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1 Receptors mediating prostanoid-induced contractions of longitudinal sections of gastric fundus
and ileum were characterized by using tissues obtained from mice deficient in each type and subtype
of prostanoid receptors.

2 The fundus and ileum from mice deficient in either EP; (EP;~/~ mice), EP, (EP,”/~ mice) and
FP (FP~'~ mice) all showed decreased contraction to PGE, compared to the tissues from wild-type
mice, whereas contraction of the fundus slightly increased in EP,~/~ mice.

3 17-phenyl-PGE, also showed decreased contraction of the fundus from EP;~/~, EP,~/~ and
FP~/~ mice. Sulprostone showed decreased contraction of the fundus from EP;~/~ and FP~/~ mice,
and decreased contraction of the ileum to this compound was seen in tissues from EP;=/—, EP,7/~
and FP~'~ mice. In DP~/~ mice, sulprostone showed increased contraction.

4 DI-004 and AE-248 caused the small but concentration-dependent contraction of both tissues,
and these contractions were abolished in tissues obtained from EP;”/~ and EP; /'~ mice,
respectively, but not affected in other mice.

5 Contractions of both fundus and ileum to PGF,x was absent at lower concentrations (10~° to
10~7 M), and suppressed at higher concentrations (107¢ to 10=° M) of the agonist in the FP~/~
mice. Suppression of the contractions at the higher PGF,x concentrations was also seen in the
fundus from EP;~/~, EP,”/~ and TP~/~ mice and in the ileum from EP;/~ and TP~/ mice.

6 Contraction of the fundus to PGD, was significantly enhanced in DP~/~ mice, and contractions
of the fundus and ileum to this PG decreased in FP~/~ and EP; '~ mice.

7 Contractions of both tissues to I-BOP was absent at 10~° to 10~7 M and much suppressed at
higher concentrations in 7P~/~ mice. Slight suppression to this agonist was also observed in the
tissues from EP;~/~ mice.

8 PGI, induced small relaxation of both tissues from wild-type mice. These relaxation reactions
were much potentiated in EP;~/~ mice. On the other hand, significant contraction to PGI, was
observed in both tissues obtained from I/P~/~ mice.

9 These results show that contractions of the fundus and ileum induced by each prostanoid agonist
are mediated by actions of this agonist on multiple types of prostanoid receptors and in some cases

modified by its action on relaxant receptors.
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Introduction

Smooth muscle preparations, including those from the
gastrointestinal tract, have been used for analysis of actions
of prostanoids and their analogues, and have been used for
pharmacological identification and characterization of the
prostanoid receptors by comparing the potencies of various
ligands. These studies have identified five types of prostanoid
receptors and named them the DP, EP, FP, IP and TP as
receptors for PGD,, PGE,, PGF,a, PGI, and TXA, (Coleman
et al., 1990), based on the fact that naturally occurring
prostanoids show highest affinity to the respective receptor.

*Author for correspondence; E-mail: ushikubi@asahikawa.med.ac.jp

Moreover, there are four subtypes of the EP; the EP,, EP,, EP;
and EP,, to which various PGE, analogues show specific rank
orders of affinities (Coleman et al., 1994; Ushikubi et al., 1995).
These receptors can be functionally grouped into three
categories: the relaxant receptors, consisting of the IP, DP,
EP, and EP,, mediate smooth muscle relaxation; the
contractile receptors, consisting of the TP, FP and EP,,
mediate its contraction; and the EP; which is an inhibitory
receptor inhibiting smooth muscle relaxation (Narumiya et al.,
1999).

PGE, contracts longitudinal smooth muscles of the gastric
fundus, ileum and colon and relaxes circular smooth muscles
of these organs (Coleman et al., 1994). However, it has not
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been fully elucidated which types and subtypes of the receptors
mediate these actions of PGE,. PGF,x was reported to
contract rat stomach fundus strip (Dong et al., 1986) and
longitudinal smooth muscles of human stomach, ileum and
colon (Bennett et al., 1981). While TXA, and its analogues
were reported to be a potent constrictor of human stomach,
ileum and colon (Bennett e al., 1981) and of the rat gastric
fundus (Bennett & Sanger, 1982), it failed to contract guinea-
pig ileum (Coleman et al., 1981), suggesting some species
difference. Although the DP belongs to a group of the relaxant
receptors, contractile actions of PGD, were reported in rat
fundus (Horton & Jones, 1974) and colon (Diener & Gabato,
1994), and in gerbil colon and rat stomach (Hamberg et al.,
1975). These results suggest that contractions of smooth
muscles induced by PGD, are mediated by the contractile
receptor(s) other than the DP. Nevertheless, these contractile
receptors have not been well characterized in the gastro-
intestinal smooth muscles. PGI, relaxed longitudinal muscle
strips of human stomach, ileum and colon (Bennett et al.,
1981), whereas contractile effect of PGI, on the gastric fundus
and gerbil colon were reported (Crane et al., 1978, Bennett et
al., 1980).

The contractile effects of the prostanoids and their
analogues on the gastrointestinal tract are mediated mainly
by direct actions on smooth muscles, while some effects are
likely to be mediated by indirect actions via the enteric nervous
system. For example, it has been reported that the IP and some
EPs participate in the enhanced neurotransmission in the
guinea-pig ileum (Poll et al., 1988; Fukunaga et al., 1993), and
that the IP mediates depolarization of NANC neurones of the
rat colon (Qian & Jones, 1995; Rudd et al., 2000). In
accordance with these results, mRNAs of the EP; were
expressed in neurons of murine gastric myenteric ganglia
(Morimoto et al., 1997), and the EP; and IP were detected in
rat nodose ganglia (Ek et al., 1998; Matsumura et al., 1995).

Some longitudinal smooth muscle preparations have been
traditionally considered to contain predominantly one subtype
of the EPs. For example, guinea-pig and dog fundus were
considered to contain the EP, (Coleman et al., 1985), and chick
ileum has been used as a tissue containing mainly the EP;
(Coleman et al., 1987). Although these assumptions were
derived from studies using PGE, analogues considered to be
specific to each subtype of EPs, these ligands have been
recently revealed to bind to various types of the prostanoid
receptors including several subtypes of the EPs (Kiriyama et al.
1997). Moreover, there are almost no agonists and antagonists
strictly specific for each of EPs (Kiriyama et al. 1997,
Abramovitz et al., 2000). Furthermore, agonists are inherently
difficult to be used as pharmacological tools because their
perceived selectivity is so dependent on the coupling of the
receptors upon which they act. It therefore has been very
difficult to evaluate the contribution of each prostanoid
receptors to the contractile effects of the prostanoids based
on pharmacological analysis alone. According to the recent
molecular biological studies using in situ hybridization and
Northern blot techniques, almost all types and subtypes of the
prostanoid receptors are expressed in all levels of the
gastrointestinal tract (Morimoto et al., 1997, Ding et al.,
1997; Wright et al., 1999). These observations, along with lack
of ligands specific to each prostanoid receptor, further
complicate interpretation of the effects of the prostanoids on
gastrointestinal smooth muscles.

In the present study, we use longitudinal smooth muscles of
gastric fundus and ileum derived from mice lacking each of the
prostanoid receptors, and identify the prostanoid receptors
mediating the contractile effects of the prostanoids and their

analogues. We also estimate the extent of contribution of each
receptor to the contractions, and clarify the relaxant actions
mediated by some receptors, which modify the contractions.

Methods

Animals

Generation and maintenance of IP~/~ (Murata et al., 1987),
FP~/~ (Sugimoto et al., 1987), EP,~/~ and EP;~/~ (Ushikubi
et al., 1998), EP,~'~ (Segi et al., 1998), EP,~/~ (Hizaki et al.,
1999) and DP~/~ mice (Matsuoka et al., 2000) has been
reported. Generation of TP/~ mice will be reported else-
where. These mice and wild-type control mice except EP,~/~
mice have been back-crossed to C57BL/6 mice more than six
times. The EP, /'~ mice have mixed genetic background of
129sv/ola and C57BL/6 mice, because all the EP,~/~ mice
born from back-crossed parents died within 2 days after birth
from patent ductus arteriosus (Nguyen et al., 1997; Segi et al.,
1998). For the experiments using EP,~/~ mice, wild-type mice
having similar mixed genetic background with EP, /'~ mice
were used as a control. All studies were performed using 8 —12-
week-old male and female mice. The animals had free access to
water and food until the day of experiments.

Measurement of tension

Mice were killed by cervical dislocation. The entire stomach
was excised, and gastric fundus was separated from the body in
Tyrode solution (composition in mM): NaCl 136.8, KCI 2.7,
CaCl, 1.8, MgCl, 2.5, NaH,PO, 0.4, NaHCO; 11.9 and
glucose 5.5, pH 7.3, and mounted longitudinally in the bath
filled with Tyrode solution. The terminal portion of the ileum
was excised and cut into segments of 1 cm long. Preparations
were longitudinally mounted in 10 ml organ baths containing
Tyrode solution for recording of tension with isometric
transducers connected to a polygraph recorder (Star Medical
PAS-401, Osaka, Japan). The bathing solution was aerated
with 95% O, and 5% CO,, and was maintained at 31°C.

After the equilibration period under 0.5 g of tension, the
preparations were contracted with ACh (100 um) four times at
intervals of 20 min for stabilization, and then contraction with
PGE, (1 uM) was tested to ascertain the reactivity of each
tissue to PGE,. To examine contractile actions, prostanoids
and their analogues were added cumulatively except in the
experiments examining the contraction of the ileum induced by
PGI, and carbacyclin, where the compounds were added at a
concentration of 1 uM. The degree of the contractile responses
were presented as a percentage of that induced by ACh
(100 um), which was added just before challenge with PGE,.

In examining the relaxant actions of PGD,, PGI, and
carbacyclin in the fundus, these compounds were added at a
concentration of 1 uM after the preparations were pre-
contracted by PGF,x to a degree of 70—80% of that induced
by ACh (100 um). The relaxant actions of these compounds in
the ileum were examined on the preparations mechanically
stretched by a tension of 1.0 g, because PGF,x-induced
responses of this tissue declined too rapidly and could not be
discriminated from the relaxation induced by these compounds.

To evaluate only the direct actions of the prostanoids and
their analogues on smooth muscle, we minimized the neuronal
effects by adding atropine (0.8 uM) and phenoxybenzamine
(0.7 um) to the bathing solution. Indomethacin (2.8 uM) was
also included to inhibit the endogenous production of
prostanoids.
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Compounds

PGD,, PGE,, sulprostone, 17-phenyl-PGE,, PGF.x, PGI,,
carbacyclin and I-BOP were purchased from Cayman
Chemical Co. (Ann Arbor, MI, U.S.A.). DI-004 and AE-248
(Suzawa et al., 2000) were kindly donated by Ono
Pharmaceutical (Osaka, Japan). Stock ethanol solutions of
these compounds were stored at —20°C and diluted with
phosphate-buffered saline for use. The concentrations of the
stock solutions were generally 10 mMm except for I-BOP, which
was at a concentration of 1 mM.

Data analysis

All data are expressed as mean +s.e.mean. Statistical compar-
ison were made with a two-way repeated measures analysis of
variance (ANOVA) followed by Dunnett’s test for multiple
comparison (Dunnett, 1955). Differences were considered
significant if P<0.05. In the text, n refers to the number of
animals used. EDs, values were calculated by non-linear
regression analysis using Prism II, a computer program
(GraphPad Software, San Diego, U.S.A.).

Results

Contractions induced by acetylcholine and the prostanoid
ligands in wild-type mice

In the fundus and ileum of wild-type mice, acetylcholine
(100 uM) induced the tensions of 3.8+0.2 and 0.89+0.03 g,
respectively (n=15). These values were not significantly
different from those in mice lacking one of the prostanoid
receptors (data not shown). All the naturally occurring
prostanoids and their analogues used in this study contracted
both the fundus and ileum with various potencies
and maximum effects as shown in Table 1. The rank order
of potencies was I[-BOP > 17-phenyl-PGE,=sulprostone=
PGF,0>PGE,>PGI,=PGD, in the fundus. In the ileum, it
was [-BOP > PGF,a > 17-phenyl-PGE, > sulprostone >
PGD,=PGE,. The rank order of maximum
tensions was PGF,x = [-BOP = 17-phenyl-PGE, > sulpros-
tone > PGE, > PGD,= PGI, in the fundus. In the ileum,
it was sulprostone > PGE,=17-phenyl-PGE, >PGF.0=
I-BOP > PGD,. At a concentration of 3 uMm, AE-248,
carbacyclin and DI-004 contracted the fundus by 45, 35 and
17%, respectively. In the ileum, DI-004- and AE-248-induced

contractions were 10 and 28%, respectively. At a concentra-
tion of 1 uM, PGI, and carbacyclin contracted the ileum by 16
and 26%, respectively.

Effects of PGE,

Concentration-dependent contractile responses were elicited
by PGE, in the fundus and ileum of wild-type mice (Figure 1).
In the fundus, the response reached a plateau at 10 uM, and the
EDs, value and maximum tension were 489457 nM and
97+ 4%, respectively (Figure la; Table 1). In the ileum, the
response reached a plateau at 3 uM, and the EDs, value and
maximum tension were 390+ 32 nM and 90 + 2%, respectively
(Figure 1b; Table 1). In EP,~/=, IP~/=, TP/~ and DP~/~
mice, PGE,-induced responses showed similar concentration-
response curves with that in wild-type mice both in the fundus
and ileum (Figure la,b). However, in EP,”/~, EP;~/~ and
FP~/~ mice, we found decreased response to PGE, (Figure 1a,
b). In EP,”/~ mice, the maximum tensions decreased by 23
and 12% in the fundus and ileum, respectively. EDs, values
were about three times higher in both preparations than those
in wild-type mice. In EP;~/~ mice, the maximum tensions
decreased by 59% in both the fundus and ileum. EDs, values
were about 10 times higher in both preparations than those in
wild-type mice. In FP~/~ mice, the maximum tensions
decreased by 38 and 59% in the fundus and ileum, respectively.
However, EDs, values were not so different from those in wild-
type preparations. These results show that PGE, contracts the
fundus and ileum via the EP,, EP; and FP. While the estimated
rank order of potencies of the PGE, to these receptors was
EP;>EP,>FP in both the fundus and ileum, that of the
maximum responses to PGE, via these receptors was
EP;>FP>EP, and EP;=FP>EP, in the fundus and ileum,
respectively.

We found increased response to PGE, in the fundus of
EP,~/~ mice compared with that in the fundus of wild-type
mice (EP,”’" mice), which have the similar mixed genetic
background with EP,~/~ mice and showed similar response to
PGE, with that in wild-type mice back-crossed to C57BL/6
mice (Figure lc). The maximum tension was 109+3% in
EP,~'~ mice, which was 12% higher than that in wild-type
mice. There was no such difference in the ileum (Figure 1d).
These results suggest that the EP, mediates some relaxant
effects of PGE, in the fundus. However, we refrained from
including the EP,”’~ mice in the following experiments,
because of the mixed genetic background of these mice in
addition to the small number of pups grown up to adults, and

Table 1 ECs, values and maximum tensions in contractions of the fundus and ileum induced by the prostanoids and their analogues in

wild-type mice

Fundus

Maximum tension

Tleum
Maximum tension

Ligands ECs5y (nM) (% of ACh contraction) ECs5y (nM) (% of ACh contraction)
PGD, 3030+448 4043 (11) 319+32 7843 (16)
PGE, 489+ 57 97+4 (13) 390+33 90+2 (21)
PGFu 181+18 15545 (11) 2743 85+3 (16)
PGI, 14804160 3843 (8) n.d. 16+3 (8)
I-BOP 1.9+0.7 154+4 (6) 12+3 85+3 (5)
17-phenyl-PGE, 131411 14644 (11) 4145 89+2 (13)
Sulprostone 141+15 126+5 (8) 60+ 10 95+5 (12)
DI1-004 n.d. 1741 (19) n.d. 10+1 (15)
AE-258 n.d. 4542 (13) n.d. 2841 (14)
Carbacyclin n.d. 3544 (6) n.d. 26+3 (6)

n.d.=EDjs, values could not be determined, because the response did not reach a plateau. Maximum tensions induced by the ligands, to
which the responses did not reach a plateau, represent the tensions induced at highest concentrations used. The numbers in parenthesis

indicate n.
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Figure 1 Contractions induced by PGE; in longitudinal sections of the fundus (a,c) and ileum (b,d). In (c) and (d), the data from
wild-type mice (WT) in (a) and (b) are presented again for comparison. EP,"'™ mice represent wild-type control mice having mixed

genetic background similar to EP, '~

mice as described in Methods (c and d). Each point shows the mean value with s.e.mean

shown by vertical bars. The numbers in parenthesis indicate n. *P<0.05 vs WT.

because the extent of relaxation mediated by the EP, is small.
We also excluded EP,~/~ mice, because the effect mediated by
the EP, was negligible if present (Figure 1a,b).

Effects of DI-004 and AE-248

In wild-type mice, concentration-dependent contractions were
elicited by DI-004, and tensions at 3 uM of concentrations were
17+1 and 10+1% in the fundus and ileum, respectively
(Figure 2a,b). AE-248 also induced contractions with tensions
of 45+2 and 28+ 1%, respectively (Figure 2c,d). While their
potencies were not so high, the responses to DI-004 and AE-
248 were completely abolished in EP,~/~ and EP;~/~ mice,
respectively. These results indicate the high specificities of
DI-004 and AE-248 to the EP, and EP;, respectively. In
accordance with this result, the samples prepared from other
knockout mice showed similar concentration-response curves
with those from wild-type mice (Figure 2).

Effects of 17-phenyl-PGE, and sulprostone

In the fundus and ileum from wild-type mice, concentration-
dependent contractions induced by 17-phenyl-PGE, reached a
plateau at 3 and 1 uM with EDs, values of 131411 and
4145 nM, respectively. Maximum tensions developed in the
fundus and ileum were 146+4 and 89+2%, respectively

(Figure 3a,b; Table 1). These values were significantly higher
than those induced by EP,-specific agonist DI-004, suggesting
the action of 17-phenyl-PGE, on other receptor(s) in addition
to the EP;. In fact, we found decreased responses to the ligand
in EP,7/~, EP;~/~ and FP~'~ mice in both organs (Figure 3a,
b). In the fundus, maximum tensions and EDs, values were
almost the same among EP,~/~, EP;~/~ and FP~/~ mice,
which suggest that all of these three receptors contribute
equally to the contractions induced by 17-phenyl-PGE,
(Figure 3a). In the ileum, different concentration-response
curves were obtained among EP,~/~, EP;~/~ and FP~/~ mice
(Figure 3b). In EP,”/~ mice, only slight decrease in the
maximum tension was observed. In FP~/~ mice, 59% decrease
of the maximum tension and decrease in EDs, value were
observed. In EP;/~ mice, 58% decrease of the maximum
tension was accompanied by a right-ward shift of the
concentration-response curve. These results show that the
rank order of potencies of 17-phenyl-PGE, to these receptors is
EP;>EP,>FP and that of tensions induced by this ligand is
EP,=FP>EP,.

In the fundus and ileum of wild-type mice, concentration-
dependent contractions induced by sulprostone did not reach a
plateau, suggesting that this ligand acts on some receptors with
low affinities. Tensions induced by sulprostone at 10 uM of
concentration were 126 +5 and 95+ 5%, respectively (Figure
3c,d). These values were significantly higher than those
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Figure 2 Contractions induced by DI-004 (a,b) and AE-248 (c,d) in longitudinal sections of the fundus (a,c) and ileum (b,d). Each
point shows the mean value with s.e.mean shown by vertical bars. The numbers in parenthesis indicate n. *P<0.05 vs WT.

induced by EP;-specific agonist AE-248, suggesting further
that sulprostone may act on other receptor(s) in addition to the
EP;. In the fundus, the response was decreased by 21% in the
FP~/~ mice and 42% in the EP;~/~ mice, which was
accompanied with right-ward shift of the concentration-
response curve. In DP~/~ mice, the response was significantly
increased up to 166+ 6%, suggesting that sulprostone acts on
the DP, which mediates relaxation of the fundus as shown
later. These results show that sulprostone induced the
contraction of the fundus via the EP; and FP, and that this
contraction was apparently reduced by the relaxant effect via
the DP. In the ileum, the response to sulprostone was reduced
in EP,7/~, EP;7/~ and FP~/~ mice. While the tensions
induced by sulprostone at 1x 107> M of concentration were
comparable, the potency of the ligand was about three ranks of
order lower in the EP;~/~ mice than in the FP~/~ mice. The
response was slightly decreased in the EP,~/~ mice especially
at middle concentrations of the ligand used. These results
indicate that sulprostone induces the contraction of the ileum
mainly via the EP; at low concentrations, and via the EP, and
FP in addition to EP; at middle and high concentrations,
respectively.

Effects of PGFu

In the fundus and ileum of wild-type mice, PGF,u elicited
contractions concentration-dependently with ECs, values of
181+18 and 27+3 nM, respectively. Maximum tensions
induced by PGF,x were 15545 and 85+3%, respectively
(Figure 4). In the fundus of the EP,~/~, EP;~/~ and TP/~

mice, maximum tensions decreased by 21, 33 and 29%,
respectively. However, ECs, values were similar to that in
wild-type mice (Figure 4a). The maximum tension in the
fundus of FP~/~ mice decreased by 29%, and ECs, value
increased by about one rank of order compared with those in
wild-type mice (Figure 4a). These results shows that the rank
order of affinities of PGF,a was FP > EP, =EP,=TP, and that
the tension induced by PGF,x depended equally on these
receptors at high concentrations. In the ileum of the EP;~/,
FP~/~ and TP~/ mice, maximum tensions decreased by 50,
50 and 16%, respectively. While ECs, value in the EP;~/~ and
TP~'~ mice was similar to that in wild-type mice, it was one
rank of order higher in FP~/~ mice (Figure 4b). These results
show that the rank order of potencies of PGF.,x was
FP>EP;=TP, and that of maximum tensions was
FP=EP;> >TP.

Constrictions induced by PGD,

The maximum tension induced by PGD, in wild-type mice was
higher in the ileum than in the fundus, and was 78+3 and
40+ 3%, respectively. However, the maximum tension induced
by PGD, reached up to 122+ 3% in DP~/~ mice (Figure 5a),
indicating that PGD, has a potency to induce strong relaxation
of the fundus via the DP. In fact, PGD, showed a strong
relaxant action on the fundus precontracted by PGF,o, and
which disappeared in DP~'~ mice (Figure 5c). Because of this
relaxant action of PGD,, PGD»-induced contractions of the
fundus via the receptors other than the DP were apparently
weakened. However, this relaxant effect of PGD, was not
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Figure 4 Contractions induced by PGF,x in longitudinal sections of the fundus (a) and ileum (b). Each point shows the mean
value with s.e.mean shown by vertical bars. The numbers in parenthesis indicate n. *P<0.05 vs WT.

found in the ileum (Figure 5b). In the fundus of EP;~'~ and
FP~'~ mice, maximum tensions decreased by 64 and 54%,
respectively. In the ileum of EP; "/~ and FP~/~ mice,
maximum tensions decreased by 60 and 62%, respectively.
ECs, values in both the fundus and ileum of FP~/~ mice were
about one rank order higher than those in wild-type mice
(Figure 5a,b). These results show that the potency of PGD, to
the FP is higher than that to the EP;, and that the tensions

induced by PGD, depend equally on these receptors at high
concentrations.

Contractions induced by I-BOP

Contractile responses were elicited by I-BOP concentration-
dependently in the fundus and ileum of wild-type mice.
Both in the fundus and ileum of EP;~/~ mice, maximum
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tensions decreased by 19 and 25%, respectively. In TP/~
mice, these decreases were 73 and 58%, respectively, and
the concentration-response curves shifted to the right
(Figure 6). In EP,~/~, FP~/=, and DP~/~ mice, similar
concentration-response curves to that in wild-type mice
were obtained (Figure 6). These results show that [-BOP
acts mainly on the TP, and that it cross-acts on the EP; at
high concentrations.

Contractions induced by PGI, and carbacyclin

PGI, and its derivative, carbacyclin, showed relaxant effects
on the fundus and ileum (Figure 7). In the fundus of wild-

type mice precontracted by PGF,x, PGI, and carbacyclin
induced slight contraction. However, their relaxant actions
were apparent in mice lacking the EP; (Figure 7a,c), via
which these ligands mainly show contractile effects as shown
in Figure 8. Moreover, contractile actions of PGI, increased
in 7P/~ mice, indicating the participation of the IP. Similar
relaxant actions were also found in the ileum to which
mechanical tension of 1.0 g was applied (Figure 7b,d).
Because of these relaxant actions of PGI, and carbacyclin
via the IP, their contractile effects were markedly augmented
in IP~/~ mice compared with those in wild-type mice (Figure
8a,b,d). However, this augmentation was not seen in the
fundus of /P~'~ mice contracted by carbacyclin (Figure 8c),
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Table 2 Actions of the prostanoids and their analogues on the prostanoid receptors

17-phenyl- DI-004
Receptors PGE, PGE, Sulprostone (EP;)
EP, < < < <
EP, - n.d n.d. n.d.
EP; < < < -
EP, >* n.d. n.d. n.d.
FP < < < -
TP - - - -
DP - - >* -
1P - n.d n.d. n.d.

Ligands
AE248 I-BOP
- <* - - <
n.d. n.d. n.d. n.d. -
< < < < <
n.d. n.d. n.d. n.d. -
- < < - <
- - >>* - -
n.d. n.d. n.d. n.d.

*Actions detected only in the fundus. n.d.=not determined. <, contraction; > relaxation; —, no action.

reflecting that the relaxant action of carbacyclin in the fundus
was weak (Figure 7c).

Concentration-response curves of contractions induced by
PGI, and carbacyclin started from concentration of
1x1077 M, and did not reach a plateau at concentrations of
up to 3x 107° M in the fundus of wild-type mice, suggesting
that these ligands act on the receptor(s) other than the IP with
low potencies (Figure 8a,c). PGI,-induced contractions of the
fundus were almost completely depressed in EP;~/~ mice and
decreased by 57 and 44% at a concentration of 3 uM in FP~/~
and EP,”'~ mice, respectively (Figure 8a). Carbacyclin-
induced contractions of the fundus decreased by 64, 65 and
24% at a concentration of 3 uM in EP;~/~, FP~/~ and EP,~/~
mice, respectively (Figure 8c). Similar results were obtained in
the ileum, when the contractions induced by these ligands at a
concentration of 1 uM were examined. Thus, PGIl,-induced
contractions of the ileum disappeared almost completely in
EP;7/~ mice and decreased by 54 and 24% in FP~/~ and
EP,~/~ mice, respectively (Figure 8b). Carbacyclin-induced
contractions of the ileum decreased by 76, 62 and 37% in
EP;=/=, FP~/= and EP,/~ mice, respectively (Figure 8d).
These results indicate that PGI, and carbacyclin contract the
fundus and ileum via the EP;, FP and EP,, and that they have
potency to relax these tissues via their own receptor, the IP.

Discussion

In this study, we examined the direct contractile actions of
prostanoids and their analogues on longitudinal smooth
muscles of the murine gastric fundus and ileum to define
which types and/or subtypes of the prostanoid receptors
participate in their actions. The rank order of potencies of I-
BOP and naturally occurring prostanoids was comparable to
those reported in longitudinal muscles of human stomach,
ileum and colon; U-46619 > PGE, >PGF,z>PGD., except the
order between PGE, and PGF,a. In the fundus and ileum, the
ECs, values of PGE, were 489 and 390 nM, respectively (Table
1). These values were one or two ranks of order higher than
reported K, values of PGE, to each of the EPs (Kiriyama et al.,
1997). This may be derived from the large contribution of the
contractions mediated by the FP, which could shift log
concentration-curves of PGE, to the right because of low
potency of PGE, to the FP.

PGE,-induced contractions were mediated by the EP;, FP
and EP,. While contractile actions of PGE, have been reported
to be mediated by the EP, and/or EP;, this study clearly
showed the participation of the FP in these actions of PGE,
especially at high concentrations. While novel agonists, DI-004
and AE-248, showed strict specificity to the respective
receptors, their potencies and efficacies were not so high. 17-

phenyl-PGE,, which has been considered as an agonist with
relative specificity to the EP,, showed affinities to the EP; and
FP in addition to the EP,. Moreover, the contractile actions of
this ligand in the ileum were mainly mediated by the EP; at low
concentrations and by the FP at high concentrations,
suggesting little involvement of the EP,. Sulprostone, which
has been considered as an agonist with relative specificity to
the EPs, contracted the fundus and ileum mainly via the EPs.
However, it also acts on the FP in the fundus and on the EP,
and FP in the ileum. Moreover, the contribution of the FP was
comparable to that of the EP; at 10 uM of concentration in the
ileum. It is notable that sulprostone shows the relaxant action
via the DP in the fundus, which was obscured by the
contractile actions via the EP; and FP. These results show
that long-used subtype specific ligands, such as 17-phenyl-
PGE, and sulprostone, are actually not so specific, and that
novel agonists with strict specificities, such as DI-004 and AE-
248, should be used to characterize each subtype of the EPs.
However, specific antagonists are inherently more useful as
pharmacological tools because selectivity of agonists has been
sometimes misleading due to their activation on multiple
receptors.

PGF,u is used for the treatment of paralytic ileus occurring
after the abdominal operation to facilitate the movement of
gastrointestinal tract. The FP-mediated smooth muscle
contraction was found in rat gastric fundus, which are potently
contracted by ICI-81008, an agonist for the FP (Dong et al.,
1986). However, it was unknown which types and subtypes of
the prostanoid receptors participate in the PGF,a-induced
contractions. This study clearly showed that PGF,x acts on the
EP,, EP; and TP in addition to the FP, which contributes to
the high efficacies of PGF,x in both the fundus and ileum.

The DP couples to Gs and raise intracellular cyclic AMP
concentration (Hirata et al, 1994), which leads to smooth
muscle relaxation. However, PGD, sometimes contracts
smooth muscles via the receptor(s) other than the DP. For
example, contractile effects of PGD, on human airway and rat
colon smooth muscle were reported to be mediated by the TP
(Coleman & Sheldrick, 1989; Diener & Gabato, 1994). In this
study, we found the contribution of the FP and EP; instead of
the TP in PGD,-induced contractions of both the fundus and
ileum. On the other hand, PGD, showed high potential as a
relaxant via the DP in the fundus. This relaxant action of
PGD, on longitudinal smooth muscle of the alimentary tract
was demonstrated for the first time in this study, whereas the
action was reported in the circular smooth muscle of the rabbit
stomach (Whittle et al., 1979).

While contractile actions of TXA, on airway and vascular
smooth muscles are well known, those on smooth muscle of
gastrointestinal tract have not been fully characterized. We
found strong contractile actions of I-BOP, a TXA, analogue,
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on both the fundus and ileum, which were mediated mainly via
the TP and slightly via the EP;. Moreover, I-BOP showed
highest potency among the ligands used in this study,
suggesting the physiological or pathophysiological roles of
TXA, played via the direct actions on gastrointestinal smooth
muscles, which has been largely attributed to its action on
vasculature and blood platelets.

There have been few reports on the relaxant actions of PGI,
on longitudinal smooth muscle of gastrointestinal tract.
However, rat colon does appear to contain inhibitory IP
receptor, where PGI, inhibits spontaneous myogenic activity
(Dong et al., 1986). We found the relaxant actions of PGI, and
carbacyclin in both the fundus and ileum, which however were
masked by their contractile actions via the EP,, EP; and FP.
These results suggest that PGI, and its analogues have potency
to work as relaxants on various gastrointestinal smooth
muscle, and that this potency has been long overlooked due
to the actions of these ligands on the contractile receptors.

While contractions induced by the prostanoids and their
analogues were essentially similar between in the fundus and
ileum, the FP and EP occupancies seem to be more efficatious
in the ileum than in the fundus. Moreover, apparent
differences between the fundus and ileum were noted in
relaxant actions mediated by the DP and EP,. Sulprostone and
PGD, relaxed only the smooth muscle of the fundus,
suggesting the difference in the expression level of the DP
between smooth muscles of these organs. PGE, also showed a
relaxant action via the EP, only in the fundus. While
physiological significance of these differences is not clear at
present, specific DP ligands, if present, could efficiently relax
the fundus and might be used as therapeutic and diagnostic
tools.

Binding affinities of various prostanoids and their analogues
to the cloned murine and human prostanoid receptors
expressed in cultured cells have been reported (Kiriyama et
al., 1997; Abramovitz et al., 2000). While these studies showed
that various prostanoids and their analogues bind to a broad
array of receptors, they did not examine their functional
potencies. In this study, we can estimate these potencies in
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