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THEOPHYLLINE ANTAGONIZES SOME EFFECTS OF PURINES IN
THE INTESTINE BUT NOT THOSE OF INTRAMURAL INHIBITORY
NERVE STIMULATION

R.C. SMALL & A.H. WESTON

Department of Pharmacology, Materia Medica and Therapeutics, Stopford Building,
University of Manchester, Oxford Road, Manchester M13 9PT

1 Hyoscine- and guanethidine-treated preparations of longitudinal muscle of rabbit duodenum,
guinea-pig taenia caeci and fundic strip relaxed when exposed to noradrenaline, adenosine, adenosine
triphosphate (ATP) or to field stimulation of their intramural nerves.

2 In guinea-pig taenia caeci and fundus, theophylline 100 pmol/l had no effect on responses to
noradrenaline, adenosine, ATP and intramural nerve stimulation.

3 In rabbit duodenum, theophylline 100 umol/l antagonized some responses to adenosine but had
no effect on responses to noradrenaline, ATP and intramural nerve stimulation.

4 Theophylline 1 mmol/l itself relaxed the intestinal tissues and in the fundic strip and taenia
caeci, these relaxant effects were associated with abolition of spike activity and cellular hyperpolariza-
tion. In the taenia caeci, the amplitude of inhibitory post-junctional potentials was reduced.

5 Theophylline 1 mmol/l antagonized the twitch suppression produced by adenosine and ATP
in the transmurally-stimulated guinea-pig ileum but not that evoked by noradrenaline.

6 It is concluded that theophylline can selectively antagonize some actions of purines in the intestine
but that it does not specifically antagonize the effects of intramural inhibitory nerve stimulation.

Introduction

The evidence that intestinal smooth muscle is inner-
vated by inhibitory fibres which are not adrenergic
has recently been reviewed by Small & Weston
(1979a). The possibility that such neurones might uti-
lize adenosine triphosphate (ATP) or a related nucleo-
tide as a transmitter was suggested by Burnstock,
Campbell, Satchell & Smythe (1970). However, sub-
sequent attempts to assess the validity of this ‘pur-
inergic’ hypothesis have been frustrated by the
absence of a selective antagonist of purine action on
smooth muscle. Such an agent would be a powerful
analytical tool, provided that it could selectively anta-
gonize the actions of exogenous purines on smooth
muscle receiving non-adrenergic inhibitory innerva-
tion, without itself influencing smooth muscle tone.

Ally & Nakatsu (1976) showed that theophylline
could antagonize the relaxant effects of adenosine in
rabbit duodenum at concentrations which altered
neither the tone of the tissue nor its sensitivity to
adrenaline. This observation prompted the use of
theophylline as an investigative tool in the guinea-pig
fundic strip experiments of Okwuasaba, Hamilton &
Cook (1977). These workers claimed that theophylline
could, without lowering the tone of the fundus, vir-
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tually abolish the effects of stimulating its intramural
inhibitory neurones. They further claimed that theo-
phylline antagonized the relaxant effects of ATP and
adenosine but did not antagonize relaxations evoked
by noradrenaline or stimulation of extrinsic sympath-
etic nerves. Okwuasaba et al. (1977) thus concluded
that purinergic inhibitory neuroeffector transmission
occurred in the fundic strip.

The object of the present study was to investigate
whether theophylline would provide similar evidence
for purinergic transmission in other preparations of
rabbit and guinea-pig intestine where non-adrenergic
inhibitory innervation had already been demon-

“strated. Some of the results of these experiments have

been communicated to the British Pharmacological
Society (Small & Weston, 1979b).

Methods

Adult rabbits and guinea-pigs of either sex were killed
by stunning and bleeding. Tissues isolated from these
animals were incubated in Krebs solution gassed with
95% 0O, and 5% CO, and maintained at 37.5°C.
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Experiments with rabbit duodenum, guinea-pig taenia
caeci and guinea-pig fundic strip

Strips of longitudinal muscle from rabbit duodenum
were prepared and set up for isometric recording of
mechanical activity as described by Weston (1973).
Guinea-pig fundic strips were prepared as described
by Okwuasaba et al. (1977). The fundic strips and
segments of guinea-pig taenia caeci (2 to 3 cm long)
were set up for isotonic recording of mechanical ac-
tivity under a load of 1 g.

Responses of the fundic strip and taenia caeci to
relaxant agonists approached equilibrium after ap-
proximately 45 s. The effects of noradrenaline, ATP
and adenosine on these tissues were investigated by
constructing cumulative concentration-effect curves,
ten fold increments in agonist concentration being
made at 45 s intervals. In the rabbit duodenum, con-
centration-effect curves for noradrenaline, ATP and
adenosine were constructed in an acute manner.
Each drug concentration was applied to the tissue
for 30 s and then washed from the bath. Field stimu-
lation of the intramural inhibitory nerves of the three
tissues was carried out at supramaximal voltage
with ring electrodes. Pulses of 0.5 ms width were de-
livered in trains of 10 s duration. Frequency-response
curves were constructed using two fold frequency
increments.

"In test tissues, the effects of noradrenaline, ATP,
adenosine and field stimulation were investigated in
the absence and presence (30 min preincubation) of
theophylline. Control tissues were not exposed to
theophylline and were always run concurrently with
test preparations.

Experiments with transmurally stimulated guinea-pig
ileum

Segments of ileum, 1 to 2 cm long, were set up for
transmural stimulation (Paton, 1955) and isometric
recording of mechanical activity under a resting ten-
sion of 1 g Transmural stimulation was carried out
at supramaximal voltage with pulses of 0.5 ms

duration and frequency 0.2 Hz. The effects of nor-
adrenaline, ATP and adenosine on the twitches

evoked by transmural stimulation were studied by the
construction of cumulative concentration-effect
curves, ten fold increments in agonist concentration
being made at 15 s intervals. In test tissues, agonist
action was studied both in the absence and presence
(30 min preincubation) of theophylline. Control tis-
sues were not exposed to theophylline and were
always run concurrently with test preparations.

Electrophysiological studies

Simultaneous intracellular recordings of membrane

potential changes and mechanical activity were made
by the method of Small & Weston (1977; 1979c).
Mechanical activity was recorded either isometrically
(resting tension 1 g) or isotonically (load 1 g). Field
stimulation of the taenia caeci was carried out with

- platinum ring electrodes delivering 0.5 ms pulses of

supramaximal voltage every 25 s. The recording
microelectrode was situated approximately 1 cm from
the stimulating cathode towards the colonic end of
the tissue.

Intracellular recordings of electrical activity were
only evaluated provided that they contained no
sudden changes in spike amplitude or resting poten-
tial indicative of temporary displacement of the
microelectrode from the cell of interest. The apparent
resting membrane potential was taken as the potential
change occurring on deliberate withdrawal of the
microelectrode from the cell (see Figure 5) following
a stable recording of at least 2 min duration. '

The effects of theophylline on spontaneous electri-
cal activity and inhibitory post-junctional potentials
(i.p.j.ps) were studied by impalement of six cells before
theophylline treatment. Theophylline was added to
the bathing medium during the course of a seventh
impalement so that the onset of the electrical changes
evoked by the drug could be studied. Following a
30 min preincubation with theophylline, a further six
cells were impaled.

Drugs and solutions

The Krebs solution had the following composition
(mmol/l): Na* 143.5, K* 594, Ca?* 2.55, Mg?* 1.19,
Cl™ 125, HCOj 25, SO3~ 1.2, H,PO; 1.2, glucose
11.1. Except in the experiments with transmurally-
stimulated ileum, the Krebs solution contained hyo-
scine 0.03 mmol/l and guanethidine 0.01 mmol/l.
Drugs used were adenosine (Koch Light), the di-
sodium salt of ATP (Sigma), guanethidine sulphate
(Ciba), hyoscine hydrobromide (Sigma), (—)-nor-
adrenaline bitartrate (Koch Light) and theophylline
(Sigma).

" Dilutions of noradrenaline were prepared from a
stock solution in 0.1 N HCI on the day of use. Each
noradrenaline dilution contained ascorbic acid 0.2
mg/ml as an antoxidant. Dilutions of adenosine and
ATP were prepared by dissolving (or suspending) the
solid in 0.9%, w/v NaCl solution (saline) immediately
before use.

Results
Experiments with taenia caeci

Segments of guinea-pig taenia caeci, set up as de-
scribed in Methods, developed a high, stable level of
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Inhibition of mechanical activity in guinea-pig taenia caeci produced by (a) noradrenaline, (b) adenosine

and (c) electrical field stimulation. (@) Initial responses; (M) responses after 30 min preincubation with and
in the presence of theophylline 100 umol/l. Responses are expressed as 9% of the initial noradrenaline (NA)
maximum response and are means of six experiments; vertical lines show s.e. mean.

tone within 15 min, allowing the relaxant effects of
drugs and nerve stimulation to be studied easily.
Theophylline 100 umol/l caused little or no change
in the resting tone of test tissues and relaxant re-
sponses of these tissues to noradrenaline, adenosine
or field stimulation were little, if at all affected after
exposure to theophylline (Figure 1). Any changes
which did occur were also seen in concurrent control
tissues and were therefore attributable to the passage
of time rather than to ‘the action of theophylline. A
parallel series of experiments showed that the relaxant
effects of ATP (100 nmol/l to 1 mmol/l) were unaffec-
ted by theophylline (100 pmol/l).

Experiments with rabbit duodenum

The strips of longitudinal muscle from rabbit duo-
denum exhibited spontaneous phasic mechanical
changes which were reduced in amplitude by norad-
renaline, adenosine and field stimulation. Exposure
of the test tissues to theophylline (100 umol/l) did
not modify their spontaneous activity but the relaxant
effects of some concentrations of adenosine were sig-
nificantly reduced (Figure 2). Responses of these tis-
sues to noradrenaline or field stimulation were un-

BJ.P. 67/2—)

changed by the presence of theophylline. Concurrent
control experiments detected no change in the re-
sponses of the muscle strips to noradrenaline, adeno-
sine and field stimulation attributable to the passage
of time. The reduction in the effects of adenosine seen
in the test tissues therefore represented a selective
antagonism by theophylline. A parallel series of ex-
periments showed that the relaxant effects of ATP
(1 umol/l to 10 mmol/l) were unaffected by theophyl-
line (100 pumol/l).

Experiments with guinea-pig fundus

When fundic strips were prepared for isotonic record-

- ing as described in Methods, only about 25% of prep-

arations generated sufficient resting tone to enable
relaxant responses to be examined. Theophylline (100
umol/l) caused little or no change in the resting tone
of test tissues. Relaxant responses of these tissues to
noradrenaline, adenosine and field stimulation were
not reduced after exposure to theophylline (Figure 3),
an increase apparently occurring in responses to some
concentrations of noradrenaline. A similar change in
the noradrenaline concentration-effect relationship
was seen in concurrent control tissues and could
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Inhibition of mechanical activity in rabbit duodenum longitudinal muscle produced by (a) noradrena-

line, (b) adenosine and (c) electrical field stimulation. (@) Initial responses; (M) responses after 30 min preincubation
with and in the presence of theophylline 100 pmol/l. Responses are expressed as %, of the initial noradrenaline
(NA) maximum response and are means of six experiments; vertical lines show s.c. mean.

a

100

80
3
c

o L
[=%
8

= 60}
x
@

€ L
<

Z 40}
s
=

£ B

R 201

ot

Il i 1 1 -
001 01 1 10 100

1
umol/|

10

100 1000 10,000

Hz

Figure 3 Inhibition of mechanical activity in guinea-pig fundic strips produced by (a) noradrenaline, (b) adenosine
and (c) electrical field stimulation. (@) Initial responses; (M) responses after 30 min preincubation with and
in .the presence of theophylline 100 umol/l. Responses are expressed as % of the initial noradrenaline (NA)
maximum response and are means of six experiments; vertical lines show s.e. mean.
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Figure 4 Inhibition of twitches of transmurally stimulated guinea-pig ileum produced by (a) noradrenaline and
(b) adenosine. (@) Initial responses; (W) responses after 30 min preincubation with and in the presence of theophyl-
line 1 mmol/l. The columns show twitch height initially (open column) and after exposure to theophylline
1 mmol/l (stippled column). The initial twitch height is expressed arbitrarily as 100%. All responses shown
are means of six experiments; vertical lines show s.. mean.

therefore be attributed to the passage of time rather
than to an action of theophylline. The sensitivity of
control tissues to adenosine and field stimulation
remained constant. A parallel series of experiments
showed that the relaxant effects of ATP (1 umol/l
to 10 mmol/l) were unaffected by theophylline (100
pmol/l).

Experiments with guinea-pig ileum

Transmural stimulation of segments of ileum with
single pulses produced characteristic twitches which
were reduced in amplitude by  noradrenaline and
adenosine (Figure 4). Theophylline (1 mmol/l) itself
had no significant effect on the amplitude of the
twitches or on the ability of noradrenaline to suppress
them. However, in the presence of theophylline, the
concentration-effect curve for adenosine was moved
to the right (Figure 4). Concurrent control experi-
ments detected no changes in either the shapes or
positions of the concentration-effect curves of norad-
renaline or adenosine. The reduced sensitivity of test
tissues to adenosine therefore represented a selective
antagonism by theophylline.

A parallel series of experiments showed that theo-
phylline (1 mmol/l) antagonized the twitch sup-
pression evoked by ATP (10 nmol/l to 1 mmol/l) to
an extent similar to that observed for adenosine.

Electrophysiological experiments with taenia caeci and
Jfundic strips

The spontaneous electrical activity and the electrical
changes (i.p.j.ps) associated with non-adrenergic in-
hibitory transmission in the taenia caeci are both well
documented. Accordingly, this tissue was selected for
the electrophysiological studies of the effects of theo-
phylline.

Many cells of the taenia caeci exhibited stable rest-
ing membrane potentials. Spike activity in such cells
was continuous (though of variable frequency) and
i.p.j.p. amplitude was constant. Other cells exhibited
slow oscillations of resting membrane potential, spike
activity occurring only during the depolarizing phase
of the cycle. The amplitude of successive i.p.j.ps in
cells of this type was not constant, being maximal
during the depolarizing phase of the cycle and mini-

- mal when the cell was quiescent and relatively hyper-

polarized.

When the taenia was exposed to theophylline (1
mmol/l), several minutes elapsed before any change
was apparent in the electrical activity of the impaled
cell. Generally, spike discharge became more periodic,
the quiescent phases gradually lengthening so that in
many cells spike activity ceased altogether (Figure 5).
In other cells, spike discharge was restricted to
rebound bursts of activity on recovery from eacl
i.pJ.p. -
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Figure 5 Effect of theophylline 1 mmol/l on electrical (upper trace) and isotonic mechanical activity (lower
trace) in guinea-pig taenia caeci. (a) Control record showing the i.p.j.ps evoked by single pulses of supramaximal
voltage and 0.5 ms duration (at dots) and associated relaxations. At r, the microelectrode was deliberately with-
drawn from the cell to give a reading of apparent resting membrane potential. (b) Record obtained from the
same tissue (but from a different cell) in the presence of theophylline 1 mmol/l. Cessation of spike discharges,
reduction in ip,j.p. amplitude and a fall in mechanical tone are clearly visible.

In all tissues, the changes in spike activity were
accompanied by a gradually developing, weak hyper-
polarization of the cell and overall relaxation. Lp.j.ps
were reduced in amplitude at this stage but were not
abolished (Figure 5, Table 1). Analysis of the results
(analysis of variance and linear regression) revealed
that values of the apparent resting membrane poten-
tial and of i.p.j.p. amplitude did not alter with time
during both the control and test periods of the experi-
ment. Values of these parameters obtained before and
after exposure to theophylline 1 mmol/l were there-
fore compared using a two-tailed, unpaired t test
(Table 1). The probability that the elevated apparent
membrane potential or the reduced i.p.j.p. amplitude
seen after theophylline occurred by chance was less
than 0.05 in each case. Preliminary experiments with
the fundic strip also showed that the relaxant effects
of theophylline 1 umol/l were associated with aboli-
tion of spontaneous spike activity and a gradually
developing, weak hyperpolarization of the impaled
cell.

Discussion

The report by Okwuasaba et al. (1977) of highly selec-
tive antagonism by theophylline of the effects of intra-
mural nerve stimulation and of ATP in guinea-pig
fundus was the stimulus for the experiments described
in this paper. Initially, the guinea-pig taenia caeci and
the longitudinal muscle of rabbit duodenum were
chosen for further exploration of the effects of theo-
phylline since the inhibitory actions of purines and

non-adrenergic neurones are well established in these
tissues (Burnstock, 1972; Weston, 1973).

In the guinea-pig taenia caeci, theophylline failed
to antagonize the effects of adenosine, ATP and intra-
mural nerve stimulation. The failure of theophylline
to antagonize ATP and nerve stimulation in this tis-
sue has recently been confirmed by Hooper, Sped-
ding, Sweetman & Weetman (1979). In rabbit duo-
denum, theophylline produced some antagonism of
adenosine, thus confirming the findings of Ally &
Nakatsu (1976). However, theophylline was without
effect on duodenal responses to ATP or intramural
nerve stimulation.

In order to investigate whether the reported inhibi-
tion of intramural inhibitory nerve activity by theo-
phylline in guinea-pig fundus was restricted to this

Table 1 The effects of theophylline (1 mmol/l) on
apparent resting membrane potential (r.m.p.) and in-
hibitory post-junctional potential (i.p,j.p.) amplitude in
guinea-pig taenia caeci

r.m.p. i.pj.p.
(mV) (mV)
Control 492 + 07 101 +0.7
(36) (36)
Theophylline 1 mmol/l 54.6 + 0.7 6.8 + 05
(30) (34
P (2-tailed 1 test) 0 0.0004

Mean values + s.e. mean are given, numbers of obser-
vations in parentheses.
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tissue, an attempt was made to repeat the observa-
tions of Okwuasaba et al. (1977). However, theophyl-
line was found to have no effect on responses to
adenosine, ATP and intramural nerve stimulation in
this tissue, results which are in agreement with those
of an independent study (Baer & Frew, 1979).

In the present experiments, a concentration of 100
umol/l theophylline was first used. Since this concen-
tration had little or no effect, experiments were car-
ried out with 1 mmol/l theophylline in an attempt
to elicit inhibition of purine action and intramural
nerve stimulation. However, in all tissues, this ten fold
increase in theophylline concentration produced a
marked relaxation which rendered the evaluation of
subsequent inhibitory responses very difficult.

In a further attempt to determine whether theo-
phylline 1 mmol/l could antagonize the effects of in-
tramural nerve stimulation, electrophysiological ex-
periments were carried out on the guinea-pig taenia
caeci. It was reasoned that, if theophylline 1 mmol/l
produced its relaxant effects by uncoupling electrical
activity from mechanical activity, measurement of the
i.pj.p. following intramural nerve stimulation might
provide evidence of specific antagonism by theophyl-
line of the intramural inhibitory transmission process.
These electrophysiological experiments showed that
theophylline (1 mmol/l)-was able to reduce signifi-
cantly the size of the i.pj.p. However, this reduction
was accompanied by significant cellular hyperpolari-
zation, an event which itself would be expected to
reduce the size of the i.pj.p. In view of the failure
of theophylline 100 pmol/l to antagonize the relaxa-
tion mediated by intramural nerves, it is concluded
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