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Nucleotide-evoked relaxation of rat vas deferens: possible mechanisms
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Abstract

ATP causes relaxation of the K" -contracted rat vas deferens. Possible sites of action were investigated. ATP and adenosine relaxed the vas
deferens precontracted with 80 mM K*; ECs, values and maximal relaxations averaged, respectively, 760 pM and 56% for ATP and 74 uM
and 30% for adenosine. The adenosine P1 receptor antagonist 8-(para-sulfophenyl)theophylline (8-SPT) reduced relaxations caused by
adenosine and low concentrations of ATP, as did the Rp-diastereomer of adenosine 3’ ,5’ -cyclic phosphorothioate (Rp-cAMPS), an inhibitor
of protein kinase A. The phosphodiesterase inhibitor 4-(3-butoxy-4-methoxybenzyl)-2-imidazolidinone (Ro 20-1724) augmented responses
to adenosine and low concentrations of ATP. a,3-Methylene ADP, an inhibitor of 5’ -nucleotidase, reduced relaxations caused by ATP to a
similar extent as did 8-SPT. In the presence of an almost saturating concentration of adenosine, ATP caused further relaxation. Conversely, in
the presence of ATP, adenosine had little effect. Like ATP, UTP and other nucleoside triphosphates relaxed the vas deferens. The P2 receptor
antagonists reactive blue 2, acid blue 25 and 4,4 -diisothiocyanotostilbene-2,2" -disulphonate (DIDS) attenuated the relaxation caused by
ATP; suramin, pyridoxalphosphate-6-azophenyl-2’ ,4’ -disulphonate (PPADS), Evans blue, trypan blue, reactive red 2 and brilliant blue G
had no effect. Three non-selective inhibitors of protein kinases, 1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H-7), staurosporine and
(8R*,98*,118*)-( — )-9-hydroxy-9-carboxy-8-methyl-2,3,9,10-tetrahydro-8,11-epoxy-1H,8H,11 H-2,7b,11a-triazadibenzo[a,g]cycloocta
[cde]trinden-1-one (K-252b), markedly reduced the relaxation caused by ATP. The results indicate that adenosine, derived from enzymatic
dephosphorylation, contributes to the relaxant effect of ATP, presumably by activation of a smooth muscle adenosine receptor linked to the
accumulation of cAMP and activation of protein kinase A. Yet, the main part of the response to ATP is mediated by a site distinct from the
adenosine receptor. The pharmacological properties of this site differ from known P2 receptor subtypes. Possibly, the nucleotide-evoked
relaxation is due to a phosphoryl transfer catalyzed by an ecfo-protein kinase. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The contraction of the longitudinal smooth muscle of the
vas deferens in response to extracellular nucleotides is a
long known phenomenon (e.g., Clanachan et al., 1977;
Fedan et al., 1982; Von Kiigelgen et al., 1990; Bailey and
Hourani, 1994; Khakh et al., 1995; Biiltmann et al., 1999a).
More recently, ATP has been shown to cause relaxation of
mouse and rat vas deferens after the tone of the preparation
had been raised by high potassium (Boland et al., 1992;
Gailly et al., 1993; Biiltmann and Starke, 2001). This
second type of response is of particular interest, because
endogenous ATP, released from postjunctional sites upon
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ag-adrenoceptor stimulation, also causes relaxation of the
tissue (Biiltmann and Starke, 2001).

Based on experiments in the vas deferens of the mouse,
Boland et al. (1992) suggested that ATP and its analogue 2-
methylthio ATP (MeSATP) cause relaxation through a
smooth muscle P,y purinoceptor stimulating the accumula-
tion of cCAMP (Boland et al., 1992; Gailly et al., 1993).
However, this interpretation seems questionable, since ATP
and MeSATP were about equieffective, and relatively high
concentrations ( > 10 uM) of both agonists were required to
elicit relaxation. Moreover, the P2 receptor antagonist
reactive blue 2, when tested at a concentration of 200 pM,
only slightly reduced the response to ATP (Boland et al.,
1992). At smooth muscle P,y purinoceptors in other tissues,
MeSATP is considerably more potent than ATP, causing
relaxation at nanomolar concentrations (reviewed by Burn-
stock and Kennedy, 1985; Kennedy and Leff, 1995), and
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reactive blue 2 is a potent antagonist (e.g., Crema et al.,
1983; Burnstock et al., 1986; Biiltmann et al., 1996). The
P2Y, receptor, which is thought to represent the molecular
correlate of the ‘classical’ smooth muscle P,y purinoceptor,
is also activated by nanomolar concentrations of MeSATP
and blocked by reactive blue 2 (Webb et al., 1993; Filtz et
al., 1994; Tokuyama et al., 1995; see Harden et al., 1998 and
Von Kiigelgen and Wetter, 2000 for the nomenclature of
P2Y receptors).

Similarly, in the vas deferens of the rat, ATP and
MeSATP were about equieffective in causing relaxation
(Biiltmann and Starke, 2001); but adenosine 5’ -O-(2-thio-
diphosphate) (ADPAS), a prototype P2Y receptor agonist
(Harden et al., 1998), had no effect. Although the relaxant
effect of ATP was attenuated by moderate concentrations of
reactive blue 2 (10 pM and above), it remained unchanged
in the presence of suramin and acid blue 129, which block
relaxation-mediating P2 receptors in other tissues (e.g.,
Biiltmann et al., 1996; Johnson et al., 1996; Tuluc et al.,
1998). Based on these findings, it has been suggested that
the site of action of the nucleotides in rat vas deferens is not
a typical smooth muscle P,y purinoceptor (Biiltmann and
Starke, 2001).

The possible physiological significance of the mecha-
nism (see Biiltmann and Starke, 2001) prompted us to
investigate the nucleotide-evoked relaxation in greater
detail. The vas deferens of the rat is known to possess
adenosine A2 receptors mediating smooth muscle relaxation
(Huidobro-Toro and Parada, 1989; Hourani et al., 1993;
Martin and May, 1994; Brownhill et al., 1996) and exoge-
nous ATP is rapidly broken down by ecto-nucleotidases
present in the tissue (Biiltmann et al., 1995; Khakh et al.,
1995), yielding, among other metabolites, also small
amounts of adenosine (Tennant et al., 1999). Despite our
initial failure to detect a contribution of adenosine to the
relaxant effect of ATP (Biiltmann and Starke, 2001), we also
re-addressed this possibility.

2. Materials and methods
2.1. General

Male Wistar rats (220—320 g) were killed by decapitation
and the vasa deferentia removed and cleaned of adherent
tissue. Prostatic thirds were suspended vertically in a 6.1-ml
organ bath. The lower end was fixed and the upper end
attached to an isometric force transducer (K30, Hugo Sachs
Elektronik, Hugstetten, FRG) under an initial tension of 9.8
mN (Graphtec thermal pen recorder, Ettlingen, FRG).
Unless stated otherwise, the bath fluid was replaced every
15 min. The medium contained (mM): NaCl 118, KCI 4.8,
CaCl, 2.5, MgS0O, 1.2, KH,PO,4 0.9, NaHCOj; 25, glucose
11, ascorbic acid 0.3 and disodium EDTA 0.03. It was
saturated with 95% 0,:5% CO, and kept at 37 °C. Tissues
relaxed to about 3 mN during a 60-min equilibration period.

This final resting tension remained constant for the remain-
der of the experiments.

In order to induce a tonic contraction of the vas deferens,
the concentration of K* in the medium was raised to 80 mM
by isomolar replacement of NaCl with KCI (cf. Boland et
al., 1992; Biiltmann and Starke, 2001). The first two
additions of K, 60 and 120 min after beginning of the
experiment, did not yield a stable plateau. Only the follow-
ing one (180 min) or two additions (180 and 210 min after
beginning of the experiment) yielded a stable tonic con-
traction and served to determine agonist-induced relaxation.
Agonists (adenosine or nucleotides) were administered
either at a single concentration or in a cumulative fashion
during the plateau of the K response, i.e. from about 10
min after the addition of K™ onwards. Unless stated other-
wise, agonists were washed out together with K™ when the
relaxation elicited by the highest concentration was max-
imal. It took about 5 to 15 min to determine one concen-
tration—relaxation curve. Relaxations were measured at
their maximum and expressed as a percentage of the
respective K contraction. Further experimental details are
given in the Results.

Agonist ECsy values and the apparent antagonist Ky
value of 8-(para-sulfophenyl)theophylline (8-SPT) against
adenosine were determined as follows. Logistic curves were
fitted to the weighted mean relaxation values by using
equation no. 25 of Waud (1976) and nonlinear regression.
The calculation yielded the maximal effect and the ECs, i.e.
the concentration producing 50% of the maximum of that
curve. The apparent antagonist K4 value was derived from
the shift of the adenosine concentration—response curve in
the presence of 8-SPT, read at the level of the ECsy and
corrected for the mean shift occurring in solvent controls.
The apparent Ky value was calculated using equation no. 4
of Furchgott (1972).

2.2. Statistics

Data are expressed as either the arithmetic mean -
+ S.E.M. or, in the case of ECsq values and maximal
effects, the S.E. as defined by Waud (1976). Means were
tested for a significant difference by the Mann—Whitney
test, with Bonferroni correction if applicable. P<0.05 was
taken as the limit of statistical significance.

2.3. Materials

Special chemicals were acid blue 25 (Aldrich, Steinheim,
Germany; purified by column chromatography; Tuluc et al.,
1998); suramin (Bayer, Wuppertal, Germany); 2-methylthio
ATP tetrasodium (MeSATP), 8-(para-sulfophenyl)theophyl-
line (8-SPT), reactive blue 2 (Biotrend, Kéln, Germany);
adenosine 3’ ,5" -cyclic phosphorothioate triethylammonium
(Rp-diastereomer; Rp-cAMPS), 4-(3-butoxy-4-methoxy-
benzyl)-2-imidazolidinone (Ro 20-1724), (8R*,95*,115%)-
(—)-9-hydroxy-9-carboxy-8-methyl-2,3,9,10-tetrahydro-
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8,11-epoxy-1H,8H,11H-2,7b,11a-triazadibenzo[a,g]cy-
cycloocta[cde]trinden-1-one (K-252b; Calbiochem, Bad
Soden, Germany); pyridoxalphosphate-6-azophenyl-2’ 4’ -
disulphonic acid disodium (PPADS; Cookson, Southamp-
ton, UK); adenosine, adenosine 5’ -O-(2-thiodiphosphate)
trilithium (ADPGS), adenosine 5 -O-(2-thiotriphosphate)
tetralithium (ATPA~S), adenosine 5 -triphosphate disodium
(ATP), brilliant blue G, cytidine 5’ -triphosphate disodium
(CTP), 4,4 -diisothiocyanotostilbene-2,2" -disulphonic acid
disodium (DIDS), Evans blue, guanosine 5’ -triphosphate
tetralithium (GTP), inosine 5" -triphosphate trisodium (ITP),
1-(5-isoquinolinesulfonyl)-2-methylpiperazine (H-7), «,3-
methylene ADP disodium (o,3-MeADP), «,3-methylene
ATP dilithium (o,3-MeATP), (3,~-methylene ATP disodium
(3,n-MeATP), nifedipine, staurosporine, trypan blue, uridine
5" -triphosphate trisodium (UTP) (Sigma, Deisenhofen, Ger-
many); reactive red 2 (synthesized in our laboratory as
previously described; Biiltmann and Starke, 1995). K-
252b, Ro 20-1724 and staurosporine were dissolved in
dimethylsulphoxide (DMSO; final concentration below
0.1%); nifedipine was dissolved in ethanol (final concen-
tration below 0.1%); all other compounds were dissolved in
distilled water. Solutions of drugs were added to the organ
bath in aliquots not exceeding 100 pl.

3. Results

Increasing the concentration of K* in the bath fluid from
5.7 to 80 mM caused a biphasic contraction of the rat vas
deferens (Fig. 1; cf. Triggle et al., 1979; Hay and Wads-
worth, 1982); an initial transient phase was followed by a
secondary tonic contraction (9.9 + 0.2 mN; n=267). The
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Fig. 1. Contraction of the rat vas deferens by K" and relaxation by ATP and
ATPAS: original recordings. K™ (final concentration 80 mM) was added to
the medium, and ATP was administered during the plateau of the ensuing
contraction, either at cumulatively increasing concentrations (A) or at a
single concentration (B); ATP~S was administered at a single concentration
(C). Representative tracings from three to seven experiments. Note different
time course of the response to ATP (B) and ATP~S (C).
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Fig. 2. Relaxation of the K'-contracted rat vas deferens by ATP and
adenosine: effect of inhibitors. K (final concentration 80 mM) was added to
the medium twice, interval 60 min. ATP (circles) or adenosine (squares) was
administered in a cumulative fashion during the plateau of each response to
K" Solvent (A), 8-SPT (100 pM; B), Rp-cAMPS (200 pM; C), Ro 20-1724
(100 pM; D) or o,3-MeADP (100 pM; E) was added immediately after the
first ATP or adenosine concentration—relaxation curve, i.e. about 50 min
before the second curve. Abscissae, agonist concentration. Ordinates show
relaxation in first curves (open symbols) and second curves in the presence
of solvent or inhibitor (filled symbols), as a percentage of the respective
response to K. Means + S.E.M. from three to seven experiments. * denotes
a significant difference (P <0.05) from solvent.
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Fig. 3. Relaxation of the K'-contracted rat vas deferens by ATP and
adenosine: combined administration. K (final concentration 80 mM) was
added to the medium twice at 30-min intervals. Each single tracing starts
with the plateau of the K'-evoked contraction. ATP (3200 pM) and
adenosine (ADO; 320 pM) were administered as indicated. Representative
tracings from four or five experiments.

latter remained stable while the concentration of K re-
mained elevated (except during the first two — discarded —
exposures to 80 mM K ; see Methods).

ATP (10-10000 uM), when added during the plateau of
the response to K, caused a fast and transient contraction,
followed by a slower and sustained relaxation (Fig. 1A,B;
cf. Biiltmann and Starke, 2001; throughout the present
study, contractions evoked by the nucleotides were not
evaluated). The response was rapidly reversible upon wash-
out of the nucleotide (Fig. 1B). Relaxations increased
progressively with increasing concentrations of ATP (Fig.
1A and open circles in Fig. 2; EC5o 760 £+ 120 pM; maximal
relaxation 56 + 2%; all first concentration—relaxation
curves pooled; n=107). Adenosine (1-1000 pM) caused

no contraction, but only rapid and sustained relaxation (Fig.
3 below and open squares in Fig. 2; ECso 74 £ 8 pM;
maximal relaxation 30 + 1%, all first concentration—relax-
ation curves pooled; n=23).

When two concentration—relaxation curves of ATP or
adenosine were determined in a single preparation, the
second curve, after addition of solvent (filled symbols in
Fig. 2A), was similar to the first (open symbols in Fig. 2A).
The adenosine P1 receptor antagonist 8-SPT (100 pM)
shifted the concentration—relaxation curve of adenosine to
the right, yielding an apparent antagonist K4 value of 47
pM, and slightly but significantly attenuated relaxations
caused by lower concentrations of ATP (Fig. 2B). Likewise,
Rp-cAMPS (200 pM), an antagonist of cAMP and, hence,
an inhibitor of protein kinase A, attenuated relaxations
caused by adenosine and low concentrations of ATP (Fig.
2C). On the other hand, the phosphodiesterase inhibitor Ro
20-1724 (100 pM) shifted the concentration—relaxation
curve of adenosine to the left and augmented relaxations
caused by lower concentrations of ATP (Fig. 2D). Finally,
,3-MeADP (100 pM), an inhibitor of 5’ -nucleotidase, did
not alter the concentration—relaxation curve of adenosine
but attenuated relaxations caused by ATP to a similar extent
as did 8-SPT and Rp-cAMPS (Fig. 2E). The combined
administration of 8-SPT (100 pM) plus either Rp-cAMPS
(200 pM), Ro 20-1724 (100 pM) or o,3-MeADP (100 uM)
did not change the concentration—relaxation curve of ATP
beyond the change caused by 8-SPT alone (n=3 to 4).

Effects were tested of the successive administration of
almost saturating concentrations of ATP and adenosine. ATP
(3200 pM) or adenosine (320 pM), when added during the
plateau of the contraction elicited by potassium, caused
relaxation by 51 £ 6% and 26 £ 4%, respectively (Fig. 3;
first addition). When added in the continued presence of
adenosine (320 pM), ATP (3200 uM) caused further relax-
ation (Fig. 3A). In the presence of ATP (3200 pM), on the
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Fig. 4. Relaxation of the K'-contracted rat vas deferens by various
nucleotides. K™ (final concentration 80 mM) was added to the medium
once. ATP (O; A and B), CTP (#; A), GTP (m; A), ITP (A; A), UTP (v;
A), MeSATP (m; B), o,3-MeATP (A ; B), 3,7-MeATP (v; B) or ADPS (#;
B) was administered in a cumulative fashion during the plateau of the
response to K'. Abscissae, agonist concentration. Ordinates show re-
laxation, as a percentage of the respective response to K*. Means + S.E.M.
from three to seven experiments.
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Fig. 5. Relaxation of the K" -contracted rat vas deferens by ATP: effect of
P2 receptor antagonists. K* (final concentration 80 mM) was added to the
medium twice, interval 60 min. ATP was administered in a cumulative
fashion during the plateau of each response to K*. Solvent (A), reactive
blue 2 (10 pM ®; 100 pM M; B), acid blue 25 (32 pM ®; 100 uM M; C) or
DIDS (10 pM @; 100 pM m; D) was added immediately after the first ATP
concentration—relaxation curve, i.e. about 50 min before the second curve.
Abscissae, ATP concentration. Ordinates show relaxation in first curves (O)
and second curves in the presence of solvent or inhibitor (filled symbols), as
a percentage of the respective response to K. For the sake of clarity, first
curves are shown for the lower inhibitor concentration only. First curves
from experiments using the higher concentration were almost identical.
Means + S.E.M. from three to seven experiments.

other hand, adenosine (320 uM) had little effect (Fig. 3B).
Irrespective of the order of application, the overall response
caused by ATP plus adenosine amounted to 59 £ 3%
relaxation (n=09; all experiments pooled), not significantly
different from the relaxation caused by ATP alone.

Like ATP, the naturally occurring nucleoside triphos-
phates UTP, CTP, GTP and ITP caused relaxation of the
vas deferens when added during the plateau of the contrac-
tion elicited by K ; ATP was the most potent agonist, the
other nucleotides were less and about equipotent (Fig. 4A).
Among analogues of ATP, only MeSATP and ATPAS caused
marked relaxation. MeSATP (ECso 329 + 40 pM; maximal
relaxation 48 + 4%; n=4) and ATP were about equipotent
(Fig. 4B). The response to ATP~S (not in Fig. 4) developed
slowly and was slowly reversible upon washout (Fig. 1C).
Therefore, the amplitude of the ATPAS relaxation could not
be reliably evaluated, but the magnitude of the responses to
ATP (1000 pM) and ATPAS (1000 pM; Fig. 1B,C) indicate
that the two nucleotides were about equieffective. «,(3-
MeATP, 3,~-MeATP and ADPGS caused less than 10%
relaxation at the highest concentration tested (3200 pM;
Fig. 4B).

P2 receptors are one possible site of action of extrac-
ellular nucleotides. The P2 receptor antagonists reactive
blue 2 (10 and 100 pM), acid blue 25 (32 pM) and DIDS
(10 and 100 pM) reduced the maximum of the concentra-
tion—response curve of ATP; acid blue 25 (100 pM)
abolished the relaxation over the entire range of ATP
concentrations tested (Fig. 5). In contrast, suramin (100
pM), PPADS (100 pM), Evans blue (100 uM), trypan blue
(100 pM), reactive red 2 (10 uM) and brilliant blue G (100
uM) did not alter the concentration—relaxation curve of ATP
(n=3 to 5; not shown).

Apart from being agonists at P2 receptors, extracellular
nucleotides also serve as substrates for ecto-protein kinases
(for review see Ehrlich et al., 1990; Redegeld et al., 1999).
Since ecto-protein phosphorylation by ATP has been dem-
onstrated in guinea-pig vas deferens (Lamport-Vrana et al.,
1991), we also addressed the possibility that the relaxation
of the vas deferens following addition of ATP was due to the
activity of ecto-protein kinases. Three nonselective inhib-
itors directed against the catalytic domain of several protein
kinases (see Riiegg and Burgess, 1989), H-7 (10 pM),
staurosporine (0.1 pM) and K-252b (5 pM) markedly
attenuated the relaxation caused by ATP (Fig. 6).
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Fig. 6. Relaxation of the K" -contracted rat vas deferens by ATP: effect of
protein kinase inhibitors. K" (final concentration 80 mM) was added to the
medium twice, interval 60 min. ATP was administered in a cumulative
fashion during the plateau of each response to K. Solvent (A), H-7 (10 uM
®; B) or staurosporine (0.1 uM ®; C) was added immediately after the first
ATP concentration—relaxation curve, i.e. about 50 min before the second
curve. K-252b (5 uM @; D) was added 10 min before the second curve.
Abscissae, ATP concentration. Ordinates show relaxation in first curves (O)
and second curves in the presence of solvent or inhibitor (filled symbols), as
a percentage of the respective response to K*. Means + S.E.M. from three
to seven experiments.
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Ro 20-1724 (100 pM), reactive blue 2 (100 pM), acid
blue (32 and 100 pM), H-7 (10 uM), staurosporine (0.1 pM)
and K-252b (5 uM) reduced the plateau of the contraction
elicited by potassium (by 15 to 67%); all other compounds
caused no change. In order to rule out the possibility that an
apparent inhibition of the relaxation caused by ATP had
been due to a reduction of the response to K, effects of the
Ca®" channel blocker nifedipine were investigated. Nifedi-
pine (0.01 and 0.032 pM) reduced the plateau of the
contraction elicited by potassium by 40% and 73%, respec-
tively, but did not alter the concentration—relaxation curve
of ATP (n=4 each; not shown).

4. Discussion

Our results confirm the principal observation of Boland
et al. (1992) and Biiltmann and Starke (2001): extracellular
nucleotides cause relaxation of the vas deferens after the
tone of the preparation has been raised by high K. Yet,
there are differences between mouse (Boland et al., 1992)
and rat vas deferens (Biiltmann and Starke, 2001; present
study) with respect to the site of action of the nucleotides.

4.1. Adenosine

In the mouse vas deferens, adenosine was less effective
than ATP in eliciting relaxation, and the adenosine receptor
antagonist 8-phenyltheophylline did not alter the concen-
tration—relaxation curve of ATP. Both findings argued
against a possible contribution of adenosine to the relaxant
effect of ATP (Boland et al., 1992). In rat vas deferens, in
contrast, adenosine was more potent than ATP, and several
observations indicate that adenosine, derived from the
breakdown of added ATP, contributes to the relaxant effect
of the nucleotide.

The relaxation of the rat vas deferens caused by adeno-
sine was antagonized by 8-SPT with an apparent antagonist
K4 value of 47 pM (Fig. 2B); it was attenuated by Rp-
cAMPS, an inhibitor of protein kinase A activation (Fig.
2C), and was enhanced by the phosphodiesterase inhibitor
Ro 20-1724 (Fig. 2D). These findings are compatible with
the idea that adenosine activates a smooth muscle adenosine
receptor, presumably A2 (Bruns et al., 1986; see Introduc-
tion), leading to an accumulation of cAMP and activation of
protein kinase A.

The relaxation effects of ATP and adenosine were less
than additive (Fig. 3), indicating that both agonists share a
common mechanism of action. In support of this concept,
the relaxation caused by lower concentrations of ATP was
affected by 8-SPT, Rp-cAMPS and Ro 20-1724 in a manner
similar to the concentration—response curve of adenosine
(Fig. 2B-D), demonstrating a small—and previously unde-
tected (Biiltmann and Starke, 2001)—adenosine component
in the effect of ATP. The 5 -nucleotidase inhibitor o,(3-
MeADP (100 pM) attenuated relaxations caused by ATP to

a similar extent as did 8-SPT (100 uM; Fig. 2B,E), and
combined administration of the two compounds caused no
further inhibition. The adenosine-like effect of ATP is,
hence, not due to a direct activation of the adenosine
receptor by ATP but depends on prior degradation of the
nucleotide to adenosine (see Introduction).

Notably, any changes were small and the effect of high
concentrations of ATP remained unchanged in the presence
of 8-SPT, Rp-cAMPS, Ro 20-1724 and «,3-MeADP (Fig.
2). Moreover, in the presence of an almost saturating
concentration of adenosine, ATP caused further relaxation
(Fig. 3A). Therefore, the main part of the effect of ATP is
mediated by a site distinct from the adenosine receptor. Two
possibilities were tested.

4.2. P2 receptors

In the mouse vas deferens, the relaxation caused by ATP
and MeSATP has been suggested to be mediated by a P2
receptor, specifically a P,y purinoceptor (Boland et al.,
1992). This concept, though at variance with the proposed
pharmacology of smooth muscle P,y purinoceptors (see
Introduction), has gained some support from the recent
cloning of a P2 receptor (P2Y;) that stimulates adenylate
cyclase and is selectively activated by ATP and MeSATP
(Communi et al., 1997). MeSATP and ATP are also the most
potent agonists in rat vas deferens (Fig. 4). Yet, several
observations indicate that the site of action of the nucleo-
tides in rat vas deferens is neither a ‘classical’ P,y purino-
ceptor (i.e. P2Y; Harden et al., 1998; Von Kiigelgen and
Wetter, 2000) nor P2Y ;.

Four findings argue against the ‘classical’ P,y purino-
ceptor: (i) ATP and MeSATP are about equipotent (Fig. 4B),
in contrast to the potency order MeSATP >>ATP character-
istic for this subtype (see Introduction); (ii) ADP3S, a potent
agonist at P,y purinoceptors in other smooth muscle tissues
(e.g. Biiltmann et al., 1996) is almost inactive (Fig. 4B); (iii)
on the other hand, UTP, which per definition (O’Connor et
al., 1991) does not activate P,y purinoceptors (i.e. P2Y),
causes prominent relaxation (Fig. 4A); (iv) suramin, PPADS
and reactive red 2, which all block smooth muscle P,
purinoceptors (e.g. Biiltmann and Starke, 1995; Windscheif
et al., 1995; Biiltmann et al., 1996; Johnson et al., 1996),
failed to antagonize the response to ATP.

On the other hand, the site of action of the nucleotides is
also distinct from the recombinant P2Y;; receptor, which is
not activated by UTP (Communi et al., 1997). Finally, the
observed rank order of agonist potency (Fig. 4) is not
compatible with any other recombinant P2 receptor pres-
ently known—P2Y as well as P2X. Specifically, P2Y; is
ruled out be the relatively high potency of UTP and P2Y, by
the relatively high potency of MeSATP (see Harden et al.,
1998; Humphrey et al., 1998).

Apart from the unique rank order of agonist potency, two
other findings indicate that the site mediating nucleotide-
evoked relaxation of rat vas deferens may not be a P2
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receptor at all: very high concentrations of the agonists were
required (Fig. 4), and a broad spectrum of commonly used
P2 receptor antagonists hardly attenuated the response to
ATP. Only reactive blue 2, acid blue 25 and DIDS were
effective antagonists (Fig. 5). Both the low potency of the
agonists and the lack of effect of many antagonists might be
explained by breakdown of the nucleotides by ecto-nucle-
otidases and an inhibition of this breakdown by the antag-
onists (cf. Crack et al., 1994; Biiltmann et al., 1995, 1999b).
However, among the antagonists that failed to attenuate the
relaxation caused by ATP, only Evans blue and reactive red
2 were potent inhibitors of nucleotide breakdown in rat vas
deferens (Biiltmann et al., 1999b).

The present findings do not exclude a possible contribu-
tion of nucleotide P2 receptors to the relaxant effect of ATP.
Nevertheless, an alternative explanation, namely, a site of
action distinct from P2 receptors, has to be considered.

4.3. Ecto-protein kinases

Extracellular nucleotides serve as substrates for ecto-
protein kinases (see Ehrlich et al., 1990; Redegeld et al.,
1999). In the rat vas deferens, only nucleotides containing
a hydrolysable and, hence, transferable terminal phosphate
(or thiophosphate) group caused relaxation, while the
stable analogues «,3-MeATP, 3,-MeATP and ADP@S
were almost inactive (Fig. 4). Moreover, the relaxation
caused by ATP was markedly attenuated by three protein
kinase inhibitors, H-7, staurosporine and K-252b (Fig. 6),
which all block ecto-protein phosphorylation (Pirotton et
al., 1992; Pawlowska et al., 1993; Muramoto et al., 1994;
Fujii et al., 1995; Hogan et al., 1995). Therefore, the
present findings may be evidence that the relaxation of
rat vas deferens caused by ATP and related nucleotides is
due to a phosphorylation reaction catalyzed by an ecto-
protein kinase.

ATPAS is a substrate of protein kinases just like ATP
(reviewed by Eckstein, 1985), but thiophosphorylation of
proteins proceeds at a much slower rate than protein
phosphorylation by ATP, and once incorporated thiophos-
phate is also removed more slowly. The observed time
course (Fig. 1C), hence, is in accord with the suggested
mode of action.

H-7, staurosporine and K-252b are nonselective inhib-
itors of several protein kinases including protein kinase A
and protein kinase G (Riiegg and Burgess, 1989). In rat vas
deferens, activation of protein kinase G does not lead to
smooth muscle relaxation (Patel et al., 1997), so H-7,
staurosporine and K-252b did not act against ATP by
blocking protein kinase G. On the other hand, all three
inhibitors markedly attenuated the relaxation of the rat vas
deferens caused by adenosine (R. Biiltmann; unpublished
observation), presumably due to an inhibition of protein
kinase A (cf. the effect of Rp-cAMPS in Fig. 2C). As
adenosine contributes to the relaxant effect of ATP (see
above), a small part of the effect of the three inhibitors

against ATP (Fig. 6) may have been due to the inhibition of
protein kinase A. However, the finding that H-7, stauro-
sporine and K-252b were all considerably more effective
than the selective protein kinase A inhibitor Rp-cAMPS
(particularly against high concentrations of ATP; Fig. 6)
indicates an additional site of inhibition, possibly an ecto-
protein kinase.

In the present study, no attempt was made to measure the
phosphorylation of membrane proteins directly (cf. Ehrlich
et al., 1990). In the guinea-pig vas deferens, Lamport-Vrana
et al. (1991) demonstrated phosphorylation or thiophosphor-
ylation of a 19- to 21-kD membrane protein upon addition
of [->*P]JATP or [*>S]ATPAS, respectively, indicating an
ecto-kinase activity. However, the incorporation of label was
rapid and declined to near baseline values within 60 s, a
time course markedly different from the nucleotide-evoked
relaxation in rat vas deferens (Fig. 1).

4.4. Conclusion

In summary, the present results confirm the previously
observed relaxation of the K" -contracted vas deferens by
ATP and other nucleotides. Pharmacological analysis indi-
cates that adenosine, derived from the enzymatic breakdown
of ATP, contributes to the relaxant effect of the nucleotide
by activation of smooth muscle adenosine receptors. How-
ever, the main part of the response to ATP is mediated by a
site distinct from the adenosine receptor. The pharmacolog-
ical properties of this site differ from known P2 receptor
subtypes. The relaxation caused by exogenous— and, pos-
sibly, also endogenous (Biiltmann and Starke, 2001) — ATP
may be due to a phosphoryl transfer catalyzed by an ecto-
protein kinase, though direct evidence for this suggested
mode of action is lacking.
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