory e�ect on smooth muscle tone through
interaction with P2X receptors (Khakh et al., 1995). ATP also
contracts the rat cauda epididymis through stimulation of P2X

receptors (Ventura & Pennefather, 1991). Recently ATP has
been identi®ed as an inhibitory co-transmitter with vasoactive
intestinal polypeptide in the proximal hamster urethra where it

acts at P2Y receptors (Pinna et al., 1998). There is similar
evidence that ATP is a co-transmitter with acetylcholine in
parasympathetic nerves, particularly in supplying the bladder,
where it exhibits predominantly an excitatory e�ect (Burnstock

et al., 1978) but also has some inhibitory e�ect (Boland et al.,
1993).

Termination of ATP activation of purinoceptors is a result

of the hydrolyses of the molecule by extracellular 5'-
nucleotidases in the neuroe�ector junction (Burnstock, 1972;
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Windschief, 1996). These hydrolyses systematically cleave a
single phosphate moiety from the triphosphate tail to yield
ADP, AMP and ®nally adenosine. The product of each

hydrolysis consequently has a lower a�nity for ATP or P2

receptors, and a greater a�nity for adenosine or P1 receptors.
This order of purinoceptor a�nity, alternatively expressed as a
rank order of potency, forms the basis for characterisation of

purinoceptor subtypes (Burnstock, 1978; Windschief, 1996). In
addition, the hydrolysis of ATP to adenosine provides a
mechanism through which ATP can indirectly activate P1

purinoceptors (Windschief, 1996). Expression and enzymic
activity of ecto 5'-nucleotidases have been demonstrated in
male genital tissues including the prostate gland (Konrad et al.,

1998).
P1 adenosine receptors have been subclassi®ed into the A1,

A2A, A2B and A3 subtypes (Fredholm et al., 1998), and there is

evidence for the existence of a population of A1 receptors in
various urogenital structures including the rat (Hourani et al.,
1993; Kurz et al., 1993), guinea-pig (Driessen et al., 1994;
Haynes et al., 1998) and mouse vas deferens (Kurz et al., 1993),

and the rat (Ventura & Pennefather 1992) and guinea-pig
cauda epididymis (Haynes et al., 1998). In all cases, these
receptors are thought to mediate inhibition of noradrenaline

release, consequently reducing electrical ®eld stimulation-
induced contractile responses or smooth muscle tone.
Adenosine present in the neuroe�ector junction of these

tissues may result from enzymatic breakdown of ATP co-
released from the sympathetic innervation of the tissue.

Very little attempt has been made to investigate purino-

ceptor mechanisms in the prostate gland. This is surprising
when one considers that the presence or expression of
purinoceptors (Fang et al., 1992; Janssens et al., 1996;
Longhurst et al., 1996; Wasilenko et al., 1997) and of ecto

5'-nucleotidase (Konrad et al., 1998) has been reported in
human prostate. ATP has also been shown to increase inositol
phosphates in rat prostatic cultures (Guijarro et al., 1996).

The aims of this study were to investigate the role of purine
nucleotides in neurotransmission to the smooth muscle of the
rat prostate gland and to identify and characterize the receptor

subtype responsible for mediation of any observed e�ect.

Methods

Animals and tissues

Male Sprague-Dawley rats (200 ± 350 g) were housed at 228C
with a photoperiod of 12 h light/dark. Animals had free access
to rodent chow and water ad libitum. Rats were killed by

cervical dislocation or decapitation. An incision to the lower
abdomen of the rat exposed the male urogenital tract. Both the
ventral and dorsal lobes of the prostate were removed together,

and placed in a petri dish containing Krebs-Henseleit solution
(mM: NaCl 118.1, KCl 4.69, KH2PO4 1.2, NaHCO3 25.0,
glucose 11.7, MgSO4 0.5, CaCl2 2.5). The prostatic capsule was
carefully dissected away at this time. Ethical approval for these

experiments was obtained from the Monash University
Standing Committee of Ethics in Animal Experimentation.

Experimental procedures

The dissected prostates were separated into the left and right

lobes, providing two preparations per animal. Tissues were
mounted vertically in 10 ml water-jacketed glass organ baths,
containing Krebs-Henseleit solution, maintained at 378C and
bubbled with 5% CO2 in O2. One end of the tissue was

attached to the tissue holder, and the other to a Grass FTO3C-
transducer for recording of isometric contractile activity of the
smooth muscle. Developed force was recorded via a PowerLab

data acquisition system (Chart 3.6) connected to a Macintosh
5500/225 computer. Preparations were equilibrated for 60 min
under a resting force of 0.4 ± 0.5 g.

Nerve terminals within the smooth muscle of the prostate

stroma were electrically stimulated via two parallel platinum
electrodes embedded in the tissue holder, connected to a Grass
S88 stimulator. The electrical ®eld stimulation applied to the

tissues was with parameters: trains of 20 pulses of 0.5 ms pulse
duration, at 10 Hz, a dial setting of 80 V, delivered every 60 s
(Lau et al., 1998). Using these electrical ®eld stimulation

parameters, stimulation-induced contractile responses in the
rat prostate have been shown to be tetrodotoxin-sensitive and
are markedly attenuated in the presence of guanethidine and

prazosin (Lau et al., 1998). This con®rms that the responses
are of neural origin, are sympathetically mediated and
primarily noradrenergic in origin. Stimulation was ®rst applied
after the ®rst 30 min of equilibration, and continued

throughout the remainder of the 60 min equilibration period.
Throughout the equilibration period, all tissues were washed
every 10 ± 15 min to eliminate the accumulation of prostatic

secretions in the bath.

Agonist studies

Discrete log concentration-response curves to purinoceptor
agonists were constructed using 0.5 log unit increments. Each

concentration was added after ®ve stable control electrical ®eld
stimulation induced contractions, and remained in contact
with the tissue for 5 min before being washed out with fresh
bathing medium. The next concentration was not applied until

electrical ®eld stimulation induced contractile responses
returned to their control magnitude. Typically, this took 5 ±
10 min depending on the agonist used. Only one agonist was

used for each preparation, with paired tissues used for relevant
vehicle control curves.

E�ects of enzymes, inhibitors and antagonists

Discrete log concentration-response curves to the agonists
ATP, adenosine and 2-methylthio ATP were constructed in the

absence and presence of adenosine deaminase or the
purinoceptor antagonists: 8-phenyltheophylline, reactive blue
2 and suramin. Only one curve was constructed on each

preparation, with paired tissues from each animal used for
time control curves. Most of these drugs were incubated with
the tissues during the 1 h equilibration period, and were

replaced in the bathing solution after each washout. The P2

receptor antagonist reactive blue 2 was incubated with the
tissue for 5 min prior to each agonist addition. This particular

protocol was adopted to avoid the non-selective desensitiza-
tion that this agent causes after long periods of contact with
isolated tissue preparations (Burnstock & Warland, 1987).

Postjunctional e�ects

A subset of experiments examined the e�ects of ATP and

adenosine on the peak contractile response to exogenous
application of a submaximal dose of noradrenaline (10 mM). In
these experiments tissues were not ®eld stimulated. Three

control responses to exogenous noradrenaline (10 mM) were
obtained at the beginning of each experiment. Tissues were
then exposed to each agonist concentration for 3 min before a
single application of noradrenaline (10 mM). Once the response
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to noradrenaline reached a plateau, the drugs were washed out
with fresh bathing medium. The next dose of noradrenaline
was not applied for 10 min after the previous wash. Discrete

log concentration-response curves were constructed to each
agonist using 0.5 log unit increments. To test for time related
e�ects, three control responses to exogenous noradrenaline
(10 mM) were also obtained at the end of each experiment.

Measurement and analysis of data

The mean peak force (g) of four electrical ®eld stimulation-
induced contractions was determined immediately before
addition of each agonist concentration. After agonist addition,

®ve responses were recorded before washout, and the mean
peak force (g) of the last four electrical ®eld stimulation
induced contractions was calculated. Responses to inhibitory

agonists were expressed as percentage inhibition of the initial
mean response.

In the experiments examining postjunctional e�ects, the
mean peak force (g) of three exogenously applied noradrena-

line (10 mM)-induced contractions was determined before
addition of the ®rst agonist concentration. After each agonist
addition, the response to noradrenaline (10 mM) was recorded

before washout, and the mean peak force (g) of this
contraction was determined. Responses to inhibitory agonists
were expressed as percentage inhibition of the initial mean

response.
All results were expressed as mean+s.e.mean. The n value

represents the number of animals used.

Two-way repeated measure analysis of variance (ANOVA)
were carried out to compare two or more treatment groups at
all concentrations on the log concentration-response curve
using Sigmastat (version 1.0). To evaluate statistical signi®-

cance, P values representing a probability of a signi®cant
interaction between dose and treatment were used. Estimates
of potency ratio between mean inhibitory log concentration-

response curves were also calculated using GraphPad Prism
(version 3.0). Two-tailed Student's paired t-tests were carried
out to estimate the signi®cance in basal electrical ®eld

stimulation induced contractile responses between control and
treatment groups using GraphPad Prism (version 3.0). In all
cases, values of P50.05 were considered signi®cant.

As an estimate of potency for each of the inhibitory

adenosine receptor agonists, the concentration required to
inhibit 25% of the initial mean response (IC25) was calculated
using GraphPad Prism (version 3.0). Mean and 95%

con®dence limits of the IC25 value for each agonist were then
determined.

Drugs

The following drugs were used: adenosine (Sigma), adenosine

deaminase (Sigma), adenosine 5'-diphosphate (ADP; Sigma),
adenosine 5'-monophosphate (AMP; Sigma), adenosine 5'-

triphosphate (ATP; Sigma), 2-p-[2-carboxyethyl]phenethyl-
amino-5'-N-ethylcarboxamido-adenosine (CGS 21680; Sigma),
N6-cyclohexyladenosine (CHA; Sigma), N6-cyclopentyladeno-

sine (CPA; Sigma), 2-methylthio ATP (Sigma), 5'-(N-
ethylcarboxamido)-adenosine (NECA; Sigma), noradrenaline,
(Sigma), 8-phenyltheophylline (Sigma), (7)-N6-(2-phenyliso-
propyl)-adenosine (R-PIA; Sigma), (+)-N6-(2-phenylisopro-

pyl)-adenosine (S-PIA; Sigma), reactive blue 2 (Tocris) and
suramin (Sigma).

CHA was dissolved in 50% ethanol (at 10 mM) then diluted

to the required concentrations in distilled water. CPA was
dissolved in 0.1 M NaOH (at 10 mM) then diluted to the
required concentrations in distilled water. CGS 21680 was

dissolved in 10% DMSO (at 10 mM) then diluted to the
required concentrations in distilled water. Noradrenaline was
dissolved and diluted in a catecholamine diluent comprising

(mM: NaCl 154, NaH2PO4.2H2O 1.0, ascorbic acid 0.23).
8-Phenyltheophylline was dissolved in 80% methanol, 20%
0.2 M NaOH (at 10 mM) then diluted to the required
concentrations in distilled water. All other drugs were

dissolved and diluted to the required concentrations in distilled
water. All drug solutions were made up fresh on the day of use.

pH determination

Since pH is known to a�ect responses to purinergic agonists

(Wildman et al., 1998), the pH of the normal Krebs-Henseleit
solution, bubbled with 5% CO2 in 95% O2, with no tissue
present was tested in the presence and absence of both ATP

(100 mM and 10 mM) and adenosine (100 mM and 10 mM).

Figure 1 Representative trace showing the inhibitory e�ect of adenosine (0.3 mM± 3 mM) on contractions evoked by trains of
stimuli (0.5 ms pulse width, 60 V, 20 pulses at 10 Hz every 50 s) of the isolated rat prostate.

Figure 2 Mean log concentration-response curves for the inhibitory
e�ects of ATP, ADP, AMP and adenosine on the ®eld stimulation
induced contractions in isolated rat prostatic preparations. Results are
expressed as the percentage of basal control electrical ®eld
stimulation-induced responses. Each point represents the mean+
s.e.mean from 6 ± 7 experiments.
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Results

The contractile responses to electrical ®eld stimulation

remained stable throughout the experimental period (3 ± 4 h),
with contractions consistently returning to basal levels after
washout. The mean magnitude of response to ®eld stimulation
in control tissues prior to addition of any drugs was 88+3 mg

(n=145). During investigation of the following protocols,
there were no noticeable di�erences in responses of prostates
taken from within the same animal or between animals.

Responses to adenine nucleosides and nucleotides

The endogenous purines ATP, ADP, AMP and adenosine
elicited concentration-dependent inhibition of electrical ®eld
stimulation induced contractile responses (Figure 1), but had

no consistent e�ect on basal rat prostatic smooth muscle tone.
The maximum inhibition of the contractile response was
attained after approximately 2 min of tissue exposure to each
agonist, and remained maximal until washout. The rank order

of agonist potency was ATP % AMP % adenosine 4 ADP
(Figure 2).

E�ects of 8-phenyltheophylline

Preincubation of isolated rat prostates with the non-selective

adenosine receptor antagonist 8-phenyltheophylline (10 mM)
had no e�ect on responses to electrical ®eld stimulation
(P50.542, Figure 3), but produced signi®cant shifts to the
right of the mean inhibitory log concentration response curves

to both ATP (potency ratio=7.7, 95% con®dence limits: 7.3 ±
8.1) and adenosine (potency ratio=6.8, 95% con®dence limits:
6.3 ± 7.3) (Figure 3).

E�ects of P2 purinoceptor antagonists

Preincubation of isolated rat prostates with the non-selective
P2 purinoceptor antagonist suramin (0.1 mM) had no e�ect on
responses to electrical ®eld stimulation (P=0.645). Nor did

this concentration of suramin a�ect the ATP-mediated
inhibition (P=0.334; Figure 4). Preincubation of isolated rat
prostates with the P2 receptor antagonist reactive blue 2
(5 mM) had no e�ect on basal electrical ®eld stimulation

Figure 3 Mean log concentration-response curves for the inhibitory
e�ects of ATP (A) and adenosine (B) on ®eld stimulation induced
contractions in rat prostatic preparations in the absence or presence
of 8-phenyltheophylline (10 mM). Results are expressed as the
percentage inhibition of basal control electrical ®eld stimulation-
induced responses. Each point represents the mean+s.e.mean of six
experiments. P values are for the concentration6treatment interac-
tion of a 2-way repeated measures ANOVA. The histogram columns
represent the mean force developed by control tissues and in the
presence of 8-phenyltheophylline prior to the addition of agonists.
Vertical bars represent s.e.mean.

Figure 4 Mean log concentration-response curves for the inhibitory
e�ects of ATP on ®eld stimulation induced contractions in rat
prostatic preparations in the absence or presence of (A) suramin
(100 mM) and (B) reactive blue 2 (5 mM). Results are expressed as the
percentage inhibition of basal control electrical ®eld stimulation-
induced responses. Each point represents the mean+s.e.mean of six
experiments. P values are for the concentration6treatment interac-
tion of a 2-way repeated measures ANOVA. The histogram columns
represent the mean force developed by control tissues and in the
presence of antagonist prior to the addition of agonists. Vertical bars
represent s.e.mean.
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induced contractile responses (P=0.398, Figure 4), but shifted
the mean inhibitory log concentration-response curve to ATP
to the right (potency ratio=3.6, 95% con®dence limits: 3.2 ±

4.0) (P=0.002; Figure 4).

E�ects of adenosine deaminase

Preincubation of isolated rat prostates with adenosine
deaminase (0.1 unit ml71), the enzyme responsible for
adenosine degradation to inosine, had no e�ect on basal

electrical ®eld stimulation induced contractile responses
(P50.271, Figure 5), but shifted the mean inhibitory log
concentration-response curves to both ATP (potency ra-

tio=2.8, 95% con®dence limits: 2.3 ± 3.3) and adenosine
(potency ratio=6.0, 95% con®dence limits: 5.4 ± 6.6) to the
right (Figure 5).

E�ects of 2-methylthio ATP

The ATP analogue and P2 agonist, 2-methylthio ATP

(10 nM± 100 mM), had no e�ect on baseline smooth muscle

tone or electrical ®eld stimulation induced contractile
responses (Figure 6).

Postjunctional e�ects

Noradrenaline (10 mM) elicited tonic contractions of unstimu-
lated rat isolated prostates. Neither ATP nor adenosine

(1 mM±1 mM) inhibited the contractile response to exogenous
noradrenaline (10 mM) (Figure 7).

E�ects of synthetic adenosine analogues

The synthetic adenosine analogues CPA, CHA, NECA, R-

PIA, S-PIA and CGS 21680 elicited concentration-dependent
inhibition of electrical ®eld stimulation induced contractile
responses. CPA, R-PIA and NECA caused a maximal

inhibition of 70 ± 75%, while CHA and S-PIA produced only
30 ± 40% maximal inhibition. The selective A2A adenosine
receptor agonist CGS 21680 was relatively inactive and its
e�ect did not reach a plateau at the concentrations used in this

study (up to 100 mM). The rank order of potency was
CPA5CHA=R-PIA=NECA4S-PIA4CGS 21680 (Figure
8, Table 1).

E�ects of ATP and adenosine on bathing solution pH

The pH of the control Krebs-Henseleit solution was 7.37. In
the presence of either ATP (100 mM) or adenosine (100 mM),
this was still 7.34. In the presence of ATP (10 mM), this was

reduced to 6.63, while in the presence of adenosine (10 mM) the
pH of the bathing solution fell to 6.94.

Discussion

The present study has clearly demonstrated that adenine

nucleosides and nucleotides elicit inhibition of electrical ®eld
stimulation-induced contractile responses in the rat prostate
gland. This inhibition may be due to prejunctional inhibition

of excitatory neurotransmitter release by stimulation of
adenosine receptors possibly of the A1 subtype.

ATP and adenosine were equipotent in inhibiting electrical
®eld stimulation induced contractile responses. This equipo-

Figure 5 Mean log concentration-response curves for the inhibitory
e�ects of ATP (A) and adenosine (B) on ®eld stimulation induced
contractions in rat prostatic preparations in the absence or presence
of adenosine deaminase (0.1 unit ml71). Results are expressed as the
percentage inhibition of basal control electrical ®eld stimulation-
induced responses. Each point represents the mean+s.e.mean of six
experiments. P values are for the concentration6treatment interac-
tion of a 2-way repeated measures ANOVA. The histogram columns
represent the mean force developed by control tissues and in the
presence of adenosine deaminase prior to the addition of agonists.
Vertical bars represent s.e.mean.

Figure 6 Mean log concentration-response curves for the inhibitory
e�ects of 2-methylthio ATP on the ®eld stimulation induced
contractions in rat prostatic preparations in the absence and presence
of reactive blue 2 (5 mM). Results are expressed as the percentage of
basal control electrical ®eld stimulation-induced responses. Each
point represents the mean+s.e.mean.

Purinergic neuromodulation of rat prostate 1077A. Preston et al

British Journal of Pharmacology, vol 131 (6)



tency occurs in other sympathetically innervated tissues
including the rat vas deferens (Clanachan et al., 1977), cauda
epididymis (Ventura & Pennefather, 1992), heart (Khan &

Malik, 1980) and the mouse vas deferens (von Kugelgen et al.,
1989). At the neuroe�ector junction, released ATP may be
hydrolyzed to yield adenosine by extracellular ATPase and 5'-
nucleotidase (Burnstock, 1972; Windschief, 1996), but the
reverse is not possible. Adenosine receptors can therefore be
activated directly by adenosine or indirectly by ATP, following
hydrolysis to adenosine. This implies that inhibition of

prostatic contractions by adenine nucleotides as well as by
adenosine may be mediated by an adenosine receptor. In
support of this proposal, the inhibition elicited by both ATP

and adenosine was attenuated by the adenosine receptor
antagonist 8-phenyltheophylline.

To evaluate the alternative or additional presence of an

inhibitory P2-purinoceptor, the e�ects of the non-selective P2-
purinoceptor antagonists suramin and reactive blue 2 on the
inhibitory e�ects of ATP and adenosine were tested. Suramin

was without e�ect on the inhibition caused by ATP and
adenosine, while reactive blue 2 caused only a small
attenuation of the ATP mediated inhibitory response. Reactive
blue 2 has been shown to have nonspeci®c side e�ects at high

concentrations (Reilly et al., 1987) and a general desensitizing
e�ect when in contact with tissues for long periods (Burnstock
&Warland, 1987), and although the concentration and contact

period were reduced to avoid these e�ects, they may be
confounding factors in the observed e�ect of reactive blue 2.
Furthermore, it has been reported that reactive blue 2 can

directly a�ect adenosine responses in certain vascular

Figure 7 Mean log concentration-response curves for the inhibitory
e�ects of ATP (A) and adenosine (B) on contractile responses to
exogenously administered noradrenaline (10 mM) in rat prostatic
preparations and mean contractile responses to noradrenaline as a
function of time. Results are expressed as the percentage inhibition of
basal control electrical ®eld stimulation-induced responses. Each
point represents the mean+s.e.mean of six experiments. P values are
for the concentration6treatment interaction of a 2-way repeated
measures ANOVA. The histogram columns represent the mean force
developed by tissues prior to the addition of ATP or adenosine and
prior to the commencement of time control studies and the mean
force developed by tissues after washout of the ®nal drug application.
Vertical bars represent s.e.mean.

Table 1 Mean negative log IC25 values, potency ratios and mean maximum inhibition developed at adenosine receptors on rat
prostatic smooth muscle

Agonist
7log IC25 (M)

(95% C.I.) Potency ratio
Maximum inhibition

(%+s.e.mean)

CPA 7.65 (6.29 ± 9.01) 1445 70.3+5.1
CHA 6.95 (6.34 ± 7.56) 288 41.2+2.2
R-PIA 6.79 (5.07 ± 8.51) 199 75.5+9.6
NECA 6.75 (6.61 ± 6.89) 182 71.7+1.8
S-PIA 5.36 (5.02 ± 5.70) 7.4 34.2+3.3
Adenosine 4.49 (4.25 ± 4.73) 1.0 92.3+4.2
CGS 21680 4.21a 0.52 N/A1

aMaximum inhibition was not reached with CGS 21680 at the concentrations used in this study. n=5±6 animals for each analogue.
Potency ratio=antilog ((neg log IC25 value for analogue)7(neg log IC25 value for adenosine)).

Figure 8 Mean log concentration-response curves for the inhibitory
e�ects of CPA, CHA, R-PIA, NECA, S-PIA and CGS 21680 on the
®eld stimulation induced contractions in control rat prostatic
preparations. Results are expressed as the percentage of basal control
electrical ®eld stimulation-induced responses. Each point represents
the mean+s.e.mean of 5 ± 6 experiments.
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preparations (Burnstock & Warland, 1987; Hopwood &
Burnstock, 1987).

Further investigation showed that 2-methylthio ATP had

no e�ect on electrical ®eld stimulation induced contractile
responses, indicating the non-involvement of P2 purinocep-
tors. In addition, 2-methylthio ATP is less likely to undergo
enzymatic hydrolysis to form adenosine and instead is

degraded by ecto 5'-nucleotidases to form 2-methylthio
adenosine (Welford et al., 1986), and as such is less likely to
activate adenosine receptors. The inactivity of 2-methylthio

ATP further supports the argument for indirect activation of
an adenosine receptor by ATP.

Additional evidence suggesting that the inhibition of ®eld

stimulation-induced contractions was due to adenosine
receptor stimulation came from the experiments using
adenosine deaminase. This enzyme degrades adenosine to

inosine (Windschief, 1996). The presence of this enzyme in the
biophase causes increased breakdown of adenosine, so
decreasing the amount of adenosine available for receptor
activation, and thus attenuating the response. Inhibitory

responses to both ATP and adenosine were shown to be
sensitive to exogenously applied adenosine deaminase.

Synthetic adenosine analogues with di�ering selectivities for

the adenosine receptor subtypes are very useful in the
characterization of adenosine receptors (Fredholm et al.,
1998). A1 adenosine receptors have an agonist potency ratio

of CPA4CHA=R-PIA4NECA4CGS 21680. A2A adeno-
sine receptors have an agonist potency order of NE-
CA4CGS216804CHA. A2B adenosine receptors have an

agonist potency order of NECA4R-PIA4CPA4S-
PIA4CGS 21680. A3 adenosine receptors have an agonist
potency order of NECA4R-PIA=CPA4S-PIA.

In the present study, inhibitory log concentration-response

curves to six adenosine analogues yielded the rank order of
potency: CPA5CHA=R-PIA=NECA4S - PIA4CGS
21680, approximately correlating with the expected rank order

of potency for an A1 adenosine receptor (Fredholm et al.,
1998). This adenosine receptor subtype is known to be present
presynaptically and its activation inhibits excitatory neuro-

transmission (Fredholm et al., 1998). Although the prejunc-
tional location of the receptors at the neuroe�ector junction
was not directly examined in our study, it is implied by the
®ndings that both ATP and adenosine were without e�ect on

the contractions elicited by exogenous application of nora-
drenaline on unstimulated tissues. This observation also
implies that a cross-talk mechanism by which postjunctional

adenosine or ATP receptors could in¯uence postjunctional a-
adrenoceptors does not exist in the rat prostate.

In this study ATP, AMP and adenosine but not ADP all

elicited close to 100% inhibition of electrical ®eld stimulation
induced responses, at their highest concentrations (10 mM). In
contrast, the adenosine analogues, whilst clearly more potent,

elicited a maximum inhibition of only 75%, with responses to
some analogues plateauing at 30 ± 40% inhibition. We found
that at bath concentrations above 1 mM, ATP and adenosine
both caused a decrease in the pH of the bathing solution. This

pH change could alter the reactivity of ATP and adenosine by
modifying enzymatic activity or decrease the tissue response to
®eld stimulation by changing the ionic equilibrium of the

smooth muscle cells and so accentuate the inhibition caused by
very high concentrations of ATP and adenosine. Similar

alterations in pH have previously been shown to modify the
a�nity of ATP for purinoceptors (Wildman et al., 1998),
modifying the tissue response. Similarly, pilot studies in our

laboratory have previously shown that addition of H+ to
isolated organ baths containing rat prostate preparations
causes a decrease in the magnitude of ®eld stimulation induced
contractions. The very low e�cacy of CHA and S-PIA was

also observed in our previous study of the A1-receptor of the
rat cauda epididymis (Ventura & Pennefather, 1992). This
suggests that these analogues may be partial agonists at

urogenital A1 adenosine receptors.
The low potency and e�cacy of ADP compared to ATP,

AMP and adenosine was unexpected given that extracellular

ecto-nucleotidases which sequentially phosphorylate ATP to
ADP, AMP and adenosine are present in many tissues.
Furthermore, the human prostate is known to secrete soluble

nucleotidases from its secretory cells (Kennedy et al., 1997).
The decreased e�ect of ADP may be due to the presence of an
unusual extracellular enzymatic metabolism system in the rat
prostate whereby ADP is bypassed. If such an enzyme system

was present in the rat prostate this may mean that the majority
of ATP is metabolized directly to AMP and that ecto-ADPase
is not present. This would result in a decreased rate of

breakdown of ADP to AMP and then adenosine. Although
this is mere speculation, such a phenomenon would explain the
decreased e�ect of ADP.

The major ®ndings of our study are that (1) adenine
nucleosides and nucleotides cause inhibition of electrical ®eld
stimulation induced contractile responses in the rat prostate

gland and (2) the observed data using agonists and antagonists
plus the presynaptic inhibitory nature of the phenomenon
points to the involvement of A1 adenosine receptors. To our
knowledge, this is the ®rst study to implicate purine

nucleotides as modulators of neurotransmission to the smooth
muscle of the prostate of any animal.

It remains to be established whether these ®ndings have

functional signi®cance in the context of benign prostatic
hyperplasia. Current pharmacological treatment with a1-
adrenoceptor antagonists, such as terazosin, is directed at

relieving the smooth muscle contraction believed to be
responsible for many of the symptoms of benign prostatic
hyperplasia. It is conceivable that the lower urinary tract
symptoms associated with benign prostatic hyperplasia result

from increased release of excitatory transmitter from the
nerve terminal. The a1-adrenoceptor antagonists are thought
to act by competitively antagonising the post-junctional

receptor for noradrenaline on prostatic smooth muscle. As
demonstrated in this study, adenosine receptor agonists may
act proximal to this step in neurotransmission by stimulating

prejunctional receptors that inhibit noradrenaline release
from the nerve terminal. Successful utilization and manip-
ulation of this inhibitory mechanism may subsequently

provide an additional therapeutic target for the relaxation
of prostate smooth muscle in those su�ering from benign
prostatic hyperplasia.
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