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RS 39604: a potent, selective and orally active 5-HT4 receptor
antagonist
'S.S. Hegde, D.W. Bonhaus, L.G. Johnson, E. Leung, *R.D. Clark & R.M. Eglen

Institutes of Pharmacology and *Organic Chemistry, Syntex Discovery Research, Palo Alto, CA, 94304, U.S.A.

1 Selective antagonism of 5-HT4 receptors may provide therapeutic benefit in certain disorders of the
myocardium, alimentary and lower urinary tract. We now report on RS 39604, a novel and selective
5-HT4 receptor antagonist and compare its pharmacological properties with those of SB 204070.
2 In guinea-pig striatal membranes, both RS 39604 and SB 204070 inhibited specific binding of [3H]-
GR 113808 in a concentration-dependent manner yielding pKi estimates of 9.1 and 10.9, respectively. RS
39604 displayed a low affinity (pKi < 6.5) for 5-HTIA, 5-HT2C, 5-HT3, otcl, Di, D2, MI, M2, AT,, B, and
opioid g receptors and moderate affinity for cal, (pKi=6.8) and Ca2 (pKi= 7.8) sites.
3 In the rat isolated oesophagus, precontracted with carbachol, RS 39604 (30-300 nM) behaved as a

competitive antagonist towards 5-HT-induced relaxation (pA2 =9.3; Schild slope= 1.0). We and others
have shown previously that SB 204070 behaves as an unsurmountable antagonist in this preparation
(pA2- 10.5). In the guinea-pig isolated ileal mucosa, RS 39604 (30 nM) antagonized 5-MeOT-induced
increase in short-circuit current (pA2=9.1).
4 In anaesthetized vagotomized micropigs, RS 39604, administered by the i.v. or intraduodenal
(i.duod.) route, produced dose-dependent inhibition of 5-HT-induced tachycardia (ID50 = 4.7 gg kg-', i.v.
and 254.5 gg kg-', i.duod). At maximal doses of 30 jg kg-', i.v. and 6 mg kg-', i.duod., the inhibitory
effects of RS 39604 lasted for more than 6 h. In this preparation, SB 204070 was as potent as RS 39604
by the i.v. route but was inactive by the intraduodenal route at doses up to 3 mg kg-'.
5 In conscious mice, RS 39604, administered by the i.p. or p.o. route, produced dose-dependent
inhibition of 5-hydroxytryptophan (5-HTP)-induced diarrhoea (ID50= 81.3 jg kg-', i.p. and 1.1 mg kg-',
p.o.). In this assay, SB 204070 was inactive by the oral route at doses up to 30 mg kg-'.
6 In anaesthetized guinea-pigs, RS 39604 antagonized the contractile effect of 5-HT in the proximal
colon by producing parallel, dextral displacement of the dose-response curve to 5-HT. The mean dose-
ratios to 5-HT at 0.1 mg kg-', i.v., 1 mg kg', i.v. and 10 mg kg-', i.duod. were 4.6, 30.7 and 10.8,
respectively. SB 204070 behaved as an unsurmountable antagonist in this assay.

7 In a model of visceral pain in conscious rats, RS 39604 (0.01-1 mg kg-', i.v.) did not affect colorectal
distension-induced increases in arterial pressure whereas morphine (1 mg kg-', i.v.) produced significant
inhibition of the response, implying that 5-HT4 receptors are not involved in nociception in this model.
8 The data suggest that RS 39604 is a high affinity and selective 5-HT4 receptor antagonist that is
orally active and long-lasting in vivo. It is concluded that RS 39604 may be the preferable probe to use
for investigating the physiological and pathophysiological role of 5-HT4 receptors in vivo.
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Introduction

Significant advances have been made in our understanding of
the physiology and pharmacology of the 5-HT4 receptor (see
Ford & Clarke, 1993 for review). Of particular clinical sig-
nificance are the findings which show that this receptor med-
iates several biological responses in human tissues. In human
gut for example, 5-HT4 receptors have been shown to mediate
5-HT-induced inhibition of spontaneous colonic circular
muscle contractions (Tam et al., 1994) and stimulation of short
circuit current responses in ileal (Burleigh & Borman, 1993)
and jejunal (Budhoo & Kellum, 1994) mucosa. In the lower
urinary tract of man, 5-HT-induced potentiation of cholinergic
transmission in the detrussor smooth muscle is also mediated
by 5-HT4 receptors (Tonini et al., 1994). Furthermore, 5-HT
can augment aldosterone secretion from the human adrenal
cortex via activation of 5-HT4 receptors (Lefebvre et al., 1993)
while agonism of 5-HT4 receptors in the human atrium can
evoke pronounced arrythmias (Kaumann & Sanders, 1994).
Based on these findings and assuming a pathophysiological
role of endogenous 5-HT in these tissues, it may be hypothe-
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sized that selective antagonism of 5-HT4 receptors might be of
therapeutic value notably in the treatment of irritable bowel
syndrome, urinary incontinence or cardiac arrythmias.

Until recently, tropisetron (Dumuis et al., 1989), DAU 6285
(Dumuis et al., 1992) and SDZ 205-557 (Buchheit et al., 1991)
were the only compounds available that antagonized the 5-HT4
receptor. However, these compounds, had the drawbacks of
low affinity and poor preference for the 5-HT4 receptor. Sub-
sequently, RS 23597-190 (Eglen et al., 1993) and GR 113808
(Gale et al., 1994a) were identified as antagonists possessing a
high affinity (pA2=7.8 and 9.2, respectively) and selectivity
(> 100 fold over other 5-HT receptors) for 5-HT4 receptors.
These two compounds, although useful as pharmacological
tools, were of limited therapeutic value owing to their ex-
tremely short biological half-life (Eglen et al., 1993; Gale et al.,
1994a). More recently, SB 204070 (Wardle et al., 1994) and
GR 125487 (Gale et al., 1994b) were reported to antagonize
the 5-HT4 receptor with high affinity (pKB> 10.0) and se-
lectivity (> 1000 fold over other 5-HT receptors). These com-
pounds have been used successfully to antagonize 5-HT4
receptors in vivo even when administered as a single bolus in-
travenous dose (Banner et al., 1993; Bingham et al., 1993; Gale
et al., 1994c) although their efficacy by the oral route has not

British Journal of Pharmacology (1995) 115, 1087-1095



S.S. Hegde et al RS 39604: a selective 5-HT4 receptor antagonist

been reported. Furthermore, GR 125487 has been found to
have a long duration of action (75 and 145 min in piglet and
rat, respectively) (Gale et al., 1994c) although similar data for
SB 204070 are lacking.

In the present study, we have assessed the pharmacological
properties of RS 39604, a novel 5-HT4 receptor antagonist
(Figure 1), and compared it to those of SB 204070. RS 39604,
in contrast to SB 204070 and GR 125487, lacks a carboxylic
ester functional group (Clark et al., 1994) and was designed
with the intent of improving the metabolic stability of our
earlier chemical leads, such as RS 23597 (Eglen et al., 1993).
A preliminary account of the findings has been presented to

the British Pharmacological Society, (Hegde et al., 1995).

Methods

In vitro studies

Radioligand binding studies The affinity of compounds at 5-
HT4 receptors was assessed in binding studies using [3H]-GR
113808 as radioligand (Grossman et al., 1993). [3H]-GR
113808 binding to 5-HT4 receptors was measured in a sy-
naptosomal membrane preparation of guinea-pig striatum,
obtained from animals previously killed by CO2 asphyxiation.
Striata were homogenized with a hand driven glass homo-
genizer in a Tris (10 mM)-EDTA (5 mM) buffer (pH 7.4 at
40C), containing 250 mM sucrose. The homogenate was filtered
through a nylon mesh (160 gm pore) and then centrifuged at
1000 g for 15 min. The resulting pellet was suspended in a
HEPES (50 mM)-EDTA (0.5 mM) buffer (pH 7.4 at 40C)
containing choline (130 mM), glucose (25 mM) and KCl
(5.4 mM). The final pellet was resuspended in a Tris (25 mM)
buffer (pH 7.4 at 4°C).

Binding assays were conducted in a Tris buffer (25 mM)
with approximately 0.1 mg striatal protein in an assay volume
of 0.5 ml at room temperature. Non-specific binding was de-
termined with 1 giM unlabelled GR 113808. Preliminary studies
have demonstrated that a 60 min incubation was sufficient for
membrane binding to reach a steady state. Competition
binding studies were conducted with 0.1 nM [3H]-GR 113808
and varying concentrations of competing ligand. Reactions
were terminated by vacuum filtration, using a Brandel cell
harvester, through GF/B filters pretreated for 30 min with
0.1% polyethylenimine. Filters were then dried and the bound
radioactivity determined.

The affinity of RS 39604 for a range of neurotransmitter
receptors were also determined (Table 1). Details of the in-
dividual assays can be found in Wong et al. (1993) and refer-
ences cited therein.

Rat isolated oesophageal muscularis mucosae The method
used was similar to that described earlier (Baxter et al., 1991).
The thoracic oesophagus was isolated from male Sprague-
Dawley rats (Charles River, MA, U.S.A., 200-250 g) and
placed in Tyrode solution (composition, mM: NaCl 139.0, KCl
2.7, MgCl2. 6H20 1.1, NaH2PO4 0.4, glucose 5.6, NaHCO3
11.8 and CaCl2. 6H2O 1.8). The outer striated muscle coat was
cut longitudinally and gently peeled away to expose the inner
muscularis mucosae. Tissues were then mounted vertically in
10 ml organ baths containing Tyrode solution, maintained at
37°C and gassed with 95% 02/5% CO2. Methysergide (1 gM)
was routinely included in the Tyrode solution in order to block
5-HT1 and 5-HT2 receptors. In addition, cocaine (30 gM) and
corticosterone (30 gM) were also included in the Tyrode solu-
tion in order to inhibit amine uptake. An initial resting tension
of 1 g was applied to the preparation and readjusted to 0.5 g
during the initial equilibration period of 60 min. After this
period, pargyline (100 JM a monoamine oxidase inhibitor) was
added to the Tyrode solution for 30 min, followed by a
washout period. The tissues were then allowed to equilibrate
for 30 min. Carbachol (3 gM) was added to contract the tis-
sues. Upon establishment of a stable contraction, a cumulative
concentration-effect curve to 5-HT was constructed. The tis-
sues were then washed and equilibrated for 60 min in the
presence of the appropriate concentration of the antagonist. A
second concentration-effect curve to 5-HT was then con-
structed in the presence of the antagonist.

Short circuit current studies in guinea-pig ileal mucosa Male
Hartley guinea-pigs (Charles River, MA, U.S.A., 300-350 g)
were killed by CO2 asphyxiation and a segment of distal ileum,
beginning approximately 2.0 cm proximal to the ileocecal
valve, was isolated. Ileal mucosal sheets were prepared and
mounted in Ussing chambers (surface area of 0.6 cm2) for the
measurement of short circuit current (I4) as described pre-
viously (Cooke & Carey, 1985; Scott et al., 1992). The tissues
were bathed, on both sides, in 15.5 ml of Krebs-Henseleit so-
lution (composition, in mM: NaCl 118.2, KCl 4.6, MgSO4.
7H20 1.2, NaHCO3 24.8, KH2PO4 1.2, CaCl2.6H20 1.8 at
37°C and gassed with 95% 02/5% CO2). Glucose (10 mM) was
added to the serosal solution and mannitol (10 mM) to the
mucosal solution. The tissue generated potential was clamped
at 0 mV using a voltage clamp amplifier (DVC 1000, World

cl

Table 1 Binding profile of RS 39604 at various receptors in
radioligand binding assays

H2N

RS-39604

Figure 1 Chemical structure of RS 39604 (1-(4-amino-5-chloro-2-
(3,5-dimethoxy)benzyloxyphenyl)-3-[1-((2-methylsulfonylamino)ethyl)-
piperidin-4-yl]-1-propanone).

Receptor

Adrenoceptor ocIc
Dopamine D1
Dopamine D2
Muscarinic Ml
Muscarinic M2
5-HTIA
5-HT2c
5-HT3
5-HT4
Angiotensin AT,
Bradykinin B.
Opioid g
NMDA channel
ca1
a2

pKi
6.4±0.04
<6
<6
<6
<6
<6

6.1 ±0.05
6.0±0.2
9.1 ±0.1
<5
<5
<6
<6

6.8±0.1
7.8 ±0.1

Values are means s.e.mean, n =3-4. In all experiments the
Hill coefficients were not significantly different from unity.
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Precision Instruments, FL, U.S.A.). The IAc required to effect a
0 mV clamp was recorded on a MacLab data acquisition
system. All Ihc values are expressed as pA cm-.

Tissues were equilibrated for 60 min in the presence of ve-
hicle or the appropriate concentration of the antagonist prior
to the construction of the cumulative concentration-effect
curve to 5-methoxytryptamine (5-MeOT). A single con-
centration-effect curve was obtained in each tissue because of
agonist-induced desensitization. Adjacent tissues were used for
the vehicle and drug-treatment groups. Drug additions were
made to both sides of the tissue cumulatively at half log in-
crements. Carbachol (10 gM) was added to the tissues at the
end of experiments to establish tissue viability.

In vivo studies

5-HT-induced-tachycardia in anaesthetized micropigs The
method used was modified from that described by Villalon et
al. (1990). Yucatan micropigs of either sex (17-22 kg, S & S
Farms, CA, U.S.A.) were pretreated with ketamine (approx
30 mg kg-', i.m.), anaesthetized with pentobarbitone sodium
(20 mg kg-', i.v.), intubated and mechanically ventilated with
room air by an animal respirator (Harvard, model 613). A
femoral artery was cannulated for measurement of arterial
blood pressure via a pressure transducer (Gould Statham
P231D). Dual cannulae were inserted in the ipsilateral femoral
vein, one cannula for continuous infusions of supplemental
anaesthetic and the second cannula for drug administration. In
some experiments, a cannula was introduced into the duode-
num, following a laparotomy, to allow intraduodenal admin-
istration of drugs. A limb lead II ECG electrode was
monitored by subcutaneously placed electrodes and heart rate
was determined by a cardiotachometer triggered by the R wave
of the ECG. Following a midline ventral incision, vagus nerves
were cut bilaterally. Normal body temperature was maintained
with a heated water blanket. Blood gas parameters were sta-
bilized with in a normal physiological range (pH 7.4-7.5; PCO2
30-40, P02 80-100 mmHg) by adjustments of ventilatory rate,
tidal volume and positive end expiratory pressure prior to the
commencement of the experiment.
A dose-response curve to 5-HT (1-100 jig kg-', i.v.) was

constructed for each animal to establish the EDM (dose re-
quired to produce 50% of the maximal tachycardic response)
for 5-HT. After obtaining three reproducible control responses
to 5-HT (ED50 dose), each animal received (i.v. or i.d.) either
vehicle or increasing cumulative doses of the antagonist with
i.v. and i.d. dosing intervals of 30 and 60 min, respectively.
After each dose of the antagonist or vehicle, the animal was
challenged with 5-HT at 5 and 15 min for the i.v. studies and
15, 30 and 45 min for the i.duod. studies.

In a separate series of experiments, we sought to determine
the duration of action of the antagonists. After obtaining three
control tachycardic responses to 5-HT (ED50 dose), each ani-
mal was treated (i.v. or i.duod.) with either vehicle or the ap-
propriate dose of the antagonist. For the i.v. duration study,
each animal was challenged with 5-HT at 3, 10, 20 and 30 min
post-dose and every 15 min thereafter for the next 330 min.
For the i.d. duration study, each animal was challenged with 5-
HT at 15, 30, 45 and 60 min post-dose and every 30 min
thereafter for the next 420 min.

5-Hydroxytryptophan-induced diarrhoea in mice The method
used was similar to that described previously (Hegde et al.,
1994b). Adult male Swiss-Webster mice (Harlan, San Diego,
CA, U.S.A., 18-25 g) were used. The animals had free access to
food and water prior to the experiments. On the day of the
experiment, mice were pre-screened to exclude animals with
pre-existing diarrhoea. The selected mice were randomly di-
vided into appropriate groups. Each animal was treated in-
traperitoneally (i.p.) with either vehicle or the appropriate dose
of antagonist. Five min later, each animal was treated with
either saline or 5-hydroxytryptophan (5-HTP, 10 mg kg-', i.p.)
and immediately placed in a 1 litre cup. The animals were

continuously monitored for 30 min. The severity of diarrhoea
was assessed using an arbitary scoring scale from 0 to 3;
0= normal stools, 2= swollen and/or unformed stools, 3= se-
vere watery diarrhoea. In a separate series of experiments, the
effect of orally administered antagonist was determined. In these
experiments, the animals were pre-treated with either vehicle or
the appropriate dose of antagonist 10 min before 5-HTP.

In a separate series of experiments, the effect of antagonist
on 16, 16, dimethyl PGE2-induced diarrhoea was determined.
Each mouse was treated with vehicle or the appropriate dose of
the antagonist. Five min later, each mouse was treated with
either saline or 16, 16, dimethyl PGE2 (30 ig kg-', i.p.) and
immediately placed in a 1 litre cup. The severity of diarrhoea
was then scored over a 30 min observation period.

5-HT-induced contraction of the ascending colon in anaes-
thetized guinea-pigs The method used was similar to that
described previously (Hegde et al., 1994a). Male Hartley gui-
nea-pigs (Charles River, Willmington, MA, U.S.A., 350-
450 g) were used for the study. The animals were fasted, with
water allowed ad libitum 18 h before the experiment. The an-
imals were anaesthetized with inactin (80 mg kg-', i.p.) and the
trachea was cannulated to allow artificial respiration with a
ventilator (Harvard Apparatus, Model 683). The abdominal
viscera were exposed and a miniature strain guage (Biomedical
Dynamics, CA, U.S.A.) was sutured on the ascending colon.
The strain guage, oriented to measure predominantly circular
muscle tension, was connected to a signal conditioning am-
plifier (Measurement group, NC, U.S.A.) and a recorder
(Beckman, Model 611) for measurement of tension. The left
jugular vein and, in some cases, the duodenum were cannu-
lated to allow intravenous and intraduodenal administration
of drugs, respectively. Following a 1 h stabilization period,
baseline tension was recorded for about 45-60 min. Each an-
imal was treated with methysergide (3 mg kg-', i.v.) and
granisetron (1 mg kg-', i.v.) in order to block 5-HTI, 5-HT2
and 5-HT3 receptors. In addition, the animals were treated (i.v.
or i.duod.) with either vehicle or the appropriate dose of the
5-HT4 receptor antagonist. Sixty min later, a non-cumulative
dose-effect curve to 5-HT (0.3-1000 pg kg', i.v.) was con-
structed. At the end of the dose-effect curve, carbachol
(100 ig kg', i.v.) was administered to each animal.

Colorectal distension model of visceral pain in conscious
rats The method used was modified from that described
previously (Ness & Gebhart, 1988). Male Sprague-Dawley rats
(Harlan, San Diego, CA, U.S.A., 250-300 g) were used for the
study. The animals were fasted 18 h before the experiment but
allowed water ad libitum. Each animal was anaesthetized with
ether and the femoral artery and vein were cannulated for
measurement of arterial pressure and drug administration,
respectively. A latex balloon catheter (Viggo-Spectramed,
Model SO 5325H) was introduced into the descending colon
via the anus. The animals were transferred to restrainers and
allowed to recover from anaesthesia (60-90 min). The arterial
catheter was connected to a pressure transducer (Gould
P23XL) and arterial pressure was recorded on a Beckman
(Model 611) recorder. Colorectal distension was accomplished
by air-inflation of the latex balloon for a period of 20 s which
induced a reproducible increase in arterial pressure. After
obtaining two control colorectal distension-induced pressor
responses (10 min apart), each animal was treated in-
travenously with either vehicle or ascending cumulative doses
of the antagonist. A colorectal distension-induced response
was obtained 10 min after each dose of antagonist or vehicle.
After the last dose, morphine (1 mg kg-', i.v.) was adminis-
tered to each animal. Ten min later, another colorectal dis-
tension-induced pressor response was obtained.

Data analysis and statistical methods

Radioligand binding studies In radioligand binding studies,
data from competition binding studies were analysed by fitting
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to a four parameter logistic function using an iterative curve
fitting program. The apparent affinities (-log Kj) of competing
ligands were calculated from IC50 values by the Cheng-Prusoff
equation (Cheng & Prusoff, 1973).

Functional isolated tissue studies In the functional studies,
agonist potencies were determined by nonlinear regression
using iterative curve fitting procedures (Leung et al., 1992) and
the relationship described by Parker & Waud (1971). The ap-
parent affinity (pA2) of the antagonist was determined by the
method of Arunlakshana & Schild (1959), in which at least
three concentrations of antagonist were used and the slope of
the Schild plot determined by regression analysis. In studies
where only a single concentration of the antagonist was used,
the apparent affinity was calculated by the method described
by Furchgott (1972).

Micropig tachycardia studies In these experiments, peak
percentage inhibition of the control tachycardic response to 5-
HT was determined for each antagonist. ID50 estimates (dose
required to produce 50% of the maximal inhibition) were
obtained by non-linear iterative curve fitting procedures
(Leung et al., 1992). In the duration studies, a repeated mea-
sures two-way analysis of variance (ANOVA) was used to
determine the effects of treatment, time and their interaction.
Wherever appropriate, a 2-parameter exponential model was
used to determine tl/2 (time required for the inhibitory effect to
decline by 50%).

5-HTP-induced diarrhoea in mice The scorer was blind to
treatments. A Mantel-Haenszel Chi-square test was used to
analyse the effects of different treatments on diarrhoea score.
ID50 estimates (dose required to produce 50% of the maximal
inhibition of 5-HTP-induced diarrhoea) were calculated by
non-linear regression analysis (Leung et al., 1992).

5-HT-induced colonic contraction in guinea-pigs The con-
tractile response to 5-HT in each animal was expressed as a
percentage of the response to carbachol. ED50 (dose required
to produce 50% of the maximum response) and Em,, (max-
imum response) of 5-HT were estimated by nonlinear regres-
sion analysis (Leung et al., 1992). Dose-ratios were calculated
as the ratio of ED50 (antagonist)/ED50 (vehicle). In cases where
the antagonist produced marked depression of the maximum
response to 5-HT, an alternate potency estimate (ED,) was
calculated for the vehicle curve. ED,, was defined as the con-
centration of 5-HT required to attain a response equivalent to
50% of the maximum response of the antagonist curve. Dose-
ratio was then calculated as ED50 (antagonist)/EDx (vehicle).

yl]-l-propanone), SB 204070 ((1-butyl-4-piperidiny)methyl-8-
amino -7 -chloro - 1,4 - benzodioxan - 5 - carboxylate hydrochlo-
ride) and granisetron were synthesized in the Institute of Or-
ganic Chemistry at Syntex Discovery Research.

5-HT, 5-MeOT, 5-HTP, cocaine, carbachol, pargyline and
16, 16, dimethyl PGE2 were dissolved in either distilled water
or saline. Corticosterone was dissolved in dimethyl sulphoxide
(DMSO). Methysergide was dissolved in saline or ethanol. RS
39604 and SB 204070 were dissolved in either 50% ethanol (for
the in vitro experiments) or a mixture of DMSO, ethanol and
water (for the pig tachycardia experiments) or in a solution of
4.5% 2-hydroxypropyl 0-cyclodextrin for the remaining ex-
periments.

Results

In vitro studies

Radioligand binding studies In guinea-pig striata, RS 39604
produced concentration-dependent displacement of [3H]-GR
113808 (pK1±s.e.mean=9.1+0.1; Hill slope+s.e.mean= 1.1
+ 0.1). RS 39604 displayed a low affinity (pK1 < 6.5) for several
other receptors except the a, (pKi = 6.8) and a2 site (pKi = 7.8)
(Table 1).

SB 204070 also produced concentration-dependent dis-
placement of [3H]-GR 113808 (pK1 ± s.e.mean = 10.9 + 0. 1; Hill
slope + s.e.mean = 1.1 + 0.1).

Rat isolated oesophageal muscularis mucosae 5-HT produced
concentration-dependent relaxation of the pre-contracted rat
oesophagus with a pEC5o (95% confidence interval) of 8.3
(8.1-8.6) (Figure 2). RS 39604 (10-300 nM) had no effect, per
se, on basal or carbachol-induced tone (data not shown). RS
39604 (30-300 nM) produced concentration-dependent dextral
displacement of the concentration-effect curve to 5-HT with-
out significantly altering the maximum response to 5-HT
(Figure 2). Schild analysis of this data yielded a pA2 estimate
(95% confidence interval) and slope (±s.e.mean) of 9.3 (9.2-
9.4) and 1.0 + 0.2, respectively.
We and others have shown previously that, in the rat oe-

sophagus, SB 204070 also produces concentration-dependent
rightward displacement of the concentration-effect curve to
5-HT which is accompanied by a significant depression of the
maximum response (pA2 10.5) (Baxter et al., 1994; Zeitung et
al., 1994).

Colorectal distension model of visceral pain in rats The change
in mean arterial pressure (from pre-distension baseline) fol-
lowing each trial of colorectal distension were obtained. The
difference between the control response and post-drug (or ve-
hicle or morphine) response was calculated. A repeated mea-
sures two-way ANOVA was used to test the overall effects of
treatment, dose and their interaction. One way ANOVA was
also performed to test the effects of each dose of antagonist or
morphine.

All values are either mean+s.e.mean or mean, with 95%
confidence intervals in parentheses. P < 0.05 was considered to
be statistically signficant.

Compounds used

The following compounds were obtained from commercial
sources: 5-HT, 5-MeOT, cocaine, corticosterone, pargyline,
carbachol, 16, 16, dimethyl PGE2 (Sigma Chemical Co, St.
Louis, MO, U.S.A.), 5-HTP (Research Biochemicals Inc, MA,
U.S.A.). Methysergide was donated by Sandoz, Basle, Switzer-
land. RS39604 (1-(4-amino-5-chloro-2-(3,5-dimethoxy)benzy-
loxyphenyl)-3-[l-((2-methylsulphonylamino)ethyl)piperidin -4-
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Figure 2 Effect of RS 39604 on the relaxant response to 5-HT in the
rat isolated oesophagus. The concentration-effect curve to 5-HT is
shown in the absence (0) and presence of RS 39604, 30 nM (O),
100nM (El) and 300nM (A). Results are expressed as
mean+ s.e.mean, n = 4.
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Short-circuit current studies in guinea-pig ileal mucosa We
have reported, previously, that 5-HT induces a tetrodotoxin-
sensitive increase in short-circuit current in this preparation
(Eglen et al., 1993). Furthermore, the concentration-effect
curve to 5-HT is biphasic with the high potency phase being
mimicked by 5-MeOT and abolished by 5-HT4 antagonists
such as RS 23597-190. In the present study, 5-MeOT induced a
concentration-dependent rise in short-circuit current with a
pEC50 (95% confidence interval) of 7.5 (6.9-8.0). RS 39604
(30 nM), which did not affect short-circuit current per se,
produced a dextral shift of the concentration-effect curve to 5-
MeOT without significantly altering the maximum response
(Figure 3). The pA2 estimate (95% confidence interval) of RS
39604 was calculated to be 9.1 (7.8-10.3).

In vivo studies

Micropig tachycardia studies Both RS 39604 and SB 204070,
when administered intravenously, produced dose-dependent
inhibition of 5-HT-induced tachycardia in anaesthetized mi-
cropigs (Figure 4a and b) with ID50 (95% confidence interval)
estimates of 4.7 (3.6-6.0) and 8.0 (5.4-11.9) jig kg-', i.v., re-
spectively. RS 39604, when administered intraduodenally,
produced dose-dependent inhibition of 5-HT-induced tachy-
cardia (Figure 4a) with an ID50 estimate of 246 (191-324)
jig kg', i.duod. SB 204070 had no significant inhibitory ef-
fects, when administered intraduodenally, at doses up to
3 mg kg-', i.duod. (Figure 4b). Both SB 204070 and RS 39604,
when administered as escalating cumulative i.v. or i.duod.
doses, did not affect baseline heart rate or arterial pressure
(data not shown).

At maximal inhibitory doses of 30 gg kg-', i.v. and
6 mg kg-', i.duod., which did not affect baseline heart rate or
arterial pressure per se, the inhibitory effects of RS 39604 to-
ward 5-HT were statistically significant (P <0.05) for more
than 6 and 8 h, respectively (Figure 5). There appeared to be a
temporal increase in the sensitivity of the preparation to 5-HT
in animals pre-treated with vehicle. At a dose of 30 jig kg-',
i.v., the t1/2 (95% confidence interval) of RS 39604 was cal-
culated to be 315 (278-352) min. SB 204070, when adminis-
tered as a single intravenous bolus dose of 30 jig kg-', itself
induced a positive chronotropic effect (increase in heart rate of
approximately 25-30 beats min-') which lasted for approxi-
mately 90 min and could be partially reversed by DAU 6285
(3 mg kg-', i.v., data not shown). At 90 min post-dose, at
which time baseline heart rate was re-attained, the tachycardic
response to exogenous 5-HT was inhibited by approximately
35%.
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S-HTP-induced diarrhoea in mice 5-HTP (10 mg kg-', i.p.)
produced a significant increase in diarrhoea score (Figure 6a
and 6b). RS 39604, administered i.p. or p.o., produced dose-
dependent inhibition of 5-HTP-induced diarrhoea (Figure 6a
and 6b). The ID50 (±s.e.mean) estimates were 81.3+
1.9 jig kg', i.p. and 1.1 +4.2 mg kg', p.o. The maximal in-
hibitory effect of RS 39604 by the i.p. and p.o. route were 70%
and 58%, respectively. RS 39604, at doses of 0.1 and 1 mg
kg-l, i.p., did not affect 16,16, dimethyl PGE2-induced diar-
rhoea (data not shown). As reported earlier (Hegde et al.,
1994b), SB 204070, when administered intraperitoneally, also
produced significant inhibition of 5-HTP-induced diarrhoea.
The ID50 (±s.e.mean) and maximal inhibitory effect of SB
204070 were 0.3 +0.2 jg kg', i.p. and 36%, respectively. SB
204070, administered orally, had no inhibitory effects on 5-
HTP-induced diarrhoea even at doses up to 30 mg kg-l (data
not shown).

S-HT-induced colonic contraction in anaesthetized guinea-
pigs RS 39604 (0.1 and 1 mg kg-', i.v.) produced dose-de-
pendent dextral displacement of the dose-effect curve to 5-HT
with no significant alteration of the maximum response (Figure
7a). When administered intraduodenally at 10 mg kg-', i.p.,
RS 39604 also produced a significant dextral displacement of
the dose-effect curve to 5-HT (data not shown). The mean

a
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o
0.

0

(U

dose-ratios (95% confidence interval) at 0.1 mg kg-', i.v.,
1 mg kg-', i.v. and 10 mg kg-', i.d. were 4.6 (1.9-10.9), 30.7
(8.5-111.3) and 10.8 (2.6-44.4), respectively. SB 204070 (0.03
and 0.1 mg kg-', i.v.) also produced dose-dependent dextral
displacement of the dose-response curve to 5-HT which was

accompanied by a significant depression of the maximum re-

sponse (Figure 7b). The mean dose-ratios (95% confidence
interval) at 0.03 and 0.1 mg kg-', i.v. were 3.9 (1.3-12.6) and
11.2 (4.5-27.8) respectively. Both RS 39604 and SB 204070 had
no effect on baseline tension per se (data not shown).
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Figure 7 Effect of RS 39604 (a) and SB 204070 (b) on the
contractile effects of 5-HT in the proximal colon of the anaesthetized
guinea-pig: (a) shows the dose-effect curve to 5-HT in the absence
(0) and presence of RS 39604, 0.1 mgkg-', i.v. (0) and mgkg-',
i.v. (U); (b) shows the dose-effect curve to 5-HT in the absence (0)
and presence of SB 204070, 0.03mg kg-', i.v. (@) and 0.1 mg kg',, i.v.
(U). Results are expressed as mean + s.e.mean, n = 5-6.

Table 2 Effect of RS 39604 and morphine on colorectal
distension-induced increase in arterial pressure in rats

Change in arterial
Dose pressure

Treatment (mg kg', i.v.) (mmHg)

- 0.1 0.3 1 3 10 30

+ + + + + + +

Figure 6 Effect of intraperitoneally (a) or orally (b) administered RS
39604 on 5-hydroxytryptophan (5-HTP)-induced diarrhoea in mice.
Figures show the control diarrhoea score (open column), 5-HTP-
induced increase in diarrhoea score (solid column) and effect of
different doses of RS 39604 on 5-HTP-induced diarrhoea (hatched
columns). Results are expressed as mean+ s.e.mean, n = 30-40.
*P < 0.05 vs open column; tP < 0.05 vs closed column.

Control
RS 39604

Morphine

NA 30.6± 5.3
0.01 31.6±5.2
0.03 26.2 5.9
0.1 31.0±6.4
0.3 31.8+4.4
1.0 29.2+ 5.4
1.0 17.8+2.2*

NA = not applicable; Results are expressed as mean +
s.e.mean, n= 5.
*P< 0.05 vs control.
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Colorectal distension model of visceral pain in conscious
rats In vehicle-treated rats, colorectal distension evoked re-
producible increases in arterial pressure (data not shown). RS
39604 (0.01-1 mg kg-', i.v.) had no effect on colorectal dis-
tension-induced pressor responses (Table 2). In contrast,
morphine (1 mg kg-', i.v.) significantly inhibited the pressor
response to colorectal distension (Table 2).

Discussion

The objective of the present study was to characterize the
pharmacological actions of RS 39604. The data obtained
suggest that RS 39604 is a high affinity, competitive and se-
lective 5-HT4 receptor antagonist in vitro and, as such, is a
useful addition to the existing 5-HT4 receptor antagonists.
More importantly, the oral activity and long duration of action
of RS 39604 suggests that this compound may be the prefer-
able pharmacological probe to use for investigating the phy-
siological and pathophysiological significance of 5-HT4
receptors in vivo.

In vitro pharmacology of RS 39604

Radioligand binding studies showed that RS 39604 binds with
high affinity (pKi= 9.1) to a single population of 5-HT4 re-
ceptors in the guinea-pig striatum. This finding was confirmed
in functional studies in which affinities of 9.3 and 9.1 were
obtained for RS 39604 in the rat isolated oesophagus and
guinea-pig ileal mucosa, respectively. In both the aforemen-
tioned preparations, RS 39604 produced parallel, dextral shifts
of the concentration-effect curve to the agonist without alter-
ing the maximum response; consistent with a competitive mode
of interaction. This is in contrast to SB 204070 (Wardle et al.,
1994; Baxter et al., 1994) and GR 125487 (Gale et al., 1994b),
which behave as unsurmountable antagonists. The un-
surmountable nature of SB 204070 has been attributed to its
slow dissociation off the receptor leading to 'pseudoirreversible
inhibition' (Wardle et al., 1994; Baxter et al., 1994). Accord-
ingly, the lower affinity and faster off-rate of RS 39604 may
enable it to attain rapid equilibrium with the agonist thereby
facilitating surmountable antagonism. RS 39604 also displayed
a high degree of selectivity for 5-HT4 receptors as it possessed a
low affinity (pKi < 6.5) for the vast majority of other receptors
studied. RS 39604 possessed moderate affinity (pKi = 7.8) for
the a2 site. The relevance of this finding is unclear as the
functional significance of the a2 receptor has yet to be estab-
lished (Walker et al., 1990). RS 39604 thus fulfils several cri-
teria (high affinity, selectivity and competitive) expected for an
ideal antagonist and can, therefore, be considered an addi-
tional probe for further defining the 5-HT4 receptor.

In vivo pharmacology of RS 39604

5-HT-induced tachycardia in the anaesthetized micropig is
mediated exclusively by 5-HT4 receptors (Villalon et al., 1992).
In this preparation, RS 39604, administered by the intravenous
route, produced dose-dependent inhibition of 5-HT-induced
tachycardia and, in this regard, was as potent as SB 204070,
despite possessing a much lower affinity than the latter com-
pound for 5-HT4 receptors. This apparent discrepancy may
perhaps be explained by differences in metabolic clearance of
the two compounds (see below). RS 39604 was also effective
when administered intraduodenally although its potency by
this route was approximately 50 fold lower than that by the
intravenous route. SB 204070, however, was inactive by the
intraduodenal route even at doses up to 3 mg kg-', suggesting
either poor absorbtion or extensive first-pass metabolism of
this drug. An unexpected finding in the present study was that
SB 204070, when administered intravenously as a single bolus
maximal dose, evoked a positive chronotropic effect. This re-
sponse to SB 204070 appears to be mediated, at least in part,
by 5-HT4 receptors in as much as it could be partially reversed

by DAU 6285. This finding is difficult to reconcile with pre-
vious in vitro studies that have failed to reveal a partial agonist
effect of SB 204070 even in preparations possessing a high
receptor reserve of 5-HT4 receptors such as the guinea-pig
distal colon (Wardle et al., 1994). The precise explanation for
this disparity has yet to be resolved. The apparent partial
agonist effect of SB 204070 precluded the accurate determi-
nation of the duration of action of this compound. When one
compares equi-effective doses (30 gg kg-', i.v.) of RS 39604
and SB 204070 at 90 min post-dose (at which time the intrinsic
agonist effect of SB 204070 had faded completely), the tachy-
cardic response to 5-HT was inhibited by 80% and 35%, re-
spectively. In a similar model, it was reported that GR 125487
had a duration of action of 75 min (Gale et al., 1994c) whereas
the present study has shown that RS 39604 has a duration of
action of greater than 6 h. These data suggest, therefore, that
the antagonistic effect of RS 39604 is more long-lasting than
that of SB 204070 and GR 125487. The most likely explanation
for this finding is that RS 39604, in contrast to SB 204070 and
GR 125487, lacks the metabolically labile ester functionally
(Clark et al., 1994).
We have shown previously that 5-HTP-induced diarrhoea

in mice is mediated by 5-HT4 receptors as it can be antagonized
by selective 5-HT4 receptor antagonists such as DAU 6285,
GR 113808 and SB 204070 (Hegde et al., 1994b). In the present
study, we showed that RS 39604, administered intra-
peritoneally or orally, produced significant inhibition of 5-
HTP-induced diarrhoea. A non-specific effect of RS 39604 may
be discounted as this compound failed to inhibit pros-
taglandin-induced diarrhoea. In as much as 5-HT4 receptor
activation stimulates electrolyte secretion in the human gut
(Burleigh & Borman, 1993; Budhoo & Kellum, 1994), it is
plausible that compounds, such as RS 39604, may be useful in
combating the diarrhoea associated with carcinoid (Feldman,
1987) and irritable bowel syndrome (Camilleri & Prather,
1992). The p.o./i.p. potency ratio of RS 39604 was calculated
to be approximately 14, suggesting only modest absorption of
this compound from the gastrointestinal tract. The in-
traperitoneal potency of RS 39604 was approximately 25 fold
lower than that reported previously for SB 204070 (Hegde et
al., 1994b). However, the maximal inhibition produced by RS
39604 was approximately 70% which compares with 30% for
SB 204070. The precise reason for the lower maximal in-
hibitory effect of SB 204070 is unclear at present. The lack of
activity of SB 204070 by the oral route may also be a reflection
of its low oral bioavailibity in mice.

5-HT-induced contraction of the proximal colon in vitro
(Elswood et al., 1991) or in vivo (Hegde et al., 1994a) is
mediated via activation of 5-HT4 receptors. Both RS 39604
and SB 204070 potently antagonized the contractile responses
to 5-HT in a surmountable and unsurmountable manner, re-
spectively, consistent with the behaviour of these compounds
in vitro. A comparison of the dose-ratios would suggest that SB
204070 is at least 3 fold more potent than RS 39604. RS 39604
was also effective by the intraduodenal route although it was
approximately 10 fold less potent.

Previous studies have shown that inhibition of colorectal
distension-induced pressor response in conscious rats is a re-
liable predictor of visceral antinociceptive activity and re-
sponse to clinically effective drugs such as morphine and
clonidine (Ness & Gebhart, 1988). Furthermore, a role of
5-HT1, 5-HT2 and 5-HT3 receptors in the modulation of visc-
eral nociception has been demonstrated in this animal model
(Danzebrink & Gebhart, 1991). The present study has shown
that RS 39604, at doses up to 1 mg kg-', i.v., had no effect on
colorectal distension-induced pressor responses. Although
data pertaining to the penetration of RS 39604 across the
blood-brain-barrier is unavailable at present, the results do not
support a role of 5-HT4 receptors in modulation of visceral
antinociception. Such as conjecture may imply that selective 5-
HT4 antagonists would be ineffective in ameliorating the pain
component of irritable bowel syndrome (Camilleri & Prather,
1992).
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In summary, the findings of this study suggest that RS
39604 is a selective, orally active and long-acting 5-HT4 re-
ceptor antagonist. Consequently, it may represent a significant
improvement over some of the existing 5-HT4 antagonists in
assessing.the physiological role of the 5-HT4 receptor in vivo.

The authors wish to thank Sherry Hsu, Lorri Walsh, Ken Zeitung,
Marc Perry, Tina Moy, Paul Ku, Sonya Wallace and Hai Ming
Tang for their valuable technical assistance.

References

ARUNLAKSHANA, 0. & SCHILD, H.O. (1957). Some quantitative
uses of drug antagonists. Br. J. Pharmacol. Chemother., 12, 48-
58.

BANNER, S.E., SMITH, M.I., BYWATER, D. & SANGER, G.J. (1993).
5-HT4 receptor antagonism by SB 204070 inhibits 5-hydroxy-
trytophan-evoked defaecation in mice. Br. J. Pharmacol., 110,
17P.

BAXTER, G.S., CRAIG, D.A. & CLARKE, D.E. (1991). 5-Hydroxy-
tryptamine4 receptors mediate relaxation of the rat oesophageal
tunica muscularis mucosae. Naunyn Schmied. Arch. Pharmacol.,
343, 439-446.

BAXTER, G.S., SANGER, G.J., GASTER, L.M. & WARDLE, K.A.
(1994). Tissue and agonist dependent non-surmountable antag-
onism by the selective 5-HT4 receptor antagonist SB 204070. Br.
J. Pharmacol., 112, 105P.

BINGHAM, S., KING, B.F., RUSHANT, B., SMITH, M.I. & SANGER,
G.I. (1993). The 5-HT4 receptor antagonist SB 204070 inhibits
the contractile response to 5-HT in the dog Heidenhain pouch.
Br. J. Pharmacol., 110, 16P.

BUCHHEIT, K.-H., GAMSE, R. & PFANNKUCHE, H.-J. (1991). SDZ-
205-557, a selective antagonist at 5-HT4 receptors in the isolated
guinea-pig ileum. Eur. J. Pharmacol., 200, 373-374.

BUDHOO, M.R. & KELLUM, J.M. (1994). The 5-HT4 receptor
mediates 5-hydroxytryptamine-induced rise in short-circuit
current in the human jejunum in vitro. Surgery, 116, 396-400.

BURLEIGH, D.E. & BORMAN, R.A. (1993). Short-circuit current
responses in human ileal mucosa are mediated by a 5-HT4
receptor. Eur. J. Pharmacol., 241, 125-128.

CAMILLERI, M. & PRATHER, C.M. (1992). The Irritable bowel
syndrome: Mechanisms and a practical approach to
management. Ann. Int. Med., 116, 1001-1008.

CHENG, Y.C. & PRUSOFF, W.M. (1973). Relationship between
inhibitor constant (Ki) and the concentration of inhibitor which
causes 50 percent inhibition (IC50) of an enzymatic reaction.
Biochem. Pharmacol., 92, 881-894.

CLARK, R.D., JAHANGIR, A., LANGSTON, J.A., WEINHARDT, K.K.,
MILLER, A.B., LEUNG, E., BONHAUS, D.W., WONG, E.H.F. &
EGLEN, R.M. (1994). Synthesis and preliminary pharmacological
evaluation of 2-benzyloxy substituted aryl ketones as 5-HT4
receptor antagonists. Bioorg. Med. Chem. Lett., 4, 2481-2484.

COOKE, H.J. & CAREY, H.V. (1985). Pharmacological analysis of 5-
hydroxytryptamine actions on guinea-pig ileal mucosa. Eur. J.
Pharmacol., 111, 329-337.

DANZEBRINK, R.M. & GEBHART, G.F. (1991). Evidence that spinal
5-HT1, 5-HT2 and 5-HT3 receptor subtypes modulate responses
to noxious colorectal distension in the rat. Brain Res., 538, 64
75.

DUMUIS, A., GOZLAN, H., SEBBEN, M., ANSANAY, H., RIZZI, C.A.,
TURCONI, M., MONFERINI, E., GIRALDO, E., SCHIANTARELLI,
P., LADINSKY, H. & BOCKAERT, J. (1992). Characterization of a
novel 5-HT4 receptor antagonist of the azabicycloalkyl benzi-
midazolone class: DAU 6285. Naunyn Schmied. Arch.
Pharmacol., 345, 264-269.

DUMUIS, A., SEBBEN, M. & BOCKAERT, J. (1989). The gastro-
intestinal prokinetic benzamide derivatives are agonists at the
non-classical 5-HT receptor (5-HT4) positively coupled to
adenylate cyclase. Naunyn Schmied. Arch. Pharmacol., 340,
403-410.

EGLEN, R.M., BLEY, K., BONHAUS, D.W., CLARK, R.D., HEGDE,
S.S., JOHNSON, L.G., LEUNG, E. & WONG, E.H.F. (1993). RS
23597-190: a potent and selective 5-HT4 receptor antagonist. Br.
J. Pharmacol., 110, 119-126.

ELSWOOD, C.J., BUNCE, K.T. & HUMPHREY, P.P.A. (1991).
Identification of putative 5-HT4 receptors in guinea-pig ascend-
ing colon. Eur. J. Pharmacol., 196, 149-155.

FELDMAN, J.M. (1987). Carcinoid tumours and syndrome. Semin.
Oncol., 14, 237-246.

FORD, A.P.D.W. & CLARKE, D.E. (1993). The 5-HT4 receptor. Med.
Res. Rev., 13, 633-662.

FURCHGOTT, R.F. (1972). The classification of adrenoceptors
(adrenergic receptor). An evaluation from the standpoint of
receptor theory. In Catecholamines, Handbook of Experimental
Pharmacology, Vol 33. ed. Blaschko, H. & Muscholl, E. pp. 283-
335. Berlin, Heidelberg, New York: Springer.

GALE, J.D., GROSSMAN, C.J., WHITEHEAD, J.W.F., OXFORD, A.W.,
BUNCE, K.T. & HUMPHREY, P.P.A. (1994a). GR 113808: a novel,
selective antagonist with high affinity at the 5-HT4 receptor. Br.
J. Pharmacol., 111, 332-338.

GALE, J.D., GROSSMAN, C.J., DARTON, J., BUNCE, K.T., WHITE-
HEAD, J.W.F., KNIGHT, J., PARKHOUSE, T.J., OXFORD, A.W. &
HUMPHREY, P.P.A. (1994b). GR 125487: A selective and high
affinity 5-HT4 receptor antagonist. Br. J. Pharmacol., 113, 120P.

GALE, J.D., GREEN, A., DARTON, J., SARGENT, R.S., CLAYTON,
N.M. & BUNCE, K.T. (1994c). GR 125487: a 5-HT4 receptor
antagonist with a long duration of action in vivo. Br. J.
Pharmacol., 113, 119P.

GROSSMAN, C.J., KILPATRICK, G.J. & BUNCE, K.T. (1993).
Development of a radioligand binding assay for 5-HT4 receptors
in guinea-pig and rat brain. Br. J. Pharmacol., 109, 618-624.

HEGDE, S.S., BONHAUS, D.W., LEUNG, E., WONG, E.H.F., JOHN-
SON, L.G., CLARK, R.D., FLIPPIN. L.A. & EGLEN, R.M. (1995).
RS 39604: a potent, selective, orally active and long-lasting 5-
HT4 receptor antagonist. Br. J. Pharmacol., (in press).

HEGDE, S.S., KU, P., LAI, K. & EGLEN, R.M. (1994a). 5-HT4 receptor
mediated contraction of colon in the anesthetized guinea-pig. Br.
J. Pharmacol., 112, 559P.

HEGDE, S.S., MOY, T.M., PERRY, M.R., LOEB, M. & EGLEN, R.M.
(1994b). Evidence for the involvement of 5-HT4 receptors in 5-
hydroxytryptophan-induced diarrhoea in mice. J. Pharmacol.
Exp. Ther., 271, 741-747.

KAUMANN, A.J. & SANDERS, L. (1994). 5-Hydroxytryptamine
causes rate-dependent arrhythmias through 5-HT4 receptors in
human atrium: facilitation by chronic 0-adrenoceptor blockade.
Naunyn Schmied. Arch. Pharmacol., 349, 331-337.

LEFEBVRE, H., CONTESSE, V., DELARUE, C., SOUBRANE, C.,
LEGRAND, A., KUHN, J.-M., WOLF, L.-M. & VANDRY, H.
(1993). Effect of the serotonin-4 receptor agonist zacopride on
aldosterone secretion from the human adrenal cortex: in vivo
and in vitro studies. J. Clin. Endocrin. Metab., 77, 1662-1666.

LEUNG, E., MICHELSON, S., VILLARUBIA, C., PERKINS, L.A. &
EGLEN, R.M. (1992). Analysis of concentration response
relationships by seemingly unrelated non-linear regression
(SUNR) technique. J. Pharmacol. Methods, 4, 1209-1216.

NESS, T.J. & GEBHART, G.F. (1988). Colorectal distension as a
noxious visceral stimulus: physiologic and pharmacologic
characterization of pseudaffective reflexes in the rat. Brain
Res., 450, 153-169.

PARKER, R.B. & WAUD, D.R. (1971). Pharmacological estimation of
drug-receptor dissociation constants. Statistical evaluation. I.
Agonists. J. Pharmacol. Exp. Ther., 177, 1-12.

SCOTT, C.M., BUNCE, K.T. & SPRAGGS, C.F. (1992). Investigation of
the 5-hydroxytryptamine receptor mediating the 'maintained'
short-circuit response in guinea-pig ileal mucosa. Br. J.
Pharmacol., 106, 877-882.

TAM, F. S.-F., HILLIER, K. & BUNCE, K.T. (1994). Characterization
of 5-hydroxytryptamine receptor type involved in inhibition of
spontaneous activity of human isolated colonic circular muscle.
Br. J. Pharmacol., 113, 143-150.

TONINI, M., MESSORI, E., FRANCESCHETTI, G.P., RIZZI, C.A.,
CASOLDI, A.F., COCCINI, T. & CANDURA, S.M. (1994).
Characterization of the 5-HT receptor potentiating neuromus-
cular cholinergic transmission in strips of human isolated
detrusor muscle. Br. J. Pharmacol., 113, 1-2.

VILLALON, C.M., DENBOER, M.O., HEILIGERS, J.P.C. & SAXENA,
P.R. (1992). Mediation of 5-hydroxytryptamine-induced tachy-
cardia in the pig by the 5-HT4 receptor. Br. J. Pharmacol., 100,
665-667.



S.S. Hegde et al RS 39604: a selective 5-HT4 receptor antagonist 1095

WALKER, J.M., BOWEN, W.D., WALKER, F.O., MATSUMOTO, R.R.,
DECOSTA, B. & RICE, K.C. (1990). Sigma receptors: biology and
function. Pharmacol. Rev., 42, 355-402.

WARDLE, K.A., ELLIS, E.S., BAXTER, G.S., KENNETT, G.A.,
GASTER, L.M. & SANGER, G.J. (1994). The effects of SB
204070, a highly potent and selective 5-HT4 receptor antagonist,
on guinea-pig distal colon. Br. J. Pharmacol., 112, 789-794.

WONG, E.H.F., BONHAUS, D.W., WU, I., STEFANICH, E. & EGLEN,
R.M. (1993). Labelling of 5-hldroxytryptamine3 receptors with
novel 5-HT3 receptor ligand, [ H]-RS 42358-197. J. Neurochem.,
60, 921-930.

ZEITUNG, K.D., PERKINS, L.A., HSU, S.A.O., BONHAUS, D.W.,
EGLEN, R.M., WONG, E.H.F. & LEUNG, E. (1994). Comparison
ofGR 113808 and SB 204070 at 5-HT4 receptors in vitro. FASEB
J., 8, 533.

(Received January 23, 1995
Accepted March 28, 1995)


