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ABstrACt 

Platelet-derived growth factor receptor alpha (Pdgfrα) identifies cardiac progenitor cells 
in the posterior part of the second heart field. We aim to elucidate the role of Pdgfrα in 
this region. Hearts of Pdgfrα-deficient mouse embryos (E9.5-E14.5) showed cardiac 
malformations consisting of atrial and sinus venosus myocardium hypoplasia, including 
venous valves and sinoatrial node. In vivo staining for Nkx2.5, showed increased 
myocardial expression in Pdgfrα mutants, confirmed by Western blot analysis. Due to 
hypoplasia of the primary atrial septum, mesenchymal cap and dorsal mesenchymal 
protrusion, the atrioventricular septal complex failed to fuse. Impaired epicardial 
development and severe blebbing coincided with diminished migration of epicardium-
derived cells and myocardial thinning, which could be linked to increased WT1 and 
altered α4-integrin expression. Our data provide novel insight in a possible role for Pdgfrα 
in transduction pathways that lead to repression of Nkx2.5 and WT1 during development 
of posterior heart field-derived cardiac structures.
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iNtroDuCtioN 

Platelet-derived growth factors (PDGFs) are expressed in many cardiac structures as 
shown in the avian embryo 1,2. This not only accounts for myocardium of the primary heart 
tube, but also for second heart field (SHF)-derived myocardium and mesenchyme at the 
venous pole 1,2. 
Loss of PDGF receptor alpha (Pdgfrα) signalling leads to neural crest-related malformations 
at the outflow tract (OFT) of the heart, like persistent truncus arteriosus and double outlet 
right ventricle 3,4. We recently described pulmonary venous (PV) abnormalities in Pdgfrα 
mutant mice originating at the venous pole of the heart 5. In this region, both in avian and 
mouse, expression of PDGFR-α was observed not only in the sinus venosus myocardium 
but also in the mesenchyme of the SHF 1,2, referred to as posterior heart field (PHF) 6 as 
opposed to the anterior heart field (AHF) at the OFT 7. The PHF and its derivatives arise 
in part from the mesothelial lining of the coelomic cavity by epithelial-to-mesenchymal 
transformation (EMT) 6,8. Splanchnic mesoderm and mesenchyme of the dorsal 
mesocardium at the venous pole not only support a recruitment of SV myocardium 
(myocardial component of the PHF), but also the formation of the dorsal mesenchymal 
protrusion (DMP) 9 and the proepicardial organ (PEO) (mesenchymal components of the 
PHF) 6,8,10. The DMP is in continuity with the mesenchymal cap on the primary atrial 
septum that normally fuses with the AV cushions to form a AV septal complex that is 
important for normal AV septation 9. 
The epicardium, developing from the PEO, spreads out over the myocardial surface. After 
completion of epicardial covering of the heart, epicardial cells undergo EMT and migrate 
into the subepicardial space between the epicardium and myocardium. A subpopulation 
of epicardium-derived cells (EPDCs) then migrates into the myocardium to form interstitial 
fibroblasts, and smooth muscle cells and fibroblasts of the coronary vasculature 10,11. 
Besides their physical contribution to the developing heart, EPDCs have a regulatory role 
in the differentiation of atrioventricular valves 10,12 and in the development of the ventricular 
myocardium 13,14. Expression of PDGFR-α in the PEO, epicardium and EPDCs 2,15 suggests 
a role for Pdgfrα-signalling in the remodelling of the ventricular compact myocardium 
through epicardial-to-myocardial interaction. Indeed, loss of Pdgfrα-signalling leads to 
hypoplastic ventricular myocardium 3. 
Building on our previous work on Pdgfrα 1,2, we now analyzed the cardiovascular 
abnormalities in Pdgfrα-deficient mouse embryos at several developmental stages to 
elucidate the function of Pdgfrα-signalling in cardiac development with specific relation 
to its expression during normal development in the PHF. Proper epicardial adhesion and 
epicardial-myocardial interaction have been described to be established by the interaction 
between vascular cell adhesion molecule (VCAM-1) and α4-integrin 16,17. Also, the initiation 
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of the process of EMT by several factors, like Snail, E-cadherin, Wilm’s Tumor 1 (WT1) 
and retinoic acid (RA)-synthesizing enzyme RALDH2 18-20 are important for the epicardial-
myocardial interaction. Here, we present data demonstrating a role for Pdgfrα-regulated 
PHF-derived myocardial differentiation and remodelling. 

MAteriALs AND MethoDs 

Generation of Pdgfrα-/- and eGfP Mice and harvesting of embryos
The Pdgfrα knockout mice have been described previously 36,37. Pdgfrα-deficient embryos 
are embryonic lethal, dying in two waves. Approximately 60% die by E8.5 of unknown 
causes and the remainder die by E16.5 with multiple defects including cardiac anomalies, 
cleft face, neural tube defects, body wall defects and hemorrhages 22,36,38. Pdgfrα+/-

heterozygotes are viable and fertile and these mice were crossed to obtain Pdgfrα-/- 
embryos and Pdgfrα+/+ (wildtype) littermates. Pdgfrα-animals were housed in the animal 
facility under standard conditions. All procedures were carried out following approval from 
the Institutional Animal and Use committee at the University of Utah School of Medicine 
and in accordance with institutional policies. 
PDGFR-α knock-in mutants (B6.129S4-Pdgfrαtm11(EGFP)Sor/J), in which an allele of the 
PDGFR-α expresses a nuclear localized H2B-eGFP fusion gene from the endogenous 
Pdgfrα locus (PDGFRαGFP) 36,37 were used to investigate the spatial and temporal expression 
of this receptor. The endogenous Pdgfrα promoter drives expression of the H2B-eGFP 
fusion gene. PDGFRαGFP/GFP embryos, in which both alleles of the PDGFR-α expresses a 
nuclear localized green fluorescent protein from the Pdgfrα locus, were used in this study 
at stage E14.5 as Pdgfrα-/-. The PDGFRαGFP and PDGFRαGFP/GFP animals were housed in 
the Scheele Animal Facility at MBB, Karolinska Institute, Stockholm, under standard 
conditions. All procedures were carried out following approval from the animal ethical 
board of Northern Stockholm and in accordance with institutional policies. 
In both institutes, the morning of the vaginal plug after crossing the animals was stated 
as embryonic day (E) 0.5. Pregnant females were sacrificed and embryos were harvested 
and the thorax was isolated. PCR genotyping in both institutes was performed on yolk sac 
DNAs with several primers as described previous 5,39. The collected embryos were fixed 
in 4% paraformaldehyde (PFA) for 24-48 hours and further processed for paraffin 
immunohistochemical investigation. Subsequently, 5 μm serial sections were mounted 
on egg white/glycerine-coated microscope slides (Menzel-Gläser). 
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immunohistochemistry
Serial sections were subjected to standard immunohistochemical procedures 1,8. Briefly, 
after rehydration of the slides, inhibition of endogenous peroxidase was performed with 
a solution of 0.3% H2O2 in PBS for 20 min. Microwave antigen retrieval was applied for 
the GFP, WT1 and Nkx2.5 staining, by heating the sections (12 min to 98oC) in citric acid 
buffer (0.01 Mol/L, pH 6.0). Sections were incubated overnight with primary antibodies 
against: HHF35 (actin), M0635, Dako, Glostrup, Denmark; MLC-2a, a kind gift of Dr. S.W. 
Kubalak, Charleston, USA; Nkx2.5, SC-8697, Santa Cruz Biotechnology, Santa Cruz, USA; 
Wilm’s tumor suppressor protein 1 (WT1), CA1026, Calbiochem, USA; GFP, A11122, 
Molecular probes, Eugene, USA. Subsequently, the slides were incubated with a secondary 
biotin-labelled goat-anti-rabbit (BA-1000, Vector Labs) or horse-anti-goat (BA-9500, 
Vector Labs) in combination with normal goat serum (S-1000, Vector Labs) or normal 
horse serum (S-2000, Vector Labs) for 1 hour, respectively. Additional incubation with 
Vectastain ABC staining kit (PK-6100, Vector Labs) for 45 min was performed. For 
visualization, slides were rinsed in PBS and Tris/Maleate (pH 7.6). 3-3’diaminobenzidine 
tetrahydrochloride (DAB) (D5637, Sigma-Aldrich) was used as chromogen and Mayer’s 
haematoxylin as counterstaining. Finally, all slides were dehydrated and mounted with 
Entellan (Merck). 

3D reconstruction 
We made 3D reconstructions of the atrial and ventricular myocardium with the use of 
MLC-2a stained sections of wildtype as well as Pdgfrα-/- embryos. The 3D reconstruction 
of the mesenchymal cap was also made with the use of the MLC-2a staining. The 3D- 
reconstructions of the proepicardial organ (PEO) were based on WT1 staining of E9.5 
embryos. The reconstructions were made as described earlier 8,40 with the use of the 
AMIRA software package (Template Graphics Software, San Diego, USA). 

Morphometric analysis 
The morphometric analysis was performed on the PEO, sinus venosus, atrial and 
ventricular myocardium and on the mesenchymal cap. The PEO volume estimation 
was performed in 3 wildtype and 4 Pdgfrα-/- mutant hearts of E9.5. The myocardial 
volume estimation was also performed in at least 3 wildtype and 3 knockout hearts 
per embryonic stage E9.5-E13.5. For the analysis of the mesenchymal cap, embryos 
of stage E11.5 were used. For all the mentioned cardiac structures we used the 
Cavalieri’s principle as described by Gundersen and colleagues 41. Briefly, regularly 
spaced points (70mm2 for stage E9.5-E11.5 and 100mm2 for the other stages) were 
randomly positioned on the MLC-2a stained myocardium and on the WT1 stained PEO. 
The distance between the subsequent sections on the slides was 0.020mm for stage 
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E9.5 and E10.5, for the older stages there was a distance of 0.025mm between the 
subsequent sections. For the volume measurement we used the HB2 Olympus 
microscope with a 40x or 100x magnification objective for myocardium and 200x for 
PEO and mesenchymal cap. 

Western blotting
For total protein extraction, the thorax of 4 wildtype and 4 knockout embryos of stage 
E12.5 was flash frozen and homogenized in Tripure isolation reagent (Roch Applied 
Science). Protein concentrations were determined by bicinchoninic acid (BCA) protein 
assay. Homogenates were size-fractionated on 10% PAGE gels and transferred to 
Hybond PVDF membranes. After blocking non-specific binding sites, membranes were 
incubated overnight with the anti-WT1 (CA1026, Calbiochem) and anti-Nkx2.5 (Nkx2.5, 
SC-14033, Santa Cruz Biotechnology) antibodies followed by incubation with a 
horseradish peroxidase (HRP)-labelled secondary antibody (goat anti-rabbit or rabbit 
anti-goat) for 1 hour. GAPDH was used as a loading control. Chemiluminescence was 
induced by ECL Advanced Detection reagent and detected by exposure to Hyperfilm 
ECL. WT1, Nkx2.5 and GAPDH bands were quantified by Quantity One image analysis 
software. 

Cells and cell culture
Epicardial cells were isolated from human atrial appendages as described previously 42.  
Briefly, epicardium was removed from the adult atrial tissue and minced into small pieces. 
Epicardial pieces were cultured in medium containing 45% DMEM, 45% M199, 10% 
heat inactivated fetal calf serum (FCSi), 100U/ml penicillin, 100 μg/ml streptomycin 
(Invitrogen) and 2 ng/ml basic fibroblast growth factor (bFGF, BD Biociences). The 
epicardial pieces were removed from the culture dish as soon as outgrowth of cells was 
visible. Medium was refreshed every 3 days. Epicardial cells with an epithelium-like 
morphology from passage 3-4 were used for lentiviral transductions. 

rNA interference
Epicardial cells cultured from atrial appendages of three different patients were transduced 
with shRNAs. Three lentiviral clones were used for shRNA-mediated Pdgfrα knockdown 
or a scrambled sequence as a control was used, all obtained from the MISSION-libary 
(Sigma). Cells were transduced with shRNA lentivirus in the presence of 4ug/ml polybrene 
for 6 hours. Three days after puromycin (1 ug/ml) selection, transduced cells were 
collected for RNA isolation. 
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mrNA isolation and Quantitative rt-PCr analysis
Total RNA from transfected epicardial cells was isolated by using Nucleospin RNAII 
(Macherey-Nagel) as described by the manufacturer. cDNA was synthesized with 750 ng 
RNA per sample, using iScript cDNA synthesis kit (Bio-Rad). cDNA samples were 
subjected to quantitative RT-PCR (qRT-PCR). Primers were designed with Primer3 and 
qPrimerDepot (http://primerdepot.nci.nih.gov/) and synthesized by Eurogentec (Seraing, 
Belgium). Primer sequences and annealing temperatures are available on request. PCR 
conditions were: 10 min at 95oC followed by 40 cycles of 30 seconds at 95oC, 30 seconds 
annealing temperature (60oC) and 30 seconds at 72oC. All samples were normalized for 
input based on housekeeping gene β-actin, which was not influenced by the different 
shRNAs (data not shown). 

statistics
Statistical analysis on the volume measurement and Western blot analysis were performed 
with independent sample t-test. All data of the volume measurements are presented as 
average ± SD. The PCR data were quantified using the 2-∆∆Ct method, by comparing signal 
of the sh-RNA treated groups with that of the control group, both relative to an internal 
control, β-actin. Analysis of the qRT-PCR data were performed with ANOVA with Bonferroni 
post-hoc analysis for group comparisons. Significance was assumed when P<0.05 using 
SPSS 16.0 software program (SPSS Inc. Chicago, USA). Graphics of statistical analysis 
were composed by Graphpad software. 

resuLts 

General characteristics of the Pdgfrα mutant embryos 
We determined the cardiac phenotype of the Pdgfrα-/- embryos (E9.5-E14.5) and as 
expected we observed cardiac malformations in the OFT region in Pdgfrα mutants 
(Table 1). 
In the further analysis of the Pdgfrα-/- embryos we focussed on cardiac malformations 
at the venous pole region and those related to altered epicardial-myocardial interaction 
(Table 1). Since previous studies showed that Pdgfrα-/- embryos were growth retarded, 
littermates that deviated more than E0.5 from their estimated embryonic day were 
excluded from morphometric and immunhistochemical analysis (Table 1). 

stage e9.5
At E9.5, we observed marked expression of PDGFRαGFP at the venous pole in the 
mesocardium, the myocardium of the sinus venosus, the PEO and in the coelomic 
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mesothelium (Figure 1a and Appendix Figure 1a-c). Positive cells were found dispersed 
throughout the atrial and ventricular myocardium including the inner curvature (Appendix 
Figure 1d-f). The OFT myocardium was negative for PDGFRαGFP (Appendix Figure 1c). 
In four Pdgfrα mutant embryos there was a significantly smaller PEO (53.9%, P<0.05) 
(Figure 1b) and all showed an abnormal orientation of the pulmonary vein (PV). The 
number of cells expressing WT1 in the PEO and in the coelomic mesothelium seemed 
less (Figure 1c-f), although the expression of WT1 seemed more intense in the positive 
cells compared to the wildtype. 

stage e10.5 
At this stage, PDGFRαGFP embryos showed expression in the mesenchymal cap, covering 
the rim of the primary atrial septum (AS) (Figure 2a), the venous valves and the cardinal 
vein myocardium (Appendix Figure 2a-c). The developing sinoatrial node (SAN), marked 
by expression of MLC-2a and negativity for Nkx2.5, was also positive for the receptor. The 
atrial and ventricular myocardium has become negative for PDGFRαGFP while the 
epicardium and developing AV cushions on the ventricular septum (VS) and OFT cushions 
were positive (Appendix Figure 2a-i). The marked expression of WT1 in the epicardium 
of the mutants that covered the myocardium was scattered. In three Pdgfrα-/- embryos 
only an abnormal orientation of the PV was found (Table 1). 

table 1. Cardiac malformations seen in Pdgfrα-/- and PDGFRαGFP/GFP embryos between embryonic day (E) 9.5-14.5

Total KO hearts
E9.5
(n=4)

E10.5
(n=4)

E11.5
(n=5)

E12.5
(n=3)

E13.5
(n=4)

E14.5
(n=2)

Growth retardation (>E0.5)  1 2    

PEO hypoplasia 4      

Epicardial dissociation    3 3  

Myocardial hypoplasia  3 4 2

Ventricular septal fenestrations    2 3  

DMP hypoplasia   3 3 3 2

Abnormal orientation PV connection 4 3 3 2 3 2

Aortic arch right sided   2 2 1 1

Common arterial trunk    2 1 1

Dextroposed Ao   2  2  

Double Outlet Right Ventricle (DORV)     2  

Atrioventricular septal defect (AVSD)     2 1
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stage e11.5 
Several abnormalities in the sinus venosus region were observed in the Pdgfrα-/- embryos. 
The venous valves were shorter compared to the wildtype (Figure 2c,d). The AS and 
mesenchymal cap were hypoplastic (Figure 2c-h). Morphometric analysis showed that 
the mesenchymal cap was 72.7% smaller compared to the control (P<0.05) (Figure 2b). 
The mesenchymal cap did not fuse with the atrioventricular cushions (Appendix Figure 
3) and the DMP was hypoplastic and did not border the incorporation of the PV into the 
left atrium.The orientation of the PV was more caudal (Appendix Figure 3), however the 
connection was still to the left atrium (Figure 2h). No malformations of the ventricular 
myocardium were observed. 

figure 1. Peo abnormalities in Pdgfrα-/- embryos at stage e9.5
PDGFR-α expression in the PEO was reported by GFP in PDGFRαGFP knockin embryos (PDGFRαGFP) (a). The volume 
of the PEO (mm3) of Pdgfrα-/- (KO) (n=4) was significantly (*) smaller (P<0.05) compared to WT embryos (n=3) (b).
Transverse sections showed in the PEO WT1 expression (c,e overview, d,f magnification). Scale bars: a = 100 μm, c,d 
= 200 μm, e,f = 30μm
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figure 2. the mesenchymal cap
At stage E10.5, PDGFR-α expression in the mesenchymal cap (Cap, arrow) and atrial septal myocardium (AS) was 
seen by GFP in PDGFRαGFP knockin embryos (PDGFRαGFP) (a). At stage E11.5, the mesenchymal cap on the primary 
AS was significantly (*) smaller in Pdgfrα-/- (KO) (n=3) embryos compared to controls (WT) (n=3) (P<0.05) (b). 
Transverse sections and lateral view of 3D reconstructions of Pdgfrα-/- (d,f,h) and WT embryos (c,e,g) showing a 
hypoplastic Cap (red) that has not fused with the atrioventricular (AV) cushions (yellow). Color codes: atrial myocardium: 
light grey, cardinal veins lumen/sinus venosus lumen: blue, ventricular myocardium: dark grey. LA, left atrium; LV, left 
ventricle; RA, right atrium; RV, right ventricle. Scale bars: a = 100 μm, c,d = 200 μm, e,f = 30μm
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stage e12.5 
At this stage, in the three Pdgfrα-/- embryos several cardiac malformations could be 
discerned (Table 1). The connection of the PV to the left atrium was more caudal. 
Furthermore, the myocardium of the cardinal veins was hypoplastic and showed 
fenestrations. In all mutants, the mesenchymal cap and DMP were hypoplastic, as we 
already described previously for the DMP 5. 
The epicardium was dissociated from the ventricular myocardium (Figure 3b,f,j) and 
almost no EPDCs had migrated into the myocardium (Figure 3j) compared to the wildtype 
(Figure 3a,e,i). The ventricular myocardium (Figure 3f) and in 2/3 mutants the myocardium 
of the developing VS was spongy. 

stage e13.5 
Examination of four stage E13.5 Pdgfrα-/- embryos revealed a variety of cardiac 
malformations (Table 1). In two mutants, the venous valves were shorter and thicker. The 
SAN (Figure 4b,d,g) was significantly smaller (37.0%, P<0.05) showing more Nkx2.5 
positive cells (Figure 4f) compared to the wildtype (Figure 4a,c,e). A similar phenomenon 
was seen in the myocardium of the cardinal veins (Figure 4f). The myocardium of the 
dorsal atrial wall (Figure 4c-f) and the AS were hypoplastic. We could clearly discern a 
hypoplastic DMP. Three Pdgfrα-/- embryos showed abnormal orientation of the PV 
connection to the left atrium. In one mutant, the common PV ended blindly posterior to 
the atrial septum, as described previously 5.
In three of the four Pdgfrα-/- embryos there was partial epicardial dissociation and 
incomplete epicardial covering, accompanied by hypoplasia of the compact ventricular 
myocardium (Figure 3c,d,g,h,k,l), being more severe on the right side. In the embryos 
with dissociated epicardium, almost no EPDCs had migrated into the underlying 
myocardium (Figure 3k,l) as shown by WT1 staining. The developing VS was hypoplastic 
(Figure 3c,d) and in 3/4 fenestrated. 
 
stage e14.5 
At E14.5, expression of PDGFR-α has almost disappeard from the myocardium, expression 
was found in the SAN and myocardium of the cardinal veins (CaV) (Appendix Figure 4a-
i) Marked expression was also found in the epicardium covering the ventricles (Appendix 
Figure 4a,b) with some scattered cells in the septum. The AV cushions and DMP 
mesenchyme still expressed the receptor (Appendix Figure 4d,e). Remarkable was the 
expression in the endocardial and endothelial cells of the AV, semilunar and venous valves, 
specifically on the non flow side (Appendix Figure 4c,f,h). The myocardium of the PV was 
negative for PDGFRαGFP only the surrounding mesenchyme and myocardial cluster 
between the left LCaV and PV were positive (Appendix Figure 5). 
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In both PDGFRαGFP/GFP mutants (Table 1) there was hypoplasia of the SAN, the dorsal 
atrial wall, the AS and the DMP compared to the PDGFRαGFP control. The orientation of 
the PV connection to the left atrium was more caudal. In both PDGFRαGFP/GFP embryos, 
although dissociation and incomplete epicardial covering was not observed, there was 
diminished migration of WT1 positive EPDCs into the underlying hypoplastic myocardium. 
The VS was hypoplastic and fenestrated (Table 1). 

figure 3. epicardial-myocardial interaction
Transverse sections of Pdgfrα+/+ embryos of stage E12.5 (a,e,i) and E13.5 (c,g,k) stained with MLC-2a (a-h) and WT1 
(i-l) were compared to Pdgfrα-/- embryos (E12.5(b,f,j), E13.5(d,h,l)). At both stages, hypoplasia of the compact ventricular 
myocardium as well as dissociation of the epicardium (* in f,h,j and l) was associated with impaired migration of WT1 
positive EPDCs into the myocardium in the Pdgfrα-/- embryos (j, arrowheads in l and enlargements in boxes) compared 
to wildtype embryos (arrowheads in i,k). LV, left ventricle; RV, right ventricle. Scale bars: a-d = 200 μm, e-l = 100 μm
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figure 4. Altered Nkx2.5 expression 
in the sinoatrial node
At stage E13.5, sections show that the 
sinoatrial node (SAN) (asterisks) and 
myocardium of the cardinal vein 
(CaV) (arrow in e) were positive for 
MLC-2a (a,c) and negative for Nkx2.5 
(e) in Pdgfrα+/+ embryos of stage 
E13.5. In the Pdgfrα-/- embryos (b,d,f) 
the SAN is significantly smaller 
(37.0%, P<0.05 (g)) and more 
Nkx2.5 positive cells were seen. The 
same accounts for the hypoplastic 
CaV myocardium (arrow in f), dorsal 
atrial wall (DAW) and atria. LA, left 
atrium; LV, left ventricle; RA, right 
atrium; RCaV: right cardinal vein; RV, 
right ventricle (RV). Scale bars: a,b = 
200 μm, c-f = 30 μm.
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Myocardial morphometry
Morphometric analysis of the volume (mm3) of sinus venosus, atrial and ventricular 
myocardium of Pdgfrα-/- embryos was determined from E10.5-E13.5 (Figure 5). At stage 
E9.5, the volume of the atrial and ventricular myocardium was decreased by 47.5% 
(P<0.05) (Appendix Figure 6) compared to wildtype. The volume of the sinus venosus 
myocardium was significantly decreased at stage E11.5 (24.7%) and E12.5 (20.6%) 
(P<0.05) (Figure 5a). At stage E11.5 and E13.5, the volume of the atrial myocardium 
was decreased by 21.8% and 34.9% (P<0.05) (Figure 5b), respectively. At E12.5 and 
E13.5 the ventricular walls were hypoplastic and the myocardial volume was significantly 
smaller (26.3% and 34.5%, respectively) (P<0.05) (Figure 5c). 

figure 5. Myocardial morphometry
The myocardial volume of the sinus venosus (a), atrial (b) and ventricular myocardium (c) of Pdgfrα-/- (KO) embryos 
of embryonic day (E) 10.5 (n=3), E11.5 (n=3), E12.5 (n=3) and E13.5 (n=4) was compared to wildtype (WT) hearts 
of E10.5 (n=3), E11.5 (n=3), E12.5 (n=3) and E13.5 (n=3). Pdgfrα-/- embryos had a significantly (*) smaller sinus 
venosus myocardial volume (P<0.05) at stage E11.5 and E12.5 and a smaller atrial myocardial volume at E11.5 and 
E13.5 (P<0.05) compared to the wildtype embryos. The Pfgfrα knockout embryos also had a significantly (*) smaller 
ventricular myocardial volume (P<0.05). 
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figure 6. inhibition of Pdgfrα alters expression of Wt1
Quantification of WT1 expression in E12.5 embryos by Western blot analysis. The WT1 expression increased significantly 
(*) by 66.7% (P<0.05) (a). Quantification of Pdgfrα mRNA expression was significantly (*) reduced in epicardial cells 
after induction of shRNA of Pdgfrα (P<0.05) (b). WT1 isoform A (c) and WT1 isoform D (d) mRNA expression in 
epicardial cells was increases significantly (P<0.05) after transduction of shRNA of Pdgfrα. The expression α4-integrin 
(ITGA4) (e) mRNA was significantly (*) decreased in RNA interference of Pdgfrα (P<0.05). The expression of VCAM-
1 and E-cadherin mRNA did not show a significant change (f,g).
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Pdgfrα mutants show increased Nkx2.5 and Wt1 expression 
At stage E13.5, the SAN and myocardium of the cardinal veins of Pdgfrα-deficient 
embryos contained more Nkx2.5 positive cells as compared to the wildtype which showed 
almost no Nkx2.5 expression. This increased number of Nkx2.5 positive cells suggested 
an interaction between PDGFR-α and Nkx2.5. Therefore, we performed Western blot 
analysis of the thorax of E12.5 embryos. This revealed 2.2 times higher Nkx2.5 protein 
levels in the Pdgfrα-/- embryos compared to the wildtype embryos (P<0.05) (Figure 
4h).
Also an interaction between PDGFR-α and WT1 was suggested by the seemingly 
diminished number of WT1 positive cells with a possible more intense expression of 
WT1. Analysis of the E12.5 knockout embryos by Western blot analysis for WT1 revealed 
increased protein levels of WT1 by 66.7% (P<0.05) in Pdgfrα-/- embryos (Figure 6a,b). 
In vitro experiments were also performed to elucidate a possible interaction between 
PDGFR-α and WT1. We transduced human adult epicardial cells with an epithelium-like 
morphology als refered to as cobblestone-like EPDCs, that both express PDGFR-α and 
WT1, with shRNAs for Pdgfrα (shPdgfrα). qPCR analysis for Pdgfrα after transduction 
showed that shPdgfrα transduction decreased mRNA expression of Pdgfrα by 68.6% 
(P<0.05) (Figure 6c). Knockdown of Pdgfrα resulted in increased mRNA expression of 
WT1 of both isoforms A and D by 56.8% and 42.4% (P<0.05) (Figure 6c,d), respectively. 
So both protein and mRNA data show increased expression of WT1 in absence of 
PDGFR-α. 
Pdgfrα-/- embryos of stage E12.5 and E13.5 showed dissociation and blebbing of the 
epicardium and diminished migration of EPDCs into the myocardium. The interaction 
between VCAM-1 and α4-integrin has been reported to be important for the contact 
formation between the myocardium and epicardial cells and for the migration of EPDCs 
into the myocardium. PCR analysis showed that shPdgfrα transduction decreased the 
expression of α4-integrin by 39.2% (P<0.05) (Figure 6e) and did not change the 
expression of VCAM-1 significantly (Figure 6f). 
Since WT1 has been reported to transcriptionally regulate the expression of E-cadherin 
during the process of EMT, we analyzed the expression of E-cadherin in shPdgfrα 
transduced epicardial cells. PCR analysis showed that shPdgfrα did not change the 
expression of E-cadherin significantly (Figure 6g). 
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DisCussioN 

PDGFs have been reported to play an important role in the cardiac development. This is 
based on both description of the normal expression pattern during development in  
avian 1,2 and in mouse embryos 21. Mutant mice supported this view specifically with 
regard to the disturbed role in neural crest contribution to the OFT 3,22, related to neural 
crest abnormalities 4. 
This study concentrates on the possible role of Pdgfrα in development of the SHF, and 
specifically the region of the venous inflow also reffered as the PFH, where we detected 
a marked expression in both mesenchyme and myocardium 2,5. This mesenchymal 
population is also the source of the epicardium which allowed us to study epicardial-
myocardial interaction in the differentiation of the ventricular wall. 

Altered addition of myocardium at the venous pole of the heart
The sinus venosus myocardium is composed of several components, the SAN, dorsal 
atrial wall, the wall of the pulmonary and cardinal veins. It is distinguished by expression 
of MLC-2a, T-box transcription factor gene Tbx18, podoplanin, PDGFR-α 2,23,24 and the 
absence of Nkx2.5 6,24. Our analysis of Pdgfrα-/- embryos revealed hypoplasia of the sinus 
venosus myocardium including the SAN accompanied by increased expression of Nkx2.5. 
Nkx2.5 is required to distinguish working atrial from sinoatrial myocardium and ectopic 
expression results in bradycardia 25,26 and aberrant expression of Cx43, suggesting that 
upregulation of Nkx2.5 results in deregulation of the genetic program controlling sinus 
nodal function 25-27. The increased expression of Nkx2.5 in Pdgfrα-/- embryos, in vivo seen 
in the SAN and myocardium of the cardinal veins and supported by Western blot analysis, 
suggests a role for Pdgfrα in SAN pacemaking development. It is, however, not clear 
whether Nkx2.5 expression is directly regulated by Pdgfrα or that this is a downstream 
event as Pdgfrα-signalling activates a number of transduction pathways. A functional link 
between Pdgfrα and Nkx2.5 has recently been described in Nkx2.5-/- embryos with a 
2-fold increase in Nkx2.5-GFP+/Pdgfrα+ progenitor cells 28. 
The hypoplasia of the myocardium of the dorsal atrial wall as well as the atrial septum 
(AS) in the Pdgfrα-/- embryos is probably due to diminished SHF-derived myocardial 
contribution. The atrial septum as well as the overlying mesenchymal cap both were 
positive for PDGFRαGFP.

Diminished contribution of the DMP in cardiac development
PDGFR-α expression as reported by GFP, in the PDGFRαGFP knockin mice, was observed 
in the DMP. This population of extracardiac mesenchyme arises from the SHF 29 and is 
hypoplastic in Pdgfrα-/- embryos 5. 
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Myocardial transition of the DMP is regulated by Nkx2.5 and occurs by a mesenchymal-
to-myocardial differentiation of SHF-derived cells 29. We postulate that early onset of 
myocardial differentiation of the DMP could lead to hypoplasia of the DMP. This explains, 
in combination with the hypoplasia of the atrial septum and the mesenchymal cap, the 
failed fusion within the AV septal complex which can lead to AVSD 30, as we observed in 
the Pdgfrα-/- embryos. 

Abnormal PV development 
Dysregulation of Pdgfrα also caused abnormal orientation of the PV connection to the 
left atrium and other inflow tract anomalies including TAPVR 5, suggesting a role for 
Pdgfrα-signalling in PV development. The wall of the PV is formed from the surrounding 
mesodermal precursors in the dorsal mesocardium postulated to be derived from the 
PHF 6. As the expression of PDGFR-α was only seen in the mesenchyme surrounding 
the myocardium of the PV, we postulate that the altered incorporation and diminished 
myocardial contribution to the wall of the PV 5 could be caused by altered mesenchymal-
myocardial interaction. This altered interaction could cause an abnormal differentiation 
rate of PV myocardium due to increased Nkx2.5 expression. Indeed, pulmonary 
myocardial formation is described to be regulated by Nkx2.5 expression, preceding the 
expression of markers for differentiated myocytes 31. 
Patients with abnormal PV development often show conduction abnormalities, including 
sinus node dysfunction (sick sinus syndrome and bradycardia) 32. Hypoplasia of 
pulmonary venous myocardium and the sinus node in TAPVR patients could be the 
cause of these arrhythmias. It would be interesting to study patients with TAPVR, due 
to dysregulation of Pdgfrα, for conduction abnormalities related to increased Nkx2.5 
expression 27. 

impaired Peo development, epicardial adhesion and migration 
The PEO develops from the coelomic mesothelium at the venous pole of the heart 12. The 
hypoplasia of the PEO in the Pdgfrα mutants is most probably due to diminished addition 
of mesenchyme from the PHF. After attachment to the myocardial heart tube, cells spread 
out to cover the complete heart. The epicardial dissociation or blebbing observed in 
Pdgfrα-/- embryos resembles that in RXRα-/- embryos 33 and may be caused by many 
mechanisms 12 including altered Integrin/VCAM interaction, important for epicardial 
adhesion. In RXRα-/- embryos lower expression of myocardial VCAM-1 disturbed the 
Integrin/VCAM interaction 34. Our in vitro data showed that this pathway is also affected 
in the Pdgfrα mutants as shPdgfrα mediated knockdown of the receptor decreased α4-
integrin mRNA expression. The expression of VCAM-1 mRNA did not change after 
shPdgfrα transduction in epicardial cells, as is described that VCAM-1 is mainly expressed 
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in the myocardium 34. This supports a role for Pdgfrα-integrin-signalling needed for correct 
PEO development, epicardial adhesion and migration.

impaired migration of ePDCs 
The most important process for the formation and migration of EPDCs is EMT. Analysis 
of Pdgfrα-/- embryos revealed disturbed EMT and diminished migration of EPDCs. A 
transcription factor that is involved in EMT of EPDCs is Snail, which represses cell adhesion 
molecules including E-cadherin and thereby stimulating EMT. A recent paper showed 
that expression of Snail and E-cadherin is controlled by WT1 20, a transcription factor 
essential for the development of EPDCs 19. However, the expression of E-cadherin is not 
altered in shPdgfrα transduced human adult epicardial cells with an epithelium-like 
morphology in which the expression of WT1 is increased. Therefore, the effect of WT1 
overexpression on E-cadherin expression is not directly correlated to the effect of WT1 
knockdown as described previously 20. Cardiac malformations such as hypoplasia of 
ventricular myocardium and altered AV cushion development observed in Pdgfrα-/- embryos 
are comparable to models with a downregulation of WT1 expression, like WT1 and Sp3 
mutants 19,35. A link between PDGFR-α and WT1 is suggested because both are co-
expressed in the epicardium and EPDCs during heart development 15,19 and confirmed 
by our present morphological analysis of Pdgfrα mutants in which the number of WT1 
expressing cells was less compared to the control. With Western blot analysis and in vitro 
knockdown experiments, however, we proved an increase of WT1 expression in the 
absence of Pdgfrα. This might be explained by a higher expression per cell. It is not clear 
at this stage whether WT1 expression is directly regulated by the Pdgfrα-signalling pathway 
or if this is a downstream event within a more extensive pathway. 

CoNCLusioN

Our data demonstrate the essential role of Pdgfrα in cardiac development, especially for 
the addition of the myocardial and mesenchymal components of the PHF at the venous 
pole of the heart. Furthermore, we have established a possible functional link between 
Pdgfrα and the expression of Nkx2.5 in the SAN. A functional link was also established 
between Pdgfrα and the expression of WT1 which leads to abnormal epicardial 
development. Therefore, we implicate a role for Nkx2.5 and WT1 in Pdgfrα-regulated 
myocardial differentiation and remodelling. Our finding that Pdgfrα mutants show marked 
upregulation of Nkx2.5 and WT1 provides new insight in a possible role of Pdgfrα as part 
of transduction pathway repressing Nkx2.5 and WT1 in the development of PHF-derived 
cardiac structures. This presents an opportunity for further study. 
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APPeNDix

resuLts

In the current study we have analyzed the cardiovascular abnormalities in Pdgfrα deficient 
embryos at several developmental stages to elucidate the function of Pdgfrα-signalling in 
cardiac development with specific relation to its expression during normal 
development. 
Photomicroscopic representations of PDGFR-α expression in stage E9.5, E10,5 and E14.5 
PDGFRαGFP knockin mouse embryos (Appendix Figure 1,2,4 and 5). 
Furthermore, we made a 3D reconstruction of the orientation of the pulmonary vein in 
mouse hearts of stage E11.5 (Appendix Figure 3), supporting the 3D reconstruction in 
the manuscript (Figure 2). We also examined, by morphometric analysis, the volume of 
the atrial and ventricular myocardium of stage E9.5 Pdgfrα deficient and wildtype embryos 
(Appendix Figure 4).  
 

Appendix figure 1. expression of PDGfr-α in mouse hearts of stage e9.5
Transverse sections show expression of PDGFR-α, reported by GFP in PDGFRαGFP knockin mice, in the sinus venosus 
(SV) myocardium, dorsal mesocardium (arrow in b), atrial and ventricular myocardium including the inner curvature 
(arrowhead e,f). The staining was absent in the outflow tract (OFT) myocardium. A, atrium; AVC, atrioventricular canal; 
V, ventricle. Scale bars = 200 μm in a and d, 100 μm in b,d-f. 



77

Pdgfrα in second heart field development

C
H

A
P

T
E

R
 3

Appendix figure 2. expression of PDGfr-α in mouse hearts of stage e10.5
Transverse sections show expression of PDGFRαGFP in the myocardium of venous valves (VV) (a-c) and atrial septum 
(AS) (b) including the mesenchymal cap (arrowhead in b). The outflow tract (OFT) and the atrioventricular cushion 
mesenchyme (Cu) (a-i) were positive, while the myocardium (M) of the OFT and ventricles was negative (a-i). The 
epicardium covering the ventricular myocardium (d-f) expressed PDGFRαGFP. Ao, aorta; LA, left atrium; LCaV, left 
cardinal vein; LV, left ventricle; RA, right atrium; RCaV, right cardinal vein; RV, right ventricle. Scale bars = 200 μm in 
a,b,d,e,g and h, 100 μm in c,f and i. 
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Appendix figure 3. orientation of the PV in mouse hearts of stage e11.5
Stage E11.5 dorsal view of 3D reconstructions of the orientation of the pulmonary vein (PV) of WT (a, magnification in 
b) and Pdgfrα-/- embryos (c, magnification in d) showing a more caudal orientation of the PV in Pdgfrα-/- embryos 
compared to controls. The mesenchymal cap (gold) (asterisk in d), which did not fuse with the atrioventricular cushions 
(Cu) (yellow) (arrow in d), and the DMP (red) were hypoplastic. The DMP did not border the PV into the left atrium. 
Color codes: atrial myocardium: light grey, cardinal veins lumen/sinus venosus lumen: blue. LCaV, left cardinal vein; 
RCaV, right cardinal vein. 
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Appendix figure 4. expression of PDGfr-α in mouse hearts of stage e14.5
At this stage expression of PDGFRαGFP was seen scattered in the epicardium and in the ventricular septum (VS) (a-b, 
and arrowheads in b). The DMP mesenchyme was positive for the receptor (d,e). In the endocardial and endothelial 
cells of the AV, venous and semilunar valves expression was observed specifically on the non high-flow surface (c,f,g,h). 
The SAN (asterisk in i) and myocardium of the cardinal veins (CaV) showed PDGFRαGFP expression (g,i).  Ao, aorta; 
LA, left atrium; LCaV, left cardinal vein; LV, left ventricle; OFT, outflow tract; PT, pulmonary trunk; RA, right atrium; 
RCaV, right cardinal vein; RV, right ventricle; VV, venous valve. Scale bars = 200 μm in a,d,e and g, 100 μm in b,c,f,h 
and i. 
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Appendix figure 5. expression of PDGfr-α around the Pulmonary vein
At stage E14.5, the myocardium of the pulmonary vein (PV) was negative for PDGFRαGFP (arrowhead in d) but stained 
positive for MLC-2a and Nkx2.5 (a-c). Expression of PDGFRαGFP was seen in the mesenchyme surrounding the PV 
myocardium (d) and also in the small MCL-2a positive clusters of the sinus venosus myocardium that is negative for 
Nkx2.5 (see arrows in b,c,d). LA, left atrium; LCaV, left cardinal vein; LV, left ventricle; RA, right atrium; RV, right 
ventricle; Scale bars = 200 μm in a, 100 μm in b,c and d. 

Appendix figure 6. Myocardial morphometry of wildtype and Pdgfrα-/- embryos
Myocardial volume estimation of the atrial and ventricular myocardium of 3 wildtype (WT) mouse hearts of embryonic 
day (E9.5) and 4 Pdgfrα knockout (KO) mouse hearts. The Pdgfrα knockout (KO) embryos have a significantly (*) 
smaller myocardial volume (47.5%) (P<0.05) compared to the WT embryos. 
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