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1 In this study, we aimed to characterize in vitro the effects of the benzofuran 5-HT4 receptor
agonists prucalopride, R149402 and R199715 and the indolic agents tegaserod and 5-HT in the atria
of young pigs (10–11 weeks) and newborn piglets.

2 In the paced left atrium of young pigs, only 5-HT results in positive inotropic responses when
administered cumulatively (maximal effect relative to isoprenaline¼ 53%, pEC50¼ 6.8); however, all
agonists showed lusitropic effects. Noncumulative administration results in greater positive inotropic
responses for 5-HT and induces moderate positive inotropic responses for the other agonists; these
responses fade.

3 Phosphodiesterase (PDE) enzyme inhibition with 3-isobutyl-1-methylxanthine (IBMX; 20mM)
enhances the responses to cumulatively administered 5-HT (maximal effect¼ 89%, pEC50¼ 7.7) and
reveals clear positive inotropic effects for prucalopride, tegaserod, R149402 and R199715; fading is
abolished. The maximal effect of the benzofurans is less pronounced than that of the indoles.

4 In the spontaneously beating right atrium of young pigs, all agonists show chronotropic activity
when administered cumulatively in the absence of IBMX, without fade. Benzofurans behaved as
partial agonists compared to 5-HT (maximal effect¼ 54%, pEC50¼ 6.5).

5 In newborns, the inotropic activity of the agonists in the IBMX-treated left atrium was less
pronounced than in the young pig; the same applied for the chronotropic response in the right atrium,
except for 5-HT.

6 In conclusion, the atrial responses to 5-HT4 receptor activation increase in the first months of life;
the inotropic response is regulated by PDEs. Prucalopride, R149402 and R199715 are partial agonists
compared to 5-HT.
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Introduction

Effects of serotonin (5-HT) are attributed to the interaction

with several subtypes of 5-HT receptors. Molecular cloning

studies during the last decade have confirmed the existence of

at least 14 genes encoding 5-HT receptors, which are grouped

in seven subfamilies: 5-HT1, 5-HT2, 5-HT3, 5-HT4, 5-ht5,

5-HT6 and 5-HT7 (for reviews, see Saudou & Hen, 1994;

Saxena, 1995). Except for 5-HT3 receptors, which belong to a

family of ligand-gated ion channels, 5-HT receptors are G

protein-coupled receptors. Together with 5-HT6 and 5-HT7

receptors, 5-HT4 receptors are positively linked to cAMP

(Raymond et al., 2001). Depending on their localization,

activation of 5-HT4 receptors results in various central and

peripheral effects (reviewed by Eglen et al., 1995; Langlois

& Fischmeister, 2003).

In human atria, 5-HT4 receptors are the only 5-HT receptor

subtype present (Blondel et al., 1997). Until now, up to ten

human splice variants of the 5-HT4 receptor have been

described (Bockaert et al., 2004; Brattelid et al., 2004a). Six

of them have been found in the human atrium: 5-HT4(a),

5-HT4(b), 5-HT4(c), 5-HT4(g), 5-HT4(i) and 5-HT4(n) (Blondel

et al., 1998; Mialet et al., 2000; Bach et al., 2001; Medhurst

et al., 2001; Vilaro et al., 2002; Brattelid et al., 2004a). Very

recently, in contrast to earlier reports (Jahnel et al., 1992;

Schoemaker et al., 1993), the presence of functional 5-HT4

receptors was also shown in human ventricles (Brattelid et al.,

2004a). The activation of these cardiac 5-HT4 receptors results

in phosphorylation of L-type Ca2þ channels through a cAMP-

dependent increase in PKA activity. Consequently, the open-

ing probability of the channels increases, resulting in a rise

in the amplitude of the L-type Ca2þ current (Ouadid et al.,

1992). These actions finally result in an increase in contractile

force (Kaumann et al., 1991; Sanders & Kaumann, 1992).

Besides these inotropic effects, the increase in PKA activity
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also hastens the onset of muscle relaxation (Kaumann et al.,

1989; 1990). Moreover, cAMP, that is synthesized upon 5-HT4

receptor activation, can modulate hyperpolarization-activated

cyclic nucleotide-gated (HCN) cation channels, and increase

the inward pacemaker current If (Pino et al., 1998; Ulens

& Tytgat, 2001). This mechanism can explain the positive

chronotropic effects observed upon activation of sinoatrial

5-HT4 receptors. The increase in If currents and L-type Ca2þ

currents could also trigger atrial arrhythmias (Kaumann, 1994;

Kaumann & Sanders, 1994; Workman & Rankin, 1998;

Rahme et al., 1999; Pau et al., 2003).

Human right atrial tissue, obtained during coronary artery

bypass surgery, has been used as the human in vitro model

for cardiac 5-HT4 receptor-function. To study 5-HT4 receptor-

mediated responses in a laboratory animal, the options are

very limited. Only pigs and monkeys have functional cardiac

5-HT4 receptors. In addition, 5-HT4 receptor mRNA was

detected in rat atria and ventricles, but, until very recently,

without any proven functional response (Gerald et al., 1995;

Qvigstad et al., 2005). Indeed, Qvigstad et al. (2005) showed

an upregulation of rat ventricular 5-HT4 receptor mRNA and

the manifestation of an inotropic response through 5-HT4

receptors in failing hearts. Also in human hearts, an

upregulation of 5-HT4 receptor mRNA associated with heart

failure has been demonstrated (Brattelid et al., 2004b). The pig

has served as a model for human atrial 5-HT4 receptors.

Activation of porcine atrial 5-HT4 receptors results in posi-

tive inotropic and chronotropic responses (Kaumann, 1990;

Schoemaker et al., 1992; Medhurst & Kaumann, 1993; Parker

et al., 1995). Porcine sinoatrial receptors received most

attention because of the lack of a proper human in vitro

model to study chronotropy (Kaumann, 1990; Parker et al.,

1995). Only a confined number of published experiments make

mention of 5-HT4 receptors in the porcine left atrium, all using

newborn piglets (Lorrain et al., 1992; Parker et al., 1995). As

far as we know, the functional presence of 5-HT4 receptors in

human left atrial tissue has only been reported in a single study

(Sanders & Kaumann, 1992).

Using human and porcine ventricular tissue, Brattelid et al.

(2004b) showed the inhibitory role of phosphodiesterases

(PDEs) in the establishment of a functional 5-HT4 receptor-

mediated response. Moreover, they showed an increase in the

generation of the 5-HT4 receptor-mediated effect in porcine

ventricle during the first months after birth.

In this study, we aimed to study in more detail the 5-HT4

receptor-mediated inotropic and lusitropic effects in porcine

left atrium, and chronotropic effects in porcine right atrium.

The influence of development on the atrial 5-HT4 receptor-

mediated responses, as well as the role of PDEs in the fading

of these responses, was evaluated. The effect of 5-HT was

compared with that of four 5-HT4 receptor agonists: pruca-

lopride and tegaserod have known gastroprokinetic effects and

tegaserod is used in constipation-predominant irritable bowel

syndrome. R149402 and R199715 are experimental 5-HT4

receptor agonists with a benzamide-derived benzofuran

structure cf. prucalopride, developed by Johnson & Johnson

Pharmaceutical Research & Development. In binding assays,

R149402 (pKi against the 5-HT4 receptor antagonist

GR113808¼ 8.5) shows selectivity ratios of 160 and 400

between 5-HT4 receptors and 5-HT1B and 5-HT1D receptors,

respectively, while it was at least 1000-fold more selective for

5-HT4 receptors compared to over 40 other receptors. R199715

(pKi against GR113808¼ 9.1) shows an overall selectivity ratio

of at least 1000 (Johnson & Johnson, unpublished data).

Methods

Tissue preparation

Female young pigs (10–11 weeks, 22–27 kg) and newborn

female pigs (2–3 days, 1.6–2.8 kg), obtained from local farms,

were deeply anaesthetized with an intravenous (50mgkg�1) or

intraperitoneal (100mg kg�1) sodium pentobarbital (Kela NV,

Hoogstraten, Belgium) injection, respectively. After exsangui-

nation, the heart was dissected and placed in Krebs–Henseleit

solution (composition in mM: glucose 11.1, CaCl2 2.51,

NaHCO3 25, MgSO4 1.18, KH2PO4 1.18, KCl 4.69, CaNa2
EDTA 0.033 and NaCl 118). The right and left atrium were

rapidly removed and thoroughly washed free of blood under

continuous oxygenation. For chronotropic effect studies, the

spontaneously beating right atrium was mounted in a 100ml

(20ml for newborns) organ bath containing Krebs–Henseleit

solution, continuously aerated with 95% O2 and 5% CO2.

Guo et al. (1983) showed that pectinate muscles serve as a

useful model of cardiac function, superior to atrial strips.

Therefore, left atrial pectinate muscles with a thickness

o1mm and a length between 3 and 7mm were carefully

dissected away from the endocardial surface (9–12 per left

atrium). The thickest end of the pectinate muscle was attached

to a tissue holder and the tissue was lowered vertically into

a 20ml water-jacketed tissue bath. The tissue holders were

equipped with two electrodes, designed for contact stimula-

tion. Electrodes were oriented perpendicularly to the tissue,

forcing the current through the axis of the tissue. Owing to the

small dimensions of the pectinate muscles in newborn pigs, the

left atria of these animals were cut into strips (o1mm width;

4 per left atrium), defined by the orientation of the pectinate

muscles, and mounted as described above. Preliminary

experiments showed that a temperature of 371C and a CaCl2
concentration of 2.51mM in the bathing solution generated

optimal conditions for all atrial experiments. Changes in

isometric force of the tissues were recorded via Statham UC2

force transducers (Gould, Cleveland, U.S.A.) and DBA 18

digital bridge amplifiers (Anerma, Belgium) on a Powerlab

data acquisition system and recorded using Chart v5.1.1

software. In experiments with newborn piglets, the amplifiers

were from Janssen Pharmaceutica, Belgium and data were

recorded directly on a chart recorder (Graphtec, Linearcorder

WR 3701). Electrical field stimulation was performed with a

constant voltage stimulator (Janssen Pharmaceutica, Belgium).

All tissues were used on the day of preparation. The study

was approved by the ethical committee from Johnson &

Johnson Pharmaceutical Research & Development, a division

of Janssen Pharmaceutica NV, Beerse, Belgium.

Experimental protocols

1. Left atrial pectinate muscles: Left atrial pectinate muscles

were placed under a minimal resting load (5–10mN) and were

driven with square-wave pulses (0.5Hz, 5ms duration, 4V,

corresponding current 0.03–0.05A). The preparation was

allowed to equilibrate and stabilize for 90min, with rinsing

every 30min. After this equilibration period, a length–tension
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curve was constructed by increasing the resting load stepwise

(3–5mN per step) to determine the length at which maximal

paced contractions occurred (Lmax) and the tissues were then

adjusted to 50% of Lmax. Strips showing no clear relation

between length and developed tension were excluded. Before

starting the experimental protocol, the solution described

above was refreshed and supplemented with 0.2 mM propra-

nolol and 6mM cocaine, to avoid possible b-adrenoreceptor-
mediated effects due to release of noradrenaline, and to reduce

the uptake of 5-HT by the tissue, respectively (Medhurst &

Kaumann, 1993). The voltage of the electrical stimulation was

then decreased to just above threshold voltage.

Once a stable response was obtained, the nonselective PDE

inhibitor 3-isobutyl-1-methylxanthine (IBMX) was added to

one organ bath (20 mM). After 30min, the IBMX-treated as

well as a nontreated pectinate muscle were used to establish

a cumulative concentration–response curve to an agonist with

half log-units ascending concentration increments (depending

on the agonist from 0.1 to 1 nM onwards). The contact time for

each concentration was approximately 3 (5-HT), 7 (prucalo-

pride and R149402) and 10min (tegaserod and R199715).

Seven consecutive concentrations of agonist were added as

a single concentration to different parallel tissues and the

response was followed for 30min (5-HT, prucalopride and

R149402) or up to 60min (tegaserod and R199715), where-

upon the 5-HT4 receptor antagonist GR113808 (0.1 mM) was
added, except in experiments with 5-HT. This concentration of

GR113808 is expected to induce a concentration ratio of at

least 200 for 5-HT4 receptor-mediated effects, based on affinity

data in the literature (Gale et al., 1994). After 30–60min,

experiments were terminated by the administration of a

saturating concentration of isoprenaline (0.1mM), still in the

presence of previously administered agonist and antagonist. In

separate tissues, the cumulative concentration–response curve

to 5-HT, both in the presence and absence of IBMX, was also

obtained after incubation with 0.3 mM GR113808 for 30min.

The influence of a 30min incubation period with 0.3 mM
GR113808 was also tested versus a single concentration of

5-HT (10 mM); the response of 5-HT was followed for 30min.

For prucalopride, an extra set of tissues was used to study

the effects of single concentrations in the presence of IBMX

(20mM). For comparison, the cumulative concentration–

response curve to prucalopride in the presence of IBMX was

also studied again. In these animals, one pectinate muscle

preparation was used to evaluate the effect of a single

concentration of tegaserod (1 mM) in the presence of IBMX.

GR113808 (0.1 mM) was added 30 or 60min after the

administration of the single concentration of prucalopride

and tegaserod, respectively. In this part of the study, basal

contraction force in the strips that were not treated with IBMX

was 12.070.3mN, while isoprenaline increased the twitch

force to 22.370.5mN (n¼ 247). In the strips that were to

receive IBMX, the contraction force before the administration

of IBMX was 13.570.4mN, IBMX increased the contraction

force to 16.970.6mN, while at the end of the experiment

isoprenaline increased it to 27.470.7mN (n¼ 150).

2. Newborn piglet left atrial strips: Pacing frequency was here

set at 1Hz. Preliminary experiments showed little variation in

Lmax between muscle strips, probably because of the rather

fixed dimensions of the strips, which made us decide in favour

of a fixed resting tension of 20mN, corresponding to 50% of

the preliminary Lmax. In all strips, a cumulative concentration–

response curve with log unit increments in the presence of

propranolol (0.2 mM), cocaine (6 mM) and IBMX (20 mM) was
constructed. Experiments were terminated by the administra-

tion of a saturating concentration of isoprenaline (0.1mM),

still in the presence of previously administered agonist. Basal

contraction force in the presence of IBMX was 12.870.6mN

and isoprenaline increased this contraction force to 24.57
1.0mN (n¼ 32). Since in these experiments IBMX was admini-

stered together with propranolol and cocaine, its effect per se

could not be assessed. In preliminary experiments in the

absence of IBMX, basal contraction force was 8.870.4mN

(n¼ 91).

3. Right atrium: The spontaneously beating right atrium of

the newborn and young female pigs was stretched to a resting

tension just sufficient to accurately measure developing force.

These conditions were chosen to avoid stretch-induced sinus

acceleration. The solution was refreshed every 15min, until

excessive foam production came to an end, and complemented

with 0.2 mM propranolol and 6 mMcocaine. In experiments with

right atria from newborn piglets, cocaine was only present in

the experiments with 5-HT. Approximately 55% of the atria of

young pigs showed irregular and/or very small contractions

because conduction block episodes occurred due to the

relatively large dimensions of these atria (ischemia); these

atria were not used. Once a stable inotropic and chronotropic

response was obtained, a cumulative concentration–response

curve was established for all the agonists under study (one

curve per preparation). To end the protocol, a saturating

concentration of isoprenaline (0.1mM) was administered to

the solution.

Data analysis

1. Inotropic and chronotropic effects: The average contraction

or beating rate during 2min before the addition of agonist was

taken as the initial value. All responses were expressed relative

to the increase above the initial value caused by 0.1mM

isoprenaline. Atrial preparations that showed an increase in

contraction to isoprenaline smaller than 1mN were excluded

from the analysis. An increase in contraction force was

quantified using the maximal response, while for a decreasing

response the minimal contraction was used. To account for the

individual bell-shaped concentration–effect curves in fitting

procedures, the higher concentrations where the response

declined under the maximal response were excluded. Rarely,

IBMX-treated pectinate muscles showed agonist-induced

arrhythmic contractions in the cumulative protocol; these

results were excluded in the fitting procedures (1/6 for

5-HT and R199715). The collected data were iteratively fitted

to the Hill equation, obtaining curve parameter estimates

for mid-point location (EC50, estimated as �log(EC50)),

upper asymptote of the observed maximal effect (a) and Hill

slope (nH):

E ¼ ½A�nH � a
KnH

A þ ½A�nH

This was carried out using a nonlinear mixed effects model

(PROC NLMIXED; SAS v9.1). These models include addi-

tional random effects (besides the fixed effects) to account

for interindividual variability of the fitted curve-location

parameters (see Vonesh & Chinchilli, 1997; Pinheiro & Bates,
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2000; Verbeke & Molenberghs, 2005 for more information on

mixed effects modelling).

Besides maximal twitch force, the change in contraction

velocity was analysed in all experiments with 5-HT and

prucalopride, and in experiments with cumulative administra-

tion of tegaserod, R149402 and R199715 in the absence of

IBMX. The change in maximal contraction (þ dF/dt) and

maximal relaxation (�dF/dt) rate was obtained by taking the

first derivative of isometric force recordings.

2. Lusitropic effects: For the analysis of the hastening of

contraction and lusitropic effect in the left atrial pectinate

muscles, the time from the beginning of contraction till the

peak (time to peak force (tpf)) and the time from peak

contraction till 50% relaxation (t50) were analysed with Peak

Parameters v2.1.1, an extension of Chart v5.1.1 for Windows.

The changes in tpf and t50 for each agonist were expressed in

terms of percentage relative to the change caused by isoprena-

line. Pectinate muscles in which isoprenaline did not reduce the

tpf or t50 (compared to the basal value) were excluded from the

analysis. The numbers used in the analysis are indicated

between brackets. Concentration–effect curves for tpf and t50
were fitted to the Hill equation using GraphPad Prism v.4.02;

no mixed-effects procedure was used.

Contraction and relaxation are two interconnected pro-

cesses. A change in the contraction phase (þ dF/dt) induces

a coordinated change in the relaxation phase (�dF/dt).
Therefore, �dF/dt cannot assess relaxation independently of

the contraction phase. To follow the time course of the

relaxant effect, we therefore also analysed a mechanical

parameter that takes simultaneous changes in contraction

and relaxation into account. The coefficient R2¼ (þ dF/dt)/

(�dF/dt) tests the coupling between contraction and relaxa-

tion. It has been shown to be a mechanical parameter that tests

the lusitropic state in a manner that is less dependent on the

inotropic changes. Indirectly it reflects myofilament calcium

sensitivity (Mattiazzi et al., 1986; Hanouz et al., 2004).

Statistics

To check for differences between two administration methods,

the fit of a three-parameter logistic model with common curve

location parameters for the two administration methods is

compared to the fit of a three-parameter logistic model with

separate curve location parameters for each administration

method. In the mixed-effects procedure in SAS, this is carried

out using a likelihood ratio (LR) test. For the lusitropic data,

the global fitting approach in GraphPad Prism v.4.02 was

used; in this method the goodness of fit of both models are

compared with an F-test (assessed by the sum of squares),

adjusting for difference in the number of degrees of freedom.

If the LR test or the F-test resulted in a P-value o0.05, the

individual curve location parameters (a, pEC50, nH) were

compared by a t-test and the corresponding P-values are

shown. To test whether the 5-HT4 receptor agonists caused a

reduction in tpf and t50 in the presence of IBMX, the raw data

were analysed using one-way ANOVA for repeated measures,

followed by a Dunett’s multiple comparison test to compare

the responses against the basal value. Comparisons between

two data groups were carried out using t-tests. When more

than two groups were to be compared, one-way ANOVA was

performed with a Tukey–Kramer post test. Unless otherwise

stated, data are presented as mean7s.e.m., based on results

from 5–7, 5–8 and 6–10 different animals for left atrium, right

atrium (10–11 weeks) and right atrium (newborn), respectively.

Significance is associated with a P-value o0.05.

Drugs

The following drugs were used (abbreviations and respective

suppliers in parentheses): 3-isobutyl-1-methyl-xanthine

(IBMX; Fluka, Switzerland); propranolol HCl (Sigma,

Belgium); [1-[2-[(methylsulphonyl)amino]ethyl]-4-piperidinyl]-

methyl-1-methyl-1H-indole-3-carboxylate (GR 113808; Tocris

Cookson, U.K.); 5-hydroxytryptamine creatinine sulphate (5-

HT; Acros chimica, Belgium); cocaine HCl, isoprenaline HCl,

tegaserod, prucalopride HCl, 4-amino-5-chloro-2,2-dimethyl-

2,3-dihydro-benzofuran-7-carboxylic acid [3-hydroxy-1-(3-

methoxy-propyl)-piperidin-4ylmethyl]-amide (R149402 HCl)

and 4-amino-5-chloro-2,3-dihydro-benzofuran-7-carboxylic

acid [3-hydroxy-1-(3-methoxy-propyl)-piperidin-4ylmethyl]-

amide (R199715 HCl; Johnson & Johnson Research and

Development, Beerse, Belgium). All compounds were dis-

solved and diluted in distilled water, except for GR 113808 and

tegaserod. GR 113808 was dissolved in dimethyl sulphoxide

(DMSO) to obtain a stock solution of 10mM. Dilutions were

made with distilled water. A stock solution of tegaserod

(1mM) was made in distilled water containing 20% cyclodex-

trin and diluted with distilled water. For experiments with

5-HT in newborn piglets, 5-HT was dissolved in 0.2mM

ascorbic acid.

Results

Effects of 5-HT on the left atrium of young pigs

Inotropic effects In left atrial pectinate muscles, 5-HT

caused a concentration-dependent increase in contractile force

when administered in a noncumulative manner (single

concentrations to different tissues) as well as in a cumulative

manner. The positive inotropic effect following the addition

of a single concentration of 5-HT reached a maximum after

1–2min (Figure 1a). After this, the contractile force quickly

returned to the basal value in approximately 10–15min, and

often stabilized at a level below basal within 30min. The

decrease below basal level was significant for the higher

concentrations of 5-HT (3 and 10 mM 5-HT; Po0.05). When

the change in contractile force per time unit (þ dF/dt)

was examined, the same transient response was observed

(Figure 3a). However, þ dF/dt stabilized at a level that was

not significantly different from basal within 30min for all

concentrations of 5-HT (results not shown). The cumulative

concentration–response curve (Figure 1b) has a typical bell

shape (Figure 2) as described earlier (Parker et al., 1995).

When adding the concentrations in the decreasing part of this

curve (from 3mM 5-HT onwards), no or a very small transient

inotropic response occurred and contraction force progres-

sively declined. The concentration–effect curves for cumulative

and noncumulative administration significantly (Po0.001)

differed in their maximal effect (Figure 2, Table 1). When

the cumulative concentration–effect curve was constructed in

the presence of IBMX (Figure 1c), the maximal effect and the

pEC50 were significantly increased compared to cumulative

administration in the absence of IBMX (Figure 2, Table 1).
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When compared with the location parameters of the non-

cumulative concentration–response curve to 5-HT in the

absence of IBMX, there is a significant increase in pEC50

and nH values (Figure 2, Table 1). When changes in

contraction rate (þ dF/dt) were expressed relative to isoprena-

line, the location and shape of the concentration–effect curves

were the same as described for the changes in force in the

corresponding conditions (results not shown).

Lusitropic effects 5-HT causes a reduction in tpf and t50
(as illustrated for a single concentration in Figure 3a and

for cumulative administration in Figure 3d). The curve

parameters for the concentration–effect curves upon non-

cumulative and cumulative administration are given in

Table 1. From 0.03mM onwards, noncumulative administra-

tion of 5-HT significantly reduced R2 (Figure 3b and c). This

reduction of R2 was not transient and occurred more slowly

than the inotropic response (R2 was not significantly decreased

at the inotropic maximum of a given concentration; compare

Figure 3b to a). The maximal reduction of R2 occurred at

0.3 mM 5-HT and was 1471% (measured 30min after agonist

administration). In the cumulative assay, 5-HT appeared less

efficacious and more potent in reducing the tpf but not the

t50, compared to the noncumulative conditions. In the cumu-

lative protocol, R2 was measured 30min after the administra-

tion of the highest concentration, to be comparable with the

noncumulative administration of 5-HT; 5-HT reduced R2

with 1772%.

IBMX per se induced significant reductions of both the

tpf and the t50 by 7.6771.16 and 8.2771.41ms, respectively

(n¼ 6, Po0.01; Figure 3e). 5-HT caused an additional

decrease in tpf and t50, which were not further reduced by

isoprenaline. The tpf and t50 after the administration of

isoprenaline in the presence of IBMX were on average only

6.2071.51 and 1.3371.95ms lower than the values in the

presence of IBMX per se (n¼ 6). Therefore, normalizing the

data to the isoprenaline response was not meaningful and no

fitting procedures were performed on the lusitropic data in the

presence of IBMX. IBMX reduced R2, and no additional

decrease of R2 was observed with 5-HT.

Effects of prucalopride, tegaserod, R149402, R199715
on the left atrium of young pigs

Inotropic effects In left atrial pectinate muscles, all 5-HT4

receptor agonists tested caused positive inotropic effects when

Figure 1 Representative tracings showing the response to 5-HT in porcine left atrial pectinate muscles. The upper tracing (a)
represents the effect caused by the administration of a single concentration of 5-HT (1 mM). The recording in (b) shows the response
following the cumulative administration of 5-HT with half log unit concentration increments, indicated by the arrows. In (c), the
response to a cumulative administration of 5-HT in the presence of the nonselective PDE inhibitor IBMX (20 mM) is shown.
Experiments were terminated by the administration of a supramaximal concentration of isoprenaline (0.1mM), still in the presence
of previously administered substances.
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administered in a noncumulative manner (as demonstrated for

prucalopride and tegaserod in Figure 4a and c, respectively).

The inotropic response for a given concentration of agonist

developed at a slower rate than for 5-HT, but reached a

maximum within 7min. The capricious nature of the

individual curves made it impossible to construct meaningful

fittings to the Hill equation for each animal. The vertically

averaged and connected data points (Figure 5), however,

show a clear concentration-dependent, significant increase in

contraction force after stimulation with the 5-HT4 receptor

agonists (Po0.001; ANOVA with post-test for linear trend on

log-transformed data to obtain equal variances). The maximal

developed increase in contraction force was 24.773.7% for

prucalopride, 17.672.3% for tegaserod, 15.273.5% for

R149402 and 8.872.3% for R199715. For prucalopride, the

increase in contraction velocity (þ dF/dt) was analysed,

revealing a maximal increase of 20.572.9%. Stimulation with

3 and 10 mM tegaserod caused an increase in contraction force

with kinetics comparable to the other concentrations (max-

imum reached within 7min), but for these concentrations this

‘early’ response was followed by a supplementary ‘late’

increase of contraction after 15–30min (Figure 4c). After

reaching a maximum, the response to all agonists tended to

fade with time. The effect of prucalopride and R149402 tended

to stabilize within 30min, while that of tegaserod and R199715

often needed up to 60min to consolidate. This decreased

response was significantly below the basal contraction force

for some concentrations of prucalopride (0.03, 0.3 and 1mM),
tegaserod (0.01 and 0.03 mM), R149402 (0.001, 0.003, 0.1

and 1mM) and R199715 (0.001, 0.003, 0.01, 0.03 and 1mM)
(Figure 5). The contraction rate of prucalopride also faded

to a level that was not significantly below basal, except for

0.3mM prucalopride.

When the different concentrations were added cumulatively,

no consistent increase in contraction was obtained. On

average, with increasing concentrations of agonist, contractile

force, but not þ dF/dt (results not shown), declined. For

tegaserod, R149402 and R199715, this reduction was repre-

sentative for the response in at least five out of six animals.

In only two out of six pectinate muscle preparations, the

contraction force decreased after a cumulative treatment with

prucalopride. The maximal decrease in contraction force was
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Figure 2 Concentration-dependent increase in contractile force by
5-HT in porcine left atrium pectinate muscle preparations. 5-HT was
administered in a noncumulative (non-cum), or cumulative way in
the absence (cum) or presence of 20 mM IBMX (cum IBMX).
The cumulative concentration–response curves were also obtained
after 30min pre-incubation with the 5-HT4 receptor antagonist
GR113808 (0.3 mM). The vertically averaged experimental data
points were expressed as mean percentage of the contraction caused
by 0.1mM isoprenaline; for the datapoints with GR113808, the
s.e.m. is shown. The curves shown superimposed on the vertically
averaged data points of (non-cum), (cum) and (cum IBMX)
represent the population mean obtained from an iterative fitting
procedure to the Hill equation in a nonlinear mixed effects model.
To account for bell-shaped curves, the higher concentrations where
the response declined under the maximal response were excluded
in the fitting procedures. Therefore, the bell shape only appears in
the averaged data points, and not in the superimposed curve (cum).
The data points of the experiments with GR113808 were connected
by a line.

Table 1 Curve parameters for the concentration–effect curves of the inotropic and lusitropic effects of 5-HT in left atrial
pectinate muscles of young pigs

Administration method pEC50 a nH

Inotropic effect
Noncumulative 6.6170.14 85.576.5*** 0.6670.05
Cumulative 6.8270.13### 52.775.4### 0.8670.09
Cumulative (IBMX) 7.7170.10$$$ 88.775.2 0.9370.07$

Reduction in time to peak force (tpf)
Noncumulative 6.3870.13* 71.176.0* ND
Cumulative 6.9970.21 50.775.4 ND
Cumulative (IBMX) ND ND ND

Reduction in time to reach 50% relaxation (t50)
Noncumulative 6.4070.22 67.378.6 ND
Cumulative 6.8870.20 58.976.0 ND
Cumulative (IBMX) ND ND ND

The parameters a, pEC50 and nH were obtained from the iterative fitting procedure to the Hill equation; a mixed-effects procedure was used
for the inotropic data. nH values for tpf and t50 are not shown since no animal-specific correlation was used in the fitting procedures, which
can cause an underestimation of the Hill slope. Experiments were performed in the presence of propranolol (0.2 mM) and cocaine (6 mM),
and 5-HT was administered noncumulatively, cumulatively or cumulatively in the presence of 20mM IBMX. Results were expressed as the
percentage increase compared to the response by isoprenaline (0.1mM). Since the reduction in tpf and t50 by isoprenaline in the presence of
IBMX was very small, normalizing the data to isoprenaline was not meaningful and no fitting procedures were performed on these data.
The values are expressed as mean7s.e.m. *Po0.05, ***Po0.001 noncumulative versus cumulative. ###Po0.001 cumulative versus
cumulative (IBMX). $Po0.05, $$$Po0.001 cumulative (IBMX) versus noncumulative, ND: not determined.
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7.978.2% for prucalopride, 22.277.6% for tegaserod,

10.574.5% for R149402 and 14.276.8% for R199715. When

the response to the highest cumulatively administered con-

centration (10 mM) of tegaserod was followed for another

30min, the same ‘late’ response as in the noncumulative

administration regime was observed.

When IBMX was added to the organ bath, all 5-HT4

receptor agonists showed a clear concentration-dependent

increase in contraction force (Figure 6a). The responses to

tegaserod showed a higher variability compared to the other

agonists, as reflected in the larger s.e.m. of the pEC50 when

compared to the other compounds (Table 2). Only tegaserod

shows an upper asymptote that did not differ from 5-HT, while

only prucalopride was equipotent with the natural ligand for

the 5-HT4 receptor (Po0.001 for all differences).

To investigate the role of PDEs in the observed difference in

the inotropic response between cumulative and noncumulative

administrations of agonists, we constructed concentration–

effect curves to prucalopride, added noncumulatively as well as

cumulatively, both in the presence of IBMX, in left atrial

pectinate muscle preparations from the same animals. In these

studies, the addition of a single concentration of agonist

caused a persistent (Figure 4b), concentration-dependent

increase in contraction (Figure 7). This contraction was stable

for 30min; the same was observed for þ dF/dt. An LR test was

used to compare the goodness of fit and no evidence was found

to reject the hypothesis that the curve parameters of the

noncumulative concentration–effect curve of prucalopride

were equal to those of the cumulative concentration–response

curve in the presence of IBMX (a, EC50, nH; P¼ 0.78). The

administration of a single concentration of tegaserod (1 mM) to
an IBMX-treated pectinate muscle also caused a perseverant

inotropic response of 51.578.6% (n¼ 4) that remained stable

during 60min. This was not significantly different from the

Figure 3 (a) Positive inotropic and lusitropic effects to 5-HT (10mM) on a left atrial pectinate muscle. Tracings show a recording
of the contractile force (upper panel) and the corresponding first derivative (lower panel). The diagrams on the right show a
superimposed fast-speed recording of a contraction before administration of 5-HT and at maximal inotropic response by 5-HT.
Basal values for þ dF/dt and �dF/dt were 312712 and �21078mN s�1, respectively; 0.1mM isoprenaline increased þ dF/dt
and �dF/dt to 737734 and �557725mN s�1, respectively (n¼ 48). (b) Tracing showing the time-related decrease of R2 (þ dF/dt/
�dF/dt) of the correlating tracings in (a). (c) Concentration-dependent decrease of R2, measured 30min after the administration of
a single concentration of 5-HT. On average, the basal value of R2 was 1.4770.02 in these experiments (n¼ 40). *Po0.05,
***Po0.001 versus basal values. (d, e) tpf and t50 by 5-HT in the presence of increasing cumulatively administered concentrations of
5-HT in the absence (d) and presence (e) of IBMX (20 mM). IBMX per se reduced tpf and t50. The vertically averaged experimental
data points are connected by a line. The influence of the administration of isoprenaline (0.1mM) at the end of the experiments is also
shown. Mean7s.e.m. is given; error bars smaller than symbols are not shown.
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response at the same concentration in the cumulative protocol

in the presence of IBMX (66.7712.8%).

Lusitropic effects The noncumulative administration of the

5-HT4-receptor agonists caused a reduction of the tpf and the

t50 (Table 3). In comparison to 5-HT, prucalopride was more

potent and less efficacious than 5-HT in reducing the tpf;

it was also less efficacious than 5-HT in reducing the t50, but

the potency difference was not significant (Table 3). The

influence of tegaserod on tpf and t50 was not different from

that of 5-HT, except for a smaller efficacy in reducing the tpf.

This efficacy (48.8%) was still twice as high as that of

prucalopride (Po0.01). Both R149402 and R199715 were

significantly more potent and less efficacious than 5-HT in

reducing tpf and t50. From 0.01 mM onwards, noncumulative

administration of prucalopride significantly reduced R2 by

maximally 1273% (measured 30min after agonist adminis-

tration; no significant change in R2 was observed at the time of

maximal inotropic response for a given concentration).

Although not having a positive inotropic effect when added

cumulatively, the 5-HT4 receptor agonists did reduce the tpf

and t50 when administered in a cumulative fashion (Figure 5,

Table 3). For tegaserod the curve-location parameters of the

two effects were not significantly different from the parameters

obtained with 5-HT. Prucalopride was less efficacious in

reducing the t50 compared to 5-HT. R149402 and R199715, on

the other hand, were also less efficacious but more potent in

reducing tpf and t50 compared to 5-HT. In comparison to the

noncumulative protocol, prucalopride, R149402 and R199715

caused a significantly higher reduction in the tpf, without a

change in the pEC50. Except for R149402, which is signifi-

cantly more efficacious (Po0.01) when administered cumula-

tively, no significant differences in the curve parameters for the

t50 between the two administration protocols were found. In

case of tegaserod, the administration method did not show a

significant influence on the curve parameters. The response to

isoprenaline was consistent in all experiments with noncumu-

lative and cumulative administration of the agonists. At 30min

after a cumulative administration of prucalopride, tegaserod,

R149402 and R199715, R2 was reduced by maximally 572,

1471, 672 and 473 %, respectively.

IBMX reduced the tpf and t50 by 9.9470.94 and

8.4671.18ms, respectively (pooled data for experiments with

all agonists, n¼ 26). The four 5-HT4 receptor agonists caused a

Figure 4 Representative tracings showing the response to prucalopride (a, b) and tegaserod (c) in porcine left atrial pectinate
muscles. The effect caused by the administration of a single concentration of prucalopride in the absence (a) or presence (b) of 20 mM
IBMX is shown. In (c) the biphasic effect caused by a single concentration, in the absence of IBMX, of tegaserod is demonstrated.
The effect of the administration of GR113808 (0.1 mM), still in the presence of the agonist, is shown in (a–c). Experiments were
terminated by the administration of a supramaximal concentration of isoprenaline (0.1mM), still in the presence of previously
administered substances.
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small additional decrease in the tpf and t50. But since the

decrease in tpf and t50 caused by isoprenaline in the presence of

IBMX was very small (on average 4.2870.99 and 2.1870.76ms,

respectively, n¼ 26), normalizing the data to the isoprenaline

response was not meaningful and no fitting procedures were

performed on the lusitropic data in the presence of IBMX.

IBMX reduced R2 by 1171% (n¼ 48). Prucalopride caused no

additional changes of R2 in the presence of IBMX.

Antagonism of the inotropic effects by GR113808
in the left atrium of young pigs

Preincubation of left atrial pectinate muscles with 0.3 mM
GR113808 was able to block the responses caused by a

cumulative administration of 5-HT in the absence of IBMX

(Figure 2). GR113808 shifted the cumulative concentration–

effect curve in the presence of IBMX to the right by

-9 -8 -7 -6 -5

-80

-60

-40

-20

0

20

[prucalopride]  (logM)

%
 in

cr
ea

se
 in

 c
on

tr
ac

tio
n

-1 -9 -8 -7 -6 -5

30

40

50

60

70

80

B
as

al

Is
o

[prucalopride]  (logM)

T
P

F
 (

op
en

 s
ym

bo
ls

)
T

50
 (

cl
os

ed
 s

ym
bo

ls
)

m
s

T
P

F
 (

op
en

 s
ym

bo
ls

)
T

50
 (

cl
os

ed
 s

ym
bo

ls
)

m
s

T
P

F
 (

op
en

 s
ym

bo
ls

)
T

50
 (

cl
os

ed
 s

ym
bo

ls
)

m
s

T
P

F
 (

op
en

 s
ym

bo
ls

)
T

50
 (

cl
os

ed
 s

ym
bo

ls
)

m
s

-9 -8 -7 -6 -5

-80

-60

-40

-20

0

20

[tegaserod]  (logM)

%
 in

cr
ea

se
 in

 c
on

tr
ac

tio
n

-1 -9 -8 -7 -6 -5

30

40

50

60

70

80

B
as

al

Is
o

[tegaserod]  (logM)

-10 -9 -8 -7 -6

-80

-60

-40

-20

0

20

[R149402]  (logM)

%
 in

cr
ea

se
 in

 c
on

tr
ac

tio
n

-1 -10 -9 -8 -7 -6

30

40

50

60

70

80

B
as

a
l

Is
o

[R149402]  (logM)

-10 -9 -8 -7 -6

-80

-60

-40

-20

0

20

[R199715]  (logM)

%
 in

cr
ea

se
 in

 c
on

tr
ac

tio
n

-10 -9 -8 -7 -6

30

40

50

60

70

80

B
as

al

Is
o

[R199715]  (logM)

non-cum (max)

non-cum (GR113808)
non-cum (time)

Figure 5 Concentration-dependent effects of the 5-HT4 receptor agonists prucalopride, tegaserod, R149402 and R199715 on
contractile force (left panels) and on tpf and t50 (right panels) in left atrial pectinate muscles. In the left panels, the maximal
responses and the responses after 30min (prucalopride, R149402) or up to 60min (tegaserod, R199715) upon noncumulative
administration of the agonist is shown (non-cum time). At 30 or 60min, GR113808 (0.1 mM) was administered and the minimal
contraction force in the presence of GR113808 is shown (non-cum GR113808). The vertically averaged experimental data points
were expressed as mean percentage7s.e.m. of the contraction to isoprenaline (0.1mM) and connected by a line. In the right panels,
the responses to a cumulative administration of agonist are shown and averaged data points7s.e.m were connected by a line.
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approximately a factor 1000, which corresponds to the shift

that can be expected from its KB values in the literature (Gale

et al., 1994). After pre-incubation with the antagonist, most of

the response following the administration of a single concen-

tration of 5-HT (10 mM) was prevented (results not shown). In

these conditions, 5-HT caused an increase in contraction force

of 6.873.0% that diminished to �7.173.5% within 30min.

This corresponds to the response in the absence of GR113808

of a concentration of 5-HT that is approximately 1000-fold

lower (10 nM). These observations are in line with the 5-HT4

receptor being the only 5-HT receptor subtype involved in the

observed responses in our preparations.

In single concentration experiments, adding 0.1 mM
GR113808 after the agonist caused an additional decrease in

contraction force, even when the response to the agonist had

stabilized below basal at the moment of administration of

GR113808 (Figures 4 and 5). This effect was most prominent

for prucalopride and tegaserod, and was also observed for 5-

HT (preliminary experiments). For prucalopride and particu-

larly for tegaserod, the effect of GR113808 increased when the

preceding concentration of agonist increased. At a concentra-

tion of 0.3mM prucalopride and 10mM tegaserod, GR113808

resulted in maximal decreases in contraction force of 19.174.5

and 32.174.7% respectively (compared to the situation before

the addition of antagonist and normalized for the response of

isoprenaline above basal). GR113808 had the same effect on
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Figure 6 Influence of cumulatively administered increasing con-
centrations of 5-HT and the 5-HT4 receptor agonists prucalopride,
tegaserod, R149402 and R199715 on the contraction force in
IBMX-treated left atrial pectinate muscles (a) and the beating rate of
right atrium (b) of young pigs. The experiments in (b) were carried
out in the absence of IBMX. The vertically averaged experimental
data points were expressed as mean percentage of the contraction
caused by 0.1mM isoprenaline. The curves shown superimposed on
the vertically averaged data points represent the population mean
obtained from an iterative fitting procedure to the Hill equation in a
nonlinear mixed-effect model.

Table 2 Curve parameters for the concentration–
effect curves of the inotropic effect in left atrial
pectinate muscles and the chronotropic effect in right
atria of young pigs

Agonist pEC50 a nH

Inotropic effect
5-HT 7.7170.10 88.775.2 0.9370.07
Prucalopride 7.7070.09 64.376.7*** 0.8670.05
Tegaserod 6.8570.17*** 93.576.8 0.5870.02
R149402 8.9770.08*** 51.675.5*** 0.8670.05
R199715 8.9470.09*** 32.876.7*** 0.9170.06

Chronotropic effect
5-HT (0/6) 6.5370.14 54.474.8 0.8770.05
Prucalopride (2/7) 7.0170.14* 27.674.6*** 1.1670.11
Tegaserod (3/6) 6.5870.17 57.675.7 0.6270.04
R149402 (1/8) 8.5370.15*** 16.374.2*** 1.3070.16
R199715 (1/5) 8.7070.17*** 25.675.4*** 1.2370.15

All experiments were carried out in the presence of cocaine
(6mM) and propranolol (0.2mM), while only in experiments
with left atria IBMX (20mM) also was added; agonists were
added cumulatively. The parameters were obtained using a
mixed-effects fitting procedure with the Hill equation. The
values are expressed as mean7s.e.m. Numbers between
brackets for the chronotropic effects represent the number
of animals showing agonist-induced arrhythmic contractions.
*Po0.05, ***Po0.001 versus corresponding values for 5-HT.
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Figure 7 Concentration-dependent increase in contractile force by
noncumulative and cumulative administration of prucalopride to
left atrial pectinate muscles in the presence of IBMX. The maximal
response by a given concentration of prucalopride is shown (non-
cum max), as well as the response after 30min (non-cum 30min).
The 5-HT4 receptor antagonist GR113808 (0.1 mM), administered
30min after prucalopride, reduced the contractile force to the value
shown (non-cum GR113808). The vertically averaged experimental
data points were expressed as mean percentage7s.e.m. of the
contraction to isoprenaline (0.1mM) and connected by a line.
*Po0.05, **Po0.01, ***Po0.001: responses significantly below
basal value.
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the contraction velocity of prucalopride, with a maximal

decrease of þ dF/dt of 13.272.9%. The stable decrease of R2,

on the other hand, was not reversed by GR113808. In the

experiments where IBMX-treated pectinate muscles received a

single concentration of prucalopride, which induced a nearly

stable increase of the EFS-induced contraction amplitude, the

administration of 0.1 mM GR113808 reduced the contraction

amplitude (as well as the change in þ dF/dt, results not shown)

to a level (Figure 4b) that was significantly below basal for

3 nM to 1 mM prucalopride (Figure 7). In the presence of

IBMX, 0.1mM GR113808 also reverted the increased contrac-

tion by a single concentration of tegaserod (1 mM) to a level

below basal (�19.471.6%, n¼ 4).

Spontaneously beating right atrium

The spontaneously beating right atria of the young pigs (10–11

weeks) showed a basal beating rate of 65.972.6 beatsmin�1

(b.p.m.) (averaged data for all experiments, n¼ 33). Prelimin-

ary data showed no fading of the response in beating rate upon

a single concentration of 5-HT, while the inotropic effect

declined. Chronotropic responses to a cumulative administra-

tion of all agonists under study were determined (Figure 6,

Table 2). Except for experiments with 5-HT, arrhythmic

contractions occurred in experiments with all agonists in at

least one animal. These arrhythmic contractions were probably

caused by the induction of conduction block episodes, rather

than by the induction of ectopic loci. The number of right atria

in which at least one agonist concentration was followed by

arrhythmia was: prucalopride, n¼ 2/7; tegaserod, n¼ 3/6,

R149402, n¼ 1/8; R199715, n¼ 1/5. All data were included

in the mixed-effects model, including those curves in which

arrhythmic contractions occurred. Tegaserod was not different

from 5-HT with respect to the maximal chronotropic effect or

the pEC50. All the other agonists were more potent and less

efficacious in increasing the heart rate than 5-HT. We also

fitted the model to the data set in which we excluded, for each

animal, all concentrations greater than or equal to the lowest

concentration that evoked an arrhythmic response. The curve

parameters obtained as such were not different from the

parameters that were obtained when all data were included

(results not shown). The response to isoprenaline was not

different between the experiments with the different agonists.

The beating rate after the administration of isoprenaline was

144.572.5 b.p.m. (averaged data for all experiments, n¼ 33).

Newborn pig

To investigate the influence of development on atrial 5-HT4

receptors, the inotropic and chronotropic responses to 5-HT

and the 5-HT4-receptor agonists were determined on IBMX-

treated left atrial muscle strips and the spontaneously beating

right atrium of newborn pigs (Table 4, Figure 8).

Only 5-HT showed clear sigmoid concentration–effect

curves in the left atrium. Prucalopride was less consistent in

its response, but still produced a curve shape that allowed

meaningful fitting in 6/7 animals. The other agonists produced

variable responses, capricious in nature, and often not

reaching a clear maximum before 0.1mM. Still, the use of a

mixed-effects procedure resulted in reasonable fittings on the

responding animals for prucalopride and tegaserod (Table 4,

Figure 8a). However, the very low Hill slopes and fairly low

potencies of R149402 and R199715 are probably the result of

the low and inconsistent response. For the chronotropic effect

in the right atrium, 5-HT, prucalopride and tegaserod induced

clear sigmoid concentration–effect curves. The response to

R199715 was variable and the maximal response was reached

in a very narrow concentration range, as reflected in the high

Hill slope. For R149402 three animals out of seven and for

R199715 two animals out of 10 showed no response. Only the

responding animals were used to determine the curve para-

meters (Table 4). The basal beating rate of the atria from

newborns was 98.871.9 b.p.m. and the addition of isoprena-

line resulted in a beating rate of 178.673.1 b.p.m. (averaged

data for all agonists, n¼ 40). The response to isoprenaline was

not different between agonists.

Discussion

In this study, we aimed to characterize in the pig the inotropic

and lusitropic effects of 5-HT, and the 5-HT4 receptor agonists

Table 3 Effect of 5-HT4 receptor agonists on time to peak force (tpf) and time to 50% relaxation (t50) in left atrial
pectinate muscles of young pigs

tpf t50
Compound Administration method PEC50 a pEC50 a

5-HT non 6.3870.13 71.176.0 6.4070.22 67.378.6
cum 6.9970.21# 50.775.4# 6.8870.20 58.976.0

Prucalopride non 7.2370.17*** 24.672.4*** 6.9670.29 35.875.5**
cum 6.7870.22 51.676.1### 6.8170.23 39.375.5*

Tegaserod non 6.5870.25 48.877.0* 6.9870.17 45.874.8
cum 6.9970.211 50.875.71 6.9570.222 58.176.42

R149402 non 8.1570.242*** 16.672.12*** 8.0770.17*** 23.072.6***
cum 8.1470.25*** 34.574.4*,### 8.2670.18*** 37.874.1**, ##

R199715 non 8.6170.42*** 11.172.6*** 7.9770.34*** 25.774.7***
cum 8.4470.341*** 30.475.01**,### 8.2770.48** 35.077.8*

Agonists were added in a cumulative (cum) and noncumulative (non) way. nH values are not shown since no animal-specific correlation
was used in the fitting procedures, which can cause an underestimation of the Hill slope. Experiments were carried out in the presence of
cocaine (6mM) and propranolol (0.2mM). Values are expressed as mean7s.e.m. *Po0.05, **Po0.01, ***Po0.001 versus corresponding
values for 5-HT. #Po0.05, ##Po0.01, ###Po0.001 cumulative versus noncumulative. 1One strip excluded from calculations because
isoprenaline had no effect above basal, or 2because a second contraction occurred in the relaxation phase.
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prucalopride, tegaserod, R149402 and R199715 in the left

atria, and their chronotropic effects in spontaneously beating

right atria; the role of PDE enzymes in the regulation of the

inotropic response was studied by using the PDE enzyme

inhibitor IBMX. To verify whether the responses are devel-

opmentally related, we also studied the left atrial myocardial

and sinoatrial 5-HT4 receptors of newborn piglets.

Inotropic effects in the porcine left atrium

Involvement of the 5-HT4 receptor: 5-HT, as well as the 5-HT4

receptor agonists prucalopride, tegaserod, R149402 and

R199715, evoked positive inotropic effects in the porcine left

atrium. 5-HT4 receptors have been shown to be the only

functional receptor for 5-HT in porcine right and left atrium

(Lorrain et al., 1992; Medhurst & Kaumann, 1993; Parker

et al., 1995). The 5-HT4 receptor antagonist GR113808 was

able to prevent and/or reverse the agonist-induced inotropic

responses, supporting the idea that the effects are 5-HT4

receptor-mediated. The increased contraction force upon

5-HT4 receptor activation is probably due to an increase in

L-type Ca2þ current, an effect that has been described in

human atrial myocytes for 5-HT (Ouadid et al., 1992; Pau

et al., 2003), and very recently also for prucalopride (Pau et al.,

2005). A mechanism involving the phosphorylation of these

Ca2þ channels by cAMP-dependent protein kinase was

proposed, similar to the well-documented cardiac effects of

b-adrenergic receptor activation by agonists (Ouadid et al.,

1992). This is in accordance with the 5-HT4 receptor-induced

stimulation of adenylyl cyclase and PKA in human atrial strips

(Kaumann et al., 1990). The increased L-type Ca2þ current

and the subsequent Ca2þ -induced release of Ca2þ from the

sarcoplasmatic reticulum, through the activation of ryanodine

channels, is thus a plausible explanation of the observed

positive inotropic action of the 5-HT4 receptor agonists.

Fading of 5-HT4 receptor-induced inotropic response: The

positive inotropic response observed after the administration

of a single concentration of agonist was transient. This time

dependency was most clear for 5-HT, where the response

returned to basal values within 15min. For the higher

concentrations, the response stabilized below the basal

contraction level. The same time dependency was observed

for the increase in contraction rate (þ dF/dt). This excludes

the possibility that a hastened relaxation causes the fading of

the contraction force. For experiments with 5-HT, the

contraction rate stabilized at a level that was not significantly

different from basal for all concentrations of 5-HT tested. The

other agonists showed slower kinetics in the rising as well as in

the descending phase of the inotropic response, that could also

stabilize below basal. Furthermore, there is a clear influence of

the administration method on the concentration–response

relationship. In a cumulative administration protocol, 5-HT

appeared less efficacious compared to a noncumulative

administration, while for the other agonists no positive

inotropic response was observed in the cumulative protocol.

Moreover, the cumulative concentration–response curve of

5-HT shows a typical bell shape. These observations suggest

the involvement of a mechanism inducing fading of the

inotropic response. In the cumulative protocol, the adminis-

tration of the highest 5-HT concentration was not able to

overcome the progressive fading of the response. Therefore, we

can exclude the possibility that degradation of the ligand

contributes to the fading response.

As in this study, in the human paced left atrium, the

cumulative administration of 5-HT generates a bell-shaped

concentration–response curve (Sanders & Kaumann, 1992).

On the other hand, the response to a single concentration of

5-HT did not fade in the paced human right atrium, while the

response to 5-CT and renzapride faded after a prolonged

exposure to the agonists (Kaumann et al., 1991). It is

noteworthy that the response following a cumulative adminis-

tration of renzapride appeared bell shaped, while the response

to 5-HT was not. This indicates that the mechanisms regu-

lating the generated response can be different between -

different species, between both atria or even between different

agonists.

Table 4 Curve parameters for concentration–effect curves of the left atrial inotropic and the right atrial chronotropic
effect in newborn piglets

Agonist pEC50 a nH

Inotropic effect
5-HT (n¼ 7) 6.5470.11 69.876.1 0.9170.07
Prucalopride (n¼ 6/7) 6.7970.38 30.478.0 0.9170.14
Tegaserod (n¼ 5/7) 7.1870.20 32.776.6 0.5470.07
R149402 (n¼ 6/7) 4.8370.37 56.3712.2 0.3770.04
R199715 (n¼ 5/6) 6.1970.40 28.376.8 0.4170.07

Chronotropic effect
5-HT (n¼ 6) 6.8570.12 64.373.3 1.2370.12
Prucalopride (n¼ 7) 7.0670.14 14.473.5 0.8570.16
Tegaserod (n¼ 10) 6.4970.12 21.872.8 0.8570.09
R149402 (n¼ 4/7) 8.0070.14 0.870.7 3.1671.70
R199715 (n¼ 8/10) 8.8370.06 10.073.3 10.5875.27

Inotropic experiments in left atrium were carried out in the presence of cocaine (6mM), propranolol (0.2mM) and IBMX (20 mM). In
experiments with the spontaneously beating right atrium, propranolol was added to the organ bath in all experiments, while cocaine was
only present in experiments with 5-HT. The parameters were obtained using a mixed-effects fitting procedure with the Hill equation. The
values are expressed as mean7s.e.m. Only responsive atria were used to obtain curve parameters; the numbers used for fitting versus total
number studied are shown within brackets. The inotropic and chronotropic results for R149402 and R199715 are shown in italic; for the
inotropic results, the very low Hill slope is indicative for low, inconsistent responses and misleading fits; for the chronotropic results, the
high Hill slope results from the fact that the first chronotropically active agonist concentration resulted in a nearly maximal response
because of the low response in some animals.
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Different mechanisms can be involved in the observed

fading of the inotropic response. Some splice variants of the

5-HT4 receptor have been shown to couple to Gi proteins in

transfected cells as well as in rat cardiac myocytes (Pindon

et al., 2002; Castro et al., 2005). We consider it unlikely that

the fading response is caused by a time-dependent switch in G

protein selectivity from Gs to Gi, which has been described for

b2-adrenergic receptors (Heubach et al., 2004; Martin et al.,

2004) since GR113808 would also block this Gi-mediated

effect and would thus not decrease the contraction force once

it has stabilized.

Receptor desensitization 5-HT4 receptors have been shown

to desensitize upon activation by their ligands (Ansanay et al.,

1992; Ronde et al., 1995; Mialet et al., 2003). The 5-HT4(a)

receptor undergoes rapid (t(1/2)B2min) concentration-depen-

dent phosphorylation after stimulation with 5-HT (Ponima-

skin et al., 2005), which is the initial trigger for desensitization

leading to uncoupling of the receptor from the G proteins

(Ferguson, 2001). Both in the presence and absence of IBMX

a maximal inotropic response for 5-HT was reached within

1–2min after the administration of a single concentration of

5-HT, which is in accordance with the phosphorylation time

profile described for the 5-HT4(a) receptor. The occurrence of

desensitization tallies with the difference in maximal effect of

5-HT between noncumulative and cumulative concentration–

response curves (and the absence of positive inotropic effects

upon cumulative administration of prucalopride, tegaserod,

R149402 and R199715) since in a cumulative protocol,

previously administered agonist concentrations, causing (par-

tial) receptor desensitization, will interfere with the equilibrium

between the additional agonist concentrations and the

remaining receptors. When the inotropic response to a 5-HT4

receptor agonist stabilized below basal levels, GR113808 was

still able to induce a further small reduction of the contraction

force. The contraction velocity, stabilized near basal, was also

further reduced to a level below basal by GR113808. Similar

to what has been observed in the human ventricle after

stimulation of IBMX-treated ventricular trabeculae with 5-HT

(Brattelid et al., 2004b), GR113808 also reversed the stable

increased contraction force upon stimulation with prucalo-

pride or tegaserod in the presence of IBMX. Although 5-HT4

receptors have been shown to possess a large, splice variant-

dependent, constitutive activity (Claeysen et al., 1999), it seems

unlikely that GR113808 acted as an inverse agonist at a

constitutively activated 5-HT4 receptor, as GR113808 did not

show any effect on the basal contraction force, both in the

absence or presence of IBMX (data not shown). It can thus be

deduced that the 5-HT4 receptors are at least still partially

active and thus certainly not completely desensitized, as they

remain accessible for GR113808 when the response has

stabilized.

Role of PDE enzymes PDE enzymes, which catalyse the

breakdown of cAMP, obviously play a role in the observed

fade. Indeed, the inhibition of these enzymes with IBMX

results in a marked increased responsiveness to single

concentrations of prucalopride and tegaserod with no fading

for 30 or 60min, respectively (contraction force as well as

þ dF/dt). Furthermore, IBMX greatly potentiates the 5-HT-

induced contractions, and unravels the contractions upon the

cumulative administration of prucalopride, tegaserod,

R149402 and R199715. This is in line with a recent study, in

which the inhibition of PDE led to the discovery of functional

porcine and human ventricular 5-HT4 receptors (Brattelid

et al., 2004b), hereby contradicting previous reports, where no

5-HT4 receptor-mediated effects in human and porcine

ventricles could be shown, probably because no PDE inhibitor

was used (Jahnel et al., 1992; Schoemaker et al., 1992; 1993).

Furthermore, in the presence of IBMX, the concentration–

effect relation for prucalopride was the same for cumulative

and noncumulative administrations. This suggests that PDEs

are the major cause of the observed contrast between the effect

of the agonists with both administration methods in the

absence of IBMX. This does not exclude the possibility of the

involvement of concentration-dependent (partial) rapid desen-

sitization since this might be masked by IBMX in the

cumulative protocol.

For the b2-adrenoreceptor a mechanism has been demon-

strated by which b-arrestins, which are also involved in 5-HT4

receptor desensitization (Ponimaskin et al., 2005), contribute
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Figure 8 Influence of cumulatively administered increasing con-
centrations of 5-HT and the 5-HT4 receptor agonists prucalopride,
tegaserod, R149402 and R199715 on contraction force in IBMX-
treated left atrial muscle strips (a) and on beating rate in
spontaneously beating right atria (b) of newborn pigs. The
experiments in (b) were performed in the absence of IBMX. The
data points represent the vertically averaged responses, expressed as
percentage increase of force (a) or rate (b) relative to the increase in
force (a) or rate (b) caused by 0.1mM isoprenaline. The super-
imposed lines are the population averaged curves obtained through a
nonlinear mixed-effects modelling approach using the Hill equation.

152 J.H. De Maeyer et al Porcine atrial 5-HT4 receptor-mediated effects

British Journal of Pharmacology vol 147 (2)



to the degradation of cAMP by recruiting cAMP-specific

PDEs to ligand-activated receptors (Perry et al., 2002). Both

b2-adrenergic and 5-HT4 receptors are expressed on the same

cardiac cells and can even form heterodimers (Ouadid et al.,

1992; Berthouze et al., 2005). Therefore, in analogy with

b-adrenoreceptors, b-arrestins could also be involved in the

recruitment of PDEs upon 5-HT4 receptor activation, and the

observed fading in our experiments could thus well be caused

by an integrated cascade of events that involve the coordinated

activation of receptor-desensitizing mechanisms and the

quenching of the receptor-induced activity.

Furthermore, PKA anchor proteins (AKAPs) serve to

sequester PKA to distinct subcellular compartments for local

activation, and the AKAP–PKA complex scaffolds and

activates PDEs, which maintain compartmentation by limiting

the diffusion of the second messenger (Dodge et al., 2001;

Baillie & Houslay, 2005). This mechanism generates local PDE

activity and therefore controls the spatial gradient of cyclic

nucleotides (Zaccolo & Pozzan, 2002; Carlisle Michel et al.,

2004; Rochais et al., 2004) and provides a molecular frame-

work for a negative feedback mechanism by which cAMP may

regulate its own levels (Rochais et al., 2004). It is possible that,

also for the 5-HT4 receptor, PDEs play a role in the targeting

of the response, or, as Brattelid et al. (2004b) suggested, that

they have a protective role against 5-HT-induced cardiosti-

mulation. The cardiac compartmentation has been shown to

be greatly reduced by IBMX (Jurevicius & Fischmeister, 1996).

The increased inotropic effect of the 5-HT4 receptor agonists in

the presence of IBMX could therefore be a direct consequence

of the inhibition of PDE action and/or, since compartmenta-

tion is lost, result from the more diffuse activation of cAMP

substrates.

The reduction of the contraction force below basal after

stimulation with an agonist is in line with the loss of the

positive inotropic response by PDE action. The observation

that the contraction force stabilized below basal, while the

þ dF/dt stabilized at the basal level, can be explained by the

decrease of R2 at this moment. This indicates that there is still

a lusitropic effect present, which is thus less sensitive to the

negative influence of the PDEs than the positive inotropic

response. This prolonged relaxant effect might be related to

the lusitropic role of phospholamban and troponin I (see

below), as they have slow dephosphorylation kinetics (Garvey

et al., 1988).

The same argumentation could explain the observations

with GR113808. Just as PDEs, GR113808 preferentially

blocks the positive inotropic response over the lusitropic one,

since R2 remains decreased. This is in line with the study of

Brattelid et al. (2004b), who found that the positive inotropic

effects of 5-HT in human ventricle were completely reversed by

GR113808, whereas the lusitropic effects were only partially

reversed. However, in the presence of IBMX, R2 was

unaffected by the stimulation with prucalopride, yet the

maximal contraction force and velocity (independent of

lusitropic responses) was also reduced below its basal level

by GR113808 (which cannot be accounted for by PDEs in this

condition). Therefore, some negative inotropic mechanism

other than PDE activation seems to be involved here.

Comparison of 5-HT4 receptor agonists: In the presence of

IBMX, prucalopride, R149402 and R199715 acted as partial

agonists in the paced left atrium, while no significant difference

in efficacy was found between tegaserod and 5-HT. These

results confirm previous findings with piglet sinoatrial and

human right atrial tissue, in which substituted benzamides

behaved as partial agonists (Kaumann et al., 1991; Villalon

et al., 1991; Medhurst & Kaumann, 1993). Langlois &

Fischmeister (2003) already stated that the stimulation of

5-HT4 receptors in piglet isolated right atrium is a useful

method for evaluating the pharmacological profile of 5-HT4

receptor ligands. Prucalopride also acted as a partial agonist

on the L-type Ca2þ current through 5-HT4 receptors in human

atrial cells (Pau et al., 2005). This study together with our

current findings show the partial agonistic character of

prucalopride in a cardiac assay. It is interesting that

R149402 and R199715, which are both structurally related to

prucalopride, are more potent but less efficacious than their

parent molecule. Tegaserod results in slow inotropic responses,

and, for the higher concentrations, displays an additional

inotropic response following a lag phase. In the literature,

tegaserod is described as a high-affinity, potent 5-HT4 receptor

agonist. Compared to these reports, the potency by which

tegaserod increased left atrial contraction force in the present

study was considerably lower (Beattie et al., 2004). But, since

in our experiments, the curve to tegaserod has a low Hill slope,

these findings might be related to a very difficult penetration of

the chemical into the tissue. Although tegaserod has been

shown to interact with 5-HT1 and 5-HT2 receptors (Briejer

et al., 2001; Beattie et al., 2004), we consider it doubtful that

these interactions occur in porcine atrium as 5-HT4 receptors

are the only ones described in pig atria. However, the

possibility that tegaserod interacts with non-5-HT4 receptors

cannot be excluded. Interestingly, a low Hill slope is also

observed for the noncumulative concentration–response curve

to 5-HT, which is structurally related to tegaserod as they both

are indolic compounds. Another alternative explanation could

be that these indoles stabilize a specific receptor state

that activates multiple G proteins, a mechanism that is

called agonist-directed trafficking (Kenakin & Morgan, 1989;

Kenakin, 1995).

Influence of development: In newborn piglets, the 5-HT4

receptor agonists were less potent and/or less efficacious in

inducing left atrial inotropic responses than in young pigs;

results with R149402 and R199715 could even not be

adequately fitted. A similar age dependency was recently

shown for 5-HT4 receptor-associated inotropic responses

induced by 5-HT in porcine ventricular trabeculae carnae.

5-HT was 15-fold more potent and twice more efficacious in

the trabeculae of 3 months old pigs than of newborn piglets.

Furthermore, the increase of PKA activity caused by 10 mM
5-HT was twice as big in young pigs than in newborns

(Brattelid et al., 2004b). In our left atrial experiments, a similar

potency shift, but a smaller efficacy difference for 5-HT, is

found. The developmental changes that cause the develop-

ment-related increase in response to 5-HT4 receptor activation

are not yet understood. One possibility is that the 5-HT4

receptor expression increases during development. The expres-

sion level of 5-HT4 receptors in the atria of piglets is indeed

very low, being less than 1% of that of b1-adrenoreceptors
(Kaumann et al., 1995). In comparison, in human (adult) atria

the expression of 5-HT4 receptors equals 10 and 20% of that

of b1- and b2-adrenoreceptors, respectively (Kaumann et al.,

1996). In accordance with this higher receptor density, the

5-HT-induced inotropic responses on human atria are bigger

than on piglet atria (Kaumann & Sanders, 1998).
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Another possibility is that the 5-HT4 receptors become more

efficiently coupled to their effectors during development. It has

indeed been shown that chronic treatment with b-blockers
causes an increased response to 5-HT at 5-HT4 receptors

(Sanders et al., 1995; Pau et al., 2003), while it is documented

that treatment with b-blockers does not change 5-HT4 receptor

mRNA (Grammer et al., 2001). The increased sensitivity could

be induced by an increased expression of G-protein. An age

dependency of the expression, as well as the receptor-mediated

activation of G-proteins, has been shown in human atrium

(Kilts et al., 2003).

Lusitropic effects in the porcine left atrium

It has previously been shown that 5-HT changes the time to

reach peak force in human left and right atria and ventricles

(Kaumann et al., 1991; Sanders & Kaumann, 1992; Brattelid

et al., 2004b). This correlates with the following sequence of

events, proposed by Kaumann et al. (1990): Activated PKA

catalyses the phosphorylation of the inhibitory regulatory

protein phospholamban. This results in liberation of Ca2þ

ATPase activity, resulting in an accelerated Ca2þ re-uptake in

the sarcoplasmatic reticulum. PKA also phosphorylates

troponin I, which causes a reduction in the affinity of Ca2þ

for troponin C. This mechanism has been observed with

catecholamines through b1- and b2-adrenoreceptors (Kaumann
et al., 1999). We observed a hastening of the onset of

relaxation (tpf) as well as a shortening of the relaxation time

(t50) for 5-HT and all 5-HT4 receptor agonists. Interestingly,

prucalopride, tegaserod, R149402 and R199715 induced

lusitropic effects when administered cumulatively, while they

had no clear positive inotropic effect. This can be explained by

the preferential inhibition of the inotropic response by PDEs

as discussed above. The potencies observed for both lusitropic

effects of all agonists are comparable with each other. As

observed for the inotropic response in the presence of IBMX,

R149402 and R199715 were more potent than the other

agonists.

An interesting observation is that prucalopride, R149402

and R199715, which are benzofuran compounds, are half as

efficacious in reducing the tpf when administered noncumula-

tively than when administered cumulatively, while this is not

the case for 5-HT and tegaserod, which possess an indolic

structure. This phenomenon is not consistently observed for

the reduction in t50. As a consequence, these benzamide-

derived compounds induce a smaller reduction in the tpf than

5-HT in a noncumulative administration regime. A structural

differentiation between 5-HT4 receptor agonists has been made

previously by Pindon et al. (2002). They showed a cAMP-

independent Ca2þ influx through 5-HT4(a), but not 5-HT4(b),

receptor activation that was 2–3 times higher for benzamide-

like structures than for indolamines in HEK 293 cells.

Supposed this mechanism also occurs in the porcine atrial

system, the additional inward Ca2þ transient would promote

systolic contraction but hamper diastolic relaxation. Indeed,

during diastole, the activation of 5-HT4 receptors results in a

decreased Ca2þ concentration at the contractile proteins

through a PKA-dependent phosphorylation of phospho-

lamban and the linked increase in Ca2þ ATPase activity.

The activation of the receptor with benzofurans, however,

would then at the same time induce an inward Ca2þ flux and

thus counteracting relaxation. The more efficacious relaxation

with the benzofurans in the cumulative protocol could then be

explained by the time-related inactivation of this additional

Ca2þ effect or by 5-HT4 receptor desensitization. The latter

should then reduce the Ca2þ influx, while phospholamban

and/or troponin I remain phosphorylated for a longer time.

The slow dephosphorylation kinetics for these proteins have

indeed been shown, in agreement with our hypothesis (Garvey

et al., 1988). The lower lusitropic efficacy of 5-HT in the

cumulative protocol, compared to the noncumulative protocol,

supports the idea of 5-HT4 receptor desensitization. The

different coupling of benzamide-derived compounds fits into

the concept of agonist-directed trafficking mentioned before

(Kenakin & Morgan, 1989).

Chronotropic effects in the porcine right atrium

Porcine sinoatrial 5-HT4 receptors gained a lot of attention

because of the lack of a human model to study 5-HT4-receptor-

mediated tachycardia (Kaumann, 1990; Medhurst & Kau-

mann, 1993; Kaumann, 1994). 5-HT and all 5-HT4 receptor

agonists tested caused positive chronotropic effects in the

isolated right atrium of young pigs. An interesting difference

with the left atrial inotropic response is that all agonists

induced their effect when added cumulatively in the absence of

IBMX. It is possible that the receptor is more efficiently

coupled to the transducing mechanism in the sinus node than

in the myocardium, and/or that PDEs are less involved in the

5-HT4-mediated response in the sinus node. Receptor-induced

cAMP binds indeed directly to HCN channels to provoke the

chronotropic effect, thus without the involvement of PKA, and

steps further downstream in the cascade (Ulens & Tytgat,

2001), which might contribute to more efficient coupling.

Furthermore, preliminary data also showed no fading of the

response upon the administration of a single concentration of

5-HT, corresponding to a less pronounced influence of PDEs

on the sinus rhythm. This may be explained by a different

transduction mechanism in the compartments responsible for

the frequency coupling, in the sinus node. It is possible that the

influence of PDE in these compartments is limited. An

interesting thought would be that the 5-HT4 receptor splice

variants responsible for frequency coupling are different from

those responsible for contraction coupling. If these splice

variants show a different affinity for arrestin, AKAP or other

members of the cascade complex, this could result in a lack of

PDE recruiting. For example, it has been shown that the Naþ /

Hþ exchanger regulatory factor (NHERF) interacts with

AKAP. For b2-adrenoreceptors, this interaction has been

shown to be functionally involved in the tight regulation of the

signalling molecules into microdomains (Xiang & Kobilka,

2003). Furthermore, NHERF interacts with PDZ motifs on

the 5-HT4(a) receptor, but not on the 5-HT4(e) receptor or with

the 5-HT4(b) receptor (Joubert et al., 2004). Thus, there may

exist different compartments for the different 5-HT4 receptor

splice variants.

The benzamide-derived compounds prucalopride, R149402

and R199715 behaved as partial agonists, while tegaserod

reached a maximal effect that was not different from 5-HT.

The occurrence of arrhythmia was also most prominent in

experiments with tegaserod. As for the inotropic response, the

very low Hill slope associated with tegaserod suggests a very
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difficult penetration of the chemical into the tissue or an

additional transducing mechanism associated with a specific

receptor state.

5-HT and the 5-HT4 receptor agonists also increased the

right atrial frequency in newborn piglets; the potency was

similar as in young pigs. Results for 5-HT were in good

agreement with the literature on sinoatrial 5-HT4 receptors in

newborn piglets (Kaumann, 1990; Medhurst & Kaumann,

1993). Prucalopride, tegaserod, R149402 and R199715, but not

5-HT, are less efficacious in newborns. The decrease in efficacy

was also observed for the inotropic responses in left atrium. It

is likely that a general developmental change in receptor

density and/or coupling efficiency is responsible for a bigger

5-HT4 receptor-mediated left atrial inotropic and right atrial

chronotropic response. It is thus surprising that 5-HT, as well

as isoprenaline, induced the same absolute increase in heart

rate in newborns as in young pigs, irrespective of the higher

basal beating rate in the former.

General conclusion

In conclusion, we demonstrate the inotropic, lusitropic and

chronotropic effects of 5-HT and the 5-HT4 receptor agonists

prucalopride, tegaserod, R149402 and R199715 in young pigs.

PDEs are involved in the regulation of the left atrial inotropic

responses, contributing to the fading of the response. If PDEs

are also involved in the regulation of the chronotropic

response, this influence is certainly less pronounced as all

agonists produced nonfading chronotropic responses in the

absence of PDE inhibition. In accordance with what was found

on porcine ventricles (Brattelid et al., 2004b), experiments with

left and right atria of newborn pigs clearly demonstrate an

increase in 5-HT4 receptor-mediated effects with age.
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