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Characterization of P1-purinoceptors on rat isolated duodenum
longitudinal muscle and muscularis mucosae

J. Nicholls, V.R. Brownhill & 'S.M.O. Hourani
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1 P1-purinoceptors mediating relaxation of the rat duodenum longitudinal muscle and contraction of
the rat duodenum muscularis mucosae were characterized by the use of adenosine and its analogues, 5'-
N-ethylcarboxamidoadenosine (NECA), N6-cyclopentyl-adenosine (CPA), N6-(phenylisopropyl)adeno-
sine (R-PIA), 2-chloroadenosine (2-CADO) and 2-p-((carboxyethyl)phenethylamino)-5'-carboxamidoa-
denosine (CGS21680), as well as the P1-purinoceptor antagonist 8-phenyltheophylline (8-PT) and the Al-
selective antagonist, 1,3-dipropyl-8-cyclopentylxanthine (DPCPX).
2 In the rat duodenum longitudinal muscle, the order of potency of the adenosine agonists was

CPA>NECA>adenosine>CGS21680. DPCPX antagonized responses to CPA and NECA at a

concentration of 1 nm suggesting that they are acting at Al receptors. A Schild plot versus CPA gave a

slope near to unity (slope= 0.955) and a pA2 of 9.8 confirming that CPA was acting via Al receptors.
Schild analysis for DPCPX versus NECA, however, gave a slope of 0.674 suggesting that NECA was

acting on both Al and A2 receptors. CGS21680, a selective A2a agonist, was much less potent than
adenosine suggesting that the A2 receptors are of the A2b subtype.
3 In the rat duodenum muscularis mucosae, the order of potency of the adenosine agonists was

NECA >R-PIA=CPA>2-CADO>adenosine, and DPCPX antagonized responses to CPA and NECA
at a concentration of 1 ,UM. CGS21680, at a concentration of 10 gM, had no effect on this tissue. This
suggests the presence of A2 receptors in this tissue and that they are of the A2b subtype.
4 These results are in agreement with previous studies in the whole duodenum showing the presence of
A1 and A2b receptors causing relaxation, and this shows that the longitudinal muscle dominates the
response of the whole tissue. In addition, a contractile A2b receptor has been revealed on the muscularis
mucosae, the first time this subtype has been reported to elicit an excitatory response in a smooth muscle
preparation.
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Introduction

Adenosine has pharmacological actions on a variety of
smooth muscle preparations and mediates its effects by acting
at P1-purinoceptors (Burnstock, 1978). The PI-purinoceptor
was originally subdivided into Al and A2 (van Calker et al.,
1979), and in smooth muscle, adenosine usually causes a re-
laxation via A2 receptors but can also contract some tissues
via Al receptors (for review, see Collis & Hourani, 1993).
Since this original P1-purinoceptor classification, it has been
shown that the A2 receptor can be subdivided into A2a (high
affinity receptor) and A2b (low affinity receptor) and that a
third receptor type, the A3 receptor, also exists (Fredholm et
al., 1994).

PI-purinoceptors have been classified from the relative po-
tency of agonists and antagonists. For the Al-receptor, N6-
substituted analogues such as N6-cyclopentyladenosine (CPA)
and N6-(phenylisopropyl)adenosine (R-PIA) are more potent
than 5'-N-ethylcarboxamidoadenosine (NECA) and the C2
substituted analogues such as 2-chloroadenosine (2-CADO),
and the Al-selective antagonist, 1,3-dipropyl-8-cyclopentyl-
xanthine (DPCPX) has a dissociation constant in the nano-
molar range. On A2 receptors NECA and 2-CADO are more
potent than CPA and R-PIA, and DPCPX has a dissociation
constant in the micromolar range (Bruns, 1990; Collis &
Hourani, 1993). The A2a and A2b subtypes can be distinguished
by the selective binding of some C2-substituted analogues such
as 2 - ((carboxyethyl) phenethylamino)-5'-carboxamidoaden-
osine (CGS-21680) to the high affinity A2a subclass of A2 re-
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ceptors (Jarvis et al., 1989). For the rat, A3 receptor radi-
oligand binding experiments have shown that NECA is
equipotent with R-PIA and that CGS21680 is a relatively weak
agonist. The rat A3 receptor is also highly resistant to certain
xanthine antagonists such as DPCPX and 8-phenyltheophyl-
line (8-PT) (van Galen et al., 1994) but is sensitive to other
xanthine antagonists such as BW-A522 (Fozard & Hannon,
1994).

Previous functional studies on the rat duodenum showed
that this tissue contained a mixture of Al and A2b receptors
both mediating relaxation (Nicholls et al., 1992). The pre-
sence of Al receptors has also recently been confirmed by
radioligand binding experiments with [3H]-DPCPX (Peachey
et al., 1994). The significance of two P1-purinoceptor sub-
classes both mediating an inhibitory response was unclear,
and relaxations mediated by Al receptors have not been re-
ported elsewhere. Several tissues, such as the rat colon and
the guinea-pig trachea and aorta, have been shown to possess
both Al and A2 receptors; however, in each case the Al re-
ceptor mediated contraction while only the A2 receptor
mediated relaxation (Farmer et al., 1988; Stoggall & Shaw,
1990; Bailey & Hourani, 1990; Bailey et al., 1992). In the case
of the rat colon, Al and A2 receptors were localized at dif-
ferent sites, contractile Al receptors being present on the
muscularis mucosae and relaxant A2b receptors on the long-
itudinal muscle.

The aim of this work was to study P1-purinoceptors on the
two layers of the rat duodenum which contract in the long-
itudinal plane, the longitudinal muscle and the muscularis
mucosae. We investigated whether the Al and A2 receptors
were localized at two distinct sites.
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Methods

Male Wistar rats, University of Surrey strain, (200-250 g)
were killed by cervical dislocation. The duodenum was dis-
sected out by cutting at the base of the pyloris and 1.5 cm from
this point, cleared of any connective tissue and placed over a

fine bore (diameter: 5 mm) pipette and a longitudinal cut
made. The two preparations were separated in the same way as

previously described for the rat colon (Bailey & Hourani, 1990;
1992; Bailey et al., 1992). The longitudinal muscle was sepa-

rated by gently rubbing the layer with moist cotton wool,
leaving a thick walled tube of mucosal tissue which contains
the muscularis mucosae. The tissues were mounted in 4 ml
organ baths by threads tied around each end, so that in the
case of the muscularis mucosae the lumen was sealed, and
maintained in Krebs solution of the following composition
(mM): NaCl 118, KCl 4.8, MgSO4 1.2, CaCl2 2.5,
KH2PO4 1.2, NaHCO3 25 and glucose 11. The Krebs solution
was aerated with 95% 02: 5% CO2 and maintained at 35-
36°C, and the tissues were equilibrated for at least 45 min
before addition of drugs. A resting tension of 1 g was applied
to the tissues and force was recorded isometrically with Grass
FT03 transducers and displayed on Grass 79D polygraphs.

Concentration-response curves were obtained non-cumula-
tively, and for the longitudinal muscle the inhibitory responses
were quantified by precontracting the tissues with carbachol
(0.3 gM) before challenge with the purines. Contractions to
carbachol were measured from the peak of spontaneous ac-

tivity to the highest point of carbachol contraction. Relaxa-
tions were measured as the reduction in this peak height and
expressed as % inhibition of carbachol contraction. For the
muscularis mucosae preparation, contractions were observed
by adding purine directly to the bath without precontracting
the tissue and contractions were expressed as % of contraction
induced by KCl (35 mM). The dose-cycle for both tissue types
was 10-15 min, and no tachyphylaxis was observed to either
carbachol or any of the purines used. After concentration-
response curves to purines had been obtained, tissues were

incubated for 30 min with DPCPX or 8-PT and the con-

centration-response curves were then repeated in the presence
of the antagonist. In some muscularis mucosae preparations

after concentration-response curves to CPA had been ob-
tained, tissues were incubated with 25 gM indomethacin for
45 min and the concentration-response curves were repeated in
the presence of indomethacin.

Dose-ratios were calculated from the ratio of the individual
EC40 values (concentration of agonist producing 40% of the
response) in the absence and presence of antagonist. For
NECA on rat duodenum longitudinal muscle, EC40 values
were estimated from extrapolation of the concentration-re-
sponse curves. Apparent pA2 values were calculated as the
negative logarithm of the molar concentration of the antago-
nist divided by the dose-ratio-1.

Materials

Adenosine, NECA, carbachol, 2-CADO, R-PIA, in-
domethacin and 8-PT were obtained from Sigma Chemicals.,
U.K. CPA, CGS21680 and DPCPX were obtained from Re-
search Biochemicals Inc., and the buffer salts were of analytical
grade and were obtained from BDH.
CPA (1 mM) was dissolved in 2% ethanol, DPCPX (1 mM)

in 20% ethanol or in 6% aqueous dimethylsulphoxide
(DMSO) containing 6 mM NaOH, and indomethacin (2.5 mM)
was initially dissolved in ethanol and made up to 1/19 v/v
ethanol/ 0.1M phosphate buffer. The pH of the indomethacin
was 7.4 and the drug should therefore be stable for 24 h (Curry
& Brown, 1982).

Results

Longitudinal muscle

On the longitudinal muscle preparation adenosine, NECA and
CPA all relaxed the carbachol-contracted tissue, the order of
potency being CPA>NECA> adenosine > CGS21680 with
mean EC40 values of 0.1 M, 0.3 IM, 8.8 gM and 41.8 gM re-
spectively (n=4-6) (Figure 1). DPCPX (1 nM) inhibited re-
sponses to CPA and NECA, giving dose-ratios of 7.5 and 3.9,
corresponding to apparent pA2 values of 9.8 and 9.5 respec-
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Figure 1 Relaxations of rat duodenum longitudinal muscle induced
by CPA (0), NECA (R), adenosine (-) and CGS21680 (*). Each
point is the mean with s.e.mean of at least four determinations. For
abbreviations see text.
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Figure 2 Relaxations of the rat duodenum longitudinal muscle
induced by CPA in the absence (0) or presence (0) of DPCPX, (a)
1 nM, (b) IO nM, (c) 100 nm. Each point is the mean with s.e.mean of
at least four determinations. For abbreviations see text.
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tively (Figures 2a and 3a). DPCPX (10 nM) caused a parallel
shift to the right of the concentration-response curves to CPA
and NECA, giving dose-ratios of 34.9 and 8.9, corresponding
to apparent pA2 values of 9.5 and 8.9 respectively (Figures 2b
and 3b). DPCPX (100 nM) gave an even greater shift to the
right of the concentration-response curves to CPA and NECA
with dose-ratios of 527.9 and 67.3, corresponding to apparent
pA2 values of 9.7 and 8.8 (Figures 2c and 3c). DPCPX (1 gM)
shifted the concentration-response curve to NECA further to
the right, giving an estimated dose-ratio of 254.8, corre-
sponding to an apparent pA2 value of 8.4 (Figure 3d). Vehicle
alone had no effect on the concentration-response curves to
CPA or NECA (results not shown). Schild analysis of the re-
sults with DPCPX versus CPA gave a linear plot (r = 0.990)
with a slope of 0.955, corresponding to a pA2 of 9.8. For
DPCPX versus NECA, Schild analysis gave a linear plot
(r= 0.991) with a slope of 0.674 (Figure 4). Since the slope was
much lower than unity, no pA2 could be calculated.
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Muscularis mucosae

Adenosine, NECA, CPA, R-PIA and 2-CADO all contracted
the rat duodenum muscularis mucosae and the order of po-
tency was NECA > R-PIA = CPA> 2-CADO > adenosine with
mean EC40 values of 0.2 gM, 0.5 IM, 0.5 tM, 2.1 gM and
33.5 gM respectively (n = 4-6) (Figure 5). CGS21680 (10 jM)
had no effect on this tissue (results not shown). DPCPX
(10 nM) had no effect on the concentration-response curve to
CPA (results not shown) but DPCPX (1 gM) caused a small
parallel shift to the right of the concentration-response curves
to CPA and NECA, giving dose-ratios of 3.8 and 4.9, corre-
sponding to apparent pA2 values of 6.6 and 6.4 respectively
(Figure 6a,b). 8-PT (10 gM) caused a parallel shift to the right
of the concentration-response curves to CPA and NECA giv-
ing dose-ratios of 36.6 and 38.5, corresponding to apparent
pA2 values of 6.6 (Figure 6c,d). Indomethacin (25 jM) had no
effect on CPA-induced contractions, with concentration-re-
sponse curves to CPA in the absence and presence of in-
domethacin (25 jM) giving mean EC4 values of 0.05 gM and
0.04 jM respectively (results not shown).

Figure 4 Schild plots of the effect of DPCPX against CPA (0) and
NECA (0) in rat duodenum longitudinal muscle, from results shown
in Figures 2 and 3. Each point is the mean of at least four
determinations. For abbreviations see text.
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Figure 5 Contraction of rat duodenum muscularis mucosae induced
by NECA (a), R-PIA (*), CPA (0), 2-CADO (V) and adenosine
(A). Each point is the mean with s.e.mean of at least four
determinations. For abbreviations see text.
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Figure 3 Relaxations of rat duodenum longitudinal muscle induced
by NECA in the absence (U) or presence (El) of DPCPX, (a) nM,
(b) lOnM, (c) 100 nM, (d) gM. Each point is the mean with s.e.mean

of at least four determinations. For abbreviations see text.

The results show that on the rat duodenum longitudinal
muscle all the adenosine receptor agonists used caused re-

laxation. The order of potency of the PI-purinoceptor agonists
was CPA>NECA > adenosine> CGS21680 and DPCPX had
nanomolar affinity for this receptor suggesting that the ago-
nists are acting on Al receptors (Collis & Hourani, 1993). The
presence of a relaxant Al receptor is unusual as adenosine
normally relaxes smooth muscle via A2 receptors (White, 1988;
Olsson & Pearson, 1990; Collis & Hourani, 1993) and in fact
the rat duodenum is the only smooth muscle preparation to
have been shown to relax directly via Al receptors (Nicholls et
al., 1992).

Previous studies on intact rat duodenum showed that a

mixture of Al and A2 receptors were present both causing re-

laxation of the tissue and that NECA and adenosine acted via
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Figure 6 Contraction of rat duodenum muscularis mucosa induced
by Pi-agonists in the absence (solid symbols) or presence (open
symbols) of DPCPX or 8-PT. (a) CPA ±DPCPX (1 pm); (b)
NECA+DPCPX (1 m); CPA±8-PT(10sM); (d) NECA±8-PT
(10upM). Each point is the mean withsaetmean of at least four
determinations. For abbreviations see text.

the A2 receptors whilst CPA acted on A receptors (Nicholls et
al., 1992). In the current studies of the longitudinal muscle,
NECA initially appeared to be acting via Al receptors as
DPCPX at 1 nm and 10 nm shifted the concentration-response
curve to the right with an apparent pA2 of around 9. However,
qualitatively the relaxations of the intact rat duodenum were
similar to those observed in the rat duodenum longitudinal
muscle, suggesting that when the whole tissue was examined
responses of the longitudinal muscle dominate. It therefore
seemed likely that NECA would also act via A2 receptors on
this tissue. Indeed, Schild analysis showed that DPCPX versus
CPA gave a slope that did not differ significantly from unity
suggesting that CPA was acting on one receptor type, and
since the pA2 for DPCPX versus CPA was 9.8 this confirms
that CPA was acting via Al receptors. Schild analysis for
DPCPX versus NECA, however, gave a slope that was much
lower than unity suggesting that NECA was acting on a mixed
population of receptors, presumably Al and A2, to mediate
relaxation of the rat duodenum longitudinal muscle. Since
CGS21680 was much less potent than adenosine on this tissue
it would suggest that the A2 receptors are of the A2b-subtype.

The rat duodenum muscularis mucosae preparation con-
tracted to the P1-purinoceptor agonists with a potency order
for the analogues of NECA> R-PIA = CPA > 2-CADO >
adenosine, although it should be noted that concentration-

response curves to CPA and R-PIA did not achieve the same
maximal response as NECA and 2-CADO within the con-
centration-range tested. This agonist potency order did not fall
clearly into either the Al or A2 classification as NECA and R-
PIA were almost equipotent, and in fact the potency order was
more like that reported for an A3 receptor (Zhou et al., 1992).
However it is known that on the rat A3 receptor, CGS21680
has a Ki of approximately 0.5 gM and that the receptor is
highly resistant to DPCPX and 8-PT even at concentrations of
10 gM and 100 pM respectively (van Galen et al., 1994). The
results in this study indicate that the contractile PI-pur-
inoceptor on the rat duodenum muscularis mucosae is not an
A3 receptor as CGS21680 at 10 pM had no contractile effect
and both DPCPX (1 gM) and 8-PT (10 gM) inhibited re-
sponses to NECA and CPA, the pA2 derived for 8-PT being
consistent with Al or A2 receptors. Since DPCPX (1 gM) gave
about a 4 fold shift in the concentration-response curves to
NECA and CPA it would suggest that the agonists are acting
via A2 receptors, in spite of the high potency of the N6-sub-
stituted analogues, and the observation that CGS21680
(10 gM) had no effect on this tissue would suggest that the A2
receptors are of the A2b subtype (Lupica et al., 1990).

The findings of a relaxant PI-purinoceptor on the rat duo-
denum longitudinal muscle and a contractile P1-purinoceptor
on the muscularis mucosae are consistent with our previous
studies in the rat colon where adenosine analogues cause re-
laxation of the longitudinal muscle and contraction of the
muscularis mucosae (Bailey & Hourani, 1990; 1992; Bailey et
al., 1992). However, whereas in the rat colon contraction and
relaxation are mediated by Al and A2b receptors respectively,
unusually in the rat duodenum muscularis mucosae, contrac-
tions were mediated via A2 receptors and not Al receptors as
would normally be expected, and in the rat duodenum long-
itudinal muscle, relaxations were predominantly mediated by
Al not A2 receptors. The receptor subtypes mediating the re-
sponses in the two layers of the duodenum are therefore the
opposite of those mediating the same responses in the colon. In
some tissues such as the guinea-pig taenia caeci, purines
(namely ATP) have been shown to cause prostaglandin-
mediated rebound contractions following relaxations (Burn-
stock et al., 1975). However, the contractions in the rat duo-
denum muscularis mucosae were never preceded by relaxations
and were not mediated by prostaglandins as they were not
blocked by indomethacin.

In conclusion, we have shown that a mixture of Al and A2b
receptors mediate relaxation of the rat duodenum longitudinal
muscle, with CPA acting on the Al subtype and NECA acting
on both Al and A2b receptors. The relaxant A2 receptors
however are only clearly observed when the Al receptors have
been blocked by DPCPX. On the rat duodenum muscularis
mucosae, adenosine analogues cause contraction by acting at
P1-purinoceptors of the A2b subtype. In the rat whole duode-
num it appears that the responses of the longitudinal muscle
dominate, as in our previous work no contractile A2b receptors
were detected (Nicholls et al., 1992).

V.R.B. is a University of Surrey Scholar. We thank the Wellcome
Trust for a research grant for J.N.
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