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Abstract Communication between endothelial cells and

cardiomyocytes is critical for cardiac development and

regeneration. However the mechanisms involved in these

endothelial-cardiomyocyte interactions remain poorly

understood. Nucleotides are released within the heart,

especially under ischemia or pressure overload. The func-

tion of P2Y nucleotide receptors in cardiac development

has never been investigated. Here we show that adult

P2Y4-null mice display microcardia. P2Y4 nucleotide

receptor is expressed in cardiac endothelial cells but not in

cardiomyocytes. Loss of P2Y4 in cardiac endothelial cells

strongly inhibits their growth, migration and PDGF-B

secretion in response to UTP. Proliferation of microvessels

and cardiomyocytes is reduced in P2Y4-null hearts early

after birth, resulting in reduced heart growth. Our study

uncovers mouse P2Y4 receptor as an essential regulator

of cardiac endothelial cell function, and illustrates the

involvement of endothelial-cardiomyocyte interactions in

post-natal heart development. We also detected P2Y4

expression in human cardiac microvessels. P2Y4 receptor

could constitute a therapeutic target to regulate cardiac

remodelling and post-ischemic revascularisation.

Keywords Heart development � Angiogenesis �
Nucleotides � Endothelial cells � P2Y receptors

Introduction

Despite their importance in cardiac development, endo-

thelial-cardiomyocyte interactions remain poorly under-

stood [1]. Cardiac endothelial cells and cardiomyocytes are

an important source of extracellular nucleotides within the

heart, especially under ischemia [2] or pressure overload

[3]. Extracellular nucleotides can produce trophic effects in

many cell types acting at both ionotropic P2X receptors

and G-protein coupled P2Y receptors. Dynamic expression

of P2Y receptors in mammalian development has been

previously studied [4] but their function in cardiac devel-

opment has never been investigated.

In this study, we investigated the potential role of one of

them, the P2Y4 receptor, in heart growth and function. The

human P2Y4 receptor has been described as a UTP receptor
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INSERM-Université de Strasbourg, Etablissement
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Pharmacologie, Sanofi-Aventis, 31300 Toulouse, France

J.-M. Boeynaems

Department of Laboratory Medicine, Erasme Hospital,
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coupled to the phosphoinositide/Ca2? pathway and enco-

ded by a gene located on chromosome X [5]. Recombinant

rat and mouse orthologs of human P2Y4 receptor are

activated by UTP and ATP [6–8], as described for the

ubiquitously expressed mouse P2Y2 receptor [9].

The P2Y4 receptor displays a very restricted tissue dis-

tribution. So far a loss of nucleotide-induced epithelial

chloride and potassium transport in the jejunum and colon is

the only defect observed in P2Y4 knockout mice [10–12].

Interestingly P2Y2 and P2Y4 receptors were abundantly

detected in the rat developing heart [4]. Extracellular

nucleotides are involved in protection of rat cardiomyocytes

from hypoxic stress through activation of P2Y2 nucleotide

receptors [13]. UTP administration to rats reduced infarct

size and enhanced myocardial function [14].

In this paper, we demonstrate that loss of mouse P2Y4

receptor is associated with angiogenic defects and a

microcardia phenotype.

Materials and methods

Ethics statement

All animal work has been conducted according to relevant

national and international guidelines and approved by the

ethics committee of the Free University of Brussels.

Materials

P2Y4
0/? and P2Y4

0/- CD1/C57Bl6 male mice used were

generated in our institute as described [10]. Human right

atrial and left ventricular tissue specimens were obtained

from patients undergoing cardiac surgery. All tissue col-

lection procedures were approved by the local Ethics

Committee. Anti-P2Y4 antibody was purchased from

Alomone Labs (Jerusalem, Israël). Anti-CD31 (PECAM-1)

and the rat isotype IgG2 antibodies were purchased from

BD Biosciences (Le Pont-de-Claix, France). Anti-troponin,

anti-EdU and anti-BrdU were from Abcam (Cambridge,

UK). The secondary antibodies were from Jackson

ImmunoResearch (Suffolk, UK). Collagenase B and

DNAse I grade II were purchased from Roche Diagnostics

(Vilvorde, Belgium). Calcein was obtained from Invitrogen

(Merelbeke, Belgium). UTP, ATP, VEGF, FGF-2, sphin-

gosine 1-phosphate (S1P), Drabkin kit, mouse IgG2a,

trypsin were purchased from Sigma Aldrich (Saint Quentin

Fallavier, France). Matrigel and Matrisperse were obtained

from BD Biosciences (Le Pont-de-Claix, France). Para-

formaldehyde and paraffin were from Merck Eurolab

(Strasbourg, France). Serum, biotinylated antibody and

Novared kit were obtained from Coger (Paris, France).

Echocardiography of P2Y4
0/? and P2Y4

0/- mice

Twelve weeks old mice were anesthetised using ketamine

(150 mg/kg) for echocardiographic experiments. Cardiac

dimensions were derived from the mean of five measure-

ments. Analysis of the echocardiographic data was done

blinded to the type of strain.

In situ RNA hybridization

In situ RNA hybridization using digoxigenin-labelled RNA

probes on fixed heart cryosections was performed as

described [15]. Immunodetection was performed using

standard methods. All stainings were performed on two

hearts extracted from P2Y4
0/? mice.

Isolation of primary mouse P2Y4
0/? and P2Y4

0/-

endothelial cells (ECs)

ECs were isolated from mouse hearts and lungs as previ-

ously described [16]. ECs have been collected from 6 to

8 weeks mice, after a collagenase B (2 mg/mL), DNaseI

(0.5 mg/mL) treatment and a Percoll gradient. ECs were

cultured on collagen-coated dishes using EBM medium

with 2 % FBS, 10 ng/mL EGF, 1 lg/mL hydrocortisone

and 12 lg/mL bovine brain extract and 100 lg/ml heparin.

The purity of the cultures was checked using CD31

staining.

Isolation of mouse P2Y4
0/? and P2Y4

0/- cardiomyocytes

The protocol was based on the procedure previously reported

by Alvarez et al. [17]. Briefly, hearts were excised from

10 days old or 12 weeks old mice. Left ventricles were

quickly removed, cut and digested by collagenase B (2 ng/

mL). Cells collected by gravitational and centrifugational

sedimentation were pooled and resuspended in HBSS 0.1 %

BSA.

Quantitative RT-PCR experiments

Total RNAs were extracted using TRIzol reagent (Life

Technologies, Groningen, Netherlands) and RNeasy kit

(Qiagen, Hilden, Germany). RNA was reverse transcribed

using random hexamers and Superscript II Reverse

Transcriptase. RT-PCR experiments were run on a 7500

Fast Real Time PCR System (Applied Biosystems).

Mean ± SD of ratios was obtained using qBase software.

Each assay was performed in duplicate for at least two

independent preparations of ECs. CD31 and troponin were

used as positive controls for respectively ECs and cardio-

myocytes. PCR data were normalized to RPL13 and HPRT.

For PCR data, obtained from human atrium, ventricle and
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microvessels, were normalized to B2M and 18S. For

PDGF-B quantification, heart ECs were stimulated by UTP

(100 lmol/L) for 6 h. Total RNAs were isolated as

described above and data were normalized to RPL13 and

HPRT.

Calcium measurements

Calcium levels were measured at RT with the fura-2 Ca2?-

binding dyes. Cardiomyocytes were labelled during 30 min

with fura-2/AM (2.5 lg/ml) (Molecular Probes, Leiden, The

Netherlands) and placed at 37 �C. For fura-2 assays, fluo-

rescence was determined in an LS-50B fluorometer (Perkin

Elmer, Überlingen, Germany). All measurements were

carried out at room temperature. The fluorescence ratio

(F360/F380) reflects the intracellular calcium concentration.

Migration and growth assays of P2Y4
0/?

and P2Y4
0/- ECs

Chemotaxis of primary ECs was assayed in a multiwell

chamber as described previously [18]. Briefly ECs were

allowed to migrate through a Polyvinylpyrrolidone coated

filter (8 lm hole size) in response to UTP during 4 h at

37 �C. The number of migrated cells was counted with an

image analyzer (ImageJ Program; NIH). For the growth

assays, 4 9 104 ECs were placed in EBM medium (0.1 %

FBS) during 24 h. The cells were then stimulated during

72 h by UTP 100 lmol/L or VEGF 100 ng/ml and counted

manually.

PDGF-B elisa

Supernatants of cardiac ECs or sera of P2Y4
0/? and P2Y4

0/-

mice were collected and PDGF-BB levels were measured

by enzyme-linked immunosorbent assay using the Quan-

tikine kit from R&D Systems (Abingdon, GB).

Immunohistochemistry experiments

After cervical dislocation, hearts were harvested, weighed

and frozen directly in OCT compound (VWR Scientific).

Heart sections (7 lm) were fixed with methanol and

stained with hematoxylin/eosin (HE), DAPI and antibodies

against P2Y4, CD31 or troponin. Microvessel and cardio-

myocyte density were quantified in complete transversal

cross-sections by examining 15 fields per section covering

at least 40 % of each tested heart, at 209 magnification, in

a blinded fashion. For BrdU labelling, 10 days old mice

were injected intraperitoneally with a single pulse (50 lg/g

body weight) of BrdU, 24 h before sacrifice. To quantify

the proliferation of microvessels, the number of double

labeled CD31/BrdU vessels was normalized to total CD31

positive vessels.

To quantify cardiomyocyte size, microscope lighting,

focus, and field selection were optimized for distinction of

cell boundaries. Fields were chosen to increase the prob-

ability of cardiomyocytes being visualized in appropriate

cross-section and not tangentially. Cardiomyocytes were

outlined manually and cardiomyocytes size was measured

using Image J software.

Quantification of endothelial and cardiomyocyte

proliferation by flow cytometry experiments

Five days old P2Y4
0/? and P2Y4

0/- mice were injected

intraperitoneally with a single pulse (50 lg/g body weight)

of EdU, 24 h before sacrifice. The number of double

labeled troponin/Edu and CD31/EdU cells was measured

by flow cytometry using cell suspensions obtained from

whole hearts after collagenase B (2 mg/mL) treatment.

Matrigel experiments

Matrigel with 1.4 lg/mL VEGF, 8 lg/mL FGF-2 and

500 nmol/L S1P and 116 lg/mL BSA Fatty Acid Free was

subcutaneously injected in the median line of the abdomen

during 14 days. Paraffin slides (5 lm) were colored with

HE and the total area occupied by colored cells was

quantified with the image analysis software Metamorph

(Universal Imaging Corp., West Chester, US). The cellu-

larities were expressed in pixels and represented the ratio

between the area of colored cells and the total area of the

selected field. The data displayed are the mean of at least

three different slides covering the totality of the matrigel.

Murine air pouch granuloma

This model of inflammatory angiogenesis was performed

essentially as described [19]. Five-milliliter air pouches

were raised on the dorsal surface of female mice

(6–8 weeks old). After 4 h, 0.5 mL of 0.1 % v/v croton oil

in Freund’s complete adjuvant (Sigma) was injected into

the pouch. 8 days later, a vascular cast was made by

intravenous injection of 1 mL of a solution of 5 % carmine

red/10 % gelatin. The granuloma tissue was removed,

dried, weighed and digested. Carmine content was deter-

mined against a carmine standard curve read at 490 nm.

Statistics

Data are expressed as mean ± SEM for in vitro and vivo

studies. Endpoint comparisons with 2 groups were performed
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using an unpaired 2-tailed Student’s t test (Prism Software,

version5; GraphPad, CA). For parallel repeated-measures

studies, 2-way ANOVA was used with Bonferroni post hoc

evaluations to determine the significance for individual time

points (Prism Software; GraphPad). For all studies, p value was

considered as, *p \ 0.05; **p \ 0.01; ***p \ 0.001.
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Results

Microcardia phenotype of the P2Y4-deficient mice

We observed that P2Y4-deficient (P2Y4
0/-) adult mice

displayed a reduced heart weight compared to P2Y4
0/? mice

(Fig. 1a), whereas the weight of other organs (lung, spleen,

kidney, liver) was unchanged (data not shown). Heart wet

weight of P2Y4
0/? and P2Y4

0/- mice was then compared at

different ages (Fig. 1b) and was normalized to the body

weight (Fig. 1c). No significant difference was observed at

birth, whereas at 12 weeks the weight of P2Y4
0/? and

P2Y4
0/- hearts were 173.9 ± 7.8 mg and 138.6 ± 3.3 mg

respectively (means ± SEM; ***p \ 0.001; N = 13),

which corresponds to a heart weight reduction of 20 %

(Fig. 1c). The microcardia phenotype has been also

observed by measuring the heart dry weight of male and

female P2Y4-deficient mice (data not shown).

An echocardiographic assessment was then performed to

evaluate septal wall and posterior wall thickness, and left

ventricular systolic and diastolic dimensions (Table 1). We

observed that several measured parameters were reduced in

P2Y4
0/- mice. In particular diastolic septal and posterior wall

thickness and left ventricle mass were significantly lower in

P2Y4
0/- mice as compared to P2Y4

0/? mice (Table 1; N =

11). The ejection fraction, cardiac output, fractional short-

ening and heart rate, measured during these experiments after

sedation with 150 mg/kg ketamine were not significantly

different between P2Y4
0/? and P2Y4

0/- mice (Table 1).

P2Y expression in mouse and human hearts

We studied the expression of P2Y4 receptor in mouse and

human hearts (Fig. 1). In situ hybridization experiments

revealed P2Y4 expression in microvessels, but not in

cardiomyocytes of 10 days old P2Y4
0/? mice (Fig. 1d).

Immunohistochemistry provided similar results (Fig. 1e).

Quantitative RT-PCR experiments were realized using spe-

cific primers of P2Y1, P2Y2, P2Y4, P2Y6, CD31 and troponin

and cDNAs from mouse primary heart ECs, lung ECs or

cardiomyocytes. As expected, CD31 and troponin were only

detected respectively in primary ECs and cardiomyocytes.

RT-PCR data revealed P2Y4 expression in primary cardiac

ECs but not in lung primary ECs or cardiomyocytes, whereas

P2Y1, P2Y2 and P2Y6 expression was detected in heart ECs,

Table 1 Echocardiographic assessment of P2Y4
0/? and P2Y4

0/- mice

Parameters P2Y4
0/? P2Y4

0/- p values

Septal wall D (mm) 1.04 ± 0.03 0.89 ± 0.03 \0.01**

Left ventricle ED (mm) 2.99 ± 0.12 2.89 ± 0.10 NS

Posterior wall D (mm) 0.86 ± 0.03 0.75 ± 0.04 \0.05*

Septal wall S (mm) 1.63 ± 0.03 1.53 ± 0.04 \0.05*

Left ventricle ES (mm) 1.52 ± 0.07 1.36 ± 0.07 NS

Posterior wall S (mm) 1.45 ± 0.04 1.34 ± 0.03 \0.05*

Left ventricle mass (g) 0.096 ± 0.008 0.075 ± 0.005 \0.05*

Relative wall thickness 0.64 ± 0.02 0.58 ± 0.03 NS

Ejection fraction (%) 59 ± 7 63 ± 7 NS

LV cardiac output (mL/

min)

16.62 ± 0.98 18.9 ± 1.32 NS

LV fractional

shortening (%)

57.41 ± 1.9 59.1 ± 1.7 NS

Heart rate (bpm) 664.8 ± 11.4 651.9 ± 14.0 NS

Twelve weeks old P2Y4
0/? and P2Y4

0/- sedated mice (N = 11) were

used for echocardiographic measurements (D diastolic; S systolic; ED
end-diastolic; ES end-systolic). Ejection fraction = LVED vol-

ume - LVES volume/LVED volume 9 100; LV cardiac out-

put = (LVED volume - LVES volume) 9 HR/1,000; LV fractional

shortening = LVD - LVS/LVD 9 100

Fig. 1 Microcardia phenotype of the P2Y4-null mice. a Typical

hearts of 12 weeks old P2Y4
0/? and P2Y4

0/- mice. Frozen sections

(7 lm) of whole hearts of P2Y4
0/? mice and P2Y4

0/- mice were stained

with hematoxylin-eosin. Images were taken at the same magnification

of 92.5. b Post-natal heart weight of 0, 2, 6, 10 and 12 weeks-old

P2Y4
0/? and P2Y4

0/- mice. Heart weight of male mice from newborn to

adult (12 weeks) is plotted versus age. Curves were fit using nonlinear

regression. Each data point represent the mean ± SEM of five mice.

c Normalized heart weight of newborn and 12 weeks-old P2Y4
0/? and

P2Y4
0/- mice. Heart weight was normalized according to mouse body

weight for newborn and 12 weeks old P2Y4
0/? and P2Y4

0/- mice

(means ± SEM of 8 mice per genotype). d Expression of P2Y4

mRNA in 10 days old P2Y4
0/? heart. The expression of P2Y4 mRNA

is demonstrated by in situ hybridization with antisense probe against a

fragment of P2Y4, control hybridization with the corresponding sense

probe and CD31 labeling of the adjoining section (940 magnifica-

tion). Some CD31?-microvessels that are positive for P2Y4 expres-

sion are indicated by white arrows. e Immunodetection of P2Y4

expression in adult P2Y4
0/? heart. Microscopic analysis at 920

magnification showing co-localization of CD31 (red) and P2Y4

(green) in adult P2Y4
0/? and P2Y4

0/- mice. White arrows indicate

examples of microvessels and vessels identified by a double labelling

CD31/P2Y4. f Expression of P2Y1, P2Y2 and P2Y4 and P2Y6 mRNAs

in mouse cardiac endothelial cells, lung endothelial cells and

cardiomyocytes. Quantitative RT-PCR experiments were performed

using specific primers of mouse P2Y2 and P2Y4 receptors and cDNA

obtained after reverse transcription of three independent RNA

preparation extracted from heart and lung endothelial cells and

cardiomyocytes (CM). CD31 and troponin were used as positive

controls for endothelial cells and cardiomyocytes, respectively. PCR

data were normalized for each gene to RPL13 and HPRT house-

keeping genes. The high expression of P2Y2 in the lung ECs was

defined as 100 %. g Expression of P2Y2 and P2Y4 mRNAs in human

heart. Quantitative RT-PCR experiments were performed using

specific primers of human P2Y2 and P2Y4 receptors and cDNA

obtained after reverse transcription of RNA extracted from human

atrium, ventricle and microvessels (vessels). PCR data were normal-

ized for each gene to B2M and 18S housekeeping genes. The

expression of P2Y2 in microvessels was defined as 100 %. h Calcium

response to UTP in P2Y4
0/?, P2Y4

0/-, P2Y2
0/? and P2Y2

0/- cardiomyo-

cytes. Effect of UTP (100 lmol/L) on intracellular calcium mobili-

zation was measured in freshly isolated fura-2-loaded cardiomyocytes

from adult and 10 days old mice. The ratio of emission represents the

ratio between 340 and 380 nm. These data are representative of three

independent experiments. (Color figure online)

b
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in cardiomyocytes and more strongly in lung ECs (Fig. 1f).

We have also identified a significant P2Y2 expression and a

weaker P2Y4 expression in human atrium and ventricle

(Fig. 1g). A sufficient number of microvessels were then

isolated from human hearts to perform PCR experiments.

Both P2Y2 and P2Y4 mRNAs were detected in human car-

diac microvessels (Fig. 1g). Mouse cardiomyocytes were

isolated from hearts of 10 days old and adult P2Y4
0/? and

P2Y4
0/- mice in order to perform calcium measurements.

UTP calcium responses were unaffected in P2Y4-null

cardiomyocytes from 10 days old and adult mice (Fig. 1h).

UTP calcium response was abolished in P2Y2-deficient

cardiomyocytes isolated from adult mice (Fig. 1h). No

microcardia phenotype was observed in P2Y2-deficient mice

(data not shown).

Involvement of P2Y4 receptor in major functions

of cardiac ECs

Functional expression of P2Y4 receptor was then investigated

in mouse primary ECs isolated from P2Y4
0/? hearts by colla-

genase digestion followed by a percoll gradient. Lung ECs

Fig. 2 Defective functions of P2Y4-null cardiac endothelial cells.

a Migration defect of primary P2Y4-null cardiac endothelial cells in

response to UTP. Migration of 4 9 104 primary P2Y4
0/? and P2Y4

0/-

ECs isolated from heart or lungs was assayed in a multiwell chamber.

Cells on filter were labelled with Hoechst and counted with an image

analyzer (ImageJ Program; NIH). The data are mean ± SEM of three

independent experiments. b Impaired proliferation of primary P2Y4-

null cardiac endothelial cells in response to UTP. 4 9 104 endothelial

cells were stimulated in 0.1 % FBS during 72 h by UTP 100 lmol/L

or VEGF 100 ng/ml and counted manually. The data are mean ±

SEM of three independent experiments. c Impaired PDGF-B regu-

lation in primary P2Y4-null cardiac endothelial cells in response to

UTP. Quantitative RT-PCR data were obtained for PDGF-B in

cardiac ECs in response to UTP 100 lmol/L. Two control genes

(RPL13 and HPRT) were selected after analysis using Genorm

program. Normalized ratios were obtained for PDGF-B at 6 h for two

independent preparation of ECs isolated from P2Y4
0/? and P2Y4

0/-

hearts (mean ± SEM) using SYBR Green technology. d Impaired

PDGF-BB release by P2Y4
0/- endothelial cells in response to UTP.

ECs were stimulated by UTP (100 lmol/L) for 24 h. Supernatants of

treated ECs were collected for ELISA measurements of PDGF-B

(PDGF-BB Quantikine from R&D Systems). Results are expressed as

picograms/ml and represent the mean ± SEM of two independent

experiments. E. Reduction of PDGF-BB serum level in P2Y4-null

mice. Sera of P2Y4
0/? and P2Y4

0/- mice were collected for ELISA

measurements of PDGF-B (PDGF-BB Quantikine from R&D

Systems). Results are expressed as picograms/ml and represent the

mean ± SEM of 8 mice
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were used as a negative control of P2Y4 expression in further

experiments. Migration assays were performed using 4 9 104

primary ECs (Fig. 2a). The maximal effect of UTP on

migration of primary ECs was observed at 10 lmol/L and was

significantly decreased in P2Y4-null cardiac ECs, but not in

P2Y4-null lung ECs (Fig. 2a). In a similar way, UTP-medi-

ated EC proliferation was significantly reduced in P2Y4
0/-

cardiac ECs compared to P2Y4
0/? cardiac ECs, whereas the

VEGF effect on these cells was maintained (Fig. 2b).

Cardiac ECs are known to secrete factors such as PDGF-

B and neuregulin which modulate cardiomyocyte develop-

ment. Quantitative RT-PCR and ELISA experiments were

performed using cardiac ECs and revealed that UTP was

able to up-regulate PDGF-B expression in P2Y4
0/? cardiac

ECs (Fig. 2c, d). No UTP effect was observed on neuregulin

expression in the same cell preparations (data not shown).

UTP-induced PDGF-B up-regulation was significantly

inhibited in P2Y4
0/- cardiac ECs compared to P2Y4

0/? cardiac

ECs (Fig. 2c, d). Interestingly serum levels of PDGF-B were

significantly reduced in P2Y4
0/- mice (Fig. 2e).

Microvessel and cardiomyocyte proliferation defect

in P2Y4-deficient hearts

We analysed the density and proliferation of microvessels

and cardiomyocytes in 5 days old mice by CD31 and tro-

ponin staining of heart slides (Fig. 3a) and by flow

cytometry analysis (Fig. 3b). Hearts stained without pri-

mary antibodies were used as a negative control (data not

shown). The number of CD31 positive microvessels was

reduced in 5 days old P2Y4
0/- mice (45 ± 9 % of reduc-

tion; **p \ 0.01; N = 9) compared to 5 days old P2Y4
0/?

mice (Fig. 3a). Cardiomyocyte density and size were not

significantly affected in 5 days old P2Y4
0/- mice compared

to P2Y4
0/? mice (Fig. 3a). We observed that both CD31

and troponin positive cell proliferation was significantly

decreased in P2Y4
0/- hearts compared to P2Y4

0/? hearts of

EdU-injected 5 days old mice (Fig. 3b). Effectively, flow

cytometry data revealed a reduction of 24 ± 2 % of tro-

ponin/EdU cells (***p \ 0.01; N = 9) and a reduction of

22 ± 2 % of CD31/EdU positive cells (***p \ 0.01;

N = 9) in total cell preparations from whole hearts of

5 days old P2Y4
0/- mice compared to 5 days old P2Y4

0/?

mice (Fig. 3b). Apoptosis was also evaluated by the

quantification of cells positive for active caspase-3 but no

significant difference was observed between hearts of

5 days old P2Y4
0/? and P2Y4

0/- mice (Fig. 3c).

Immunohistochemical analysis has also been performed

in 10 days old P2Y4
0/- and P2Y4

0/? mice (Fig. 3d). The

number of CD31 positive microvessels was reduced in

10 days old P2Y4
0/- mice (20 ± 5 % of reduction;

**p \ 0.01; N = 10) compared to 10 days-old P2Y4
0/? mice

(Fig. 3d). The number of BrdU/CD31 double positive

microvessels, normalized to the total number of vessels, was

significantly reduced by 26.9 ± 9.0 % in P2Y4
0/- hearts

compared to P2Y4
0/? hearts (**p \ 0.01; N = 10) (Fig. 3d).

Cardiomyocyte density was reduced in 10 days old P2Y4
0/-

mice compared to P2Y4
0/? mice (Fig. 3d). We also observed

that cardiomyocyte size was significantly increased in

P2Y4
0/- hearts compared to P2Y4

0/? hearts (Fig. 3d).

Microvessel and cardiomyocyte densities were also

quantified in P2Y4
0/? and P2Y4

0/- adult hearts (Fig. 3e). We

observed that microvessel density was reduced by

20.4 ± 2.9 % in P2Y4
0/- adult hearts as compared to P2Y4

0/?

adult hearts (***p \ 0.001; N = 8) (Fig. 3e). The density

of cardiomyocytes was reduced in adult P2Y4
0/- compared

to adult P2Y4
0/? hearts (19.3 ± 6.4 % of reduction;

**p \ 0.01; N = 8) (Fig. 3e).

P2Y4-deficient mice display an angiogenic defect

in matrigel and air pouch in vivo models

The role of P2Y4 receptor in angiogenesis was also evalu-

ated using in vivo models involving the proliferation of

microvascular ECs. Subcutaneous injection of matrigel or

croton oil in Freund’s complete adjuvant was performed in

P2Y4
0/? and P2Y4

0/- mice (Fig. 4). Matrigel plugs were

collected 14 days after matrigel injection under the

abdominal skin and were subjected to histological analysis.

Haematoxylin-eosin coloration revealed that in wild-type

P2Y4
0/? mice, cellular infiltration was detected in the

periphery and the center of the matrigel, whereas in P2Y4
0/-

mice, large parts of the matrigel were not infiltrated by cells

leading to its fragilization (Fig. 4a). Total areas occupied by

colored cells have been quantified to allow the comparison

of the cell density between P2Y4
0/? and P2Y4

0/- mice

(Fig. 4a, right panel). Cellular infiltration was similar at the

periphery, but a significant difference was observed in the

center of the matrigel plugs (Fig. 4a). Endothelial cells were

detected at the periphery and the center of the matrigel plugs

in P2Y4
0/? mice where as strong reduction of CD31-positive

cells were observed in their center in P2Y4
0/- mice (Fig. 4a).

In another model, air pouches were raised on the dorsal

surface of P2Y4
0/? and P2Y4

0/- mice and injected with

croton oil in Freund’s complete adjuvant. Eight days later,

animals were anesthetized and a vascular cast was made by

intravenous injection of carmine red. The granuloma tissue

was then removed to determine the granuloma dry weight

and dye content (Fig. 4b). A significant reduction of dry

granuloma weight was observed in P2Y4
0/- mice compared

to P2Y4
0/? mice: 191.4 ± 5.5 mg versus 157.0 ± 8.1 mg

respectively in P2Y4
0/? and P2Y4

0/- mice (mean ± SEM;

N = 10; **p \ 0.01) which represents a reduction of 18 %

(Fig. 4b; left panel). A comparable reduction of dye con-

tent was observed: 0.91 ± 0.06 mg in P2Y4
0/? mice versus

0.71 ± 0.06 in P2Y4
0/- mice (mean ± SEM; N = 10;
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**p \ 0.01) corresponding to a reduction of 22 % (Fig. 4b;

right panel). The magnitude of these differences was

comparable to the effect of dexamethasone (0.5 mg/kg) or

blocking antibodies against Flk-1 VEGF receptor in the

same model (data not shown).

Discussion

Knockout mice for several target genes have been reported

to display heart development defects related to loss of their

expression in cardiomyocytes and cardiomyocyte dys-

function. Knockout mice for a1A/C and a1B adrenergic

receptors [20], androgen receptor [21] or serotonin 2B

receptor [22] display smaller hearts due to smaller

cardiomyocytes [20] or reduction of their proliferation

[21, 22]. On the other hand, neuropilin-1 or creatine kinase

knockout mice display hearts with an enhanced size due to

cardiomyocyte hypertrophy [23, 24]. In VEGF-B knockout

mice, heart weight was significantly decreased 6 weeks

after birth [25]. However no impaired growth of the vas-

cular network was observed in VEGF-B knock-out mice.

The authors suggest that the observed microcardia pheno-

type could be related to an effect of VEGF-B on cardio-

myocyte growth [25].

In this paper we report that P2Y4-deficient mice display a

defective cardiac post-natal development resulting in a

decreased heart weight and a significant reduction in left

ventricle mass, as well as in septal and posterior wall

thickness, as measured by echocardiography. P2Y4 expres-

sion was previously demonstrated in the embryonic car-

diovascular system and more precisely in the developing rat

heart [4, 6]. RT-PCR and in situ hybridization experiments

revealed P2Y4 expression in heart microvessels but not in

cardiomyocytes.

Functional assays confirmed that the P2Y4 receptor is

expressed in cardiac ECs, but not in cardiomyocytes.

Indeed the Ca2? response to UTP measured in cardio-

myocytes was maintained in P2Y4
0/- mice, but completely

lost in P2Y2
-/- mice. Interestingly the absence of P2Y4

receptor reduced the growth and migratory capacity of

cardiac ECs in vitro. ECs secrete mediators modulating

cardiomyocyte development such as PDGF-B and neu-

regulin-1. We observed a P2Y4-mediated UTP effect on

PDGF-B expression in cardiac ECs and lower PDGF-B

serum levels in P2Y4-deficient mice. PDGF-B is important

for murine cardiac development [26] and more generally

for the normal structure and function of conduit vessels and

capillaries [27]. Endothelial-specific ablation of PDGF-B

leads to cardiac disorders including myocardial hypotrophy

and septal abnormalities [28]. The direct involvement of

PDGF-B defect in the microcardia phenotype of P2Y4-

deficient mice is still not demonstrated since no early post-

natal disorder was observed.

The dramatic increase in heart weight during the first

weeks after birth is believed to result from massive growth

of the coronary vessels and capillaries leading to cardio-

myocyte proliferation [25, 29]. When cardiomyocyte DNA

synthesis is complete, further growth of the heart is due to

cardiomyocyte hypertrophy, that is inhibited in a1A/C and

a1B double knockout mice, indicating the role of sympa-

thetic innervations [20]. The in vivo proliferation of

microvascular ECs and cardiomyocytes was significantly

reduced in the hearts of 5 days old P2Y4
0/- mice. The

absence of P2Y4 expression in cardiomyocytes supports

that the proliferative defect of cardiomyocytes is an indi-

rect consequence of the angiogenic defect leading to a

reduced heart weight at adult age. The proliferation defect

of microvessels was correlated with a strong decrease in

their density in the hearts of 5 days old P2Y4-deficient

mice. Interestingly the decrease in cardiomyocyte prolif-

eration was compensated by an increased size observed in

10 days old P2Y4-deficient mice. The cardiac phenotype of

P2Y4-deficient mice is thus opposite to that of p27KIP1

knockout mice [30] and transgenic mice expressing c-myc

constitutively in cardiomyocytes [31], which is character-

ized by increased heart weight, with enhanced proliferation

and decreased size of cardiomyocytes.

Communication between ECs and cardiomyocytes is thus

critical not only during early heart development but also for

Fig. 3 Microvessel and cardiomyocyte proliferation defect in P2Y4-

null mice. a Quantification of CD31 and troponin positive cells, and

cardiomyocyte size in the hearts of 5 days old P2Y4
0/? and P2Y4

0/-

mice. The histological data were blindly obtained at 920 magnifi-

cation in 5 fields on transversal sections. Histological and flow

cytometry data represent the mean ± SEM of 9 P2Y4
0/? and 9 P2Y4

0/-

hearts from 5 days old mice. b Quantification of troponin/EdU and

CD31/EdU positive cells by flow cytometry in the hearts of 5 days

old P2Y4
0/? and P2Y4

0/- mice. The flow cytometry data represent the

mean ± SEM of 9 P2Y4
0/? and 9 P2Y4

0/- hearts from 5 days old mice.

c Quantification of active caspase 3 positive cells in the hearts of

5 days old P2Y4
0/? and P2Y4

0/- mice. The histological data were

blindly obtained at 920 magnification in 5 fields on transversal

sections. Histological data represent the mean ± SEM of 5 P2Y4
0/?

and 5 P2Y4
0/- hearts from 5 days old mice. d Quantification of CD31

and CD31/BrdU positive microvessels, troponin positive cells and

cardiomyocyte size in the hearts of 10 days old P2Y4
0/? and P2Y4

0/-

mice. The results were blindly counted at 920 magnification in 15

fields on transversal sections, covering at least 40 % of the heart.

Results represent the mean ± SEM of 10 P2Y4
0/? and 10 P2Y4

0/-

hearts from 10 days old mice. Immunofluorescent detection of CD31/

BrdU positive cells in 10 days old P2Y4
0/? and P2Y4

0/- hearts was

performed at 920 magnification showing co-localization of BrdU

(green) and CD31 (red) in 10 days old P2Y4
0/? and P2Y4

0/- mice. The

nucleus is stained by DAPI (blue). Arrows indicate examples of

microvessels identified by a double BrdU/CD31 labelling. e Quan-

tification of CD31 and troponin positive cells in the hearts of adult

P2Y4
0/? and P2Y4

0/- mice. CD31 and troponin positive cells were

blindly counted at 920 magnification in 15 fields on transversal

sections. The results are the mean ± SEM of 8 P2Y4
0/? and 8 P2Y4

0/-

hearts from 12 weeks old mice. (Color figure online)

b
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adult heart function and remodelling [1, 32]. Indeed trans-

genic expression of the angiogenic factor PR39 in the heart

induced ECs proliferation and myocardial hypertrophy [33].

In a similar way, the transgenic induction of an activated

Akt1 in the heart led initially to cardiac hypertrophy asso-

ciated with coronary angiogenesis, whereas angiogenesis

was reduced at a later stage leading to heart failure [34].

The potential angiogenic action of extracellular nucleo-

tides was described in ECs present in arteries or vessels. UTP

was shown to exert chemotactic and mitogenic actions on

guinea pig coronary ECs as well as an angiogenic action on

the chorioallantoic membrane [35]. The involvement of P2Y2

and possibly P2Y4 receptors in the chemotactic action of

extracellular nucleotides was demonstrated in HUVECs [36].

In pulmonary artery vasa vasorum ECs, extracellular ATP

was described as a pro-angiogenic factor [37], and P2Y1- and

P2Y13-mediated proliferative responses were demonstrated

[38]. The angiogenic action of extracellular nucleotides on

microvessels was not described so far, and more interestingly

in the context of a defective organ development.

The identification of P2Y4 expression in cardiac ECs

was an unexpected finding knowing the very restricted

tissue distribution of P2Y4 receptor compared to that of

ubiquitous P2Y1 and P2Y2 receptors. The remaining effect

of UTP on EC proliferation and migration in P2Y4

knockout ECs is likely due to the P2Y2 receptor, which

displays a similar pharmacological profile. Unaltered

responses to UTP and ATP have been observed in aortic

ECs from P2Y4-null mice [39]. It appears thus that while

P2Y1 and P2Y2 receptors are mediating nucleotide effects

Fig. 4 Cellular infiltration

defect in angiogenesis-induced

models in P2Y4-null mice.

a Reduced cellular infiltration in

matrigel bulbs injected in P2Y4
0/

? and P2Y4
0/- mice. Matrigel

was injected in P2Y4
0/? and

P2Y4
0/- mice and colored with

haematoxylin-eosin after

14 days (910). Cellularities and

CD31 positive cells were

counted at day 14 at the

periphery and in the matrigel

injected in P2Y4
0/? and P2Y4

0/-

mice (indicated by the double
arrow) (N = 6). b Air pouch

granuloma analysis in P2Y4
0/?

and P2Y4
0/- mice. Air pouches

were raised on the dorsal

surface of 10 P2Y4
0/? and 10

P2Y4
0/- mice under anesthesia.

Eight days after angiogenesis

induction, intravenous injection

of carmine red and gelatin was

performed. The granuloma

tissue was then removed to

determine its dry weight and its

carmine content

358 Angiogenesis (2012) 15:349–360

123



on aortic ECs, the P2Y4 receptor plays a determinant role

in microvascular ECs physiology. We detected P2Y4

expression in human heart and more precisely in human

cardiac microvessels. The potential antiangiogenic action

of P2Y4 antagonists could have promising therapeutical

applications.

Interestingly the angiogenic defect observed in matrigel

and air pouch granuloma models in vivo suggests the

expression and role of P2Y4 in other microvascular beds as

well. Interestingly matrigel invasion was also decreased in

ectonucleotidase CD39 knockout mice [40]. One explana-

tion proposed by the authors is that the accumulation of

ATP resulting from CD39 deficiency leads to impaired

chemotaxis of macrophages due to P2Y2 receptor desen-

sitization. Multiple P2Y receptors seem thus to play com-

plementary roles in angiogenesis.

Uracil nucleotides were shown to protect cardiomyo-

cytes from hypoxic stress [13], and to reduce infarct size

and improve heart function after myocardial infarct [14].

These effects may result from multiple effects of UTP on

P2Y2 receptors expressed on cardiomyocytes and on

endothelial P2Y2 and P2Y4 receptors. More recently the

P2Y6 receptor was shown to be involved in overload-

induced cardiac fibrosis [3]. Furthermore it was demon-

strated that mechanical stretch releases nucleotides from

cardiomyocytes through pannexin hemichannels [3]. A

release of UTP has also been observed in human heart

during myocardial infarction [41]. It appears that three P2Y

receptors play determinant roles in cardiac functions: P2Y2

in cardioprotection, P2Y6 in cardiac fibrosis and P2Y4 in

cardiac development.

The current study constitutes a major advance in the

field of nucleotide receptors and cardiac development.

Besides VEGF and other angiogenic factors, UTP appears

as an important physiological regulator of cardiac endo-

thelial functions acting through P2Y4 receptor activation.

Antagonists of the P2Y4 receptor as well as antibodies

directed against this nucleotide receptor could reduce

excessive angiogenesis. Besides the determinant role of

P2Y12 and P2Y1 receptors in platelet physiology, P2Y4

receptor could constitute a therapeutic target to regulate

cardiac remodelling and post-ischemic revascularisation. In

a broader way, our study demonstrates the role of an

endothelial receptor in heart growth in vivo and illustrates

the involvement of endothelial-cardiomyocyte interactions

in cardiac development.
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