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Evidence for two distinct P,-purinoceptors subserving
contraction of the rat anococcygeus smooth muscle
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1 The effects of the P,-purinoceptor agonists, adenosine 5'-triphosphate (ATP), «,f-methylene ATP
(o,f-MeATP), B,y-methylene ATP (8,y-MeATP), L-B,y-methylene ATP (L-8,y-MeATP), adenosine-5'-O-
(2-thiodiphosphate) (ADPgS), and 2-methylthio ATP (2-MeSATP) were investigated on the isometric
tension of the rat anococcygeus muscle.

2 Non-cumulative additions of ATP (100-1500 uM), a,f-MeATP (1-300 uM), B,y-MeATP (10—
300 uM), L-B,y-MeATP (3-100 uM) and ADPBS (1-100 uM) produced concentration-dependent
contractions, whereas 2-MeSATP (1-100 uM) had no effect. The rank order of potency was a,p-
MeATP > L-B,y-MeATP > ADPSS > B,y-MeATP > > ATP>2-MeSATP.

3 Contractions to cumulative additions of ATP, o,f-MeATP, B,y-MeATP and L-B,y-MeATP were
subject to desensitization whilst those to ADPSS were unaffected.

4 Contractions to ATP, a,f-MeATP, B,y-MeATP and ADPSS were abolished by the non-selective P,x/
P,y-purinoceptor antagonist, suramin (100 uM). In contrast, contractions to ATP, a,f-MeATP and B,y-
MeATP were not affected by the non-selective P,-purinoceptor antagonist 8-(p-sulphophenyl)-theophyl-
line (8SPT, 30 uMm). Blockade of P,x-purinoceptors with the selective P,x-purinoceptor antagonist
pyridoxal-phosphate-6-azophenyl-2',4'-disulphonic acid (PPADS, 10 uM) or desensitization with L-B,y-
MeATP (10 uM) abolished contractions to o,f-MeATP, but enhanced those to ADPSS. The P,y-
purinoceptor antagonist, reactive blue 2 (RB2, 100 uM) enhanced contractions to ATP and «,f-MeATP
but abolished those to ADPSS.

5 Simultaneous addition of a,f-MeATP and ADPSS produced an additive contraction.

6 The findings suggest that in the rat anococcygeus, smooth muscle cells are endowed with two distinct
P,-purinoceptors which subserve contractions: a P,x-purinoceptor activated by ATP and its analogues,
and another type of P,-purinoceptor activated by ADPSS.
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Introduction

Adenine nucleotides and nucleosides, such as ATP and ade-
nosine, exert their pharmacological actions by activating
purinoceptors. Purinoceptors were originally divided into two
main classes, P, and P, (Burnstock, 1978). P,-purinoceptors
present on smooth muscle have been further divided into P,x
and P,y subtypes, primarily based upon the relative rank
order of potency of ATP and its analogues (Burnstock &
Kennedy, 1985; Kennedy, 1990). It is well known that re-
sponses produced by activation of P,, but not P,y-pur-
inoceptors, are desensitized upon repeated exposure to or in
the continued presence of P,x-purinoceptor agonists, such as
o,f-methylene ATP (o,-MeATP) and L-B,y-methylene ATP
(L-B,y-MeATP) (Burnstock & Kennedy, 1985; Kennedy,
1990). According to the original classification, the rank order
of agonist potency at P,x-purinoceptors is o,f-MeATP > B,y-
methylene ATP (B,y-MeATP), L-,y-MeATP > ATP > 2-
methylthio ATP (2-MeSATP), adenosine-5-O-(2-thiodipho-
sphate) (ADPgBS), whilst at P,y-purinoceptors the potency
order is 2-MeSATP > ADPSS > ATP > > o,f-MeATP >
B,y-MeATP, L-B,y-MeATP (Burnstock & Kennedy, 1985;
Burnstock, 1991).

Previously, it has been reported that ATP produces con-
tractions of the rat anococcygeus muscle, whereas adenosine is
without effect, indicating the presence of P,-purinoceptors on
smooth muscle (Stone, 1983). More recently, we showed that
the stable analogue of ATP, «,8-MeATP also produced con-
tractions of the rat anococcygeus muscle (Najbar et al., 1994)
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and was considerably more potent than ATP, suggesting an
action at P,x-purinoceptors; however, the subtype of the re-
ceptor involved was not fully characterized. Thus, the aim of
the present study was to characterize the purinoceptor sub-
types subserving contraction of the rat anococcygeus muscle.

Methods

Male Sprague-Dawley rats (240—-400 g) were killed by de-
capitation and the anococcygeus muscles were isolated as de-
scribed previously (Najbar et al., 1994). Each muscle was
mounted for isometric recording under a resting tension of 1 g
in an organ bath containing 6 ml of physiological salt solution
(PSS) of the following composition (mM): NaCl 118; KCl 4.7
NaHCO; 25, MgSO, 0.45, KH,PO, 1.03, CaCl, 2.5, D-(+)-
glucose 11.1, disodium edetate 0.067 and ascorbic acid 0.14.
The PSS was gassed with 95% O, and 5% CO, and maintained
at 37°C. The tissue was allowed to equilibrate for 30 min be-
fore any experimental procedures were commenced. During
the equilibration period, the PSS in the organ bath was re-
placed every 10 min.

When agonist drugs were added non-cumulatively, the tis-
sue was exposed to each concentration for a period of 5—8 min
and a 20 min period with repeated washings was allowed be-
tween applications: it had been previously determined that this
procedure prevent desensitization. When agonist drugs were
added cumulatively, the concentration was increased at 3—
5 min intervals. In a separate series of experiments, a paired
design was employed to test the effects of the antagonist drugs:
after determining the effect of an agonist drug at a submaximal
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concentration, the tissue was washed at least 3 times with fresh
PSS and a period of at least 20 min was allowed for recovery of
the tissue; an antagonist drug was then added and the effect of
the agonist drug used previously was determined again. Cor-
responding time controls for the agonists in the absence of
antagonists were performed on another preparation. The effect
of an antagonist drug on a whole concentration-response curve
to a given agonist drug could not be tested in the same pre-
paration since desensitization occurred on cumulative addition
of most of the agonist drugs, whereas with the non-cumulative
addition procedure, the tissue did not survive the long period
of the experiment required.

Pre-testing exposure times and concentrations for the an-
tagonist drugs were: 10 min for 8-(p-sulphophenyl)-theophyl-
line (8SPT, 30 uMm), which effectively blocks the P;-
purinoceptors present on the noradrenergic nerves in this tis-
sue (Najbar et al., 1994); although it has been reported that
suramin equilibrates with P,-purinoceptors very slowly (Dunn
& Blakely 1988; Leff et al., 1990; Hoyle et al., 1990), in pre-
liminary experiments it was found that a 30 min pre-exposure
to 100 uM suramin was sufficient to abolish contractile re-
sponses produced by «,8-MeATP (10 uM) in this tissue; 60 min
for pyridoxal-phosphate-6-azophenyl-2'-4'-disulphonic acid
(PPADS, 10 uM), which is also reported to be a slowly equi-
librating antagonist in other tissues (Lambrecht et al., 1992;
Ziganshin et al., 1994b) and 20-30 min for reactive blue 2
(RB2, 50 and 100 uM), which blocks P,y-purinoceptor-medi-
ated responses in other tissues (Choo, 1981; Burnstock &
Warland, 1987). When used as a desensitizing agonist, L-f,y-
MeATP was applied either at a single dose (10 uM) or in two
cumulative doses (5 uM each, 7.5 min apart); with both pro-
cedures total pre-exposure time was 15 min and it was estab-
lished that desensitization of the P,x-purinoceptor occurred.

In another series of experiments, contractions to a sub-
maximal concentration of each of «,f-MeATP and ADPSS
were obtained which produced contractions of similar sizes in
each preparation; subsequently, the two agonist drugs were
added simultaneously to the organ bath to assess whether they
produced an additive effect.

Drugs

The following drugs were used: ATP disodium salt, o,fp-
MeATP lithium salt, B,y-MeATP sodium salt, ADPSS tri-
lithium salt and (—)-noradrenaline bitartrate were obtained
from Sigma (St. Louis, MO, U.S.A.); L-B,y-MeATP tetra-
sodium salt, 2-MeSATP tetrasodium salt, PPADS tetrasodium
salt and 8SPT were obtained from Research Biochemicals Inc.
(Natick, MA, USA); suramin was a gift from Bayer (Le-
verkusen, Germany); RB2 was obtained from Aldrich Che-
mical Company Inc. (Milwaukee, WIS, U.S.A.).

All drugs, except 8SPT were dissolved in distilled water and
diluted in PSS. 8SPT was dissolved in dimethylsulphoxide
(DMSO, Ajax Chemicals, Sydney, NSW, Australia) and di-
luted in PSS. The final concentrations of DMSO in the organ
bath was 0.05%. DMSO had no effect on the contractions to
any of the agonist drugs used.

Statistical analysis of results

Data are expressed as means +standard error of means (s.e.
mean); n indicates the number of experiments. Increases in
tension induced by agonist drugs were measured in grams
(g)- The statistical significance of differences between means
was determined by performing a one-way or two-way ana-
lyses of variance. Where significant differences within groups
were identified, planned comparisons (paired or unpaired
Student’s ¢ test, based on pooled variance estimates) were
performed to test for differences between pre-determined
pairs of means. Probability levels less than 0.05 were con-
sidered significant.

Results

Effects of agonist drugs

Non-cumulative additions of ATP, a,-MeATP, B,y-MeATP,
L-B,y-MeATP and ADPSS produced concentration-dependent
contractions of the rat anococcygeus muscle, as shown for
ATP, a,-MeATP and ADPSS in Figure 1 and for all the
agonists in Figure 2. 2-MeSATP (1-30 uM) had no effect on
the resting tension (n=>5) and caused weak contractions (0.1—
0.5 g) only at high concentrations (100 or 300 uM, n=15) (not
shown). The rank order of agonist potency was «,f-MeATP >
L-B,y-MeATP > ADPSS > B,y-MeATP > > ATP>2-Me-
SATP. In corresponding time control experiments, contrac-
tions to a single application of each agonist drug were
reproducible with no evidence of desensitization. The con-
tractions produced by L-f,y-MeATP and f,y-MeATP (records
not shown) were similar in nature to those produced by a,f-
MeATP (Figure 1b): contractions to all concentrations were
immediate in onset; with lower concentrations the contrac-
tions were transient, whereas with higher concentrations they
remained sustained until washout of the drugs. The contrac-
tions produced by ADPSS also partly resembled those pro-
duced by a,f-MeATP; however, the later sustained phase of
the contraction was observed with al/l concentrations of
ADPSS (Figure 1c). Contractions produced by ATP were
different in nature from those produced by the other analo-
gues: they were slower in onset at the lower concentrations,
becoming more immediate in onset at higher concentrations,
and were generally more sustained (Figure 1a).

When ATP, o,f-MeATP, B,y-MeATP and L-f,y-MeATP
were added cumulatively, desensitization to their contractions
was evident, as shown in Figure 2 and Figures 3a and 3b.
However, the desensitization occurring with ATP and B,y-
MeATP was less apparent at higher concentrations of these
agonists and was not as marked as that occurring with a,f-
MeATP or L-B,y-MeATP. In contrast, cumulative addition of
ADPSS did not result in desensitization as shown in Figures 2e
and 3c. Note, that maximal effects of all agonists were not
determined (due to expense of some of the agonists); thus, in
Figure 2, the apparent differences in maximal effects of the
agonists may not be real.
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Figure 1 Recordmgs of the contractile effects of non-cumulative
applications of (a) ATP, (b) «,f-MeATP and (c) ADPSS in rat
anococcygeus muscle preparations; (@) indicates addition of each
agonist drug and | indicates washout of drug. Note, 20 min washout
periods were allowed between successive applications of each agonist
drug; thus, the time scale pertains only to the contraction phase. The
time and tension scales apply to all records.
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Effects of antagonist drugs on contractions produced by
agonist drugs

In time control experiments, contractions to all agonists were
reproducible, and did not differ significantly from initial
(control) values (P> 0.05; paired ¢ tests), regardless of the time

between the two applications of each agonist drug which
ranged from 15 to 60 min. The resting tension of the ano-
coccygeus muscle was not affected by DMSO (0.05%) or any
of the antagonist drugs at the concentrations used.

The non-selective P;-purinoceptor antagonist, 8SPT
(30 uM) had no significant effect on contractions produced by
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Figure 2 Effects of (a) ATP (100—1500 uMm), (b) o,f-MeATP (0.1-300 uM), (c) B,y-MeATP (1-300um), (d) L-B,y-MeATP (1-
100 uM) and (¢) ADPBSS (1-100um), applied non-cumulatively (open symbols) or cumulatively (closed symbols), in rat
anococcygeus muscle preparations. Each value represents the mean+s.e.mean (g); n=3-6 preparations. For each agonist drug,
significant differences between cumulative and non-cumulative additions are indicated by asterisks (*P<0.05).
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ATP (500 um), a,f-MeATP (10 uM) or B,y-MeATP (100 uMm),
whereas the non-selective P,x/P,y-purinoceptor antagonist
suramin (100 uM) virtually abolished contractions to all these
agonist drugs. The selective P,x-purinoceptor antagonist,
PPADS (10 uM) also abolished contractions to a,f-MeATP. In
contrast, the selective P,y-purinoceptor antagonist RB2
(100 uM) significantly enhanced the contractions produced by
ATP (500 uM) and «,B-MeATP (10 uM) (Figure 4). The con-
tractions to ADPBS (10 uM) were also greatly reduced or
abolished by suramin (100 uM). However, in contrast to the
other agonist drugs, contractions to ADPSS were also sig-
nificantly reduced or abolished by RB2 (50 and 100 uM), and
were enhanced by PPADS (10 uM) and desensitization with L-
B,y-MeATP (10 um) (Figure 5).

Since the selectivity of RB2 for the P,y-purinoceptor has
been questioned (Kennedy, 1990; Biiltmann & Starke, 1994;
Kennedy & Leff, 1995), we tested the effect of 100 uM RB2 on
contractions to a submaximal concentration of noradrenaline
(3 uM). In the presence of RB2, the contractions to nora-
drenaline were 95+ 5% (n=13) of initial contractions, while in
time control experiments, the contractions were 100+5%
(n=4) of initial contractions (P>0.05, unpaired # tests).

Effect of a simultaneous addition of a,8-MeATP and
ADPSS

In concentrations in which a,f-MeATP (10 uM) and ADPSS
(6—20 um) produced contractions of similar sizes (1.8+0.2 g
and 1.8+0.3 g, respectively, n=6, P>0.05, paired ¢ tests), si-
multaneous addition of the agonists produced a contraction of

Figure 5 Effects of suramin (Sur, 100 uM), RB2 (50 uM and 100 uMm),
PPADS (10uM) and desensitization with L-8,y-MeATP (10 uM) on
the contraction produced by ADPSS (10 uM) in rat anococcygeus
muscle preparations. The open column represents the time control to
the contraction produced by ADPBSS (10uM) in the absence of
antagonist drugs, and shaded columns indicate the contraction in the
presence of antagonist drugs. Results are expressed as a % of the
initial contraction. Each column represents the mean+s.e.mean;
n=4-9 preparations. Significant differences from control are
indicated by asterisks (*P <0.05).

3.8+0.4 g, which was equal to the algebraic sum of the con-
tractions produced by each drug alone, 3.6+0.5g (n=6,
P>0.05, paired ¢ tests).

Discussion

The present study shows for the first time, that a number of
ATP analogues produce concentration-dependent contractions
of the resting tension of the rat anococcygeus muscle, con-
firming the presence of P,-purinoceptors on the smooth mus-
cle. The rank order of agonist potency was o,f-MeATP > L-
B.y-MeATP > ADPSS > B,y-MeATP > > ATP>2-Me-
SATP. This rank order of agonist potency does not correspond
to either the P,x- or the P,y-purinoceptor subtypes, as ori-
ginally classified (Burnstock & Kennedy, 1985; Burnstock,
1991). However, since some purinoceptor agonists, such as
ATP and 2-MeSATP may be susceptible to considerable de-
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gradation by nucleotidases in some tissues, their true potency
may be underestimated (Evans & Kennedy, 1994; Trezise et al.,
1994; Crack et al., 1995; Kennedy & Leff, 1995). In addition, a
differential rank order of agonist potency may be observed
when heterogeneous purinoceptor populations exist in the
same tissue (for example, Palea et al., 1994; Knight & Burn-
stock, 1995). Thus, P,-purinoceptors are more adequately
classified by use of antagonists, rather than rank order of
agonist potency. In the present study, evidence obtained with
antagonist profiles suggests that P,x-purinoceptors are present
in the rat anococcygeus muscle which subserve contraction.
This is based on the findings that contractions produced by
ATP, a,f-MeATP and f,y-MeATP were blocked by the non-
selective P,x/P,y-purinoceptor antagonist suramin (Dunn &
Blakely, 1988; Leff ez al., 1990), but were not affected by the
P,-purinoceptor antagonist 8SPT (Bruns et al., 1986); fur-
thermore, contractions to ATP and «,f-MeATP were not re-
duced by the P,y-purinoceptor antagonist RB2 (Choo, 1981;
Burnstock & Warland, 1987), but those to o,f-MeATP were
abolished by the selective Px-purinoceptor antagonist PPADS
(Lambrecht et al., 1992; Ziganshin et al., 1994b). The presence
of P,x-purinoceptors is further confirmed by the manifestation
of desensitization to contractions produced by cumulative
additions of ATP, «,f-MeATP, B,y-MeATP and L-,y-
MeATP. The reason for less marked desensitization occurring
with ATP and B,y-MeATP than with «,f-MeATP and L-B,y-
MeATP, is probably due to the fact that the former agonists
are more susceptible to degradation by nucleotidases than the
latter agonists (Welford et al., 1986; Cusack, 1993).

In contrast to the contractions produced by «,f-MeATP
(and ATP), contractions to ADPSS, although blocked by
suramin, showed the opposite sensitivity to the P, pur-
inoceptor subtype selective antagonists. Thus, RB2 abolished
contractions to ADPSS but did not reduce contractions to a,-
MeATP (and ATP), while PPADS abolished contractions to
o,f-MeATP but did not reduce contractions to ADPSS. Fur-
thermore, unlike contractions to a,f-MeATP and the other
purinoceptor agonists, contractions to ADPSS were not sub-
ject to desensitization and, in addition, were not reduced by
desensitization of the P,x-purinoceptor with L-B,y-MeATP.
Moreover, the simultaneous addition of ADPSS and o,f-
MeATP produced an additive effect. These observations sug-
gest that ADPSS produces its contraction by activation of a
receptor which is different from P,x-purinoceptors.

There are several possible mechanisms underlying contrac-
tions produced by ADPSS in the anococcygeus muscle. Firstly,
since RB2 abolished contractions to ADPSS, it may act on a
Pyy-like purinoceptor. The concentration of RB2 used was
selective as it did not affect responses to noradrenaline.
However, it is not clear whether there are P,y-purinoceptors
subserving contraction in this tissue as 2-MeSATP and ATP
were considerably less potent than ADPSS. It is possible that
the low potency of 2-MeSATP and ATP was due to their de-
gradation (see above), whereas ADPSS is relatively resistant to
degradation (Welford et al., 1986; Cusack, 1993). In pre-
liminary studies, we found that contractions to ATP were en-
hanced after blockade of 5'-nucleotidase with «,f-methylene
adenosine 5'-diphosphonate, suggesting that nucleotidase ac-
tivity in this tissue may impede the contractile action of ATP.
However, even after preventing the breakdown of ATP, it was
still considerably less potent than ADPSS. Furthermore, since
contractions to ATP were subject to desensitization and were
not reduced by RB2 (see above), ATP was probably acting on
P.x-purinoceptors. Overall, it is unlikely that P,y-pur-
inoceptors subserving contractions to ATP are present in the
rat anococcygeus muscle.

Alternatively, since it was recently proposed that there are
further subtypes of the P,y-purinoceptor (Abbracchio &
Burnstock, 1994), it is possible that in the rat anococcygeus
muscle ADPSS acts on a subtype of the P,y-purinoceptor
which is insensitive to ATP (and 2-MeSATP). ADPSS is a
potent agonist at one of these subtypes, formerly known as the
P,p-purinoceptor, where the rank order of agonist potency is

generally diadenosine tetraphosphate (Ap,A) > ADPSS >
o,f-MeATP >2-MeSATP (Castro et al., 1992; Pintor et al.,
1993; Fredholm et al., 1994). Indeed, Ap,A produced con-
centration-dependent contractions of the rat anococcygeus
muscle. However, the rank order of agonist potency was a,f-
MeATP > ADPSS > Ap,A (Najbar, Li and Rand un-
published observations). Although the possibility exists that
the low potency of Ap,A was due to its degradation, there are
no reports that suramin and RB2 antagonize this receptor
subtype. Thus, it is unlikely that in the rat anococcygeus
muscle ADPSS acts on P,p-purinoceptors. Further investiga-
tion is required to examine the possibility that ADPSS acts on
another subtype of the P,y-purinoceptor.

Alternatively, ADPfS could be acting on a novel subtype
of the P,-purinoceptor, not described previously. A recent
study found that in the human bladder, ADPSS produced
contractions by activation of a novel purinoceptor, which was
different from the P,x- or the P,y-subtypes (Palea et al.,
1994). The rank order of agonist potency was ADPSS =a,f-
MeATP>2-MeSATP > ATP, which is similar to that ob-
tained in the present study; however, in contrast to the
findings of the present study, contractions to ADPSS were
not reduced by RB2. It is not clear whether this is due to the
low concentration of RB2 used (10 uM). ADPSS (1-100 um)
also produced contractions in the rat bladder, through re-
ceptors which were different from P,x- or P,y subtypes (Su-
zuki & Kokobun, 1994; Bolego & Abbracchio, 1995), but
which were blocked by RB2 (also known as cibacron blue
3GA).

Another finding of the present study is the interaction be-
tween two different purinoceptors activated by «,f-MeATP
and ADPSS. Thus, blockade of the receptor for ADPSS with
RB2 potentiated contractions to «,f-MeATP (and ATP),
whereas blockade of the P,x-purinoceptor with PPADS or
desensitization with L-f,y-MeATP potentiated contractions to
ADPSS. Hence, although the two agonists appear to act
through different sites at the receptor level, they may influence
each other’s actions at the post-receptor level. Whether the
P,x-purinoceptor and the purinoceptor for ADPSS are linked
to different effector systems remains to be established. Alter-
natively, the potentiation of the contractions to ATP, a,f-
MeATP and ADPSS by the respective agents suggests that
these agonists may have also acted on purinoceptors subser-
ving relaxation, and this would counteract their contractile
effects. However, this is unlikely since in precontracted rat
anococcygeus muscles ATP produced weak relaxations or
small contractions (Najbar et al., 1994), whereas a,f-MeATP
and ADPSS produced contractions (Najbar, Li and Rand,
unpublished observations).

It was recently reported, that the ecto-ATPase inhibitory
property of suramin limits its use as a purinoceptor antagonist
to studies with metabolically stable ATP analogues (Crack et
al., 1994). However, in the rat anococcygeus muscle, any ecto-
ATPase inhibitory activity suramin may have had was not
apparent, since suramin abolished contractions to ATP. The
difference could be due either to a species or a tissue difference,
since ecto-ATPases can have different activities in different
tissues (Cusack, 1993; Ziganshin et al., 1994a).

The contraction produced by ATP differed in nature from
the contractions produced by the analogues. This difference
could be due to the fact that ATP is rapidly degraded (as
mentioned above) to ADP, AMP and adenosine; thus, the
degradation products of ATP may contribute to its observed
response. However, 5-AMP and adenosine do not contract
this tissue in concentrations up to 1 mM (Stone, 1983). In
preliminary experiments, it was found that ADP in the con-
centration range of 0.1-1 mM, produced transient contrac-
tions of the rat anococcygeus muscle, which were similar to
those produced by ATP; thus ADP could contribute to the
contraction to ATP.

In conclusion, the findings of this study suggest that smooth
muscle cells in the rat anococcygeus are endowed with two
distinct P,-purinoceptors which subserve contractions: P,x-
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purinoceptors activated by ATP and its analogues and another
type of P,-purinoceptor activated by ADPSS. Further in-
vestigation is required to determine whether ADPSS acts on a
P,y-like receptor or on a novel subtype of the P,-purinoceptor,
as well as the mechanism of interaction between its receptor
and the P,x-purinoceptor.
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