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Receptors involved in mechanical responses to catecholamines
in the circular muscle of guinea-pig stomach treated with
meclofenamate
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1 In circular muscle strips of the fundus and corpus of guinea-pig stomach, mechanical responses to
catecholamines were studied mainly in the presence of a prostaglandin biosynthesis inhibitor, meclofena-
mate.
2 Normal preparations developed considerable muscle tone, and adrenaline (10-100gM) in the presence
of 3-5gM propranolol produced a multiphasic response, generally consisting of transient relaxation and
contraction, followed by slow relaxation and then contraction. Responses to phenylephrine were similar
to those of adrenaline.
3 Meclofenamate (0.3 pM) nearly abolished the muscle tone and under this condition, both adrenaline
and phenylephrine produced a simple contraction. This response was strongly inhibited by prazosin, but
only weakly by yohimbine.
4 When muscle tone was maintained by prostaglandin E2 (10 nM) in the presence of meclofenamate,
phenylephrine (30,uM) produced transient relaxation followed by slow contraction in most preparations.
These were strongly inhibited by prazosin. Adrenaline produced a similar response, but the relaxation was
only partially reduced by prazosin. The remaining relaxation was more dominant in the middle fundic
region and this was considered to be mediated through /i-adrenoceptors.
5 It is concluded that in the circular muscle of the fundic region of guinea-pig stomach, endogenous
prostaglandins are involved in maintaining muscle tone and in modifying the response to catecholamines
and that both contraction and relaxation are mediated by a1-adrenoceptors.

Introduction

In the circular muscle of the guinea-pig stomach, catechol-
amines produce multiphasic mechanical responses through
activation of a-adrenoceptors. The relative contribution of
contraction and relaxation varies in different regions of the
stomach wall and with endogenous muscle tone (Guimaraes,
1969; Bailey, 1971; Haffner, 1971; 1972; Yamaguchi &
Tomita, 1974). It has been shown that in the corpus, nor-

adrenaline produces contraction at low concentrations
through activation of a2-adrenoceptors, but relaxation at high
concentrations through al-adrenoceptors (Sahyoun et al.,
1982a,b). On the other hand, activation of al-receptors is also
considered to be responsible for the contractile response in the
guinea-pig stomach (Chihara & Tomita, 1987).

Since the response to a-adrenoceptor activation is com-

posed of contraction and relaxation and their pattern is
affected by muscle tone, analysis of receptor types involved in
the response is difficult. In some tissues, spontaneous develop-
ment of muscle tone may be due to endogenous prostaglan-
dins, because it is reduced by an inhibitor of prostaglandin
synthesis (meclofenamate or indomethacin; Parekh et al.,
1989). Examples include the canine (Milenov & Golenhofen,
1982) and rat stomach fundus (Frankhuizen & Bonta, 1975).
In guinea-pig stomach muscles, phospholipase A2, purified
from snake venom, produces mechanical responses very
similar to those caused by a-adrenoceptor activation
(unpublished observations). It is possible that stimulation of
a-adrenoceptors increases endogenous production of prosta-
glandins, as found in the rabbit vas deferens (Trachte, 1987)
and this modifies the direct mechanical response to catechol-
amines. Thus, in the present experiments, the effects of recep-
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tor blocking agents on catecholamine-induced responses were
studied in the presence of meclofenamate.

Methods

Hartley guinea-pigs (250-350g) of either sex were killed by
stunning and bleeding. The stomach was removed and opened
by cutting the wall along the greater curvature, and the
mucosa was completely removed under a binocular micro-
scope. We defined the stomach wall as fundus, corpus and
antrum by dividing it into nearly equal parts from the rostral
to caudal direction. Four muscle strips (approximately 1 mm
width, 7mm length) were dissected in the direction of the cir-
cular muscle fibres between the middle fundus and the rostral
side of corpus of the ventral wall of stomach.

Preparations were suspended vertically in a small tube (1 ml
in capacity) and superfused with a physiological solution at a
rate of 2.5 ml min 1 at 35°C. Mechanical responses were mea-
sured with an isometric strain gauge and recorded on a poten-
tiometric pen recorder. The experiments were started after the
preparation had been equilibrated for at least 1 h to allow full
development of muscle tone. Drugs were applied to the super-
fusing solution. The physiological solution contained (mM):
NaCl 129, KHCO3 6, CaCl2 2.4, MgCl2 1.2, glucose 12, Tris-
HCl 7.5, the pH being adjusted to 7.4 at 35°C with HCl
(ungassed). Experiments were carried out in the presence of
propranolol (5pUM) to inhibit f-adrenoceptors, except for fl-
receptor analysis. When the contribution of /i-adrenoceptors
was studied, preparations were treated with phenoxybenza-
mine (50gM for 30min followed by a 20min period of
washing) to block a-adrenoceptors, neuronal and extra-
neuronal catecholamine uptakes (O'Donnell & Wanstall,
1976).
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To obtain dose-response curves, responses to agonists were
calculated as a percentage of the maximum contraction
obtained with 100pM adrenaline or phenylephrine, or of the
maximum relaxation caused by 10pM isoprenaline, and were
plotted against log concentration of agonist, applied cumula-
tively with a contact time of 4 min. The concentration produc-
ing 50% of the maximum response, ECQ,0 was then
interpolated. The dissociation constant (KD) of antagonists
was obtained by a Schild plot (Arunlakshana & Schild, 1959).
Numerical values were expressed as mean + s.d. with the
number of preparations in parentheses.

Drugs used were (± )-adrenaline, (± )-isoprenaline, (± )-
propranolol, prazosin, yohimbine (all HCI salts from Sigma),
indomethacin (Sigma), clonidine and BHT-920 (2-amino-6-
allyl-5,6,7,8-tetrahydro-4H-thiazolo44,5-d)-azepine) (a gift
from Boehringer), sodium meclofenamate monohydrate (a gift
from Parke-Davis) and prostaglandin E2 (a gift from Ono
Pharmaceutical Co.). Adrenaline (10 mM) was dissolved in
diluted HCI solution (pH about 3) as stock solution and
renewed every week.

Results

Circular muscle strips gradually developed muscle tone, after
they had been mounted in the chamber, which reached a more
or less steady state in about 1 h. Figure 1 shows examples of
the adrenaline response in two preparations before and after
treatment with meclofenamate (0.1 pM). Adrenaline produced a
complicated response depending on the concentration and the
prevalent muscle tone, as previously found (Yamaguchi &
Tomita, 1974). Furthermore, the response changed during the
course of repeated applications of adrenaline at 20-30 min
intervals. When the adrenaline concentration was low (about
1 pM), only a slow contraction usually appeared. However,
when the concentration was increased, the pattern varied
greatly from preparation to preparation. The general pattern
was an early transient relaxation, a transient contraction fol-
lowed by a slow relaxation and a late slow contraction lasting
after washout. In 22% of the preparations, the response to the

a

third application of 30M adrenaline was mainly contraction
(as shown in Figure lb,c), in 38% it was mainly relaxation (as
in Figure lhi) and in 40% an intermediate pattern (a compli-
cated mixture of contraction and relaxation) was seen
(n = 104), although clear discrimination of the pattern was
sometimes difficult. There was a tendency for the transient
contraction to increase when adrenaline was applied repeat-
edly at 20 min intervals.

Meclofenamate (0.1-0.3 pM) strongly reduced the muscle
tone and converted the adrenaline response to a simple con-
traction, independent of the pattern before meclofenamate.
The tone decreased to a minimum within 20 min and
remained at this level in most of the preparations, but the rate
of decrease varied in different preparations. When the inhibi-
tion of muscle tone was incomplete, as judged by Ca2+
removal, the small early transient relaxation to adrenaline
remained (24 in 280 preparations).

Carbachol produced a phasic rhythmic activity on top of a
slow contraction (Figure 2). In contrast to the adrenaline
response, the pattern of contractions produced by carbachol
(50-100nM) was not much affected by meclofenamate (0.1-
0.3 pM) or indomethacin (0.5-1 pM). The small response caused
by a low carbachol concentration (10-50nM) was slightly
reduced (86 + 7% of the control, n = 8) by 0.3 gM meclofena-
mate.
The responses to phenylephrine, an agonist relatively spe-

cific to ax-adrenoceptors, were similar to those to adrenaline,
both before and after meclofenamate application (compare
Figure 3a,d with c,O. Small differences were that phenyleph-
rine produced less relaxation in the absence of meclofenamate
and faster recovery from contraction in the presence of meclo-
fenamate compared with adrenaline. On the other hand, cloni-
dine, an a2-adrenoceptor specific agonist, produced a very
small and prolonged contraction at the high concentration of
30pM, compared with phenylephrine and adrenaline at the
same concentration (Figure 3b,e). The responses to BHT-920,
another a2-adrenoceptor agonist, were slightly larger and
faster than those to clonidine at the same concentration
(30pM). For both BHT-920 (Flavahan et al., 1984) and cloni-
dine (Agrawall et al., 1984) this high concentration gave a
maximum contraction in vascular muscles. In the present
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Figure 1 Mechanical responses to adrenaline before and after meclofenamate application in circular muscle strips of guinea-pig stomach fundus.
Three different concentrations (1, 10, 100pM) of adrenaline (Ad) were applied for 4min, as indicated by horizontal bars, at intervals of 20min.
After recording (c) and (i), meclofenamate (Mec, 0.1 pUM) was applied continuously and 30 min later adrenaline application was started. Propranol-
ol (3pM) was present throughout the experiments. Dotted lines indicate the lowest level of muscle tone. Records, (a-f) and (g-1), are from different
preparations. See text for further explanation.
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Figure 2 Comparison of the effects of meclofenamate on adrenaline-
and carbachol-induced responses. (a and b) Control responses to
adrenaline (Ad, 10pM) and carbachol (CCh, 50nM). The interval
between drug applications was 20min. (c and d) Responses to the
same concentration of the drugs in the presence of meclofenamate
(0.1 jM) which was applied after recording (b). Propranolol (3pM) was
present throughout.

experiments, neither produced relaxation between 1 and 30pM
(n = 8).

Figure 3 also shows the strong inhibitory effects of prazosin,
a specific ax-adrenoceptor blocker, on responses to three dif-
ferent agonists (304M) (g-i). Prazosin (1 pM) almost completely
blocked not only the contraction produced by phenylephrine
(g) but also that by clonidine (h). The adrenaline response was
slightly less susceptible to prazosin (i).

Figure 4 shows the effects of prazosin on the dose-response
curve to adrenaline in the presence of meclofenamate (0.3 gM).
Prazosin (0.001-0.1 pM) strongly inhibited the response. The
slope of the Schild plot was 0.84 + 0.11 (n = 6) which was sig-
nificantly different (P < 0.01) from unity. The apparent pA2 of
prazosin was 9.94 + 0.12. Yohimbine (0.1-1 pM) had only a
weak effect on the size of contraction. The contraction pro-
duced by 30gM adrenaline was reduced to 97 + 7% with
0.1 fM and 84 + 9% of the control with 1 gM yohimbine
(n = 6). On the other hand, yohimbine increased the rate of
relaxation of contractions produced by adrenaline. The dura-
tion of contraction produced by a 4min application of 30pM
adrenaline, measured at 50% amplitude was 13.5 + 3.7 min
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Figure 3 Effects of meclofenamate and prazosin on responses to
phenylephrine (Phe, a,d,g), clonidine (Clo, b,e,h), and adrenaline (Ad,
c,f,i), each at a concentration of 30pM. (a-c) Control responses, (d-f) in
the presence of meclofenamate (Mec, 0.3 ,M), and (g-i) in the presence
of meclofenamate (0.3pM) and prazosin (Praz, 1 pM). These represent
successive recordings. Meclofenamate and prazosin were applied
30 min before (d) and (g), respectively. Propranolol (3pgM) was present
throughout.
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Figure 4 Effects of prazosin (0.001-0.1 pM) on dose-response curves
to adrenaline in the presence of 0.3 fiM meclofenamate and 3fM prop-
ranolol. Adrenaline was cumulatively applied at each concentration
for 4 min, 20min after preincubation with prazosin and the maximum
tension caused by 100pM adrenaline in the absence of prazosin was
taken as 100%. (0) Responses in absence of prazosin; responses in
presence of (0) 0.001 juM, (x ) 0.01 juM and (A) 0.1 fIM prazosin. Verti-
cal lines show s.d. (n = 6).

(n = 14) and this was reduced to 11.8 + 3.5 and 7.4 + 1.5min
by 0.1 and 1 ,UM yohimbine, respectively.

In order to study the relaxation caused by catecholamines,
muscle tone was raised with prostaglandin E2 (10nM) to a
level similar to that before meclofenamate treatment. As
shown in Figure 5, BHT-920, an a2-adrenoceptor agonist,
phenylephrine and adrenaline all produced a simple contrac-
tion in the presence of meclofenamate, but the response to
BHT-920 was smaller and slower, as with clonidine, compared
to other catecholamines. When these catecholamines were
applied during sustained prostaglandin application, phenyl-
ephrine and adrenaline produced a transient relaxation fol-
lowed by a slow contraction (e,f), but BHT-920 (and clonidine)
failed to produce any relaxation (d). Prazosin (3,UM) blocked
the response to phenylephrine almost completely (h), but only
partially blocked the adrenaline response (i).

In the preparation shown in Figure 6 which was obtained
from the middle region of the fundus, relaxation was the
dominant response to adrenaline in the presence of propranol-
ol (3pM) (a). This changed to a slow contraction after meclofe-
namate treatment (b). The adrenaline response in the presence
of prostaglandin (10 nM) was also mainly relaxation (c). This
response was not significantly affected by yohimbine even at
5pjM (d), but was clearly reduced by prazosin (e). The relax-
ation observed in the presence of prostaglandin is, therefore,
unlikely to be mediated through a2-adrenoceptors and is
partly resistant to prazosin. A possibility that fl-receptors
might be involved in the relaxation was tested by comparing
responses to adrenaline and isoprenaline.

a-- b c

BHT-920 30 pM Phe 30 KM Ad 30 KM

PGE2 10 nfM

Praz 3 JM
W - fi / -13~~~~~~3mN

5 min

Figure 5 (a,b,c) Responses to three different agonists (30pM) (BHT-
920, phenylephrine, and adrenaline, respectively) in the presence of
propranolol (3 M) and meclofenamate (0.3 pM). (d,e,f) The same agon-
ists were applied during application of prostaglandin E2 (PGE2,
10nM), as indicated by the horizontal bars. (g,h,i) The same as (d,e,)
but in the presence of prazosin (Praz, 3pM). All records are from the
same preparation. See text for further explanation.
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Figure 6 Effects of yohimbine (Yoh) and prazosin on relaxation pro-
duced by adrenaline in the presence of meclofenamate (Mec, 0.3 0N*,
prostaglandin E2 (PGE2, l0nM) and propranolol (3pM) in a prep-
aration obtained from the middle fundic region. (a) Control response
to adrenaline (Ad, 10pM) before meclofenamate, (b) after meclofena-
mate and (c) during prostaglandin application. Yohimbine (5pM) was
applied after (c), and 30min later adrenaline was applied during pros-
taglandin E2 (PGE2)-induced contraction (d). Similarly, prazosin
(Praz, 5pM) was applied between (d) and (e).
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Figure 7 Responses to adrenaline and isoprenaline in the presence of
propranolol (5puM), meclofenamate (0.3 pM) and prostaglandin E2
(PGE2,I10nM) in three different preparations from the same stomach
wall; (a-c) middle fundus, (d-f) caudal fundus, and (g-i) rostral corpus.
(a,d,g) Responses to adrenaline (Ad, 30pM) before and (b,e,h) after pra-
zosin (Praz, 5pM) application. (c,f,i) Responses to isoprenaline (Iso,
1 jM) in the presence of prazosin. See text for further explanation.

Isoprenaline (p.M)
Figure 8 Effects of propranolol on the dose-response curve of
isoprenaline-induced relaxation. Preparations (middle fundus) were
treated with phenoxybenzamine for 30min, and isoprenaline was
cumulatively applied in the presence of prostaglandin E2 (10nM) and
meclofenamate (0.3 PM). (0) Control responses in the absence of prop-
ranolol; responses in presence of (0) 0.1, (x) 1 and (A) 5pM propra-
nolol. Each point represents the mean of 6 preparations with s.d.
indicated by vertical bars.

Figure 7 shows responses to adrenaline (30M) and iso-
prenaline (1 M) in three preparations obtained from the same
stomach. When adrenaline was applied in the presence of
propranolol (5pM) and prostaglandin E2 (10 nM), all prep-
arations produced a transient relaxation (a,d,g). In the prep-
aration obtained from the middle fundus (a-c), the relaxation
became smaller but sustained in the presence of prazosin (b),
whereas in the preparation from the corpus (g-i), the relax-
ation was converted to a contraction by prazosin (h). In the
muscle strip of the caudal region of fundus (d-f), the adrena-
line response was markedly reduced by prazosin (e). Isoprena-
line still produced relaxation even in the presence of 5 UM
propranolol, but the degree of relaxation decreased in muscle
strips taken from the more caudal side of the stomach wall (c
to i). This tendency was confirmed in two other experiments.
These results suggest that the sustained relaxation caused by
adrenaline in toie presence of prazosin in the middle fundus (b)
is due to activation' of/-adrenoceptors.

In Figure 8, inhibition of the isoprenaline-induced relax-
ation with propranolol (0.1-5pM) is shown. This result was
obtained from 6 preparations of the middle fundic region in
the presence of meclofenamate (0.3 pM) and prostaglandin E2
(10nM), following treatment with phenoxybenzamine (504uM).
The phenoxybenzamine treatment shifted the dose-response
curve of isoprenaline to the left by approximately ten times.
Under these conditions, the EC50 of isoprenaline was
40 + 6nm (n = 6). Propranolol, applied 20min before, dose-
dependently inhibited the relaxation by isoprenaline. The
slope of the Schild plot was 0.81 + 0.04 and the apparent dis-
sociation constant of propranolol was 12 + 5 nm (n = 6).
Under similar conditions, adrenaline was less effective in
producing relaxation, the EC50 being 1.6 + 0.4pM (n = 4). The
slope of the Schild plot (0.83 + 0.03) was similar to that for
isoprenaline between 0.1 and 1 fM propranolol. However,
increasing the concentration of propranolol from 1 to 5pM
produced only a very small further shift of the dose-response
curve. The apparent dissociation constant of propranolol (0.1-
1 FM) for adrenaline-induced relaxation was 32 + 7 nM (n = 4).

Discussion

Indomethacin (Smith & Lands, 1971) and meclofenamate
(Rome & Lands, 1975) are thought to interfere with prosta-
glandin biosynthesis mainly by inhibiting the cyclo-oxygenase
enzyme, but also by reducing the activity of phospholipase A2
(Kaplan et al., 1978; Thakkar et al., 1983). Therefore, the
reduction of muscle tone and the alteration of the adrenaline
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response with meclofenamate and indomethacin observed in
the circular muscle of the guinea-pig stomach, suggest that
prostaglandins are involved in maintaining the muscle tone
and also in modifying the response to adrenaline. Meclofena-
mate may also act as a blocking agent of prostaglandin recep-
tors (McLean & Gluckman, 1983). This effect was not studied
in the present experiments, but since prostaglandin E2 could
induce a clear contraction at less than 10nm in the presence of
0.3fM meclofenamate, the receptor blocking action against
prostaglandin E2 in this tissue must be weak.

Since existing muscle tone affects the adrenaline-induced
change in muscle tone (Yamaguchi & Tomita, 1974), the
change of the adrenaline response into simple contraction in
the presence of meclofenamate may result from the decreased
muscle tone. However, full recovery of the response pattern
was never achieved by raising the muscle tone to the control
level with prostaglandin E2 in the presence of meclofenamate,
and the response pattern differed depending on the substance
used to increase the muscle tone (e.g., prostaglandin E2, F2e,
carbachol) (unpublished observations). This suggests that the
change in pattern of the response to catecholamines is not
simply due to a fall in tone but to a decrease in production of
endogenous prostaglandins or related substances. Catechol-
amines are known to stimulate prostaglandin synthesis in
several tissues. This is probably caused by activation of phos-
pholipase A2 (Trachte, 1987; Ho & Klein, 1987) or by involve-
ment of diglyceride lipase, following a process mediated by
phospholipase C activation (Bell et al., 1979; Irvine, 1982).

In the presence of meclofenamate, the contraction evoked
by adrenaline and phenylephrine was strongly inhibited by
prazosin, a blocking agent selective for ox1-adrenoceptors. The
apparent pA2 value of prazosin for adrenaline-induced con-
traction was 9.94, which is similar to that found in those
smooth muscles which have predominantly x1-adrenoceptors
(Agrawal et al., 1984). The contractile response to adrenaline
was very weakly inhibited by yohimbine (0.1-11pM). The low
value of the slope of Schild plot (0.84) is probably due to
inhibitory effects exerted by fJ-adrenoceptor stimulation at
high concentrations of adrenaline, as will be discussed. The
idea that a1-adrenoceptors, rather than a2-receptors, are
responsible for the contraction is supported by the finding
that the weak contraction produced by clonidine was blocked
by prazosin. Adrenaline may stimulate a2-receptors to
prolong the slow contraction at a high concentration (30pM),
because yohimbine shortens the duration of contraction, but it
may be concluded that al-receptors are mainly responsible for
the contractile response to adrenaline and phenylephrine.

When muscle tone is high, either due to intrinsic generation
of prostanoids or in the presence of exogenous prostaglandin,
adrenaline and phenylephrine produce relaxation, in addition
to the contractile response. Two different mechanisms seem to
be involved in the relaxation caused by adrenaline, one
involves activation of al-adrenoceptors and the other fl-
adrenoceptors. The contribution of ac-adrenoceptors is sug-
gested by the observation that phenylephrine, an agonist
specific for a1-adrenoceptors, produced relaxation and that
this was blocked by prazosin. Adrenaline-induced relaxation
was not affected by yohimbine. Furthermore, clonidine and
BHT-920, which have relatively high selectivity for
a2-adrenoceptors, did not produce relaxation. Thus,
a,-adrenoceptors are mainly involved in the relaxation under
conditions in which prostaglandin biosynthesis is blocked.

Activation of both a,- and fi-adrenoceptors seems to be
responsible for the relaxation caused by adrenaline, particu-
larly in the middle fundic region. The finding that the
adrenaline-induced relaxation was more resistant to prazosin
than that produced by phenylephrine may be explained if
adrenaline at high concentrations (1-1OOUpM) stimulates fi-
receptors and that this relaxation is resistant to blockade by
propranolol. In the circular muscle of guinea-pig stomach, the
ED50 value for isoprenaline was 40nm, and the apparent dis-
sociation constant of propranolol was 12 nm. In other smooth
muscles, the ED50 of isoprenaline for relaxation has been
found to be in the range 6-27 nm, and the dissociation con-
stant of propranolol for this relaxation in the range 0.7-43 nm
(guinea-pig myometrium: O'Donnell et al., 1978; guinea-pig
trachea: Purdy et al., 1988; rat stomach fundus: Lefebvre et
al., 1985; arterial smooth muscles: Purdy et al., 1988;
O'Donnell & Wanstall, 1985). Thus, fl-adrenoceptors in the
circular muscle of guinea-pig stomach fundus seem to be
similar to those in other smooth muscles, although the type of
/-adrenoceptor was not investigated in the present experi-
ments. The failure of 5pM propranolol to abolish the
adrenaline-induced relaxation is probably due to the high
concentration of adrenaline (3-100/liM) used in the present
experiments, but the presence of some receptors resistant to
propranolol blockade, as found in the guinea-pig ileum (Bond
& Clarke, 1988), cannot be excluded.

The authors are indebted to Dr Alison F. Brading for her continued
support throughout this study.
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