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Abstract
The two major contributing populations to the outflow tract of the heart are the 

secondary heart field and the cardiac neural crest.  These two populations are responsible for 

providing the myocardium that supports the outflow tract valves, the smooth muscle that 

surrounds these valves and the outflow vessels themselves, and the septum that divides the 

primitive,  single  outflow  tract  into  an  aorta  and  pulmonary  trunk.   Because  the 

morphogenesis of this region is so complex, its development is regulated by many different 

signaling pathways.  One of these pathways is the Sonic hedgehog pathway. This thesis tests 

the hypothesis  that  Sonic  hedgehog induces  secondary heart  field  proliferation,  which is 

necessary  for  normal  outflow  tract  development.   To  address  this  hypothesis,  I  took 

advantage of small  chemical antagonists  and agonists  to determine how too little  or too 

much hedgehog signaling would affect the secondary heart field, both in in vitro explants and 

in vivo.  I have determined that Sonic hedgehog signaling maintains proliferation in a subset 

of  secondary  heart  field  cells.   This  proliferation  is  essential  for  generating  enough 

myocardium and smooth muscle and also for the cardiac neural crest to septate the outflow 

tract into two equal-sized vessels.  Up-regulating hedgehog signaling induces proliferation, 

which is quickly down-regulated, showing that the embryo exhibits a great deal of plasticity. 

Together, these studies have shown that Sonic hedgehog promotes proliferation in a subset 

of the secondary heart field and that the level of proliferation must be tightly regulated in 

order to form a normal outflow tract. 
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1. A brief  introduction
For as long as I remember, I have been fascinated by what’s inside the body.  When 

high school biology provided an opportunity to start dissecting fixed specimens, I was ready 

with a scalpel in hand.  I was probably one of the few students who signed up for a second 

year of biology specifically because I got to dissect cats and among an even small group of 

teenagers who would be excited when their mom (a high school physiology teacher) brought 

home one of  those fabulously preserved cats to practice dissecting over the summer.   I 

found it slightly ironic when a summer research project studying heart development opened 

up for me: the laboratory focused on heart development, and my own family had its fair 

share of heart problems, albeit at later stages of life.  While my dad jokingly asked why I was 

trying to prevent heart attacks in mice as opposed to humans, I was smitten by the intricacies 

of the forming heart.  I tried other research projects, spanning cancer biology to protein 

chemistry, but nothing compared to the beauty of the heart.

The heart consists of two thick, muscular ventricles that are highly trabeculated and 

two thin, balloon-like atria.  Inflow and outflow vessels separate deoxygenated blood going 

to the lungs from oxygenated blood that is headed towards the body.  Pace-making cells 

coordinate  the  contractions  required  to  move blood  both  in  and out  of  the  heart,  and 

delicate valves prevent regurgitation.  The heart begins contracting early during development 

and beats approximately 100,000 times per day.  The powerful ventricles move five quarts of 

blood  per  minute  through  60,000  miles  of  blood  vessels  to  keep  the  average  adult 

oxygenated (from “Heart Facts,” as provided by the Cleveland Clinic).  This complex, active 

organ begins as a simple tube that undergoes a complex set of looping and septation steps to 

form a  four-chambered  heart  with  divided  circulation.   Given how many  complications 
1



could arise during any step of its development, the fact that the heart forms normally more 

often than not  is  extraordinary.   The absolute necessity  of  the  heart,  combined with its 

intricate morphogenesis, makes it utterly fascinating.

This  thesis  examines  the  role  of  the  Sonic  hedgehog  signaling  pathway  during 

outflow tract development.  The outflow tract is unique in that it is added to the heart after a 

primitive heart tube has already formed and is contracting.  The outflow tract is comprised 

of tissue from two distinct regions: the secondary heart field, which is the last portion of the 

heart  field  to add to the  outflow tract,  and the  cardiac  neural  crest,  which  septates  the 

outflow tract into an aorta and a pulmonary trunk.  Thus, both of these populations are 

important in considering the embryogenesis of the outflow tract.

In Chapter 2, the secondary heart field is described, starting with the experimental 

evidence that alluded to its existence.  Its discovery, which occurred simultaneously in three 

different laboratories, is detailed, and the subsequent heart field revolution that followed is 

described, taking specific care to explain how the three independent studies that identified 

this  secondarily  adding  field  are  related.   Finally,  the  major  signaling  pathways  that  are 

involved in heart development are described, with a special focus on signaling within the 

secondary heart field.

Chapter 3 then describes the cardiac neural crest.  This population migrates from the 

dorsal  neural  tube  through  the  pharynx,  and  a  sub-population  enters  the  outflow  tract 

cushions to form the outflow tract septum.  Its history is also described.  This perspective is 

then followed by a description of how the neural crest is induced and specified as it becomes 

a migratory population.  The role of the cardiac neural crest as it migrates and arrives in the 

pharyngeal  arches  and the  outflow tract  is  also highlighted.   Finally,  neural  crest-related 
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defects are described, highlighting the correlations between abnormal neural crest behavior 

and the resulting phenotypes.

Based on an understanding of these two populations that give rise to the outflow 

tract, Chapter 4 presents what happens in an absence of hedgehog signaling.  Using a small 

molecular antagonist, hedgehog signaling can be inhibited in either tissue explants or whole 

embryos  in  a  time-specific  manner.   In  the  presence  of  this  hedgehog  antagonist,  the 

secondary heart  field  proliferates  less,  which results  in  defects  both to the subpulmonic 

myocardium  and  the  aortic  smooth  muscle.   Surprisingly,  the  cardiac  neural  crest  still 

migrates and forms an outflow tract septum, closing off the stenotic pulmonary outlet.  This 

chapter  highlights  the  importance  of  hedgehog  signaling  during  normal  arterial  pole 

development.

To complete  our  understanding  of  how hedgehog signaling  affects  outflow tract 

development, a complimentary set of experiments was carried out using a hedgehog agonist. 

Up-regulating  hedgehog  signaling  in  in  vitro secondary  heart  field  explants  resulted  in 

significantly  increased  proliferation,  but  using  this  compound  in  ovo resulted  in  a  much 

milder and shorter period of increased proliferation.  At later stages of development, up-

regulated hedgehog signaling caused a general stenosis of the arterial pole.  It appears that 

the BMP pathway moderates the embryo’s response to increased hedgehog signaling, thus 

minimizing the impact of up-regulated hedgehog.

Together,  these  experiments  highlight  both  the  necessity  of  hedgehog  signaling 

during  outflow tract  development  and  the  complexity  of  how the  secondary  heart  field 

interacts  with  other  tissues.   The  final  chapter  will  summarize  these  results  and  offer 

perspective on future directions.
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2. The role of  the secondary heart field in cardiac development

2.1 The historical heart field

The earliest cardiac fate mapping studies date back to the 1940s, when Rawles (1943) 

determined regions of developmental potential by grafting fragments of the head-process 

stage chick embryo and determining whether each region could generate beating tissue.  This 

early study was the first to define a cardiac field, which was note-worthy in that it consisted 

of two broad fields that were bilateral with respect to the primitive node, and this region was 

defined as the area of the lateral plate mesoderm that has the potential to form myocardium.

Knowing where the cardiac potential  boundaries  were,  more refined experiments 

could  then  prospectively  label  and  observe  presumptive  heart  field  cells.   Time-lapse 

cinematography showed that the cardiac fields moved as a cohesive unit that retained its 

spatial relationship during migration between Hamburger Hamilton (HH, 1951) stage 6+ to 

HH 9-10 (Dehaan, 1963a; 1963b).  Based on observations that no cell mixing occurred when 

tritium-labeled tissue fragments were grafted in embryos as young as HH 5, Rosenquist and 

DeHann (1966) hypothesized that the heart field must be prepatterned.  Using even smaller 

defined regions of the cardiac field, Stalsberg and DeHaan (1969) mapped subdivisions of 

the cardiac field using radioactively labeled transplants (Figure 1).  These transplants were 

performed at HH stage 5, and embryos were incubated up through HH 13, after the heart 

tube has formed.  This study confirmed both Rawles’ previous observation of the bilateral 

heart fields and also that these transplanted regions did not intermingle with unlabeled host 

cells.  In addition, defined regions were established in the bilateral heart fields: the more 

medial cells contributed to the cranial outflow tract, while the more lateral cells contributed 

to the caudal inflow tract.  
4



Figure 1: The heart field at HH 5, as defined by (A) Stalsberg and DeHaan (1969) and (B) 
Redkar et al (2001; adapted to the Stalsberg and DeHaan schematic).  (C) de la Cruz et al 

(1977) showed that cells continue to add to the outflow pole.

Figure  1.  (A)  While  Stalsberg  and  DeHaan observed  non-overlapping  regions  that  gave  rise  to 

distinct components of the heart, this same organization is not observed at HH 5 in the Redkar 
study.  In (B), red dots indicated regions that gave rise to atria, yellow dots indicated regions that gave 
rise to the sinus venosus, blue dots correlated with ventricles, and black dots indicated regions that 
gave rise to bulbus arteriosus.  (C) The existence of a secondary set of cells that contribute to the 
outflow tract was suggested by the work of de la Cruz et al (1977).  Lowercase letters indicate specific 
positions that were labeled and where these points end up as the heart continues to develop.  Note 
the fact that cells labeled at the distal outflow tract as late as HH 22 end up below the pulmonary 
outflow valves.  Abbreviations: R.A., right atrium; R.V., right ventricle; P.C., pulmonary semilunar 
valve cusps; C.S., crista supraventricularis; L.A., left atrium; L.V., left ventricle.

The issue of when cells  are added to the heart was further addressed in labeling 

studies that specifically focused on the outflow tract.  Because the early mapping studies 

were performed in New cultures, cells could only be followed for 24-36 hours; thus, these 

studies ended at HH 13, when the heart is still  a linear tube.  de la Cruz and colleagues 

(1977) used an iron oxide marking technique in ovo to allow the embryos to develop past HH 
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13 (Figure  1).   These  embryos  could survive  until  HH 35,  when the  outflow tract  had 

septated and given rise to the aorta and pulmonary trunk.  If the cranial-most aspect of the 

outflow tract was labeled at HH 12, this region was incorporated into the right ventricular 

trabeculae by HH 22.  If the cranial-most aspect of the outflow tract was then labeled at HH 

22, this region was incorporated beneath the pulmonary semilunar valve cusps.  de la Cruz 

postulated that these regions were formed by a secondary source but did not look for this 

additional population. 

2.2 The source of outflow tract myocardium

This question of where the outflow tract came from remained open for a number of 

years, mainly because the mapping studies that were carried out stopped assessing embryos 

past the initial heart tube stages.  As late as 2001, avian mapping studies carefully analyzed 

embryos starting from HH 4-8 (Redkar et al., 2001); however, each stage was mapped for 

only 20 hours, thereby not addressing the source of the outflow tract myocardium (Figure 1). 

In addition, this study concluded that there was no identifiable organization within the heart 

field.   The  double-labeling,  though,  that  formed  the  basis  of  this  conclusion  does  not 

definitively show mixing of the different heart field regions.

The same year that the Redkar heart field map was published, three different groups 

described a secondary population of cells that contributed to the heart after the initial heart 

tube  had  formed.   Kelly  et  al  (2001)  created  a  fibroblast  growth  factor  (FGF)10-lacZ 

reporter mouse that showed expression in the right ventricle, outflow tract, and pharyngeal 

mesoderm at E9.5 (Figure 2A).  Combining this reporter mouse with DiI labeling, Kelly et al 

determined that the right ventricle and the outflow tract myocardium are added from both 

the pharyngeal arch core and splanchnic mesoderm from E8.25-E10.5.  Both FGF10 and 
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the nlacZ transcripts are down-regulated as these secondarily added cells contribute to the 

heart,  whereas  β-gal  protein  encoded  by  lacZ is  still  present,  supporting  their  origin  as 

FGF10-positive cells in the pharynx.

Figure 2: The novel secondarily adding cell populations identified by (A) Mjaadvedt et al, (B) 
Kelly et al, and (C) Waldo et al.

Figure 2. (A) An FGF10-lacZ mouse showed expression in the right ventricle, conus, and truncus at 
E9.5.   (B)  Mitotracker-labeled  cells  from  the  pharyngeal  arch  cores,  cranial  to  the  heart  tube, 
contributed to the conus and truncus.  (C) DiI-labeled splanchnic mesoderm caudal to the heart tube 
contributed to the conus and truncus.  (D) While the outflow tract (conus and truncus) appeared to 
form from a distinct population of cells, these progenitors are part of the bilateral heart fields (from 
Abu-Issa and Kirby, 2008).  In this image, the blue region is the first heart field, and the red region is 
the second heart field.  The most medial portion of the heart field at HH 5-7 will give rise to the 
outflow tract myocardium and smooth muscle that surrounds the semilunar valves.  Abbreviations: 
RV, right ventricle; LV, left ventricle; C, conus; T, truncus; AoS, aortic sac; OFT, outflow tract; A, 
atria.

Two additional studies identified secondarily added outflow tract cells, using chick as 

the model.   Mjaatvedt et al (2001) labeled cells  using either Mitotracker or a replication-

deficient adenovirus that expressed β-gal.  After labeling cells anterior to the heart tube and 

observing labeled cells in the outflow tract, Mjaatvedt et al defined this secondary population 
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as the anterior heart field.  Ablation of the bilateral heart fields as defined by Rosenquist and 

DeHaan produced embryos that  were able  to form truncated outflow tracts.   Thus,  the 

authors argued that the outflow tract was not part of the bilateral heart fields (Figure 2B). 

Waldo et al (2001) also used cell labeling to determine the origin of the outflow tract.  After 

observing  that  heart  field  markers  Nxk2.5  and  Gata4  were  expressed in  the  pharyngeal 

mesoderm caudal to the outflow tract at HH 14, this region was labeled with Mitotracker. 

Embryos that developed to HH 22 showed robust labeling in the proximal outflow tract. 

Interestingly, Hnk1, an antibody commonly used to identify migrating cardiac neural crest 

cells in the chick, also labeled this secondarily adding splanchnic mesoderm and colocalized 

with myocardial marker MF20 at the junction of the splanchnic mesoderm with the outflow 

tract.  More discrete than either the Kelly or the Mjaatvedt study, this population was termed 

the secondary heart field and was also assumed to be distinct from the bilateral heart fields 

(Figure 2C).

2.3 Three novel heart-forming regions? How are they related?

The relationships between these three novel regions and the bilateral heart field have 

been extensively refined.   Isl1 was identified as an additional heart field marker (Dehaan, 

1963a; Dehaan, 1963b; Yuan and Schoenwolf, 2000) and is expressed in the early heart field. 

As the heart field formed the initial heart tube and differentiated, Isl1 expression was lost 

from  the  heart  tube  but  remained  in  the  splanchnic  mesoderm  in  chick  (Yuan  and 

Schoenwolf,  2000).   However,  subsequent lineage analysis  of an Isl1-cre reporter  mouse 

showed Isl1 expression in the right ventricle, the outflow tract, the atria, and parts of the left 

ventricle (Cai et al., 2003).  The expression pattern in the mouse reporter line thus suggested 

that  there  was  both  a  “primary  heart  field”  that  forms  the  initial  heart  tube  and  a 
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“secondary” or “anterior” heart field that adds to the right ventricle  and the arterial and 

venous poles.  In the Isl1-null mouse, the left ventricle and atria were unaffected, whereas no 

right ventricular or outflow tract markers were present (Cai et al., 2003).  In addition to the 

Isl1  expression  data,  clonal  analysis  has  been  using  nlaacZ,  which  only  infrequently 

undergoes intragenic recombination to form positive nlacZ clones, placed under the control 

of the cardiac actin promoter (Meilhac et al., 2003).  By retrospectively analyzing the nlacZ 

expression  patterns,  Meilhac  et  al  showed  that  there  were  two  distinct  cardiac  lineages 

(Meilhac et al., 2004; Meilhac et al., 2003).  Importantly, these lineages shared a common 

precursor and were separated by time (Meilhac et al.,  2004;  Meilhac et al.,  2003).   These 

lineages, however, were referred to as either the first and second lineage or the first and 

second heart fields, adding some confusion to the Isl1 data. 

Using markers of the second heart field, Prall et al (2007) showed that the second 

heart field, which should not differentiate at the same time as the first heart field, adds to the 

linear heart tube in the Nkx2.5-null mouse.  In addition, Nkx2.5 has multiple cis-regulatory 

elements; while one of the elements drives expression in the entire heart, two elements are 

specific  for  the  right  ventricle  and  outflow  tract  (Schwartz  and  Olson,  1999).   These 

additional elements suggest that there are other regulatory networks that maintain Nkx2.5 

expression in the regions that add after the linear heart tube has formed.  Recent analysis 

using  both  Nkx2.5-  and  Isl1-cre  mice  have  shown  that  these  genes  have  overlapping 

expression domains  throughout the  heart  field  in  the  lateral  plate  mesoderm (Ma et  al., 

2008).  Together, these studies show that the secondarily added outflow tract myocardium is 

part of the heart field and that the “first” and “second” heart fields are distinguished by their 

Nkx2.5 and Isl1 expression patterns.  Heart field cells that have differentiated have reduced 
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Nkx2.5 levels and turn off Isl1 (Komuro and Izumo, 1993; Lints et al., 1993; Prall et al., 

2007).   However,  heart  field  cells  that  remain  within  the  splanchnic  mesoderm remain 

undifferentiated and express high levels of Nkx2.5 as well as Isl1; these cells are further away 

from the differentiating signals that are present in the heart tube.

This mouse work is supported by a new fate map created in the chick (Abu-Issa and 

Kirby, 2008).  Presumptive primary heart field and the adjacent Nkx2.5-positive tissues were 

marked with fluorescent vital dyes, DiI or DiO, and embryos were allowed to develop to 

HH  22.   This  new  map  elaborates  on  the  Stalsberg  and  DeHaan  map  (Stalsberg  and 

DeHaan,  1969)  and clearly  shows that  the  secondarily  adding  heart  cells  are  the  medial 

portion of the Nkx2.5-positive field, supporting a single heart field that is spatiotemporally 

defined (Figure 2D).  

While this unified heart field model clearly explains how the cardiac fields form the 

heart, the terms first heart field, second heart field, anterior heart field, and secondary heart 

field are still  particularly  useful for describing distinct,  well-defined regions of this single 

heart field.  The first heart field refers specifically to the first wave of mesodermal cells that 

differentiate  to  form the  initial  heart  tube  and express  muscle-specific  proteins  such  as 

MLC3F (Kelly et al., 1997); these cells are the first to down-regulate Isl1 expression (Prall et 

al., 2007) and express differentiation markers such as Mesp1 (Saga et al., 2000; Saga et al., 

1999).  Thus, the second heart field consists of all cells that add subsequently to either the 

arterial or venous pole.  While  originally defined by FGF10 expression, the anterior heart 

field now refers to the region defined by a specific Mef2c transcription enhancer that is 

restricted to the outflow tract myocardium, right ventricle, and some atrial cells (Dodou et 

al., 2004).  The secondary heart field refers specifically to the splanchnic mesoderm caudal to 
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the outflow tract that will give rise to the most distal outflow tract myocardium and smooth 

muscle that supports the outflow tract valves (Waldo et al., 2005b; Waldo et al., 2001); this 

specific region is defined as the arterial pole.  

The idea that the atrial, right ventricle, and outflow tract precursors share a common 

origin, now commonly recognized as the second heart field, was initially a novel concept. 

Cai  et  al.  (2003)  showed that  Isl1-positive  derivatives  were present throughout  the right 

ventricle, the outflow tract, and the atria.  However, more recent data have shown that all 

heart field cells express Isl1 (Prall et al., 2007).  Detailed heat maps of proliferation in the 

chick heart field at HH 9-10 showed that only heart progenitor cells proliferated as the heart 

tube formed.  In addition, focused proliferation maps on the splanchnic mesoderm between 

the inflow and outflow pole attachments to the body at HH 14 have shown a “hot spot” of 

proliferation.  The map shows that the highest level of proliferation in this region is near the 

inflow (van den Berg et al., 2009).  Tracing experiments showed that these cells are added to 

the  outflow pole  as  opposed  to  the  venous  pole.   While  the  venous  pole  is  of  critical 

importance for development,  it  will  not be considered further in  the interest  of  brevity; 

instead, I will focus on the secondary heart field.

2.4 How does the secondary heart field migrate into the heart?

In  ovo  DiI-labeling  has  shown  that  the  secondary  heart  field  contributes  both 

myocardium and smooth muscle to the arterial pole (Waldo et al., 2005b).  The myocardium 

spirals into the developing outflow tract, such that the right side of the secondary heart field 

provides myocardium to the pulmonary outlet, and it is speculated that the left side then 

provides myocardium to the aortic outlet (Ward et al., 2005) (Figure 3).  This contribution 

spans a 24-hour period in chick, starting at HH 14.  At HH 18, the secondary heart field 
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continues to be incorporated into the arterial pole but provides smooth muscle instead of 

myocardium.   Interestingly,  the  spiral  pattern  that  is  observed  during  the  addition  of 

myocardium is not observed during the smooth muscle addition.  As a result, the right side 

of the secondary heart field generates smooth muscle that incorporates into the aorta, and 

the left side contributes smooth muscle to the pulmonary trunk.  These cell tracings were 

confirmed by ablation (Ward et al., 2005).  Because of the orientation of the chick in its egg, 

the right side of the secondary heart field can be laser-ablated.  If this ablation is done at HH 

14, pulmonary stenosis and atresia and coronary artery defects are observed, indicating that 

both the pulmonary myocardium and aortic smooth muscle were affected.  If the ablation is 

performed at HH 18 instead, only coronary artery defects are observed because, at this stage, 

the right side of the secondary heart field is providing the smooth muscle that forms the 

junction of the coronary vessels with the aorta.

Figure 3: The secondary heart field spirals as it begins migration.

Figure 3. (A) During myocardial addition, the right side of the secondary heart field spirals below and 
to the left of the outflow tract (depicted in red).  The left side of the secondary heart field spirals 
above and to the right of the outflow tract (depicted in blue).  This pattern is maintained during the 
myocardial  contribution;  after  24  hours,  the  secondary  heart  field  adds  smooth  muscle  without 
spiraling.  (B)  Because  of  the  initial  spiral,  the  right  side  of  the  secondary  heart  field  provides 
pulmonary artery myocardium and aortic smooth muscle (red).  The left side of the secondary heart 
field thus provides myocardium to the aorta and smooth muscle to the pulmonary artery (blue).

As the secondary heart field-derived myocardium is added to the outflow tract, the 

outflow  tract  lengthens.   This  lengthening  is  required  for  the  outflow  tract  to  rotate 
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sufficiently  to allow the pulmonary and aortic  outlets  to be aligned with their  respective 

ventricles (Yelbuz et al., 2002).  Ablating the right secondary heart field, thereby reducing the 

secondary heart field population, results in misalignment of the aorta (Ward et al.,  2005). 

While this alignment defect is distinct from another common arterial pole defect, a failure of 

outflow tract septation, these two defects are often related during development.  The cardiac 

neural crest septate the outflow tract (Kirby et al., 1983, see chapter 3).  The cardiac neural 

crest also modulates signaling in the pharynx while the secondary heart field is contributing 

to  the  outflow tract  (Waldo  et  al.,  2005a).   Ablating  the  cardiac  neural  crest  results  in 

secondary heart field overproliferation and leads to a failure of migration into the heart. 

These effects result in both septation defects (most commonly persistent truncus arteriosus) 

and alignment defects, where the persistent truncus shifts rightward over the right ventricle 

(Kirby et al., 1983).  In addition, it is speculated that the cardiac neural crest receives cues 

from  the  secondary  heart  field-derived  myocardium  in  order  to  affect  proper 

aorticopulmonary septation.  The left side of the heart field expresses left-sided transcription 

factor Pitx2, and this expression is maintained in the left side of the secondary heart field 

(Campione et al., 2001; Campione et al., 1999; Nowotschin et al., 2006).  Recent work has 

shown that the subpulmonic myocardium expresses semaphorin 3C (Theveniau-Ruissy et al., 

2008), while the subaortic myocardium expresses the transgene 96-16 (Bajolle et al., 2008). 

While more work is necessary to determine why a gene would be restricted to one half of the 

arterial pole, these expression patterns suggest that intrinsic differences in the myocardium 

are responsible for directing the cardiac neural crest during septation.

2.5 Signaling in the secondary heart field

In  order  to  proceed  from  cardiogeneic  mesoderm  to  myocardium  and  smooth 
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muscle, the secondary heart field must be induced and specified.  Initially, a portion of the 

lateral plate mesoderm is induced, establishing its fate as precardiac mesoderm.  However, 

the secondary heart field must be held as specified but undifferentiated precardiac mesoderm 

as  the  first  heart  field  forms  the  initial  heart  tube  and  differentiates  into  contractile 

myocardium.  Throughout the early stages of its development, the secondary heart field is 

adjacent to the pharyngeal endoderm, a rich source of signals.  As the secondary heart field is 

added to the outflow tract, it is exposed to a new set of signals that result in its specification 

as both myocardium and smooth muscle.  These signaling pathways will be explored with an 

emphasis on their roles with respect to the secondary heart field.

2.5.1 Wnt signaling

The Wnt family is  the earliest  signaling family that affects cardiac induction,  and 

there are three Wnt signaling pathways: canonical, non-canonical (also known as the planar 

cell polarity pathway), and Wnt/calcium.  Of these pathways, both the canonical and non-

canonical have clear roles in early heart development and will be discussed further.  

In  the  canonical  pathway,  extracellular  Wnt  binds  the  transmembrane  receptor 

Frizzled and LRP5/6 to stabilize cytoplasmic β-catenin through Disheveled;  stabilized β-

catenin can then translocate to the nucleus, bind TCF/LEF, and induce transcription of 

downstream targets (Habas and Dawid, 2005).  In Xenopus, canonical Wnts 3A and 8 inhibit 

cardiac induction in ventral marginal zone mesoderm explants, which are capable of forming 

beating  heart  tubes  in  the  presence  of  the  Spemann  organizer  and  the  dorosanterior 

endoderm (Schneider and Mercola, 2001).  Antagonizing the canonical Wnt signal through 

Dkk-1  or  Crescent  is  necessary  for  the  expression  of  cardiogeneic  transcription  factors 

Nkx2.5 and Tbx5 as well as myocardial specific proteins troponin-I and myosin heavy chain-
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α.  Overexpression of either Wnt3A or Wnt8 inhibits cardiogenesis (Schneider and Mercola, 

2001).   Interestingly,  canonical  Wnt repression is not an isolated requirement. Additional 

Xenopus experiments  have  shown  that  not  only  does  Wnt  signaling  need  to  be  down-

regulated  to  allow  cardiac  induction  to  occur,  the  signaling  must  be  down-regulated 

specifically in regions of high BMP activity (Marvin et al., 2001).

After the heart tube formed, canonical Wnt signaling is maintained in the secondary 

heart field.  β-catenin is needed in Isl1-expressing cells during secondary heart field addition; 

genetic ablation results in pharyngeal arch remodeling defects, a single outflow vessel, and 

embryonic lethality (Lin et al., 2007).  These defects indicate that the myocardial contribution 

from the secondary heart field has been disrupted; however, whether these mice also have 

smooth muscle defects is unclear.  Loss of Wnt signaling reduces the number of Isl1-positive 

cells,  leading to outflow tract and right ventricular defects,  whereas excess Wnt signaling 

expands the Isl1-positive population (Cohen et al., 2007).  Interestingly, when β-catenin is 

knocked  out  in  regions  under  the  control  of  the  Mesp1  promoter,  proliferation  in  the 

splanchnic mesoderm is decreased at E8.0, following a decrease in Isl1 expression at E8.5 

(Klaus  et  al.,  2007).   Overexpression  under  the  Mesp1  promoter  inhibits  heart  tube 

formation and increases both Isl1 expression and first heart field proliferation (Klaus et al., 

2007).   Together,  these  data  suggest  that  canonical  Wnt  signaling  is  responsible  for 

promoting  proliferation  and maintaining  cells  in  a  precardiac  state.   However,  β-catenin 

induces  both  BMP4  (Klaus  et  al.,  2007)  and  noncanonical  Wnt11  (Lin  et  al.,  2007) 

expression in the secondary heart field, which suggests that the early canonical Wnt signaling 

also sets the stage for induction and later differentiation.

While the canonical Wnts are important for their ability to inhibit the initial cardiac 
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induction,  the  non-canonical  Wnts  promote  cardiac  differentiation.   Like  the  canonical 

pathway, non-canonical Wnts also bind to Frizzled but in the absence of LRP5/6; signaling 

proceeds  through  Disheveled,  which  modifies  actin  via  the  Rho/ROCK and  Rac/JNK 

pathways (Habas and Dawid, 2005).  Non-canonical Wnt5A, in combination with canonical 

Wnt inhibitor Dkk-1, induces cardiac differentiation in stromal vascular cells (Palpant et al., 

2007).   In addition,  Wnt11 also induces cardiac differentiation in  Xenopus (Pandur et al., 

2002),  and  Wnt11-null  mice  have  both  arch  artery  patterning  and outflow tract  defects 

(Zhou et al., 2007).  However, Isl1 expression appears normal in these mice (Zhou et al., 

2007), suggesting that the initial specification of the secondary heart field occurs correctly. 

Thus,  this  Isl1  expression  further  supports  the  idea  that  non-canonical  Wnt  signaling  is 

important not for the early steps of induction or specification but for later differentiation.  

In summary, canonical Wnt signaling inhibits cardiac induction and maintains the 

secondary heart field in an undifferentiated state.   Its inhibition is essential  for the early 

induction of the heart field.  Non-canonical Wnt signaling, on the other hand, promotes 

cardiac differentiation and is specifically needed for outflow tract development.

2.5.2 TGFβ signaling

In  the  heart,  TGFβ  superfamily  signaling  occurs  primarily  through  bone 

morphogenic proteins (BMPs).  BMPs can bind both type I receptors, such as BMP receptor 

(BMPR) 1A (also known as ALK-3), and type II receptors, such as BMPR2 (van Wijk et al., 

2007).   The  type  I  receptors  phosphorylate  SMAD1,  5,  and  8  to  induce  intracellular 

signaling, and these activated SMADs bind the common binding partner SMAD4 (Chen et 

al., 2009).  Mice lacking SMAD4 form rudimentary hearts but die by E8.5, suggesting that 

SMAD4-mediated BMP signaling is not required for cardiac induction (Chu et al.,  2004). 
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SMAD4-independent TGFβ signaling has been observed in other cell types, such as T cell 

activation and cancer cell migration (reviewed in Bommireddy and Doetschman, 2007; Giehl 

et  al.,  2007),  supporting  the  feasibility  of  this  hypothesis.    Two  additional  SMADs  – 

SMAD6 and SMAD7 – are inhibitory;  knocking out either of these two genes results in 

outflow tract defects (Chen et al., 2009; Galvin et al., 2000).  

Early in development, BMPs induce the cardiac gene program after canonical Wnt 

signaling is repressed (Schultheiss et al., 1997).  In the chick, BMP4 and 7 are expressed in 

the ectoderm, while BMP2 is expressed in the endoderm (Schultheiss et al., 1997); in mouse, 

however,  BMPs  2,  4,  5,  and  7  are  present  in  the  cardiogenic  mesoderm  (Dudley  and 

Robertson, 1997; Solloway and Robertson, 1999; Zhang and Evans, 1996).  Regardless of 

location,  though,  BMPs are  responsible  for inducing  cardiac differentiation.   BMP2 and 

BMP4 induce Nkx2.5, Gata4, and ventricular myosin heavy chain expression (Monzen et al., 

1999;  Schultheiss  et  al.,  1997;  Shi  et  al.,  2000),  and  BMP7  can  induce  Nxk2.5  in  the 

mesoderm anterior to the cardiogenic mesoderm (Schultheiss et al., 1997).  These effects can 

be  inhibited  by  applying  the  BMP  inhibitor  noggin  (Schneider  and  Mercola,  2001; 

Schultheiss  et  al.,  1997).   While  BMP2  can  induce  ectopic  cardiogenesis  in  anterior 

mesoderm,  which  has  been  exposed  to  Wnt  signaling,  it  has  no  effect  on  posterior 

mesoderm (Schultheiss et al., 1997).  These effects are likely via binding to type II receptors 

ALK3 and BMPR2, which are required to maintain Nxk2.5 expression in Xenopus (Shi et al., 

2000).  Because BMP has such a clear role in inducing cardiogenesis, Brand (2003) accurately 

predicted that the secondary heart field would lie medial to the primary heart field at these 

early stages based on BMP2 expression.

After the initial cardiac induction, BMP signaling is still necessary for secondary heart 
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field differentiation.  At HH 16, BMP2 and BMP4 are both expressed where the outflow 

tract joins the body wall; in addition, BMP7 is expressed throughout the entire heart (Somi et 

al.,  2004).   In culture, chick secondary heart field explants differentiate into myocardium 

upon  exposure  to  BMP2  (Waldo  et  al.,  2001).   Thus,  to  progress  from  lateral  plate 

mesoderm  to  myocardium,  both  the  first  and  second  heart  fields  must  down-regulate 

canonical Wnt signaling, receive high levels of BMP signaling, and up-regulate non-canonical 

Wnt signaling.  In the secondary heart field, this process must be delayed long enough to 

allow the progenitor cells to proliferate enough before forming myocardium.

2.5.3 Notch signaling

The  Notch  pathway  is  unique  in  that  both  the  ligand  and  the  receptor  are 

membrane-bound.  When Notch receptor binds one of its  ligands,  which include Delta, 

Serrate, and Jagged, the receptor undergoes a series of proteolytic cleavages that release the 

Notch intracellular domain (NICD).  The NICD can translocate into the nucleus and act as 

a transcriptional activator (reviewed in Mumm and Kopan, 2000).  Cell-cell interactions are 

necessary  for  Notch  signaling  to  occur,  and  this  pathway  is  often  involved  in  cell  fate 

decisions. 

In the heart field, Notch signaling is necessary for how the heart field behaves after it 

has been specified.  Notch1 (known earlier as Motch or the mouse analog of Notch) is not 

observed  in  the  mouse  until  E7.0  or  mid-streak  stage  (Reaume  et  al.,  1992),  whereas 

mesodermal markers MESP1 and MESP2 are already expressed by primitive-streak stage 

(between E6.5 and E7.0) (reviewed in Buckingham et al., 2005).  The Notch1-null mouse 

forms a heart tube but suffers severe pericardial effusion, indicating heart failure (Swiatek et 

al., 1994).  These mice are indistinguishable from wild-type littermates through E8.5 but are 
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severely growth arrested beyond this point and die between E9.5 and E10.5 (Swiatek et al., 

1994).   Embryonic death in Notch1-null  embryos is  not attributable to apoptosis,  as no 

increase or change in apoptotic patterns are observed (Conlon et al.,  1995).  Instead, this 

outcome is likely related to Notch’s role in proliferation and differentiation.  The Notch2-

null  mouse  is  also  embryonic  lethal,  with  reduced  myocardium  and  pericardial  edema 

(McCright et al., 2001).  Interestingly, Notch2 mRNA is observed in only the outflow tract 

between  E11  and  E14  (McCright  et  al.,  2001),  suggesting  that  it  is  only  produced  or 

maintained  in  the  last  cells  that  are  added to the  arterial  pole.   Cardiac  precursors  can 

differentiate in Xenopus without Notch signaling (Rones et al., 2000).  In addition, this effect 

is downstream of Nkx2.5 and Gata4, indicating that Notch’s role is to keep these specified 

cardiac precursors in an undifferentiated state (Rones et al., 2000).

2.5.4 Fibroblast growth factor signaling

A member of the receptor tyrosine kinase signaling pathway, FGF8 has a number of 

roles throughout heart development.  In the early chick, it is expressed in the endoderm 

adjacent to precardiac mesoderm, and ectopic FGF8 expression can induce cardiac gene 

expression in regions that have been exposed to BMP2 (Alsan and Schultheiss, 2002).  If the 

endoderm is removed, FGF8 alone is necessary to induce Nkx2.5 and Mef2c expression in 

the precardiac mesoderm (Alsan and Schultheiss, 2002).  The window of time in which the 

endoderm can induce differentiation is narrow; it is actively signaling between HH 4 and 6, 

and by HH 7, it can be removed without consequence (Gannon and Bader, 1995).  Based on 

this early role in differentiation, it is not surprising that FGF8-null mice have early heart 

looping abnormalities (Meyers and Martin, 1999).

Despite the early abnormalities seen in FGF-null mice, though, an FGF8 hypomorph 
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does not appear to have early lethal heart defects. Instead, the hypomorph exhibits double 

outlet  right  ventricle,  persistent  truncus  arteriosus,  and  disrupted  pharyngeal  arch  artery 

repatterning (Abu-Issa et al., 2002).  These two FGF8-mutant mice suggest that the heart is 

sensitive to the FGF8 dose.  Cardiac neural crest-derived cells, which septate the outflow 

tract, die as they leave the neural tube and in the pharyngeal arches, explaining both the 

repatterning defect and persistent truncus arteriosus (Abu-Issa et  al.,  2002).   If  FGF8 is 

conditionally  ablated from Nxk2.5-expressing  regions,  atrial natriuretic  factor (ANF) and 

myosin  light  chain  2v  (Mlc2v)  expression  are  expanded  into  the  abnormal,  shortened 

outflow tract,  and BMP4 expression is  lost  from the outflow tract  (Ilagan et  al.,  2006). 

Together,  these data show that outflow tract  myocardium has not been added from the 

secondary heart field.

The FGF8 that  is  present  in  the  endoderm is  regulated  by  cardiac  neural  crest-

derived cells (Hutson et al., 2006).  If the cardiac neural crest is ablated prior to migration 

into the pharynx, FGF8 signaling is up-regulated in the pharynx (Hutson et al., 2006).  This 

up-regulation coincides with a failure of the secondary heart field to add to the outflow tract 

(Waldo et al., 2005).  These experiments indicate that the cardiac neural crest, in addition to 

forming the outflow tract septum, also has an effect on the secondary heart field, and the 

FGF8 pathway may be the common thread between the two populations.

2.5.5 Sonic hedgehog signaling

Sonic  hedgehog  (Shh)  is  a  secreted,  cholesterol-modified  protein  that  binds  to 

transmembrane receptor Patched.  Upon binding, Shh and Patched are internalized, which 

allows the transmembrane protein Smoothened to move into the cilium, where it activates 

the Gli proteins, allowing them to translocate into the nucleus and induce transcription of 
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downstream targets (Rohatgi et al., 2007).  

In the original Shh-null mouse, heart defects were noted.  However, these defects 

were limited in description to “abnormalities” (Chiang et al., 1996).  Ectopically expressed 

Shh could induce heart looping defects in the zebrafish (Schilling et al., 1999).  Knocking out 

Shh, however, has not been shown to cause heart looping problems.  The Shh-null mouse 

was  later  characterized  as  having  Tetralogy  of  Fallot  with  complete  pulmonary  atresia 

(Washington Smoak et al., 2005), indicating that there may be a sided effect on the secondary 

heart field.  Further analysis with a conditional knockout that removed Shh from Nxk2.5-

expressing cells also had a single outflow tract, and cardiac neural crest-derived cells died in 

the pharyngeal arches (Goddeeris et al., 2007).  While this study determined that Shh in the 

Nkx2.5-expressing domain, specifically, was required for arterial pole development, it did not 

elucidate the mechanism through which Shh causes arterial  pole defects.   Both of these 

studies indicate a crucial role for Shh in arterial pole development and suggest that it is of 

particular importance to the secondary heart field.  

This thesis will show that Sonic hedgehog maintains proliferation in a subset of cells 

in the secondary heart field.  This proliferation is essential for providing both myocardium 

and smooth muscle to the arterial pole.  Interestingly, the time frame in which proliferation 

is essential is quite narrow: in the chick, peak proliferation in the secondary heart field occurs 

between HH 15 and HH 17.  By the time the myocardium has been added to the outflow 

tract, proliferation has decreased in this region (Dyer and Kirby, 2009).   Another critical 

finding is that pulmonary atresia is the predominant that occurs in the absence of hedgehog 

signaling, and this defect occurs despite the presence of a neural crest-derived outflow tract 

septum.  Because Shh has earlier roles in right-left asymmetry, it is unsurprising that Shh 
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appears to affect one side of the secondary heart field (the right side) more than the other.

2.6 Conclusions

Understanding the secondary heart field and how it contributes to the arterial pole 

involves a set of complex, interconnected signaling pathways. In addition to being specified 

as myocardium or smooth muscle, it must also be restricted from being specified too early. 

Failure  to  maintain  this  undifferentiated  secondary  heart  field  causes  these  cells  to 

prematurely  add to the  heart  tube.   However,  reduced migration or  proliferation  in  the 

secondary heart field also leads to outflow tract defects.   The cell  signaling coordination 

required  to  balance  proliferation,  migration,  and  subsequent  differentiation  is  exquisitely 

complicated and leaves room for many errors.  Over time, we will come to appreciate even 

more  how  these  pathways  are  woven  together  and  how the  heart  can  compensate  for 

imbalances in a single pathway.

22



3. The role of  neural crest in cardiac development
In addition to the secondary heart field, the cardiac neural crest also contributes to 

the arterial pole.  Cardiac neural crest is a transitory, migratory cell population that forms the 

outflow tract  septum,  great  artery smooth muscle,  and cardiac  ganglia.   These cells  also 

contribute to the thymus and parathyroid glands. The cardiac neural crest is considered a 

subset of cranial neural crest and represents a transition region between cranial and trunk 

neural crest that arises from the neural tube between the mid-otic placode and somite three. 

Once  induced,  cardiac  neural  crest  cells  migrate  from  the  dorsal  neural  tube  to  the 

circumpharyngeal ridge and then to the caudal pharynx.  The migrating cells  rely on the 

extracellular  matrix  to provide  negative and/or positive  chemotactic  cues and synthesize 

matrix remodeling proteins to alter their local environment. In pharyngeal arches 3, 4, and 6, 

they  support  the  development  of  the  aortic  arch  arteries  and  also  modulate  signaling 

pathways. Cardiac neural crest cells provide smooth muscle that becomes the tunica media 

of the great arteries.  From the pharyngeal arches, some cardiac neural crest-derived cells 

continue to migrate into the outflow tract, where they populate the spiraling outflow tract 

cushions to form the septum that divides systemic from pulmonary outflows. A deficiency in 

cardiac neural crest causes defects that include persistent truncus arteriosus, mispatterning of 

the great arteries, and hypoplasia or aplasia of the thymus and parathyroid glands. Defects 

that disrupt the cardiac neural crest often also affect the cranial neural crest, leading to a 

series of cardiac and craniofacial syndromes.

3.1 The discovery of the cardiac neural crest

The neural crest was originally observed in chick in 1868 by William His.  These cells 

23



were identified based on their migratory capacity, as they moved from the neural tube to the 

dorsal root ganglia (His, 1868).  Further work carried out in teleosts showed that the neural 

crest  also  gave  rise  to  other  components,  including  the  peripheral  nervous  system and 

melanocytes; these observations were soon confirmed in higher vertebrates, such as avians 

(Goronowitsch, 1893).  Katschenko (1888) observed that the neural crest cells are “lost” and 

contribute to the mesenchyme.  In addition, visceral arch cartilage and teeth were added to 

the list of neural crest derivatives (Katschenko, 1888; Platt, 1898).  By the 1920s, neural crest 

had been identified in rat  as well  (Adelmann, 1925).   However,  these early  studies were 

limited in that the migrating neural crest cells could only be observed as long as they were 

distinct  from the surrounding tissue.   With the development  of  cell-marking  techniques, 

such as tritiated thymidine, the cranial neural crest cells could be mapped as they migrated 

through  the  circumpharyngeal  ridge  –  defined  as  the  dorsolateral  pharynx  beneath  the 

ectoderm – into the pharyngeal arches in the chick (Johnston, 1966; Kuratani and Kirby, 

1991; Noden, 1975).   One downside, though, was that the tritiated thymidine got diluted 

during cell proliferation.  A better marking system based on the observation that the closely 

related quail  and chick species  have distinctly  different nuclei  has provided researchers a 

definitive technique to study discrete portions of the neural crest through the use of quail-

chick chimeras (Le Douarin and Barq, 1969; Le Douarin et al., 1974; Le Douarin and Teillet, 

1973a; Le Douarin and Teillet, 1973b). A simple Feulgen stain was sufficient to distinguish 

the nuclei.   More  recently,  quail-specific  antibodies  have been added to the set  of  tools 

available to study the quail-chick chimeras (reviewed in Le Douarin et al., 2007).  

Using quail-chick chimeras to transplant small regions of presumptive neural crest, 

LeLievre and Le Douarin (1975) identified a region of neural crest cells that migrated into 
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the pharyngeal arches.  By performing similar transplants and following the development to 

later stages, Kirby et al (1983) identified a population of neural crest that migrated through 

the  caudal  pharyngeal  arches  (arches  three  through  six)  and  contributed  to  the  heart. 

Ablating this population, which spans the otic placode to somite three, resulted in persistent 

truncus arteriosus or a common, unseptated outflow tract.   The population of cells  that 

migrated to the heart was named “cardiac” neural crest (Kirby et al., 1985).  These neural 

crest  cells  share  some  characteristics  of  the  cranial  neural  crest  in  that  they  generate 

ectomesenchyme (Kirby, 1989) and also trunk neural crest in that they cannot regenerate 

(Suzuki and Kirby, 1997).  

The presence of cardiac neural crest in a mammalian model was confirmed nearly a 

decade after the original discovery by Kirby et al.  Using an in vitro  culture system and DiI 

labeling, Fukiishi and Morriss-Kay (1992) showed that rats also had a population of neural 

crest derivatives that contributed to the heart.  The DiI-labeled neural crest cells migrated as 

individual  cells,  and  only  neural  crest-derived  cells  between  somites  one  through  three 

contributed to the heart (Fukiishi and Morriss-Kay, 1992).  

These  mammalian  labeling  studies  have  been  confirmed  and  expanded  through 

transgenic  approaches.   The first  transgenic  mouse used to analyze neural  crest  was the 

Wnt1-LacZ mouse; in this mouse, all neural crest cells that actively expressed Wnt1 could be 

easily detected (Echelard et al., 1994).  However, neural crest cells do not maintain Wnt1 

expression throughout development.  Using Flippase-Flippase Recognition Target (Flp-Frt) 

recombination,  in  which  Flp  recombinase  was  expressed  under  control  of  the  Wnt1 

promoter, Dymecki and Tomasiewicz (1998) showed that they could label and then trace 

neural crest cells from their specification in the neural tube all the way through adulthood. 
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Cells  in  which  Flp-induced  recombination  had occurred could  be  detected using  in  situ 

hybridization for the Flp mRNA to detect cells actively expressing Wnt1 or PCR for the 

recombined Frt site, which would be found in cells that had expressed Wnt1 (Dymecki and 

Tomasiewicz,  1998).   However, this technique was not sensitive enough to detect neural 

crest cells  outside of  the nervous system.  Just two years later,  the Wnt1 promoter was 

placed upstream of Cre recombinase.  This mouse could then be crossed with the ROSA26 

conditional reporter to easily label all neural crest cells (Chai et al., 2000).  While this study 

focused on the derivatives of pharyngeal arches one and two, migrating neural crest could be 

observed in pharyngeal arch three, which contributes to cardiac development (Chai et al., 

2000).  The ease of detecting neural crest derivatives in this transgenic mouse has made it a 

favorite model for analyzing neural crest development.  Other commonly used neural crest-

specific Cre lines include the Pax3-Cre and the P0-Cre mice.  Taking the Cre-Lox technology 

a step further, a new transgenic ROSA26-GFP-DTA mouse allows for genetic ablation of 

the neural crest population by expressing diphtheria toxin fragment A (DTA) in all cells that 

express Wnt1-Cre (Ivanova et al., 2005).

By ablating the presumptive cardiac neural crest in chick, Kirby et al (1983) created 

the  neural  crest  ablation  model,  which  had  a  clear  phenotype.   Soon  after  the  original 

discovery of the cardiac neural crest, a natural mouse mutant showed similar phenotypes to 

the chick neural crest ablation model (Franz, 1989). This mouse, the Splotch mutant, had 

impaired neural crest migration (Epstein et al., 2000), and the mouse could be rescued by the 

addition of Pax3 (Li et al., 1999). The subsequent confirmation that Pax3 was the mutated 

gene (Epstein et al.,  2000) began the process of unraveling the genes that are important 

during the different stages of cardiac neural crest development.
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3.2 Formation of neural crest

3.2.1 Induction

The cells  that  are fated to be  neural  crest  are induced during  gastrulation.   The 

transcription factor Pax3, which is one of the earliest markers of the dorsal neural tube, has a 

cell autonomous role in the neural crest (Li et al., 1999).  Recent studies have shown that the 

transcription factor Pax7 is expressed as early as HH4+ in chick and is required for neural 

crest induction (Basch et al., 2006).  At this early stage, the Pax7 expression domain does not 

overlap with non-neural ectoderm, the neural plate, the ectodermal placode, or the neural 

plate border (Basch et al., 2006).  By HH5, this restricted Pax7 domain overlaps first with the 

neural plate border and then with the neural folds by HH6 (Basch et al., 2006).  

Figure 4: Cardiac neural crest formation and derivatives

Figure 4: (A) The neural crest forms at the dorsal-most tip of the neural tube, in a region that receives 
high levels of BMP and Wnt signaling. (B) After being induced by BMP and Wnt, neural crest cells 
leave the neural tube and begin migration. (C) These migrating neural crest cells will migrate through 
the circumpharyngeal ridge and into the pharyngeal arches. A subpopulation will continue on into the 
outflow tract to form the septum. (D) The mature arterial pole, showing neural crest-derived smooth 
muscle juxtaposed with the smooth muscle derived from the secondary heart field. (From Nieto 
(2001) and Hutson and Kirby (2003)).

As the neural folds come together, the neural crest form at the boundary between 
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the neural and epidermal ectoderm (Figure 1A).  While the neural crest has been assumed to 

arise from the neural ectoderm (for example, see Kuriyama and Mayor, 2008; Liu and Jessell, 

1998; Selleck and Bronner-Fraser, 1996), recent work has suggested that its source is actually 

the non-neural ectoderm, based on the expression of the cell adhesion molecule E-cadherin 

in non-neural epithelium; this expression is lacking from the neural epithelium of the neural 

folds themselves (Weston et al., 2004).  

3.2.2 Specification

Pax3 and Msx1 expression is lost from the ventral midline of the neural plate as it 

folds into the neural tube and remains in the dorsal tips of the neural tube, making these the 

earliest markers of the dorsal neural tube (Liem et al., 1995).  Pax7 is also in the neural tube 

and remains expressed in the migrating cranial neural crest in the midbrain and hindbrain 

regions (Basch et al., 2006).  In the adjacent epidermal ectoderm, growth factors BMP4 and 

BMP7 induce dorsalin  1  (Dsl1)  expression  in  the  dorsal  neural  tube,  which  in  turn up-

regulates Pax3 and Msx as well as transcription factor Snail2 (formerly known as SLUG) and 

glycoprotein Hnk1. In addition, BMP4 and BMP7 also up-regulate Cadherin6B, followed by 

a  subsequent up-regulation of  Cadherin7,  in  the  dorsal  tips  of  the  neural  tube (Liu and 

Jessell,  1998).   As the neural  tube closes,  BMP4 and BMP7 expression is  lost  from the 

epidermal ectoderm, suggesting that neural crest induction is complete (Liem et al., 1995). 

Snail2 expression then begins in the extreme lateral neural plate as the neural tube closes and 

only marks the premigratory crest.

The SoxE family of transcription factors has also been implicated in neural crest 

specification  (Cheung  and Briscoe,  2003).   Sox9  overlaps  with  the  other  induction  and 

specification factors and can induce Snail2, Cadherin6B, and Cadherin7 in a cell autonomous 
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manner (Cheung and Briscoe, 2003).  In addition to Sox9, Sox8 and Sox10 are also involved 

in neural crest development but appear to be important during migration (McKeown et al., 

2005).

FoxD3 is another transcription factor implicated in specification and segregates the 

neural  crest  from  the  neuroepithelium  (Kos  et  al.,  2001).   Interestingly,  expression  is 

maintained as the neural crest migrates through the arches; post-migratory expression is only 

maintained in glial cells (Kos et al., 2001).  Overexpressing FoxD3 results in an increased 

number of delaminating neural crest cells (Dottori et al., 2001).  

3.2.3 Delamination

Specified  cardiac  neural  crest  cells  delaminate  from the  neural  tube  and migrate 

through the circumpharyngeal ridge to the pharyngeal arches. Before induction, the neural 

folds express E-cadherin,  which holds together adherens junctions,  maintaining  epithelial 

characteristics (Palacios et al., 2005).  The initial up-regulation of cadherin6B by BMP4 and 

BMP7 keeps the neural crest from leaving the neural tube (Coles et al., 2007).  N-cadherin is 

also  expressed  in  premigratory  neural  crest  and  maintains  the  neural  crest  cells  in  a 

premigratory state (Nakagawa and Takeichi, 1995).

In addition to adherens junctions, the neural tube also has tight junctions, another 

characteristic of epithelial cells.  Occludin, a tight junction-specific protein, is expressed on 

the apical side of the neural tube; expression is lost when the neural tube closes (Aaku-

Saraste et al., 1996).  Another tight junction-specific protein, Claudin-1, is also expressed in 

the apical side of the neural tube until closure is finished (Simard et al., 2005).  

In order to delaminate, the neural crest cells must undergo epithelial-to-mesenchymal 

transformation  (EMT)  to  lose  their  adherent,  epithelial  nature  and  gain  a  motile, 
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mesenchymal phenotype.  The adherent cadherins must be down-regulated in favor of more 

motile proteins, and this process begins during induction, when BMP4 and BMP7 induce 

Snail2,  which is required for EMT.  Snail2 down-regulates genes that maintain epithelial, 

polarized cells. E-cadherin directly interacts with Snail and is one of the key proteins that 

must be down-regulated to allow migration (Bolos et al., 2003; Cano et al., 2000).   As Snail2 

is expressed, it represses both Cadherin6b (Taneyhill et al., 2007) and E-cadherin (Cano et 

al., 2000); this repression allows both cranial and truncal neural crest to undergo EMT and 

begin migrating (Taneyhill et al., 2007).  Snail2 protein is expressed starting at 4-5 somites, 

and Cadherin6 mRNA expression is then lost, starting at the 6-somite stage, in a cranio-

caudal  wave  (Taneyhill  et  al.,  2007).   As  both  Cadherin6b  and  N-cadherin  are  down-

regulated, Cadherin7 expression increases in the migrating neural crest cells (Nakagawa and 

Takeichi,  1995).   Interestingly,  overexpressing Cadherin6b,  N-cadherin,  or Cadherin 7 all 

prevent neural crest delamination (Nakagawa and Takeichi, 1998), indicating that the amount 

of  cadherin  present  is  as  important  as  which  cadherins  are  present  for  neural  crest 

delamination.

The small GTPase RhoB has also been implicated in delamination and migration. It 

is up-regulated by both BMP4 and BMP7 (Liu and Jessell, 1998).  In chick, its expression 

overlaps with some Snail2-positive cells (Del Barrio and Nieto, 2004) and is down-regulated 

as soon as neural crest cells up-regulate Hnk1, which is expressed by migrating neural crest 

cells  in  avians  (Liu  and Jessell,  1998).   Unfortunately,  this  antibody  does  not  recognize 

migrating murine neural crest cells.  The Rho family of proteins promotes detachment at the 

rear of migrating cells (Wheeler and Ridley, 2004), suggesting that its early expression helps 

initiate  directional  migration.   Interestingly,  RhoB  expression  is  limited  in  mouse  to 
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migrating neural crest (Henderson et al.,  2000).   The reasons for the different expression 

patterns in chick and mouse remain unknown.

Through these three steps – induction, specification, and delamination – the cardiac 

neural crest cells are ready to migrate to the circumpharyngeal ridge.

3.3 Cardiac neural crest cell activity during migration

Because the neural crest-derived cells  are a migratory population (Figure 1C), this 

yields two exciting and distinct effects: the effect of the environment on the migratory crest-

derived cells and the effect of these cells on their environment. Some of the environmental 

factors  are clear,  such as  how crest-derived cells  both rely  upon the extracellular  matrix 

(ECM) and also alter the ECM as they migrate.  However, the cardiac neural crest-derived 

cells actively affect signaling pathways as well.

In order to migrate from the neural tube to the caudal pharyngeal arches, the cardiac 

crest cells need both the proteins necessary to power their mobility and directionality but 

also external cues that indicate migratory pathways.  These factors include the gap junction 

connexin43  (Cx43)  and semaphorin receptors  plexinA2 and D1 and neuropilin.   Cranial 

neural crest cells interact with the ECM through fibronectin and respond to the presence 

and concentration of different ECM proteins by changing direction or speed. In addition, 

the cells express matrix metalloproteins (MMPs) that degrade the ECM, allowing them to 

change their environment.

The expression level of Cx43 is essential for cardiac neural crest motility.  Cardiac 

neural crest cells express Cx43α1 (Lo et al., 1999), and too much Cx43 speeds up migration, 

whereas  too  little  slows  migration  (Huang  et  al.,  1998;  Sullivan  and  Lo,  1995).   It  is 

responsible  for  both  directionality  and motility  through polarized  protrusions  (Xu et  al., 
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2006).   At  cell-cell  interaction  points,  Cx43 co-localizes  with  vinculin  and  actin-binding 

proteins (Xu et al., 2006); this co-localization suggests another mechanism through which 

the cardiac neural crest cells can exhibit directional migration. 

Semaphorins and their receptors, neuropilins and plexins, are also important during 

neural crest migration.  Semaphorins can antagonize integrin-mediated adhesion to restrict 

migration (Serini et al., 2003), although some semaphorin-plexin interactions promote neural 

crest migration (Toyofuku et al., 2008).  Cadherin7 is expressed in a reciprocal pattern with 

semaphorin 3A, setting up the distinct bands of migrating neural crest that are observed as 

they leave the neural tube and move through the pharyngeal arches (Osborne et al., 2005).  

Interestingly, different semaphorin and plexin isoforms are important for different 

subsets of neural crest derivatives.  For the cardiac crest cells, class 3 and 6 semaphorins 

provide the necessary directional cues (Feiner et al., 2001; Sato et al., 2006; Xu et al., 2006). 

Semaphorin  6A  and  6B  interact  with  receptor  plexin  A2  to  repulse  the  neural  crest 

(Toyofuku et al., 2008), and plexin A2 is expressed by migratory and post-migratory cardiac 

neural crest-derived cells  (Brown et al.,  2001).   Semaphorin 3C specifically  interacts with 

plexin  D1  and  neuropilin-1  to  promote  migration  (Toyofuku  et  al.,  2008).   GATA6 

promotes semaphorin 3C expression in cardiac neural crest cells (Lepore et al., 2006), and 

both neural crest-specific GATA6-deficient and semaphorin 3C-deficient mice have aortic 

arch malformations and outflow tract septation defects (Feiner et al.,  2001; Lepore et al., 

2006).  

The ECM proteins around the neural tube are disrupted upon the initial emigration 

of the neural crest cells.   In trunk neural crest,  these ECM proteins include fibronectin, 

laminin, and type-IV collagen (Martins-Green and Erickson, 1987).  Interestingly, the neural 
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crest  cells  express  fibronectin  receptors  and  use  exogenous  fibronectin  as  a  substrate 

(Duband et al., 1986).  The fibronectin expression pattern is related to cranial neural crest 

cell motility (Duband et al., 1986); low concentrations of fibronectin increase cardiac neural 

crest migration speed, and higher concentrations increase directionality  at the expense of 

speed (Xu et al., 2006).  However, if versican is also present in the ECM, fibronectin is not 

sufficient  to  induce  migration  in  trunk  neural  crest  (Dutt  et  al.,  2006).   Another  ECM 

protein, perlecan, is expressed by cranial and cardiac neural crest cells (Soulintzi and Zagris, 

2007); it is a major basal membrane protein that sequesters growth factors such as basic FGF 

(Aviezer  et  al.,  1994).   In addition to these ECM proteins,  fibulin  inhibits  migration by 

interfering  with  migration-promoting  proteins  such  as  fibronectin  (Twal  et  al.,  2001). 

Fibulin is expressed in premigratory cranial neural crest cells in similar but not overlapping 

patterns with fibronectin (Spence et al., 1992).

While  migrating,  the  neural  crest  cells  express  ECM modulating  factors,  such as 

MMP2 and urokinase.   MMP2 is  a  type-IV collagenase  that  is  initially  expressed in  the 

mesoderm surrounding migrating neural crest cells; it is also expressed in neural crest cells 

that  form  non-neural  structures  (Cai  et  al.,  2000).   It  is  essential  for  remodeling  the 

pharyngeal  arches (Cai  et  al.,  2000),  and neural  crest cells  do not migrate in its  absence 

(Erickson and Isseroff, 1989).  MMP2 expression is maintained in the distal outflow tract 

(Cai et al., 2000), which may allow for additional remodeling to occur.  Cardiac neural crest 

cells also express tissue inhibitor of metalloprotease (TIMP)-2 while migrating and as they 

enter the pharyngeal arches (Cantemir et al., 2004).  Despite what the name may suggest, low 

levels of TIMP-2 actually promote the activation of proMMP2, and reducing its expression 

in premigratory neural crest cells inhibits their migration (Cantemir et al., 2004).
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Urokinase is an extracellular protease that converts plasminogen to plasmin (Agrawal 

and Brauer, 1996),  which then activates TGF-β (Brauer and Yee, 1993).   Plasminogen is 

required for cranial neural crest migration (Agrawal and Brauer, 1996).  

The  cardiac  neural  crest  cells  interpret  extracellular  signals  through  additional 

proteins.  Pinch1 is thought to play roles in cell behaviors ranging from cell adhesion and 

migration to survival  (Liang et al.,  2007).   It  mediates signaling through the integrin cell 

adhesion receptors, bridging the gap between extracellular space and intracellular response. 

Cardiac  neural  crest  cells  express  Pinch1,  and  knocking  out  Pinch1  under  the  Wnt1 

promoter  leads to too many neural  crest  derivatives  reaching  the  outflow tract  between 

E10.5 and E11.5.  However, some of these cells undergo apoptosis at E11.5.  Neural crest 

cells that survive down-regulate p27, preventing their exit from the cell cycle.   The resulting 

arterial  trunk  has  abnormally  thick  walls,  while  not  enough of  cardiac  neural  crest  cells 

populate  the  outflow  tract  cushions  to  form  a  septum  (Liang  et  al.,  2007).   These 

abnormalities results in persistent truncus arteriosus and embryonic death.  

TGFβ receptor Alk2 is also expressed by the cardiac neural crest cells, and knocking 

out Alk2 in a neural crest-dependent manner yields persistent truncus arteriosus (Kaartinen 

et al., 2004).  The cardiac neural crest cells reach the pharyngeal arches normally but fail to 

enter the outflow tract cushions (Kaartinen et al., 2004).

ADAM (a disintegrin and metalloproteinase protein) proteins are membrane-bound 

proteins that are involved in cell-cell and cell-ECM interactions (reviewed in Edwards et al., 

2008).  The metalloprotease meltrin β (also known as ADAM19) is required for outflow tract 

cushion development (Kurohara et al., 2004; Zhou et al., 2004).  In the meltrin β-null mouse, 

the  proximal  outflow tract  cushions  do not  fuse (Komatsu et  al.,  2007).   However,  the 
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mechanism  through  which  meltrin  β  disrupts  cushion  formation  has  not  been  clearly 

determined; neither proliferation nor apoptosis is disturbed (Komatsu et al., 2007).  Because 

other cardiac neural  crest-related structures,  such as the thymus,  are normal,  the current 

hypothesis is that meltrin β is involved in the epithelial-mesenchymal transformation that 

occurs in the cushions (Komatsu et al., 2007).  In culture, meltrin β also cleaves neuregulin 

β1, a membrane-anchored EGF protein (Shirakabe et al., 2001) that is necessary for ganglia 

formation (Lee et al., 1995).

Cardiac neural crest cells also respond to extrinsic signaling factors.  Non-canonical 

Wnt5a is expressed in the pharyngeal mesoderm surrounding the migrating cardiac neural 

crest cells and affects their migration (Schleiffarth et al., 2007).  Because of Wnt5a’s spatial 

location, the initial cardiac neural crest migration is normal in Wnt5a-null mice; however, 

plenixA2 is reduced in the outflow tract (Schleiffarth et al., 2007).  Wnt5a-null mice develop 

persistent truncus arteriosus; thus, this reduction in plexinA2 expression suggests that not 

enough cardiac neural crest cells  migrate into the outflow tract because proliferation and 

apoptosis  are  unchanged.   Wnt5a  increases  calcium transients  (Schleiffarth  et  al.,  2007), 

which are associated with decreased cellular filopodia motility (Lohmann et al., 2005).  These 

observations  suggest  that  Wnt5  in  the  pharynx  may  be  responsible  for  slowing  down 

migration.

Retinoic acid is another early signaling pathway that is associated with neural crest 

defects (Lammer et al., 1985).  Either too much (Morriss-Kay, 1992) or too little (Wilson et 

al.,  1953)  retinoic  acid  induces  neural  crest-specific  defects,  such  as  persistent  truncus 

arteriosus.  Maternal exposure to retinoic acid causes cardiac defects in 90% of embryonic 

pups; this overexposure causes defects such as hypoplasia  or aplasia of the neural crest-
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derived glands (the thymus, thyroid, and parathyroid) (Yu et al., 2003).  Retinoic acid signals 

through retinoic acid receptor heterodimers, and deficiencies in these receptors (both the 

RAR and RXR proteins) can yield cardiac neural crest defects; however, these defects occur 

without affecting the thymus, parathyroid, or thyroid (Lee et al., 1997).  While perturbing the 

level of retinoic acid is associated with neural crest defects, cardiac neural crest migration is 

not  disrupted  in  either  RARα1,  RXRβ-null  mice,  which  exhibit  100%  penetrance  of 

persistent truncus arteriosus (Jiang et al., 2002), or in cultured embryonic mice treated with a 

pan-RAR inhibitor (Wendling et al., 2000).  In addition, outflow tract defects are not present 

if RARα1 and RXRβ are knocked out specifically under the control of Wnt1 (Jiang et al., 

2002).  This lack of a cell autonomous effect on neural crest cells suggests that they must 

respond to a signal from a non-neural crest, retinoid-sensitive cell population.  However, 

neither the non-neural crest population nor the secondary signal has been identified.

One prominent signaling factor that can act downstream of retinoic acid is FGF8. 

Whether retinoic acid increases or decreases FGF8 signaling is variable depending on the 

circumstances (for examples, see Ryckebusch et al., 2008; Wendling et al., 2000).  Regardless 

of  how retinoic  acid  affects  FGF8,  FGF8 is  expressed in  the  pharyngeal  ectoderm and 

endoderm, which are along the cardiac neural crest path.  If the cardiac neural crest cells are 

ablated,  FGF8 signaling  increases  in  the  pharynx,  and  the  cardiac  neural  crest  ablation 

phenotype can be rescued by titrating the level of FGF8 back to normal levels (Hutson et al., 

2006). 

3.4 Aortic arch artery repatterning

During development, the pharyngeal arch arteries form symmetrically in a cranial-

caudal  temporal  pattern.   The  bilaterally  symmetrical  pharyngeal  arch  arteries  are  then 
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asymmetrically  remodeled to form the arch artery derivatives.  In chick, the arch arteries 

lumenize and the cranial two arch arteries regress over a three to four day span (Hiruma and 

Hirakow, 1995).  In mouse, the same cranial-caudal progression is observed, and the arch 

arteries form within a three-day period (Rugh, 1990).  While the pharyngeal arch arteries can 

form in the absence of cardiac neural crest-derived cells, the crest is necessary to maintain 

and remodel the arch arteries (Waldo et al., 1996).  Once remodeling is complete, the arch 

arteries are referred to as the great arteries of the thorax.

While  the  cardiac  neural  crest-derived cells  are  migrating  through the pharyngeal 

arches (Figure 1C), several signaling pathways are essential for aortic arch artery remodeling. 

The TGFβ superfamily is one of these essential pathways.  This superfamily includes BMP, 

which is  mediated intracellularly  by the Smad proteins.   Knocking out Smad4 under the 

Wnt1 promoter inhibits  arch arteries  four and six from remodeling  properly  (Nie et  al., 

2008),  and the outflow tract remains unseptated (Jia et al.,  2007).   Knocking out TGFβ2 

under  the  Wnt1  promoter  specifically  down-regulates  nuclear  Smad2  localization  in  the 

cardiac neural crest-derived cells and leads to apoptosis in the pharyngeal arches (Molin et 

al., 2004).  

Mice  that  are  homozygous  null  for  endothelin-receptor  A  (ETA)  or  endothelin-

converting enzyme 1 (ECE-1) also have defects in the remodeling of pharyngeal arch arteries 

three through six;  these deletions  do not affect  the initial  development  of  the arches or 

cardiac neural crest migration (Yanagisawa et al., 1998).  One possibility is that endothelin is 

required as a survival factor for the neural crest cells (Abe et al., 2007).  

Hyperglycemia  is  also  important  for  aortic  arch  artery  remodeling.   Diabetic  rat 

offspring phenocopy DiGeorge syndrome, which specifically affects pharyngeal arches three 
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and four (Siman et al., 2000).  Patients with DiGeorge syndrome have craniofacial anomalies, 

thymus and parathyroid defects, and arterial pole-specific defects such as tetralogy of Fallot 

(overriding aorta, pulmonary stenosis or atresia, ventricular septal defect, and hypertrophic 

right ventricle)  (Siman et al.,  2000).   In addition,  diabetic  rat  offspring  also have a high 

incidence of arch artery remodeling defects (Molin et al., 2004).  Interestingly, while the arch 

arteries develop abnormally, the fourth arch arteries initially develop and then are remodeled 

incorrectly,  consistent  with  previous  reports  (Waldo  et  al.,  1996).   Apoptosis  was  not 

observed in the right sixth pharyngeal arch, which normally regresses (Molin et al., 2004).  In 

addition, hyperglycemia induces a high oxidative stress environment, which inhibits cardiac 

neural crest cell migration (Suzuki et al., 1996).

These observations are consistent with the cardiac neural crest having a role in the 

repatterning of the arch arteries but not in their initial formation.  

3.5 Cardiac neural crest-derived structures

After migration, the cardiac neural crest-derived cells contribute to a wide variety of 

structures. Outside of the heart, they contribute mesenchyme to the thymus and parathyroid; 

this mesenchyme is important for gland induction (Bockman and Kirby, 1984). In addition, 

cardiac neural crest-derived cells form the cardiac ganglion (Kirby and Stewart, 1983). One 

of the most dramatic  cardiac neural  crest-derived structures is  the mesenchymal outflow 

tract septum (Kirby et al., 1983). Laser ablation of the cardiac neural crest causes defects, 

ranging from a malaligned but septated outflow tract to an undivided outflow vessel (Kirby 

et al., 1985).  In addition to the outflow tract septum, cardiac neural crest-derived cells also 

form the smooth muscle tunica media of the great arteries (Bockman and Kirby, 1984).
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3.5.1 The outflow tract septum

As the cardiac neural crest-derived cells migrate into the outflow tract, they form two 

prongs that enter the spiraling distal outflow tract cushions ventral to the remnant of the 

aortic sac (Figure 1C).  These prongs are connected at the distal end of the outflow tract by a 

shelf  that slowly  grows proximally  at  the expense of  the prongs.   Failure to septate the 

outflow  tract  results  in  a  common  outflow  vessel  termed  persistent  truncus  arteriosus, 

clinically known as common trunk.  

N-cadherin  expression  increases  in  the  cardiac  neural  crest-derived  cells  as  they 

condense in the outflow tract cushions (E11.5-E12.5).  Knocking out N-cadherin under the 

Wnt1 promoter induces persistent truncus arteriosus.  Interestingly, the cardiac neural crest-

derived cells in these transgenic mice migrate normally into the pharyngeal arches and form 

smooth muscle of the arch arteries.  Outflow tract septation is even initiated, but the cardiac 

neural crest-derived cells that migrate into the outflow tract cushions are rounded and form 

few cell-cell contacts (Luo et al., 2006).  

3.5.2 Great artery smooth muscle

In  addition  to  forming  the  outflow  tract  septum,  the  cardiac  neural  crest  also 

provides smooth muscle of the persisting arch arteries, the aorta, and the pulmonary trunk. 

This smooth muscle is juxtaposed to the smooth muscle derived from the secondary heart 

field, and also on all persisting arch arteries (Figure 1D).  Endoglin is a TGFβ co-receptor 

that is expressed by neural crest cells.  While endoglin has been implicated in cell adhesion 

and migration, overexpressing endoglin under the Wnt1 promoter does not affect cardiac 

neural  crest  migration  (Mancini  et  al.,  2007).   However,  the  cardiac neural  crest-derived 

vascular smooth muscle is thickened and poorly organized, which may result from disrupted 
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cell adhesion (Mancini et al., 2007).  In addition, knocking out the transmembrane receptor 

Notch2 under the Pax3 promoter reduces the amount of  smooth muscle  that  forms by 

decreasing proliferation of the cardiac neural crest cells that comprise the smooth muscle 

(Varadkar et al., 2008).  The transcription factor myocardin is another gene that promotes 

smooth muscle differentiation; knocking down myocardin under either the Wnt1 or Pax3 

promoter causes patent ductus arteriosus (Huang et al., 2008).  This defect is caused not by a 

lack of neural crest but by a lack of neural crest differentiation into smooth muscle (Huang 

et al., 2008).

While  early  studies  showed  that  the  neural  crest  cells  are  necessary  for  smooth 

muscle  to  form around  the  coronary  arteries  (Hood  and Rosenquist,  1992),  quail-chick 

cardiac  neural  crest  chimeras  failed  to  show  quail  neural  crest-derived  coronary  artery 

smooth muscle (Waldo et al., 1994).  Instead, this study showed that quail neural crest cells 

in the cardiac ganglia were closely associated with the coronary arteries and may be involved 

in the formation, position, or patterning of the coronary artery stems.  The origin of the 

coronary artery smooth muscle only at the stems was recently identified as the secondary 

heart field (Waldo et al., 2005b).  

3.5.3 Cardiac ganglia

The cardiac ganglia consist of neurons, satellite cells, and small intensely fluorescent 

cells; the cardiac neural crest gives rise to all of these cell types within the cardiac ganglia.  As 

the  cardiac  neural  crest  enters  the  outflow tract,  some of  the  crest-derived  cells  cluster 

around the outflow tract, where they will differentiate and mature as cardiac ganglia.  The 

maturation  process  is  slow,  with  differentiation  occurring  over  a  five-day  period  and 

maturation spanning another ten days in the chick (Kirby et al.,  1980).   Interestingly, the 
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nodose placode can replace the cardiac ganglia if the cardiac neural crest is ablated (Kirby, 

1988).   The cardiac neural crest does not provide the sympathetic peripheral nerves, which 

are derived from the trunk neural crest.

NCAM (neural cell adhesion molecule) is expressed in premigratory neural crest but 

is then down-regulated as the cells begin to migrate (reciprocal expression with fibronectin) 

(Thiery et al., 1982).  As the cells aggregate in the cardiac ganglia, NCAM expression is up-

regulated (Thiery et al., 1982).

3.5.4 Thymus, thyroid, and parathyroid glands

In addition to the outflow tract septum, smooth muscle,  and cardiac ganglia,  the 

cardiac neural crest-derived mesenchyme in arches three and four also induces the endoderm 

to form the thymus and parathyroid glands.  In chick, cardiac neural crest cells in pharyngeal 

arches three  and four  induce the endoderm of the  third  pharyngeal  pouch to form the 

thymus, thyroid,  and parathyroid (Bockman and Kirby,  1984).   The mouse shows subtle 

differences,  with  only  the  third  pharyngeal  pouch  contributing  to  the  thymus  and 

parathyroid (Hilfer and Brown, 1984).  Based on the PDGFR-null mouse, Patch, which lacks 

functional  neural  crest,  it  appears  that  cardiac  neural  crest  derived-cells  induce  the 

endothelial thymus precursors to proliferate (Itoi et al., 2007).  In quail-chick chimeras, the 

neural crest-derived cells remain in the capsule and stroma of the thymus and parathyroid. 

In the thyroid, cardiac neural crest cells generate the parafollicular cells (Barasch et al., 1987). 

3.5.5 Cardiac neural crest-related syndromes

In animal models such as the chick, the cardiac neural crest can be ablated prior to 

their migration (Kirby et al., 1983).  This early ablation causes both direct neural crest-related 

defects, such as persistent truncus arteriosus (Kirby et al., 1983), and indirect effects, such as 
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alterations  in  secondary  heart  field  proliferation  (Hutson and Kirby,  2003;  Waldo et  al., 

2005a).   The direct  defects  highlight  the importance of  the cardiac  neural  crest  itself  in 

septation.  The indirect effects, on the other hand, occur in the pharynx and heart before the 

cardiac  neural  crest-derived  cells  migrate  into  the  pharyngeal  arches  and  stress  the 

importance of neural crest interactions with the environment.  These indirect effects include 

abnormal  myocardial  function  (Farrell  et  al.,  2001;  Leatherbury  et  al.,  1990)  and altered 

looping of the primitive heart tube (Yelbuz et al., 2002).  The defects caused by ablating the 

cardiac neural crest are clearly seen in humans with neural crest-related defects; however, the 

causes of the human syndromes are diverse and not as straight-forward.

Because the cardiac neural crest is a subpopulation of the cranial neural crest, it is 

not surprising that defects in the early steps of neural crest specification and migration affect 

both  populations.   As  such,  human  neural  crest-related  syndromes  often  have  both  a 

craniofacial and cardiac phenotype.  Because these syndromes are so closely related, often a 

single defect separates two almost identical syndromes.

One  of  the  most  common  neural  crest-associated  phenotypes  is  DiGeorge 

syndrome.  This syndrome includes craniofacial anomalies, thymus and parathyroid defects, 

and outflow tract defects such as those observed in tetralogy of Fallot.  While DiGeorge 

syndrome has been linked to a deletion on chromosome 22q11, the association between 

deletion and phenotype  is  highly  variable.   Over 50% of some patient  populations  with 

DiGeorge syndrome do not have the 22q11 deletion (Markert et al., 2004), while up to 83% 

of other populations with DiGeorge syndrome do have the 22q11 deletion (Driscoll et al., 

1993).  In addition, it is also possible to be asymptomatic while having the 22q11 deletion 

(Marino et al., 2001).  
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The 22q11 deletion can span 1-5 Mb, but the most typical deletion is 3 Mb.  Within 

the deleted region is transcription factor Tbx1.  Single point mutations in Tbx1 can also 

recapitulate the DiGeorge phenotype (Yagi et al., 2003; Zweier et al., 2007).  These point 

mutations result  in either amino acid substitutions or protein truncations,  and one point 

mutation that stabilizes Tbx1 results in the same DiGeorge phenotype (Zweier et al., 2007). 

However,  the penetrance of the 22q11 deletion is  variable,  suggesting that other genetic 

modifiers exacerbate the initial deletion or that there are other causes of DiGeorge.  For 

example,  a  deletion  on  chromosome  10  (Gottlieb  et  al.,  1998),  mutations  in  the 

chromodomain  of  helicase  DNA  binding  protein  7  (Sanka  et  al.,  2007),  and  neonatal 

exposure to either the retinoic acid derivative isotretinoin (reviewed in Lammer and Opitz, 

1986) or high glucose (Digilio et al., 1995; Roest et al., 2007) have been linked to DiGeorge 

phenotype.  Among all of these causes, though, Tbx1 remains the best studied.  Expressed in 

the pharyngeal mesoderm and endodermal pouches, Tbx1 up-regulates FGF8 and FGF10, 

which are essential for formation of the fourth pharyngeal arch and outflow tract septation 

(Frank et al., 2002).

Two additional  DiGeorge-like  syndromes include  CATCH22 and velocardiofacial 

syndrome.  CATCH22 is characterized by cardiac defects,  abnormal facial features, thymic 

aplasia,  cleft palate,  hypocalcemia, and chromosome  22 anomalies (Yonehara et al., 2002). 

Velocardiofacial  syndrome includes,  among other  features,  congenital  heart  defects,  cleft 

palate,  and developmental  disorders (Shprintzen,  2008),  and it  is  also associated with the 

22q11 deletion (Carotti et al., 2008).  CATCH22, DiGeorge syndrome, and velocardiofacial 

syndrome are so similar that there is a discrepancy as to whether they are actually separate 

syndromes (for example, Berend et al., 2000).  Other researchers clearly distinguish between 
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these syndromes (for example, Motzkin et al., 1993).  However, these syndromes are defined 

by the 22q11 deletion despite the fact that they may arise independent of the deletion.  Thus, 

the real “catch-22” is that there is no clear term for patients without a microdeletion who 

have the DiGeorge phenotype.

CHARGE syndrome is named after the set of defects it encompasses: coloboma of 

the eye,  heart defects,  atresia of the nasal choanae, growth or developmental  retardation, 

genital  abnormalities,  and  ear abnormalities  (recently  reviewed in Sanlaville  and Verloes, 

2007).  The heart defects include tetralogy of Fallot, a common component of DiGeorge 

syndrome  (Wyse  et  al.,  1993).   The  range  of  defects  observed,  which  includes  facial 

dysmorphia (Sanlaville and Verloes, 2007), indicate that both the cranial and cardiac neural 

crest cells are affected.

CHARGE syndrome and DiGeorge syndrome share overlapping phenotypes,  and 

the 22q11 microdeletion has been associated with CHARGE syndrome (Devriendt et al., 

1998).  However, the majority of patients with CHARGE syndrome have either mutations in 

the chromatin remodeling protein CHD7 or semaphorin3A or chromosomal abnormalities, 

such as trisomy 13 or 18 (Sanlaville and Verloes, 2007).

Mowat-Wilson syndrome is a specific subset of patients with Hirschsprung disease 

and specific  mutation  in  the  zinc  finger  DNA-binding  protein  ZFHX1B (Zweier  et  al., 

2002).   These  patients  have  a  cluster  of  neural  crest-related  defects,  including  facial 

malformations, mental retardation, and congenital heart defects (Zweier et al., 2002).  The 

heart  defects  consist  of  pulmonary  stenosis,  persistent  ductus  arteriosus,  and  persistent 

foramen ovale (Zweier et al., 2002).  The implicated gene, ZFHX1B, is present in migrating 

cranial neural crest cells (Van de Putte et al., 2007) and represses E-cadherin (van Grunsven 
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et al., 2003).   In mice that are homozygous null for ZFHX1B, the cardiac neural crest cells 

are thus unable to down-regulate E-cadherin and cannot delaminate from the neural tube 

(Van de Putte et al., 2003). Conditional knockouts of ZFHX1B using the Wnt1 promoter 

survive longer but some die as early as E11.5 due to cardiovascular dysfunction, and the 

majority of these mice are stillborn (Van de Putte et al., 2007).

3.6 Conclusions

During its development, the cardiac neural crest undergoes a series of critical events 

for  normal  morphology.   From induction  in  the  neural  tube  to  migration  through  the 

circumpharyngeal  ridge,  there  are  many  opportunities  for  defects  to  occur.   When 

development is normal,  the cardiac neural crest is involved in remodeling the pharyngeal 

arch arteries and contributes to the development of the thymus and parathyroid glands.  In 

the heart, the cardiac neural crest forms the outflow tract septum, the smooth muscle of the 

aortic arch artery derivatives, and the cardiac ganglia.  Because cardiac neural crest represents 

a subpopulation of the cranial neural crest, defects that affect the cardiac neural crest often 

also  disrupt  the  cranial  neural  crest,  resulting  in  a  spectrum of  craniofacial  and  cardiac 

malformations.  However, the etiologies of these malformations are poorly understood at 

best, and syndromes that are suspected to be neural crest-related continue to be described. 

Further  research  is  necessary  to  clarify  how  this  wide  range  of  craniofacial-cardiac 

syndromes occurs. 
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4.  Sonic hedgehog maintains proliferation in secondary heart 
field  progenitors  and  is  required  for  normal  arterial  pole 
formation

The Sonic hedgehog (Shh)-null mouse was initially described as a phenotypic mimic 

of Tetralogy of Fallot with pulmonary atresia (Washington Smoak et al.,  2005);  however, 

subsequent  reports  describe  only  a  single  outflow  tract,  leaving  the  phenotype  and  its 

developmental  mechanism unclear.  We  hypothesized  that  the  phenotype  that  occurs  in 

response to Shh knockdown is pulmonary atresia and is directly  related to the abnormal 

development  of  the  secondary  heart  field.  We  found  that  Shh  was  expressed  by  the 

pharyngeal endoderm adjacent to the secondary heart field and that its receptor Ptc2 was 

expressed in a gradient in the secondary heart field, with the most robust expression in the 

caudal secondary heart field, closest to the Shh expression. In vitro culture of secondary heart 

field  with  the  hedgehog  inhibitor  cyclopamine  significantly  reduced  proliferation.  In  ovo, 

cyclopamine treatment before the secondary heart field adds to the outflow tract reduced 

proliferation only in the caudal secondary heart field, which coincided with the region of 

high  Ptc2  expression.  After  outflow tract  septation  should  occur,  embryos  treated  with 

cyclopamine  exhibited  pulmonary  atresia,  pulmonary  stenosis,  and  persistent  truncus 

arteriosus. In hearts with pulmonary atresia, cardiac neural crest-derived cells, which form 

the outflow tract septum, migrated into the outflow tract and formed a septum. However, 

this septum divided the outflow tract into two unequal sized vessels and effectively closed 

off the pulmonary outlet. These experiments show that Shh is necessary for secondary heart 

field  proliferation,  which  is  required  for  normal  pulmonary  trunk  formation,  and  that 

embryos with pulmonary atresia have an outflow tract septum.
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4.1 Introduction

In the bilateral cardiac fields, Nxk2.5 expression is maintained in the second heart 

field after the first heart field has down-regulated Nxk2.5 and formed the initial heart tube 

(Prall et al., 2007). Within this second heart field, the secondary heart field is a specific region 

that is located in the pharyngeal splanchnic mesoderm caudal to the outflow tract (Waldo et 

al., 2001). During heart looping, the outflow tract is displaced caudally with respect to the 

pharyngeal arches, and the secondary heart field cells nearest the outflow tract migrate into 

the outflow tract (Waldo et al., 2001).

The secondary heart field differentiates into first cardiac and then smooth muscle. 

Outflow tract myocardium is added over a 24-hour period in chick, spanning Hamburger 

Hamilton  (HH) stages 14 through 18.  This  myocardium ultimately  incorporates  into the 

ventricles, forming the subvalvular outlets. Smooth muscle is generated between HH 18 and 

HH 22 and forms the tunica media at the base of the arterial trunks (Waldo et al., 2005b). 

The  outflow  tract  is  septated  by  cardiac  neural  crest-derived  cells,  forming  aortic  and 

pulmonary  outlets,  and  the  aorta  subsequently  becomes  “wedged”  between  the 

atrioventricular valves, behind the pulmonary trunk (Kirby, 2007).

Ablation of the right secondary heart field progenitors causes defects in both the 

subpulmonary myocardium and the smooth muscle junction of the coronary arteries with 

the aorta (Ward et al., 2005). These phenotypes are consistent with the human congenital 

heart defect Tetralogy of Fallot.

Tetralogy of Fallot affects 9–14% of children born with congenital heart defects and 

affects four of every 10,000 live births each year (Hoffman and Kaplan, 2002; Rosamond et 

al.,  2007).  Several  genes  have been linked  to  Tetralogy  of  Fallot,  including  transcription 
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factor Tbx1. The Tbx1-null mouse shows diminished proliferation in the secondary heart 

field and a solitary outflow vessel (Xu et al., 2004). Sonic hedgehog (Shh) is among the genes 

that interact with Tbx1 (Garg et al.,  2001), and the Shh-null mouse also has arterial pole 

defects,  including  a  phenocopy  of  Tetralogy  of  Fallot  with  complete  pulmonary  atresia 

(Washington Smoak et al., 2005). Interestingly, subsequent analyses of mice lacking Shh in 

the pharyngeal endoderm described a single outflow tract vessel with disrupted pharyngeal 

arch  arteries  and  impaired  cardiac  neural  crest  cell  migration  (Goddeeris  et  al.,  2008; 

Goddeeris et al., 2007).  The single outflow vessel was not classified. This study identified 

apoptosis  in the pharyngeal  endoderm and splanchnic  mesoderm as a potential  cause of 

these  defects;  however,  apoptosis  was  evaluated  at  a  stage  that  was  too  late  to  identify 

aberrant apoptosis specifically in the secondary heart field. As such, the arterial pole defects 

that occur in the absence of Shh signaling remain unidentified, and the mechanism through 

which these defects occur is unknown. We hypothesized that Shh specifically affected the 

secondary heart field.

We first determined that Shh mRNA was expressed in the pharyngeal endoderm 

adjacent to the secondary heart field; however, receptor and downstream target Patched 2 

(Ptc2) was expressed in the secondary heart field, confirming that the secondary heart field 

responds to Shh signaling. Ptc2 expression formed a gradient, with lowest expression levels 

adjacent to the outflow tract and highest  expression in the caudal  secondary heart field. 

When  secondary  heart  field  explants  were  incubated  with  Shh  inhibitor  cyclopamine, 

proliferation was reduced. In ovo, cyclopamine reduced proliferation only in the region of 

the  secondary  heart  field  that  showed  intense  Ptc2  expression.  Arterial  pole  defects, 

including pulmonary atresia and stenosis, persistent truncus arteriosus (PTA), and abnormal 
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patterning  of  the  aortic  arch  arteries,  were  induced  in  a  stage-dependent  manner. 

Importantly, cardiac neural crest-derived cells migrated into the outflow tract cushions and 

formed a septum in embryos with pulmonary atresia, albeit the septum appeared to close off 

the  pulmonary  outlet,  leaving  a  single  outflow  vessel.  In  addition,  coronary  artery 

abnormalities were seen in one-third of treated embryos. These data support a role for Shh 

in maintaining  proliferation  in  a  subset  of  secondary heart  field  progenitors  to allow an 

optimal number of myocardial and smooth muscle cells to migrate to the arterial pole.

4.2 Materials and Methods

4.2.1 Embryos

Fertilized Ross Hubert chick eggs (Gallus domesticus, Pilgrim's Pride Hatchery, Siler 

City, NC) were incubated for 1–9 days, and Coturnix quail eggs (Coturnix coturnix, Ozark 

Egg Co, Stover, MO) were incubated for 1–2 days; both were maintained at 37°C and 70% 

humidity. Embryos were staged according to Hamburger and Hamilton (1951).

4.2.2 Antibodies and immunohistochemistry

The following  primary  antibodies  were  used:  QCPN and  MF20  (Developmental 

Studies Hybridoma Bank, Iowa City, IA); anti-BrdU (Roche, Indianapolis, IN); and SM22-α 

(Abcam, Cambridge, MA). Antibodies were visualized using AlexaFluor 488 or AlexaFluor 

568 (Molecular Probes, Carlsbad, CA). QCPN was used as described by Waldo et al. (1998); 

all other antibodies followed the protocol described by Waldo et al. (1996).

4.2.3 In situ hybridization

Shh and Ptc2  plasmids  were  generously  provided  by Cliff  Tabin.  Embryos  were 

harvested at HH 15–16 in DEPC-treated 4% paraformaldehyde. In situ hybridization was 
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carried  out  as  described  by  Wilkinson  (1992).  Control  and  drug-treated  embryos  were 

developed in  alkaline-phosphatase  detection  solution  for  the  same length of  time.  After 

whole mount photography, embryos were paraffin embedded and sectioned at 10 μm. Some 

sections were counterstained with eosin.

4.2.4 Secondary heart field isolation

At HH 14, eggs were windowed, and 1.5 μl of 0.25 μM DiI (Molecular Probes) was 

pipetted  into  the  pericardial  cavity.  After  the  dye  penetrated  the  outer  cell  layer,  the 

splanchnic mesoderm and underlying ventral pharyngeal endoderm between the outflow and 

inflow tracts were removed. To separate the splanchnic mesoderm comprising the secondary 

heart field from the underlying endoderm, the tissue was digested in 0.25% trypsin and 2.5% 

pancreatin (1:1) for 5 min. Isolated secondary heart field mesoderms were identified using 

DiI fluorescence and placed in 10% fetal bovine serum in Liebovitz medium with varying 

concentrations of cyclopamine (Sigma, St. Louis, MO). These explants express heart field 

marker  Isl1  (R.  Subramanian,  personal  communication)  and  will  differentiate  into  both 

myocardium and smooth muscle.

4.2.5 In ovo cyclopamine treatment

Eggs were windowed, and 10 μl of cyclopamine (0.6–1.0 μg/μl) or PBS (control) was 

pipetted  onto  the  embryo;  eggs  were  sealed  with  tape  and  incubated.  Unless  stated 

otherwise, embryos were treated at HH 14. Stock cyclopamine was dissolved in 95% EtOH 

and diluted with PBS. Ninety percent of the drugged embryos survived to HH 35 (10 of 11 

embryos treated with 0.6 μg/μl, and 9 of 10 embryos treated with 0.8 μg/μl cyclopamine). 

Shell-less culture (Ward et al.,  2005) was initially used but yielded lower survival (4 of 12 

embryos treated with 0.6 μg/μl, 4 of 10 embryos treated with 0.8 μg/μl, and 2 of 4 embryos 
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treated with 1.0 μg/μl survived to HH 35). Embryos incubated in shell-less culture exhibited 

the same phenotypes as those treated  in ovo and have been included in the analysis. Three 

embryos (two shell-less culture and one in ovo) that died just prior to collection and had good 

tissue  preservation  were  included,  so 32  treated  embryos  were  collected.  Embryos  were 

harvested,  photographed,  fixed  in  10%  formalin  overnight  at  4°C,  paraffin  embedded, 

sectioned, and stained with hematoxylin and eosin. Because embryos treated at HH 14 with 

1.0 μg/μl cyclopamine that survived to HH 35 were generally unhealthy, they were excluded 

from the detailed section analysis.

4.2.6 Reverse transcription (RT) qPCR

To confirm that cyclopamine inhibits the hedgehog pathway in ovo, secondary heart 

field explants were excised from HH 16 control and drug-treated embryos. mRNA was then 

isolated using the Qiagen RNeasy kit (Qiagen, Valencia, CA). cDNA was reverse transcribed 

by incubating 30 μl mRNA, 2 μl random hexamer primers, and 1 μl dNTPs for 5 min at 

72°C; then adding 9.5 μl 5× reaction buffer, 3 μl 0.1 M DTT, and 1 μl RNase inhibitor and 

incubating  for  2  min  at  room  temperature;  and  finally  adding  1  μl  superscript  II  and 

incubating for 2 h at 37°C. cDNA was stored at −20°C.

For qRT-PCR, primers were designed for Ptc1, Ptc2, and housekeeping gene HPRT (Table 

1).  Primer efficiency  was  tested over  a  linear  range of  starting  cDNA (0.5–500 ng) and 

calculated according to Pfaffl (2004). The PCR mix consisted of 100 ng cDNA, SybrGreen, 

and 1 μl of each primer (10 nM each) in a total of 25 μl. cDNA was amplified using the 

following cycle parameters: 95°C for 2 min; 40 cycles of 94°C for 30 s, 56°C for 20 s, and 

72°C for 30 s; and 72°C for 10 min. Relative expression was calculated based on the ratio of 

target gene ΔCP to the reference gene ΔCP, adjusted for primer efficiency (Pfaffl, 2004).
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Table 1: RT-qPCR primer sequences

Gene Primers Size (bp) Efficiency
Ptc1 Forward: 5′ AAGTGTAGCCCTTACATCTATCAG 3′

Reverse: 5′ CAACTGCTGCTTGGAGTG 3′
100 2.05

Ptc2 Forward: 5′ CTTCTACAGCCCTTGCTC 3′
Reverse: 5′ GGCATGGTTGTCGTTGG 3′

75 2.26

HPRT Forward: 5′ CTGTAATGATCAGTCAACTGGA 3′
Reverse: 5′ ACCAACAAACTGGCCAC 3′

179 1.91

4.2.7 Secondary heart field migration

Secondary  heart  field  explants  were  placed  on  a  warmed  stage  (LiveCell, 

Westminster, MD) maintained at 37°C. To quantify cell migration, a Nikon Eclipse TE2000-

U  microscope  and  MetaMorph  software  were  used  to  photograph  the  explants  at  the 

beginning and end of a 16-hour period. At least six explants per treatment were recorded, 

and relative migration indices were calculated based on Epstein et al. (2000). The difference 

in explant area between the end and the beginning of the 16-hour period was calculated and 

normalized by dividing this difference by the explant perimeter at the end of the 16-hour 

period (see Figs. 6A and B for an example). This normalization allowed for comparisons to 

be  made between explants  of  varying  sizes.  Statistical  significance  was  determined using 

unpaired Student's t-test with equal variances.

4.2.8 Secondary heart field proliferation

To measure proliferation  in the  secondary  heart  field,  both secondary heart  field 

explants and whole embryos were treated with BrdU as described in (Waldo et al., 2001). 

Secondary  heart  field  explants  were  treated  with  BrdU  24  h  post-dissection,  fixed  in 

methanol, immunolabeled for BrdU and myocardium (using MF20), and counterstained with 

DAPI (Molecular Probes) to visualize nuclei. To determine the rate of proliferation and the 
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percentage  of  myocardial  differentiation,  at  least  300  cells  within  the  monolayer  that 

migrated away from each explant were counted. Explants with less than 300 migratory cells 

were excluded from further analysis. A minimum of six explants per dose was counted to 

calculate statistical significance, which was determined using unpaired Student's t-test with 

equal variances. 

To determine whether proliferation differences also occurred  in ovo, embryos were 

treated with cyclopamine or PBS at HH 14, and mitotic indices were determined using BrdU 

incorporation as described in Waldo et al. (2001). Sections were co-labeled with MF20 and 

DAPI.  Proliferating  cells  within  the  first  80  secondary  heart  field  cells,  starting  at  the 

junction of the outflow tract and moving caudally through the secondary heart field, were 

counted. Alternating 10-μm sections were counted in 10-cell increments, and only embryos 

with a secondary heart field spanning 110 μm were analyzed. The average proliferation per 

10-cell increment was calculated in each embryo, and at least three embryos were counted 

per treatment. Statistical  significance was determined using unpaired Student's  t-test with 

equal variances.

4.2.9 India ink injections

To determine whether arch artery patterning was normal, pharyngeal arch arteries 

were visualized  in  control  and cyclopamine-treated embryos  between HH 17 and 29 by 

injecting India ink into a vitelline vein. Ink-injected embryos were harvested, fixed overnight 

at 4 °C in Carnoy's, and cleared in a 1:1 methylsalicylate:benzylbenzoate solution. To further 

characterize the arch artery patterns, HH 29 embryos were washed in toluene for paraffin 

embedding, and sections were counterstained with eosin.
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4.2.10 Quail-chick chimeras

Quail-chick chimeras were made as described in Kirby (1988) to observe whether 

cardiac neural crest-derived cells migrated into the outflow tract and formed a septum after 

cyclopamine treatment. Host eggs were sealed with tape and reincubated to HH 14, when 

they were treated with 0.8 μg/μl cyclopamine or PBS and reincubated to either HH 23–24 or 

HH 35.  Embryos  harvested  at  HH 23–24  were  fixed  in  4% paraformaldehyde  at  4°C 

overnight, and embryos harvested at HH 35 were fixed in methacarn at 4°C overnight. All 

embryos were paraffin embedded,  sectioned,  and labeled with QCPN to recognize  quail 

cells,  either  the  Vector  Apoptag  kit  to  recognize  apoptotic  cells  (HH 23–24)  or  muscle 

markers (HH 35), and DAPI.

4.3 Results

4.3.1 Shh expression pattern

Previous work has shown that Shh is expressed in the cerebellum, the foregut, and 

the  pharyngeal  arches  (Ingham  and  McMahon,  2001;  Moore-Scott  and  Manley,  2005); 

however, it is unclear whether Shh is expressed within or near the secondary heart field. We 

found  Shh  mRNA  expression  in  whole  mount  embryos  in  the  caudal  boundaries  of 

pharyngeal arches two and three and the foregut (Fig. 5A). At HH 15, foregut expression 

was  specific  to  the  pharyngeal  endoderm  and  was  most  robust  in  the  ventral  midline 

endoderm caudal  to  the  outflow tract  (Fig.  5A').  Lateral  to  the  midline,  expression  was 

reduced  (data  not  shown).  Desert  and  Indian  hedgehogs  were  not  detected  in  murine 

secondary heart field and pharyngeal endoderm explants by microarray analysis and were not 

analyzed further (Dyer and Kirby, unpublished). The ability of the secondary heart field to 

respond to Shh signaling was determined using in situ hybridization to localize Shh receptor 
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and downstream target Ptc2. In whole mount, Ptc2 expression was similar to that of Shh 

mRNA in  the  caudal  boundaries  of  the  pharyngeal  arches  and  was  also  present  in  the 

pharynx (Fig. 5B). In addition, Ptc2 was specifically localized to the secondary heart field 

(Fig.  5B').  No  expression  was  seen  within  the  pharyngeal  endoderm.  These  expression 

patterns  confirm  that  the  secondary  heart  field  responds  to  Shh  signaling.  In  addition, 

treating embryos with cyclopamine abolished Ptc2 expression in the secondary heart field 

and  the  pharyngeal  arches  (Figs.  5C,  C').  Quantifying  this  decrease  in  excised  HH  16 

secondary heart fields using qRT-PCR confirmed that both Ptc1 and Ptc2 were significantly 

decreased  by  nearly  10-fold  (p  <  0.001  for  both  receptors,  Student's  t-test  with  equal 

variances, Fig. 5D).

Figure 5: Shh pathway expression in the secondary heart field

Figure 5. (A, A’) Shh in situ hybridization at HH 15 shows expression in pharyngeal clefts 2 
and 3 and the foregut (A), specifically the pharyngeal endoderm (PE, A’). (B, B’) Ptc2 in situ 
hybridization at HH 16 shows a similar wholemount pattern (B); however, Ptc2 is restricted 
to the SHF mesoderm adjacent to the Shh-expressing endoderm. (C, C’) Within 12 hours, 
cyclopamine (CPA)-treated embryos show no expression of receptor and downstream target 
Ptc2, as observed by in situ hybridization.  Embryos were treated at HH 14 and collected at 
HH 16. Ptc2 expression is absent after CPA treatment. Time allowed for color development 
was the same for embryos in both B and C.   (D) Quantitative RT-PCR was used to analyze 
isolated SHF from HH 16 embryos.  Both Ptc1 and Ptc2 are significantly down-regulated 
after CPA treatment (p<0.01 for both). Scale bar in C is 100 μm in A-C, and the scale bar in 
C’ is 200 µm in A’ and 100 μm in B’-C’; OFT, outflow tract. Scale bar in B is 100 μm and 
applies to A; scale bar in D is 100 μm and applies to C.
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4.3.2 Response of secondary heart field to hedgehog inhibitor cyclopamine in 
vitro

To assess the effect of Shh on secondary heart field progenitors, secondary heart 

field mesoderm was separated from Shh-expressing pharyngeal endoderm and treated with 

cyclopamine. Explants were dissected from embryos at HH 14, which coincides with the 

onset of the myocardial addition to the outflow tract. Over a 16-hour period, migration was 

reduced  by  20%  in  cyclopamine-treated  embryos  (p  <  0.05,  Fig.  6F).  To  determine 

secondary heart field proliferation, the mitotic index was measured by BrdU incorporation 

24 h post-dissection. After cyclopamine treatment, secondary heart field proliferation was 

decreased by as much as 75% compared to control explants (p < 0.0001, Fig. 6E). Only 

migration and proliferation showed a dose-dependent response to cyclopamine. Myocardial 

differentiation normally begins around 48 h after culture, and no alteration in differentiation 

was  observed.  Together,  these  data  show  that  inhibiting  hedgehog  signaling  primarily 

decreases  proliferation,  slightly  decreases  migration,  and  does  not  affect  myocardial 

differentiation.
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Figure  6:  Inhibiting  hedgehog  signaling  reduces  secondary  heart  field  proliferation  and 
migration.

Figure 6. (A) Before and (B) after images of a control explant during the 16-hour migration assay. 
The perimeter of the explant is highlighted in red.  (C, D) Explants were treated with PBS (C) or 
CPA (D) and labeled with BrdU (green) and DAPI (blue).  Note the reduction of BrdU-positive 
secondary heart field (SHF) mesoderm after CPA treatment.  (E) Treating SHF explants with CPA 
reduces proliferation after 24 hours.  (F) Treating SHF explants with CPA reduces migration over a 
16-hour period.  The highest dose reversed the anti-proliferative effect, suggesting a narrow range of 
anti-proliferative signaling. Scale bar is 25 μm in A and B.  *p ≤ 0.05, **p ≤ 0.0001

4.3.3 Cyclopamine disrupts secondary heart field proliferation in ovo

To determine whether the distinct effect of cyclopamine on secondary heart field 

proliferation  in vitro also occurs  in ovo, embryos were treated with cyclopamine at HH 14, 

when the secondary heart field progenitors begin to add myocardium to the outflow tract. 

Treated and control embryos were initially collected at HH 16 to analyze secondary heart 

field proliferation. Caudal secondary heart field cells were highly proliferative (Fig. 7B). As 
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the  cells  migrated  into  the  outflow  tract,  they  began  to  differentiate  and  elongate,  and 

proliferation decreased by nearly 50% as the cells migrated away from the Shh-producing 

pharyngeal  endoderm  (Figs.  7A,  B).  Upon  reaching  the  myocardial  outflow  tract, 

proliferation  nearly  ceased  (Fig.  7B).  In  cyclopamine-treated  embryos,  proliferation  was 

visibly reduced in the cells  previously found to express high Ptc2 levels in the secondary 

heart field (Fig. 7C). Proliferation was unchanged in the cranial-most secondary heart field, 

which is further away from both the pharyngeal Shh source and the region of secondary 

heart field that expresses Ptc2.
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Figure 7: Cyclopamine reduces proliferation in the caudal secondary heart field.

Figure 7. (A) HH 16 control embryo and (B) HH 16 embryo treated with 0.6 µg/µl CPA at HH 14. 
Embryos were labeled with BrdU (green nuclei) at HH 16; myocardium is red.  (C) Total BrdU-
positive cells counted in 10-cell increments at HH 15 to 18. SHF cells were counted starting at the 
myocardial border of the outflow tract (OFT; increment 1), as delineated with a myocardial marker 
(red) in (A) and (B), and moving caudally through the splanchnic mesoderm (with increment 8 being 
the  most  caudal).  Between HH 15 and 17,  proliferation in  the  SHF adjacent  to  the  pharyngeal 
endoderm (the caudal-most 30 cells) occurs at nearly twice the rate that is seen in the 50 cranial-most 
cells. Within 12 hours of cyclopamine treatment (HH 16), proliferation is no longer increased in the 
caudal SHF (p<0.01 for increments 6-8); this decrease is maintained through HH 17 (p<0.05 for 
increments  6-8).  By  HH 18,  no  differences  are  observed  in  CPA-treated embryos  compared  to 
control embryos.  Scale bar is 100 μm.
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To determine when this proliferation decrease occurs, embryos were analyzed from 

HH  15  to  18.  In  addition,  to  determine  whether  there  is  a  proliferation  gradient  that 

correlates  with  the  Ptc2  expression  gradient,  proliferation  was  quantified  by  counting 

proliferating secondary heart field cells starting at the myocardium and moving caudally in 

10-cell increments. At HH 15, proliferation was present throughout the secondary heart field 

and was more robust in the caudal portion. In treated embryos, which had been exposed to 

cyclopamine for 6 h, no change in proliferation was observed with respect to the control 

embryos (Fig. 6A). However, at HH 16 and 17, proliferation did not increase in the more 

caudal 30 cells after cyclopamine treatment (Fig. 7A, p < 0.01) and was almost half of that 

which was observed in control  embryos.  No significant change in proliferation was seen 

within the cranial-most 50 cells  of  cyclopamine-treated embryos as  compared to control 

embryos; this region corresponds with the lowest Ptc2 expression (see Fig. 5B). The highly 

proliferative region correlates with strong Ptc2 expression, suggesting that Shh signaling is 

required to maintain proliferation. Finally, no proliferation changes were observed at HH 18 

after  cyclopamine  treatment,  which  corresponds  to  when  Ptc2  expression  appears  to 

decrease (data not shown). Together, these data show that cyclopamine requires more than 6 

h to reduce proliferation and that this reduction is lost within 24 h of exposure.

To determine whether  decreased proliferation was accompanied by increased cell 

death, apoptosis was analyzed in the secondary heart field at HH 16. While an occasional cell 

in the secondary heart field was apoptotic, cyclopamine treatment did not induce secondary 

heart field apoptosis (Fig. 8).
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Figure 8: Cyclopamine induces pharyngeal arch artery apoptosis.

Figure 8. Embryos were treated at HH 14 with PBS (A, C) or 0.6 µg/µl CPA and examined 
at HH 16.  Apoptotic cells (red) were detected as described for the quail-chick chimeras, and 
myocardium is labeled in green.  No changes in apoptosis are observed when comparing 
secondary  heart  fields  from  control  and  treated  embryos  (A,  B).   However,  increased 
apoptosis is observed in the caudal arches after CPA treatment (D) as compared to control 
embryos (C).  PE, pharyngeal endoderm; OFT, outflow tract.  Pharyngeal arches are labeled 
according to arch number.  A and B were taken at 40x; C and D were taken at 20x.

4.3.4 Cyclopamine induces pulmonary atresia and stenosis

Abnormal  proliferation  in  secondary  heart  field  progenitors  has  been  linked  to 

arterial pole defects in other models (Hutson et al., 2006; Waldo et al., 2005a; Xu et al., 2004) 

suggesting  that  cyclopamine  treatment  may  result  in  arterial  pole  defects  later  in 

development. Because the secondary heart field contributes myocardium early, at HH 14, 
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and smooth muscle later, at HH 18, embryos were treated at both stages and allowed to 

develop to HH 35. Seventy-eight percent of hearts treated at HH 14 had a single outflow 

vessel (n = 32, Fig. 9) with anomalous great arteries. 

Figure 9: Cyclopamine induces defects in a time-dependent manner.

Figure 9. (A) PBS-treated control; (B), (D), hearts treated with 0.6 µg/µl CPA at HH 14; (C) heart 
treated with 1.0 µg/µl CPA at HH 18.  Embryos treated at HH 14 show a range of defects, but all 
have a single outflow vessel, and the origins of the great arch arteries are shifted to the right side and 
originate more proximal to the ventricles.   Histological  analysis identified the single vessel.   The 
single vessel in (B) is an Ao (Ao); the single vessel in (D) is persistent truncus arteriosus (PTA). 
Embryos treated at HH 18 (C) are morphologically indistinguishable from controls.  PT, pulmonary 
trunk; RB, right brachiocephalic; LB, left brachiocephalic.  Scale bar is 175 μm.

In chick, the bilaterally  symmetrical pharyngeal arch arteries remodel into a right-

sided aorta, giving rise to a right and left brachiocephalic artery, and a left and right ductus 

arteriosus. Cyclopamine-treated embryos exhibited a range of remodeling defects, with two 

to four vessels branching off the single outflow vessel;  the brachiocephalic  arteries  were 
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identifiable, and the extra vessels were likely abnormally persistent pharyngeal arch arteries. 

The origin of the brachiocephalic arteries (derived from pharyngeal arch artery 3) was shifted 

to the right side of the outflow vessel, giving a twisted appearance. In addition, disrupting 

Shh at HH 14 resulted in peripheral edema of varying severity (11 of 32 treated embryos); 

occasionally, the right eye was small (n = 3), or the forelimbs were truncated (n = 8).

Disruption of  Shh at HH 18 (n = 3) with the highest  dose of cyclopamine (1.0 

μg/μl) resulted only in mild edema (n = 1) and limb defects (n = 2); embryos looked normal, 

and no gross heart abnormalities were observed. Because treatment at HH 18 resulted in 

normal embryos, embryos were treated at additional  stages to determine when they were 

most sensitive to Shh signaling. Embryos treated before HH 14 had a high incidence of 

lethality (33% of embryos treated at HH 12–13 survived to HH 34); all surviving embryos 

had a single outflow vessel (Table 2). Embryos treated at HH 15 and 16 had better survival 

to  HH 35 (80% survived to HH 35)  and a reduced incidence  of  single  outflow vessels 

(32.5%; Table 2).   Control  embryos treated with PBS over the same range were normal 

(n=15).

Table 2: Embryos treated in ovo between HH 12 and HH 16 with 0.6 μg/μl cyclopamine 
exhibit a range of defects.

Stage  at 
treatment

# treated Survival (%) Pulmonary 
atresia

Persistent  truncus 
arteriosus

HH 12 4 1 (25%) 0 1
HH 13 5 2 (40%) 2 0
HH 14 10 10 (100%) 7 2
HH 15 6 4 (67%) 0 1
HH 16 4 4 (100%) 1 1

To distinguish between PTA and pulmonary atresia in cyclopamine-treated embryos, 

hearts were sectioned to confirm the identity of the single outflow vessel. The distinction 
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between PTA (a common aortic and pulmonary vessel) and pulmonary atresia (only an aortic 

outflow) was made in serial sections by following the origins of both the pulmonary and 

systemic  outflows  from  the  ventricles  through  the  outflow  vessel.  The  pulmonary 

infundibulum,  which  gives  rise  to  the  pulmonary  outlet,  was  narrow  (Fig.  10B)  or 

hypoplastic below the semilunar valves in four embryos (see Table 3 for a breakdown by 

dosage); the pulmonary outlet was atretic at the semilunar valves in another nine embryos. 

Blood would have flowed from the right ventricle via a ventricular septal defect (Fig. 10B) 

through a single vessel with a semilunar valve; based on the atretic right ventricular outflow, 

these  13  embryos  were  confirmed  to  have  pulmonary  atresia.  Pulmonary  stenosis  was 

present in two embryos, one below and the other at the semilunar valves. PTA was seen in 

eight  embryos  (Fig.  9D).  PTA was  distinguished  from pulmonary  atresia  based  on  the 

position of the single outflow vessel, which was oriented over the ventricular septum, and 

the pulmonary infundibulum being equivalent in size to the aortic vestibule (Fig. 10C). The 

last two treated embryos had a single outflow vessel that could not be identified as either 

pulmonary atresia or PTA.

Table 3: Embryos treated at HH 14 with either dose of cyclopamine were significantly 
different from control embryos (p = 2.4 × 10− 8) and each other (p = 0.04), as determined 

with Fisher's exact test.

Phenotype Control 
(n=13)

0.6  µg/µl  CPA 
(n=16)

0.8  µg/µl  CPA 
(n=14)

Hypoplastic  pulmonary 
infundibulum

0 3 1

Atretic pulmonary outlet 0 6 3
Stenotic pulmonary outlet 0 2 0
Persistent  truncus 
arteriosus

0 2 6

Unidentifiable  single 
outlet

0 1 1

Normal 13 2 3
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Figure 10: Cyclopamine induces pulmonary atresia and PTA.

Figure 10. (A-A’’) PBS-treated control; (B-B’’; C-C’’) heart treated with 0.6 µg/µl CPA at HH 14; (D-
D’’) heart treated with 1.0 µg/µl at HH 18.  In the control heart (A), the aortic vestibule (AoV) and 
pulmonary infundibulum (PI) are separated (A) and about the same size. At the valve level,  two 
robust arterial trunks can be seen in the correct orientation. The aorta (Ao) is identified based on its 
origin from the AoV (A), its posterior position relative to the pulmonary artery (P) at the valve level 
(A’), and the presence and position of two coronary artery stems from the coronary sinuses (arrows 
in A’’).  After CPA treatment at HH 14 (B), a ventricular septal defect allows a connection between 
the small PI and the AoV (B).  The PI disappears before reaching the single outflow vessel (B’).  The 
presence of two coronary arteries penetrating the single outflow vessel further confirms the identity 
of the Ao (arrows in B’’), indicating that this embryo had pulmonary atresia.  Another embryo treated 
at HH 14 (C) exhibits pulmonary atresia. While a ventricular septal defect is present, this defect is 
very high. The single outflow vessel has five valve leaflets (C’); in addition, two coronary arteries 
penetrate the aortic side of the single outflow vessel, one of which is seen in C’’ (arrow). Treatment 
at HH 18 (D) results in a well-formed ventricular septum (D), divided arterial valves, (D’) and normal 
coronary arteries (arrows in D’’).  Scale bar is 250 μm in A-A’ and 100 μm in A’’; the same scales 
apply to rows B-D.
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The designation of pulmonary atresia as opposed to PTA was further confirmed by 

identifying the number of semilunar valve leaflets and the position of the coronary arteries. 

The  aorta  and  pulmonary  trunks  normally  have  three  valve  leaflets  each.  In  embryos 

classified as having pulmonary atresia (n = 13), the semilunar valve of the presumptive aorta 

had three leaflets in 11 embryos (Fig. 9B"); one semilunar valve had two leaflets, and the 

number  of  leaflets  could  not  be  clearly  defined  in  the  remaining  embryo.  In  embryos 

classified as  having  PTA (n  = 8),  the  single  outflow vessel  had between three  and five 

semilunar valve leaflets, in agreement with Williams et al. (1999). In one embryo with three 

leaflets, the valve leaflets were abnormally large, and two leaflets were poorly separated.

The location of the coronary arteries was critical in designating pulmonary atresia as 

opposed to PTA. After cyclopamine treatment, some embryos were missing either the left or 

right coronary artery (n = 1 for each side), and in other embryos, the coronary arteries were 

either abnormally large or the vascular plexus failed to coalesce into two distinct stems (n = 

8); these data suggest that secondary heart field-derived smooth muscle is  also disrupted 

after cyclopamine treatment. However, the coronary arteries that were present in embryos 

classified as having pulmonary atresia arose from the single outflow vessel in the normal 

orientation (Fig. 9B"), confirming the identity of the single vessels as aortas. In contrast, the 

coronary arteries penetrated the single outflow vessel of embryos with PTA approximately 

where they would penetrate the systemic half of the common trunk (Fig. 9C").

In addition to these defects, 80% of the cyclopamine-treated embryos (n = 30) had 

ventricular septal defects, whereas a ventricular septal defect was present in only one control 

embryo (n = 13).

Embryos treated with cyclopamine before HH 14 had either pulmonary atresia (n = 
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2) or PTA (n = 1) (Table 2). One embryo treated at HH 13 had too many coronary arteries 

(one in each of four valve leaflets). Embryos treated at HH 15 and 16 also exhibited both 

pulmonary atresia (n  = 1) and PTA (n  = 2). One embryo treated at HH 15 had poorly 

coalesced coronary vessels, and one embryo treated at HH 16 was missing a coronary artery. 

Embryos treated at HH 18 (Figs. 9D–D") had intact ventricular septa, normally aligned aorta 

and pulmonary trunk outlets, and two distinct coronary arteries that penetrated the aortic 

wall. The secondary heart field begins providing smooth muscle to the arterial pole at HH 

18. However, no coronary artery abnormalities were seen after cyclopamine treatment at this 

stage, which suggests that the coronary artery anomalies seen in embryos treated at HH 14 

are related to the proliferation defect observed at HH 16–17.

Altogether, these defects indicate that the pulmonary outlet is particularly sensitive to 

secondary heart field proliferation, which is supported by hedgehog signaling. The secondary 

heart field can be affected between HH 12 and HH 16, although it becomes less sensitive 

after  HH  14,  and  inhibiting  Shh  signaling  at  any  one  particular  stage  does  not  favor 

pulmonary  atresia  over  PTA.  However,  these  results  do  not  explain  the  twisted 

brachiocephalic  arteries  or  the  persistent  arch  arteries,  suggesting  that  either  the  cardiac 

neural  crest-derived  cells  were  also  affected  or  the  aortic  arch  arteries  are  also  directly 

affected by hedgehog signaling.

4.3.5 Aortic arch patterning

The pharyngeal arch arteries form as bilaterally symmetrical pairs as the outflow tract 

gathers myocardium from the secondary heart field. At HH 18, arch arteries 1–3 are open, 

and arch artery 4 is forming; by HH 19, the first arch artery has regressed, and arch artery 4 

has lumenized. Arch arteries 5–6 begin to form at HH 20, and when arch artery 6 is patent 
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by HH 23,  arch artery 2 has regressed.  Arch artery 5 is  present  only  briefly  at  HH 22. 

Starting at HH 28, asymmetrical remodeling begins, and the left fourth arch artery closes 

(Hiruma and Hirakow, 1995. Once remodeling is complete, the arch arteries are referred to 

as  the  great  arteries  of  the  thorax.  To follow the  development  of  the  arch  arteries,  we 

injected  India  ink  into  cyclopamine-treated embryos.  Based on the  different  phenotypes 

induced by varying doses of cyclopamine, 0.6 μg/μl was selected to favor pulmonary atresia 

as an outcome. At HH 18, the pharyngeal arch artery pattern looked similar between control 

and treated embryos;  however,  the first  arch artery  had begun regressing  in  the  control 

embryo (Fig. 10A), whereas it was still robust in the treated embryo (Fig. 10B). The first and 

second arch arteries occasionally persisted as late as HH 22–23 (data not shown). By HH22–

23, the fourth and sixth arch arteries should appear (Fig. 10C), but the right fourth and sixth 

arch arteries developed abnormally after cyclopamine treatment (Fig. 10D). However, most 

ink-injected embryos at HH 29 showed the correct patterning of the arch artery derivatives 

(Fig. 10F). The left fourth arch artery had apparently closed, as in the controls, leaving left 

arch arteries 3 (left brachiocephalic) and 6 (right ductus arteriosus) and right arch arteries 3–

6  (right  brachiocephalic,  aortic  arch,  and  ductus  arteriosus)  (75%;  n  =  4).  One  treated 

embryo had only two great arteries present on each side, and these arteries appeared to be 

arteries 3 and 6 in whole mount. In all four HH 29 embryos, the arteries were longer, with 

kinks;  despite  the  early  abnormalities,  the  overall  patterning  appeared  normal  after  the 

remodeling stage.
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Figure 11: Pharyngeal arch artery formation is disrupted in response to cyclopamine.

Figure 11. India ink injections of PBS- (A, C, E) and cyclopamine (CPA)-treated (B, D, F) embryos. 
CPA-treated embryos at HH 18 (B) have a persistent first arch artery, compared to the control (A), 
where it has begun to regress. In addition, the junction between the aortic sac and the outflow tract is 
widened after CPA treatment. By stage HH 22-23, arch arteries 3, 4, and 6 are normally open (C); 
however,  after  CPA treatment,  pharyngeal  arch arteries 4  and 6 are very small  (thin endothelial 
strands marked with arrows in D).  Right arch arteries 4 and 6 are so thin that the left arch arteries  
are visible, unlike in the control.  At HH 29, the appropriate pharyngeal arch arteries appear to be 
present (compare cyclopamine-treated F with control E).  Arch arteries are labeled according to arch 
number and side. Scale bar is 100 μm.

69



The HH 29 ink-injected hearts were sectioned to confirm this apparently normal 

cardiovascular phenotype of cyclopamine-treated embryos. In transverse sections through 

PBS-treated control embryos, the expected arch arteries were present; left arch artery 3 and 

right arch arteries 3 and 4 branched off the aortic trunk, and both left and right arch arteries 

6 joined the pulmonary trunk (Fig. 11B). These two trunks were clearly separated at the level 

of  the  outflow  tract  valves  (n  =  4),  and  the  interventricular  septum  was  intact.  In 

cyclopamine-treated embryos, almost all right-sided arch arteries appeared normal (n = 4); 

however, one embryo lacked both the right and left sixth arch arteries and maintained both 

fourth arch arteries instead. In this case, the left fourth arch artery connected to the heart 

where the pulmonary trunk would originate. In another embryo, a remnant of the left fourth 

arch artery remained, and the left and right sixth arch arteries branched off the dorsal aorta 

at the same level. In the remaining two embryos, the second open artery on the left side was 

not clearly the fourth or sixth arch artery (50%). This arch artery (designated 4/6 in Fig. 

11B)  connected  to  the  heart  where  the  pulmonary  trunk  should  originate.  While  these 

cyclopamine-treated embryos showed a diverse range of phenotypes, most of the defects 

specifically affect pulmonary trunk and sixth arch artery development. These defects suggest 

that the cardiac neural crest, which invests and repatterns the pharyngeal arches, may also be 

disrupted.
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Figure 12: Cyclopamine affects pharyngeal arch artery patterning.

Figure 12. Sectioned India ink-injected embryos at HH 29. A-D, PBS-treated embryo; E-H, CPA-
treated embryo. In the control, the left fourth arch artery (L4) is regressing (B), and a septum is 
beginning to divide the outflow tract (D).  In the CPA-treated embryo, the left 4/6 arch artery (L4/6) 
is not at the level of either the fourth or sixth arch (E-F), and an open communication persists 
between the pulmonary (P) and aortic (A) trunks (arrow, H). Arch arteries are labeled according to 
arch number and side.  Scale bar is 200 μm.

4.3.6 Cardiac neural crest migrate to the outflow tract cushions

In order to determine whether  cardiac neural  crest-derived cells  migrate into the 

pharyngeal  arches  and  outflow  tract  in  embryos  with  pulmonary  atresia,  we  evaluated 

cyclopamine-treated quail-chick chimeras. By using the 0.8 μg/μl cyclopamine dose, which 

gave rise to a large percentage of PTA, we could also determine whether PTA was a primary 

neural crest defect or a secondary effect based on the initial secondary heart field defect. 

Quail-chick neural crest chimeras were treated with cyclopamine at HH 14 and incubated 

until HH 23–24, when cardiac neural crest-derived cells reach the outflow tract cushions. 

Quail cells were seen surrounding the arch arteries (data not shown). Quail cells also entered 

the outflow tract cushions and were seen in two distinct prongs (n = 3, Figs. 12A, B). The 

two prongs were unequal in size, but the pattern was normal (Kirby et al., 1983). The quail 

neural crest-derived cells that entered the outflow tract were not dying, as indicated by an 

absence of TUNEL-positive quail cells. This result is consistent with the work of Lin et al. 
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(2006), who showed that cardiac neural crest-derived cells migrate into the outflow tract in 

conditional knockouts that eliminated hedgehog signaling from Isl-1 expressing cells.

Figure 13: Cardiac neural crest septates the outflow tract in pulmonary atresia.

Figure 13. Quail-chick chimeras treated with PBS (A, C, E) and cyclopamine (CPA, B, D, F) show 
that the cardiac neural crest enter and septate the outflow tract (OFT).  Apoptosis  was analyzed 
before septation (HH 23-24, A, B). In both control (A) and cyclopamine-treated (B) chimeras, the 
quail  neural  crest-derived  cells  (green)  are  not  TUNEL-positive  (red)  as  they  enter  the  OFT, 
indicating that these cells are not undergoing apoptosis.  Nuclei are counterstained with DAPI (blue). 
Of  note,  the aortic  outlet  (AO) is  open in both control  (A)  and CPA-treated (B) embryos;  the 
pulmonary outlet (PO), though, is only open in the control embryo (A).  After septation occurs (HH 
35, C-F), the presence of quail neural crest-derived cells in the outflow tract was confirmed (red in C 
and close-up E; green in D and close-up F), and embryos were co-labeled with either myocardial 
marker MF20 (red in D and F) or smooth muscle marker SM22-α (green in C and E).  Quail neural 
crest-derived cells are still present after CPA treatment (D); however, these cells do not form two 
equal-sized outflow vessels as seen in the control (C).  Instead, the prominent outflow vessel in the 
CPA-treated chimera is the aorta (A), as determined by connection to the ventricles and the presence 
of  a  coronary  artery;  a  small  pulmonary  (P)  is  septated  by  the  quail  neural  crest-derived  cells 
(highlighted with an arrow in D).  The close-ups in E and F suggest that there may be a cell size 
difference after CPA treatment.  C-F are co-labeled with DAPI. Scale bar is 100 μm in A-D and 50 
µm in E-F.
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Interestingly, the cardiac neural crest-derived cells form an outflow tract septum but 

do not symmetrically divide the outflow tract after cyclopamine treatment (Figs. 12D, F). 

After septation is complete, the septum formed closer to the pulmonary side of the arterial 

trunk in cyclopamine-treated chimeras (n = 2). The identity of the aorta was also confirmed 

by the presence of coronary arteries,  which arose from the aortic  wall.  The presence of 

cardiac neural crest-derived cells  indicates that pulmonary atresia is not associated with a 

failure of outflow tract septation.  No chimeras were observed with PTA, precluding the 

possibility of determining whether the cardiac neural crest are present in the outflow tract in 

PTA associated with cyclopamine treatment. Together, these results show that cardiac neural 

crest migration and survival are not affected by hedgehog signaling between HH 14 and HH 

18 and suggest that the sixth aortic arch artery abnormalities may instead be caused by direct 

effects of hedgehog signaling on the pharyngeal arches. Increased apoptosis observed in the 

caudal arches at HH 16, when neural crest cells have not yet populated the sixth pharyngeal 

arch, supports this hypothesis (Fig. 7).

4.4 Discussion

Shh-null mice exhibit extensive defects (Chiang et al., 2001; Litingtung et al., 1998; 

Tsukui  et  al.,  1999),  and  the  heart  displays  a  broad  range  of  malformations,  including 

pulmonary  atresia,  atrial  and ventricular  septal  defects,  and atrioventricular  valve  defects 

(Washington  Smoak  et  al.,  2005).  Tissue-specific  knockout  mice  have  shown  that  the 

pharyngeal endoderm is the critical source of Shh for heart development (Goddeeris et al., 

2007), but even in these mice, the cardiac neural crest cells die in the pharyngeal arches. This 

additional defect complicates the issue of how Shh can affect a discrete population of cells, 
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such as the secondary heart field,  independent  of other populations,  such as the cardiac 

neural crest.

The present study avoids many other defects by inhibiting hedgehog signaling in a 

temporally  discrete  fashion.  While  application  of  hedgehog  inhibitor  cyclopamine  was 

performed globally, it has a short period of activity (less than 24 h), reducing its ability to 

influence other aspects of heart development. Few defects were found outside of the heart, 

and heart defects were limited to the arterial pole. Blocking hedgehog signaling in secondary 

heart  field  explants  slightly  reduced migration and dramatically  reduced proliferation.  By 

applying cyclopamine in ovo at the onset of the myocardial contribution from the secondary 

heart field to the outflow tract, we showed that the arterial pole defects were linked to a 

localized decrease in secondary heart field proliferation. Blocking Shh after the myocardium 

has been added to the outflow tract (HH 18) resulted in normal heart development. Because 

inhibiting this signaling pathway has such a pronounced effect, the timing of Shh signaling 

must be critical and tightly regulated in order to maintain the correct rate of proliferation and 

migration.

The secondary heart field remains a pool of undifferentiated progenitors until these 

cells migrate into the outflow tract and differentiate (Waldo et al., 2001). Nkx2.5 and Isl1 

demarcate  the  initial  bilateral  heart  field,  and  continued  expression  of  these  markers  is 

associated with the  pool  of  proliferative  progenitors  (Cai  et  al.,  2003;  Prall  et  al.,  2007). 

Additionally, Isl1 induces Shh expression in the pharyngeal endoderm (Lin et al., 2006) and 

proliferation  in  the  splanchnic  mesoderm  of  the  second  heart  field  (Cai  et  al.,  2003). 

Eliminating  the  downstream signaling  component  Smoothened  (Smo)  from Isl1-positive 

cells causes PTA and pharyngeal arch patterning defects (Lin et al., 2006), both of which are 
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seen after cyclopamine treatment in this study. β-catenin is also required for proliferation of 

Isl1-positive cardiac progenitors and may regulate Shh in the foregut endoderm (Lin et al., 

2007). The overlapping signaling factors required to maintain proliferation must be tightly 

regulated because the secondary heart field fails to migrate into the arterial pole if too much 

(Waldo et al., 2005a) or too little (Xu et al., 2004 and this chapter) proliferation occurs.

Shh is upstream of cell cycle genes that control both the G1-S transition, such as 

cyclins D1 and E (Kenney and Rowitch, 2000) and n-myc (Oliver et al., 2003), and the G2-

M transition, such as CDC25B (Benazeraf et al., 2006). The effect of Shh on CDC25 is a 

non-cell autonomous effect, which is consistent with the finding that the secondary heart 

field  can  respond  to  Shh  produced  in  the  pharyngeal  endoderm.  Interestingly,  Shh  is 

incapable of recruiting quiescent neuronal  cells  into the cell  cycle (Kenney and Rowitch, 

2000). If Shh similarly cannot induce terminally differentiated cells to proliferate, this datum 

would suggest that Shh would only be able to maintain proliferation in non-differentiated 

myocardial  precursors.  Shh also defines  the  mitogenic  niche  for cerebellar  granular  cells 

(Choi  et  al.,  2005);  when  neuronal  precursors  migrate  away  from  the  source  of  Shh, 

proliferation decreases. The caudal secondary heart field might serve as a niche that holds 

cells in a proliferative state until either they migrate into the outflow tract or the outflow 

tract is displaced caudally with respect to the pharyngeal arches and comes in close enough 

proximity to initiate a differentiation signaling cascade.

Interestingly, BMP2 is expressed in the outflow tract and promotes differentiation 

(Waldo et al., 2001). In addition, it specifically inhibits Shh-induced proliferation by down-

regulating  n-myc  expression  (Alvarez-Rodriguez  et  al.,  2007),  supporting  the  idea  of  a 

proliferative  niche  within  the  secondary  heart  field  that  is  distinct  from  the  migratory 
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secondary heart field that is entering the outflow tract and in close proximity to BMP2.

Laser ablation of the right side of the secondary heart field, which physically reduces 

the number of cells that can contribute to the outflow tract, results in pulmonary stenosis 

and  atresia  (Ward  et  al.,  2005).  Reducing  proliferation  in  the  secondary  heart  field  by 

applying cyclopamine could also result in fewer cells that can contribute to the arterial pole. 

Using a mouse Tbx1 hypomorph, Xu et al. (2004) showed that proliferation was reduced in 

the  secondary  heart  field  and  suggested  a  correlation  between  secondary  heart  field 

proliferation and its  myocardial  contribution to the outflow tract.  Like the cyclopamine-

treated chick,  this mouse mutant predominantly  exhibits  a single outflow vessel,  and the 

pulmonary infundibulum is reduced in size; in some of these embryos, the single outflow 

vessel sits over the ventricular septal defect, but in others, this vessel arises predominantly 

from the left ventricle and looks more like an aorta than a common trunk (Theveniau-Ruissy 

et  al.,  2008).  Cardiac  neural  crest-derived  cells  still  migrate  into  the  pharyngeal  arches, 

although at reduced levels in the fourth arches. Our studies show that neural crest-derived 

quail  cells  still  migrated  into  the  outflow  tract  cushions  of  cyclopamine-treated  chick 

embryos and formed a septum that was positioned incorrectly,  effectively closing off the 

pulmonary outlet and resulting in pulmonary atresia.

In cyclopamine-treated embryos, pulmonary stenosis,  pulmonary atresia,  and PTA 

are all observed. There are a few ways that this range of defects can occur. The first is that 

the outflow tract myocardium produces signals that serve as a chemoattractant, encouraging 

the cardiac neural crest-derived cells to migrate into the cushions. Less myocardium would 

then  secrete  less  chemoattractant  and  may  only  weakly  attract  the  cardiac  neural  crest-

derived cells. However, normal numbers of cardiac neural crest-derived cells were observed 
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in  the  outflow tract  cushions  after  hedgehog  inhibition,  making  this  possibility  unlikely. 

Alternatively, intrinsic differences between aortic and pulmonary myocardium may set up a 

target for the cardiac neural crest-derived cells as they migrate into the outflow tract (Bajolle 

et al., 2008); a specific reduction in pulmonary myocardium would then result in the septum 

forming asymmetrically, as was observed in the present study. One could speculate that Shh 

has a left–right effect on the secondary heart field, similar to its earlier role as the first left-

restricted gene during chick embryogenesis (Levin et al., 1997); a sided effect would explain 

why the  pulmonary  trunk  was  more severely  affected.  Shh is  upstream of  left-restricted 

Pitx2c in the early lateral plate mesoderm (St Amand et al., 1998), and Pitx2c is restricted to 

the  left  secondary  heart  field  at  E9.5  in  mouse,  which  is  at  the  end of  the  myocardial 

contribution (Liu et al., 2001). However, no other genes have been shown to have left–right 

asymmetry  in  the  secondary  heart  field.  Because  the  defects  seen  after  cyclopamine 

treatment predominantly affect the pulmonary trunk, which is derived from the right side of 

the secondary heart field, it would be interesting to determine whether there is a right-sided 

transcription factor or signaling pathway that is  altered after cyclopamine treatment. This 

possibility, though, does not address what causes PTA.

Because PTA, which is caused by a failure of cardiac neural crest-derived cells to 

septate the outflow tract, was favored in embryos treated with 0.8 μg/μl cyclopamine, quail-

chick chimeras were treated with this dose in order to determine whether the cardiac neural 

crest  was  directly  affected.  However,  cardiac  neural  crest-derived cells  migrated into  the 

pharyngeal arches and the outflow tract cushions and did not undergo apoptosis. Despite the 

predominant PTA phenotype observed with this cyclopamine dose, the cardiac neural crest 

cells migrate normally and survive. However, the cardiac neural crest-derived cells may not 
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behave normally  once reaching the outflow tract.  Another possibility  is  that  not enough 

cardiac neural  crest-derived cells  populate  the outflow tract,  resulting  in  either a  smaller 

septum that divides the outflow tract unequally or fails to septate the outflow tract at all.

The cyclopamine-induced defects seen after outflow tract septation occurs are likely 

caused by reducing the number of secondary heart field progenitors. This decrease results in 

both fewer myocardial and smooth muscle cells. The role of Shh in maintaining proliferation 

is critical, but other factors must contribute to this regulation. Further work will be necessary 

to tease apart the factors that control regional proliferation to better understand how the 

secondary heart field contributes to the arterial pole and how this contribution is miscued 

during heart malformations.
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5.  BMP  signaling  modulates  hedgehog-induced  secondary 
heart field proliferation

Sonic hedgehog has a clear role in the secondary heart field and cardiac arterial pole 

development.  In the absence of hedgehog signaling, proliferation is reduced in the caudal 

secondary heart field,  and embryos predominantly  develop pulmonary atresia.   However, 

nothing is known about what happens if hedgehog signaling is up-regulated.  I hypothesized 

that  up-regulating  hedgehog signaling  would  increase  secondary  heart  field  proliferation, 

which  would  lead  to  arterial  pole  defects.   In  culture,  secondary  heart  field  explants 

proliferate up to 6-fold more in response to the hedgehog signaling agonist  SAG, while 

myocardial differentiation and migration are unaffected.  Treating embryos with SAG at HH 

14,  the beginning of the secondary heart field addition,  results  in up-regulated hedgehog 

signaling, as shown both by in situ hybridization and RT-qPCR for receptor Ptc2.  If SAG-

treated embryos are then allowed to develop until the outflow tract should septate, embryos 

show stenosis  of  both the aortic  and pulmonary outlets.   Because hedgehog signaling is 

necessary  for  secondary  heart  field  proliferation,  I  examined  proliferation  during  the 

secondary heart field contribution to the outflow tract.  SAG-treated embryos exhibit a brief 

increase in proliferation as compared to control  embryos.  The proliferation changes are 

preceded by changes in BMP activity, as indicated by pSMAD expression.  BMP signaling 

decreases  before  proliferation  increases,  and  then  BMP signaling  is  up-regulated  before 

proliferation  returns to normal.   In  addition,  secondary  heart  field  explants  that  are co-

cultured with SAG and BMP2 do not proliferate more than control explants, indicating that 

BMP signaling can inhibit SAG-induced proliferation.  Together, these results indicate that 

BMP signaling modulates Shh-induced proliferation in the secondary heart field. 
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5.1 Introduction

As  the  heart  loops,  the  splanchnic  mesoderm located  between  the  outflow  and 

inflow attachments to the ventral pharynx contributes first the myocardium and then the 

smooth muscle that forms the arterial pole (Waldo et al.,  2005b).  This region of arterial 

pole-forming splanchnic mesoderm is called the secondary heart field.  While some of the 

secondary heart  field  progenitors  differentiate,  others  continue to proliferate  to generate 

enough cells to provide both myocardium and smooth muscle.  These proliferative cells are 

located more caudally in the field and are adjacent to the pharyngeal endoderm, which is a 

rich source of signaling factors (Dyer and Kirby, 2009).  In particular, the ventral pharyngeal 

endoderm produces Sonic  hedgehog (Shh),  a secreted ligand.   The secondary heart  field 

progenitors  express  the Shh receptor,  Patched2 (Ptc2).   Interestingly,  Ptc2 expression is 

more robust in the caudal secondary heart field, which is the region of highest proliferation 

(Dyer and Kirby, 2009).

Shh is a known mitogen and cell survival factor (reviewed in Ingham and McMahon, 

2001).  Among its downstream targets are cell cycle genes such as cyclins D1 and E and n-

myc, which promote the G1 to S transition (Kenney and Rowitch, 2000; Oliver et al., 2003). 

Inhibiting Shh signaling stalls limb bud mesenchyme cells in G1, with fewer cells progressing 

to S phase (Zhu et al., 2008).  

The function of Shh is context-dependent, and both the dose and timing of Shh 

exposure are critical during development. In the limb, early Shh exposure induces enough 

proliferation to generate the digits; later Shh signaling is then required for digit patterning 

(Zhu et al., 2008).  Disrupting hedgehog signaling during the early phase has no effect on 

later patterning (Zhu et al., 2008).  However, both the duration of the later Shh signal and 
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what concentration each digit is exposed to dictate how each digit is specified (Harfe et al., 

2004; Yang et al., 1997).   The posterior-most digits express Shh during development and 

must be exposed to high, prolonged levels of Shh (Harfe et al., 2004; Scherz et al., 2007).  By 

contrast, the two anterior-most digits do not express Shh.  As a result, the anterior-most 

digit is not exposed to Shh, and the second anterior-most digit is only exposed to low levels 

of Shh protein (Harfe et al., 2004).

In the heart, Shh signaling is essential for arterial pole development.  The Shh-null 

mouse  phenocopies  DiGeorge  syndrome  with  complete  pulmonary  atresia  (Washington 

Smoak et  al.,  2005),  and  a  Shh conditional  knockout  in  the  Nkx2.5  expression  domain 

exhibits  a  single  outflow  vessel  (Goddeeris  et  al.,  2007).   Recently,  I  have  shown that 

hedgehog signaling is required at discrete stages of development for secondary heart field 

proliferation (Dyer and Kirby, 2009).  Inhibiting hedgehog signaling reduced proliferation in 

the caudal secondary heart field, which resulted in pulmonary atresia (Dyer and Kirby, 2009). 

However, nothing is known about what happens when these cells  are exposed to excess 

hedgehog signaling.

Because  blocking  hedgehog  signaling  resulted  in  decreased  proliferation,  I 

hypothesized that up-regulating hedgehog signaling would increase proliferation throughout 

the secondary heart field,  which would disrupt normal movement of these cells  into the 

outflow tract and lead to arterial pole defects.  I treated secondary heart field explants and in  

ovo embryos with SAG, a hedgehog agonist, and analyzed proliferation and migration.  Both 

in situ  hybridization and RT-qPCR were used to determine that SAG indeed up-regulates 

hedgehog  signaling,  as  indicated  by  Ptc2  expression.   Secondary  heart  field  mesoderm 

explants  increased proliferation  in  a  dose-dependent  manner  but  showed no changes  in 
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migration.   In ovo,  SAG treatment at Hamburger Hamilton (HH) 14 transiently increased 

proliferation  at  HH  16,  and  this  increase  was  quickly  down-regulated.   This  altered 

proliferation  profile  resulted  in  stenosis  of  the  entire  arterial  pole  despite  normal  heart 

weight/body weight ratios in SAG-treated embryos as compared to control embryos.  The 

increase in proliferation was preceded by a down-regulation of BMP signaling, as indicated 

by pSMAD expression, at HH 15.  pSMAD expression was then up-regulated at HH 16, just 

prior to the decrease in proliferation.  In addition, secondary heart field explants that were 

treated  with  BMP2  showed  increased  myocardial  differentiation  and  no  increase  in 

proliferation.  If secondary heart field explants were co-treated with SAG and BMP2, these 

explants also showed increased myocardial differentiation, with no increase in proliferation. 

Together, these data show that BMP signaling regulates hedgehog-induced proliferation in 

the secondary heart field and that a tightly  regulated rate of proliferation is required for 

normal arterial pole development.

5.2 Materials and Methods

5.2.1 Embryos

Fertilized Ross Hubert chick eggs (Gallus domesticus, Pilgrim’s Pride Hatchery, Siler 

City, NC) were incubated for 1-9 days at 37°C and 70% humidity.  Embryos were staged 

according to Hamburger and Hamilton (1951).

5.2.2 Antibodies and immunohistochemistry

The  following  primary  antibodies  were  used:  MF20  (Developmental  Studies 

Hybridoma Bank,  Iowa City,  IA);  anti-BrdU (Roche,  Indianapolis,  IN); SM22-α (Abcam, 

Cambridge,  MA);  Hnk1  (American  Type  Culture  Collection,  Rockville,  MD);  pHH3 

(Millipore,  Billerica,  MA);  and  pSMAD1,5,8  (Cell  Signaling  Technology,  Danvers,  MA). 
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Antibodies were visualized with either AlexaFluor 488 or 568 (Molecular Probes, Carlsbad, 

CA) or the ABC Vectastain and avidin-biotin DAB kits (Vector Laboratory, Burlingame, 

CA).  MF20, anti-BrdU, SM22-α, and pSMAD1,5,8 immunohistochemistry was done as in 

Waldo et al. (1996). 

5.2.3 In vitro Sonic hedgehog up-regulation

Secondary heart field explants were isolated as previously described (Dyer and Kirby, 

2009).  Isolated explants were cultured in either 5% fetal bovine serum (FBS) in Leibovitz 

medium  or  2%  FBS  in  DMEM.   Sonic  hedgehog  was  up-regulated  by  applying  the 

Smoothened  agonist  SAG  (Calbiochem,  San  Diego,  CA).  In  vitro doses  were  based  on 

previous literature (Chen et al.,  2002),  where 100 nM showed peak signaling activity in a 

hedgehog reporter cell line. A range of doses from 50-200 nM was tested in vitro.

5.2.3.1 Reverse transcription quantitative PCR (RT-qPCR)

To confirm that SAG up-regulated the hedgehog pathway, qPCR was carried out on 

cDNA that was reverse transcribed from RNA that was isolated from control and SAG-

treated explants that had been cultured for 6 hours in 2% FBS/DMEM.  RNA was isolated 

from secondary heart fields using the Qiagen RNeasy kit (Qiagen, Valencia, CA).  In these 

experiments, 40 ng RNA was reverse transcribed using Superscript II (Invitrogen, Carlsbad, 

CA), following the manufacturer’s recommendations.   Tested genes included known Shh 

targets, myocardial differentiation markers, and heart field markers.  All primers are listed in 

Table  4,  and  HPRT  was  used  as  a  reference  gene.   Data  are  presented  as  the  log2-

transformed expression ratios; thus, any log2-transformed expression ratio above 1 or below 

-1 represents at least a 2-fold change in expression compared to the control.
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Table 4: qPCR Primers

Gene  
name

Primers Size (bp) Efficiency

ACTC1 Forward: 5' CCACACTTTCTACAATGAACTC 3'
Reverse: 5' GAACAATACCTGTGGTACGA 3'

196 2.08

CCND1 Forward: 5’ CCTTGGCGATGAATTATTTGG 3’
Reverse: 5’ GCTCCATTTGCAGTAACTC 3’

188 1.81

Mef2c Forward: 5' AAGTGCTGAAGAAGGAGG 3'
Reverse: 5' TCGTAAATGTCACCTGTCTG 3'

173 2.09

MYHC Forward: 5' TAAGGGTTTCCCAAACAGAG 3'
Reverse: 5' TGAAGAACACCTTAGTATGCC 3'

178 1.77

Nkx2.5 Forward: 5' CGGACAAGAAAGAACTGTG 3'
Reverse: 5' GGTTTCCTCCTCTTCCTC 3'

99 1.94

N-myc Forward: 5' CGACTCGGATGATGAAGAC 3
Reverse: 5' GTAATAGTGAGGGTGGTAACAG 3'

113 1.94

Ptc1 Forward: 5' AAGTGTAGCCCTTACATCTATCAG 3' 
Reverse: 5' CAACTGCTGCTTGGAGTG 3'

100 2.05

Ptc2 Forward: 5' CTTCTACAGCCCTTGCTC 3' 
Reverse: 5' GGCATGGTTGTCGTTGG 3'

75 2.26

TNNT2 Forward: 5' AAACCATCCGTGACCTG 3'
Reverse: 5' CCTTTGACCCTTTGACCT 3'

122 1.86

HPRT Forward: 5' CTGTAATGATCAGTCAACTGGA 3' 
Reverse: 5' ACCAACAAACTGGCCAC 3'

179 1.91

5.2.5.2 Secondary heart field migration

In vitro migration was analyzed over a 16-hour period in secondary heart fields as 

previously described (Dyer and Kirby, 2009).  A minimum of six explants per treatment were 

recorded,  and  ANOVA and pair-wise  Student's  t-test  were  used  to  determine  statistical 

signficance.

5.2.5.3 Secondary heart field proliferation

Explants  cultured  in  5% FBS  in  Leibovitz  were  BrdU-treated  and  processed  as 

previously described (Dyer and Kirby, 2009).  Briefly, explants were labeled for BrdU, MF20 

(a myocardial marker), and DAPI (a nuclear marker).  Acapella software was used to count 

the number of nuclei  and the number of BrdU- and MF20-positive cells  (Perkin Elmer, 

84



Waltham, MA).   Four to seven explants per dose were counted, and the Kruskal-Wallis test 

was used to determine statistical significance.  

5.2.5.4 Signaling cross-talk in the secondary heart field

The effect of BMP2 on SAG-treated explants was also examined.  Secondary heart 

field explants were excised at HH 14, cultured in 2% FBS in DMEM, and then treated with: 

100 nM SAG, 100 nM SAG with 300 ng/ml BMP2, or 300 ng/ml BMP2.  Recombinant 

BMP2 was obtained from R&D Systems (Minneapolis, MN).  After 24 or 48 hours, explants 

were fixed in cold methanol and labeled with mitotic marker pHH3, MF20, and DAPI.  The 

number of pHH3- and MF20-positive cells was counted with Acapella, and a minimum of 

six explants per condition were counted.  The Kruskal-Wallis test was used to determine 

statistical significance.

5.2.4 In ovo Sonic hedgehog up-regulation

Eggs were windowed at HH 14, and 10 μl of increasing concentrations of SAG or 

H2O (control)  was pipetted onto the embryo; eggs were sealed with tape and incubated. 

Stock SAG was dissolved and diluted in distilled H2O.  No in vivo doses have been published; 

thus, a range of doses from 344 µM (or 0.2 mg/ml) to 1,000 µM were tested.  Doses over 

344 µM resulted in poor survival (Table 5).   Dosing at stages younger than HH 13 also 

resulted in poor survival, and dosing embryos later than HH 14 caused limb defects.  Unless 

otherwise stated, all embryos were treated at HH 14 with 344 µM SAG.

85



Table 5: Survival and arterial pole malformations after hedgehog up-regulation.

Treatment N Survival (%) Abnormal Outflow (%)
H2O 11 10 (91%) 0
344 µM SAG 21 17 (81%) 11 (65%)
672 µM SAG 6 1 (17%) 1 (100%)
1,000 µM SAG 13 2 (15%) 1 (50%)

Table 5. Embryos were treated at  HH 13-14 and allowed to develop to HH 35.   Outflow tract 
abnormalities  include  appearance of  stenosis  or  misalignment  of  the  aorta  with  respect  to  the 
pulmonary trunk.  Embryos treated with SAG before HH 13 had higher mortality rates without any 
gross  phenotypic  differences.   Embryos  treated  after  HH  14  had  higher  incidences  of  limb 
deformities. 

5.2.4.1 In situ hybridization

To confirm that SAG up-regulated the hedgehog pathway in vivo, in situ hybridization 

was carried out for Shh target and receptor Ptc2.  The Ptc2 plasmid was generously provided 

by Cliff Tabin.  Control and SAG-treated embryos were fixed at HH 16 in DEPC-treated 

4% paraformaldehyde.   In  situ  hybridization  was  carried out  as  described  by  Wilkinson 

(1992).  Control and SAG-treated embryos were developed in alkaline-phosphatase detection 

solution  for  the  same length  of  time.   After  whole  mount  photography,  embryos  were 

paraffin embedded, sectioned at 10 μm, and counterstained with eosin.

5.2.4.2 Reverse transcription quantitative PCR (RT-qPCR)

To further confirm that SAG up-regulated the hedgehog pathway, secondary heart 

field explants were excised from HH 16 control and drug-treated embryos.  RNA isolation, 

reverse transcription, and qPCR for Ptc1 and Ptc2 were carried out as described in Dyer and 

Kirby (2009).  

To examine other genes that were affected by SAG treatment, qPCR was carried out 

on cDNA that was reverse transcribed from RNA isolated from HH 15 control and SAG-

treated  secondary heart field explants.  These experiments were carried out as described for 

secondary heart field explants that were cultured with or without SAG for 6 hours.
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5.2.4.3 Phenotypic analysis

Control  and  treated  embryos  were  harvested  at  HH 35,  photographed,  fixed  in 

methacarn overnight  at 4°C, paraffin-embedded, and labeled with MF20, smooth muscle 

marker SM22-α, and DAPI.  In addition, the heart weight/body weight ratio was determined 

at HH 35.  Briefly, hearts were excised, and both heart weight and total body weight were 

recorded.  Hearts and bodies were re-weighed after dehydration by baking, and Student's t-

test was used to determine statistical significance.

Arterial pole areas were quantified by measuring sections that show the lumens of 

control  and  treated  hearts  using  ImageJ.   Sections  (10  μm)  were  photographed  at  4x 

magnification.  The following regions were traced: the aortic vestibule and the pulmonary 

infundibulum, up to the first valve leaflet, and the semilunar valves.  The aortic vestibule and 

pulmonary infundibulum measurements were restricted to the 80-μm below the first valve 

leaflet.   The  seminlunar  valve  measurements  spanned  50-140  μm,  and  there  were  no 

significant differences between the length of this region and treatment.  A minimum of three 

embryos per treatment were measured, and Student's t-test was used to determine statistical 

significance.

5.2.4.4 Secondary heart field migration

To analyze migration in vivo, control and treated embryos were collected at both HH 

16 and 18.  Embryos were fixed with 4% paraformaledyhde, paraffin embedded, sectioned, 

and labeled with Hnk1,  which labels  migratory secondary heart  field,  myocardial  marker 

MF20, and nuclear marker DAPI.

5.2.4.5 Secondary heart field proliferation

Control and treated embryos were BrdU-treated at HH 15-18 as described in Waldo 
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et al. (2001).  Briefly, embryos were fixed in methacarn, paraffin-embedded, sectioned, and 

labeled with anti-BrdU, MF20, and DAPI.  Cells were counted in 10-cell increments, starting 

at the junction of the secondary heart field and the outflow tract,  as indicated by MF20 

expression (as described in Dyer and Kirby, 2009).  Only embryos with a secondary heart 

field spanning 110 µm were included, and four to thirteen embryos per group were counted. 

Student's t-test was used to determine statistical significance.

5.2.4.6 Signaling cross-talk in the secondary heart field

To determine whether BMP signaling was altered after SAG treatment, control and 

treated embryos were fixed in ice-cold 4% paraformaldehyde at HH 15-17.  After paraffin 

embedding  and  sectioning,  sections  were  labeled  with  pSMAD1,5,8  (1:100),  which  is 

indicative of BMP signaling.  Signal was detected using the ABC Vectastain kit and DAB.  In 

addition, HH 16 control and treated embryos were also labeled with anti-BMP2.

5.2.5 Statistical analysis

Microsoft Excel and R were used for statistical analysis.  In all analyses, a p-value 

<0.05 indicated statistical significance.

5.3 Results

5.3.1 The secondary heart field proliferates in response to increased hedgehog 
signaling

To determine whether the Shh agonist SAG could up-regulate hedgehog signaling in 

the secondary heart field, secondary heart field explants were cultured with or without SAG 

for 6 hours to determine whether Ptc1 or Ptc2 expression was up-regulated.  Both receptors 

were up-regulated in response to SAG (Figure 14).  In addition, two Shh-induced cell cycle 

genes, cyclin D1 (CCND1) and n-myc were also up-regulated in response to SAG.  Heart 

88



field  markers  Nkx2.5  and  Mef2c  and  cardiac  differentiation  markers  cardiac  α-actin, 

troponin T (TNNT2), and myosin heavy chain (Myh6) were unaffected.  

Figure 14: Hedgehog signaling results in up-regulated cell cycle genes.

Figure 14. qPCR was carried out on explants that were cultured for 6 hours with or without SAG. 
The expression ratios are compared to control explants, and all results were normalized to HPRT 
expression.  Receptors Ptc1 and Ptc2 as well as cell cycle genes cyclin D1 (CCND1) and n-myc are 
up-regulated after SAG treatment.  Interestingly, heart field marker Mef2c and myocardial marker 
cardiac α-actin (Actc1) are also up-regulated in response to SAG treatment. TNNT2, troponin T; 
Myh6, myosin heavy chain.  All samples were run in triplicate, and the average of two independent 
experiments is shown.  All data are log2-transformed; thus, values over 1 or less than -1 represent 2-
fold differences.

Because down-regulating hedgehog signaling results in decreased proliferation (Dyer 

and Kirby, 2009) and up-regulating hedgehog signaling induced cell cycle genes, I wanted to 

determine whether proliferation was affected by SAG.  Secondary heart field explants were 

excised at HH 14 and cultured with 50-200 nM SAG.  Proliferation, as measured by BrdU 

incorporation,  increased  significantly  in  a  dose-dependent  manner,  from  3%  in  control 

explants to 22% in response to 200 nM SAG (p<0.01) (Figure 15A).  
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Figure 15: SAG induces proliferation but not migration of differentiation in cultured 
secondary heart field (SHF) cells.

Figure 15. (A) Up-regulating hedgehog signaling induces proliferation in a dose-dependent manner. 
Explants  were  treated  with  increasing  doses  of  SAG,  and  proliferation,  indicated  by  BrdU 
incorporation, increased up to 6-fold as compared to control embryos. No changes were observed in 
myocardial differentiation as indicated by MF20 expression (A) or migration (B).  A minimum of six 
explants per condition were analyzed; Kruskal-Wallis or ANOVA were used to determine statistical 
significance, followed by secondary analysis as necessary. *p<0.05, **p<0.01.  

Neither the migration index (the area over which the explant spread normalized by 

the final perimeter of the explant) nor myocardial differentiation was affected by increased 

hedgehog signaling (Figure 15).  Together, these data support the hypothesis that hedgehog 

signaling is needed to maintain the secondary heart field in a proliferative state.

5.3.2 Hedgehog signaling can be up-regulated in ovo

To determine whether hedgehog signaling could also be increased  in ovo, embryos 

were treated with SAG.  No previous literature has reported the use of SAG in vivo, so doses 

spanning 344-1,000 µM were tested on embryos spanning HH 12-16 (Table 5 and data not 

shown).  Doses in excess of 344 µM (or 0.2 mg/ml) were lethal within 12 hours; thus, 344 

µM was chosen for further analysis.  

Embryos were treated with either 344 µM SAG or H2O as a control at HH 14 and 

collected at HH 16 for in situ hybridization.  Receptor Ptc2, which is indicative of hedgehog 

signaling,  was  up-regulated  in  SAG-treated  embryos  (Figure  16B)  compared  to  control 
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embryos (Figure 16A).  In addition, both Ptc1 and Ptc2 expression was quantified using RT-

qPCR.  Embryos were again treated at HH 14, and RNA was extracted from secondary heart 

fields that were excised at HH 16.  Ptc2 expression was more strongly up-regulated (p<0.05, 

Figure 16C) in response to SAG treatment than Ptc1.  

Figure 16: Ptc2 mRNA is up-regulated in vivo in response to SAG treatment.

Figure 16. A, B) Ptc2 mRNA expression at HH 16. Ptc2 is expressed in the secondary heart field 
(SHF), with strongest expression in the caudal SHF (A). After treatment with hedgehog agonist SAG 
at HH 14, Ptc2 expression is increased (B) compared to water-treated controls (A).  C) Ptc2 up-
regulation was confirmed with RT-qPCR. Embryos were treated with water or SAG at HH 14, and 
RNA was extracted from SHF explants at HH 16. Gene expression was normalized to HPRT, and 
data are presented as the log2-transform of the expression ratios. Thus, values greater than 1 indicate 
at least 2-fold changes in expression. PE, pharyngeal endoderm; OFT, outflow tract; *p<0.05.

5.3.3 Up-regulated hedgehog signaling increases proliferation in the secondary 
heart field

Because proliferation increased in response to up-regulated hedgehog signaling  in  

vitro, we examined proliferation in the secondary heart field after embryos were treated with 
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SAG or H2O at HH 14.  Briefly, embryos were BrdU-treated and collected at the indicated 

stages, sectioned, and labeled for BrdU and MF20.  Proliferation is normally significantly 

higher  in  the  caudal  secondary  heart  field,  adjacent  to  the  Shh-producing  pharyngeal 

endoderm,  compared  to  secondary  heart  field  cells  that  are  closer  to  the  outflow tract 

(Figure 17A).  After SAG treatment, the highly proliferative region appeared to proliferate 

more than the control embryos (Figure 17B).

To quantify these observations,  the number of proliferating cells,  as indicated by 

BrdU incorporation,  was  counted  in  10-cell  increments,  starting  at  the  junction  of  the 

secondary heart field with the outflow tract.  At HH 15, no changes were observed between 

control  and  treated  embryos  (Figure  17C).   However,  proliferation  was  increased  in  a 

discrete region of secondary heart field by HH 16 after treatment with SAG, as compared to 

control embryos (Figure 17D).  Interestingly, this increased level of proliferation was quickly 

down-regulated, and SAG-treated embryos showed normal proliferation compared to their 

control counterparts at HH 17 and 18 (Figures 17E-F).  This return to normalcy suggests 

that other factors are involved in the regulation of secondary heart field proliferation.   Thus, 

proliferation is up-regulated briefly in vivo in response to increased hedgehog signaling.
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Figure 17: Proliferation is disrupted in response to increased hedgehog signaling.

Figure 17. Proliferation is initially increased and then decreased in the caudal secondary heart field 
(SHF) after hedgehog up-regulation. Embryos were treated with water or SAG at HH 14 and BrdU-
treated  at  the  indicated  stages.  Sections  were  labeled  with  MF20  (myocardium,  red),  anti-BrdU 
(proliferating  cells,  green),  and  DAPI  (nuclei,  blue).  Proliferating  cells  were  counted  in  10-cell 
increments, starting at the junction of the outflow tract (OFT) and moving caudally. No changes 
were observed by HH 15 (C). By HH 16, SAG-treated embryos showed elevated BrdU incorporation 
in the caudal secondary heart field as compared to control embryos (compare B and A; D). This 
increase was no longer present by HH 17 (E), and no changes were observed at HH 18 (F). PE, 
pharyngeal endoderm. *p<0.05, Student’s t-test.
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5.3.4 Up-regulated hedgehog signaling results in a stenotic outflow tract

Previous studies have shown that changes in secondary heart field proliferation result 

in  arterial  pole  defects  (Waldo  et  al.,  2005a;  Xu  et  al.,  2004).   Because  hedgehog  up-

regulation increased secondary heart  field proliferation  in  vivo,  I  anticipate that  SAG will 

induce arterial pole defects at HH 35.  Embryos were treated with 344 µM SAG or H2O at 

HH 13-14  and were  allowed  to  develop  until  HH 35.    Of  the  SAG-treated  embryos, 

approximately 80% (n=17) survived to HH 35.  These hearts appeared to have narrower 

pulmonary and systemic outlets compared to control  embryos (compare Figure 18B and 

18A, n=10).  However, the heart weight/body weight ratio was significantly higher in SAG-

treated embryos than in control embryos, which suggests that the SAG-treated hearts were 

actually  larger than their  control  counterparts  (Figure 18C).   The increased ratio seen in 

SAG-treated embryos was not caused by edema, as indicated by the fact that this increased 

heart weight/body weight was still  observed when hearts and embryos were dehydrated, 

although this ratio was no longer significant.  In addition to the narrow arterial outlets, the 

brachiocephalic  vessels,  which  branch off  the  aorta,  appeared straighter  in  some treated 

embryos (n=8).
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Figure 18: Up-regulated Hedgehog signaling causes arterial pole stenosis.

Figure 18. Up-regulating hedgehog signaling causes general stenosis of the arterial pole. Embryos 
were treated with water (A, D, G) or SAG (B, E, H) at HH 14 and developed to HH 35. Treated 
embryos appear to have a narrower arterial pole (compare B and A), despite having a higher heart 
weight/body weight ratio (C). This narrowing was confirmed in histological sections. Sections were 
labeled with MF20 (myocardium, red),  α-SM22 (smooth muscle, green), and DAPI (nuclei, blue). 
Below the outflow tract valves, both the pulmonary infundibulum (PI) and aortic vestibule (AoV) 
were significantly smaller in SAG-treated embryos (E) than in control embryos (D). At the level of 
the outflow tract valves, both the pulmonary artery (P) and aorta (A) were significantly smaller in 
treated  embryos  (H)  as  compared  to  control  embryos  (G).  N=4  controls  and  9  SAG-treated 
embryos. Student’s t-test was used to calculate statistical significance; *p<0.05.
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To further characterize the smaller arterial outlets, hearts were sectioned and stained 

with MF20 and smooth muscle marker SM22.  Because the secondary heart field contributes 

both myocardium below the semilunar valves and smooth muscle distal to the valves, we 

focused on size of the pulmonary infundibulum, aortic vestibule, and the outlets at the level 

of the valve leaflets. In SAG-treated embryos, the aortic vestibule was reduced in size by 

35% (p<0.05),  and  the  pulmonary  infundibulum was  reduced  in  size  by  45% (p<0.05) 

compared to the control embryos (Figure 18F).  At the level of the valve leaflets, both SAG-

treated  outlets  were  reduced  by  approximately  50%  (p<0.05)  as  compared  to  control 

embryos (Figure 18I).

No alignment  defects  or  coronary  artery  anomalies  were  observed.   Ventricular 

septal defects were observed in one control  embryo (n=4) and one SAG-treated embryo 

(n=9).

5.3.5 Migration and apoptosis do not account for the SAG-induced phenotype

To confirm that arterial pole stenosis is a result of overproliferation, embryos were 

also analyzed for migration and apoptosis.  No differences were observed for migration, as 

indicated by Hnk1 expression (Figure 19), or apoptosis (data not shown).
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Figure 19: Increased hedgehog signaling does not affect in vivo migration.

Figure 19. Embryos were treated with water (A) or SAG (B) at HH 14, and migration was analyzed at 
HH 16.  Sections were labeled with MF20 (myocardial marker, red), Hnk1 (migration marker, green), 
and  DAPI  (nuclear  marker,  blue).   No differences  were  observed  between  control  and  treated 
embryos both at HH 16 and HH 18 (data not shown).  OFT, outflow tract; SHF, secondary heart 
field; PE, pharyngeal endoderm; and IFT, inflow tract.  

5.3.6 In vivo context moderates secondary heart field behavior

Based on the in vitro proliferation studies, the in vivo proliferation response was less 

pronounced than expected.  Thus, HH 14 embryos were treated with H2O or SAG, and we 

performed qPCR on reverse transcribed RNA from secondary heart fields that were excised 

at HH 15 (6 hours after treatment).  While the cell cycle genes CCND1 and n-myc were 

robustly  increased  in  culture,  they  were  only  mildly  increased  in  explants  from  treated 

embryos  at  HH 15 (Figure 20).   Ptc1 was  up-regulated in  response  to SAG treatment 

compared  to  control  embryos,  whereas  Ptc2  was  up-regulated  6  hours  later,  at  HH 16 

(Figure 16B), suggesting that the two genes have different kinetic  responses to Shh.  In 

addition,  heart field marker Nkx2.5 and cardiac differentiation marker TNNT2 were up-

regulated  after  SAG treatment.   These  results  suggest  that  the  secondary  heart  field  is 

moderated by other signaling factors in vivo.
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Figure 20: In vivo context modulates Shh signaling.

Figure 20. Embryos were treated with H2O (con) or SAG (SAG) at HH 14.  At HH 15, secondary 
heart fields were excised for RT-qPCR.  Results are presented as the log2-transformed expression 
ratio compared to control HH 15 secondary heart fields, and all values greater than 1 represent at 
least a 2-fold increase.  Unlike the in vitro results after 6 hours of isolated culture, explants from SAG-
treated HH 15 embryos only showed increases in Ptc1 and heart field marker Nkx2.5 compared to 
explants from control embryos.  All genes were normalized to HPRT expression.  CCND1, cyclin 
D1; TNNT2, troponin T; ACTC1, cardiac α-actin 1; Myh6, myosin heavy chain.

5.3.7 Effects of SAG and BMP on the secondary heart field

BMP2 has been shown to inhibit Shh-induced proliferation in cerebellar granule cells 

(Alvarez-Rodriguez et al.,  2007),  and both Nkx2.5 and Mef2c are downstream targets of 

BMP signaling (Monzen et al., 1999; Prall et al., 2007; Qi et al., 2007; Schultheiss et al., 1997; 

Shi et al., 2000).  In mouse, BMP4 is expressed throughout the outflow tract and into the 

splanchnic  mesoderm (Ilagan et  al.,  2006).   In chick,  BMP2 mRNA is  expressed in  the 

outflow tract and the contiguous splanchnic mesoderm at HH 14; however, this expression 

does not extend throughout the secondary heart field (Waldo et al., 2001).  Thus, I examined 

BMP2 protein expression to see where the protein is localized and if its expression changed 

in response to SAG.  In control  embryos, BMP2 was expressed in the myocardium, the 
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endocardium, and the cranial-most secondary heart field at HH 16 (Figure 21A).  After SAG 

treatment, BMP2 expression appeared to increase in the myocardium (Figure 21B).

Because  BMP2  protein  appeared  up-regulated  in  response  to  SAG  treatment, 

explants were co-treated with SAG and BMP2 to see how secondary heart field behavior 

changed in the presence of both signals.  As expected, SAG treatment alone significantly 

increased proliferation,  as described above,  and BMP2 treatment alone had no effect on 

proliferation after either 24 or 48 hours of culture (Figure 21C).  Instead, BMP2 treatment 

induced myocardial differentiation, as expected.  Explants that were treated with both SAG 

and BMP2 showed reduced proliferation compared to SAG-treated explants and were not 

significantly  different  from  control  explants  or  explants  treated  with  BMP2  alone.   In 

addition,  SAG treatment  alone  did  not  promote  myocardial  differentiation,  whereas  the 

presence  of  SAG  and  BMP2 significantly  increased  the  percent  of  MF20-positive  cells 

(Figure 21D).  Together, these data indicate that, in the presence of up-regulated hedgehog 

and BMP signaling, the secondary heart field responds primarily to the BMP signal.
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Figure 21: BMP signaling may modulate excess hedgehog signaling.

Figure  21.  (A,  B) Embryos  were  analyzed  at  HH 16  for  BMP2  expression  (green).  In  control 
embryos (A) BMP2 is observed in the outflow tract (OFT) myocardium, the endocardium, and the 
junction of the secondary heart field (SHF) and the OFT, magnified in A’; this expression appears 
greater  in  SAG-treated embryos  (B).   Interestingly,  explants  that  are  co-cultured with  SAG and 
recombinant BMP2 behave like explants that are treated with BMP alone (C, D), indicating that BMP 
signaling can inhibit hedgehog-induced proliferation. *p<0.05 and **p<0.01 vs control.   (E-J) BMP 
signaling  in  the  secondary  heart  field,  as  indicated  by  pSMAD1,5,8  expression.   Embryos  were 
treated with H2O (E, G, I) or SAG (F, H, J) at HH 14, and pSMAD (brown/black) was analyzed at 
HH 15-17.  Control  embryos (E) show robust pSMAD expression in the OFT myocardium and 
decreased expression throughout the SHF at HH 15. After SAG treatment, HH 15 embryos show 
decreased BMP signaling, as indicated by a reduction in pSMAD expression (F). No differences were 
observed in the SHF at HH 16 (compare G, H).  However, the pharyngeal endoderm (PE) may over-
responde to BMP signaling, as compared to the control.  By HH 17, pSMAD expression decreases in 
the control SHF (I) but remains robust in the SAG-treated embryo (J). 

100



To  support  the  observation  that  addition  of  BMP2  could  inhibit  SAG-induced 

proliferation,  BMP signaling  was  analyzed  in  SAG-treated  embryos.   In  the  developing 

mouse,  pSMAD1,5,8,  which is  indicative  of BMP activity,  is  expressed in the precardiac 

mesoderm (Prall et al., 2007).  Thus, I looked at pSMAD expression in embryos that were 

treated at HH 14 with H2O or SAG.  At HH 15, pSMAD was robustly expressed in the 

outflow tract myocardium and endocardium (Figure 21E); expression in the secondary heart 

field was most robust adjacent to the outflow tract, where proliferation is decreased.  After 

SAG  treatment,  pSMAD  expression  was  greatly  reduced  in  the  outflow  tract  and  the 

secondary heart field (Figure 21F), indicating that these cells were not responding to BMP 

signaling.  This down-regulation occurs just before proliferation is up-regulated at HH 16.  

Table 6: Presence of ectopic myocardium after hedgehog up-regulation.

Stage H2O SAG
16 6/15 5/7
17 0/9 5/10
18 1/5 3/5

Table 6. Embryos were treated at HH 14 with H2O or SAG, and the presence of myocardium in the 
secondary  heart  field  was  observed  over  stages  16-18.   Any  myocardium  that  appeared  to  be 
remnants  of  the  dorsal  mesocardium was excluded from this  analysis.   Significantly  more SAG-
treated embryos exhibit ectopic myocardium than control embryos (p<0.01, Fisher exact test).  

Interestingly, ectopic myocardium was observed in the secondary heart field of most 

SAG-treated embryos at HH 16-18 (Table 6).  In addition, these treated embryos also have 

more MF20-positive cells (2.8±1.2 in HH 16 controls vs. 9.6±5.1 in HH 16 SAG-treated 

embryos; p<0.05).  Because BMP signaling promotes myocardial differentiation, I analyzed 

pSMAD expression at HH 16 and 17 to determine whether BMP signaling recovers.  At HH 

16,  pSMAD expression  was  robust  in  treated embryos  compared  with  control  embryos 
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(compare Figures 21G and H), and this pattern was maintained at HH 17 (compare Figures 

21J and I),  explaining the presence of ectopic myocardium in treated embryos.  The up-

regulation  of  pSMAD expression  coupled  with  the  premature  myocardial  differentiation 

suggests  that  the  increased  proliferation  is  not  maintained  at  HH  17  due  to  loss  of 

progenitor status in this population.

5.4 Discussion

This  is  the  first  in  vivo  study  using  the  SAG  agonist.   Because  Shh  induces 

proliferation  in  secondary  heart  field  explants  and  previous  work  has  associated 

overproliferation in the secondary heart field with arterial pole defects, I anticipated arterial 

pole  defects  such  as  pulmonary  atresia  and  persistent  truncus  arteriosus  (Waldo  et  al., 

2005a).  Based on this result, I tested whether SAG could be used in ovo.  Treating embryos 

at  HH 14  with  SAG induced  expression  of  downstream Shh  target  Ptc2  and increased 

secondary heart field proliferation at HH 16.  Up-regulated hedgehog signaling resulted in 

arterial pole stenosis.

Interestingly,  though down-regulating  hedgehog signaling  results  in  severe arterial 

pole defects (Chiang et al., 1996; Dyer and Kirby, 2009; Goddeeris et al., 2007; Washington 

Smoak  et  al.,  2005),  up-regulating  hedgehog  signaling  in  ovo resulted  in  mildly  stenotic 

systemic  and  pulmonic  outlets.   Further  analysis  showed  that  the  secondary  heart  field 

underwent a very short period of increased proliferation, suggesting that another signaling 

pathway may regulate its behavior.

Shh works in concert with other signaling pathways to induce both proliferation and 

differentiation.  Among the pathways that are known to interact with Shh, I examined BMP 

because this signaling pathway also has clear implications for heart development.  In mouse, 
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BMP4  is  present  in  the  outflow  tract,  where  it  promotes  myocardial  differentiation  by 

inducing  Nkx2.5,  Gata4,  and  ventricular  myosin  heavy  chain  (Monzen  et  al.,  1999; 

Schultheiss et al.,  1997; Shi et al.,  2000).   Because BMP4 is involved in many aspects of 

development,  the  BMP4-null  mouse  dies  by  E6.5  (Winnier  et  al.,  1995).   Conditionally 

knocking out BMP4 under the Nkx2.5 promoter yields mice with an unseptated outflow 

tract (Liu et al., 2004).  The BMP2-null mouse is also embryonic lethal, with mice dying at 

E8.5 due to cardiac development delays (Zhang and Evans, 1996) and impaired neural crest 

migration (Correia et al., 2007).  In chick, both BMP4 and BMP2 are present in the outflow 

tract (Somi et al., 2004), and BMP2 induces secondary heart field explants to differentiate as 

myocardium (Waldo et al., 2001).

Interactions  between  Shh  and  BMP  signaling  pathways  have  been  previously 

observed during development.  In the limb mesenchyme, BMP2 signaling is up-regulated in 

response to exogenous Shh (Yang et al., 1997).  Shh can also down-regulate BMP4 in the 

limb mesenchyme, and this process is thought to occur through Tbx3 (Tumpel et al., 2002). 

Conversely, application of BMP2 to chick feather germs down-regulates Shh expression, and 

application of the BMP2 inhibitor noggin up-regulates Shh expression (Harris et al., 2002). 

Interestingly, cerebellar granular neuron precursors (CGNPs) that are co-cultured with both 

Shh and BMP2 show decreased proliferation in comparison with CGNPs that are treated 

with Shh alone.  Specifically, BMP2 down-regulates Shh target n-myc, and this decrease is 

seen before changes are seen in other Shh targets, such as Gli1 (Alvarez-Rodriguez et al., 

2007).   In addition,  this  ability  to inhibit  proliferation is  independent  of BMP2’s  role in 

promoting proliferation.

Based on these studies, I questioned whether BMP signaling was altered after SAG 
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treatment and how the secondary heart field would behave in response to increases in both 

pathways.  In the presence of SAG alone, secondary heart field explants proliferated more 

than control explants, as expected.  When co-treated with SAG and BMP2, explants then 

behaved like BMP2-treated explants; proliferation was unchanged as compared to controls, 

and myocardial differentiation increased.  These changes were consistent after both 24 and 

48  hours  of  culture  and  suggest  that  BMP2  functions  to  inhibit  secondary  heart  field 

proliferation  and promote  myocardial  differentiation.   Because  the  secondary  heart  field 

serves as a progenitor pool that must generate sufficient myocardium and smooth muscle to 

form  the  arterial  pole,  BMP2 balances  the  Shh-induced  proliferation,  ensuring  that  the 

secondary heart field  does not overproliferate.

I  have  shown that  BMP2 and Shh exert  opposing  effects  to  maintain  a  specific 

region of proliferation within the secondary heart field.  When hedgehog signaling is up-

regulated, the secondary heart field temporarily stops responding to BMP signaling, allowing 

it to overproliferate.  However, up-regulated hedgehog signaling may be responsible for the 

subsequent  increase  in  BMP  signaling,  which  in  turn  inhibits  the  hedgehog-induced 

proliferation and induces ectopic myocardium.  Compared to embryos with down-regulated 

hedgehog signaling, the defects observed in the mature hearts of SAG-treated embryos are 

much milder.  SAG-treated embryos only exhibit stenosis of the arterial pole.  Further work 

will be necessary to determine how the Shh and BMP pathways work together to promote 

normal arterial pole development.
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6. Conclusions
As the outflow tract is added and remodeled to form the arterial pole, a series of 

events must be carefully orchestrated.  The secondary heart field proliferates sufficiently to 

provide both myocardium and smooth muscle to the arterial pole.   Then, cardiac neural 

crest-derived cells migrate into the outflow tract cushions to form the outflow tract septum. 

Together, these events allow for divided circulation in higher vertebrates.

Sonic  hedgehog (Shh)  is  one signaling  pathway that  regulates  these events.   Shh 

promotes proliferation within a subset of the secondary heart field, and this proliferation is 

essential for normal development.  Recent work has shown that the secondary heart field 

expresses  the  stem  cell  factor  Kit  (L.  Dyer,  unpublished  results)  and  that  a  subset  of 

secondary heart field cells  undergo asymmetric  cell  division (M. Hutson,  in preparation). 

These new data suggest that Shh is the factor that maintains proliferation within secondary 

heart field stem cells.

Down-regulating hedgehog signaling reduces the secondary heart field proliferation, 

and the  pulmonary  outlet  is  particularly  affected.   Shh is  upstream of  the  left-restricted 

transcription factor Pitx2c in the early lateral plate mesoderm (St Amand et al., 1998) and is 

restricted to the left side of the secondary heart field (Campione et al., 2001; Campione et al., 

1999; Liu et al., 2002; Nowotschin et al., 2006).  In addition, the sub-pulmonic myocardium 

expresses semaphorin 3C (Theveniau-Ruissy et al., 2008), while the sub-aortic myocardium 

expresses  the  transgene  96-16  (Bajolle  et  al.,  2008).   Interestingly,  semaphorin  receptor 

neuropilin 2 is down-regulated throughout the outflow tract of a conditional Smoothened 

knockout under the Isl1 promoter (Lin et al.,  2006).  Together, these expression patterns 

suggest that there are intrinsic differences in aortic and pulmonary myocardium and that Shh 
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may have a specific role in the pulmonary myocardium.  These results, however, also leave 

open the question of how and why Shh would be upstream of both a left-sided factor, 

Pitx2c, and a receptor that is expressed throughout the entire outflow tract but responds to 

right-sided semaphorin 3C.

Despite  the  lack  of  pulmonary  myocardium in  cyclopamine-treated embroys,  the 

cardiac neural crest still septates the outflow tract, albeit into unequal outlets.  At HH 14, 

when  cyclopamine  was  applied,  the  cardiac  neural  crest  is  migrating  into  the  caudal 

pharyngeal arches.  Apoptosis is observed in the caudal pharyngeal arches at HH 16, and 

subsequent pharyngeal arch artery remodeling is disrupted.  These data suggest that either 

the pharyngeal arches directly require hedgehog signaling or that the cardiac neural crest cells 

require hedgehog signaling  in the arches.   Previous work has shown that not all  cardiac 

neural crest cells express Shh receptor Ptc1 (Washington Smoak et al., 2005), which supports 

the hypothesis that there is a subpopulation of cardiac neural crest that is independent of 

hedgehog signaling and could form a septum in cyclopamine-treated embryos. 

In comparison to down-regulating hedgehog signaling,  up-regulating it  has only a 

mild effect on secondary heart field proliferation in vivo.  BMP signaling quickly up-regulates 

in response to the up-regulated hedgehog signaling, and the BMP pathway can then inhibit 

hedgehog-induced proliferation.  This effect is only observed in vivo, where the outflow tract 

can  provide  the  necessary  BMP  signaling;  in  vitro,  up-regulating  hedgehog  signaling 

dramatically  and  significantly  up-regulates  secondary  heart  field  proliferation.   Together, 

these data point to the need for more complex in vitro models.  Current work is focused on 

co-cultures of secondary heart field  explants  with pharyngeal  endoderm or outflow tract 

explants to determine whether the  in vivo results can be better predicted using these more 
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complex culture systems.

One exciting aspect of the mild phenotype exhibited by embryos with up-regulated 

hedgehog  signaling  is  the  amazing  plasticity  that  the  embryo  exhibits.   The  embryo 

apparently  compensates  for  this  disruption  in  hedgehog  signaling  by  simply  tweaking 

another pathway.  In contrast, up-regulated hedgehog in children and adults is associated 

with cancer (as recently reviewed in Arsic et al.,  2007); this ability to adapt is lost during 

maturation.  Addressing the differences between embryos and adults may help elucidate the 

differences between normal development and abnormal, malignant growth.

By teasing apart both the specific role of Shh in the secondary heart field and how other 

pathways  can  regulate  its  behavior,  this  work  contributes  to  a  better  understanding  of 

congenital heart defects.  In addition, it may help elucidate differences between the dynamics 

of embryonic development as compared to adult homeostasis and when that homeostasis is 

disrupted, such as in cancer.

This study has some limitations.  First and foremost, these studies utilized a chemical 

approach to manipulating the hedgehog pathway.  Both cyclopamine and SAG directly target 

the  transmembrane  protein  Smoothened,  which  is  downstream  of  multiple  hedgehog 

ligands.   However,  microarray  analysis  of  murine  secondary  heart  field  and  pharyngeal 

endoderm explants performed in our lab did not detect either Indian or desert hedgehog, 

suggesting that neither of these additional hedgehog ligands is involved in secondary heart 

field  development.   In addition,  the desert  hedgehog-null  mouse lives  to adulthood and 

displays  only  neurological  defects  (Umehara  et  al.,  2006),  and  the  Indian  hedgehog-null 

mouse dies either embryonically due to yolk sac defects or at birth due to respiratory failure 

(St-Jacques et al., 1999).  Neither mouse has provided any evidence that these two hedgehog 
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signals are involved in heart development.

Another  caveat  of  this  chemical  approach  is  that  it  does  not  tease  apart  the 

intracellular  mechanism through which Smoothened is signaling.   Recent evidence shows 

that Smoothened can up-regulate Notch signaling via Hes1 in a multipotent mesodermal cell 

line and that this up-regulation is independent of the canonical Notch pathway (Ingram et 

al.,  2008).  In addition, disrupting Smoothened can down-regulate Wnt signaling in colon 

cancer cells  (Arimura et  al.,  2009).   The work presented in Chapter 5 indicates  that  up-

regulating  the  hedgehog pathway may lead to up-regulated BMP signaling;  however,  the 

timing of this up-regulation suggests that it is not a direct effect of Smoothened on the BMP 

pathway.  Additional work is necessary to determine whether other pathways, such as Notch, 

have been affected by the changes in hedgehog signaling specifically in the secondary heart 

field.

In  the  chick,  other  mechanisms to down-regulate  the  hedgehog pathway include 

electroporation of either a dominant negative Ptc1 or Ptc2 construct or RNAi against Sonic 

hedgehog or the Ptc1 and Ptc2 receptors.  Examining the individual effect of each receptor 

would help distinguish whether the two receptors had a different effect on the secondary 

heart field, and specifically knocking down Sonic hedgehog would avoid the complication of 

other hedgehog proteins.  Electroporation could also be used to add Sonic hedgehog mRNA 

to up-regulate the  pathway.   However,  transfection efficiency  may vary from embryo to 

embryo (Funahashi and Nakamura, 2008).

Genes can also be expressed in chick by injecting them with an adenovirus.  The 

replication-deficient adenovirus RSV can be driven by a CMV promoter that is specific to 

outflow tract myocardium and promotes robust expression the downstream gene within 12 

108



hours of application (Fisher and Watanabe, 1996; Watanabe et al.,  1998).   However, this 

promoter  is  restricted to differentiated myocardium as  opposed to secondary  heart  field 

mesoderm and could not be used to manipulate signaling in the target tissue.

Another way to manipulate the hedgehog pathway would be through an antibody 

against  Sonic  hedgehog.   This  technique  would  specifically  target  Sonic  hedgehog, 

independent of the other hedgehog proteins.  However, very little is known about how this 

antibody and the kinetics of how it would down-regulate signaling (Kolesova et al., 2008), 

making it even more difficult to use with confidence than the small molecular effectors.

Thus,  while  there  are  caveats  to  the  method  in  which  hedgehog  signaling  was 

disrupted, the hedgehog agonists and antagonists provide a robust method to alter hedgehog 

signaling both in vitro and in vivo.  These chemicals allow for both dose- and time-dependent 

application, providing a degree of flexibility that would be difficult to achieve with transgenic 

mice.

Through up- and down-regulating  the hedgehog pathway in chick,  I  have clearly 

demonstrated Sonic hedgehog’s role in the secondary heart field.  Sonic hedgehog is essential 

for maintaining proliferation in a subset of the secondary heart field, and this proliferation is 

balanced  by  other  signaling  pathways,  such  as  BMP.   When  secondary  heart  field 

proliferation is carefully maintained, the arterial pole forms normally.  Either increasing or 

decreasing  proliferation  within  the  secondary  heart  field  results  in  arterial  pole  defects. 

These alterations may be directly related to congenital heart defects, such as Tetralogy of 

Fallot,  and  future  work  may  address  how  to  prevent  such  defects  during  human 

development. 
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