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Abstract

Although prostanoids are known to be involved in regulation of the spontaneous beating rate of cultured neonatal rat
cardiomyocytes, the various subtypes of prostanoid receptors have not been investigated in detail. In our experiments,
prostaglandin (PG)F2a and prostanoid FP receptor agonists (fluprostenol, latanoprost and cloprostenol) produced a
decrease in the beating rate. Two prostanoid IP receptor agonists (iloprost and beraprost) induced first a marked drop in the
beating rate and then definitive abrogation of beating. In contrast, the prostanoid DP receptor agonists (PGD2 and BW245C)
and TP receptor agonists (U-46619) produced increases in the beating rate. Sulprostone (a prostanoid EP1 and EP3 receptor
agonist) induced marked increases in the beating rate, which were suppressed by SC-19220 (a selective prostanoid EP1

antagonist). Butaprost (a selective prostanoid EP2 receptor agonist), misoprostol (a prostanoid EP2 and EP3 receptor
agonist), 11-deoxy-PGE1 (a prostanoid EP2, EP3 and EP4 receptor agonist) did not alter the beating rate. Our results strongly
suggest that prostanoid EP1 receptors are involved in positive regulation of the beating rate. Prostanoid EP1 receptor
expression was confirmed by western blotting with a selective antibody. Hence, neonatal rat cardiomyocytes express both
prostanoid IP and FP receptors (which negatively regulate the spontaneous beating rate) and prostanoid TP, DP1 and EP1

receptors (which positively regulate the spontaneous beating rate).
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Introduction

Prostanoids exert a wide variety of effects on cardiac tissue [1].

The prostanoid receptors include the DP, EP, FP, IP1 and TP

receptors [2,3], which preferentially bind prostaglandin D (PGD),

PGE, PGF, PGI and thromboxane A (TXA), respectively, and

belong to the G-protein-coupled receptor superfamily [4]. The

prostanoid EP receptor type has EP1, EP2, EP3 and EP4 subtypes

and the DP receptor type has DP1 and DP2 subtypes [4]. Although

endogenous prostanoids tend to bind most strongly to a given

prostanoid receptor class, there is a marked degree of cross-

reactivity between these ligands and the entire receptor family

[2,5]. This taxonomy has only been described fairly recently,

following the availability of selective agonists and, to lesser degree,

a few selective antagonists [6]. Molecular biology techniques have

confirmed this pharmacological classification via the cloning of

cDNAs for representatives of each type of prostanoid receptor in a

number of species (including the human, the rat and the mouse

[2,4,7,8].

In the heart, prostanoid synthesis is enhanced after (i) ischemia

produced in situ by coronary artery ligation or (ii) exposure to

inflammatory cytokines [1,9,10]. The cardiac production of

prostanoids appears to be involved in ischemic preconditioning’s

protective effect against reperfusion-induced tachyarrhythmia in

the isolated rat heart [11,12] and mediates inflammation-

associated tachycardia in mice [10]. Furthermore, the fact that

endogenous prostanoids can alter the beating rate of neonatal rat

cardiomyocytes [13] provides additional insight into the relation-

ship between these compounds and cardiac arrhythmia. Neonatal

rat cardiomyocytes - which beat spontaneously, synchronously and

rhythmically - provide a useful preparation for assessing the direct

chronotropic and arrythmogenic effects of pharmacological agents

and avoid the possible confounding effects of neurogenic or

circulating humoral factors [13,14]. However, the receptors

involved in the prostanoids’ chronotropic effects in this prepara-

tion have not been systematically investigated by applying

selective, synthetic prostanoid receptor agonists or antagonists.

The main objective of the present study was thus to characterize

the prostanoid receptor types and subtypes involved in regulation

of the spontaneous beating rate of neonatal rat cardiomyocytes.

To that end, we mainly applied selected potent, prostanoid

receptor agonists to the preparation.

Materials and Methods

Cell culture
This study was approved by the Faculty of Pharmacy and

Medicine in Reims. Spontaneously beating neonatal rat cardio-

myocyte cultures were obtained from 2- to 4-day-old Sprague-

Dawley rats. The animal facilities and the staff involved in the

PLOS ONE | www.plosone.org 1 September 2012 | Volume 7 | Issue 9 | e45273



animal experiments were accredited by the Veterinary Service of

the French Ministry of Agriculture. The rats were deeply

anesthetized with 50 mg/kg of sodium pentobarbital injected

intraperitoneally. Briefly, heart tissue was washed with Eagle’s

minimum essential medium (MEM) (Sigma, St-Louis, MO, USA)

containing 10% foetal calf serum (FCS) (DAP, Vogelgrun, France),

2 mM glutamine (Institut J. Boy, Reims, France), penicillin

1,000 U/ml (Specia, Paris, France) and streptomycin 0.1 mg/ml

(Diamant, Puteaux, France) and buffered at pH 7.4 with sodium

bicarbonate. Ventricular heart tissue was cut into small pieces,

further washed with MEM and enzymatically digested for 15

minutes with 25 ml of phosphate-buffered saline with 40 U/ml

collagenase (Sigma, St-Louis, MO, USA) at 37uC with constant

stirring. The supernatant from the initial incubation was

discarded, 25 ml of fresh enzyme solution were added and the

incubation procedure was repeated six times. Subsequent super-

natants were collected and centrifuged at 250 g for 5 min. The

resulting cell pellets were resuspended in MEM at 37uC, pooled

(36105 cells/ml) and seeded in 60 mm culture dishes (Corning,

New York, USA) at a density of 1.86106 cells/dish. The cell

cultures were incubated at 37uC in 95% air/5% CO2 for three

days, with the medium changed daily. Most of the cultured cells

(.90%) began to contract spontaneously within 24–48 h of

plating. Confluent, spontaneously beating cells from day 3 of

culture were used for all experiments, since homogenization of the

beating rates was observed at day 3. Prior to experimental

treatments, cell cultures were washed twice and incubated for 1 h

with MEM containing 2% foetal calf serum and 1 mM indometh-

acin. This pretreatment was performed in order to avoid

interference by endogenous prostanoids produced by the cardio-

myocytes [9]. Indomethacin did not alter the beating rate, as

previously shown by Li et al. [13]. All drug solutions were

prepared daily.

Measurement of the beating rate
The culture dish was placed on the heating stage of an inverted

phase contrast microscope (model CK2 TR from Olympus

Optical, Tokyo, Japan). The cells were magnified using a 206
objective and the image was monitored with a solid-state charge-

coupled device camera (model 4712–7000 from Cohu, San Diego,

CA, USA) attached to the microscope observation tube using an

6.7 coupler. The video output was connected to a television

monitor (model VM-1221 from Hitachi Denshi, Tokyo, Japan).

The beating rate was determined simultaneously by two

researchers, who measured the time required for 20 beats. Each

researcher performed two independent measurements with a 30-

second interval. At the end of each series of experiments, the time

required for 20 beats was converted into a frequency per minute

and the mean of the four determinations was calculated. The

beating rate was measured every two minutes during the 10

minutes immediately preceding addition of the test compound.

The vials containing the test compound solutions were coded for

random, blind application to the cardiomyocyte cultures. Two

different methods were used. The first consisted of simply adding

100 mL of solution to the culture dish, in order to expose the cells

to a concentration of 1 mM. The beating rate was then measured

during the first minute and then every other minute over a 21-

minute period. This screening method was used to identify

compounds that caused significant, reproducible changes in the

beating rate and to study the time course of these changes. This

screening method was also used to study the responses to different

concentrations of PGE2 and sulprostone. The second method

consisted in exposing cell cultures to cumulative increases (from

1 nM to 1 mM to 1 log-increments) in the concentration of a

selected compound. The concentration was increased every 7

minutes, since an optimal response was always observed within 5

minutes of addition. The beating rate was measured for 1 minute

after each concentration change and then every other minute

during each 7-minute interval. For experiments with the

prostanoid EP1 receptor antagonist SC-19220, the compound

was added to the culture dishes 15 minutes before addition of

sulprostone. In all experiments, concentrations are quoted as the

final molarity in the culture dishes. No more than two experiments

were conducted with one agonist on dishes from the same culture

preparation. For each series of experiments, control experiments

were performed by applying the corresponding volumes of the

compound’s vehicle. A cell viability assay (trypan blue dye

exclusion) was performed on at least two rat cardiomyocyte

preparations at the end of experiments with vehicles or the

compounds. Cell viability exceeded 90% in all cases. The stability

of the beating frequency was checked on control dishes at least

twice (e.g. at the beginning and end of each series). The beating

frequency (12964 beats/min, n = 188) was found to be stable over

each series of experiments.

Western blot analysis of prostanoid EP1 receptor
expression

The membranes of the cultured rat cardiomyocytes were

extracted with ice-cold lysis buffer (75 mM NaCl, 20 mM HEPES,

2.5 mM MgCl2, 0.1 mM EDTA, 0.1% Triton X-100, 10 mg/ml

aprotinin, 20 mM glycerophosphate, 0.5 mM dithiothreitol,

0.1 mM sodium orthovanadate, 200 mg/ml phenylmethylsulpho-

nyl fluoride and 1 mM sodium fluoride, pH 7.7). Samples were

adjusted to the same protein concentration (determined using a

BCA assay, Interchim, Montluçon, France). Aliquots of superna-

tant containing 20 mg of protein were boiled in sample loading

buffer for 5 minutes and then loaded onto a 10% SDS-

polyacrylamide gel and electrophoretically transferred to Immo-

bilon-P membranes (Millipore, Saint Quentin en Yvelines,

France). Non-specific binding sites on the membranes were

blocked with 5% fat-free milk in 20 mM Tris-buffered saline

(150 mM NaCl) plus 0.1% Tween-20 at pH 7.4 (TBST). The

membranes were incubated in 5% fat-free milk in TBST

containing a rabbit polyclonal anti-prostanoid EP1 receptor

antibody (Cayman Chemicals, distributed by SPI-Bio, Massy,

France) overnight at 4uC. The latter antibody had been raised

against a synthetic peptide from the human prostanoid EP1

receptor (C-terminal amino acids 380–402; GLTPSA-

WEASSLRSSRHSGLSHF) conjugated to keyhole limpet haemo-

cyanin. The antibody cross-reacts with rat prostanoid EP1 receptor

(84% amino acid identity with its human counterpart) but does not

bind to prostanoid EP2, EP3 or EP4 receptors. The membranes

were then incubated with horseradish peroxidase-conjugated anti-

rabbit IgG antibody in TBST for 1 h at room temperature. Lastly,

immunoreactive bands were visualized with a chemiluminescence

reagent (Amersham, France).

Drugs
Prostanoids and synthetic analogues were all obtained from

Cayman Chemicals (SPI-Bio): PGD2: [5Z,9a,11a,13E,15S]-9,

15-dihydroxy-11-oxoprosta-5,13-dienoic acid; PGE2: methyl

[5Z,9a,13E,15S]-11,15-dihydroxy-9-oxoprosta-5,13-dien-1-oic acid;

PGF2a: [5Z,9a,11a,13E,15S]-9,11,15-trihydroxyprosta-5,13-dienoic

acid; U-46619: 9,11-dideoxy-9a,11a-methanoepoxy prostaglandin

F2a; 8-iso PGF2a: prosta-5,13-dien-1-oic acid, 9,11,15-trihydroxy-,

(5Z,8b,9a,11a,13E,15S); BW245C: 4-imidazolidineheptanoic acid,

3-(3-cyclohexyl-3-hydroxypropyl)-2,5-dioxo-, (R*,S*); sulprostone: 5-

heptenamide, 7-[3-hydroxy-2-(3-hydroxy-4-phenoxy-1-butenyl)-5-
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oxocyclopentyl]-N-(methylsulfonyl)-,[1R-1a(Z),2b(1E,3R*),3a]]-; mi-

soprostol: 9-oxo-11a, 16-dihydroxy-16-methyl-prost-13E-en-1-oic

acid, methyl ester; 11-deoxy PGE1: prost-13-en-1-oic acid, 15-

hydroxy-9-oxo-, (13 E, 15 S); fluprostenol: 5-heptenoic acid,

7-[3,5-dihydroxy-2-(3-hydroxy-4-[3-(trifluoromethyl)phenoxyl]-1-bu-

tenyl]cyclopentyl]-, [1a(Z),2b(1E,3R*),3a,5a ]-; latanoprost: 9a, 11a,

15S-trihydroxy-17-phenyl-18,19,10-trinor-prost-5Z-en-1-oic acid;

cloprostenol: 9a, 11a, 15R-trihydroxy-16-(3 chlorophenoxy)-

17,18,19,20-tetranor-prost-5Z, 13E-dien-1-oic acid; butaprost: 9-

oxo-11a,16R-dihydroxy-17-cyclobutyl-prost-13E-en-1-oic acid,

methyl ester; iloprost: 5-((E)-[1S,5S,6R,7R]-7-hydroxy-6-[(E)-

(3S,4RS)-3-hydroxy-4-methyl-1-octenyl]bicyclo[3.3.0]octan-3-ylidene)-

pentanoic acid; beraprost: 2,3,3a,8b-tetrahydro-2-hydroxy-1-(3-hy-

droxy-4-methyl-1-octen-6-ynyl)-1H-cyclopenta[b]benzufuran-5-buta-

noic acid; SC-19220: 8-chloro-dibenz[b,f][1,4]oxazepine-10(11H)-car-

boxy-(2-acetyl)hydrazide. PGD2, PGE2, PGF2a,8-isoPGF2a, BW245C,

11-deoxy PGE1, cloprostenol, beraprost and SC-19220 were supplied as

crystalline powders, reconstituted with dimethyl sulfoxide (DMSO),

stored at 220uC and further diluted in culture medium for use in

experiments. U-46619, sulprostone, misoprostol, latanoprost, butaprost

and iloprost were supplied as solutions in methylacetate. The

methylacetate was evaporated and replaced by DMSO for storage at

220uC. Immediately prior to performance of the experiments,

compound solutions in DMSO were diluted in culture medium.

Fluprostenol was supplied as a solution in ethanol and then diluted in

culture medium. The final concentrations of DMSO or ethanol never

exceeded 0.2% and had no effect on the cardiomyocyte beating rates.

Data processing and statistical analysis
All values correspond to the mean6the standard error of the

mean (SEM). For each culture, differences in the beating rate were

judged by comparing the mean frequency prior to addition of the

compound and the peak frequency observed during the 21-minute

period following addition of the compound (for the first method) or

the 7-minute period following each concentration change (for the

Figure 1. Effect of prostanoid IP and FP agonists on the
cardiomyocyte beating rate. Cumulative concentration-response
curves are shown for iloprost (¤, n = 5), beraprost (&, n = 6),
latanoprost (., n = 5) and cloprostenol (N, n = 5). Values are expressed
as percent decrease (means6SEM from 5 or 6 experiments performed
in duplicate).
doi:10.1371/journal.pone.0045273.g001

Table 1. Effects of endogenous prostanoids and selective agonists on the beating rate of neonatal rat cardiomyocytes.

Prostanoid agonists (1 mM) Receptor selectivity a n % change vs baseline Brady- arrhythmia (n) Tachy- arrhytmia (n)

FP agonists PGF2a

FP, EP3 7 22369 * 1 -

Fluprostenol FP 7 21865 * 1 -

Latanoprost FP 7 23465 * 2 -

Cloprostenol FP 7 24169 * 2 -

IP agonists

Iloprost IP, EP1, EP3 7 254614 * 4 -

Beraprost IP 7 235613 * 2 -

DP agonists

PGD2 DP, FP, EP3 5 26611 * - 1

BW245 C DP1 6 1564 * - -

TP agonist

U-46619 TP 5 25615 * - 2

EP agonists

PGE2 EP, FP 12 365 - -

Sulprostone EP1.EP3 9 3566 * - 1

Butaprost EP2 7 464 - -

Misoprostol EP3.EP1,3,4 6 865 - -

11-deoxy-PGE1 EP3, EP4.EP2 5 762 - -

*p,0.05; n is the number of independent preparations used; receptor selectivity as previously reported [4,7,8]. ‘‘bradyarrhythmia’’ indicated a decrease of more than
50%; ‘‘tachyarrhythmia’’ indicated an increase of more than 50% with chaotic, asynchronous, activity of the myocytes [13]; n is the number of preparations on which
brady- or tachy-arrhythmia was observed.
doi:10.1371/journal.pone.0045273.t001
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second method). Variations in the beating rate were evaluated in

an analysis of variance (ANOVA) for repeated measures, followed

by a Bonferroni-Dunn test. The threshold for statistically

significance was set to p,0.05. Effects on the myocytes’ beating

rate were expressed as a percentage of the basal rate, ‘‘brady-

arrhythmia’’ indicated a decrease of more than 50% and ‘‘tachy-

arrhythmia’’ for an increase of more than 50% with chaotic,

asynchronous, activity of the myocytes (as previously described by

Li et al. [13].

The concentration-effect curves were analysed using non-linear

regression implemented with GraphPad Prism software (version

5.01 from GraphPad Software Inc., San Diego, CA, USA).

Sigmoidal curves were plotted to analyse the effects of agonists.

The potency (pD2) of prostanoid receptor agonists was defined as

the negative log10 of the agonist concentration achieving 50% of

the maximal response (EC50) calculated by GraphPad Prism.

Results

Effects of prostanoid FP and IP receptor agonists
At a concentration of 1 mM, PGF2a and the prostanoid FP

receptor agonists fluprostenol, latanoprost and cloprostenol

produced a significant decrease in the myocytes’ beating frequency

(Table 1). Cumulative addition (1 nM to 1 mM) of cloprostenol or

latanoprost induced a concentration-dependent decrease in the

beating rate; the pD2 values were 8.460.3 (n = 5) and 7.960.3

(n = 5), respectively (Fig. 1). A cumulative, concentration-depen-

dent experiment was not performed with the two weakest agonists

(i.e. PGF2a and fluprostenol).

At 1 mM, the prostanoid IP-receptor agonists iloprost and

beraprost produced a marked reduction in the beating rate of the

myocytes – indeed, in some experiments, the culture stopped

beating and did not restart (Table 1). Prior to the beating arrest,

the cardiomyocytes took on a stellate appearance and beat

asynchronously. Cumulative addition (1 nM to 1 mM) of each of

the compounds caused a concentration-dependent slowing of the

rate; the pD2 values were 7.760.4 (n = 5) for iloprost and 7.760.7

(n = 6) for beraprost (Fig. 1).

Effects of prostanoid DP and TP receptor agonists
At 1 mM, PGD2, BW245C (a specific prostanoid DP1 receptor

agonist) and U-46619 (a stable TxA2 analogue selective for

prostanoid TP receptor) produced significant increases in the

myocytes’ beating rate (Table 1). The isoprostane 8-iso-PGF2a also

acted as a specific prostanoid TP receptor agonist [15] at this

concentration but was less potent than U-46619, since it increased

the beating rate weakly and inconsistently (data not shown,

n = 11). Tachyarrhythmia was observed with PGD2 and U-46619.

Effects of prostanoid EP receptor agonists
At 1 mM, neither PGE2 (a non-selective agonist of the four

prostanoid EP receptor subtypes), butaprost (a selective prostanoid

EP2 receptor agonist), misoprostol (a prostanoid EP2 and EP3

receptor agonist) nor 11-deoxy-PGE1 (a prostanoid EP2, EP3, and

EP4 receptor agonist) altered the spontaneous beating rate

(Table 1). Since 11-deoxy-PGE1 is more selective for the three

prostanoid EP receptor subtypes at lower concentrations [7,8], we

performed experiments (n = 4) at concentrations ranging from

1 nM to 1 mM. However, no significant effects were observed

(data not shown).

In contrast, the prostanoid EP1 and EP3 receptor agonist

sulprostone (0.1–1 mM) rapidly (after 30 seconds) produced

significant increases in the beating rate, with tachyarrhythmia

occurring at 1 mM in 1 of the 9 experiments (Table 1). In three

experiments, the cells were exposed to 5 mM of sulprostone

without a further increase in the beating rate (data not shown).

These effects were sustained throughout the experiments. Cumu-

lative addition of sulprostone (1 nM to 1 mM) induced concentra-

tion-dependent increases in the beating rate of similar magnitude

to those in the previous series, with a pD2 value of 7.460.5 nM

(Fig. 2). Furthermore, pre-incubation of the cardiomyocytes with

SC-19220 (50 mM) suppressed the sulprostone-induced (1 mM)

increase in the beating rate by 3468% (Fig. 2).

Western blot analysis of prostanoid EP1 receptor
expression

A Western blot analysis of prostanoid EP1 receptor expression at

rat cardiomyocyte membranes (Fig. 3) clearly identified a 42-kDa

band, which matched well with the predicted relative molecular

mass of 43 kDa for the rat prostanoid EP1 receptor [7].

Discussion

The main objective of the present study was to identify the

prostanoid receptors involved in regulation of the spontaneous

beating rate of neonatal rat cardiomyocytes. We chose to use

mainly specific agonists for this purpose, given that (i) very few

antagonists with a demonstrated specificity for rat prostanoid

receptors are available and (ii) the pattern of responses with the

various agonists was sufficient to provide evidence of the receptors’

respective involvements.

Effects of prostanoid FP and IP receptor agonists
A decrease in the beating rate was observed in presence of

prostanoid FP and IP receptor agonists. Swiss 3T3 mouse

fibroblast and A7r5 rat aorta smooth muscle cell lines [16,17]

are known to express only the prostanoid FP receptor; PGF2a,

fluprostenol, cloprostenol and latanoprost are potent agonists in

these cell lines, whereas iloprost (a prostanoid IP receptor agonist)

is inactive. PGF2a has been reported to increase the beating rate of

rat cardiomyocytes and to produce tachyarrhythmias [13]. In

Figure 2. Effect of sulprostone on the cardiomyocyte beating
rate. Cumulative concentration-response curves are shown for
sulprostone in absence (N) or presence of 50 mM SC-19220 (.), an
antagonist at prostanoid EP1-receptor. Values are expressed as percent
increase (means6SEM from 5 experiments performed in duplicate).
doi:10.1371/journal.pone.0045273.g002
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addition to differences in the culture medium used to isolate and

culture the cardiomyocytes (F-10 Nutrient Mixture (Ham) vs

MEM), pre-treatment with indomethacin to avoid interference by

the endogenous prostanoids may explain the contrasting effect

observed with PGF2a in our cardiomyocyte preparation. In line

with our result with PGF2a, fluprostenol, cloprostenol and

latanoprost induced a decrease in the neonatal rat cardiomyocytes’

beating rate, with potencies similar to those reported in 3T3 and

A7r5 cell lines. These data strongly suggest that prostanoid FP

receptors negatively regulate the spontaneous beating rate of rat

cardiomyocytes. This finding is in agreement with (i) the

expression of prostanoid FP receptors in rat heart, (ii) the large

quantity of prostanoid FP receptor mRNA in neonatal rat

cardiomyocyte and (iii) the negative regulatory function attributed

to this receptor [18–20]. PGI2 has previously been shown to

induce a marked reduction in the contraction rate of rat

cardiomyocytes at concentrations over 1 mM [13]. However, the

compound is chemically unstable and also acts as an agonist of

prostanoid TP and EP3 receptors [2]. It is therefore important to

use selective, stable prostanoid IP receptor agonists to check that

this type of receptor is indeed involved in negative regulation of

the beating rate. Although, iloprost is more selective than PGI2 in

most respects, the former compound exerts prostanoid EP1 and

EP3 receptor agonist activity [2,7,8]. Beraprost is much more

selective for prostanoid IP receptor as reported for cicaprost

[8,21]. Since iloprost and beraprost induced a marked reduction in

the beating rate (with potencies similar to the potencies or binding

affinities described in other preparations [8]), these results provide

evidence of the involvement of prostanoid IP receptors. Prostanoid

IP receptors have been detected by Western immunoblotting in

isolated adult rat cardiomyocyte [22]. These results taken as a

whole suggest that prostanoid IP and FP receptors negatively

regulate the spontaneous beating rate in neonatal rat cardiomy-

ocytes.

Effects of prostanoid DP and TP receptor agonists
An increase in the beating rate was observed on addition of

prostanoid DP and TP receptor agonists. PGD2 acts mainly

through stimulation of prostanoid DP receptors. However, PGD2

binds to the cloned murine prostanoid FP receptor expressed in

CHO cells [8] and also acts as a partial agonist in cell lines

expressing either mouse or rat endogenous prostanoid FP

receptors [16,17]. Whatever the bindings of PGD2 on prostanoid

FP receptors, the compound induced an increase in the

cardiomyocyte beating rate. This finding suggests that prostanoid

DP receptors positively regulate the spontaneous beating rate of

rat cardiomyocytes. BW245C (a selective prostanoid DP1 receptor

agonist that does not bind to the DP2 receptor and other

prostanoid receptors [8,16,23–25]) also induced an increase in the

beating rate; this observation provides further evidence that

prostanoid DP1 receptors are involved in upregulation of the

spontaneous beating rate in this cell type. Although the prostanoid

DP1 and DP2 receptors are both expressed in rat heart [19,23],

prostanoid DP2 receptors do not appear to modulate the heart rate

[26,27]; this contrasts with our present finding for prostanoid DP1

receptors in rat cardiomyocytes and with the increase in the heart

rate after administration to man of BW-245C [28,29].

U-46619 is a highly potent, selective agonist of prostanoid TP

receptors [2]. This finding suggests that functional TP receptors

positively regulate the spontaneous beating rate in this prepara-

tion. The expression of prostanoid TP receptors in rat ventricular

tissue has been confirmed [19]. An isomer of PGF2a (8-iso PGF2a)

has been shown to act on the TP receptor in various preparations

but is much less potent than U-46619 [30,31]; this may explain

why the isomer of PGF2a increased the cardiomyocyte beating rate

to a less extent than U-46619 did.

Effects of prostanoid EP receptor agonists
We applied PGE2 and various selective, synthetic prostanoid

agonists in an attempt to identify the functional EP receptor

subtypes in rat cardiomyocytes. PGE2 is a non-selective agonist of

EP receptor subtypes but also has agonistic activity for FP

receptors [8]. As previously described for experiments with the

same preparation [13], PGE2 did not significantly alter the

cardiomyocyte beating rate. However, the compound’s lack of

selectivity for prostanoid receptors may have masked positive or

negative regulation of the beating rate in response to selective

activation of EP receptor subtypes. At higher concentrations (2 to

10 mM), PGE2 reportedly produces tachyarrhythmia in neonatal

rat cardiomyocytes [13]. Sulprostone is a potent, selective EP1 and

EP3 receptor agonist but does not bind to other prostanoid EP

receptors in the mouse and the rat [7,8]. In our hands, the

compound induced a marked increase in the beating rate.

Butaprost is a selective prostanoid EP2 receptor agonist in both

the rat and the mouse [7,8]. Our finding that butaprost did not

alter the spontaneous beating rate therefore rules out a regulating

role for prostanoid EP2 receptors. Misoprostol is considered to be

an agonist of prostanoid EP2 and EP3 receptors [2,32,33] but

binds mainly to the EP3 receptor in the rat [7]. Misoprostol did not

alter the beating rate of rat cardiomyocytes. Since the results with

butaprost ruled out the involvement of prostanoid EP2 receptors,

the data obtained with misoprostol further suggest that prostanoid

EP3-receptors are also not involved in regulation of the beating

rate of rat cardiomyocytes. 11-deoxy-PGE1 is an agonist of

prostanoid EP2, EP3 and EP4 receptors [7,8]. It has a 10- to 30-

fold higher affinity for EP3 and EP4 receptors than for EP2

receptors [7,8]. We found that 11-deoxy-PGE1 was devoid of any

significant effect on the beating rate of rat cardiomyocytes, which

again suggests that prostanoid EP2 and EP3 receptors (as well as

EP4 receptors) are not involved in this process. The involvement of

prostanoid EP1 receptors (relative to the other subtypes) was

confirmed by the observed, inhibitory effect of SC-19220 (a

specific antagonist on rat prostanoid EP1 receptors [6,7]). We

chose to use SC-19220 alone because other antagonists (such as

AH6809, ONO-AE3-208 and ONO-8711) are non-specific EP

antagonists in rat or only characterized in mouse preparations.

A previous study has reported that transcripts for all four

prostanoid EP receptor subtypes were expressed by rat neonatal

cardiomyocytes [34]. Three subtypes (EP1, EP3, EP4) have been

detected by Western blotting in adult rat cardiomyocytes but the

EP1 and EP3 receptors were the most abundant [22]. In the

present study, the expression of prostanoid EP1 receptors on

neonatal rat cardiomyocytes was confirmed at the protein level.

These results provide persuasive evidence that rat heart predom-

inantly expresses the prostanoid EP1 receptor subtype. Our results

Figure 3. Western blot analysis of prostanoid EP1 receptor
subtype in rat cardiomyocytes. Cells were cultured with 10% foetal
calf serum (FCS+) for 3 days (as a control experiment) or then
additionally incubated for 1 hour with 2% FCS and 1 mM indomethacin
(FCS -), as performed in the functional experiments. The apparent
mobility of the receptor was 42 kDa.
doi:10.1371/journal.pone.0045273.g003
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constitute the first demonstration that prostanoid EP1 receptors

can positively regulate the beating rate of cardiomyocytes. In other

respects, prostanoid EP3 and EP4 receptors are respectively

involved in cardiomyocyte protection from oxidative stress [22],

and PGE2-induced hypertrophic changes [34].

In conclusion, our results suggest that spontaneous beating rate

of neonatal rat ventricular cardiomyocytes is negatively regulated

by prostanoid IP and FP receptors and positively regulated by

prostanoid TP, DP1 and EP1 receptors (Fig. 4). The synthesis of

prostanoids in the heart is primarily determined by both the

coronary vasculature (endothelium and vascular smooth muscle),

and the cardiomyocytes [1,9,35]. It is difficult to estimate

prostanoid concentrations in the myocardium from rates of

release into the culture medium or coronary veins when variables

such as prostanoid turnover are not known. In addition to PGE2

and PGF2a (which are synthesized by the heart), PGI2 appears to

be the predominant prostanoid released by rat ventricular

cardiomyocytes, isolated rat or rabbit hearts or present in the

blood of the human coronary sinus [1,9,36]. The direct effects of

locally produced prostanoids on the beating rate of rat ventricular

cardiomyocytes result from the balance between negative regula-

tion by prostanoid IP and FP receptors and positive regulation by

prostanoid TP, DP1 and EP1 receptors. The cell signalling

mechanisms by which prostanoids might alter the electrical

excitability of rat cardiomyocytes (e.g. the modification of ion

channels) have, to the best of our knowledge, never been studied

and thus require specific investigation. Since regulation of the

beating rate also involves neurogenic, circulating, humoral factors

or eicosanoids other than prostanoids, it is therefore even more

complicated to explain or predict the in vivo outcome on the basis

of in vitro data. However, cardiac synthesis of prostanoids is

enhanced by the induction of hypoxia in isolated heart prepara-

tions or after in situ ischemia produced by coronary ligation [1].

Furthermore, prostanoid synthesis is known to be involved in the

mechanism whereby ischemic preconditioning protects against

reperfusion-induced tachyarrhythmia [11]. Cyclooxygenase

(COX)-2 (the inducible form of COX) reportedly mediates the

cardioprotective effects of the late phase of ischemic precondi-

tioning by increasing the synthesis of prostanoids such as PGI2 and

PGE2 [22,37]. The cardioprotective effects of PGI2 have been

ascribed to the opening of mitochondrial K(ATP) channels [22]. It

is interesting to note that chronic treatment of normotensive and

spontaneously hypertensive rats with iloprost reduced the

incidence of reperfusion-induced arrhythmia [38]. In addition,

COX-2-derived PGI2 has been found to mediate not only

ischemic preconditioning but also isoflurane- and diazoxide-

induced preconditioning in vivo [39]. On the whole, the cardiac

prostanoids’ effect is due (at least in part) to their regulatory actions

on the cardiomyocyte beating rate.
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