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1 The aim of the present investigation was to characterize and determine the tissue location of the
adenosine receptors present in the rat ileum using a method that detects drug action on the
cholinergic nerves innervating the longitudinal and circular muscles.

2 The non-selective adenosine agonist, NECA (10 and 100 nM) caused signi®cant concentration-
related reductions in the circular muscle responses to transmural stimulation over the frequency
range of 2.5 ± 40 Hz, but did not a�ect the responses of the longitudinal muscle, nor did it reduce the
muscle responses of the guinea-pig ileum.

3 The a�nity order of antagonists at inhibiting the e�ect of NECA on the circular muscle was:
CPDPX48-PT4DMPX with apparent pA2 values of 9.31, 7.54 and 5.63 respectively. CPDPX (10 ±
100 nM) caused parallel displacements of the concentration-e�ect curves to CPA with a pKb value of
9.15 and Schild slope of 1.03.

4 The agonists previously tested in the rat jejunum peristaltic re¯ex preparation were also shown to
inhibit responses of the rat ileum in the following decreasing order of potency: CPA4NECA42-
CADO4R-PIA4S-PIA44PAA. In addition, CHA and CCPA were also potent agonists. NECA
(100 nM) and CPA (32 nM) did not inhibit carbachol (1 mM)-induced tone of tissues pre-treated with
TTX (1 mM).

5 In conclusion, the rat ileum contains inhibitory A1 adenosine receptors situated on cholinergic
nerve endings innervating the circular muscle.
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Introduction

Extracellular adenosine is formed as a result of several
processes in the mammalian body, such as from rapidly
metabolizing tissues, hypoxia or by conversion of ATP

released from purinergic nerves (see White, 1991 for review).
The actions of adenosine are exerted at P1 purinoceptors, as
opposed to receptors for ATP designated P2 by Burnstock

(1978). P1 receptors have been further classi®ed on the basis of
operational, transductional and molecular properties into A1,
A2A, A2B and A3 adenosine receptors (see Palmer & Stiles,

1995; Alexander & Peters, 1998 for reviews).
Functional studies have revealed that adenosine and its

analogues exert a variety of e�ects in di�erent regions of the

intestine. For example, early studies showed that adenosine
inhibited neuroe�ector transmission in the guinea-pig ileum
(Small & Weston, 1979; Hayashi et al., 1978; Collier & Tucker,
1983) mainly by activating prejunctional A1-receptors resulting

in decreased acetylcholine release, but also by an inhibitory
post-junctional e�ect mediated by A2-receptors (Gustafsson et
al., 1985).

Later, studies of the rat intestinal tract showed that
adenosine agonists induced direct relaxation of the long-
itudinal muscles of the duodenum, ileum and colon and

contraction of the muscularis mucosae in these regions. The
adenosine receptors responsible for mediating contraction in
the duodenum were identi®ed as A2B and A1 in the ileum and

colon (Bailey et al., 1992; Nicholls & Hourani, 1997; Nicholls
et al., 1996). The situation was more complex in the

longitudinal muscle where relaxations were shown to involve
A1 and A2B receptors in the duodenum, A1 in the ileum and A2

in the colon (Bailey & Hourani 1992; Nicholls & Hourani

1997; Nicholls et al., 1996). The presence of [3H]-CPDPX
binding sites in the duodenum and colon generally correlated
with these ®ndings (Peachey et al., 1994).

The ®nding that the non-selective adenosine agonists, 5'-N-
ethylcarboxamidoadenosine (NECA), displayed antidiarrhoeal
activity in rats undergoing morphine withdrawal (Dionysso-

poulos et al., 1992) led to a study that identi®ed both
antisecretory and antiperistaltic actions of NECA in the small
intestine (Coupar & Hancock, 1994). Further studies estab-

lished that adenosine agonists acted on A2B receptors to inhibit
¯uid secretion induced by vasoactive intestinal peptide in the
jejunum of anaesthetized rats (Hancock & Coupar, 1995a) and
A1 receptors were identi®ed as those responsible for the

inhibitory actions of adenosine agonists on peristalsis in the rat
isolated jejunum (Hancock & Coupar, 1995b). The antiper-
istaltic action was assumed to be neural, partly on the basis

that the EC50 of NECA in the rat jejunum peristaltic re¯ex
preparation was similar to its value in the transmurally-
stimulated guinea-pig ileum preparation (25.4 vs 11.2 nM).

However, it was concluded that adenosine analogues may act
proximal to the ®nal cholinergic neurone in the peristaltic
re¯ex arc, because NECA failed to a�ect transmurally

stimulated cholinergic contractions of the rat jejunum long-
itudinal muscle (Coupar & Hancock, 1994; Hancock &
Coupar, 1995b).

Therefore, the aim of the present investigation was to

determine the tissue location of the A1 adenosine receptors in
the small intestine. This has been undertaken using a method*Author for correspondence.
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devised in our laboratory which makes it possible to examine
the e�ect of drugs on the nerves that control both longitudinal
and circular muscles of the small intestine (Coupar & Liu,

1996). The majority of experiments were performed on the
ileum, since this region had not been investigated in detail
previously, but activity of NECA on the jejunum was
con®rmed also. Some experiments were also performed on the

ileum from the guinea-pig, since we reported recently a
di�erence in sensitivities towards a2-adrenoceptor agonists
between these two species (Liu & Coupar, 1997).

Methods

The method of measuring the e�ects of drugs on the nerves
that supply the longitudinal and circular muscles of rat ileum

follows that described in detail by Coupar & Liu (1996).
Salient features of the method are as follows.

Hooded Wistar rats (250 ± 350 g) of either sex were stunned
by a blow to the head and killed by exsanguination. A section

of ileum (10 cm proximal to the caecum) was excised and
rinsed with 5 ml of Krebs-Henseleit solution containing (mM):
NaCl, 118; KCl, 4.7; NaHCO3, 25; KH2PO4, 1.2; CaCl2, 2.5;

MgSO4, 1.2; D-(+)-glucose, 11. One end of the segment was
threaded over an intraluminal electrode made of platinum
wire. The electrode assembly with attached tissue was mounted

vertically in a 30 ml jacketed organ bath containing Krebs-
Henseleit solution maintained at 378C and continuously gassed
with 95% oxygen-5% carbon dioxide. The unattached end of

the segment was trimmed and a cannula ®lled with Krebs-
Henseleit solution was tied into position such that the tissue
length was 3 ± 4 cm. The opposite end of the cannula was
connected to a pressure transducer (Gould P23ID) to monitor

intraluminal pressure as an indirect measurement of circular
muscle contraction. The segment was next connected to an
isometric force displacement transducer (Grass FT03C) to

measure longitudinal muscle tension changes. The parameters
were recorded on a Grass model 79D polygraph. A Grass S48
stimulator supplied current to the intraluminal electrode and

the second platinum plate electrode, which was positioned
parallel to the intestine in the bathing solution. The segment
was loaded with an initial tension of 1 g, left to equilibrate for
35 min and then partially ®lled with 0.15 ml of Krebs-

Henseleit solution from a 1 ml syringe attached to the pressure
transducer via a 3-way tap. Procedures involving transmural
electrical stimulation or drug application were started 10 min

after ®lling the segment. Segments of guinea-pig ileum were
prepared and set up in the same way as described for rat ileum.

Transmural stimulation was applied to the tissue as square

wave pulses of 1 ms duration in 8 s trains at frequencies of
10 Hz. This frequency was selected because it elicits maximal
tension increase of the longitudinal muscle and a maximal

increase in intraluminal pressure, which enabled accurate
measurement of the inhibitory e�ects of the a-adrenoceptor
agonists in a previous study (Coupar & Liu, 1996). Trains of
pulses were delivered 3 min apart at supramaximal voltage.

Cumulative concentration-e�ect relationships were estab-
lished to the adenosine agonists using contact times of 3 min
for each concentration. Antagonists were incubated with the

tissues for 20 min before commencing addition of agonists.
Each tissue was exposed to only one agonist or agonist/
antagonist combination.

In one series of experiments tissues were incubated for
10 min with 1 mM tetrodotoxin (TTX) followed by 1 mM of
carbachol, which induced an increase in intraluminal pressure
equivalent to 62.2+9.9% of the pre-TTX control response to

10 Hz. One group was then exposed to NECA and the other to
CPA to test for possible direct inhibitory activity on the
circular muscle.

Drugs

Carbachol chloride was purchased from Sigma Chemical Co.

(St. Louis, U.S.A.) and tetrodotoxin from Calbiochem (TTX,
La Jolla, U.S.A.).

Adenosine agonists 2-chloroadenosine (CADO), 2-chloro-N6-
cyclopentyladenosine (CCPA), N6-cyclohexyladenosine
(CHA), N6-cyclopentyladenosine (CPA), 5'-N-ethylcarboxa-

midoadenosine (NECA), 2-phenylaminoadenosine (PAA, CV
1808), R(7) N6-(2-phenylisopropyl)adenosine (R-PIA), S(+)
N6-(2-phenylisopropyl)adenosine (S-PIA). All were obtained

from RBI, Natick, U.S.A. and were dissolved in 0.9% w v71

saline except PAA, which was dissolved in 6% w v71 ethanol in
saline before further dilution in saline.

Adenosine antagonists 8-cyclopentyl-1,3-dipropylxanthine
(CPDPX), 3,7-dimethyl-1-propargylxanthine (DMPX), 8-phe-
nyltheophylline (8-PT) were obtained fromRBI,Natick, U.S.A.

Stock solutions of CPDPX and 8-PT were made up in distilled
water containing 0.1% v v71 DMSO/1 M NaOH (1 : 0.75) as
initial solvent. DMPX was dissolved in 0.9% w v71 saline.

All drugs were freshly prepared except TTX which was
diluted to 1 mM in bu�er and frozen.

Data analysis

The responses of the tissues to electrical stimulation at
di�erent frequencies were normalized to a percentage of the

response occurring at 10 Hz which was set at 100%.
Frequency-response and concentration-e�ect curves were
compared for statistical di�erences using 2-way ANOVA.

The quantitative values of the responses elicited by electrical
stimulation at the set frequency of 10 Hz in the presence of
agonist concentrations were expressed as percentage reduction

compared to two pre-drug control responses in terms of
arithmetic means+s.e.mean. The potencies of agonists were
expressed as geometric mean EC50 values with 95% con®dence
intervals (CI) relative to individual maximum responses (Emax).

These parameters were calculated and sigmoidal concentra-
tion-e�ect curves plotted by ®tting a four-parameter logistic
equation to the data points. The equation is:

y � a� b=f1� 10ÿd�c�log�A��g;
where A is the agonist concentration, a is the basal value, b is
the vertical range, c is the pEC50, and d is the mid-point slope
(Lew, 1995).

The a�nities of the antagonists were expressed as either
apparent pA2 values or, in the case of CPDPX, a pKb value.
Apparent pA2 values were calculated from the relationship:

pA2 � log�CRÿ 1� ÿ log�B�;
where CR is the concentration-ratio of agonist used in the
presence and absence of antagonist (B). The errors associated

with agonist concentration-ratios were estimated by using log
forms (7log EC50=pEC50):

pEC50 ÿ pEC50:antag �
���������������������������������������������������������������������
s:e:m:2pEC50 � s:e:m:2pEC50:antag

q
The pKb value of CPDPX using the selective A1 agonist CPA
was calculated as described by Lew & Angus (1995) by

applying non-linear regression analysis from the relationship:
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pEC50 � ÿlog��Bn� � 10ÿpKb� ÿ log c;

where B is the antagonist concentration, n the Schild slope and
c a constant equal to control EC50/Kb.

The number of tissues used is indicated by n and all
calculations and graphics were performed using the computer
program Graph Pad Prism (Graph Pad Software Inc., San

Diego, U.S.A.). Di�erences were considered statistically
signi®cant when P50.05.

Results

The typical response to transmural electrical stimulation was a

fast increase in longitudinal muscle tension followed by an
increase in intraluminal pressure (indicative of circular muscle
contraction) after a latency of approximately 4 s and reached

its maximal response within 8 s. The longitudinal muscle
began relaxing during the period of stimulation and was
followed by a relatively large and long-lasting after-contrac-

tion, which was not seen in the intraluminal pressure recording
(Figure 1). The responses of both muscle layers were
frequency-dependent, small responses of both occurred at
2.5 Hz and the frequencies generating the greatest pressures

were 10 and 20 Hz (Figure 2). The actual responses to a set
frequency of 10 Hz were increases in longitudinal muscle
tension and intraluminal pressure of 2.80+0.16 g (n=9) and

9.98+0.53 mmHg (n=9) respectively.
NECA at concentrations of 10 and 100 nM caused

signi®cant concentration-related reductions in the pressure

responses over the range of 2.5 ± 40 Hz (P50.0001, n=15,
two-way ANOVA, Figure 2a). In contrast, responses of the
guinea-pig ileum circular muscle to transmural stimulation

over the same range were not a�ected by NECA at 100 nM, the
frequency-response curves being superimposable (P40.05,
n=9, two-way ANOVA (Figure 2b).

NECA (1 nM± 1 mM) caused a concentration-related inhibi-

tion of the circular muscle response of the rat ileum without
signi®cantly a�ecting the response of the longitudinal muscle
at the standard frequency of 10 Hz transmural stimulation

(Figure 3). The EC50 and Emax values of NECA shown in Table
2 were not signi®cantly di�erent to corresponding values of

13 nM (95% CI, 6.51 ± 25.97) and 99.54% (95% CI, 87.22 ±
111.9) respectively, in segments of rat jejunum (P40.05).

Antagonists

The a�nity order of antagonists on the circular muscle
response was: CPDPX48-PT4DMPX. Single concentrations

caused parallel rightward displacements of the concentration-
e�ect curve to NECA without suppression of Emax values. The
calculated apparent pA2 values from the concentration ratios

are shown in Table 1.
CPDPX (3.2 ± 100 nM) also caused parallel displacements of

the concentration-e�ect curves to CPA (Figure 4). Analysis of

the decrease in pEC50 values caused by increasing concentra-
tions of CPDPX showed that the data ®tted the non linear
equation best with slope ®xed at unity giving a pKb value of

9.15 (95% CI 9.40 ± 8.90, n=24). The Schild slope calculated
from the variable slope analysis was 1.03.

Figure 1 (Top) trace showing isometric longitudinal muscle
responses and (bottom) increases in intraluminal pressure as an
index of circular muscle contraction in a segment of rat ileum.
Responses were induced using transmural stimulation at 1 ms pulse
duration, 10 Hz in trains of 8 s, delivered every 3 min. Two control
periods of stimulation are shown on the left (*), followed by
responses in the presence of cumulatively increasing concentrations of
NECA (1 ± 300 nM), which reduced responses of the circular muscle
but not the longitudinal. Three replacements of the bath ¯uid (W)
restored responses to pre-NECA control values. Bars indicate the
response and time scales.

Figure 2 Contractile responses of (a) rat and (b) guinea-pig ileum to
frequency-related transmural stimulation of the circular muscle and
suppression of them in rat, but not guinea-pig tissues by NECA. The
e�ects are expressed as a percentage of the amplitude of the pressure
elicited by 10 Hz stimulation before the frequency-related cycle
started. Symbols represent the means of the values obtained from 15
rat preparations (n=5 for each of the three treatments) and nine
guinea-pig preparations (n=4 control, n=5 NECA) and bars show
the s.e.mean.
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Agonists

The adenosine agonists previously tested in the rat jejunum

peristaltic re¯ex preparation were retested on the rat ileum
stimulated at the standard frequency of 10 Hz. Like NECA,
they did not in¯uence the responses of the longitudinal
muscle (P40.05, n=4± 6 for each agonist, ANOVA) and all

but PAA induced marked inhibitory responses of the
circular muscle at their maximally-e�ective concentrations.
Pairwise comparisons of concentration-e�ect curves by 2-

way ANOVA showed the following rank order of potency:
CPA4NECA42-CADO4R-PIA4S-PIA44PAA (Table
2, Figure 5).

In addition to the agonists previously tested in the rat
jejunum peristaltic re¯ex preparation, two other agonists were
shown to be potent agonists in the ileum. These were CHA and
CCPA with EC50 and Emax values shown in Table 2. The order

of potency of these agonists relative to the most potent, CPA,
in the previous series of experiments was: CHA5CCPA5C-
PA (two-way ANOVA, P40.05).

Figure 3 Mean cumulative concentration-response curves for the
inhibition of transmurally-stimulated (1 ms pulse duration, 10 Hz for
8 s) increase of the intraluminal pressure and contraction of the
longitudinal muscle of the rat ileum by NECA. Responses are plotted
as percentage inhibition of the control amplitude of the tension (for
longitudinal muscle) or pressure (for circular muscle). Bars indicate
the s.e.means (n=6 for longitudinal muscle, n=5 for circular muscle).

Table 1 A�nity values of adenosine agonists at inhibiting
the e�ect of NECA on transmural stimulation in the rat
ileum circular muscle

Antagonist Concentration
Concentration

ratio
Apparent pA2

(95% CI) n

CPDPX
8-PT
DMPX

10 nM
2 mM
50 mM

21.38+2.09
70+2.72

22.59+2.49

9.31 (9.25 ± 9.36)
7.54 (7.52 ± 7.56)
5.63 (5.57 ± 5.69)

7
10
10

Table 2 Potency and e�cacy values of adenosine agonists at inhibiting the response of the circular muscle to transmural stimulation in
the rat ileum

Agonist EC50 (nM) 95% CI
Emax

(% inhibition)

*EC50 (nM) for inhibition
of the rat jejunum peristaltic

re¯ex

CHA
CCPA
CPA
NECA
2-CADO
R-PIA
S-PIA
PAA

2.68
7.18
7.45

16.83
51.9
53.35
176.5
2059

0.7 ± 10.22
1.9 ± 27.15
5.99 ± 9.27
6.08 ± 46.57
40.3 ± 66.86
39.85 ± 71.43
125.8 ± 247.4
235.4 ± 18010

99.58
100.8
96.51
94.15
90.96
87.04
92.53
58.18

2.3
25.4
159.9
41.2
239
7700

n=4±6. *Indicates values from Hancock & Coupar (1995b).

Figure 4 Displacement of the cumulative concentration-e�ect curve
to CPA by CPDPX at four di�erent concentrations (CPA in the
absence of CPDPX=control). (Insert) Non-linear regression plot of
the reduction in the resultant pEC50 values caused by the increasing
concentrations of CPDPX (n=24).

Figure 5 Cumulative concentration-e�ect curves to adenosine
agonists for inhibition of circular muscle contraction (increase in
intraluminal pressure) in response to transmural stimulation (10 Hz
for 8 s). n=4±6 for each agonist.
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Near maximally-e�ective concentrations of NECA (100 nM)
and CPA (32 nM) on the response of the circular muscle to
transmural stimulation at 10 Hz were without e�ect on tone

induced by carbachol (1 mM) in tissues pretreated with TTX
(1 mM, 10 min) (n=3 for NECA, n=4 for CPA).

Discussion

This study shows that the rat ileum contains inhibitory A1

adenosine receptors situated on cholinergic nerves innervating
the circular muscle. This extends our previous ®nding that A1

receptors are functionally involved in suppressing the

peristaltic re¯ex in the jejunum of the rat (Hancock & Coupar,
1995b).

Functional location

The present study used a method that enables simultaneous
investigation of drug activity on the responses of both

longitudinal and circular muscles of the small intestine.
Transmural electrical stimulation causes activation of
cholinergic nerve endings (Coupar & Liu, 1996) and has

been used previously to demonstrate the presence of
inhibitory a2D-adrenoceptors located on cholinergic nerve
endings supplying the circular muscle and post-synaptic a1-
adrenoceptors located on both longitudinal and circular
layers of the rat ileum (Liu & Coupar, 1997). It has been
well established from studies using the guinea-pig ileum that

adenosine agonists inhibit the release of acetylcholine evoked
at conventional low frequencies of transmural stimulation
(Gintzler & Musacchio 1975; Sawynock & Jhamandas 1976)
via an action mainly at pre-synaptic A1 adenosine receptors,

but supplemented by action at post-junctional A2 receptors
(Gustafsson et al., 1985). More recently, Nicholls & Hourani
(1997) have identi®ed post-synaptic inhibitory adenosine

receptors in the longitudinal muscle layer of the rat ileum.
In their experiments adenosine, NECA and CPA relaxed
carbachol-contracted preparations via an A1 receptor popula-

tion. However, the results from the present experiments
eliminate the possibility of a post-synaptic site of action of
the adenosine agonists in suppressing the response of the
circular muscle to nerve stimulation. This was established on

the basis that neither NECA nor CPA reduced carbachol-
induced tone of the circular muscle in preparations pre-
treated with TTX. Hence, the adenosine receptors could be

located on pre- and/or post-ganglionic cholinergic neurones,
since both of these nerves make a signi®cant contribution to
the circular muscle response in the presently used method.

This was concluded on the basis that ganglionic blockade
with hexamethonium inhibited the circular muscle response
to 10 Hz stimulation by 73.2%, while atropine blocked the

response (Coupar & Liu, 1996). The present results showing
the full agonists caused near maximal inhibitions of the
response to nerve stimulation is an indication that A1

receptors are located on both pre- and post-ganglionic

neurones.
It is of interest that the responses of the longitudinal muscle

to nerve stimulation in the present series of experiments were

not a�ected by any of the adenosine agonists. This is probably
due to the di�erent concentrations required to produce
inhibition of neural as opposed to smooth muscle activity.

This is apparent by comparing the potency values of NECA,
which are EC50 values of 16.83 nM (present experiments) vs
41.5 mM (Nicholls & Hourani, 1997) respectively. Since the A1

receptor is the site of action in both tissues of the rat ileum, its

di�erence in sensitivity to agonists is presumably the result of
di�erences in coupling, receptor reserve or other such
operational characteristics.

Other ®ndings of the present study were that NECA
inhibited the responses of the rat ileum circular muscle to
stimulation over a wide range of frequencies from 2.5 to above
the maximally-e�ective frequencies of 10 ± 20 Hz, but neither

muscle layers of the guinea-pig ileum preparation set up in
identical conditions was a�ected by NECA. It has been noted
previously that the longitudinal muscle response of the guinea-

pig ileum to NECA is apparent at frequencies well below
2.5 Hz. In one study, for example, the EC50 of NECA
measured at 0.1 Hz was 11.2 nM, but this concentration did

not a�ect the contraction induced by 10 Hz (Coupar &
Hancock, 1994). The neuro-inhibition of the guinea-pig ileum
preparation by adenosine agonists is mediated via A1 receptors

(Tomaru et al., 1995), but there is a relative lack of
information concerning sensitivities of other isolated tissues
containing this neural receptor to di�erent frequencies. One
study to address this has shown that the pre-junctional action

of A1 agonists in reducing ®eld-stimulated noradrenaline
release in the rabbit isolated iris/ciliary body preparation is
ine�ective at 5 Hz and maximally e�ective at frequencies

between 20 ± 30 Hz (Crosson & Gray, 1997).

Receptor characterization

The criteria of antagonist a�nities and agonist order of
potency were used to verify that the adenosine receptors

present in the rat ileum were the same as those previously
characterized in the jejunum as the A1 subtype. Hence,
CPDPX was selected in this study since it has a 740 fold
greater a�nity at A1 vs A2 receptors in rat brain membranes

(Bruns et al., 1987) and is also selective in functional studies of
rat tissues (Haleen et al., 1987). The apparent pA2 value of
CPDPX against the non-selective agonist NECA in the rat

ileum was shown to be 9.31, which was similar to the value of
9.47 using the same agonist in the rat jejunum peristaltic re¯ex
preparation (Hancock & Coupar 1995b). As in the jejunum,

CPDPX also blocked the e�ect of the A1-selective agonist
CPA, but with the additional information that the action was
competitive. Hence CPDPX (3.2 ± 100 nM) produced right-
ward shifts in the CPA concentration-e�ect curve with a pKb

value of 9.15 (95% CI 9.40 ± 8.90) and a Schild slope of 1.03.
The corresponding value for the rat jejunum is an apparent
pA2 value of 9.37 (95% CI 9.01 ± 9.73) which is not statistically

di�erent from the present pKb value (Hancock & Coupar
1995b). It has been shown recently that the binding a�nities of
antagonists, such as CPDPX, are species-dependent with

decreasing a�nities for brain membranes prepared from
rat4mouse4guinea-pig4human. Consequently, it is relevant
to compare the present apparent pA2/pKb values of CPDPX

with literature values derived from functional studies of rat
tissues containing the A1 receptor subclass. Such comparisons
reveal similar values of 9.6 for ileum (Nicholls & Hourani
1997), 9.8 for duodenum (Nicholls et al., 1996), 9.53 for

colonic muscularis mucosae (Reeves et al., 1993), 9.8 for brain
cortex (von Kugelgen et al., 1994) and 9.44 for heart (Haleen et
al., 1987).

Another criterion used in this study to di�erentiate between
A1 and A2 receptors was the relative a�nities of CPDPX and
8-PT. A di�erence is evident in isolated tissues where 8-PT is

non-selective for A1 and A2 receptors, whilst CPDPX has a
30 ± 50 fold greater a�nity for A1, but is equi-e�ective with 8-
PT at A2 receptors (Collis et al., 1989). In this study, CPDPX
was signi®cantly more e�ective at inhibiting NECA-evoked
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responses than 8-PT, as revealed by their apparent pA2 values
of 9.31 and 7.54 respectively. This value for 8-PT is similar to
the apparent pA2 of 7.26 previously reported by us for the rat

jejunum (Hancock & Coupar 1995b).
DMPX is also a relatively non-selective antagonist, showing

slight preference for A2 vs A1 receptors in both binding (a�nity
ratios, A1/A2 of 7.5 and 4.1, Daly et al., 1986; Seale et al., 1988)

and functional experiments (Ukena et al., 1986; Choi et al.,
1988) using rats. The apparent pA2 of DMPX against NECA
in the present series of experiments was 5.63 giving an

antagonist a�nity order of: CPDPX48-PT4DMPX.
Xanthine antagonists are also useful in discounting the

possibility of an A3 adenosine receptor population being

present in the rat ileum, because they have extremely low
a�nity at A3 receptors. For example, the pKi values of
CPDPX and 8-PT at A3 sites in rat brain membranes are both

54 (Van Galen et al., 1994).
Agonist potency orders are useful in discriminating the

presence of di�erent adenosine receptors in isolated tissues.
Hence, agonists have been used in this study to con®rm the

existence of A1 receptors in the rat ileum as revealed by the
use of antagonists. It was shown that the order of potency of
agonists in reducing circular muscle contraction in response

to transmural stimulation was CPA4NECA42-CADO4R-
PIA4S-PIA44PAA, which is the same as that previously
shown for inhibition of peristalsis, except that the order of 2-

CADO and R-PIA are reversed (Hancock & Coupar 1995b).
However, although the concentration-e�ect curves of the
agonists were statistically di�erent, their EC50 values were not

in the ileum. The order is also similar to that used as a
framework by Collis & Hourani (1993) for characterizing
adenosine receptor subtypes in functional studies where
CPA4R-PIA=CHA=4NECA42-CADO4S-PIA4PAA

indicates the presence of A1 receptors. One discrepancy
though, is that the rank orders of CHA and CPA in this
study are the reverse of their order in the general framework.

Also the position of R-PIA in the rank order is lower in the
ileum compared to the order in the A1 classi®cation.
However, R-PIA was still more potent than S-PIA in this

study as it is at A1, A2A and A2B subtypes of the framework.
It is worth noting that the order NECA4R-PIA4S-PIA, as
was found in the ileum, has also been obtained in guinea-pig

atria, a tissue considered to have A1 receptors (Ford &
Broadley, 1997). It is possible that the imperfect correlation
between agonist a�nity order found in the present study and

the framework are due to the general di�culties encountered
in using agonists to characterize receptors. Hence, di�erences
in receptor reserve or degree of coupling between tissues leads
to di�erent potency values. When the potencies are similar, as

is the case in this study, di�erent orders between tissues are
more likely to occur.

As a result of this problem, CCPA was included in the

present study as it displays high a�nity (Ki=0.4 nM) and
selectivity (nearly 10,000 fold) for A1 vs A2 receptors in binding
studies of rat brain (Lohse 1988; Klotz et al., 1989). As such,

the high potency value of CCPA obtained in the present study
(EC50=7.18 nM) is concordant with an EC50 value of 8.2 nM in
rat atrium, which contains an A1 receptor population (Conti et

al., 1993). CHA was also included in the present study, because
it is considered to be an A1 agonist with a similar binding and
functional pro®le to CPA in rat CNS tissues (Williams et al.,
1986; Maemoto et al., 1997; Nakamura et al., 1997). As

expected, the potencies of the two structurally similar agonists
were the same in the rat ileum, as indicated by their EC50

values.

Functional relevance

It has been suggested by Tomaru et al. (1994) and Suzuki et al.
(1995) that endogenous adenosine has a physiological role in
the digestive tract partly on the basis that CPDPX increased

defecation in conscious rats. It was further suggested that the
colon was the site of adenosine release since CPDPX and
another A1 antagonist, KF20274, did not a�ect gastric
emptying or small intestinal propulsion (Suzuki et al., 1995).

Indeed, our previous results led us to conclude that
endogenous adenosine is not released in the rat jejunum to
inhibit either peristalsis or ¯uid secretion (Hancock & Coupar,

1995a,b). Nevertheless, the identi®cation of A1 receptors on
cholinergic neurones innervating the circular muscle of the rat
ileum and the high potency of A1 agonists as identi®ed in this

study raises the possibility that adenosine is involved in
decreasing intestinal motility during high metabolic demand
and/or in certain pathological conditions.
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