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Abstract 

Background 

Heart morphogenesis involves chamber formation followed by septation.  Septation is the 

remodeling of the heart from a single channel peristaltic pump to a two channel pump with 

one-way valves.  Several transcription factors have been implicated in the development of 

congenital cardiac defects.  The paired-like homeodomain transcription factor Pitx2 has 

essential roles in the development of the eye, tooth, pituitary, skeletal muscle, and heart in 

mammals.  Pitx2 mutant mice characterized by septational defects in the atria, ventricles 

and outflow tract during cardiac development.  Pitx2 acts downstream of the Wnt/Dvl/ß-

catenin pathway and regulates the expression of cell cycle control genes during cardiac 

development.  

Results 

Cells from the branchial arch mesoderm (Isl1+ and Mef2c+) and cardiac neural crest 

(Wnt1+ and AP2+) migrate and contribute to the outflow tract and right ventricle.  Lineage 

tracer analysis using specific Cre mouse lines for branchial arch mesoderm-derived cells 



 

(Mef2cCre) and neural crest cells (AP2Cre, Wnt1Cre) indicated that Pitx2 was expressed in 

subpopulations of both cell lineages.  Cardiac chambers were not properly formed in the 

Pitx2 mutant mice as cells of the branchial arch mesoderm (Isl1+ and Mef2c+) and neural 

crest lineages failed to migrate and populate the structures of the outflow tract and right 

ventricle.  Septation along the outflow tract and right ventricle did not progress to form the 

atrioventricular cushions and interventricular septum as the hypocellular structures did not 

follow apoptosis and entered remodeling.  

Conclusions 

Pitx2 contributes to the formation of the cardiac septae by providing the proper 

environmental cues to branchial arch mesoderm and neural crest cells to migrate in the 

developing heart and enter the remodeling program during cardiac development. 

 



 

 ©Copyright by Shachi Bhatt 

June 10, 2008 

All Rights Reserved 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

ROLE OF PITX2 IN CARDIAC REMODELING 

 

by 

Shachi Bhatt 

 

A THESIS 

submitted to 

Oregon State University 

 

in partial fulfillment of  

the requirements for the 

 degree of 

Master of Science 

 

Presented June 10, 2008 

Commencement June 2009 

 

 



 

 

Master of Science thesis of Shachi Bhatt presented on June 10, 2008. 

 

APPROVED : 

 

Major Professor, representing Genetics 
 
 
 

Director of the Department of Genetics 
 
 
 

Dean of the Graduate School 
 
 

 
 

I understand that my thesis will become part of the permanent collection of Oregon State 
University libraries. My signature below authorizes release of my thesis to any reader upon 
request. 

 
 
 

Shachi Bhatt, Author 
 

 

 



 

ACKNOWLEDGEMENTS 

First of all, I would lke to thank my parents, family and friends who have provided 

me the strength and courage to follow my dreams. I am very grateful to my major 

professor, Dr. Chrissa Kioussi, for her esteemed guidance and mentorship, without which I 

would not have been able to reach here. Special thanks to Dr. Michael Gross for his 

helpful tips and advice during my research and to my committee members, Dr. Jane 

Ishmael and Dr. Lawrence Curtis. I would like to thank Dr. George Porter Jr. for sharing his 

co-culture experiments with us.  

My wholehearted thanks to Dr. Hung Ping Shih and DR. Merveen Appu, for their 

help and support at the beginning of my research career. Thanks to my colleagues in the 

lab and fellow graduate students in the pharmacy department for their helpful discussions., 

your inputs, opinions and experiences have helped me during my work. 

Finally, I would like to thank American Heart Association (0050179Z) and March of 

Dimes (FY05-120) for providing the funds for this research. 

Dedicated to my parents 

 



 

CONTRIBUTION OF THE AUTHORS 

SB performed immunohistochemistry, confocal microscopy.  CK conceived, initiated and 

supervised the study. SB and CK interpreted the data and wrote the paper. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

TABLE OF CONTENTS 

     Page 

CHAPTER 1. INTRODUCTION TO MAMMALIAN HEART DEVLOPMENT ...…                1 

CHAPTER 2. MATERIALS AND METHODS……………………………………….                5 

CHAPTER 3. RESULTS………………………………………………………………               8 

Pitx2 Expression in Cardiac Development………………………                9 

Pitx2 Expression in BA mesoderm and CNC lineages…………..             10 

Outflow Tract Septation Defects in Pitx2 mutants……………….              11 

Migration Defects of BA Mesoderm in Pitx2 Mutants...……. …...             12 

Septation Remodeling Defects in Pitx2 Mutants..…………... …..             13 

CHAPTER 4. DISCUSSION……………………………………………………………             28 

CHAPTER 5. CONCLUSION………………………………………………………….              31 

LIST OF ABBREVIATIONS…………………………………………………………….             33 

Bibliography……………………………………………………………………………...             34 

 

    

 

 



 

 

 

LIST OF FIGURES 

Figure                                                                                                                             Page 

1. Pitx2 expression during cardiac development………………………… …           16 

2. Pitx2 expression in AHF and cardiac neural crest lineage cells…. ……            18 

3. Outflow Tract Septation Defects in Pitx2 mutants…………………... …..           20 

4. Migration Defects in BA Mesoderm in Pitx2 Mutants…………………....            22 

5. Absence of remodeling program in the Pitx2 mutants…………….........            24 

6. Wnt1+ cells failed to migrate in Pitx2 Mutants……………………….. …..           26 

 

 

 

 

 

 

 

 

 



1 
 

 

 

ROLE OF PITX2 DURING CARDIAC REMODELING 

Shachi Bhatt1, George A. Porter, Jr. 3, Michael Gross2, Chrissa Kioussi1, 4 

BMC Developmental Biology, submitted 

ISSN   

 

CHAPTER 1 

INTRODUCTION TO MAMMALIAN HEART DEVELOPMENT 
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Congenital Heart Defects are the leading non-infectious cause of death in newborns.  

Approximately half of them are associated with septational malformations in outflow tract 

(OT) and ventricles [1].  The heart is the first organ to form and begin functioning during 

vertebrate embryogenesis.  The mammalian heart develops from cells of four embryonic 

origins; (1) the cardiac crescent, or first lineage, (2) the branchial arch (BA) mesoderm 

which gives rise to the second lineage (Islet1+), (3) the cardiac neural crest (CNC) cells 

and (4) the epicardium [2].  The first lineage appears shortly after gastrulation as a 

population of mesodermal cells that undergo differentiation into the endocardial and the 

myocardial lineages and form a tubular structure [3].  The cardiac cushions divide this 

linear heart tube into a series of chambers.  Further constrictions along the tube give rise 

to the aortic sac, conotruncus, left (LV) and right (RV) ventricles and atria [4].  As the 

chambered heart folds and rotates the distal conotruncus becomes continuous with the 

cardiac OT.  The OT is a tubular embryonic structure made of striated cardiac musculature 

that in the early stages of development connects the ventricular chamber to the aortic sac, 

while in an adult heart it serves to connect the ventricular walls to the aorta and the 

pulmonary artery.  Cells from the second lineage migrate to the anterior region of the linear 

heart to form two new populations, the anterior heart field (AHF or Foxh1+), which will 

contribute to the formation of the proximal OT and RV, and the secondary heart field (SHF 

or Tbx1+), which will contribute to the formation of the distal OT.  Cells from the first 

lineage serve as the cellular progenitors of the LV, atria and inflow tract [2].  In mouse, 

septation of the different chambers of the heart occurs between E10.5 and E14.5.  Cardiac 

NC (CNC) cells migrate to the developing OT and stimulate septation as they enter via the 

arterial pole and contribute to both the aorticopulmonary septum and the cushions of 

conotruncus at E10.5, which later fuse and form a septum dividing the OT into the aorta 
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and pulmonary artery [5, 6].  At the same time, the interventricular groove and foramen 

form in the RV, which will become the interventricular septum (IVS) by E12.5.  The IVS 

derives from the AHF and has distinct muscular and mesenchymal components.  The 

muscular component develops as a myocardial outgrowth of the ventricular wall, at the 

interventricular groove while the mesenchymal component derives from the fusion of the 

atrioventricular (AV) and conotruncal endocardial cushions [7].  The various chambers of 

the heart are already specified at E11 while their septation is completed at E16.  During 

the period E11-E16 heart development is characterized by spatial and temporal apoptotic 

events, in the ventricular wall (E11 – E16), endocardial (E11.5 – E 13.5) and AV cushions 

(E12.5 – E13.5), pharyngeal arch and coronary arteries [8]. 

Septational defects result form abnormal migration, development and/or proliferation of the 

NC lineage.  Ablation of the cardiac NC in chick embryos leads to cardiac OT 

malformations.  CNC cells emerge from rhombomeres 6, 7 and 8 of the mid-otic region of 

the neural tube and migrate along the 3rd, 4th and 6th BA to the aortic sac before they 

invade the cardiac OT.  There, they grow and intermingle with endocardial cells in the 

cardiac jelly and eventually contribute to the major arterial conduits of the definitive adult 

cardiovascular system [9].  Therefore, at least two cell lineages intermingle closely in the 

pharyngeal arteries, aortic sac, truncus arteriosus, and AV canal.  These cannot be 

distinguished by morphological criteria alone and require molecular markers to study their 

role during the development of the OT, valves and chamber septae. 

Several transcription factors are involved in different steps of cardiac development.  The 

paired-like homeobox transcription factor Pitx2 is expressed in all three known cardiac 

developmental fields and is transiently expressed on the left side of the cardiac crescent 
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and linear heart tube during the early stages (E8), followed later by expression (E9-E14.5) 

in the OT and RV.  Despite the suggestive early expression pattern, no laterality defects 

during heart looping have been discovered to date in Pitx2 knockout mice.  However, Pitx2 

null embryos are characterized by a non-septated atrium, and valvular and OT 

deficiencies, including persistent truncus arteriosus, double outlet RV and transposition of 

the great arteries [10-14].  In this study, the involvement of Pitx2 during cardiac septation 

and remodeling was analyzed.  We show that Pitx2 was expressed in distinct populations 

of the, Mef2c+ AHF BA mesoderm and AP2+ CNC cell lineages.  Cells from both lineages 

failed to properly populate and contribute to the remodeling program of the OT and RV for 

the formation of the septae in the Pitx2 mutants. 
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Mice.  ICR Pitx2+/Z mouse embryos were used.  Pitx2+/Z mice were bred and females were 
checked for vaginal plug (E0).  Embryos were isolated at different developmental stages 
and the yolk sacs were used for genotyping. Mef2cCre mice [19], AP2Cre mice[20]  and 

Wnt1Cre [27] were crossed with ROSAEGFP [28] mice to obtain Mef2cCre⎪ROSAEGFP, 

AP2Cre⎪ROSAEGFP and Wnt1Cre⎪ROSAEGFP double heterozygotes respectively.  Pitx2+/Z 

mice were crossed with Mef2cCre⎪ROSAEGFP, AP2Cre⎪ROSAEGFP and Wnt1Cre⎪ROSAEGFP 

to generate green Pitx2 heterozygote and mutant mice in each Cre driver reporter lineage.  

Genotyping:  Mef2cCre⎪ROSAEGFP, AP2Cre⎪ROSAEGFP and Wnt1Cre⎪ROSAEGFP genotypes 

were determined by viewing the expression pattern of these genes using GFP 

fluorescence, Pitx2Z was genotyped by X-gal staining of the yolk sacs of the embryos and 

Pitx2Z/Z genotype was determined by the Pitx2 mutant phenotype.  

ß-Galactosidase detection.  Mouse embryos were fixed in 1% formaldehyde, 0.2% 

gluteraldehyde and 10% NP40 in PBS for 30 min at 37°C.  Embryos were washed and 

incubated with 1mg X-gal, 2mM MgCl2, 5nM K3F4(CN)6 and 5nM K4F3(CN)6 in PBS for 1 h 

to O/N at 30°C.  The reaction was stopped with PBS and embryos were clarified with 30%, 

50% and 80% glycerol for storage and photography. 

Immunohistochemistry:  Mouse embryos were dissected out of the yolk sac and fixed 

with 4% paraformaldehyde/0.1 M Na3PO4 pH 7.4 for 45 min – 1 hr, depending on stage, at 

4°C.  Tissues were then rinsed extensively with PBS, and cryopreserved with 25% 

sucrose/PBS for 16 h before embedding in OCT (Tissue Tek; Sakura).  Cryosections 

(12µm) were dried, rinsed with PBS (3 times for 5 min), and treated with ice-cold methanol 

for 2 min. Air dried sections were incubated with blocking buffer (0.3% blocking reagent 

(Boehringer), 5% heat inactivated bovine serum, 5% heat inactivated donkey serum, 5% 

heat inactivated horse serum, 0.3% Triton in PBS) for 1 h at RT prior to overnight 
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incubation with primary antibodies at 4°C. Specific primary antibodies were diluted in the 

blocking buffer and were applied to the sections.  Antibodies against EGFP (Rat, 1:1000 

[29, 30], Islet1 (mouse, 1:20, DHSB), ß-Galactosidase (rabbit, 1:500, Cappel; mouse, 

1:250, Promega), Pitx2a (guinea pig, 1:400) [11], a-MyHC antibody (MF-20, 

Developmental Studies Hybridoma Bank) were used. The TUNEL labeling assay was 

performed as recommended by the manufacturer (Dead EndTM Colorimetric TUNEL 

System, Promega).  After incubation, sections were washed 3 times for 10 min with PBST 

(0.1% Tween 20/PBS).  Secondary antibodies conjugated with Cy2 (1:500), Cy3 (1:400) or 

Cy5 (1:500) (donkey antibodies against specific IgG species, diluted in blocking buffer; 

Jackson Immunochemicals) were applied for 2 h at RT.  Sections were washed three times 

for 10 min with PBST, dehydrated by ethanol, and mounted in DPX for microscopy in Zeiss 

LSM510 Meta confocal microscope.   

BA mesoderm co-cultures.  BA and OT were recovered from embryos by dissection in 

modified whole embryo, serum-free media containing Dulbecco’s modified Eagles media 

(DMEM) with 20% Knockout DMEM, 20% KO serum replacement, and antibiotics 

(Penicillin and Streptomycin) (Invitrogen).  Individual BA and OT were placed on collagen 

gels (2 mg/ml) pre-conditioned with OptiMEM, 1x ITS, and 1x Penicillin and Streptomycin) 

and incubated for 1 to 7 days. 
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Pitx2 Expression During Cardiac Development 

Analysis of Pitx2Z expression in the Pitx2+/Z heterozygote embryos allowed identification of 

the precise locations of Pitx2+ cells during cardiac development.  It was possible to follow 

the expression of LacZ (Pitx2) in whole heterozygote embryo hearts from the onset of 

expression (E9) to the aortic arch remodeling stages (E14) (Fig 1).  We first detected X-gal 

staining, indicative of Pitx2 expression, at E9-9.5, in scattered regions of the early-looped 

heart tube (Fig 1A, B).  These stained regions were found within the PHF-derived 

conotruncus, also referred to as truncus arteriosus and bulbus cordis.  A day later, at E10, 

we observed an expansion of the Pitx2 expressing cell population within the conotruncus.  

The endothelial cells of the conotruncus are derived from the cardiogenic (myocardial) 

plate (PHF), while the conotruncal myocardium, which is molecularly distinct from the 

ventricular myocardium [15], is derived from the AHF/SHF lineage [16].  The X-gal stained 

cells in E9 hearts are therefore likely to be very early representatives of the AHF/SHF that 

originate as a part of the splanchnic mesoderm cells, which extend to the anterior and 

dorsal region of the early linear heart tube [17, 18].  At E10.5 X-gal staining was increased 

in the distal and proximal OT and the RV (Fig 1C).  At this stage, the distal OT transforms 

from myocardial to arterial morphology and the cushions, invaded by NC cells, are newly 

formed.  X-gal staining was detected in the aorticopulmonary (AP) septum, which septates 

the OT and the newly developed aorta and pulmonary trunk.  A population of Pitx2+(LacZ+) 

cells were located between the RV and LV along a ‘boundary zone” at this stage (Fig 1D, 

black dots).  By E12.5, the endothelial cushions have fused to generate the aorta from the 

LV, and the pulmonary trunk from the RV of the divided OT.  At E12.5, X-gal staining was 

detected in the new arterial structures, valve leaflets, sinuses of both great arteries, and 
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along the RV (Fig 1E).  At E14.5, X-gal staining was down regulated in the RV.  

Pitx2+(LacZ+) cells were also detected in the in the RV at the “boundary zone” along the 

two ventricles and in the myocardium of the AV canal and superior caval veins (Fig. 1F, 

black dots).  In the adult heart, X-gal staining was only detected in the aorta and 

pulmonary arteries and superior caval veins (data not shown).  No signal was detected in 

any other area of the myocardium or atria.  X-gal staining was not detected in the LV 

during development and adulthood.  The specific expression pattern of the Pitx2 in cardiac 

structures during development suggests that Pitx2 was expressed in specific cell types 

during OT formation. 

Pitx2 Expression in Branchial Arch Mesoderm and Neural Crest Cell Lineages 

The spatial and temporal expression pattern of Pitx2 during cardiac development raised 

the question of its cell type specificity.  The Mef2cCre|RosaEGFP mouse line was used to 

label the BA mesoderm AHF lineage that contributes to the endothelial and myocardial 

components of the OT, RV, and IVS [19]. Triple labeling immunohistochemistry in frontal 

sections of Mef2cCre/+|ROSAEGFP/+|Pitx2Z/+ was used to determine Pitx2(ß-Gal) expression 

in the Mef2c+(EGFP+) AHF lineage and in the Isl1+ cells at E10.5 (Fig. 2A-B, 3A-D) and 

E12.5 (Fig. 2I-K).  Pitx2(ß-Gal) was co-expressed with the Mef2c+(EGFP+) labeled cells 

(Fig. 2A, 3D, 3J) and/or Isl1+ labeled cells (Fig. 2A, 3D) in the wall and septum of OT. 

Both structures were formed mostly by Mef2c+(EGFP+) cells (Fig. 2A, 3D, 3J).  Isl1+ cells 

were mainly localized in the OT wall and septum (Fig. 2A, 3B, 3D) and in the area where 

the great arteries will form (Fig. 2A, 3B, 3D).  Pitx2(ß-Gal) was co-expressed with the 

Mef2c+(EGFP+) (Fig. 2A, 3D, 3J) and Isl1+ cells (Fig. 2A, 3D) in these areas.  

Mef2c+(EGFP+) cells also contribute to the formation of the AV cushions (Fig. 2B, 3I, 3K).  
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Pitx2(ß-Gal) was co-expressed with the Mef2c+(EGFP+) cells (Fig. 2B, 3I, 3K) in the AV 

cushions.  In both structures a distinct Mef2c+(EGFP+)/Isl1+/Pitx2+(ß-Gal+) cell population 

was detected at E10.5 (Fig. 2A, 2B, 3D) and a distinct Mef2c+(EGFP+)/Pitx2+(ß-Gal+) cell 

population was detected at E12.5 (Fig. 3J, 3K).  The OT and AV cushions are formed as 

cells from different origins, BA mesoderm and CNC, migrate towards the OT as early as 

E10.  Pitx2+(ß-Gal+) cells co-localized with the Mef2c+(EGFP+) and Isl1+ cells in the OT 

wall and outer layer of the AV cushions at E10.5.  However, a distinct Pitx2+(ß-

Gal+)/Mef2c- population was present within the mesenchymal jelly of the AV cushions 

indicating that these cells did not derive from the BA mesoderm (Fig. 2B).  Thus, Pitx2 

expression profile was examined in the CNC cell tracer lineage AP2Cre|ROSAEGFP [20] 

(Fig. 2C, D).  Triple labeling immunohistochemistry in frontal sections of 

AP2Cre/+|ROSAEGFP/+|Pitx2Z/+ mice was used to determine Pitx2(ß-Gal) expression at 

E10.5, as CNC cells do not arrive to the OT before this stage [9].  The Pitx2(ß-Gal) cells 

were co-localized with the AP2+(EGFP+) in the OT septum (Fig. 2C) and in the 

mesenchymal jelly and the contact point of the AV cushions (Fig. 2D).  Pitx2 was 

expressed in distinct subpopulations of the BA mesoderm Mef2c+ AHF and in the AP2+ 

CNC lineages during septation.  This cell type specific expression of Pitx2 suggests its 

involvement in the formation of the septa by controlling the developmental processes of 

the BA mesoderm and CNC cell lineages. 

Outflow Tract Septation Defects in Pitx2 Mutants  

Septation defects in the atria, ventricles and OT are observed in Pitx2 mutants [10-13].  

Comparison of the expression pattern of Pitx2(ß-Gal) in the AHF and CNC lineages, in the 

Pitx2Z/+ heterozygote and Pitx2Z/Z mutant mice, allowed us to identify cellular alterations 
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resulting from the loss of Pitx2.  A thinner OT wall and an incomplete septum (Fig. 3H, 3M, 

3P) were observed in the OT of Pitx2 mutants.  At E10.5, a reduced number of 

Mef2c+(EGFP+) (Fig. 3E, 3H) and Isl1+ (Fig. 3F, 3H) cells were detected in the lumen and 

in the interior of the OT wall respectively.  At E12.5, the OT was severely disorganized with 

a hypocellular wall and without signs of septation (Fig. 3M, 3P).  Very few Mef2c+(EGFP+), 

Isl1+ and/or ß-Gal+ cells were present, the septum was not formed and the cushions were 

not distinct (Fig. 3M, 3P).  Similarly, a reduced population of Mef2c+(EGFP+) cells was 

observed in the AV cushions and the leaflets were not formed properly (Fig. 3N, 3Q).  A ß-

Gal+ cell population was present in the area surrounding the OT and the AV cushions in 

the mutants.  This population was not observed in the heterozygote mice as they have 

been incorporated with other cells for the formation of the OT wall and septum (Fig. 3L, 3O 

arrow).  At E12, all cell types are specified and have populated their final destinations and 

entered the remodeling program.  The cellular changes observed in the Pitx2 mutants 

including absence of the Mef2c+(EGFP+) and ß-Gal+/Mef2c+(EGFP+) and mis-location of 

the ß-Gal+ cells, suggest that Pitx2 is involved in the migration and differentiation of the 

second lineage cells in the developing OT.  

Migration Defects of BA Mesoderm in Pitx2 Mutants 

To further investigate the role of Pitx2 during migration of the second lineage to the OT we 

made use of the organ explants system.  The BAs and OT from different Pitx2 genotypes 

at E9.5 were isolated and placed on collagen gel matrix containing no serum.  BAs were 

obtained from Pitx2Z/Z mutant (Fig. 4A), Pitx2+/Z heterozygote (Fig. 4B) and Pitx2+/+ wild 

type (Fig. 4C) mice, while the OT were obtained from wild type mice.  Phase micrographs 

of live cultures were taken after 1 (Fig. 4A-4C) and 6 (Fig. 4A1-4C2) days.  Six days 
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specimens were fixed and labeled with ß-MyHC (Fig. 4A2-4C2).  After 6 days in culture, 

cells from the wild type BA were proliferating and had migrated towards the OT forming a 

colony of cells clustering the OT and BA together as a unified organ (Fig. 4C1).  These 

“newly” developed cells were also able to differentiate and express ß-MyHC (Fig. 4C2).  

The migratory and differentiation program was altered the Pitx2+/Z heterozygote BA co-

cultures (Fig. 4B1, 4B2), while it was totally ablated in the Pitx2Z/Z mutants (Fig. 4A1, 

4A2).  Parallel control experiments with OT from different Pitx2 genotypes co-cultured with 

BA from E9.5 wild type mice were performed and no difference in migration and 

differentiation of the BA mesoderm derived cells was observed (data not shown).  

Collectively, these data suggest that Pitx2 regulates the migration and differentiation of the 

BA mesoderm cells to the developing truncus and OT. 

Septation Remodeling Defects in Pitx2 Mutants 

Outflow tract septation defects in Pitx2 mutants also suggest the presence of defected 

remodeling mechanisms in the Pitx2 mutants.  During cardiovascular development, 

apoptosis overlaps with major developmental processes such as looping, chamber 

formation and pharyngeal arch artery remodeling.  Apoptosis occurs in the areas of heart 

where fusion or remodeling occurs [8].  To understand the possible role of Pitx2 during this 

process, apoptosis was studied using TUNEL assays in the Mef2cCre/+|RosaEGFP/+|Pitx2+/Z 

(Fig. 5A), Pitx2+/Z (Fig. 5C) heterozygote and Mef2cCre/+|RosaEGFP/+|Pitx2Z/Z (Fig. 5B), 

Pitx2Z/Z (Fig. 5D) mutant mice, at E12.5.  All heterozygote mice indicated that the 

Mef2+(EGFP+) cells undergo apoptosis as detected by double labeling 

immunohistochemistry for EGFP and TUNEL assays (Fig. 5A) and contribute to the 

formation of the leaflets of the valves of the pulmonary artery and aorta.   Increased cell 
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death has been detected at the outer layer of the separating great arteries, where the 

mesenchymal jelly cells is invaded by myocytes undergoing remodeling and to form a 

muscular structure (Fig. 5A, arrows).  Mutant mice did not form a distinct outer layer of the 

OT, the great arteries were not separated and the valvular leaflets were not formed.  Only 

some of the very few Mef2+(EGFP+) cells were stained positive for TUNEL.  Apoptosis was 

not present in the cells of the outflow wall (Fig. 5B) and formation of the smooth muscles 

was not completed. 

The majority of the Pitx2 mutants exhibited OT defects (5 out of 6) while some of them 

exhibited ventricular septation defects (1 out of 6) with an incomplete IVS.  Formation of 

the IVS is achieved by fusion of the muscular wall (putative IVS) developing from the 

posterior end and the mesenchymal endocardial cushions, present relatively anterior to the 

putative IVS [7].  Ventricular septation defects in Pitx2 mutants suggest impairment of the 

secondary and tertiary cardiac remodeling mechanisms.  The entire ventricular area of the 

Pitx2 mutants was hypocellular and as a result fewer apoptotic cells were detected by 

TUNEL immunohistochemistry (Fig. 5D).  The IVS with the apoptotic cells observed in the 

heterozygote mice (Fig. 5C) was not present in the mutants (Fig. 5D).  Pitx2+(ß-Gal+) cells 

also contributed to the IVS formation at this stage (Fig. 1E, 5C, arrow).  In the mutants ß-

Gal+ cells did not migrate lateral to where the IVS will form, they did not stain positive for 

TUNEL and remained clustered in the posterior RV (Fig. 5D).  IVS formation requires a 

certain mass of cells from the second lineage to be present at the right time and place.  

The cellular critical mass was not present in the Pitx2 mutants, the apoptotic cells were 

severely reduced and the ß-Gal+ cells failed to migrate properly and follow the remodeling 
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program.  Thus Pitx2 might be essential for the remodeling cues of the BA mesoderm cells 

as they migrate to the OT and RV. 

The CNC cell lineage also contributes to OT septation.  AV cushions are composed of 

undifferentiated mesenchymal cells as they develop from a single unit into left and right AV 

cushions and valves later.  AV cushions undergo apoptosis during muscularization and 

septum formation.  The right AV or the tricuspid valve (TV), is a three leaflet valve and has 

cellular contributions from the migratory NC cells [21] (Fig. 6C, 6E). Wnt1+(EGFP+) NC 

cells were positive for TUNEL particularly in the outer layers (Fig. 6D, 6E). Wnt1+(EGFP+) 

NC cells migrate through the BA and contribute to the general OT formation and 

remodeling program (Fig 6A). However, this population was not observed in the 3rd BA in 

the Pitx2 mutants at E10.5 (Fig. 6B).  As a result, only very few Wnt1+(EGFP+) cells were 

detected in the AV cushions at E12.5, which were smaller in size and did not pattern 

correctly (Fig. 6F, 6H).  Thus, Pitx2 might be essential for the migratory and remodeling 

cues for the CNC cell lineage. 
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Figure1. Pitx2 Expression during Cardiac Development. Pitx2 expression profile was 

analyzed by X-Gal staining of Pitx2+/Z heterozygote mouse embryos.  (A) Pitx2Z+ cells were 

observed in the cephalic mesoderm, the 1st BA and the dorsal somatopleure at E9.0.  (B)  

At E9.5, X-Gal staining was detected in the developing truncus, conus, atria, 

atrioventricular canal and the outflow tract.  (C)  At E10, X-gal staining was detected in the 

1st, 2nd, 3rd and 4th-6th branchial arches, outflow tract and the right ventricle.  (D)  At E10.5, 

X-gal staining was detected in the outflow tract, right ventricle and right atrium, a pattern 

well preserved till E12.5 (E).  A population of X-Gal positive cells was detected between 

the right and left ventricle, where the prospective interventricular septum will develop (D, E, 

F black dots).  (F)  At E14.5, a weak X-gal staining was detected in the right ventricle. X-

Gal staining was not detected in the left ventricle or atria in all developmental stages.  

Abbreviations: AT; atria, AVC; atrioventricular canal, BA; branchial arch, C; conus, OT; 

outflow tract, T; truncus, RA; right atrium, RV; right ventricle, LA; left atrium, LV; left 

ventricle.  
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Figure 2. Pitx2 expression in AHF and cardiac neural crest lineage cells.  Triple 

labeling immunohistochemistry of frontal 12µm cryosections of E10.5 

Mef2cCre/+⏐ROSAEGFP/+⏐Pitx2Z/+ (labeled as MCre/+⏐RE/+⏐Pitx2Z/+) (A, B) and E10.5 5 

AP2Cre/+⏐ROSAEGFP/+⏐Pitx2Z/+ (labeled as  ACre/+⏐RE/+⏐Pitx2+/Z) (C, D) for EGFP/Islet1/ß-

Gal. Green (Cy2) labeling (cytoplasmic) indicates the Mef2c+ AHF (A, B) or AP2+ NCC (C, 

D), which became EGFP+ indelibly labeled due to the recombination of the ROSAEGFP/+ 

allele by the Mef2cCre/+ or AP2Cre/+ respectively.  Red (Cy3) labeling indicates Isl1+ cells.  

Blue (Cy5) labeling indicates Pitx2+(β-Gal+) cells. Pitx2+(β-Gal+) (blue), 

Mef2c+(EGFP+)/Pitx2+(β-Gal+) (Cyan), Mef2c+(EGFP+)/Pitx2+(ß-Gal+)/Isl1+ (White) and 

Isl1+/ Pitx2+(ß-Gal+) (Magenta) cells were detected in the OT wall and septum. Pitx2+(β-

Gal+) (blue), AP2+(EGFP+)/Pitx2+(β-Gal+) (Cyan), AP2+(EGFP+)/Pitx2+(ß-Gal+)/Isl1+ 

(White) and Isl1+/ Pitx2+(ß-Gal+) (Magenta) cells. 
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Figure 3.  Outflow Tract Septation Defects in Pitx2 mutants. Triple labeling 

immunohistochemistry of frontal 12µm cryosections of E10.5 (A-H) and E12.5 (I-N) 

Mef2cCre/+⏐ROSAEGFP/+⏐Pitx2Z/+ (labeled as MCre/+⏐RE/+⏐Pitx2Z/+) and 

Mef2cCre/+⏐ROSAEGFP/+⏐Pitx2Z/Z (labeled as MCre/+⏐RE/+⏐Pitx2Z/Z) mice with specific 

antibodies against EGFP (Mef2c), Islet1 and ß-Gal (Pitx2).  (A, E, I-N)  Green (Cy2) 

labeling (cytoplasmic) indicates Mef2c+ cells of the BA mesoderm, which have been 

indelibly labeled by EGFP due to recombination of ROSAEGFP allele.   (B, F, I-N)  Red 

(Cy3) labeling indicates Islet1+ cells.   (C, G, I-N)  Blue (Cy5) labeling indicates Pitx2+(ß-

Gal+) cells.  Four cell populations were detected in the cardiac OT wall and septum, the 

Pitx2+(ß-Gal+) (blue), Mef2c+(EGFP+)/Pitx2+(ß-Gal+) (Cyan), Mef2c+(EGFP+)/Pitx2+(ß-

Gal+)/Isl1+ (White) and Isl1+/ Pitx2+(ß-Gal+) (Magenta) cells (D).   Reduced Mef2c+(EGFP+) 

(A, E) and Islet1+ (B, F) cell population is observed in Pitx2Z/Z mice.  Anatomical 

comparison of the OT reveals an overall hypocellularity followed by non-proper septation 

(I-N).  Absence of the Mef2c+(EGFP+) cell population in OT wall (I, L, J, M) and septum (I, 

K, L, N) and AV cushions (I, K, L, N).  (J, K)  Higher magnifications of I.  (M, N)  Higher 

magnifications of L.  (O-Q) Phase contrast images for L-M respectively. 

OT; Outflow tract, AVCu; atrioventricular cushions. 
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Figure 4. Migration Defects in BA Mesoderm in Pitx2 Mutants.  E9 OT and BA 

mesoderm transplants were used for co-culture studies.  Wild type (wt) cardiac OTs were 

co-cultured with BA mesoderm from Pitx2Z/Z (A – A2), Pitx2+/Z (B – B2), and Pitx2+/+ (C – 

C2) for 1 (A – B) to 6 days (A1 – C2).  BA mesoderm cells from Pitx2+/+ (C1) and Pitx2+/Z 

(B1) were able to migrate towards the wt OT and differentiate, detected by the expression 

of ß-MyHC (B2, C2).  BA mesoderm from Pitx2Z/Z, characterized by a smaller population of 

proliferating cells around the BA mesoderm explant, failed to migrate (A1) and differentiate 

(A2).  
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Figure 5.  Absence of remodeling program in the Pitx2 mutants.  (A, B)  Double 

labeling immunohistochemistry of frontal 12µm cryosections of E12.5 

Mef2cCre/+⏐ROSAEGFP/+⏐Pitx2Z/+ (A) (MCre/+⏐RE/+⏐Pitx2+/Z) and 

Mef2cCre/+⏐ROSAEGFP/+⏐Pitx2Z/Z (MCre/+⏐RE/+⏐Pitx2Z/Z) (B) mice for EGFP and TUNEL.  

EGFP+ cells were absent in the OT in mutants.  The wall failed to form and the Ao and PA 

failed to septate.  Cells do not go apoptosis outside of the EGFP+ wall (arrows). (C, D)  

Double labeling immunohistochemistry of frontal 12µm cryosections of E12.5 Pitx2Z/+ (A) 

and Pitx2Z/Z (B) mice for ß-Gal and TUNEL.  Both ventricles were hypocellular with low 

level of apoptotic cells in the mutants and the IVS was absent in the mutants (D).  ß-Gal+ 

cells failed to migrate towards the IVS (D, arrows). 

Ao; aorta, PA; pulmonary artery, RV; right ventricle, LV; left ventricle, IVS; interventricular 

septum. 
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Figure 6.  Wnt1+ cells failed to migrate in Pitx2 Mutants.  (A, B) Whole mount EGFP for 

indelibly labeled Wnt1 NC cells.  Wnt1+(EGFP+) were migrated thought the 1 and 2nd BA 

but not detected in the 3rd BA in the Pitx2 mutants (B).  (C, H)  Triple labeling 

immunohistochemistry of frontal 12µm cryosections of E12.5 

Wnt1Cre/+⏐ROSAEGFP/+⏐Pitx2Z/+ (WCre/+⏐RE/+⏐Pitx2Z/+) and Wnt1Cre/+⏐ROSAEGFP/+⏐Pitx2Z/Z 

(WCre/+⏐RE/+⏐Pitx2Z/Z) mice hearts for EGFP, TUNEL and ß-Gal. (D, E). Wnt1+(EGFP+) NC 

cells undergo apoptosis in the valve leaflets. Wnt1+(EGFP+) NC cells were severely 

reduced in the mutants (F) and the apoptosis was also severely reduced (G, H).  The 

paths generated by white dots indicate the three leaflets of the valve. 

TV; tricuspid valve 
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Synergy between transcriptional networks and signaling pathways is crucial for 

organogenesis.  Homeodomain transcription factors are highly conserved through 

evolution and regulate body axis segmentation and organ development.  Pitx2 controls the 

development of many organs including the pituitary, tooth, skeletal muscles and the heart 

[10, 12, 13].  In this study we, (1) analyzed the cell specific expression of Pitx2 in the BA 

mesoderm and CNC cell lineages, using lineage tracer mouse lines and (2) provided 

evidence that Pitx2 is involved in cardiac septation by controlling the migration and the 

remodeling program of the BA mesoderm and neural crest cells.  

Pitx2 was expressed in a subpopulation the BA mesoderm cells, Isl1+ and Mef2c+, as they 

migrate to populate the developing OT and RV.  The absence of functional Pitx2 resulted 

in a smaller, thinner and non-septated OT (Fig. 3) as a result of the reduced population of 

the Isl1+, Mef2c+(EGFP+), ß-Gal+/Isl1+ and ß-Gal+/Mef2c+(EGFP+) in the OT wall and 

septum.  Thus, Pitx2 might play a role in directing the Mef2c+ cells to their destination in 

the OT by providing the correct environmental cues.  Pitx2 mutants are also characterized 

by severe ventricular septation defects, such as absence of IVS (Fig. 5).  Formation of the 

IVS is the result of the secondary remodeling program that occurs in the ventricles during 

cardiomyocyte maturation [22].  However, Pitx2 mutants cannot successfully proceed into 

the ballooning (remodeling) stage, as the critical cell mass was absent and the ß-Gal+ cells 

failed to migrate to the proper locations. The ventricles and atria are separated by AV 

cushions and are formed from three different cell origins, endocardium, epicardium and 

CNC cells as early as E9.  The formation of the cushion jelly is followed by an extensive 

remodeling involving further cell differentiation, apoptosis and extracellular matrix signaling 

mechanisms which lead to the formation of thinly tapered valve leaflets [23].  The AV 
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cushions were also underdeveloped as the Wnt1+(EGFP+) cells failed to migrate to the OT 

and the apoptosis dependant remodeling mechanism was altered. 

Alterations in the migration and differentiation program of the BA mesoderm and CNC cells 

as they migrate to the OT were in accord with the non-cell autonomous role of Pitx2 in 

NCC that has been suggested during eye development.  The optic nerves fail to migrate to 

the eye due to the absence of ocular muscles.  Pitx2 is expressed in the head mesoderm 

and extra-ocular muscles and contributes to their specification.  It has been suggested that 

even though Pitx2 is not expressed in the optic nerve, the gene regulates the NC migration 

to the nerve via regulation of the environmental cues for NC migration [24].  Ablation of 

Pitx2 from the myocardium resulted to delay of maturation and lack of orientation of the 

ventricular cardiomyocytes [22].  However, OT defects were not present in the myocardium 

specific ablated Pitx2 mouse, indicating that Pitx2 has an early role controlling the fate of 

the migratory cell populations.  Pitx2 acts downstream of the Wnt/Dv;/ß-catenin pathway 

and controls cell cycle control genes in the developing heart [11], via the Wnt11 in the 

arterial pole to direct cytoskeletal rearrangements and proliferation for the OT formation 

[25], and pattern asymmetrically the aortic arch [26]. 
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In this study we show evidence that Pitx2 is essential for cardiac septation by regulating 

the migration and environment of the cell lineages involved in the remodeling process in a 

cell autonomous and a non-cell autonomous manner.  Further studies are underway to 

examine the detailed molecular basis of the septation processes. 
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List of abbreviations 

DORV, dorsal outlet right ventricle; PTA, persistent truncus arteriosus; TGA, transposition 

of the great arteries; A, atria; OT, outflow tract; LV, left ventricle; RV, right ventricle; IVS, 

interventricular septum; AV, atrioventricular; AVCu, atrioventricular cushions; AP, 

aorticopulmonary; Z, LacZ; PHF, primary heart field; AHF/SHF, anterior heart 

field/secondary heart field; BA, branchial arch; ; NCC, neural crest cells; CNC, cardiac 

neural crest; ßMyHC, ß-Myosin Heavy Chain; TUNEL, Terminal deoxynucleotidyl 

transferase mediated dUTP nick end labeling; O/N, overnight. 
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