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Scientific advances depend on the intersection of
talent,tools and ideas.Some of these elements can be
designed. Others depend upon fortuitous events,
the vision of clinical leaders and the resources that
bring together a critical mass of individuals. Such
has been the parallel histories of clinical pediatric
cardiology and cardiac development.

Pediatric cardiology has evolved from despair and
autopsy to fetal diagnosis and early surgical inter-
vention, and infant survival has increased from 50%
to more than 95%. As senior cardiologists, we now
care for patients in their fifth and sixth decades of
life, but still the question remains: what caused my
child's heart defect?

The modern era of cardiovascular development
arose in the 1970s simultaneously in centers of excel-
lent clinical care. Clinicians recognized that under-
standing normal development would eventually
lead to defining etiology and prevention. So, in
Japan, the Netherlands, Switzerland and the USA,
scientists focused the tools of modern biology on the
problem of heart development.

This new generation of scientists was in many
ways isolated because there was no established venue
to meet and share ideas and respond to the construc-
tive criticism of colleagues. Enter the catalyst:
Atsuyoshi Takao MD.

Dr Takao assembled the leaders of science and
pathology for 4 days of intensive interaction. The
meetings were nearly magical in the stimulating 
atmosphere of science happening in real time. The
published proceedings became standard references
for collaborators and scientific techniques. The
Takao Conference is now the longest running venue
bringing together senior scientists who focus on car-
diovascular development.

This volume is a worthy successor to the tradition
of the Takao Meeting publications.For the neophyte
and the senior scientist, the range of topics from
situs and looping to exploratory genetic analysis
covers the field comprehensively.

Evolution rewards success with longevity. For
those of us long-of-tooth, gratification lies in the
geometric growth of the field,a complexity of analy-
sis and the early success in prevention. Cardiovascu-
lar development is now a well-established and highly
valued scientific discipline attracting new genera-
tions who will be our successors. We trust that you
the reader will join us in the appreciation of this ded-
icated work that advances understanding of normal
and abnormal heart development.

Atsuyoshi Takao
Edward B. Clark
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Milan Šamánek
Kardiocentrum
University Hospital Motol
Prague, Czech Republic

Libor Skarka
Center for Experimental Cardiovascular Research and
Institute of Physiology
Academy of Sciences of the Czech Republic
Prague, Czech Republic

Eric M. Small
Department of Cell Biology and Anatomy
University of Arizona College of Medicine
Arizona

Yan Song
Molecular Cardiology Laboratory
Cardiology Division
Department of Medicine 
Weill Medical College of Cornell University
New York, NY

Deepak Srivastava
Departments of Pediatrics and Molecular Biology
University of Texas Southwestern Medical Center
Dallas, TX

Shekhar Srivastava
Departments of Pediatrics
Physiology and Neuroscience and Pharmacology
New York University School of Medicine
New York, NY

Paul Steendijk
Department of Cardiology
Leiden University Medical Center
Leiden, The Netherlands

Sandra Stekelenburg-de Vos
Department of Obstetrics and Gynecology
Erasmus Medical Center
Rotterdam, The Netherlands

Henry M. Sucov
Department of Cell and Neurobiology
Institute for Genetic Medicine
University of Southern California
Los Angeles, CA

Yukiko Sugi
Department of Cell Biology and Anatomy and Cardiovascular
Developmental Biology Center
Medical University of South Carolina
Charleston, SC

Yoshihiko Suzuki, MD
Division of Internal Medicine
Saiseikai Central Hospital
Tokyo, Japan

Eric C. Svensson
Department of Medicine
Section of Cardiology
University of Chicago
Chicago, IL

Gyorgyi Szebenyi
Department of Anatomy
University of Wisconsin Medical School
Madison,WI

Tetsuro Takamatsu
Department of Pathology and Cell Regulation
Kyoto Prefectural University of Medicine
Graduate School of Medical Science
Kyoto, Japan

Takeshi Takami
Pediatric Cardiology
The Heart Institute of Japan
Tokyo Women's Medical University
Tokyo, Japan



Contributors xxiii

Atsuyoshi Takao
Department of Pediatric Cardiology
Division of Genomic Medicine
Tokyo Women's Medical University
Tokyo, Japan

Kimiko Takebayashi-Suzuki
Department of Cell Biology
Cornell University Medical College
New York, NY

Atsuhito Takeda
Department of Pediatric Cardiology
The Heart Institute of Japan
Tokyo Women's Medical University
Tokyo, Japan

Yoshihiro Takeuchi, MD
Department of Pediatrics
Shiga University of Medical Science
Otsu, Shiga, Japan

Marco Tartaglia
Department of Pediatrics
Mount Sinai School of Medicine
New York, NY

Bernard Thébaud, MD
Vascular Biology Group
Alberta Heart and Stroke Research Centre
University of Alberta
Edmonton, Canada

Robert P. Thompson
Cell Biology and Anatomy
Medical University of South Carolina
Charleston, SC

Kimimasa Tobita, MD
Department of Pediatrics
Cardiovascular Development Research Program
Children's Hospital of Pittsburgh
University of Pittsburgh,
Rangos Research Center
Pittsburgh, PA

Jeffrey A. Towbin
Department of Molecular and Human Genetics
Baylor College of Medicine
Texas Children's Hospital
Houston, TX

Katsuaki Toyoshima
Department of Pediatric Cardiology
The Heart Institute of Japan
Tokyo Women's Medical University
Tokyo, Japan

Shinichi Tsubata
Department of Pediatrics
Toyama Medical & Pharmaceutical University1
Toyama, Japan

Takeshi Tsuda
Jefferson Institute of Molecular Medicine
Department of Dermatology and Cutaneous Biology
Thomas Jefferson University
Jefferson Medical College
Philadelphia, PA

Tohru Tsuji
Department of Pediatrics
Southern Tohoku General Hospital
Kohriyama, Japan

Keiichiro Uese
Department of Pediatrics
Toyama Medical & Pharmaceutical University1
Toyama, Japan

Nicolette T. C. Ursem
Department of Obstetrics and Gynecology
Erasmus Medical Center
Rotterdam, The Netherlands

Maurice J. B. van den Hoff
Experimental and Molecular Cardiology Group
Cardiovascular Research Institute Amsterdam
Academic Medical Center,Amsterdam
The Netherlands

Laura Villavicencio
Hospital Infantil 'Federico Gomez' Mexico City
Mexico City
Mexico

Jian Wang
Institute of Molecular Medicine and Genetics
Medical College of Georgia
Augusta, GA 

Noriko Watanabe
Department of Pediatrics
Shiga University of Medical Science
Shiga, Japan

Sayaka Watanabe
Department of Pediatrics
Toyama Medical & Pharmaceutical University1
Toyama, Japan

Andy Wessels
Medical University of South Carolina
Department of Cell Biology and Anatomy
Cardiovascular Developmental Biology Center
Charleston, SC



xxiv Contributors

Jeannine Wilk
Department of Medicine
Section of Cardiology
University of Chicago
Chicago, IL

Jury W. Wladimiroff
Department of Obstetrics and Gynecology
Erasmus Medical Center
Rotterdam, The Netherlands

D. Woodrow Benson, MD, PhD
Cardiovascular Genetics
Division of Cardiology
Children's Hospital Medical Center
Cincinnati, OH

Xi-Chen Wu, PhD
Vascular Biology Group
Alberta Heart and Stroke Research Centre
University of Alberta
Edmonton, Canada

Huansheng Xu
Department of Pediatrics (Cardiology)
Baylor College of Medicine
Houston, TX

Hiroyuki Yamagishi
Division of Pediatric Cardiology
Department of Pediatrics
Keio University School of Medicine
Tokyo, Japan

Toshiyuki Yamagishi, PhD
Department of Anatomy
Saitama Medical School
Saitama, Japan

Sadamu Yamamoto, PhD
Junior College
Saitama Prefectural University
Koshigayashi
Saitama, Japan

N. Yamashita
Department of Advanced Medical Science
Institute of Medical Science
University of Tokyo
Tokyo, Japan

Yukuto Yasuhiko
Department of Biological Sciences
Graduate School of Science
University of Tokyo, Japan

Takahiko Yokoyama
The Second Department of Anatomy
Kyoto Prefecture University of Medicine
465 Kajii-cho, Kawaramachi-dori
Hirokoji-agaru, Kamikyo-ku
Kyoto 602–0842, Japan

Han Wook Yoo
University of Ulsan 
College of Medicine and Asan Medical Center
Seoul, Korea

Toshimichi Yoshida
Department of Pathology
Faculty of Medicine
Mie University
Tsu, Mie, Japan

Kyoko Yoshida-Imanaka
Department of Pathology
Mie University
School of Medicine
Tsu, Mie, Japan

Masaaki Yoshigi
Department of Pediatrics
University of Utah
Salt Lake City, UT

H. Joseph Yost, PhD
Huntsman Cancer Institute Center for Children
Departments of Oncological Sciences and Pediatrics
University of Utah
Salt Lake City, UT

Stephane Zaffran
CNRS URA 1947
Department of Developmental Biology
Pasteur Institute
Paris, France

X. Zhang
Department of Advanced Medical Science
Institute of Medical Science
University of Tokyo
Tokyo, Japan

Bin Zhou, PhD
Department of Pediatrics (Cardiology)
Vanderbilt University Medical Center
Nashville, TN

Ying-Ying Zhou
Departments of Pediatrics
Physiology and Neuroscience and Pharmacology
New York University School of Medicine
New York, NY



PART 1

Establishing left–right
patterning and
cardiac looping
Editorial perspective

Deepak Srivastava

1

A wide variety of congenital cardiovascular malforma-

tions can be attributed to abnormalities in the process

of cardiac looping that leads to proper alignment of in-

flow and outflow tracts. This essential step of morpho-

genesis is intimately related to signaling pathways that

establish the proper direction of cardiac looping and

general embryonic left–right asymmetry. Work from

multiple investigators has begun to reveal the basic un-

derpinnings of left–right determination and its inter-

pretation by the heart. The chapters here describe the

role of vortical, unidirectional nodal flow established

by beating cilia on the surface of the embryonic node.

While the exact mechanism through which unidirec-

tional nodal flow establishes left–right asymmetry re-

mains controversial, evidence is presented to support

the presence for a second non-motile form of cilia in

the node that bends in response to the nodal flow.Upon

bending, these “sensory” cilia trigger a calcium-

dependent signaling cascade within nodal cells, which

somehow may result in the asymmetric left–right gene

expression. In a subsequent chapter a potential link to 

a calcium-dependent pathway is provided by the 

observation that the inv gene product can interact 

with calmodulin. A transcriptional link between the

left–right signaling pathways and the events of mor-

phogenesis at the organ level is described by analysis of

mice lacking isoforms of Pitx2, a transcription factor

that is left–right asymmetric and subsequently is ex-

pressed in distinct regions of the forming heart.Finally,

evidence for an even earlier event in Xenopus involving

differential phosphorylation events in individual left

and right-sided cells is provided suggesting that

left–right determination may occur prior to ciliary-

mediated nodal events. Through diverse approaches

using multiple model organisms, remarkable progress

has been made in understanding the events linking

early embryonic left–right decisions to signaling and

transcriptional pathways that impinge on normal 

cardiac morphogenesis.





Construction of the vertebrate heart requires cell
migration and cell invasion from several regions in
the embryo. Precardiac mesoderm cells migrate ex-
tensive distances during gastrulation to reach the
heart-forming region at the ventral midline,1 where
they begin expression of cardiac-specific genes.Car-
diac neural crest cells arrive from the dorsal neural
tube to invade the outflow tract and,in the case of ze-
brafish, to form cardiomyocytes in the atrium and
ventricle.2 Proepicardial cells migrate across the sur-
face of the forming heart to participate in the devel-
opment and patterning of coronary arteries and
conduction system.3 Epithelial to mesoderm trans-
formation causes cells to migrate and to invade ex-
tracellular matrix in order to form cardiac cushions
and valves.4 In all of these examples, the nature of
these cells after migration, including their gene ex-
pression patterns, cell shapes, and cellular physiol-
ogy,are remarkably distinct from their premigratory
states. This suggests that migrating cells receive 
patterning information during the process of mi-
gration. It is possible that patterning information is
encoded in molecules embedded in the “microenvi-
ronment,” the extracellular matrix and surfaces of
other cells that are contacted by migrating cells.
Because the interactions of migrating cells with 
microenvironments are fleeting, in most cases it is
technically challenging to study cell decisions 
during the act of migration, or to delineate the 
information-bearing molecules that are embedded
in the path of cell migration. Often the best 
alternative is to manipulate these interactions 

and assess the downstream developmental 
defects.

Embryos from the amphibian Xenopus laevis are
uniquely suited for experimental manipulations of
cell–cell and cell–matrix interactions. We can assess
the interactions of mesoderm cells that migrate dur-
ing gastrulation, including lateral plate and precar-
diac mesoderm, with microenvironments that are
established on the surface of embryonic ectoderm
cells (Fig.1.1).Results from ectoderm cell transplan-
tation experiments suggest that the basal surface of
ectoderm, or matrix deposited by ectoderm, is nec-
essary for normal left–right pattering of mesoderm
that contacts the ectoderm during migration in 
gastrula stages.5 These transplantations cause a 
localized perturbation of extracellular matrix,so that
fibronectin matrix on the surface of transplanted
cells is disrupted while matrix in the surrounding
field of cells is normal. Fate-mapping indicates that
mesoderm cells that migrate across the transplanted
cells and the denuded matrix are deficient in left–
right patterning, whereas neighboring mesoderm
cells that migrate across adjacent untransplanted 
ectoderm have normal patterning. These results
suggest that the microenvironment established by
ectoderm cells is necessary for transmitting left–
right patterning to migrating mesoderm.5 Perturba-
tion of the entire ectoderm matrix, by inhibiting 
fibronectin deposition or by heparinase digestion 
of cell-surface and extracellular heparin sulfate 
proteoglycans (HSPGs), results in randomization of
left–right patterning in all migrating mesoderm5.

CHAPTER 1

Microenvironment provides
left–right instructions to migrating
precardiac mesoderm

H. Joseph Yost

1
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4 PART 1 Establishing left–right patterning and cardiac looping

The next challenge was to identify which family of
HSPGs is involved in left–right patterning. Syn-
decans are single-pass transmembrane HSPGs that
have multiple glycosaminoglycan (GAG) attach-
ment sites on the extracellular surface and highly
conserved serine-phosphorylation sites and a PDZ-
protein binding domain on the intracellular side.
The observation by Amy Teel that syndecan-1 and
syndecan-2 mRNAs are sequestered during oogene-
sis to the side of the egg that gives rise to ectoderm,
and that syndecans are expressed exclusively in 
ectoderm cells during gastrulation, made them 
likely candidates.7 Ken Kramer then took on the
challenge to test the functions of syndecans in early
development.

Using the ability to microinject specific lineages in
the ectoderm or mesoderm, including exclusively
left or right sides,either RNA that encodes dominant
negative syndecans or antisense morpholinos to
block translation of endogenous syndecan RNA, we
found that ectodermal syndecan-2 is essential for
the transmission of left–right information from 
ectoderm to migrating mesoderm (Fig. 1.2).8

Syndecan-2 is phosphorylated on in right ectoderm
and not in left ectoderm.9 Strikingly, a phospho-
mimetic mutant form of syndecan-2 acts as a domi-
nant negative when expressed on the left side, where
endogenous syndecan is not phosphorylated, and
has no effect when expressed on the right side,where
endogenous syndecan is normally phosphorylated.
Conversely, a syndecan-2 mutant that cannot be
phosphorylated has a dominant-negative effect
when expressed in right, but no effect when ex-
pressed in left ectoderm, where endogenous 

Blastocoel

Dorsal

A. 32-cell B. blastula

Vegetal

AnimalVentral

L R

L R

Fig. 1.1 Migrating mesoderm contacts microenvironment
on ectoderm surface. (A) 32-cell embryos can be injected
into specific left or right side cell lineages with molecules
that alter gene expression in that lineage. (B) At the blastula
stage, the embryo is a ball of cells with an internal
extracellular space (blastocoel). The animal cap ectoderm
cells express syndecan-1 and syndecan-2 and form a
fibronectin extracellular matrix on the basal surface.
Mesoderm cells at the equator invade the blastocoel and
migrate on the basal surface of ectoderm cells during
gastrulation. The dark patch is representative of a clone of
ectoderm cells injected at the 32-cell stage (as in A).
Targeted alterations of gene expression in clones of
ectoderm cells, or injections of reagents into the blastocoel
which modify cell surface or extracellular matrix, are used to
alter the microenviroment of the migrating mesoderm cells.
Similarly, mesoderm cells can be injected to alter
downstream signaling pathways in migrating cells. Adapted
from ref. 5.

PP

LEFT RIGHT

PKCg

Ectoderm

Mesoderm

PKCg

Fig. 1.2 PKC-gamma and syndecan-2 in left–right
development. Syndecan-2 is asymmetrically phosphorylated
in gastrula, as revealed by a phosphospecific anti-syndecan-
2 antibody. This phosphorylation is dependent on PKC-
gamma and drives inside-out transmission of left–right

information from ectoderm to migrating mesoderm during
gastrulation. The LR information transduced through
syndecan-2 leads to asymmetric patterning of the
mesoderm. Adapted from refs 8 and 9. 

Inhibition of HSGP synthesis before and during
mesoderm cell migration blocks subsequent cardiac
tube looping,but inhibition of HSPG synthesis after
mesoderm migration had no effect on heart loop-
ing.6 Together, these results suggest that HSPGs are
involved in the transmission of left–right informa-
tion from ectoderm to migrating mesoderm.
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syndecan-2 is not phosphoryl-ated.9 This indicates
that both “phospho-states” of syndecan-2, phos-
phorylated on the right and not on the left,are essen-
tial for normal left–right development. Injection of
activated receptors in mesoderm identified down-
stream signaling pathways that function in migrat-
ing mesoderm. Results with pharmacological
inhibitors, morpholinos and dominant-negative
constructs against several PKCs indicate that PKC-
gamma is necessary for the phosphorylation of
syndecan-2 in right-sided ectoderm.9

The next question is what initiates the asymmet-
ric activity of PKC-gamma activity? PKC-gamma
RNA and protein seem to be symmetrically distrib-
uted along the left–right axis. Members of this con-
ventional family of PKCs (alpha, beta, and gamma)
are sensitive to diacylglycerol (DAG) and intracellu-
lar calcium pathways.10 There is a barrier in gap-
junctional communication between the left and
right side of the animal cap during blastula stages,11

and experimentally enhancing junctional connec-
tions between these cells can perturb left–right 
development.12 Right animal cap blastomeres have 
a higher transient level of H+/K+ ATPase maternal
RNA, which might establish a transient membrane
voltage potential that is asymmetric between left and
right cells.13 This suggests that a transient spike in
membrane voltage in right blastomeres is shared
through junctional connections on the right but
cannot be transmitted to the left side.From these ob-
servations,we propose that a transient spike in activ-
ity that is dependent on junctional communication,
such as intracellular calcium or components of the
DAG pathways, drives the asymmetric activity of
PKC-gamma.14 One of the next steps will be to assess
whether these events in blastula-stage embryos,
or pathways initiated as early as fertilization,15,16

are linked to the asymmetric phosphorylation of
syndecan-2 by PKC-gamma. An understanding 
of the genetic and embryological mechanisms of
left–right development in vertebrate models sys-
tems is leading to new classifications of laterality
phenotypes, which will be instrumental in the dis-
covery of the genetic basis of complex congenital
heart defects in humans.
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Mouse inv (inversion of embryonic turning) muta-
tion was discovered in a family of transgenic mice
carrying tyrosinase minigenes.1 This mouse is
unique since most of homozygous mice show a 
consistent reversal of the left–right asymmetry.
The left-side expressions of nodal, lefty and PitX2
genes are reversed in the inv mutant, indicating 
that inv acts upstream of these genes.2,3

Integration of tyrosinase minigenes in the inv
mutant accompanies a large genomic deletion that
removes an internal portion of a novel gene,4 which
encodes 1062 amino acids containing 15 tandem re-
peats of the ankyrin motif and two nuclear localiza-
tion signals.4,5 The deletion abrogates all but the first
91 amino acids of the encoded protein.4 Intro-
duction of the gene can rescue all the phenotypes 
associated with the inv mutant, demonstrating 
that the disrupted gene is the inv gene.4

Vortical movement of node cilia creates an extra-
cellular flow directing from right to left.6 This flow 
is proposed to create the left–right gradient of a 
hypothetical molecule, which in turn activates
downstream cascades to establish the left–right
asymmetry. Mutants lacking node cilia cannot pro-
duce this flow and thus show randomization of the
body situs.6 Although node cilia are present in the
inv mutant, the nodal flow is turbulent. Because of
this abnormal slow flow in the inv mutant, the hypo-
thetical molecule is speculated to activate at the right
side before it reaches the left side.7 However, a recent
report shows that slow node flow does not affect
body situs. What is critical for determining body
situs is the direction of the node flow.8 Thus, it re-
mains to be elucidated why body situs is inverted in
the inv mutant.

As a first step to understand the function of the inv
protein in the establishment of the left–right asym-
metry, we searched molecules interacting with inv
protein using a yeast two-hybrid assay. A clone that
potentially binds inv protein is calmodulin.9 A
search in the inv protein sequence found two IQ mo-
tifs lying at amino acids 554–576 (named IQ1) and
913–935 (named IQ2). To confirm that inv protein
binds calmodulin at these sites, we generated several
GST–inv fusion proteins. We examined interaction
between GST–inv fusion proteins and calmodulin
by a gel overlay assay. GST–inv fusion proteins that
contained either the IQ1 or IQ2 site could bind
calmodulin, but a fusion protein lacking the IQ
motif could no longer bind calmodulin. Calmod-
ulin is a Ca2+ binding protein conserved among
species and involved in a variety of cellular calcium-
dependent signaling pathways.10 Calcium regulates
interaction between calmodulin and target proteins,
and so calmodulin acts as a calcium sensor.

Our next step was to find out whether calcium
regulated calmodulin–inv protein interaction. We
focused on the IQ2 site, since inv mRNA injection
into Xenopus embryos showed that the IQ2 site is
critical for its function, as described below. We un-
dertook two experiments. The first was a gel overlay
assay. Membranes, onto which GST–inv fusion pro-
teins were transferred, were incubated with biotiny-
lated calmodulin in a buffer containing or excluding
calcium,and then incubated with avidin-conjugated
peroxidase. The complex was visualized with an 
enhanced chemiluminescence (ECL) system. The
second experiment was precipitation of the 
calmodulin–inv protein complex using magnet
beads.Partially purified GST–inv fusion protein was
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digested with PreScission protease and mixed with
biotinylated calmodulin. The inv protein–calmod-
ulin complex was mixed with avidin-conjugated
magnetic beads and collected with a magnet,
electrophoresed, and then transferred onto PVDF
membranes.Membranes were hybridized with anti-
inv antibody and visualized with an ECL system.
Both assays demonstrated that interaction between
calmodulin and the IQ2 site was facilitated in a 
low calcium concentration, whereas interaction 
was somewhat inhibited in a high calcium 
concentration.

To know if inv has a role in the establishment of
left–right asymmetry in Xenopus,we injected mouse
inv mRNA into the right blastomere in two-cell stage
Xenopus embryos, which showed high percentages
of reversed cardiac orientation.Contrarily, injection
of mouse inv mRNA into the left blastomere had no
significant effect. Expression patterns of nodal and
PitX2 were altered when inv mRNA was injected into
the right blastomere,suggesting that the randomiza-

tion of the cardiac situs induced by the injection
could have resulted from the altered expression of
the nodal and PitX2 genes.

Using this system, we examined the functional
significance of the interaction of inv with calmod-
ulin.We made mouse inv constructs that lacked a re-
gion(s) encoding the IQ motif or various lengths of
the C-terminus. These constructs were used as tem-
plates to generate mRNA for injections into two-cell
stage Xenopus embryos. All mRNA lacking the 
region encoding the IQ2 site failed to randomize
cardiac orientation.

Since the IQ2 site is the target site for inv protein
to bind calmodulin, it is most likely that inv protein
lacking the IQ2 site failed to bind with calmodulin,
which led to the loss of its ability to randomize the
left–right asymmetry. These results indicate that 
inv protein requires calmodulin-binding for its
function in the Xenopus system, and implies that 
the calmodulin-binding form of mouse inv protein
is an active form. Further, the present biochemical

Normal
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2+

LEFTLEFT

Ca
2+

RIGHT

Ca   - CaM
2+

CaM

X-inv1

Left identity

X-inv1

Right identity

mouse inv

Left identityRight identity

Mouse inv  injection

Fig. 2.1 A model explaining the
inv–calmodulin pathway determining
left–right asymmetry in Xenopus
embryos. The model assumes that
Xenopus inv is uniformly distributed in
an embryo, and that calcium
concentration is high in the left side and
low in the right. Xenopus inv (X-inv1)
protein is active when it interacts with
calmodulin, and inactive when it
detaches from calmodulin. Contrarily,
mouse inv protein is active when it
interacts with calmodulin. Interaction
between calmodulin and mouse inv
protein occurs at low Ca2+

concentrations. Mouse inv protein that
binds calmodulin activates a cascade to
establish the left-side identity.
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analysis showed that Ca2+ controls calmodulin–inv
binding, suggesting that Ca2+ is also likely to control
inv activity.

There was a marked difference between the right
and left blastomeres in their response to injected inv
mRNA. Randomization of left–right asymmetry
was induced only when inv mRNA was injected into
the right blastomere, whereas injection into the left
blastomere had no effect.

Figure 2.1 depicts a model explaining these re-
sults. This model hypothesizes that Xenopus inv
is expressed symmetrically and that endogenous
Xenopus inv protein is normally active in the left
blastomere and inactive in the right. An injection of
mouse inv mRNA in the right blastomere induced
aberrant activation of an inv pathway to determine
the left side identity in the right side. In mice, the inv
gene expresses symmetrically (as so far examined).If
Xenopus inv is expressed symmetrically, our results
suggest that a calcium calmodulin system may also
be involved in the establishment of left–right asym-
metry in Xenopus.

The kidneys of inv mice show not only situs inver-
sus but also cysts.1 Polycystin-1 and polycystin-2 are
the products of PKD1 and PKD2, respectively,10,11

genes that are mutated in most cases of autosomal
dominant polycystic kidney disease. Polycystin-2
functions as a calcium channel.11–13 Since Ca2+ regu-
lates calmodulin–inv protein interaction, we have
pointed out a possible connection between poly-
cystins and inv via calcium for cyst formation in kid-
neys and establishment of left–right asymmetry. As
we predicted, mice lacking the PKD2 gene are re-
ported to show randomization of left–right asym-
metry.14 This result strengthens our hypothesis that
polycystins and inv might have the same cascade to
establish left–right asymmetry and cyst formation
in kidneys.

Evidence that the primary cilia are involved in cyst
formation in kidneys has accumulated.15,16 Poly-
cystin-2 localizes in the primary cilium of kidney
cells. Polaris protein localizes in the primary cilium
of kidney epithelial cells. Mice with polaris muta-
tions lack cilia not only in kidney cells but also in
nodes, and show defective left–right asymmetry in
addition to cysts of the kidneys.17

It is possible that polycystins regulate calcium
transition in cilia, which then control inv protein
function. We are presently attempting to elucidate

how inv protein and calcium transition in cilia are
related (Fig. 2.2).
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A critical step during early vertebrate cardiogenesis
is that the straight heart tube bends to the right. For
future modeling of the heart, precision of this bend-
ing is essential for correct orientation of the four
presumptive cardiac chambers, septa,valves,and for
the establishment of connections to the vascular sys-
tem.This rightward bend at the beginning of cardiac
looping is the first detectable morphologic break in
embryonic symmetry. For this reason, looping di-
rection provides a benchmark for misexpression
analyses of laterality genes in left–right axis determi-
nation.1 These studies, however, have provided no
information as to the mechanistic basis of why loop-
ing direction downstream is altered.

Our studies were undertaken to gain a morpho-
logic, mechanistic understanding of heart looping.
We have consistently observed a strong correlation
between the asymmetric expression of protein
flectin in the extracellular matrix and the direction
of looping. Flectin, as we previously reported, is ex-
pressed at higher levels in the left dorsal mesocardi-
um and adjacent myocardial wall than on the right
side during the looping stages.2 We suspected that
the protein may help to elucidate the mechanistic
basis of cardiac bending directionality. With this 
objective misexpression analyses of Pitx2c and CFC
that result in randomization of heart looping direc-
tion were carried out and embryonic hearts were 
assayed for flectin expression. Based upon these 

experiments, we conclude that the sidedness of
flectin protein expression primarily in the dorsal
mesocardium serves as a better indicator of looping
direction than sidedness of Pitx2c gene expression in
the heart.

Flectin was first isolated from the interphotore-
ceptor matrix of the developing chick eye.3 The
6.9 kb message is translated into a protein with a rel-
ative molecular mobility of 250 000 Mr. Flectin is
first expressed in the left lateral plate mesoderm and
only after a delay, in the right.4 As a result of this
left–right delay in the timing of its expression, a left-
sided dominance of flectin protein arises in the 
dorsal mesocardial fold and myocardial wall of
the heart.2 When laterality genes CFC or Pitx2c are 
misexpressed using either retroviral or antisense 
approaches at stage 5 in the chick embryo, looping
direction is randomized.5,6 Misexpression of Pitx2c
or CFC resulted in left-sided Pitx2c expression,bilat-
eral expression, or no expression. In contrast, flectin
expression provided a consistent correlation with
bending direction. Regardless of Pitx2c message
expression in the heart fields, when there is more
flectin in the left myocardial wall/dorsal mesocardial
(DM) fold, then the heart bends normally to the
right. When more flectin is present in the right side,
the heart bends abnormally to the left. When the
left–right difference in flectin expression is nearly
equivalent, the heart tube does not bend. This 
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suggested that laterality genes may be modulating
the timing of flectin synthesis in a left–right manner
by modulation of a parallel pathway that leads to
flectin expression in the heart and dorsal mesocardi-
um. Mechanistically flectin seems to be critical to
looping,because when we perturb flectin using anti-
bodies, looping direction also becomes randomized,
hearts remain unlooped,or cardiabifida occurs.4 The
latter experiments also highlighted the importance
of the matrix asymmetry of the dorsal mesocardial
folds and adjacent myocardial wall for specification
of looping direction specifically in the anterior re-
gion of the heart (Fig.3.1).More recent experiments
indicate that directionality is determined at approxi-
mately the 7- to 8-somite stage [unpubl. obs.].

As the dorsal mesocardium (DM) seems to 
be a critical region for looping (see also ref. 7),
we focused our analyses on this region. The dorsal
mesocardial folds, as well as the fibronectin matrix-
mediated attachment of the endocardium to the
ventral mid-point of the foregut floor anchors the
heart’s position to this embryo midline structure.
Flectin associates with the mid-region by fine, later-
al fibrils emanating from the basement membrane
underlying the myocardium from both the right and
left sides. Thus, any asymmetric stress–strain differ-
ences in the folds would be transmitted to this mid-
region. After looping, flectin remains detectable 
in the myocardium at low levels, is expressed in the
vascular network, and begins to be expressed in
many other developing systems.

Once looping direction is defined anteriorly, the
DM folds are quickly broken down, first in the 

cardiac mid-portion and then spreading rapidly
cephalad and caudad (Fig. 3.2). Because a number 
of matrix molecules colocalize to the DM region [in
prep.], it was expected that possibly matrix metallo-
proteinases (MMPs) would be involved in the break-
down of the folds. This was found to be the case.
MMPs were found localized in the dorsal mesocar-
dial region at the time the DM folds breakdown. To

Fig. 3.1 Dorsal mesocardial (DM) folds of the chick
embryonic heart at stage 12. Ventral view of a normal
dextral looping heart. White arrows, DM folds. More flectin
(white signal) is present in left fold and adjacent myocardial
(Myo) wall, as well as within the cardiac jelly (Cj). Note
endocardial (En) cells approaching ventral floor of the
foregut. L, left; R, right; Fg, foregut; N, notochord. Modified
from ref. 2 with permission from Elsevier Publishers.

Fig. 3.2 Breakdown of the dorsal mesocardium seen in a 20-
somite chick embryo. (A) Black arrow, dorsal mesocardium
just before it breaks. Scale bar = 100 μm. (B) Black arrow
points to the region where the folds have just broken down
to release the attachment of the heart to the foregut

region. Scale bar = 50 μm. (C) Dorsal view of dextral looping
heart. Dark line, dorsal mesocardium with permanent
attachment point shown at caudal end; arrows, direction of
dorsal mesocardium breakdown. FG, foregut; Myo,
myocardium; Endo, endocardium.
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determine whether the MMPs are active during this
period and whether the activity affects heart devel-
opment,MMP activity was inhibited using a general
protease inhibitor. A stage-dependent effect of the
inhibitor was observed. When embryos were ex-
posed after formation of a heart tube, the heart was
no longer able to swing out to the right side away
from the body wall, nor was the bending of the loop
able to deepen,as was seen with control hearts in un-
treated embryos. When sectioned, experimental
hearts revealed that MMP inhibition lead to aber-
rant ventral closure of both the foregut and the heart
tube: both tube formation and looping direction
were perturbed.The extent of perturbation depends
on the timing of exposure in relation to the anterior
posterior developmental progression of heart devel-
opment and the stage of the embryo.

In the course of the above experiments an addi-
tional importance of the dorsal mesocardial area to
the heart became apparent. A permanent, matrix-
mediated, attachment region of the dorsal meso-
cardium remains at the caudal, sinoatrial end of the
tubular heart. After looping in the human embryo,
this region reportedly acts as an important midline
anchor for myocardial and mesenchymal atrial
structures, i.e. for the primary atrial septum, the left
venous valve, and the inferior edge of the right ve-
nous valve.8 The endocardial–endothelial cells with-
in the permanent dorsal mesocardium are thought
to serve as a conduit for the developing pulmonary
vein to reach the primary atrial segment.9 At the
caudal end of the dorsal mesocardial area, MMP 
expression is no longer detected. Thus, this matrix-
defined, metalloproteinase-protected, midline re-
gion continues throughout looping to maintain a
proper alignment of the atrial compartments and
serves as a connection to the pulmonary system.
Thus, the caudal DM region continues as a midline
reference point throughout looping during heart
tube morphogenesis.

Based upon our results from the experimental
manipulations of looping, the following model of
chick heart morphoregulation between stage 9 and
the 16- to 18-somite stage is suggested: asymmetry
in the heart tube and dorsal mesocardium, as exem-
plified by the flectin matrix of the DM and adjacent
myocardial wall, establishes a physical, differential,
left–right tension.As soon as the anterior DM forms
concomitant with the enclosure of the heart tube,

looping direction is specified by the left–right asym-
metric properties of the DM folds. The apparently
more flexible left DM fold remains extended and
closely associated with the left foregut area, and the
left myocardial wall begins to bulge out to form the
outer curvature. Once the dextral looping direction
is established in the anterior part of the heart, this is
maintained owing to constraints of the extraembry-
onic membrane, which is closely associated with the
heart. As the heart tube begins to lengthen with 
the addition of two new segments, the inlet area at
the atrioventricular part of the heart and the outlet
region from the anterior secondary heart field,10 the
bending of the heart tube deepens as metallopro-
teinases aid in the breakdown of the dorsal mesocar-
dial attachment in the mid-portion of the heart
tube. The detachment extends rapidly toward both
ends allowing the heart tube bending to deepen.
Both the cephalic attachment and the permanent
caudal DM attachment areas initially serve as con-
straints on the tube as it is lengthening through the
addition of segments. This would add stress to force
further bending of the heart. Once looping seems 
to be nearly completed, the cephalic attachment is
also broken down. The caudal attachment remains,
serving to anchor the heart and to provide a critical
midline reference for future modeling of the 
post-looped heart.

Acknowledgments
This work was supported by an American Heart 
Association Established Investigator Grant.

References

1 Mercola M,Levin M.Left-right asymmetry determination

in vertebrates. Annu Rev Cell Dev Biol 2001; 17: 779–805.

2 Tsuda T, Philp N, Zile MH, Linask KK. Left–right asym-

metric localization of flectin in the extracellular matrix

during heart looping. Dev Biol 1996; 173: 39–50.

3 Mieziewska K, Szel A, Van Veen T, Aguirre GD, Philp N.

Redistribution of insoluble interphotoreceptor matrix

components during photoreceptor differentiation in the

mouse retina. J Comp Neurol 1994; 345: 115–24.

4 Linask KK, Yu X, Chen YP, Han MD. Directionality of

heart looping: effects of Pitx2c misexpression on flectin

asymmetry and midline structures. Dev Biol 2002; 246:

407–17.

5 Schlange T, Schnipkoweit I, Andree B et al. Chick CFC

controls Lefty 1 expression in the embryonic midline and



CHAPTER 3 Misexpression of upstream laterality genes on downstream mechanisms of heart looping 13

nodal expression in the lateral plate. Dev Biol 2001; 234:

376–89.

6 Yu X, St Amand TR, Wang S et al. Differential expression

and functional analysis of Pitx2 isoforms in regulation of

heart looping in the chick. Development 2001; 128:

1005–13.

7 Taber LA, Lin IE, Clark E. Mechanics of cardiac looping.

Dev Dynamics 1995; 203: 42–50.

8 Wessels A, Anderson RH, Marwald RR et al. Atrial devel-

opment in the human heart: an immunohistochemical

study with emphasis on the role of mesenchymal tissues.

Anat Rec 2000; 259: 288–300.

9 Webb S, Brown NA, Wessels A, Anderson RH. Develop-

ment of the murine pulmonary vein and its relationship to

the embryonic venous sinus. Anat Rec 1998; 250: 325–34.

10 Markwald RR, Trusk T, Moreno-Rodriguez R. Formation

and septation of the tubular heart: integrating the dynam-

ics of morphology with emerging molecular concepts. In:

de la Cruz MV,Markwald RR,eds. Living Morphogenesis of

the Heart. Boston: Birkhauser, 1998: 43–84.



Pitx2 is a paired-related homeobox gene that has a
key role in the control of left–right asymmetric mor-
phogenesis,1 being the final step in a left-sided cas-
cade of gene expression that originates at the node.2

Identified as the gene mutated in Rieger syndrome 1,
Pitx2 also functions in eye, tooth, and abdominal
wall development.3,4 A major feature of complete
loss of Pitx2 function in mouse is right iso-
merism.5–8 Detailed analysis of the role of Pitx2 in
cardiovascular development is, however, complicat-
ed by the embryonic lethality and profound body
distortion of complete Pitx2 nulls.

Pitx2 is expressed as several isoforms: Pitx2c is
asymmetrically expressed, while Pitx2a and Pitx2b
are co-expressed with Pitx2c in symmetrical regions
of the embryo.6,9–11 A fourth Pitx2 isoform, Pitx2d,
has recently been described in humans.12 Pitx2c is
encoded by exons 4, 5, and 6, and uses a distinct pro-
moter from that of Pitx2a and Pitx2b (Plate 1a)2.
Exons 5 and 6, which encode the homeodomain, are
common to all isoforms in mice (Plate 1a). We have
shown that asymmetric morphogenesis of different
organs requires different doses of Pitx2c.9 To study
Pitx2c function free from the complication of loss of
other isoforms, we generated an isoform-specific
knockout.We replaced exon 4 with a PGKneomycin
LoxP cassette (Pitx2 dc neo; Plate 1c). Pitx2 dc neo
mice were crossed to the CMV cre recombinase dele-
tor strain to generate the Pitx2 dc allele.Both Pitx2 dc
neo and Pitx2 dc –/– mutants,obtained at Mendelian

ratios at 18.5 dpc, were born alive but soon became
cyanotic and died.

We have not observed any difference in morphol-
ogy between the Pitx2 dc neo and Pitx2 dc alleles, so
these are not distinguished here. Pitx2 dc mutant
hearts loop correctly to the right (Plate 1k,m,o) and
have normal left located atrioventricular (AV)
canals (Plate 2b), confirming that the left lateral
plate pathway mediated by Pitx2 does not control
the initial asymmetries of the heart. Much of the 
cardiovascular system develops from bilaterally
symmetrical primordia, which are subsequently 
remodeled. These include the aortic arches, the ve-
nous sinuses and their tributaries, and the primary
atrium. All these primordia developed abnormally
in Pitx2 dc mutants, predominantly with a symmet-
rical, right isomeric phenotype (atria shown in Plate
2d). In addition, however, several other regions of
the heart, which do not develop from symmetrical
primordia, were also affected in Pitx2 dc mutants,
suggesting a wider role of the gene, specifically in the
outflow tract (OFT), AV and atrial septums, and in
the ventricles.

Pitx2 dc mutants all have abnormal OFTs, pre-
dominantly with the aortic and pulmonary trunks
transposed (Plate 1e,g,i), associated with double
outlet right ventricle and ventricular septal defects.
At full term,the aortic and pulmonary trunks do not
spiral around each other (Plate 1f,g). This seems to
directly reflect lack of spiraling of the conotruncal
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cushions, which can be observed already at E11
(Plate 1k,m,o). Thus, Pitx2 dc patterns the spatial
arrangement of the cushions, independently of the
morphogenesis of the myocardial wall,which is nor-
mal. Pitx2c may maintain signaling between the 
myocardium and the underlying endothelium,
analogous to its role in epithelial–mesenchymal sig-
naling in tooth organogenesis.7,13 We have shown
that cardiac neural crest cells are not involved in
OFT defects in Pitx2 dc mutants,14 unlike other re-
searchers, who have studied complete Pitx2 nulls.15

At E18.5,Pitx2 dc mutants all display common AV
junctions, with variable septation and commitment
to the left ventricle (Plate 1d,e), and also atrial septal
defects (ASD,Plate 2c,d).Up to E12,both the prima-
ry atrial septum and the dorsal mesocardium (from
which the spina vestibuli is derived, which forms the
broad base of the septum), express Pitx2c, despite
their mid-line location (Plate 2h).The inner curve of
the heart (Plate 2f), and myocardium overlaying the
AV cushions (Plate 2g) also expresses Pitx2c. To 
assess the later contribution of Pitx2c expressing
cells to these, and other, regions we generated a
Cre knock-in allele.

Pitx2 dabccreneo was generated by introducing an
IRES Cre Flt-flanked PGKneomycin cassette into
exon 5 (removing function of all Pitx2 isoforms),
then subsequently removing neo by crossing with a
FLPe deleter strain. When Pitx2 dabccreneo was
crossed with the lacZ Rosa26 reporter strain16 and
embryos were examined between E11.5 and E16.5,
labeled daughter cells were found extensively in the
superior AV cushion (Plate 2m) and the dorsal
mesocardium (Plate 2n). As Pitx2c is never detected
in endocardium, this fate mapping suggests a my-
ocardial source for these lacZ-labeled cells. Cells
have been shown to invade the AV cushion from
overlaying myocardium.17 In compound Pitx2
dabccreneo/Pitx2 dc mutants, there was no staining in
AV cushion mesenchyme (not shown).14 Thus,
Pitx2c may be required for the myocardial invasion
of AV cushion mesenchyme, and lack of this contri-
bution may explain the AV defects observed. An-
other population of Pitx2c expressing cells that 
may invade the AV cushions, however, originates
from the dorsal mesocardium, and this will require
further study.

LacZ staining was detected on both sides of the
OFT tract myocardium at E11.5 (Plate 2j), whereas

gene expression is restricted to the left at E9.5 
and 10.5 (Plate 2e,g), suggesting that Pitx2 daughter
cells move from left to right sides. The distribution
of lacZ-positive cells in the OFT tract in Pitx2
dabccreneo/Pitx2 dc mutant embryos was similar to
that of the wild type (not shown). Thus, although
Pitx2c is expressed in the branchial precursor popu-
lation for OFT myocardium,14,18 it seems that Pitx2
is not required for movement of these cells into the
OFT.

Pitx2c is expressed in right ventricular, as well as
inner curve, myocardium at E10.5 (Plate 2f).10,19 At
later stages, daughter lacZ-labeled cells are found
mostly to the right of the interventricular boundary,
and eventually populate a major portion of this re-
gion (Plate 2i–m). In compound null embryos, this
stained area was much reduced (not shown).14 The
same region is affected in Pitx2c mutants labeled
with a transgene that marks the secondary heart
field,which contributes to the OFT and right ventri-
cle (Plate 2o,p). One interpretation of these data is
that Pitx2 functions in growth of the right ventricu-
lar myocardium. Further experiments are needed to
distinguish between defective movement of precur-
sors into the right ventricle and reduced prolifera-
tion, as has been suggested for other Pitx2 mutant
cells.15
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Looping and myofibrillogenesis

Cardiac looping is the earliest and the most critical
morphogenetic event in the embryonic heart that
determines the shape of the heart. This is also the
first embryonic process that develops the left–right
asymmetry of the body. A couple of decades ago,
various mechanisms were proposed for the looping
process using conventional morphological tech-
niques such as electron microscopy, autoradiogra-
phy,or cell fate mapping.These included differential
regional cell proliferation, asymmetrical myofibril
differentiation and contractility,and differential cell
aggregation patterns.1 Recent advances in develop-
mental biology have explored the molecular me-
chanisms of early cardiac development. Especially,
many transcription factors have been identified that
are essential for the early development of the heart 
as well as for determination of the left–right body
axis. Nkx2.5 is regarded as the most upstream 
cardiac-specific transcription factor for cardiac cell
lineage,2–4 GATA4 and MEF2C are working in 
cooperation with Nkx2.5.3 dHAND and eHAND
are important for right and left ventricular chamber
formation.5 Pitx2, lefty, nodal, and left–right dynein
play important roles during the determination of
the left–right body axis.6 In spite of the accumulat-
ing evidence of the molecular hierarchies of the
transcription factors, the precise mechanism of
the normal cardiac looping process still remains 
uncertain.

Cytoskeletons, extracellular matrix, and cell ad-
hesion molecules have been implicated in the direct
regulation of cellular structure and function such as
cell shape, spreading, polarity, and migration in

vitro.These components also play crucial roles in the
morphogenesis of the multicellular organs. To un-
derstand the mechanism of cardiac looping, it is 
essential to investigate what kind of cytoskeletal
changes are taking place during the looping process
and how these changes influence neighboring cells
and gross morphogenesis. The most drastic cy-
toskeletal change that occurs simultaneously during
looping is myofibrillogenesis. Because myofibrils
are highly organized and contractile cytoskeleton,
we speculated that arrangement of myofibrils deter-
mines the shape of each cardiomyocyte and eventu-
ally influences the looping process as a whole. Using
confocal scanning laser microscopy and optical 
tomographic technique, we have performed 3D 
observations of myofibril formation, cell–cell and
cell–matrix adhesions of whole-mounted chick 
or mouse embryonic heart tube without making
histological serial sections.We found that:
1 from the earliest stages of myofibrillogenesis,
myofibrils in neighboring myocytes interconnected
with one another and constituted network structure
in the outer cells and circumferential alignments at
the bottom of the inner myocardial cell layer;7

2 the alignment of myofibrils developed in associa-
tion with changing cell–cell8 and cell–matrix9,10

adhesions and phosphorylation of tyrosine residue
at the adhesion sites;11

3 inhibition of focal adhesion kinase, which is a
main substrate of tyrosine phosphorylation at the
bottom of the inner cell layer,results in disruption of
the normal looping process [in prep.].

These results indicate that myofibril formation
and organization are dynamically regulated by
cell–cell and cell–matrix adhesions during the 
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looping process and that the circumferential align-
ments of developing myofibrils are crucial for the
normal cardiac looping process.

Since the looping process simultaneously pro-
gresses with the formation and organization of de-
veloping myofibrils, it seems that various kinds of
signaling molecules are working as a linkage be-
tween nuclear transcription factors and cytoplasmic
myofibrils and cell adhesion molecules.We summa-
rize the proposed signaling mechanisms during car-
diac myofibrillogenesis and looping (Plate 3) and
also discuss the possible link between the formation
of myofibrils and transcription regulation.

Specialized structures and
signaling molecules

Focal adhesions and costameres
Focal adhesion is a specialized region of cell–
substrate contact formed by clusters of integrins and
is observed during the early stages of myofibrillo-
genesis in vitro10,12,13 and in vivo.9,11 Focal adhesion 
is responsible for the activation of multiple signal-
transduction systems, providing a mechanism for
the cell–matrix adhesion-dependent regulation of
gene expression for cell growth, migration, survival,
and apoptosis.Clustering of integrins results in acti-
vation of focal adhesion kinase (FAK) and subse-
quent phosphorylation of Src, Cas, and paxillin.
Activation of FAK also, directly or indirectly, pro-
motes mitogen activated protein (MAP) kinases in-
cluding extracellular signal-regulated kinase (ERK),
PI3-kinase and Akt pathway, and small G proteins
Rho, Rac, and Ras.14 Rho has been implicated in
actin polymerization, stress fiber formation, focal
adhesion formation, and myosin light kinase 
phosphorylation.15 Rho has profound effects on
myofibril organization and hypertrophic responses
in cardiac myocytes.16 Inhibition of Rho kinase re-
sults in GATA4 inhibition and cardiac bifida in chick
embryo.17 Rho seems to play crucial roles during
myofibrillogenesis and development of embryonic
heart.

In cardiac myocytes, focal adhesions form a part
of costameres, which are band-like structures link-
ing the Z-band to the sarcolemmal membranes.
Costameres are the primary conduits of the exter-
nally applied or intrinsically generated mechanical

load, and are important sites for signal transduction
between the inside and outside of cells.

Z-bands
Cardiac myocytes rely on Z-bands for the assembly
and maintenance of sarcomeres.18 Z-bands are also
the major sites for subcellular localization of signal-
ing molecules14 such as muscle LIM proteins (zyxin,
alpha-actinin associated LIM proteins). These Z-
band-associated proteins have a dynamic distribu-
tion in cells, suggesting that Z-band is not a part of
sarcomeric structure but an important site for sig-
naling molecules. Muscle LIM proteins (MLPs) are
striated muscle-specific cysteine-rich cytoskeletal
proteins and localize at Z-bands, costameres, and 
intercalated disks. MLPs play a primary role in the
mechanical integrity of the muscle cytoarchitecture
because null mutant mice developed dilated car-
diomyopathy and heart failure. Another interesting
feature of MLPs is that they exhibit a dual subcellular
localization, with protein accumulation in the nu-
cleus at the beginning of muscle differentiation and
later in the cytoplasm as differentiation proceeds.
The ability of skeletal MLPs to interact with a tran-
scription factor MyoD19 has lead to a speculation
that MLPs play a direct role in transcription regula-
tion with Nkx2.5.

Intercalated disks
In cardiac myocytes, intercalated disks are special-
ized structures for cell–cell adhesions. Intercalated
disks consist of clusters of N-cadherin-based adhe-
sion complex including b-catenine.20 Cytosolic b-
catenine also works as a signaling molecule of the
Wnt pathway, which plays an important role during
the early differentiation and survival of cardiomy-
ocytes.21 Since looping and myofibrillogenesis
progress in association with dynamic changes of
N-cadherin-based cell–cell adhesions, b-catenine
might play a significant role as a signaling molecule
and as a part of the cytoskeleton.

Conclusions

Many transcription factors that are essential for
early cardiac development have been identified and
the molecular hierarchy of these proteins is being 
established. In contrast, factors that practically 
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determine cell shape and movement are cytoskele-
tons, cell adhesion molecules, and extracellular 
matrix. Elucidating the interactions between the 
upstream transcription factors and downstream
targets of cytoskeletal and structural proteins will be
a next step of cardiac embryology.

References

1 Manasek FJ. Control of early embryonic heart morpho-

genesis: a hypothesis. Ciba Found Symp 1983; 100: 4–19.

2 Komuro I, Izumo S. Csx: a murine homeobox-containing

gene specifically expressed in the developing heart. Proc

Natl Acad Sci USA 1993; 90: 8145–9.

3 Tanaka M, Chen Z, Bartunkova S, Yamasaki N, Izumo S.

The cardiac homeobox gene Csx/Nkx2.5 lies genetically

upstream of multiple genes essential for heart develop-

ment. Development 1999; 126: 1269–80.

4 Lints TJ, Parsons LM, Hartley L, Lyons I, Harvey RP. Nkx-

2.5: a novel murine homeobox gene expressed in early

heart progenitor cells and their myogenic descendants.

Development 1993; 119: 419–31.

5 Srivastava D, Cserjesi P, Olson EN. A subclass of bHLH

proteins required for cardiac morphogenesis. Science

1995; 270: 1995–9.

6 Yost HJ. Establishment of left–right asymmetry. Int Rev

Cytol 2001; 203: 357–81.

7 Shiraishi I, Takamatsu T, Minamikawa T, Fujita S. 3-D ob-

servation of actin filaments during cardiac myofibrino-

genesis in chick embryo using a confocal laser scanning

microscope. Anat Embryol (Berl) 1992; 185: 401–8.

8 Shiraishi I, Takamatsu T, Fujita S. 3-D observation 

of N-cadherin expression during cardiac myofibrill-

ogenesis of the chick embryo using a confocal laser 

scanning microscope. Anat Embryol (Berl) 1993; 187:

115–20.

9 Shiraishi I, Takamatsu T, Fujita S. Three-dimensional 

observation with a confocal scanning laser microscope 

of fibronectin immunolabeling during cardiac looping 

in the chick embryo. Anat Embryol (Berl) 1995; 191: 183–

9.

10 Shiraishi I, Simpson DG, Carver W et al.Vinculin is an es-

sential component for normal myofibrillar arrangement

in fetal mouse cardiac myocytes. J Mol Cell Cardiol 1997;

29: 2041–52.

11 Shiraishi I, Takamatsu T, Price RL, Fujita S. Temporal and

spatial patterns of phosphotyrosine immunolocalization

during cardiac myofibrillogenesis of the chicken embryo.

Anat Embryol (Berl) 1997; 196: 81–9.

12 Heidkamp MC, Bayer AL, Kalina JA, Eble DM, Samarel

AM. GFP-FRNK disrupts focal adhesions and induces

anoikis in neonatal rat ventricular myocytes. Circ Res

2002; 90: 1282–9.

13 Kovacic-Milivojevic B, Roediger F, Almeida EA et al. Focal

adhesion kinase and p130Cas mediate both sarcomeric

organization and activation of genes associated with 

cardiac myocyte hypertrophy. Mol Biol Cell 2001; 12:

2290–307.

14 Ross RS, Borg TK. Integrins and the myocardium. Circ Res

2001; 88: 1112–9.

15 Etienne-Manneville S,Hall A.Rho GTPases in cell biology.

Nature 2002; 420: 629–35.

16 Hoshijima M, Sah VP, Wang Y, Chien KR, Brown JH. The

low molecular weight GTPase Rho regulates myofibril 

formation and organization in neonatal rat ventricular

myocytes. Involvement of Rho kinase. J Biol Chem 1998;

273: 7725–30.

17 Wei L,Roberts W,Wang L et al.Rho kinases play an obliga-

tory role in vertebrate embryonic organogenesis.Develop-

ment 2001; 128: 2953–62.

18 Borg TK et al. Specialization at the Z line of cardiac 

myocytes. Cardiovasc Res 2000; 46: 277–85.

19 Kong Y, Flick MJ, Kudla AJ, Konieczny SF. Muscle LIM 

protein promotes myogenesis by enhancing the activity 

of MyoD. Mol Cell Biol 1997; 17: 4750–60.

20 Linask KK, Knudsen KA, Gui YH. N-cadherin-catenin 

interaction: necessary component of cardiac cell com-

partmentalization during early vertebrate heart develop-

ment. Dev Biol 1997; 185: 148–64.

21 Nakamura T,Sano M,Songyang Z,Schneider MD.A Wnt-

and beta-catenin-dependent pathway for mammalian

cardiac myogenesis. Proc Natl Acad Sci USA 2003; 100:

5834–9.



Introduction

The extracellular matrix (ECM) interacts with cells
and promotes and regulates cellular functions such
as adhesion, migration, proliferation, and differen-
tiation. The fibulins are an emerging family of ECM
proteins characterized by tandem arrays of calcium-
binding epidermal growth factor (EGF)-like mod-
ules and a common C-terminal globular domain
(Fig.6.1).Five members have been identified to date,
and all, except fibulin-3, have been implicated to
play a role in cardiovascular development.1–7

Fibulin-1 and -2 are more related to each other
because they contain an additional anaphyla-
toxin-like domain, and there is some overlap in 
spatiotemporal expression during cardiovascular
development, especially during the development of
endocardial cushion tissue.8,9 Our recent study indi-
cated that, in addition to cardiac valvuloseptal de-
velopment, fibulin-2 is synthesized by the smooth
muscle precursor cells of the developing aortic arch
vessels and the coronary endothelial cells during
coronary vascular development, suggesting its role
in cell transformation and differentiation.7 Targeted
inactivation of fibulin-1 in mice revealed that fibu-
lin-1 is critical for the structural integrity of the walls
of small blood vessels.10 The biological role of fibu-
lin-2 is currently under intensive investigation in
our laboratory using a gene targeting technique 
to create fibulin-2 null mutant mice. In the follow-
ing, the possible biological roles of fibulin-2 are 
discussed.

Fibulin-2 and endocardial 
cushion tissue

During the development of endocardial cushion tis-
sue in mice, fibulin-2 begins to be synthesized by the
transformed mesenchymal cells upon their expo-
sure to the preexisting cardiac ECM.7 Robust upreg-
ulation of fibulin-2 in the endocardial cushion tissue
is only seen after the presence of mesenchymal cells.
The fibulin-2 protein within the endocardial cush-
ion tissue appears as a fibrillar network structure
connecting proliferating mesenchymal cells and 
endocardial cells, suggesting its possible role in 
facilitating optimal migration, proliferation, and
differentiation of the transformed mesenchymal
cells. Although it has been known that fibulin-2 is a
prominent component of cardiac valves in an adult
heart,9 it is not certain whether fibulin-2 contributes
to the integrity of the valve tissue to any extent.

Fibulin-2 and coronary 
vascular development

Coronary vascular formation involves the following
four processes: (1) migration of endothelial precur-
sors; (2) formation of the endothelial plexus; (3) re-
modeling of the endothelial plexus; (4) growth and
maturation of the coronary vessels.11 Coronary vas-
culogenesis begins in the subepicardial ECM, which
is composed of vitronectin,12 fibronectin, elastin,
and laminin, followed by the deposition of colla-
gens, first type IV and then types III and I.13 Fibulin-
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2 begins to be synthesized by the epicardial cells as
they migrate over the heart, and continues to be ex-
pressed throughout coronary vascular development
(Fig. 6.2). Even in the adult heart, fibulin-2 is active-
ly produced by the coronary arterial and venous 
endothelial cells, and, to a lesser extent, by the 
fibroblasts in the perivascular interstitial tissue, sug-
gesting its role in maintaining vascular homeostasis.

Fibulin-5, recently shown to be essential for elas-
tic fiber formation in skin, lungs,and aorta,14,15 has a
similar spatiotemporal expression pattern to fibu-
lin-2 during cardiac development in mouse embryo
after the heart looping stages (after embryonic day
9.5),5–7 suggesting a common role in stabilizing elas-
tic tissue during vascular development. Unlike fibu-
lin-5, however, expression of fibulin-2 protein is
more restricted to cardiac valves and blood vessels;
fibulin-2 is only expressed in the blood vessels in the
lung or skin tissue.

Fibulin-2 and development of 
the aorta

Fibulin-2 specifically marks the transformed mes-
enchymal cells after their settlement in the basement
membrane of the endothelial tube.7 Robust upregu-

lation of fibulin-2 synthesis takes place immediately
after the attachment of mesenchymal cells onto the
basement membrane of the aortic vessels, which
seems to trigger the rapid proliferation of the mi-
grated mesenchymal cells and gradual differentia-
tion into the smooth muscle cells.7 It is speculated
that the first task facing the precursor cells of vascu-
lar smooth muscle is to produce ECM to assemble
the specific scaffolding to establish a baseline frame
of the future vascular structure.16 The formation of
an alternating structure of elastin layers and smooth
muscle layers in the aortic medical is a complex
process in which fibulin-2 is involved as one impor-
tant element.

Fibulin-2 and wound healing: 
blood vessel formation

Fibulin-2 was reported to be highly sensitive to vari-
ous matrix metalloproteinases17 and to be up-
regulated during wound repair,18 indicating a strong
involvement in tissue remodeling. It has been re-
ported that fibulin-2 is a strong ligand for tropo-
elastin and fibrillin-1, and is localized in the interface
between elastin cores and microfibrils.19,20 This sug-
gests that fibulin-2 plays a role in facilitating tropo-

Fibulin-1

A (0)
B (35)
C (117)
D (137)

Fibulin-3 (S1-5/EFEMP1/T16)

Fibulin-4 (MBP1/EFEMP2/UPH1/H411)

Fibulin-5 (EVEC/DANCE)

RGD

Fibulin-2 (115)
N

RGD
I I I III

Anaphylatoxin-like motif EGF-like motif Fibulin C motif

CC.......C...........C........C C         D(I/N/V)(D/N)EC.....C.....C......G S(F/Y).C..C.........C
Fig. 6.1 Molecular structure of fibulin
family (fibulin-1 to -5).
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Fig. 6.2 (A), (B) In situ hybridization of
fibulin-2 in E11 mouse embryo (A) and in
postnatal day 13 mouse heart (B). (A)
Fibulin-2 is mainly expressed in the
mesenchymal cells in the outflow tract
cushion tissue (arrowheads) and in the
epicardial cells (arrows). (B) Postnatally,
fibulin-2 mRNA expression is
predominantly seen in the coronary
endothelial cells (arrows) and in the
epicardial cells (arrowheads). (C)–(F)
Double-staining immunohistochemistry
in the adult mouse myocardium (3
months old). (C) Fibulin-2 protein
localization outlines the coronary
arterial endothelial cells (arrows), but
not capillary vessels. (D) a smooth muscle
actin (SMA) localization indicates the
presence of arterial smooth muscle
(arrowheads). (E) Fibulin-2 protein is
predominantly seen in the arterial
endothelial cells (arrows), not in the
capillary vessels. (F) PECAM-1 expression
indicates the presence of endothelial
cells, both arterial (arrowheads) and
capillary (arrows). Scale bars = 100 mm.

elastin deposition on the microfibril scaffold mainly
during vascular development. New blood vessel 
formation is a critical step in the wound healing
process.

Possible biological role of fibulin-2

In addition to providing microfibrillar structure in
the extracellular space, fibulin-2 seems to modulate
cell transformation and differentiation during both
embryonic development and the wound healing
process. Fibulin-2 was shown to possess multiple
binding sites to various other ECM molecules in
vitro.19,21 It is the combined effect of all these ECM
molecules including fibulin-2 that regulates tissue
development and tissue homeostasis.
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In recent years there has been a rapid increase in the

number of regulatory proteins that are essential for 

cardiac morphogenesis. In this section,many of the key

transcriptional and signaling pathways are explored

using model systems. An emerging theme from this

body of work is that many regulators often function 

in concert with one another to enact morphogenetic

events. For example, Nkx2.5 and Gata4 can function

together to regulate downstream target genes, as can

Nkx2.5 and Tbx5. Work describing the transcriptional

mechanisms of these key genes,all which have been im-

plicated in human disease, is presented in the series of

chapters here. These and related transcription factors

and signaling proteins seem to be important in specify-

ing regions of the heart, regulating septation, and con-

trolling myocardial proliferation in various contexts.

In addition, regulation of chromatin structure through

the cardiac and muscle-specific factor,Bop, is discussed

as are its consequences on chamber-specific decisions

through the HAND family of transcriptional regula-

tors. The incorporation of multiple different cell types

into the heart and the mechanisms through which

these cells are regulated to give rise to specific portions

of the heart are integrated in this section. A deeper 

understanding of the cellular events governing cham-

ber- and region-specific decisions will be essential to

future approaches to cardiac defects involving such

pathways.





Mutations in human TBX5 cause congenital 
structural abnormalities of the heart and limb in 
autosomal dominant Holt–Oram syndrome.1–3

Holt–Oram syndrome presents as congenital heart
disease in the setting of preaxial radial ray limb 
deformity. Our previous analyses have shown that
TBX5 haploinsufficiency causes human atrial and
ventricular defects as well as abnormalities of my-
ocardial and trabecular structure that reflect cardiac
isomerism.2,4 Missense mutations of specific TBX5
domains have been associated with a greater
predilection for more marked cardiac or limb 
malformations.2

To determine the cellular functions of TBX5 dur-
ing cardiogenesis,we have used replication defective
retroviruses to overexpress wild-type and mutant
human TBX5 isoforms in vitro and in vivo.5 TBX5
overexpression inhibits cell proliferation of D17 ca-
nine osteosarcoma cells and MEQC quail cardiomy-
ocyte-like cells (Fig.7.1). In vivo,we have shown that
TBX5 overexpression in embryonic chick hearts in-
hibits myocardial growth and trabeculation (Plate
4). Echocardiographic studies of viable transgenic
chick embryos in ovo suggest that TBX5 overexpres-
sion diminishes left ventricular function. PCNA
analysis in TBX5 transgenic chick hearts demon-
strates suppression of embryonic cardiomyocyte
proliferation in vivo, and TBX5 growth arrest activ-
ities in vitro and in vivo are, at least in part, noncell
autonomous.Morphologic changes of the ventricles
and myocardial growth arrest as a consequence of
TBX5 overexpression in the developing chick heart

are not necessarily associated with abnormal cham-
ber specification. Immunohistochemical studies to
localize atrial myosin heavy chain demonstrate that
its expression remains restricted to the atria in E15
TBX5 transgenic chick hearts and absent from the
ventricles.5 Similarly, despite evidence that murine
TBX5 can alter mouse atrial natriuretic factor, ANF,
and atrial myosin heavy chain, AMHC1, gene ex-
pression,6–8 our RT-PCR and immunohistochemi-
cal analyses do not demonstrate any significant
change in ANF and AMHC1 expression, respec-
tively, in genetically engineered chick hearts. Strik-
ingly, high levels of TBX5 overexpression achieved
with replication-competent retrovirus does alter
ventricular septal morphology and cardiomyocyte
differentiation of the chick (see Ogura, Chapter 18).
Thus, our model dissociates cell proliferation from
atrial specification. Such dissociation may be a con-
sequence not only of the timing of TBX5 overexpres-
sion intrinsic to distinct experimental designs in the
murine and our chick studies, but may also reflect
differential TBX5 dosage sensitivities for cardiomy-
ocyte proliferation and for cardiomyocyte differen-
tiation even in the chick.

These findings are not limited to avian cardio-
genesis. We have studied TBX5 expression during
growth of mammalian cells as well,and these studies
of nongenetically manipulated tissues suggest 
physiologic regulation of TBX5 during cell prolifer-
ation.For instance, the cardiac-derived rat H9c2 cell
line grows as myoblasts in culture and ultimately
ceases proliferation and differentiates into myotubes.

CHAPTER 7

TBX5 regulates cardiac cell behavior
during cardiogenesis

Cathy J. Hatcher, Min-Su Kim, David Pennisi,Yan Song,
Nata Diman, Marsha M. Goldstein, Takashi Mikawa,
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Fig. 7.1 Paracrine effect of TBX5 isoform expression on 
D17 osteosarcoma and MEQC ‘cardiomyocyte-like’ cell
proliferation. (a) Change in MEQC cell number over a 3-day
assay period after 48 h of infection with CXIZ retrovirus
containing TBX5 expressing isoforms. Wild type TBX5 and
DASN198FSter-TBX5 overexpression both markedly
decrease cell number compared with cells infected with
CXIZ retrovirus alone whereas G80R-TBX5 does not
significantly alter MEQC proliferation. Similar data were
obtained with D17 osteosarcoma cells. (b) Change in cell

number of uninfected D17 and MEQC cells after 3 days of
co-culture with cells infected with CXIZ retrovirus
containing TBX5 expressing isoforms. Co-culture with wild
type TBX5 and DASN198FSter-TBX5 overexpressing cells
both markedly decrease MEQC and D17 cell number
compared with cells infected with CXIZ retrovirus alone
whereas co-culture G80R-TBX5 does not significantly alter
cell proliferation. Thus, TBX5 growth inhibition is non-cell
autonomous.
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Comparison of TBX5 expression in cultures of H9c2
cells reveals that although proliferating H9c2 
myoblasts do not express TBX5, nonproliferating
myotubes have activated TBX5 expression (Fig.7.2).
Liberatore and colleagues6 similarly demonstrated
that transgenic TBX5 overexpression in the murine
ventricle produces impaired trabeculation and thin-
ning of the myocardium, probably a consequence of
TBX5 inhibition of cell proliferation. Our findings
also correlate with an inverse relationship between
TBX5 expression and expression of markers of cell
proliferation during human organogenesis.We have
shown5 that actively proliferating regions of the
heart, thumb, and retina do not express high levels 
of TBX5, whereas mitotically quiescent regions of
these tissues express high levels of TBX5. Thus, we
concluded that TBX5 can act as a growth arrest 
signal during human embryogenesis.

Not all TBX5 activities, however, are mediated 
via its effects on cell proliferation. When we used 
immunohistochemistry to study TBX5 expression
during human cardiogenesis, we observed that
TBX5 protein is expressed not only in the myocar-
dium but also throughout the embryonic epicardium
and atrioventricular conduction tissue.9 Interesting-
ly, we also noted that TBX5 was expressed in the en-
dothelium and the smooth muscle of embryonic
coronary vasculature but not in other systemic vas-
cular beds. Previous analysis of the development of

the coronary vasculature in the developing chick
embryo demonstrated that the epicardial mantle
originates from the proepicardial organ by migra-
tion of proepicardial cells.10 These proepicardial
progenitor cells ultimately give rise to the coronary
vascular endothelial and smooth muscle cells. We,
therefore, set out to test the hypothesis that chick
TBX5 plays an active role in epicardial and coronary
vascular development during chick cardiogenesis
[in prep.]. We demonstrated that chick TBX5 is 
expressed in the chick proepicardial organ at 
Hamburger–Hamilton stage 17 prior to cell migra-
tion into the myocardium.We then used retrovirus-
mediated transgenesis to augment TBX5 expression
in the embryonic chick proepicardium.

Microinjection of control CXIZ retrovirus results
in the incorporation of b-galactosidase-positive
cells into both the epicardium and coronary vascu-
lature in E15 transgenic chick hearts. However,
when CXIZ retrovirus encoding TBX5 as well as the
lacZ reporter gene is microinjected, no b-galactosi-
dase-positive cells are present in either the epicardi-
um or the coronary vasculature. In vitro migration
studies as well as time course studies in vivo in the 
developing chick embryo, further demonstrate that
wild-type TBX5 inhibits cell migration. This activ-
ity is specific for TBX5 and is obliterated by missense
mutation of the TBX5 T-box. Furthermore, TBX5
inhibition of migration is independent of the effects
on cell proliferation. Unlike TBX5 growth arrest 
activity, however, TBX5 inhibition of cell migration
is cell autonomous. In addition, we demonstrated
that chick proepicardial cells physiologically inacti-
vate TBX5 expression during migration, and these
findings correlate with the distribution of TBX5 in
migrating and nonmigrating cells of this lineage
during human embryogenesis. Therefore, we pro-
pose that TBX5 participates in development of the
epicardium and coronary vasculature, and TBX5
overexpression impairs this process via altered cell
migration. Recent experimental studies by others
have also suggested a role for TBX5 effects on cell 
migration in the limb.11

Thus, we propose that TBX5 contributes to car-
diogenesis by modifying a range of cell behaviors.
These include the arrest of cardiomyocyte growth
and inhibition of the migration of epicardial and
vascular progenitor cells.We anticipate that the sub-
tleties of cardiac structure are mediated via local 

Fig. 7.2 Native Rat H9c2 regulation of TBX5 expression in
coordination with cell proliferation. Western blot analysis
was performed on protein lysates prepared from
proliferating myoblast (MB) and nonproliferating myotubes
(MT) cultures of rat H9c2 muscle cells. Proliferating
myoblasts do not express TBX5. Upon cessation of
proliferation, H9c2s express cardiac markers such as ß-
myosin heavy chain (arrowhead) as well as TBX5 (arrow).
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balances between TBX5 plus similar inhibitory fac-
tors and opposing factors that may promote growth
and cell migration.Such factors may include both T-
box and non-T-box genes, and elucidation of such
local interplay is an important target of future 
investigation.
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The vertebrate heart is formed as a result of coordi-
nated myocardial cell differentiation and complex
morphogenetic interactions among cells from mul-
tiple embryonic origins.1 Recent studies have estab-
lished the notion that cardiac transcription factors
govern this intricate process of cardiogenesis by 
regulating cardiac-specific gene expression.

Csx/Nkx2.5 is an essential
transcription factor involved in
normal cardiac development

Csx/Nkx2.5 is a member of NK homeobox gene fam-
ily that is conserved in evolution and acts as a DNA-
binding transcriptional activator.2 In Drosophila,
tinman is expressed in presumptive mesoderm and
is required for cell-fate specification of the dorsal
vessel, the equivalent of the vertebrate heart,and vis-
ceral muscle.3 Csx/Nkx2.5 was isolated as a potential
mammalian homolog of tinman.4,5 During murine
embryogenesis, Csx/Nkx2.5 is highly expressed in
the heart progenitor cells at E7.5 and continues to be
expressed at a high level in the heart through adult-
hood.Targeted disruption of murine Csx/Nkx2.5 re-
sulted in embryonic lethality at E9–10 owing to the
arrested looping morphogenesis of the heart tube
and growth retardation.6,7 Expression of several car-
diac genes in the heart of embryos homozygous for
Csx/Nkx2.5 was compromised including ventricular
isoform of myosin light chain 2 (MLC2v), atrial natri-
uretic peptide (ANP), brain natriuretic peptide,
cardiac ankyrin-repeat protein (CARP), MEF2C,

eHAND/HAND1, N-myc, and Iroquois homeobox
gene 4. 6–10 These data indicate that Csx/Nkx2.5 plays
a crucial role in transcriptional regulation of several
sets of cardiac-specific genes and reigns over the 
hierarchical cascade of cardiac transcription factors.

In search for the direct downstream target genes
of Csx/Nkx2.5, we analyzed the promoters of vari-
ous cardiac-specific genes. Among several genes
tested, Csx/Nkx2.5 strongly transactivated the ANP
promoter.11 Transactivation of the ANP promoter
was dependent on the Csx/Nkx2.5 DNA-binding
site located in the ANP promoter. We further 
hypothesized that transcriptional activity of
Csx/Nkx2.5 is exquisitely regulated by post-transla-
tional modification, and extended our research 
focusing on protein–protein interactions involving
Csx/Nkx2.5 and its associated proteins. Csx/Nkx2.5
controls the cardiac gene program in concert with
other cardiac transcription factors such as GATA4
and Tbx5.

Csx/Nkx2.5 and GATA4

GATA4 is a zinc finger-containing transcription 
factor that is required for normal process of cardio-
genesis.12,13 Co-immunoprecipitation and GST
pull-down assay experiments showed that
Csx/Nkx2.5 and GATA4 directly interact with each
other both in vivo and in vitro (Fig. 8.1a, b) via the
homeodomain of Csx/Nkx2.5 and the zinc-finger
domain of GATA4.11 Overexpression of both
Csx/Nkx2.5 and GATA4 induced much stronger
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transactivation of the luciferase construct contain-
ing the 300-bp 5¢ flanking region of the rat ANP gene
(ANP(300)-luc) than that induced by expression of
Csx/Nkx2.5 alone (Fig.8.1c).11This result suggested

that Csx/Nkx2.5 and GATA4 synergistically activate
the ANP gene. Deletion and mutation analyses 
revealed that the Csx/Nkx2.5-binding site, located 
at –250 in the ANP promoter, was responsible for
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transcriptional activation by Csx/Nkx2.5. Although
the GATA site was located at –280, adjacent to
Csx/Nkx2.5-binding site, GATA4 alone induced 
no significant activation of the ANP(300)-luc con-
struct. Furthermore, deletion of the GATA site at
–280 had little effect on the synergistic transactiva-
tion of the ANP promoter between Csx/Nkx2.5 and
GATA4. Based on the result that deletion of the
Csx/Nkx2.5-binding site at –250 abolished the co-
operative activation of the ANP promoter between
Csx/Nkx2.5 and GATA4, this synergistic transacti-
vation is dependent on binding of Csx/Nkx2.5 to 
the Csx/Nkx2.5-binding site but not on binding of
GATA4 to the GATA site (Fig. 8.1d). Recent litera-
tures have indicated transcriptional cooperativity
between Csx/Nkx2.5 and GATA4 in promoter acti-
vation of cardiac a-actin,14 CARP,15 and A1 adeno-
sine receptor genes.16

Consistent with several lines of evidence that
bone morphogenic protein (BMP) signaling is 
necessary for induction of cardiac development,
stable overexpression of the BMP antagonist noggin
completely abrogated myocardial cell differentia-
tion of P19CL6 cells, which are derivatives of P19
and differentiate efficiently into beating cardiomy-
ocytes in adherent conditions in the presence of 1%
DMSO.17,18 Simultaneous overexpression of Csx/
Nkx2.5 and GATA4 restored normal cardiac dif-
ferentiation in this situation, although overex-

pression of Csx/Nkx2.5 or GATA4 alone did not
(Fig. 8.1e).17 Collectively, Csx/Nkx2.5 and GATA4
operate in combination of direct or indirect synergy
to regulate cardiac gene program essential for nor-
mal cardiac development.

Csx/Nkx2.5 and Tbx5

The interaction between Csx/Nkx2.5 and Tbx5 has
attracted much attention, especially because com-
mon cardiac malformations are caused by haplo-
insufficiency of each gene. Dominant mutations in
human CSX/NKX2.5 gene have been identified to 
be responsible for a spectrum of congenital cardiac
malformations such as atrial septal defect, ventricu-
lar septal defect, tetralogy of Fallot, double-outlet
right ventricle, and tricuspid valve abnormality in-
cluding Ebstein’s anomaly,associated with atrioven-
tricular conduction disturbance.19 Tbx5 is a T-box
transcription factor, and heterozygous mutations of
Tbx5 in humans produce Holt–Oram syndrome
(HOS) characterized by upper limb malformations
and a spectrum of cardiac malformations, frequent-
ly accompanied by cardiac conduction defect.20,21

Csx/Nkx2.5 and Tbx5 interact with each other (Fig.
8.2a) via the homeodomain of Csx/Nkx2.5 and the
N-terminal domain and T-box of Tbx5, and collab-
orate to activate the promoters of ANP (Fig. 8.2b)
and connexin 40, a gap junction gene.22,23 The region

Fig. 8.1 (opposite) Association of Csx/Nkx2.5 and GATA4. (A)
Csx/Nkx2.5 and GATA4 are associated in mammalian cells.
COS-7 cells were transiently transfected with the expression
plasmids of HA-tagged Csx/Nkx2.5 and Myc-tagged GATA4.
Cell lysates were immunoprecipitated with anti-HA
antibody, and then subjected to immunoblotting with anti-
Myc antibody. Arrow, co-immunoprecipitated GATA4
protein. (B) Csx/Nkx2.5 and GATA4 interact with each other
in vitro. In vitro translated GATA4 protein labeled with 35S
was incubated with GST alone or GST-Csx/Nkx2.5
immobilized on glutathione-Sepharose beads, and bound
proteins were analyzed by SDS-PAGE and fluorography.
Arrow, GATA4 protein. (C) Csx/Nkx2.5 and GATA4 synergistic
transactivate the ANP promoter. Expression of Csx/Nkx2.5
results in only weak transactivation, whereas
overexpression of both Csx/Nkx2.5 and GATA4 strongly
activate the ANP promoter. (D) Mutations were introduced
into the two GATA sites and NKE2 either alone or in
combination, and the resultant eight reporter constructs
[wild type (wt) and mutants 1–7 (m1–m7)] were

cotransfected with the expression plasmids of Csx/Nkx2.5
and/or GATA4. Positive or negative results for synergism are
shown on the right as (+) and (–), respectively. (E)
Simultaneous overexpression of Csx/Nkx-2.5 and GATA4 but
not of Csx/Nkx-2.5 or GATA4 alone induced differentiation
of P19CL6noggin cells into cardiomyocytes. P19CL6noggin
cells did not differentiate into beating cardiomyocytes after
treatment with DMSO (c). Overexpression of BMP-2 with
adenovirus induced differentiation of P19CL6noggin cells
into cardiomyocytes (d). Expression plasmids containing
Csx/Nkx2.5 cDNA or GATA4 cDNA were transfected into
P19CL6noggin cells on day 2 by the lipofection method. Like
untransfected control P19CL6noggin cells (e), the
P19CL6noggin cells overexpressing Csx/Nkx-2.5 alone (f) or
GATA4 alone (g) did not differentiate into beating
cardiomyocytes, whereas simultaneous overexpression of
both Csx/Nkx-2.5 and GATA4 in P19CL6noggin cells
markedly induced their differentiation into cardiomyocytes
(h). The cells were stained with MF20 or Hoechst dye (b) on
day 14.
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Fig. 8.2 Association of Csx/Nkx2.5 and Tbx5. (A) Csx/Nkx2.5
and Tbx5 are associated in mammalian cells. Cell lysates
from COS7 cells transfected with FLAG-tagged Tbx5 and/or
HA-tagged Nkx2.5 expression plasmids were incubated with
anti-HA or anti-FLAG monoclonal antibody, then the
immune complex precipitated with anti-mouse IgG agarose
beads was subjected to immunoblotting with anti-FLAG
antibody. Arrow, co-immunoprecipitated Tbx5 protein. (B)
Synergistic activation of ANP promoter by Csx/Nkx2.5 and
Tbx5. (C) Csx/Nkx2.5 bind directly to the ANP promoter in
tandem. Competition of the binding of Tbx5 to the labeled

fragment (bp –254 to –236). The Nkx2.5 binding sequence
and a ‘half-site’ of the palindromic T (brachyury)-binding
sequence (Tbx5 site) are indicated in the right. (D)
Expression of cardiac genes in P19CL6 cell lines. The cell line
expressing wild-type Tbx5 (WT) expresses all the cardiac
genes more abundantly than parental P19CL6 cells but
expression is markedly suppressed in the cell line 
expressing the G80R mutant. These three cell lines
expressed similar amounts of exogenous Tbx5 and its
mutants (exogenous Tbx5). 28S RNA demonstrates equal
loading of samples.
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between –270 and –240 of the ANP promoter is im-
portant for transactivation by Tbx5, and a half-site
of a palindromic T (brachyury)-binding site flanked
by a Csx/Nkx2.5-binding site is located within this
region. Csx/Nkx2.5 and Tbx5 form a ternary com-
plex together with this tandemly-arrayed cognate
DNA sequence (Fig. 8.2c). Interestingly, the Tbx5
harboring G80R mutation, which causes severe car-
diac defects in HOS, exhibits significantly weak syn-
ergysm on promoter activation of the ANP gene,
compared with the wild-type Tbx5 and the Tbx5
harboring R237Q mutation, which rarely causes
cardiac defects in HOS .22 Furthermore, stable over-
expression of wild-type Tbx5 promotes cardiac dif-
ferentiation in P19CL6 cells with upregulation of
several cardiac genes such as Csx/Nkx2.5, GATA4,
MEF2C, ANP, CARP and MLC2v, whereas overex-
pression of the G80R mutant of Tbx5 attenuates 
cardiac differentiation with markedly reduced ex-
pression of these cardiac genes (Fig. 8.2d). The 
effects of haploinsufficiency of Tbx5 on cardiac 
differentiation were analyzed in a genetically eng-
ineered murine model,23 and expression levels of
ANP and connexin 40 were significantly reduced 
in Tbx5-heterozygous mice, which exhibited the
cardiac phenotypes of HOS.Cooperative regulation
of several cardiac genes by Csx/Nkx2.5 and Tbx5 
accounts for the overlapping cardiac defects 
produced by mutations of these transcription 
factors.

Other proteins that are associated 
with Csx/Nkx2.5

Composition of protein complexes consisting of
transcription factors and cofactors is the key deter-
minant of specificity and intensity. Recent studies
have demonstrated that transcriptional activity of
Csx/Nkx2.5 is modulated through physical interac-
tion with serum response factor24 and Tbx2,25 be-
sides GATA4 and Tbx5. We performed a yeast
two-hybrid screening of a heart cDNA library 
using Csx/Nkx2.5 as a bait. Several novel proteins
that associated with Csx/Nkx2.5 have been identi-
fied and functional analysis of these proteins are 
ongoing.

Blueprint of Csx/Nkx2.5 function in cardiogene-
sis has been considerably depicted, although details
remain unclear. Transcriptional regulatory mecha-

nisms have been clarified whereby protein–protein
interactions involving multiple cardiac transcrip-
tion factors such as Csx/Nkx2.5, GATA4 and Tbx5
allow fine-tuned gene expression. Functional analy-
sis of the individual cardiac transcription factor 
and clarification of interactive roles of them will
pave the way to understand the molecular basis of
the gene expression program directing cardiac 
differentiation.
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Introduction

Well after formation of the primary linear heart
tube, a second wave of myocardium formation takes
place that in chicken results in the addition of:
(1) the pulmonary and caval myocardium; (2) the
smooth-walled atrial myocardium; (3) the myocar-
dial atrioventricular septum; (4) the muscular tri-
cuspid valve; (5) the muscular outlet septum and the
freestanding muscular infundibulum; (6) the out-
flow tract. Immunohistochemical analysis showed
that the formation of myocardial cells within intra-
and extracardiac mesenchymal structures starts in
the dorsal mesocardium at H/H19, in the atrioven-
tricular cushion region at H/H26, and in the proxi-
mal outflow tract at H/H29, and is completed at
H/H43. This myocardium is formed by recruitment
of cardiomyocytes from flanking mesenchyme
and/or by migration from existing myocardium
(myocardialization).1,2

As a first attempt to approach the underlying mol-
ecular mechanisms that are responsible for the in-
duction and regulation of this relative late process of
myocardium formation, we have used an in vitro
explant culture assay. The analysis showed that the
competency to form myocardial networks in vitro is
a characteristic of the myocardium that is flanked by
intra- or extracardiac mesenchyme, i.e. the inflow
tract, atrioventricular canal, and outflow tract.Early
explants of these cardiac compartments do not
spontaneously form myocardial networks but can

be induced to do so by conditioned medium. Addi-
tion of conditioned media derived from different
late stage (H/H 26–29) cardiac compartments in-
duces myocardial network formation early stage
(H/H15–17) cardiac compartments in vitro. Atrial
and ventricular compartments are, in general,
not competent and do not produce the inducing 
activity, but ventricular explants do form spontane-
ously myocardial networks in a very limited time
window (HH21–24)1 [unpubl.obs.].Moreover,car-
diac cushion mesenchyme was found to be able to
differentiate into cardiomyocytes in the in vitro cul-
ture assay.Taken together these observations suggest
that a temporally released or secreted signal that is
similar throughout the entire heart induces this late
process of myocardium formation. We have previ-
ously put forward that this late formation of my-
ocardium is the result of migration of existing
cardiomyocytes into flanking mesenchyme. Recent
experiments indicate that in addition to this process,
mesenchymal cells also are recruited into the cardiac
lineage.1,2

In this study we evaluated whether candidate
growth factors can induce myocardial network 
formation in early-stage cardiac explants in vitro,
by adding recombinant pure growth factors to 
the medium. The growth factors were selected 
based on: (1) the analysis of genetically modified
mice in which congenital cardiac defects were 
reported;3 (2) the analysis of early myocardium 
formation.4,5
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Material and methods

The day prior to use, gels containing 1.5 mg/mL rat
tail collagen type I (Collaborative Research Inc.) in
Medium 199 (Life Technologies), were prepared 
in 24-well NUNC plates. After polymerization, the
gels were equilibrated in complete medium 199
[Medium 199, penicillin/streptomycin (Life Tech-
nologies), 1% chicken serum (Life Technologies),
glutamine (Life Technologies), and ITS (Collabora-
tive Research Inc.)]. The next day, the OFT was 
isolated from staged chicken embryos (Drost BV,
Nieuw Loosdrecht,The Netherlands),positioned on
top of a drained collagen gel and allowed to attach
for at least 4 h, prior to the addition of complete
medium 199 or of medium that was conditioned 
for 1 week with the respective cardiac explants or of
complete medium 199 supplemented with a recom-
binant purified human growth factor (Peprotech).
After 5 days of culture, the gels were rinsed with PBS
and fixed in ethanol at room temperature. Next, the
gels were hydrated and incubated with a monoclon-
al directed against myosin heavy chain (MF20:
Hybridoma Bank).Antibody binding was visualized
using FITC-labeled rabbit anti-mouse serum
(Nordic) and confocal laser scanning microscopy
(Biorad MRC1024).1,2 The extent of myocardial
network formation was scored on an arbitrary scale
ranging from 0 to 2: 0, is an explant from which 
different cell types have grown but the myocardial
border is generally smooth; 1, when myocardial 
protrusions have formed on top of the collagen ma-
trix; 2, when a myocardial network is formed into
the matrix.

Results and discussion (Fig. 9.1)

In cultures of H/H16 OFT explants,daily inspection
using Varel modulation optics revealed that endo-
cardial cells grow out of the explants on top of the
collagen matrix. Subsequently, mesenchymal cells
develop in the collagen matrix below the endocar-
dial cells. Although myocardial protrusions seem
sometimes apparent, immunofluorescent identifi-
cation of these cardiomyocytes is needed. When
early (H/H15–17) OFTs are cultured in completed
medium 199, cardiomyocytes are never observed to
form myocardial networks into the collagen matrix.

Myocardial networks were formed into the collagen
matrix, however, using conditioned medium de-
rived from late OFT (H/H 26–29). These networks
are generally contiguous with the original explant.
These findings show that a temporally released or 
secreted signal induces this late process of myo-
cardium formation.

To identify this inducing signal, we tested differ-
ent growth factors, indicated to be involved in car-
diovascular development,3–5 for their ability to
induce myocardial network formation in early 
OFT explants. Activin-a, angiotensin-II, bone mor-
phogenetic protein (BMP)-2, BMP-4, cardiotro-
phin, endothelin-1, -2, -3, fibroblast growth factor 
(FGF)-2, insulin-like growth factor (IGF)-II, neu-
rotrophin-3, osteopontin, platelet derived growth
factor (PDGF)-BB, and transforming growth factor
beta (TGFb)-1 were each not able to induce myocar-
dial network formation, whereas PDGF-AA and 
-AB, and TGFb-2 and -3 were able to induce the for-
mation of myocardial networks in vitro.TGFb-2 and
-3 induce myocardial network formation in a con-
centration dependent way. Maximal induction is
observed at concentrations equal and higher than 
10 pmol/L TGFb-2 and 50 pmol/L TGFb-3. TGFb-2
and -3 have been shown to be required for endothe-
lial cell activation and transformation in atrioven-
tricular explant cultures.6,7 Based on these reports
and the fact that our cultures are characterized by 
extensive amounts of mesenchymal cells, the effect
of TGFb-2 and -3 is most probably due to stimula-
tion of recruitment of mesenchymal cells into the
cardiomyocyte lineage, which would be in line with
the reported phenotype of the TGFb2 knockout
mouse.8

It is noteworthy that PDGF-AA stimulates my-
ocardial network formation at low levels and in-
hibits at high levels, whereas PDGF-AB stimulates
myocardial network formation with increasing 
concentrations. In general, PDGFs regulate cell pro-
liferation, survival, morphology, and migration, as
well as deposition and turnover of the extracellular
matrix. In patch mice9 and in mice in which the
PDGF-receptor-a is homozygously deleted,10 sep-
tational defects are apparent that are suggested to be
the result of aberrant homing of neural crest cells.
As the neural crest cells have not yet arrived in the
H/H15–17 OFT, the role of PDGF signaling needs to
be evaluated further.
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Fig. 9.1 Effects of various growth factors on myocardial
network formation by outflow tracts from staged embryos
explanted into a collagen matrix. The extent of myocardial
network formation was scored on an arbitrary scale ranging
from 0 to 2. A score 0 is assigned to an explant from which

different cell types have grown but the myocardial border is
generally smooth, a score 1 when myocardial protrusions
have formed on top of the collagen matrix, and a score 2
when a myocardial network is formed into the matrix.
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Moreover, culturing H/H25–27 OFT explants in
the presence of recombinant human growth factors
did not inhibit the spontaneous formation of the
myocardial networks extensively. Interestingly,
H/H25–27 OFT cultured in the presence of TGFb-1,
-2, or -3 resulted in an extensive turnover of the 
collagen gel, resulting in collapse of the gel after 5
days of culture.
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The regulation of heart development is a dynamic
process involving both intracellular and extracellu-
lar stimuli.1 These stimuli include mechanical,
chemical, and electrical signals that are critical in 
regulating the form and function of the developing
heart. Intimately associated with these signals are a
variety of cell surface receptors that are essential 
in the detection of and response to these signals.
Mechanical signals are generated from cell growth,
muscular contraction, and non-muscle cell tension
and are important in forming directional clues as
well as increased growth.2 Chemical signals are fun-
damental for chemotaxis, growth factor regulation,
and competency signals.3 Electrical signaling is 
important in both muscle and non-muscle cell 
populations as evidenced by changing patterns 
of the gap junction proteins.4

As the ECM changes with development of the
heart so does the expression of its specific receptors.
Immunocytochemical evidence indicates the tem-
poral and spatial presence for a variety of receptors
for extracellular matrix components including inte-
grins, growth factor receptors, and extracellular 
proteases. The presence of the receptor as well as the
ligand is critical. The absence or altered ratio of re-
ceptor to ligand can be a critical factor in morpho-
genesis. Angiotensin is an important hormone that
interacts with specific receptors on the surface of a
wide variety of cells.5–9 In the heart, much is known
concerning the expression of both the ligand and re-
ceptors in adult pathophysiology but comparatively
little is known about their roles in cardiac develop-
ment.11–14 Administration of angiotensin in whole
embryo culture shows abnormal looping,but knock-
out of angiotensin in mice is not an embryonic lethal

phenotype and adult mice have only a mild cardiac
phenotype.8,11 Receptor blockade also shows an 
affect on cardiac development in vitro. Results with
the knockout mice suggest that angiotensin does not
play a critical role in heart development; however,
another possible explanation is that angiogensin
produced by the mother can cross the placenta.

To test the hypothesis that angiotensin crosses the
placenta, time-pregnant rats (day 12) were injected
with a mixture of various doses of nonradioactive
angiotensin II and 15 Ci of 125-I angiotensin II.
Animals were killed after 10 min and blood, placen-
ta, heart, and kidneys of both the mother and em-
bryo were dissected and analyzed in a gamma
counter. As expected, most of the radioactivity was
found in the kidneys of the mother; however, a sig-
nificant amount of radioactivity was found in the
embryo (Fig. 10.1a).When the counts of the mother
were subtracted from the embryonic counts, again
sig-nificant counts could be observed (Fig. 10.1b).

Previous studies have shown that increased or 
decreased expression of angiotensin II can alter the
pattern of cardiac myofibrillogenesis and develop-
ment.5,7,8 The action of angiotensin II can clearly 
affect a large number of cell signaling cascades,
mechanical tension, and the expression of other
growth factors.6,9 Angiotensin II has been shown 
to alter expression of the integrin receptor family
which can cause an increase in mechanical ten-
sion.15,16 These data show that normal embryonic
development requires both angiotensin and the spe-
cific receptors. Studies on the expression of the spe-
cific receptors of angiotensin II indicate that they
appear to function differently in development and
disease. These studies have indicated that the AT1
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and AT2 receptors are present and active in develop-
ment on both myocytes and fibroblasts, but it is 
controversial whether the AT2 receptor is active in
cardiac hypertrophy. Little is known concerning the
cellular localization of these receptors in the adult.
Data on the expression of AT1 and AT2 are usually
derived from transgenic mice where a receptor has
overexpression or has been knocked out in the my-
ocyte.17,18 However, the fibroblast and other cell
types are ignored in this approach. It is likely that
there is some communication (paracrine?) between
fibroblasts and myocytes and that this cellular inter-
action could probably involve the AT family of re-
ceptors. Future experiments manipulating both the
AT1 and AT2 receptors on both fibroblasts and my-
ocytes would be possible in 3D cultures and would
provide new insight into the role of angiotensin in
heart development and disease.

In the data presented here, we show that an-
giotensin II present in the maternal circulation is 
capable of crossing the placental barrier and affect-
ing cardiac development. These data contribute to

the explanation of normal development when an-
giotensinogen has been knocked out.This precursor
molecule can obviously be replaced by the mother.
What is more difficult to explain is how angiotensin
converting enzyme (ACE), which is necessary for 
the conversion of angiotensinogen to angiotensin 
II, is replaced. Recent studies have shown that chy-
mase may replace 80% of ACE at the local tissue
level.19

The significance of these studies also lies in 
the fact that mothers with hypertension and/or 
diabetes have increased levels of angiotensin in their
circulation. These increased levels of expression are
likely to have an affect on the development of the
heart.

Acknowledgments
These studies were supported by NIH grant HL
68038, AHA grant (RLP), HL-37669 (TKB), and
NIH COBRE P20 RR1643 (TKB).

References

1 Harvey RP, Rosenthal N, eds. Heart Development. New

York: Academic Press, 1999.

2 Sussman MA, McCulloch A, Borg TK. Dance band on the

Titanic: biomechanical signaling in cardiac hypertrophy.

Circ Res 2002; 91: 888–98

3 Ross RS, Borg TK. Integrins and the myocardium. Circ Res

2001; 88: 1112–9.

4 Kohl P, Noble D. Mechanosensitive connective tissue:

potential influence on heart rhythm. Cardiovasc Res 1996;

32: 62–8.

5 Yamazaki T, Komuro I, Yazaki Y. Signalling pathways for

cardiac hypertrophy. Cell Signal 1998; 10: 693–698

6 Schnee JM, Hsueh WA. Angiotensin II, adhesion, and car-

diac fibrosis. Cardiovasc Res 2000; 46: 264–8.

7 Sadoshima J,Izumo S.Mechanical stretch rapidly activates

multiple signal transduction pathways in cardiac my-

ocytes: potential involvement of an autocrine/paracrine

mechanism EMBO J 1993; 12: 1681–92.

8 Price RL, Potts JD, Thielen TE, Borg TK, Terracio L.

Growth factor regulation of embryonic, fetal, and neona-

tal cardiac development. In: Tomanek RJ, Runyan R, eds.

Development of the Cardiovascular System. New York:

Springer-Verlag, 2001: 171–99.

9 Chien KR. Stress pathways and heart failure. Cell 1999; 98:

555–8.

10 Masaki H, Kurihara T, Yamaki A et al. Cardiac-specific

overexpression of angiotensin II AT2 receptor causes 

attenuated response to AT1 receptor-mediated pressor 

Cold
Angiotensin II
per ml
injected

To
ta

l C
o

u
n

ts
 p

er
 m

in

16,000
14,000
12,000
10,000

8,000
6,000
4,000
2,000

0

(a)

(b)

b
lo

o
d

p
la

ce
n

ta

h
ea

rt

em
b

ry
o

s

100mg
500mg
1mg

Cold
Angiotensin II
per ml
injected

To
ta

l C
o

u
n

ts
 p

er
 m

in

60,000

50,000

40,000

30,000

20,000

10,000

0

100mg
500mg
1mg

b
lo

o
d

p
la

ce
n

ta

h
ea

rt

ki
d

n
ey

s

em
b

ry
o

s

Fig. 10.1 (a) Results of administration of radioactive
angiotensin II to time-pregnant rats showing the
accumulation of radioactivity in various organs of the
mother and fetus. (b) Accumulation of radioactivity in the
fetus following subtraction of the mothers radioactivity.
These data show that radioactive angiotensin II crossed the
placental barrier and was incorporated into various organs
of the fetus.



CHAPTER 10 The role of the extracellular matrix (ECM) in cardiac development 43

and chronotropic effects. J Clin Invest 1998; 101: 527–

35.

11 Beinlich CJ, Morgan HE. Control of growth in neonatal

pig hearts. Mol Cell Biochem 1993; 119: 3–9.

12 Aoki H, Izumo S, Sadoshima J. Angiotensin II activates

RhoA in cardiac myocytes: a critical role of RhoA in an-

giotensin II-induced premyofibril formation. Circ Res

1998; 82: 666–76.

13 Price RL, Carver W, Simpson DG et al. The effects of an-

giotensin II and specific angiotensin receptor blockers on

embryonic cardiac development and looping patterns.

Dev Biol 1997; 192(2): 572–84.

14 Ito M, Oliverio MI, Mannon PJ et al. Regulation of blood

pressure by the type 1A angiotensin II receptor gene.

PNAS 1995; 92: 3521–5.

15 Burgess ML, Carver WE, Terracio L et al. Integrin-

mediated collagen gel contraction by cardiac fibroblasts.

Effects of angiotensin II. Circ Res 1994; 74: 291–8.

16 Graf K, Neuss M, Stawowy P et al. Angiotensin II and

alpha(v)beta(3) integrin expression in rat neonatal car-

diac fibroblasts. Hypertension 2000; 35: 978–84.

17 Unger T. The angiotensin type 2 receptor: variations on 

an enigmatic theme. Journal of Hypertension 1999;

17(Suppl.): 1775–86.

18 Haywood GA, Gullestad L, Katsuya T et al. AT1 and AT2

angiotensin receptor gene expression in human heart 

failure. Circulation 1997; 95: 1201–6.

19 Wolny A,Clozel JP,Rein J et al.Functional and biochemical

analysis of angiotensin II-forming pathways in the human

heart. Circ Res 1997; 80: 219–27.



Some congenital heart defects result in dispro-
portional ventricular development. Conotruncal
anomalies including tetralogy of Fallot (TOF) and
patent truncus arteriosus (PTA) are associated with
an enlarged right ventricle and hypoplastic left ven-
tricle. As this ventricular disproportion is already
recognized before or just after birth, it seems to be 
established during cardiogenesis in the embryo.
However, what establishes this proportional ven-
tricular development, or how the ventricular my-
ocardial cells in the anomalous heart grow and
proliferate, remains unclear.

N,N¢-bis (dichloroacetyl) diamine-1,8-octa-
methylene diamine (bis-diamine) is known to in-
duce conotruncal anomaly and disproportional
ventricular development in rat embryos when ad-
ministered to the mother. In previous reports, this
chemical was proposed to disturb the normal mi-
gration of cardiac neural crest cells into the heart,
leading to the induction of the conotruncal anom-
alies. In order to determine the mechanisms of dis-
proportional ventricular development in congenital
heart defects, we morphologically analyzed the 
embryonic heart and investigated cardiomyocytic
DNA synthesis and apoptosis.

A single dose of 200 mg of bis-diamine was ad-
ministered to Wistar pregnant rats on day 9.5 of
pregnancy. The embryos were removed on each em-
bryonic day (ED) from 10.5 to 18.5. Morphometric
analyses were performed on serial sections from
each heart. Expression of cardiotrophin-1 (CT-1)
and hepatocyte growth factor (HGF) was investi-

gated on the sections, and CT-1 and HGF mRNAs
expression was examined by RT-PCR (Fig. 11.1).
Myocardial DNA synthesis was investigated using
BrdU, and the labeling index (LI) was calculated for
each heart.Apoptosis was also analyzed using termi-
nal deoxynucleotidyl transferace-mediated dUTP
nick endlabeling reaction and electrophoresis of
DNA fragmentation (Fig. 11.2). Age-matched em-
bryos from untreated mothers were used as controls.

The number of embryos obtained from bis-
diamine treated mothers decreased as the time of
pregnancy advanced, while those from control
mothers were almost the same at each developmen-
tal stage. The embryos treated with bis-diamine had
a ventricular enlargement and an elongated outflow
tract with pericardial defect in the early stages and
conotruncal anomalies associated with thin left 
ventricular wall in the later stages.As the ventricular
myocardial wall was thinner in the embryos treated
with bis-diamine, bis-diamine may directly disturb
early myocardial proliferation and development
and subsequently induce ventricular enlargement,
hydrops fetalis, and occasional fetal death.

The labeling index on ED15.5 and 16.5 was sig-
nificantly lower than that in the controls. This re-
duced myocardial DNA synthesis in ED15.5 and
16.5 hearts may result in the left ventricular hy-
poplasia observed in neonates. The less active DNA
synthesis in the embryonic hearts treated with bis-
diamine does not seem to be caused by a direct effect
of bis-diamine as no significant difference of LI was
observed before ED15.5. A possible factor involved
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in the decrease in the number of DNA synthesizing
myocardial cells is poor development of the coro-
nary circulation system. Recent in vivo and in vitro
studies in our laboratory suggested that the pericar-
dial defect might induce anomalous coronary arter-
ies in rat embryos treated with bis-diamine.An acute
increase of DNA synthesizing cardiomyocytes in the

ventricular wall was disclosed around ED15.5 in the
control, which well correlated with the establish-
ment of the coronary vascular system in the previous
report. In the bis-diamine treated embryonic hearts,
normal pericardial and coronary vascular develop-
ment were disturbed, and myocardial circulation
and oxygenation seemed to be supplied only by en-
docardial blood perfusion through the trabecular of
the ventricles.

HGF and HGF mRNA expression was first 
detected on ED10.5 in controls and on ED11.5 in
hearts treated with bis-diamine. CT-1 and CT-1
mRNA expression was first detected on ED10.5 both
in the bis-diamine treated and control hearts. HGF
and CT-1 mRNAs expression was upregulated on
ED12.5 and 15.5 in bis-diamine treated hearts. As
HGF mRNA expression was detected in the early
myocardial cells in primitive atria, ventricles, and
outflow tract in the present study, HGF was sug-
gested to be one the strong cardiac growth factors
that promote early myocardial proliferation and 
differentiation. Because HGF receptors were also
detected on the myocardial cells, HGF in the heart
seemed to be expressed in an autocrine/paracline

(a) (b)

Fig. 11.1 HGF (a) and CT-1 (b) mRNAs expression. HGF mRNA
expression was detected on ED10.5 in the control heart, but
not detected on ED10.5 in the bis-diamine treated heart.
Note the augmented expression of HGF mRNA on ED11.5 in
the bis-diamine treated heart. HGF mRNA expression was
still detected on ED15.5 in the bis-diamine treated heart but

was absent in the control heart. The highest level of CT-1
mRNA expression was detected on ED10.5 in the control and
on ED11.5 in the bis-diamine treated heart. CT-1 mRNA was
highly expressed in the bis-diamine treated heart
thereafter. B-D, bis-diamine; open bar, control heart; closed
bar, bis-diamine treated heart.

Fig. 11.2 Electrophoresis of low molecular weight cellular
DNA extracted from control heart and bis-diamine treated
heart. Typical DNA ladders were disclosed in the DNA
fragmentation from the control heart on ED16.5. Note
weak DNA ladders on ED14.5 in control and ED16.5 in
treated heart.
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fashion.Therefore,an absence of HGF expression in
the ED10.5 bis-diamine treated hearts may corre-
spond to the myocardial development delay in func-
tion and differentiation caused by the immediate
effect of bis-diamine. Furthermore, the upregula-
tion of HGF mRNA expression in the bis-diamine
treated hearts may be a compensatory response to
the myocardial developmental delay. Recent studies
have shown that CT-1 inhibits cytokine-induced
apoptosis in cardiomyocytes and plays a protective
role in cytokine-induced myocardial damage, in-
cluding myocarditis. Therefore, although continu-
ous expression of CT-1 mRNA in the control hearts
may suggest a crucial role of myocardial prolifera-
tion, differentiation, and survival, the upregulation
observed in the bis-diamine treated embryos indi-
cates that it has a protective role from myocardial
damage or loss caused by the chemical.There still re-
mains the problem, however, of why the upregula-
tion of HGF and CT-1 expression did not lead to

myocardial DNA synthesis and proliferation. Fewer
apoptotic cells were detected in the hearts of bis-
diamine treated embryos than in those of controls
from ED13.5–17.5. Apoptosis detected in the endo-
cardial or truncal cushions tissue might contribute
to the abnormal truncal division or coronary artery
development.

The present study shows that bis-diamine directly
or indirectly disturbs normal myocardial develop-
ment and that upregulation of HGF and CT-1 ex-
pression occurs in the bis-diamine treated hearts
that does not lead to an augmentation of myocardial
DNA synthesis but to a decrease in the number of
apoptotic cells. These results indicate that the ven-
tricular disproportion observed in the bis-diamine
treated heart is probably caused by the early myocar-
dial differentiation delay and poor proliferation 
and reduced apoptosis in the later stage as a result 
of abnormal coronary and systemic circulatory 
conditions.



The developing myocardium of higher vertebrates
grows chiefly by cell division (hyperplasia), whereas
mature ventricular myocytes grow almost exclusive-
ly by increasing their size (hypertrophy).In the chick
embryo, Clark et al.1 found pure myocyte hyper-
plasia in response to ventricular pressure overload
induced by constriction of the outflow tract
(conotruncal banding). Similar effects were report-
ed in fetal guinea pig myocardium;2 however, the 
potential for hypertrophic response exists even in the
fetus,as was shown in the lamb model of pulmonary
artery constriction.3 The switching from hyperplas-
tic to hypertrophic growth occurs soon after birth in
mammals,4–6 and pressure overload created in day 5
rat pups leads already to hypertrophic response.7

Despite these studies, the reactions of the immature
myocardium to changes in loading conditions in
vivo are underinvestigated, and even less is known
about its response to experimentally decreased 
loading. In these proceedings we summarize our 
results from studies of changes in myocyte pro-
liferative structure in four models of hemody-
namic alterations with pronounced myocardial 
remodeling.

We analyzed proliferative responses of the my-
ocardium by two distinct approaches. The first 
consists of terminal 5-bromodeoxyuridine (BrdU)
labeling (up to 16 h) followed by immunohisto-
chemical detection of S-phase cells. The labeling
index (percentage of labeled myocytes) is then de-
termined. The second approach we used is based on

quantitative label dilution. The proliferating popu-
lation of myocytes is pre-labeled with radioactive
thymidine prior to experimental procedure. Sam-
pling is performed at the time where desired pheno-
type can be clearly ascertained morphologically,
and both control and experimental hearts are then
processed for autoradiographic exposure yielding
suitable number of grains per nucleus in the popu-
lation of interest. Staining with myocyte marker
(MF20 antibody detecting myosin heavy chain) and
nuclear counterstaining are added. Increased prolif-
eration of target cell population is evidenced by in-
creased dilution of radiolabel (decreased number of
grains per nucleus), while slower proliferation over
that same period of time is revealed by higher reten-
tion of the initial label (higher grain counts).

In the first model system examined, we studied
the effects of conotruncal banding on the prolifera-
tive structure of the chick ventricular myocardium.
As was noted earlier, based on biochemistry and
stereology, pure cellular hyperplasia occurs in this
setting1; SEM study demonstrated thickening of the
ventricular compact layer and trabeculae with pre-
cocious spiraling of their course,8 suggesting accel-
erated morphogenesis. Pressure loading induced by
conotruncal banding in chick embryonic heart led
to increased cell proliferation, demonstrated more
readily by the label dilution method with 3H-thymi-
dine at HH34 than by short BrdU pulses at different
time points. This validated our label-dilution ap-
proach for use in embryonic systems, the main 
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advantage being the ability to study the proliferative
history in hearts with an already established pheno-
type of interest. We observed increased label dilu-
tion in the compact layer of both ventricles,as well as
in the right ventricular trabeculae,but the cell popu-
lations destined to become the ventricular conduc-
tion system, distinguished by their permanent
withdrawal from cell cycle,9 were not affected. This
shows that at such an early stage (HH21), there are
already myocyte populations terminally differenti-
ating and not responding to mechanical loading 
by increased cycling. Later stages were not studied,
because of defective coronary development and
high mortality.10

Next, we investigated whether myocyte hyperpla-
sia was operative in pressure overload induced by
banding of abdominal aorta in day 2 rat pups.11

Changes in left ventricular wall thickness were al-
ready detected 24 h after the constriction, and the
heart weight doubled in the most severe cases by day

10.We found increased BrdU labeling 24 h after con-
striction in both myocytes and nonmyocytes, and
increased dilution of the radiolabel at day 21 (Fig.
12.1).After day 10, hypertrophic changes (increased
cardiomyocyte width) were demonstrated, con-
firming the timing of transition from hyperplastic 
to hypertrophic growth.6

Our further interest was devoted to investigation
of mechanisms of underloading-induced hypoplas-
tic changes. In the chick model of the hypoplastic 
left heart syndrome,8 we applied again the label-
dilution technique to demonstrate decrease in the
number of cell divisions over time in the hypoplastic
left ventricle.12 Interestingly, these changes were not
compensated for by increased myocyte proliferation
in the right ventricular wall. Decreased cell pro-
liferation was accompanied by downregulation of
PDGF-B and FGF-2, making these growth factors
potential therapeutic targets for myocyte regenera-
tion in the immature heart.

Fig. 12.1 Aortic constriction (AC) performed in neonatal
rats at day 2 leads to a rapid acceleration of left ventricular
growth. This is evidenced by increased heart weight and
ventricular wall thickness seen on SEM micrographs of
hearts sampled at day 10. The initial phase of this response is

hyperplastic, as confirmed by increased BrdU labeling at day
3 (second column) and later by increased label dilution
(third column). By day 10, hypertrophy starts; however,
there is no evidence of myocardial fibrosis.
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Ectopic electrical pacing in the adult human heart
can lead, in chronic settings, to local wall thinning at
the stimulation site.13 One explanation for this ob-
servation is unequal distribution of workload, with
the early-activated myocardium working less than
the late-activated one.14 This corresponds well with
the fact that the apex, which is normally the first 
activated region of the ventricle,15–17 is thinner than
the midportion or the base.18 We were interested to
see if this situation would occur in the developing
heart, which is known to react to pacing in a specific
way.19 Local decrease in wall thickness (–28%) was
induced by 48 h of intermittent ventricular pacing 
in HH21–28 chick embryonic heart. It was mediated
by localized decrease in cell proliferation, again with
reduced FGF-2 levels.18

Interest in positional clues that may regulate pro-
liferation during early development led to study of
artificial muscular tubes in vitro. We hypothesized
that there exists a gradient of stress–strain relation-
ship through the wall, with higher strain found
along the inner layers associated with lower rates 
of proliferation, and that reversal of that strain 
gradient would reverse the gradient of proliferation.
Loops of chick ventricular muscle were dissected 
at HH16 and mounted on inert vascular supports
(fixed vitelline veins from ED10 chick) in normal or
everted position. After 2 days of concerted beating,
terminal BrdU label (Fig. 12.2) demonstrated that
the transmural gradient of highest proliferation
along outer layers was rapidly re-established in
everted muscular loops. This suggests a role of

Fig. 12.2 Gradients of proliferation and differentiation in
artificial myotubes. Rings cut from stage 16 chick embryonic
hearts were threaded on a vitelline vein perfused via
peristaltoid pump fused overnight and beat together in
vitro (a). By 2 days in culture, original proliferative gradient,
with higher proliferation in outer layers (white), was

reversed in everted tubes [black (b); white dots (d)].
Phalloidin staining revealed greater circumferential
alignment of sarcomeric actin along more strained inner
ventricular layers in the normal heart (c). Remodeling
reflecting the new geometry was observed after 48 hours in
the everted loop (d). Scale bar = 200mm.
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positional information, perhaps growth factors or
uneven wall strain, in regulation of cell division in
the early myocardium.

The size of a cell population is not dependent only
on the rate of cell proliferation. Since migration is
believed to be insignificant in the working my-
ocardium of higher vertebrates, the remaining un-
known in this equation is naturally occurring cell
death,or apoptosis.Apoptosis is a well-documented
phenomenon in the developing heart, but seems 
to be very rare in ventricular myocardium20,21 and
is associated with proliferation22 and conduction
system differentiation.23 We have therefore investig-
ated the rates of apoptosis in all our models, since 
increased incidence of cell death might contribute 
to hypoplasia or heart failure. Apoptosis did not
seem to be significantly involved in any of these 
settings.12,18

We thus conclude that experimentally induced re-
modeling of myocardial architecture in developing
heart is based on regulation of myocyte prolifera-
tion. These studies emphasize a basic, transient
property of developing myocardium and under-
score the need for early corrective surgery for con-
genital heart disease to achieve hyperplasia-based
remodeling and to prevent development of adverse
myocardial structural changes.
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The five papers in this section deal with the processes

that establish the AV and semilunar valves and their

spatial relationships. Cardiac valve development in-

volves formation of early endocardial cushion

swellings, endocardial–mesenchymal transformation

(EMT) and invasion of neural crest-derived mes-

enchyme, myocardialization, proliferation, and late

stages of remodeling that include apoptosis and matu-

ration of valve leaflets. During the early stages of

tubular heart development, signals released by the 

myocardium induce a subset of endocardial cells in the

AV canal and later in the OT regions to undergo an

EMT. This transformation results in formation of the

endocardial cushions, which are the primordia of the

cardiac valves and septa of the four-chambered heart.

Although numerous genes and molecular cascades

have been identified in the transformation of endo-

cardium into cushion mesenchyme, little is known

about how cushion mesenchyme subsequently differ-

entiates into valve leaflets.

Barnett and Desgrosellier have previously reported

that transforming growth factor b3 (TGFb3) is ex-

pressed in the transforming endothelial and invading

mesenchymal cells, and that bone morphogenetic 

protein 2 (BMP2) and 5 (BMP5) are in the AV and OT

myocardium during endocardial cushion tissue 

formation in the chick embryo. Their in vitro analysis

showed that at the onset of this EMT, TGFb and BMP

act synergistically with each other to induce not only

the initial phenotypic changes characteristic of this

phenomenon, but also mesenchymal cell invasion.

The mechanism underlying this BMP–TGFb synergy

during EMT, however, remains to be clarified.

In previous studies, Baldwin and Zhou have shown

that the transcription factor, nuclear factor of activated

T cells (NFATc1), is required for normal valve develop-

ment and that NFATc is exclusively expressed by the 

endocardium. To characterize the role of NFATc1 in

semilunar valvulogenesis, the downstream targets of

NFATc activation were identified by monitoring gene

expression in an in vitro system using a pulmonary

mesothelioma cell line (REN).Interestingly,unlike that

seen in T lymphocytes, there was a prominent effect 

of NFATc1 activation on the suppression, rather than

gene activation by both calcineurin dependent and in-

dependent mechanisms. These studies are the first to

suggest a novel role for NFATc1 in regulation of the 

endocardial phenotype during development.

Markwald et al. concluded that periostin, a 90 kDa

protein related to the Drosophilia fasciclin gene family,

is expressed in cushion mesenchymal cells upon their

transformation from endocardium; the cushion cells
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continue to express periostin as they progressively dif-

ferentiate into fibrous tissue during fetal and neonatal

life. Conversely, inducible repression of periostin pro-

tein correlates with differentiation of mesenchymal

cells (cushion or MC3T3) into a chondrogenic or 

osteogenic cell type.

Suigi et al. localized mRNA of fibroblast growth fac-

tor (FGF) receptors (FGFR1,2 and 3),and FGF ligands,

FGF-4 and FGF-8, in developing cardiac cushion tissue

implicating their role during the initial proliferative 

period of early valvulogenesis. Distinct patterns of

FGF receptor expression were observed suggesting 

differing roles in regulation of the varied phases of

valvulogenesis. Interestingly, they noted a pattern of

FGFR3 expression restricted to the endocardium 

similar to that seen for NFATc (see study by Baldwin

and Zhou).

Yamagishi et al. examined the spatiotemporal ex-

pression of Msx1 to assess the role of this homeobox

gene in endocardial cushion tissue formation. Their 

results show that Msx1 is expressed in the transform-

ing endothelial and invading mesenchymal cells at the

onset of EMT. Further, Msx1 is required to initiate

BMP/TGFb-dependent EMT, and lies downstream of

BMP signaling, but not of TGFb. These findings 

suggest that Msx1 may have a key role to play in the 

synergistic effect of BMP and TGFb during EMT.

Further experiments will be necessary to clarify the

mechanisms underlying the synergistic effect of these

growth factors.



Congenital heart defects are the most prevalent
birth defect in humans and often include valvular
anomalies. Studies of the molecular regulation of
cardiovascular development have identified poten-
tial mechanisms underlying these defects. We have
investigated the role of transforming growth factor
beta (TGFb) receptors in the initial events of valve
formation in an effort to gain insight into the mol-
ecular basis of valvular defects.

A pivotal event in valvulogenesis occurs at the
tubular heart stage in the atrioventricular (AV)
cushion and later in the developing outflow tract.
Experiments have demonstrated a restricted 
localization of both the endothelial cells that can
transform and myocardial cells that can signal 
transformation.Signals released by the myocardium
induce a subset of endocardial cells to undergo an
epithelial–mesenchymal transformation (EMT).
These cells hypertrophy,elongate,and separate,then
enter and migrate through the acellular cardiac jelly.
The cushions direct one-way blood flow in the em-
bryo and are remodeled into mature valves. Trans-
formation has been studied extensively in avian
systems where the AV cushion can be explanted onto
a collagen gel1 (Fig. 13.1). The beating myocardium
compacts while endothelial cells form a monolayer
on the gel surface. EMT is quantitated by measuring
mesenchyme production, defined as the number of
cells that enter the gel, or by determining the migra-
tion rate of individual cells.

Members of the TGFb family play a significant
role in EMT. When AV cushion endocardial cells on 

a collagen gel are covered with noninductive ven-
tricular myocardium, transformation is stimulated
by TGFb2 while neutralizing antisera or antisense
oligonucleotides to TGFb2,3 inhibit transformation.
Given these data, we sought to answer the follow-
ing question: If a subpopulation of AV cushion en-
dothelial cells responds to TGFb by undergoing
transformation and adjacent ventricular cells do
not, what is different about TGFb receptor expres-
sion or coupling in AV cushion endocardial cells
compared to nonresponsive cells in the ventricle?

The TGFb family proper includes three ligands:
TGFb1, b2, and b3. Although the mRNA for these
ligands have discrete and localized patterns of ex-
pression,4 an inability to identify active ligands in
the embryo has limited the assignment of ligands to
specific functions. At least three cell surface recep-
tors bind ligand. The type I TGFb receptor (TBRI)
and type II TGFb receptor (TBRII) are serine/threo-
nine kinases. TBRII binds TGFb1 and b3 with high
affinity, then complexes with and phosphorylates
TBRI.5 TBRII binds TGFb2 with low affinity, al-
though, a splice variant, TBRII-B binds TGFb2 with
high affinity.6 Phosphorylation of TBRI results in
activation of the cytoplasmic kinase domain 
and subsequent phosphorylation of downstream
signaling molecules, including members of the
Smad family of transcription factors.7 Signaling
through TBRII/TBRI mediates TGFb effects such as
growth arrest5 and the production of plasminogen
activator inhibitor 1 (PAI-1).8 The type III TGFb
receptor (TBRIII) has a large extracellular binding
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domain that contains two binding sites for TGFb
and can also bind inhibin.9,10 The single transmem-
brane spanning domain and short cytoplasmic do-
main are highly conserved between species and the
later contains a single PDZ domain.11,12 TBRIII
binds TGFb2 with high affinity as well as TGFb1 and
b3 and can present ligand to TBRII/TBRI. The 
biological significance of the forms of TGFb and
how they may differentially interact with TGFb
receptors during embryonic development is largely
unknown.

To identify the signal transduction complex that
mediates AV cushion transformation, we examined
the role of each receptor in turn. TBRII was ex-
pressed in endothelial cells throughout the em-

bryo,13 including AV cushion endocardial cells. In
AV cushion explants, anti-TBRII antisera inhibited
both mesenchyme production and cell migration.14

Therefore TBRII is required for AV cushion trans-
formation but localization of TBRII is not a mecha-
nism by which TGFb responsiveness is restricted to
AV cushion endocardial cells. TBRIII is restricted to
specific endothelial cell populations in the embryo
including those in the AV cushion and outflow tract.
Anti-TBRIII antisera that blocked ligand binding
inhibited both mesenchyme production and cell
migration. Further, misexpression of TBRIII in ven-
tricular endocardial cells followed by the addition of
TGFb2 resulted in EMT.15 We noted that although
ventricular endothelial cells express TBRII and
TBRI they do not transform in response to ligand.
We suggested a unique and nonredundant signaling
pathway was used by TBRIII to mediate transforma-
tion. In humans, tbriii maps to a linkage region for
AV cushion defects on chromosome 1.16,17

Based on these data, we suggest that the minimal
receptor complex required for AV cushion transfor-
mation is composed of TBRII and TBRIII and that
the ligand TGFb2 is important in activating this
complex (Fig. 13.2). All models of TGFb signal
transduction include a TBRI so we next asked if a
TBRI was involved in AV cushion transformation.
Several TBRIs, referred to as activin receptor-like 
kinases (ALK), are components of the activin,

Fig. 13.1 In vitro AV cushion explant assay. The AV cushion
region is indicated in a HH stage 18 embryo. This region of
the heart tube is excised and placed endocardial side down
on a hydrated collagen gel as depicted. A transforming
explant incubated with preimmune antisera is diagrammed
and photographed on the left. Incubation with anti-TBRII
antisera inhibits transformation and results in the
nontransforming phenotype presented on the right.

Fig. 13.2 Possible TGFb signaling pathways in AV cushion
transformation. We propose a minimal receptor complex of
TBRII/TBRIII binds TGFb2 and signals transformation. Data to
date suggest that ALK5 is not part of the pathway. ALK2 and
Smad6 regulate transformation implicating Smad 1, 5, or 8.
ALK2 may be activated by TBRII/TBRIII directly or signal
transformation via a parallel pathway downstream of BMP.
We have not excluded the possibility that TBRII/TBRIII may
signal independently of a TBRI.
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BMP, and TGFb signaling pathways.18 ALK5 inter-
acts with TGFb to mediate growth arrest and PAI-1
production.7,8 ALK2 interacts with activin,19 BMP,20

and TGFb receptors19 and is a functional compo-
nent of BMP7 signal transduction complexes.20 In
breast epithelial cells ALK2 mediates EMT in re-
sponse to TGFb.21 Therefore, we chose to examine
the roles of ALK2 and ALK5 in AV cushion transfor-
mation. Anti-ALK2 antisera inhibited mesenchyme
production while neutralizing antisera to ALK5 was
without effect.22 This suggests that ALK2,not ALK5,
signals transformation. ALK2 may directly interact
with TBRII/TBRIII or two parallel pathways may
exist, each of which stimulate or modulate AV cush-
ion transformation. Therefore, TBRII and TBRIII
might lie in a pathway parallel to a BMP pathway that
accesses ALK2 to modulate AV cushion transforma-
tion (Fig. 13.2).

We next addressed whether Smads, specific
downstream mediators of TGFb signaling, are in-
volved in AV cushion transformation. We chose 
to overexpress Smad 6 which specifically inhibits
Smad 1, 5, and 8 downstream of ALK2 with limited
effect on TGFb signaling through ALK5 activation
of Smad 2 and 3.23 Inhibition of mesenchyme pro-
duction was seen in AV cushion explants that over-
express Smad 6.24 Smad 6 null mice have hyperplastic
valves and an increase in EMT in the developing
cushions was suggested to explain this phenotype.25

In our experiments, we determined a direct effect of
Smad 6 on EMT. These data are consistent with
Smad 6 regulating EMT and valvulogenesis.

In summary, the identification of unique TGFb
receptor signaling components contained in trans-
forming versus non-transforming endocardial cells
led to the demonstration of the first biological role
for TBRIII, recognition of TBRIII as a candidate
gene for mediating AV cushion defects, and impli-
cated ALK2 and downstream Smad signaling path-
ways in AV cushion transformation.
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Null mutations in the transcription factor, nuclear
factor of activated T cells (NFATc1), have docu-
mented its requirement for normal valve develop-
ment.1,2 Our previous studies have shown that
NFATc is exclusively expressed by the endocardium
and that defects were preferentially detected during
semilunar valve formation resulting in embryonic
lethality by E14.5 in the mouse.2 However, a detailed
analysis by our collaborators has documented that
defects in valvular function of the endocardial cush-
ions can be detected as early as E11.5,3 well before
conotruncal septation is complete and prior to the
onset of valve leaflet formation. Thus, physiological
alterations in NFATc1 mutant embryos precede
anatomical defects as detected by routine histologi-
cal techniques and the role of NFATc1 in normal
valvulogenesis remains obscure.

Neural crest cells are known to make a unique
contribution to development of the distal outflow
tract mesenchyme and the endocardium is thought
to play a pivotal role as a source of proximal mes-
enchyme populating the endocardial cushions.4

Therefore, we focused our attention on abnormal-
ities in these cell populations as a potential explana-
tion for the defects observed in the absence of
NFATc1. NFATc mutant mice were bred onto the
R26R reporter background where Cre-mediated 
excision removes a stop codon and simultaneously
brings the lacZ expression cassette into a proper
reading frame for immunohistological identifica-
tion.5 These mice were then crossed with transgenic
animals expressing neural crest specific Cre (Wnt-1

Cre)6 and endothelial specific Cre (Tie2-Cre)7 to
evaluate the lineage-specific contribution of each
mesenchymal subpopulation to outflow tract devel-
opment in NFATc1 mutant mice.Preliminary analy-
sis of staged embryos from these matings (Plate 5a)
showed a definitive, tissue-specific segregation of
mesenchymal populations in wild type embryos:
endothelial derived mesenchyme (EM) seemed to
populate the proximal outflow tract while neural
crest derived mesenchyme (NCM) was the promi-
nent cell type in the distal outflow tract (Oft).
However, in the NFATc1 null mutants (Plate 5b),
this discrete tissue boundary appeared obscured
suggesting that disruption of lineage-specific tissue
boundaries is associated with abnormalities detect-
ed in the NFATc1 null mutants. Furthermore, no 
defects in the atrioventricular canal (Avc) 
mesenchymal cell population were detected, further
supporting an enhanced sensitivity of the outflow
tract to attenuated NFATc expression.

To further understand the role of NFATc1 in
semilunar valvulogenesis, we have begun to analyze
possible downstream targets of NFATc activation
that might place NFATc1 in a clearly defined, mech-
anistic cascade. Because the endocardium makes up
a small fraction of the total number of cells populat-
ing the cardiac outflow tract compared to myocar-
dial and mesenchymal cells, various attempts using
comparative representation display technologies of
wild type and mutant embryos were unsuccessful 
in identifying endocardial specific candidate genes.
Therefore, we have created an in vitro system (Fig.
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14.1) to study the effects of induced NFATc activa-
tion using a pulmonary mesothelioma cell line
(REN) with endothelial qualities but no detectable
native expression of NFATc1 in conjunction with
adenovirus infection. Two adenoviral constructs
were compared (Fig. 14.1a): a control IRES-eGFP
and an adenovirus containing NFATc1 in which the
nuclear export signal had been deleted resulting in
constitutive nuclear localization followed by an
IRES-eGFP construct. The expression of eGFP by
both constructs allowed cells to be FACS sorted to
insure pure populations and equivalent levels of
expression. When transfected into REN cells, the
NFATc1 expressing virus resulted in a clear pheno-

typic change when compared to control virus (Fig.
14.1b). Each cell population was then cultured with
or without stimulation by calcium ionophor and
phorbol ester, and were also cultured in the presence
or absence of cyclosporin inhibition over sequential
time points to establish a dose–response curve 
and delineate the role of the calcineurin-calmodulin
pathways. Multiple microarray analyses (Fig. 14.1c)
was then used to monitor alterations in the expres-
sion of approximately 1000 different genes under
control and experimental conditions. Interestingly,
unlike that seen in T lymphocytes, there was a
prominent effect of NFATc1 activation on the sup-
pression, rather than activation of gene activation in

Fig. 14.1 An in vitro model to study the
role of NFATc1. (A) Schematic of the
control and treatment adenoviral
constructs. These replication deficient
adenoviruses used a cytomegalovirus
(CMV) enhancer/promoter to drive
expression of either green fluorescent
protein (eGFP) alone or a mutated NFATc1
in which the nuclear export signal had
been removed to induce constitutive
nuclear localization and activity. A
internal ribosomal entry site (IRES) was
added to insure that eGFP expression was
driven off the same promoter as the
NFATc1 construct. (B) REN cell infected
with control and NFATc1 virus
documenting a morphological change
associated with infectivity. (C) The
schedule for cyclosporine administration
and a representative microarray
following mRNA extraction and
hybridization.
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by both calcineurin dependent and independent
mechanisms. While similar mechanisms have been
suggested by some previous experiments using dif-
ferent model systems,8,9 these studies are the first to
suggest a novel role for NFATc1 in the regulation of
the endocardial phenotype during development.
Further studies are underway to correlate these in
vitro studies with those detected in vivo during criti-
cal periods of semilunar valvulogenesis.
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Although 100+ genes have been identified in the
transformation of endocardium into cushion mes-
enchyme, little genetic information is known about
how cushion mesenchyme subsequently differenti-
ates into valve leaflets.Cushion cells normally differ-
entiate into a (myo)fibroblastic lineage but also have
potential to differentiate into cardiac muscle,1 carti-
lage,2 bone and bone marrow including blood cells.3

One candidate for regulating cushion differentia-
tion that emerged from a gene chip (microarray)
study is osteoblast specific factor 2 or periostin.
Periostin is a 90 kDa protein that is related to the
Drosophila fasciclin gene family, which is important
in invertebrates in axon guidance and targeting.4

However, in vertebrates, it seems to be more widely
expressed5,6 including the periosteum of bone and
the perichondrium of cartilage. We found that the
periostin mRNA is downregulated when periosteal
osteoblastic (‘stem’) cells of bone differentiate into
osteocytes. Conversely, we find that periostin is up-
regulated in mouse and chick cushion mesenchyme
after their transformation from endocardial pro-
genitor cells. Expression in cushion cells continues
during differentiation into valve leaflets and per-
sists, in valves, into postnatal and adult life.6 To 
confirm that periostin message is also expressed 
as a protein, rabbit antibodies were made against
synthetic peptide corresponding to amino acids
123–142 in mouse periosteum (accession no.
D13664) after conjugation to keyhole limpet hemo-
cyanin. This sequence – called peptide II – is unique
to the first of four fasciclin domains in mouse 

periostin. On Western blots, the immunopurified 
antisera recognized a major band at 90 kDa in 
both the 14 embryonic and newborn hearts (also de-
tected in adult hearts). Peptide II but not peptide 
III competitively inhibited staining of the gels 
(peptide III is a non-fasciclin amino acid sequence at
the N-terminus) (Fig. 15.1). Using immunopurified
antibodies, we confirmed that periostin protein 
is not expressed in the endocardium but only in the
extracellular matrix surrounding its mesenchymal
progeny (Plate 6). The protein was associated with
cushion cell surfaces and filaments radiating into the
extracellular matrix (Plate 6b). In both chick and
mouse, periostin, as well as other mesenchymal
markers such as JB3 and ES130, was co-expressed
with a myocardial marker (MF20) in a zone of cells
located at the future site where the developing
leaflets will delaminate (separate) from the adjacent
myocardium (Plate 6c). At such ‘cleavage’ sites, ex-
tracellular spaces appear, over time, which expand
and coalesce resulting in partial separation of the
myocardium and formation of tendinous, suspen-
sory cords.7 As shown in Plate 6d, some fibroblastic
cells in developing tendinous cords continue to 
express MF20 even late into fetal life, suggesting 
a potential myocardial heritage. Consistent with 
this suggestion are cells that can be found in the
‘cleavage zone’ that show both mitotic nuclei and
poorly organized (perhaps remnants) of striated
myofibrils (Fig. 15.2). If true, this hypothesis 
would mean that the developing valve leaflets would
not have to evolve a complex mechanism to hook up
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with their suspensory apparatus because they
would, in fact, always be in direct contact with 
the progenitor of the tendinous cords, i.e. the 
myocardial cells that co-express mesenchymal

markers (Pn, JB3 or ES130) and a striated muscle
marker (MF20).8

Note that periostin staining is not limited to just
cardiac cells but is also expressed on the surfaces of
neurites extending from the neural tube (but not on
cells within the tube itself) (Plate 7). This pattern of
expression is consistent with its homology to fasci-
clins that are associated with axonal guidance in in-
vertebrates.9 This raises the question as to what is the
potential function of periostin in valvulogenesis?
Based on its expression pattern in bone and cartilage
(i.e. present in osteoblasts or chondroblasts but 
absent in osteocytes and chondrocytes), we have
proposed that periostin may promote or sustain 
fibrogenic differentiation and/or may inhibit 
mesenchymal differentiation into osteogenic or
chondrogenic phenotypes.

To initially test this hypothesis, we examined 
periostin expression in long-term cultures of chick
primary cushion mesenchymal cells. The major
cushions were isolated from stage 26 chick AV canals
(20+ hearts/experiment) and pooled to establish
high-density cultures plated onto plastic at 50 000
cells/well. By day 14, most cultures were confluent
and cells appeared homogenously mesenchymal (or
fibroblastic) and expressed M38, a procollagen type
I marker. There was no evidence of multilayered
nodules or condensations or any marker that might
have indicated chondrogenic or osteogenic differen-

Fig. 15.1 Periostin Western blot of 14-
day vs. newborn whole hearts in mice
using antibody made against peptide II
which completely blocked staining.

Fig. 15.2 Transmission EM of cells located in cells located at
the Pn+/MF20+ interface between the cushion leaflet and
myocardium. Note myofilaments (mf) are seen in a presumed
myocardial cell (M) having mitotic chromosomes (cr).
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tiation (e.g. type II collagen). On day 17, however,
circular fibrous densities appeared within the cul-
tures which grew up from the bottom of the dish into
the medium (Fig.15.3). If bone morphogenetic pro-
tein 2 (BMP2) was added to the medium (5–20 ng)
at time 0 and cultures continued to day 17, the fi-
brous rings did not develop in the presence of 20 ng
BMP2. At day 17, we examined periostin mRNA ex-
pression. While all cells expressed periostin, its ex-
pression was strongest in the developing fibrous
rings (Fig. 15.4). If treated with 20 ng BMP2, mes-
sage for periostin was low or absent. Thus, periostin
expression correlated directly with the potential of
the primary cultures to form fibrous rings. We used
histological analysis to determine exactly what type
of tissue was present in the fibrous rings.As shown in
Plate 8, the fibrous rings were composed of dense,
fibrous, collagenous tissue that expressed type I 
collagen (not shown), and seemed to us to be 
characteristic of the fibrosa layer of mature leaflets.2

As for tissue encircled by the fibrous rings, this tissue
seemed to be a mixture of poorly differentiated cells
and loose fibrous tissue.However, in cultures treated
with 20 ng BMP2, multiple nodules of condensed
cells were present and distributed throughout the
culture. Most nodules expressed type II collagen, a
cartilage marker (but not periostin) (Plate 9).To fur-

ther determine if low (or suppressed) expression of
periostin correlates with mesenchymal cell differen-
tiation into chondrogenic or osteogenic lineages, we
used a preosteoblastic cell line, MC3T3 (gift from
Professor Amagai, Japan). These mesenchymal-like
cells can be induced to form mineralized matrix if
treated with b-glycerophosphate (bGP). Without
such induction, they remain mesenchymal.We grew
MC3T3 for 16 days with ascorbic acid (or until
nodular condensations appeared) and then we

Fig. 15.3 BMP2 added to high-density
cultures of cushion cells isolated from
stage 26 chick hearts and cultured for 
18 days. Note dense ring-like structure
that forms in low levels of bone
morphogenetic protein (BMP) which
express Pn except at high levels.

Fig. 15.4 In situ hybridization of Pn.

Fig. 15.5 Periostin Western blots of MC3T3 cultures 
+/– b-glycerophosphate.
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added bGP and cultured for 14–24 more days. After
30 or 40 days, cultures were examined for minerali-
zation using von Kossa staining (Plate 10) and for
periostin protein expression by Western blotting
(Fig. 15.5). In controls (no bGP received), periostin
was expressed throughout the length of the cul-
ture. Isoforms of periostin (Pn), probably splice
variants,6 were found in both cell pellets and the 
supernatant (culture medium).MC3T3 cells treated
with bGP formed mineralized matrix which was 
visualized as black precipitates stained by the von
Kossa method. Such black precipitates were few or
absent in controls.No or little periostin was detected
in the medium. However, periostin remained de-
tectable in the cell fraction although message was
not detected (data not shown).

Thus, we tentatively conclude that periostin is ex-
pressed in cushion cells upon their transformation
from endocardium and they continue to express 
this protein as they progressively differentiate into
fibrous tissue during fetal and neonatal life. Con-
versely, inducible repression of periostin protein
correlates with differentiation of mesenchymal cells
(cushion or MC3T3) into a chondrogenic or os-
teogenic cell type.
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Introduction

While much has been learned about how endothelial
cells transform to mesenchyme during cardiac cush-
ion formation,1,2 there remain fundamental ques-
tions about the developmental fate of cushions. In
the atrioventricular (AV) inlets and outlet segments,
cushion mesenchyme distally elongates producing
bulges that project into each lumen. In the present
work, we focus on the early stages of growth 
and development of cushion mesenchyme. Secreted
growth factors are reasonable candidates for regu-
lating these early events in valvulogenesis.Fibroblast
growth factors (FGFs) belong to a structurally re-
lated heparin-binding protein family that regulate
tissue differentiation and patterning3,4 and act as
potent mitogens for endothelial and mesenchymal
cells.5 In the present study, we have localized mRNA
of FGF receptors (FGFR) 1, 2, and 3, and FGF 
ligands, FGF4 and FGF8, in developing cardiac
cushion tissue during the initial proliferative 
period of early valvulogenesis. Based on these data,
we performed the following experiments to test 
the hypothesis that FGF pathways play regulatory
roles in cushion mesenchymal cell proliferation and
elongation into prevalvular structure.

Results

Localization of FGF proteins and 
FGF receptor mRNA at the onset of 
valve formation
FGF4 protein was localized in atrial and ventricular
myocardium throughout all stages (14–27) in chick

embryos examined, including AV myocardium ad-
jacent to the forming AV cardiac valves (Plate 11a).
Cytoplasmic expression of FGF4 was detected in AV
and OT cushion mesenchymal cells as well as AV en-
docardial endothelial cells. Interestingly, FGF8 pro-
tein was localized intensely on the luminal surface of
the AV and OT cardiac valves (Plate 11b).Ligand dis-
tribution was also compared to FGFR expression. In
situ hybridization data indicated that like FGF8,
FGFR3 mRNA was confined to the endocardial rim
of the AV cushion pads (Plate 11e,f),whereas FGFR2
was expressed exclusively in cushion mesenchymal
cells (Plate 11d). FGFR1 expression like FGF4,
was detected in both endocardium and cushion
mesenchyme as well as in myocardium (Plate 11c).

Effect of exogenously added FGF4 on
BrdU incorporation by cultured cardiac
cushion mesenchymal cells
To determine if FGF4 exerted an effect on AV cush-
ion mesenchymal cell proliferation,FGF4 was added
to the medium of cultured AV cushion mesenchy-
mal cells. AV cushion mesenchymal cells were cul-
tured in SFM (medium 199 supplemented only with
insulin, transferring, and selenium) with or without
FGF4. BrdU incorporation assay provides an index
of proliferation activity in cultured mesenchymal
cells.As indicated in Plate 12e,as little as 10 ng/mL of
FGF4 resulted in a 50% increase in the proliferative
activity of mesenchymal cells.

Microinjection of FGF4 retrovirus into
cushion tissue
To evaluate the effect of FGF4 on cardiac valve 
formation in vivo, FGF4 retrovirus6 was pressure in-
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jected into cardiac cushion mesenchyme. Cushion
mesenchymal cells injected in vivo with FGF4 virus
indicated dense populations of b-gal-viral 
markers-positive cells and expansion of mes-
enchyme into the lumen (arrow, Plate 12a,b),
suggesting proliferative expansion of the cushion.
Control b-gal virus injected cushion mesenchyme
showed normal development (not shown). None 
of the nine b-gal virus microinjected embryos
showed any luminal expansion of cushion 
mesenchyme, while seven out of eight FGF4+b-gal
virally injected embryos clearly demonstrated 
luminal expansion of b-gal positive cushion 
mesenchyme. Similar morphological changes 
were found both in outlet and inlet cushion 
mesenchyme.

Microinjection of FGF4 protein into
cushion tissue
As shown in Plate 12d, FGF4 injected cushion mes-
enchyme increased the percentage of BrdU labeled
mesenchymal cells (indicated by lighter color in
Plate 12d) including those seen in cushions that 
protruded toward the lumen as compared to BSA-
injected control (Plate 12c).Quantitative evaluation
of the BrdU incorporation assay shows that FGF4
microinjection into the cushion tissue caused a 
statistically significant increase in BrdU incorpora-
tion of mesenchymal cells as compared to BSA 
injected controls (Plate 12f). Moreover, BSA in-
jected control samples tended to show more BrdU 
positive cells near the luminal surface of the cushion,
while FGF4 injected samples exhibited more 
BrdU positive cells in the central part of the cushion,
which suggests that FGF4 injection altered (i.e.
expanded) the normal distribution of BrdU positive
cells.

Discussion

Our present work indicated that FGF4 was ex-
pressed in cushion mesenchymal cells in the chick
(Plate 11a) and FGF8 was expressed in luminal 
surface of the valve in the mouse (Plate 11b), that 
exogenously added FGF4 induced proliferation of
cushion mesenchymal cells in vitro (Plate 12e) and
in vivo (ovo) (Plate 12c,d), and that FGF4 overex-
pression induced precocious extension of cushion
mesenchyme into the lumen (Plate 12a,b), indicat-

ing a role of the FGF pathway in early leaflet forma-
tion. Our in situ hybridization data for localizing
FGF receptors also support a signaling role for FGF
ligands in valvulogenesis. It is presently unclear how
these distinctively restricted patterns of expression
for FGF receptors might interact to regulate various
phases of early valvulogenesis, particularly FGFR3.
It is possible that this receptor merely serves to keep
the endocardium growing at a pace commensurate
with cushion mesenchymal growth. However, the
similarity of FGFR3 expression to that of nuclear
factor activated T cells (NFATc)7,8 may suggest 
another role during valvulogenesis.

It remains to be determined whether FGF signal-
ing also interacts with other candidate regulatory
molecules. In addition to simply promoting pro-
liferation, it will be of interest to know how FGF sig-
naling modulates or interacts with other regulatory
molecules to potentially regulate further morpho-
logical changes in valve formation such as delamina-
tion from myocardium, differentiation into a
myofibroblastic lineage or formation of the sup-
porting tension apparatus.
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Epithelial–mesenchymal transformation is a critical
event in various developmental processes. During
the early stages of heart development, endothelial
cells in the atrioventricular (AV) and outflow tract
(OT) regions change their phenotype to that of mes-
enchyme (endothelial–mesenchymal transforma-
tion, EMT), and form endocardial cushion tissue, a
primordium of the valves and septa of the four-
chambered heart. Maldevelopment of the en-
docardial cushion tissue causes various types of
congenital heart defects not only in the AV canal,but
also in the OT region.1 In vitro assays have shown
that this EMT is prompted by unknown signals 
produced by the subjacent AV myocardium in a 
spatiotemporally restricted manner.2 Previously, we
reported that transforming growth factor b3
(TGFb3) is expressed in the transforming endothe-
lial and invading mesenchymal cells, and that bone
morphogenetic protein 2 (BMP2) and BMP5 are in
the AV and OT myocardium during endocardial
cushion tissue formation in the chick. Our in vitro
analysis showed that at the onset of this EMT, TGFb
and BMP act synergistically with each other to in-
duce not only the initial phenotypic changes charac-
teristic of this phenomenon, but also mesenchymal
cell invasion.3–8 We are still unclear, however, of the

mechanism underlying this BMP-TGFb synergy
during EMT.

Msx is an ortholog related to the Drosophila msh
(muscle-segment homeobox) gene and has been
identified in many vertebrates, including zebrafish,
frog, chick, mouse, and human.9 During develop-
ment, the Msx1 gene is expressed in the inductive 
regions, in which the epithelial–mesenchymal 
interaction occurs extensively (such as migrating
cranial neural crest cells, pharyngeal arches, tooth
bud, somatopleura, limb bud, and heart).9 Recent
genetic approaches have revealed that Msx1-
deficient mice are affected by cleft palate as well 
as abnormalities of craniofacial and tooth 
development.10 Msx2 null-mutant mice display 
defects of skeletal organ, tooth, hair follicle, and
mammary gland development. These observations
suggest that Msx genes are essential for the regula-
tion of cell-to-cell or cell-to-tissue communication
during epithelial–mesenchymal interaction.11

In the present study, we investigated the spa-
tiotemporal expression of Msx1 and its role in 
EMT during chick endocardial cushion tissue for-
mation. In situ hybridization and immunohisto-
chemistry revealed intense Msx1 signals in the
endothelial/mesenchymal cells of the OT and AV 
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regions at stages 14–23, during which EMT occurs
extensively. Once cushion tissue formation was
complete,Msx1 transcripts were seen in the cushion
tissue mesenchyme until the end of the embryonic
stage (stage 33). The spatiotemporal expression pat-
tern seen for Msx1 suggests that this homeobox gene
may play an important role not only in the initiation
of EMT, but also in the maintenance of the cushion
mesenchyme.

To try to determine whether Msx1 is required for
the initiation of EMT, we cultured AV explants (pre-
activated endocardium + associated myocardium)
from stage 14 hearts on collagen gel lattice, and 
treated them with antisense oligodeoxynucleotides
(ODN) specific for chick Msx1 (Table 17.1). After 
48 h, explants cultured with CM199 or missense
ODN (2mM) showed mesenchymal cell invasion
into the gel lattice revealed to a similar extent, but 
in explants cultured with antisense Msx1 ODN 
(2mM), this invasion was inhibited. Quantitative
RT-PCR and immunocytochemistry revealed that
Msx1 expression was significantly suppressed in 
explants treated with antisense-Msx1. These results
suggest that antisense-Msx1 ODN affects the ex-
pression of the Msx1 message at the mRNA level, a
perturbation that might inhibit the initiation of
EMT. We next examined the expression of EMT-
specific marker genes in cultured explants with or
without perturbation. Quantitative RT-PCR re-
vealed that transcripts of EMT-specific marker
genes (smooth muscle a-actin, type I collagen, and

fibrillin-2) were suppressed in explants treated with
antisense-Msx1 ODN.

In order to test the effects of TGFb and BMP on
Msx1 gene expression during EMT, preactivated 
AV endothelial monolayers from stage 14 hearts
were prepared on collagen gel lattice and cultured
with CM199, associated myocardium, TGFb2
or -b3, BMP4 (a substitute for BMP2), or TGFb +
BMP4. The resulting cultures were examined to see
whether they did or did not express Msx1 at the
mRNA and protein levels (Table 17.2). In this 
experiment, endothelial cells treated with TGFb3
(5 ng/mL) showed only the initial phenotypic
changes seen in EMT (cell: cell separation, cellular
hypertrophy, and migratory appendage formation
on the gel surface), and they seeded few mesenchy-
mal cells into the gel lattice. Cells treated with BMP4
displayed none of phenotypic changes of EMT. 4, 6, 7

In contrast, endothelial cells cultured with both
TGFb3 (5 ng/mL) and BMP4 (1mg/mL) exhibited
endothelial cell migration on the gel surface and
seeded many mesenchymal cells into the gel lattice.7

Table 17.1 AV explant cultures treated with antisense ODN

to Msx1

Culture conditions No. of invaded 

mesenchymal

cells (mean ± SE)

CM199 122 ± 7 (n = 73)

Missense ODN (2 mM) 85 ± 10 (n = 15)

Antisense-Msx1 ODN (2 mM) 23 ± 5 (n = 14)

AV explants prepared from stage 14 chick embryonic hearts

were cultured under various conditions in a 3-D collagen

gel-culture system. Antisense-Msx1 ODN

(oligodeoxynucleotides), but not missense ODN, inhibited

mesenchymal cell invasion into the gel lattice (P < 0.05,

Mann–Whitney U-test). CM199, medium 199 containing 1%

chick serum; n, number of explants examined.

Table 17.2 Effects of TGFb and BMP on expression of Msx1 in

preactivated AV endothelial cells

Culture conditions Mesenchymal Msx1 expression

invasion

CM199 – –

Myocardium +++ +++
TGFb2 ± –

TGFb3 ± –

BMP4 – +
TGFb2 + BMP4 + +
TGFb3 + BMP4 + +

Different types of AV endothelial cultures were analyzed by

RT-PCR and immunocytochemistry for Msx1 expression. AV

endothelial monolayers obtained from stage 14 hearts were

cultured with CM199, associated myocardium, TGFb, BMP4,

or TGFb+BMP4. When the endothelial cells were cultured

with CM199 alone or with TGFb (5 ng/mL), Msx1 expression

was not observed. In contrast, when cells were cultured with

myocardium or with BMP4 (1 mg/mL), Msx1 expression was

observed. Combined administration of TGFb +BMP4 also

induced Msx1 expression, but the amount of Msx1

expression was no different than in cultures treated with

BMP4 alone. Note that endothelial cells treated with TGFb
alone showed the initial phenotypic changes characteristic

of EMT.
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RT-PCR and immunocytochemistry revealed that en-
dothelial cells cultured with associated myocardium
expressed Msx1 extensively. Preactivated endothe-
lial cells cultured with BMP4 expressed Msx1; how-
ever, the amount of Msx1 expressed in this culture
condition was less than that induced by associated
myocardium. Following combined administration
of TGFb + BMP4, the amount of Msx1 expression
was no different than in cultures treated with BMP
alone. On the other hand, cells cultured in CM199
alone or with TGFb did not express Msx1 at all.
These results indicate that BMP does not induce any
of the phenotypic changes characteristic of EMT in
preactivated AV endothelial cells, but that it does in-
duce the Msx1 gene that is required to initiate EMT.
This suggests that Msx, being downstream of
BMP-signaling, may play an important role in the
synergistic effect that BMP and TGFb during the
formation of endocardial cushion tissue.

In the present paper, we have examined the spa-
tiotemporal expression of Msx1 and the possible
role of this homeobox gene in endocardial cushion
tissue formation. Our results show that; (1) Msx1 is
expressed in the transforming endothelial and in-
vading mesenchymal cells at the onset of EMT; (2)
Msx1 is required to initiate BMP/TGFb-dependent
EMT, and lies downstream of BMP signaling, but
not of TGFb. They also suggest that Msx1 may have 
a key role to play in the synergistic effect of BMP and
TGFb during EMT. Further experiments will be 
necessary to clarify the mechanisms underlying 
the synergistic effect of these growth factors.
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Segment and chamber
specification
Editorial perspective
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The papers in this section deal with the topic of cardiac

chamber specification. Better understanding of the

critical steps involved in chamber specification is ex-

pected to provide improved insight into both the evo-

lution of heart development, e.g. the number and type

of cardiac chambers differs across species, and the

pathogenesis of important human congenital heart de-

fects involving cardiac chamber hypoplasia. The regu-

latory mechanisms governing the processes of cardiac

chamber specification remain unclear. While an in-

creasing number of examples of chamber-specific gene

expression have been recognized, to date no universal

mechanism has been identified.

In the study presented by Ogura,expression patterns

of Tbx5 and Tbx20 during cardiogenesis in chick and

mouse embryos were examined. Tbx5 expression be-

comes restricted to the posterior part of the heart tube,

and later is further restricted to the atria and the left

ventricle. The ventricular septum is formed at the

boundary of Tbx5-positive and negative domains.

These observations lead to the hypothesis that Tbx5

specifies the left ventricle and the position of ventricu-

lar septum.In search of putative right ventricle-specific

Tbx gene(s), chick Tbx20 is expressed in a complemen-

tary fashion, hence expressed in the Tbx5-negative

right ventricle.

The paper by Srivastava explores the molecular and

physiologic cues that initiate ventricular specification,

growth, and hypertrophy. These studies reveal genetic

and epigenetic events that regulate ventricular devel-

opment and provide evidence for primary defects in

expansion of cardiac chambers as a potential etiology

for subsets of hypoplastic right or left ventricular con-

ditions. The conservation of the transcriptional 

network necessary for ventricular development across

species aided these studies. In addition to transcrip-

tional networks, there is growing evidence that epige-

netic factors are critical for ventricular morphogenesis

by virtue of their ability to regulate gene expression

through chromatin remodeling events. Taken together

these studies establish the beginnings of a roadmap to

understand how some myocytes specify to become 

ventricular cells and then expand into a functional ven-

tricular chamber.

The studies of Kelly et al. examined the extent to

which cells derived from the anterior or secondary

heart field (AHF) contribute to the developing heart.

Evidence presented in this paper indicates that in the

mouse, future right ventricular myocardium is pre-

dominantly AHF-derived. Further, the addition of fu-

ture right ventricle to the linear heart tube marks the

initiation of rightward looping, suggesting that the

AHF contributes laterality information to the develop-

ing heart and may also contribute mechanistically to

rightward looping.

Moorman et al. studied expression patterns of atrial

natriuretic factor (Anf) in Xenopus embryos.The func-

tion of Anf during development is unknown, but it has
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been suggested to play a role in cardiomyocyte pro-

liferation. Findings in this paper, similar to those re-

ported in mammals and avian species, show that Anf is

not expressed in the so-called primary myocardium of

the linear heart tube and remains absent from those

cardiac regions that do not develop into chamber my-

ocardium, i.e. the inflow tract, atrioventricular canal,

inner curvature, and outflow tract. Improved under-

standing of the regulation of chamber-specific Anf ex-

pression should improve our understanding of cardiac

development.



T-box (Tbx) genes play pivotal roles during 
development of both vertebrate and invertebrate
embryos. Tbx genes encode transcription factors
that are characterized by a highly conserved 
DNA-binding domain (T-box).1–3 The biological
functions of Tbx genes have been investigated by in
ovo electroporation in chick and gene targeting in
mice.4–13

One of most well characterized is Tbx5, which is
expressed in forelimb buds and the dorsal retina.We
and another group have reported that Tbx5 is a criti-
cal determinant of wing (forelimb).4,5 In addition,
Tbx5 regulates pattern formation of the eye and the
retinotectum projection.6 The roles played by Tbx5
during heart development, however, remain un-
clear, although mutations of human TBX5 were
found in patients with Holt–Oram syndrome
(OMIM 142900).14–16 In such patients, characteris-
tic defects of the upper limb and heart are 
observed.17

To investigate the roles played by Tbx5 during car-
diogenesis, we examined its expression patterns in
developing embryos. In both chick and mouse,Tbx5
is expressed in the precardiac mesoderm. This ex-
pression then becomes restricted to the posterior
part of the heart tube. Later, Tbx5 expression is fur-
ther restricted to the atria and the left ventricle,and a
ventricular septum is formed at the boundary of
Tbx5-positive and negative domains (Plate 13).
These observations lead us to the hypothesis that
Tbx5 specifies the left ventricles and the position of
ventricular septum.

Vertebrates exhibit different heart morphologies:
fishes have one ventricle/one atrium. In contrast,
both birds and mammals have two ventricles/two
atria.Since Tbx5 is expressed in the left ventricle, this
gene could be useful for exploring evolution of ver-
tebrate hearts, ventricle specification, and onset of
congenital heart diseases. For this purpose, we per-
formed extensive in ovo electroporation in chick
embryos to misexpress Tbx5 in the developing heart.
In addition, we made a series of transgenic mice to
explore further in mammalian hearts.

When Tbx5 was misexpressed ubiquitously, sev-
eral anomalous alterations were found in the elec-
troporated hearts (Plate 14). First, the formation of
the ventricular septum was completely inhibited,re-
sulting in a single ventricle.Second,a large dilatation
of the atria was also observed. Third, the ventricular
wall was thinner than that of the normal heart, and
the trabecular formation was coarse and rough.
Fourth, the aorta and pulmonary artery were fused
and connected to the single anomalous ventricle, re-
sulting in a double outlet left ventricle (DOLV). Al-
though the truncal septum was formed, the conal
septation and/or the conal rotation seemed to be ab-
normal. These morphologic changes suggest that
misexpression of Tbx5 induces aberrant differentia-
tion of cardiac muscle cells,18,19 suppression of ven-
tricular septum formation, and malformation of
the conotruncal septum, resulting in a complex of
cardiac defects.

When misexpression was spatially partial, the left
ventricle expanded, and the right ventricle shrank,
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with a distinct VSD (Plate 15). The relative sizes of
the two ventricles suggested that the ventricular sep-
tum was shifted to the right.Conal septation and ro-
tation defects were also observed. The atrial septum
was formed, but it was membranous and thin.
Trabecular formation and the thickness of the ven-
tricular wall were not affected.

We also misexpressed the Tbx5 gene in a restricted
domain of developing hearts to make an ectopic
boundary of Tbx5-positive and Tbx5-negative re-
gions in the developing right ventricle. In such
hearts, three domains were formed from the left side
to the right: (1) an endogenous Tbx5-positive do-
main (the prospective left ventricle); (2) a Tbx5-neg-
ative area (the prospective right ventricle); (3) an
ectopic Tbx5-positive area. Hence this restricted ex-
pression results in the extra boundary formation of
Tbx5-positive and Tbx5-negative regions in the
prospective right ventricle. In serial sections of these 
hearts, extension of trabeculae was observed. This
accelerated growth of trabeculae suggests that an 
ectopic septum was induced at the new boundary 
of Tbx5 expression. In situ hybridization using 
several septum markers, such as BMP2, Tll-1
(tolloid-like 1), and VEGF (vascular endothelial
growth factor),20–24 detected clear expression of
these septum markers, suggesting that restricted 
expression of Tbx5 in the right ventricle induces 
an ectopic ventricular septum at the new border of
Tbx5 expression.

To confirm further, we made two expression con-
structs to target transgene expression in developing
mouse hearts (Plate 16). One is a mouse Tbx5 ex-
pression construct in which the b-MHC (myosin
heavy chain) promoter was used to misexpress this
gene uniformly in the ventricle.19,20 In another con-
struct, we used the MLC-2v (myosin light chain)
promoter, which was reported to drive transgene 
expression in the right ventricle.25

When Tbx5 was misexpressed uniformly with the
b-MHC promoter, several morphologic changes
were observed (Plate 16). First, both eHAND and
mANF genes were induced almost to the right end of
the developing ventricle, whereas expression of the
dHAND gene was found to be repressed completely.
Furthermore, septum formation was completely
suppressed in such hearts. Instead, a tiny bulge of
ventricular wall was formed in a small eHAND/
mANF-negative region.

On the other hand, the ventricular septum
formed normally in hearts of the MLC2v-Tbx5
transgenic mice, although the right ventricle ap-
peared to be enlarged (Plate 16). In this enlarged
right ventricle, the mANF gene was induced 
strongly. Likewise the eHAND gene was induced,
albeit expression disappeared near the septum. In
this eHAND-negative domain near the septum, ex-
pression of the dHAND gene was detected, although
this gene was completely suppressed in the remain-
ing part of the right ventricle.

Overall, these lines of evidence strongly suggest
that the forced expression of Tbx5 gene in the
prospective right ventricle converts expression pat-
terns of several right and left ventricular markers
with extensive morphologic alterations.

In search of putative right ventricle-specific Tbx
gene(s),we have found that chick Tbx20 is expressed
in a complementary fashion, hence expressed in the
Tbx5-negative right ventricle (Plate 17). Recently,
knockdown of zebrafish T-box gene hrT gene
(Tbx20) resulted in upregulation of Tbx5. Con-
versely, misexpression of hrT induced downregula-
tion of Tbx5. These data indicate that hrT regulates
Tbx5 expression in zebrafish.26 To confirm this, we
misexpressed Tbx20 in developing chick heart. As
expected, expression of Tbx5 in the left ventricle di-
minished, albeit weakly. In addition, the boundary
of Tbx5 expression became fuzzy and unclear. This
indicates that Tbx20 regulates Tbx5 expression also
in chick heart, implying that mutually repressive ac-
tions of Tbx5 and Tbx20 are pivotal for the establish-
ment of the right and left ventricles (Plate 18).

As mentioned previously, vertebrates exhibit 
different heart morphologies: fishes possess one
ventricle/one atrium; amphibians, one ventricle/
two atria; reptiles, two incomplete ventricles/two
atria; and birds/mammals, two complete ventricles/
two atria. Although we have not yet expanded our
analysis to other vertebrates, the Tbx5 and Tbx20
genes could be good markers for exploring the evolu-
tion of heart morphology in various vertebrate ani-
mals.Our data provide important insights on cardiac
development, the onset of human congenital heart
diseases, and the evolution of vertebrate hearts. Al-
though we are far from a complete understanding,
precise molecular analysis of the Tbx5 gene would
provide valuable information for the comprehen-
sive understanding of vertebrate pattern formation.
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Hypoplasia of either the right or left ventricle is
compatible with intrauterine life but has lethal con-
sequences in the newborn period.Although rare, the
severity of hypoplastic ventricular conditions re-
sults in the single largest contribution to childhood
mortality from congenital heart disease. Under-
standing the molecular and physiologic cues that
initiate ventricular specification, growth, and en-
largement is essential for future diagnostic, preven-
tive, and therapeutic approaches. The discovery of
numerous cardiac-specific transcription factors has
begun to establish a network of events that regulate
ventricular morphogenesis. These studies have re-
vealed genetic and epigenetic events that regulate
ventricular development and provide evidence for
primary defects in expansion of cardiac chambers as
a potential etiology for subsets of hypoplastic right
or left ventricular conditions.

Ventricular-specific DNA-binding
transcription factors

A segmental ballooning model of cardiogenesis 
illustrates that distinct regions of the heart are in-
structed to contribute to specific cardiac chambers
(Plate 19).1 The first entry into identification of
chamber-specific transcription factors that might
regulate this process came several years ago with the
isolation of two proteins belonging to the basic
helix-loop-helix (bHLH) family of transcription
factors, dHAND and eHAND. While these two pro-
teins are co-expressed throughout the linear heart
tube in the chick and appear to have genetic redun-
dancy,2 they have chamber-specific expression pat-

terns in the mouse. Both are co-expressed in the car-
diac crescent, but dHAND gradually becomes re-
stricted mostly to the right ventricle and outflow
tract with lower expression in the left ventricle. In
contrast, eHAND is expressed in the outflow tract
and left ventricular segments but is excluded from
the right ventricular precursors as early as the
straight heart tube stage.3,4

Hearts of mice lacking dHAND form normally
until the straight heart tube stage, at which time
eHAND becomes downregulated from the right
ventricle. Soon thereafter, the right ventricular pre-
cursors undergo programmed cell death, presum-
ably because this is the domain lacking any eHAND
protein, resulting in a hypoplastic right ventricle.3,5

eHAND also seems to be necessary for development
of left ventricular cells,6–8 and is absent in mice lack-
ing the cardiac homeobox gene, Nkx2.5, which have
only one ventricle.4 Mice lacking dHAND and
Nkx2.5 are null for both HAND genes and fail to
form any ventricular chamber,5 consistent with the
notion of genetic redundancy between dHAND and
eHAND. A heart is still distinguishable, but con-
sists only of an atrial chamber, as defined by atrial-
specific markers. Interestingly, a small group of
ventricular cells are specified and congregate on the
ventral surface of the atrium, but fail to expand ven-
trally to form a chamber, supporting the ‘balloon-
ing’ model of ventriculogenesis.9 dHAND and
Nkx2.5 are together necessary for expression of the
ventricular-specific homeobox gene, Irx4, in this
subdomain,consistent with the partial downregula-
tion of Irx4 in each single mutant.10 In chick, Irx4 
is sufficient to activate ventricular-specific gene 
expression and suppress atrial-specific genes,11
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suggesting that regulation of Irx4 may in part 
contribute to defects in ventriculogenesis.

The transcriptional network necessary for ven-
tricular development appears tightly conserved
across species. Large-scale mutagenesis of zebrafish,
which have only a single ventricular chamber and a
single atrial chamber, yielded a mutant line of fish
that was deficient in ventricular precursors (hands-
off ), similar to mice lacking expression of both
HAND genes. Positional cloning of the affected
locus revealed point mutations in dHAND,12 the one
HAND gene present in zebrafish,13 consistent with
the role of HAND genes defined in mice.

Epigenetic factors regulating
ventricular development

In addition to the DNA-binding proteins described
above, there is growing evidence that epigenetic fac-
tors are critical for ventricular morphogenesis by
virtue of their ability to regulate gene expression
through chromatin remodeling events. Covalent
modification of the amino-terminal tails of his-
tones, particularly H3 and H4, regulates higher
order chromatin structure and gene expression.
Modifications include acetylation of specific lysine
residues (e.g. lysine-9 of histone H3) by histone
acetyl transferases (HATs), deacetylation by histone
deacetylases (HDACs), phosphorylation (serine-10
of histone H3) by kinases and,most recently,methy-
lation of lysine-9 of histone H3 by histone methyl
transferases (HMTs).14–16

mBop is expressed specifically in cardiac and
skeletal muscle during development and contains
two interesting domains that promote condensation
of heterochromatin resulting in transcriptional si-
lencing.17 The mBop protein contains a MYND do-
main most similar to that of the ETO protein whose
fusion with the AML1 protein in chronic myel-
ogenous leukemia converts AML1, normally a 
transcriptional activator, into a transcriptional re-
pressor.18,19 The MYND domain of ETO is essential
for this conversion and appears to function by re-
cruiting the nuclear co-repressor, N-CoR, which in
turn recruits the Sin3/HDAC complex to DNA sites
specified by AML1 binding. mBop also recruits
HDACs through the MYND domain and functions
as a transcriptional repressor in part through this 
mechanism.17

It is unique that mBop also contains a SET do-
main that, in other proteins, contains the catalytic
domain necessary for HMT activity.20 Most of the
essential residues for HMT activity are conserved in
mBop, suggesting that it plays a role through regula-
tion of the methylation state of histones. It is inter-
esting that the lysine residues of histone tails that get
methylated must first be deacetylated, raising the
possibility that mBop is able to both recruit HDACS
to ‘prepare’ specific residues, and subsequently
methylate those residues.

Investigation of the in vivo function of mBop was
undertaken by targeted disruption in mice.17 Mouse
embryos lacking mBop displayed right ventricular
hypoplasia and immature ventricular cardiomyo-
cytes; surprisingly, atrial cardiomyocytes appeared
to differentiate normally. This phenotype was 
similar but more severe than that observed in mice
lacking dHAND. Consistent with this, mBop was 
required for dHAND expression in the precardiac
mesoderm, well before right ventricular formation,
suggesting that regulation of dHAND may con-
tribute to the right ventricular hypoplasia in 
Bop mutants. Consistent with mBop’s effects on
dHAND, Irx4 was also downregulated in Bop mu-
tants. Because mBop likely functions in vivo as a re-
pressor of transcription, it is likely that there is an
intermediate protein regulated by mBop that subse-
quently affects dHAND transcription and further
downstream events. Identification of the molecular
steps leading to mBop regulation of dHAND may
yield insights into the precise targets to which mBop
is recruited.

Summary

We have established the beginnings of a roadmap to
understand how ventricular cells become specified,
differentiate and expand into a functional cardiac
chamber (Fig. 19.1). The transcriptional networks
described here provide clear evidence that disrup-
tion of pathways affecting ventricular growth could
be the underlying etiology in a subset of children
born with malformation of the right or left ventricle.
As we learn details of the precise mechanisms
through which the critical factors function, the chal-
lenge will lie in devising innovative methods to 
augment or modify the effects of gene mutations on
ventricular development. Because most congenital
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heart disease likely occurs in a setting of hetero-
zygous, predisposing mutations of one or more
genes, modulation of activity of critical pathways 
in a preventive fashion may be useful in averting 
disease in genetically susceptible individuals.
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The vertebrate heart tube develops from cardio-
myocytes of the cardiac crescent, situated in anterior
lateral splanchnic mesoderm. The heart tube is ini-
tially orientated along a cranio-caudal axis with a
posterior inflow (or venous) pole and an anterior
outflow (or arterial) pole.Convergence of the inflow
and outflow poles of the heart is brought about by
rightward looping and a dorso-anterior movement
of the venous pole behind the developing ventricles.
Cardiac looping is initiated at embryonic day (E)
8.25 and is complete by E10.5; during this period 
the heart tube grows extremely rapidly in length,
through addition of extra-cardiac cells to the venous
and arterial poles. Cells undergoing an epithelial to
myocardial transition have been described adjacent
to the outflow tract of the embryonic mouse heart
until E10.5 by Viragh and Challice.1 Recently it has
been demonstrated that these arterial pole precur-
sor cells originate in the newly identified Anterior or
Secondary Heart Field (AHF) situated in pharyngeal
mesoderm.2–4 Anomalies in outflow tract develop-
ment and septation are among the most common
features of congenital heart disease. Knowledge of
the embryological origin of outflow tract myo-
cardium, the mechanisms involved in integration 
of myocardial cells derived from pharyngeal meso-
derm into the embryonic heart tube, and the signals
coordinating growth of the myocardial wall and
neural crest derived components of the outflow tract
will contribute to a better understanding of normal
and abnormal cardiogenesis.

We have described and analyzed the expression
profile of a nuclear beta-galactosidase encoding
transgene which is expressed in the right ventricle

and outflow tract of the mid-gestation mouse
heart.2 At early stages of heart development the
transgene is expressed in AHF cells which are con-
tiguous with the arterial pole of the heart (Fig.20.1).
DiI labeling experiments demonstrate that these
cells contribute to the myocardial wall of the em-
bryonic outflow tract. The expression profile of this
transgene results from an integration site position
effect.Analysis of the flanking genomic sequence re-
veals that the transgene has integrated 120 kb up-
stream of the gene encoding fibroblast growth factor
10 (Fgf10). Comparison of the expression profile of
the transgene with that of Fgf10 transcripts supports
the conclusion that Fgf10 is the endogenous target of
the regulatory elements trapped by the transgene.
Genetic confirmation is provided by the fact that
transgene integration has created a hypomorphic
Fgf10 allele, revealed in transgene/Fgf10 null com-
pound heterozygotes which display severe dysplasia
of both lungs and limbs, structures which are absent
in Fgf10 homozygous null embryos.5,6

We have examined the extent to which cells de-
rived from the AHF contribute to the developing
heart. Three lines of evidence suggest that, in the
mouse, future right ventricular myocardium is pre-
dominantly AHF-derived. First, comparison of the
early expression patterns of beta-galactosidase en-
coding transgenes, expressed in the future right and
left ventricles of the mid-gestation heart, suggests
that the linear heart tube contributes predomi-
nantly to the embryonic left ventricle and that only
the most anterior region contains future right ven-
tricular cells (Fig. 20.2). Second, DiI labeling of cells
at the anterior end of the linear heart tube, prior to
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C D

Fig. 20.1 b-galactosidase expression in Mlc 1v-nlacZ-24
transgenic embryos. (A) At E7.5, transgene expression is
observed in cells medial to the cardiac crescent. (B) At E8,
expression is observed in a ring at the arterial pole of the
heart tube and in bilateral wings of expression in splanchnic
mesoderm dorsal to the heart tube. (C) At E 10.5, expression
is observed in the embryonic right ventricle and outflow
tract. (D) A left lateral view at E9.5 reveals transgene

expression in pharyngeal mesoderm continuous with
outflow tract myocardium. (E) Structure of mouse PAC clone
RPCI21 644L10 showing the site of integration of the Mlc 1v-
nlacZ-24 transgene 120 kb upstream of Fgf10. (F) Cartoon
showing the expression profile of the Mlc1v-nlacZ-24
transgene (dark shading) during early heart development.
HT, heart tube; DM, dorsal mesocardium. Panels reproduced
with permission from Kelly et al.2

24 h of embryo culture, supports the hypothesis that
the linear heart tube is fated to become the embry-
onic left ventricle and that the interventricular re-
gion lies close to its anterior end. Third, explant
analysis confirms the future left ventricular identity
of the linear heart tube and demonstrates that 

right ventricular and outflow tract precursors are
positioned in pharyngeal mesoderm anterior to the
heart tube. The addition of future right ventricular
myocardium marks the initiation of rightward
looping, suggesting that the AHF contributes later-
ality information to the developing heart, and may



CHAPTER 20 Fgf10 and the embryological origin of outflow tract myocardium 83

also contribute mechanistically to rightward loop-
ing. Genes encoding signaling molecules in the em-
bryonic laterality cascade, including Nodal and
Lefty2, and the transcription factor Pitx2c, are ex-
pressed in the left, but not the right,AHF.

Fgf10 has been shown to be essential for multiple
steps during organogenesis.5,6 Initial analysis of ven-
tricular morphology of Fgf10 null hearts reveals
normal ventriculo-arterial connections and ven-
tricular septation. Mouse embryo culture in the
presence of inhibitors of all Fgf signalling, however,
results in abnormal arterial pole development, in-
cluding outflow tract shortening, suggesting that
other Fgfs in the pharyngeal region may function-
ally compensate for the loss of Fgf10 in Fgf10 null
embryos. Recent data have implicated Fgf8, which is
expressed in the pharyngeal region, in arterial pole
development.7–9 Fgf8 is also expressed in arterial
pole precursor cells, suggesting that it may function-
ally overlap with Fgf10. Identification of the AHF
and the contribution of AHF-derived cardio-
myocytes to the heart provides a new framework to
investigate the signaling pathways involved in nor-
mal and abnormal arterial pole morphogenesis.
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The essence of the building plan of the vertebrate
chamber heart has been remarkably well conserved
during vertebrate evolution (see ref. 1 for a review).
The vertebrate chambered heart has evolved from a
simple tubular ancestor heart. Tubular hearts are no
longer present in vertebrates, but are still present 
in the primitive chordates, with the lancelet,
Amphioxus, as the well-known representative. In
lancelets blood is pushed ahead by waves of peri-
staltic contractions down to the length of the heart
tube. Peristaltic hearts do not need valves. In fishes a
chambered heart has developed, with an atrial
chamber expanding toward the dorsal side of the
heart tube and a ventricular chamber expanding to-
ward the ventral side of the tube. The chambered
heart is the more powerful heart: the fast-contracting
chambers permit circulation of the blood against 
the higher blood pressures that were needed with 
the evolution of hepatic and renal filtration sys-
tems. Chambered hearts do need valves at both the
inlet and the outlet of the chambers to prevent back-
flow of blood from an upstream compartment to-
ward the relaxing chamber and from the contracting
chamber toward an upstream compartment. It can
be envisioned that as long as valves had not evolved
during evolution, the parts of the original heart tube
that flank the inlets and outlets of the expanding
chambers, have substituted valvular function, be-
cause this type of myocardium still displays the

long-lasting peristaltic type of contraction of the
original heart tube.Such a situation would be highly
reminiscent of the configuration seen in avian and
mammalian embryonic hearts that eventually de-
velop into the four-chamber configuration.2 Both in
adult fish and amphibian hearts, outflow tract my-
ocardium (conus, bulbus cordis) still surrounds the
semilunar valves and has been shown to support
semilunar valve function.3,4 In human patients
tachycardias originate from this region when the
outflow tract myocardium apparently has not disap-
peared entirely.5,6

Cardiac chamber development in avian and
mammalian species is characterized by the exclusive
expression of atrial natriuretic factor (Anf).7–9 Anf is
not expressed in the so-called primary myocardium
of the linear heart tube and remains absent from
those cardiac regions that do not develop into cham-
ber myocardium, i.e. the inflow tract, atrioventricu-
lar canal, inner curvature, and outflow tract. In the
formed heart, the nodal tissues that develop in these
regions are devoid of Anf as well.10 Although pat-
terns of expression of Anf have not been described in
the fish heart, they can be derived from electron mi-
croscopic studies reporting the presence of so-called
specific myocardial granules in atrial and ventricu-
lar myocardium.11,12 These granules have been
shown to be the storage sites of Anf. From an evolu-
tionary point of view, we judged it interesting to de-
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termine whether in an amphibian group expression
of Anf would also identify early chamber formation.
Previously we reported that Anf is expressed in the
myocardium of developing Xenopus tadpoles.13

However, the whole mount in situ hybridization ex-
periments did not permit an unambiguous assess-
ment of the pattern of expression in individual
cardiac compartments. Therefore, we performed an
in situ hybridization analysis on sections using a re-
cently developed very sensitive nonradioactive in
situ hybridization protocol.14 Expression of cardiac
Troponin I was used to identify the myocardium. As
shown in Fig. 21.1, Anf is not expressed in the linear
heart tube, Nieuwkoop and Faber15 stage 30, but be-
comes expressed in the developing atrial and ven-
tricular chambers as shown in a section of a stage 40
embryo in which all the cardiac compartments can
be clearly recognized. The inflow tract, atrioventric-
ular canal, and outflow tract do not express Anf.
Later in development expression of Anf becomes
confined to the atria.13 This developmental pattern
of expression is entirely comparable with that ob-

served during mouse development,9 suggesting a
similar underlying regulatory mechanism that is
conserved from fish to mammal. In mouse, Nkx2.5
and T-box factor Tbx5 were shown to be required for
Anf gene expression,16–18, whereas Tbx2 is involved
in the repression of expression in the primary 
myocardium.19

The function of Anf during development is 
unknown, but it has been suggested to play a role in
cardiomyocyte proliferation.20,21 The temporal 
relationship of expression of Anf and chamber 
formation in the representatives of the different 
vertebrate classes might suggest causality. However,
Anf null mutants display no developmental pheno-
type, although this might be owing to functional 
redundancy with brain natriuretic factor.21–23

Another interesting point that deserves additional
study is the presence of Anf in the hearts of
primitive evertebrates such as the earthworm 
and the oyster,24,25 whereas it seems no longer 
to be present in the primary vertebrate heart 
tube.

Fig. 21.1 Expression patterns of cTnI and
Anf in serial sections of Xenopus tadpoles,
visualized by non radio-active in situ
hybridisation.14 A and B show frontal
sections of a stage 30 embryo; note that
cTnI is strongly expressed in the entire
heart tube, whereas Anf expression is not
detectable. C–E show sagittal sections of a
stage 40 embryo. Anf expression was only
detectable in the forming chambers; no
expression was observed inflow and
outflow tracts (arrows) and in the
atrioventricular canal (asterix). Ht: heart
tube; ift: inflow tract; oft: outflow tract;
at: atrium; ve: ventricle; A-P: antero-
posterior.
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A second observation worthy of note is that in
early tadpoles (stage 30), cardiac Troponin I identi-
fies not only the primary myocardium of the linear
heart tube, but also the entire lining of the pericar-
dial cavity, which is by convention called parietal
pericardium (Fig. 21.2). This observation indicates
that cardiogenesis is induced in the anterior meso-
derm by the surrounding germ layers prior to sepa-
ration of this mesoderm into a visceral and parietal
layer.From studies in chicken and mouse it is known
that after formation of the linear heart tube, my-
ocardium is still added at both ends of the tube.26–28

This myocardium originates from mesothelium and
mesenchyme that is contiguous with the so-called
‘primary’heart fields but went unnoticed because of
technical reasons.1 These regions have been called
anterior (secondary) and posterior heart field, re-
spectively. Taken together, the simplest description
of cardiogenesis might be to consider it as a continu-
ous recruitment of cardiac cells from the bilaterally
formed ‘primary’ heart fields. This view does not
imply that all cells within the ‘primary’ heart fields
are similar,because they will differ owing to different
positional information imposed on the fields during
development.
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The cardiac conduction system consists of several sub-

components recognized by distinct electrophysiologi-

cal characteristics. The cardiac pacemaking impulse is

rhythmically generated at the SA-node and is conduct-

ed across the atrial chambers where it converges on the

AV-node and propagation of the impulse is slowed.

Impulses are then rapidly propagated to ventricular

muscle along the AV-bundle and branches to the 

Purkinje fiber network.In recent years the considerable

amount of information on molecular characterization

of specific conduction system subcomponents has

been used as a tool to better understand the formation

of the cardiac conduction system.

The paper by Mikawa et al. reviews the current un-

derstanding of cellular and molecular mechanisms that

induce and pattern the Purkinje fiber network – the key

element in the fast-conducting component of the 

specialized AV conduction system. Two major 

breakthroughs came from the demonstration that 

impulse-conducting Purkinje cells differentiate from

myocytes, not from neural crest, and that paracrine 

signals from endocardial and arterial cells play a role in

the conversion of myocytes to Purkinje cells demon-

strating that Purkinje fiber differentiation is a cell 

fate diversification process of the cardiomyocyte cell

lineage.

The contribution by Hu et al. provides exciting pre-

liminary recordings of the zebrafish electrocardiogram

(ECG). Their rationale for studying the ECG and con-

duction system in zebrafish is that these mechanisms

are phylogenetically old and conserved among verte-

brates. In fish, specialized myofibers such as the His

bundle and Purkinje fibers, and the conducting tracts

have not been identified, but the similarity of the ze-

brafish ECG to the mammalian ECG suggests the exis-

tence of an equivalent system. In additional studies,

they use the monoclonal HNK1 antibody, which reacts

with an epitope expressed on the cell surface of the 

developing myocardium and in the migrating neural

crest cells, and identify HNK1 immunoreactivity 

widely distributed in the ventricle. While additional

studies are needed to identify the elements of the 

zebrafish conduction system, these studies suggest this

to be a feasible endeavor.

Gittenberger et al. studied the differentiation of the

conduction system in human embryos. They observed

that in early cardiac development the HNK1 antibody

is expressed in the myocardial areas that in later stages

marks the definitive conduction system.On the basis of

the HNK1 expression they delineated a premature con-

duction system that is found in specific intersegmental

or transitional zones in the developing heart. Similar
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findings were observed in the engrailed-2 reporter

mouse (conduction system like (CCS)-LacZ express-

ing mouse).

Wessels et al. provide an excellent review of ap-

proaches used to study the embryonic origins of the

cardiac conduction system and introduce a new trans-

genic mouse model with expression of cGATA6/lacZ in

the developing CCS.The cGATA6/lacZ construct is dis-

cretely expressed in the precardiac mesoderm stage

suggesting that some of the molecular machinery re-

sponsible for AVCS differentiation is already in place at

a very early stage of heart formation.

Nakamura and colleagues demonstrated an essential

role for calreticulin, a calcium-binding protein, in 

cardiac development and function. Calreticulin ex-

pression was elevated in the embryonic heart and is

downregulated after birth. Homozygous knockout in

mice was lethal at embryonic days 14.5–16.5. Cardiac

specific overexpression of calreticulin (driven by the

cardiac myosin heavy chain promoter) led to severe

cardiac pathology including sinus bradycardia and

atrioventricular node dysfunction with progressive

prolongation of the P–R interval advancing to com-

plete heart block and sudden cardiac death. Calretic-

ulin may be part of one pathway of events involving the

endoplasmic reticulum that can cause complete heart

block.



The rhythmic heartbeat is coordinated by electrical
impulses initiated by, and propagated through, the
cardiac excitation and conduction system.1–3 The
cardiac pacemaking impulse is rhythmically gener-
ated at the SA-node4,5 and is conducted across the
atrial chambers.5–8 The pacemaking impulses then
converge on the AV-node1 where impulse propaga-
tion is slowed. Impulses are then rapidly propagated
along the AV-bundle9 and its branched limbs,1 and
are finally conducted into the ventricular muscle
through the Purkinje fiber network.1,10,11 Thus, the
cardiac conduction system consists of several 
subcomponents with distinct electrophysiological
characteristics. Individual conduction subcompo-
nents are also distinguishable from each other by
their expression of a unique set of proteins and genes
(reviewed in refs 12–18).While little is known about
how the pacemaker (SA-node) and the slow conduc-
tion component (AV-node) are established in the
heart, mechanisms underlying differentiation of a
fast conduction component, the Purkinje fiber net-
work, during heart development, have begun to be
uncovered in recent years. This chapter aims to re-
view our current understanding of cellular and mol-
ecular mechanisms that induce and pattern the
Purkinje fiber network (Fig. 22.1)

The first breakthrough for our dissection of the
cellular and molecular components involved in
Purkinje fiber differentiation and patterning came
from retroviral cell lineage studies on the embryonic
chick heart (reviewed in refs 12, 15, 16). It was previ-
ously thought that conduction cells differentiated
from cardiac neural crest (reviewed in ref. 19). To
our surprise, however, retroviral cell lineage studies
in the embryonic chick heart have demonstrated
that impulse-conducting Purkinje cells differentiate
from myocytes, not from neural crest, exclusively
along the endocardium and developing coronary ar-
terial branches during embryogenesis20,21 (reviewed
in refs 12,15,16).This result provided us with a clear
rationale that Purkinje fiber differentiation and pat-
terning can be studied by addressing mechanisms
which convert beating embryonic myocytes into
conduction cells.

The unique site of Purkinje fiber recruitment in
the embryonic heart suggested to us that paracrine
signals from endocardial and arterial cells may play a
role in this conversion process in the cardiomyocyte
lineage. We tested this hypothesis experimentally.
Using a co-culture of endocardial endothelial cells
and embryonic myocytes, we have shown that in-
duction of marker gene expression in Purkinje fibers
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does indeed depend upon signals derived from en-
dothelial cells.22 It has been also found that inhibi-
tion of coronary arterial branching results in loss of
periarterial Purkinje fibers and that ectopic produc-
tion of arterial beds in the embryonic myocardium
can induce adjacent myocytes to express Purkinje
fiber marker genes.23 The data from these in vivo and
in vitro experiments strongly suggested that
paracrine signals derived from the endocardium
and developing coronary arteries were necessary
and sufficient for conversion of contractile 
myocytes into conduction cells in the embryonic
heart. Furthermore, our survey of vessel-associated
paracrine factors has identified endothelin24 as a po-
tent peptide for inducing myocytes to differentiate
into Purkinje fibers in vitro25 by switching a gene ex-
pression program from a contractile cell-type to a
conduction cell-type.26 The results have provided
further evidence demonstrating that Purkinje fiber
differentiation is a cell fate diversification process of
the cardiomyocyte cell lineage.

The above data, however, did not explain how the
inductive ET-signaling was activated specifically at
the site of Purkinje fiber recruitment within the em-
bryonic heart (i.e. exclusively along the endocardi-

um and coronary arterial branches but not along
veins or capillaries). It has been shown that active ET
is produced through proteolytic processing from its
precursor by ET-converting enzyme-1 (ECE-1) and
triggers signaling by binding to its receptors (re-
viewed in refs 27,28).Our in situ hybridization stud-
ies have shown that in the embryonic heart, two
ET-receptors, ETA and ETB, are expressed by my-
ocytes, while ETB2 is expressed in developing valve
leaflets.29 Importantly, however, we have found that
ECE-1 is exclusively expressed in endothelial cells of
the endocardium and coronary arteries, but not in
veins or capillaries.30 These expression data suggest-
ed to us that an activation site of the inductive ET-
signaling may be localized in the embryonic heart by
restricting ECE-1 expression. We have tested this 
hypothesis by ectopically co-expressing exogenous
ECE-1 with ET precursor in the embryonic heart,
and have found that the co-expression of these two
genes is sufficient to induce myocyte conversion to
conduction cells ectopically.30 These results strongly
suggest that localized expression of ECE-1 in endo-
cardial and arterial endothelia is a key mechanism
defining the site of Purkinje fiber recruitment in the
embryonic myocardium.

Fig. 22.1 Model for the conversion of myocytes to Purkinje
fibers by endothelium-derived inductive cue(s). Recruitment
of myocytes to the conduction system occurs in the
embryonic chick heart only along the endocardium and
coronary arterial branches. This spatially restricted
conversion event seems to be triggered by hemodynamic
forces created by heartbeat itself. While myocytes express
endothelin receptors in the embryonic chick heart, ECE-1,
one of hemodynamic-responsive factors, is expressed

exclusively in coronary arterial and a subpopulation of
endocardial endothelial cells. Our current working model is
that hemodynamic force induces endocardial and arterial
endothelial cells to upregulate the ECE-1 expression,
thereby defining an activation site of this inductive signal
and thus recruiting myocytes to the cardiac conduction
system in a spatially restricted manner. bigET, big
endothelin; ECE-1, endothelin converting enzyme-1; ET,
endothelin; ETR, endothelin receptor.
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Obvious questions to be answered next included
how ECE-1 expression is restricted in a subpopula-
tion of cardiac endothelial cells. Our preliminary
studies have shown that ECE-1 expression can be
upregulated and downregulated by activation and
suppression, respectively, of stretch-sensitive chan-
nels. Coincident with the levels of ECE-1, Purkinje
fiber differentiation, as judged by expression of con-
duction cell marker genes and by impulse-conduc-
tion pathways,seems to be altered.This suggests that
biophysical forces acting on, and created by, the car-
diovascular system during embryogenesis may play
a critical role in Purkinje fiber induction and pat-
terning (Fig. 22.1). These data from our in vivo and
in vitro studies may serve as the basis for the under-
standing of normal and aberrant conduction system
development, and may also provide rationales for
future therapeutic approaches.
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All hearts beyond a certain critical size must contract
in a more efficient manner than afforded by peristal-
sis alone, and excitation is coordinated by special-
ized conduction tissue. The terminal differentiation
of cardiac myocytes during looping, septation, and
trabeculation is critical to the emergence of cardiac
conduction tissue and normal morphogenesis of the
definite chambered heart.1 In mammals, the neuro-
muscular conduction system of the ventricle trans-
mits an electrical impulse from the atrioventricular
(AV) node, through the AV bundle, the right and left
bundle branches, and terminates in the fine Purkin-
je fibers to generate the ventricular depolarization
(the initiation of ventricular contraction). In chick
embryo, the central parts of the conduction tissue
arise between stage 12 (2 days old) and stage 27 (5
days old), correlating with the period of trabecular
formation.2–4 The cells of the cardiac conduction
system withdraw from the cell cycle earlier than the
neighboring working myocardium. In fish, special-
ized myofibers such as the His bundle and Purkinje
fibers, and the conducting tracts have not been 
identified. It is unclear whether trabeculated but
nonseptated ventricle possesses a morphologically
distinguishable conduction system. The rationale
for studying the cardiac conduction system in 
zebrafish is that these mechanisms are phylo-
genetically old and conserved amongst vertebrates.
Determining how the transition of the conduction
system correlates with the formation of trabeculae
may provide novel insight in the formation of the
cardiac conduction system.

The zebrafish electrocardiogram (ECG) is similar
to birds and mammals, suggesting that zebrafish
have an equivalent conduction system (Fig. 23.1).
Therefore, we seek to define conduction tissue using
antibody techniques. In zebrafish, the first deflec-
tion of the ECG is the P wave,which represents atrial
depolarization. The QRS complex proceeds almost
immediately after the P wave with a relatively short
P–R interval (29.1 ± 4.0 ms), and occupies only
about 6% of the cardiac cycle (484.1 ± 30.6 ms). The
short P–R duration in the ECG suggests that ze-
brafish have a less defined atrioventricular node that
creates a fast transmission of the electrical impulse
from the atrial depolarization to the ventricle. On
the contrary, the mammalian heart retains a delay
between the atrial and ventricular contractions to
allow the complete contraction of the atrium before
ventricular contraction starts. The duration of the
QRS complex (30.5 ± 1.2 ms) is similar to the dura-
tion in P wave (28.7 ± 2.1 ms) owing to the rapid
propagation of the wave of depolarization through
the ventricle. The amplitude of the QRS complex is
greater than the P wave since the ventricle has thick-
er trabeculae than those of the atrium.5 Repolariza-
tion of the ventricle generates the T wave so that the
myocardial cells can regain the negative charge and
depolarize again. The duration of the T wave is 
considerably longer than the QRS complex since 
repolarization does not require spreading a rapidly
propagated impulse.

The monoclonal HNK1 antibody is a sulfoglu-
curonyl carbohydrate originally identified on
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human natural killer cells.6 It reacts with the epitope
expressed on the cell surface of the developing my-
ocardium and in the migrating neural crest cells.
HNK1 expression persists in 2-, 3-, and 4-day-old
zebrafish, and the epitope of the conduction tissues
is present in the myocardial trabeculae of both the
atrium and ventricle (Plate 20). HNK1 immunore-
activity was distinctly evident in the atrioventricular
and outflow tract regions,and almost the entire ven-
tricle (Plate 21). The ventricular conduction tissue
in the developing heart does not seem to be orga-
nized into segments of specialized tract (like bundle,
branches,and Purkinje fibers). Instead, like the early
embryonic mouse, it is being conducted by the tra-
beculae as a whole.7 Fate mapping also reveals that
the cardiac neural crest contributes to the formation
of cardiomyocyte and pharyngeal arch develop-
ment.8 A more detailed study of neural crest-derived
cells and HNK1 immunoreactivity during the criti-
cal period of looping to septated heart is necessary to
elucidate the origin of the conduction system.

Materials and methods

Electrocardiogram (ECG)
ECG from the adult (6-month-old) zebrafish was

acquired by placing two platinum needle electrodes
on the surface of the right side of the body,one above
the pectoral cartilage, and the other below the oper-
culum close to the bulbus arteriosus. The third elec-
trode served as the ground.

Immunohistochemistry
Whole mount immunostaining was performed on
2-, 3- and 4-day-old zebrafish. The specimens were
fixed in 4% paraformaldehyde. Supernatant mono-
clonal HNK1 antibody (Courtesy of Dr Gary
Schoenwolf ’s laboratory, Children’s Health Re-
search Center at the University of Utah) was used at
a dilution of 1:100. Secondary antibody fluorescein-
conjugated (FITC) goat anti-mouse-IgM antibodies
(Roche Applied Science, Indianapolis, IN) were di-
luted to 1:100 to detect the primary antibody. Serial
sections were digitized using a Fluoview IX70 confo-
cal laser-scanning microscope (Olympus America
Inc., Melville, NY), and images were processed with
Adobe Photoshop (Adobe Systems Inc., Seattle,
WA), and Scion Image (Scion Corp., Frederick,
MD). 3-D volume was rendered and deconvolved
with the Velocity software (Improvision, Lexington,
MA).

R

P

T

S

Q

200ms

Fig. 23.1 The ECG of the zebrafish is similar to the ECG of mammalian except the zebrafish exhibits a much shorter duration
in P–R interval. P wave, atrial depolarization; QRS complex, ventricular depolarization; T wave, ventricular repolarization.
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The cardiac conduction system (CCS) develops as a
separate functional entity from the contracting em-
bryonic myocardium. Both the working myocardi-
um and the cardiac cells that develop into the
functional conduction system differentiate from the
embryonic myocardium as it is found in the straight
and marginally looped early cardiac heart tube. We
have been able to follow the differentiation of the
conduction system initially using the HNK1 anti-
body in human embryos.1-3 In later stages of cardiac
development in humans, the HNK1 antibody is ex-
pressed in the myocardial areas that in subsequent
development restrict the expression of HNK1 to
what is generally accepted in the fully developed
heart to be the definitive conduction system. On the
basis of HNK1 expression, we could delineate a pre-
mature conduction system that is found in specific
intersegmental or transitional zones in the develop-
ing heart. These areas are the sinoatrial transition,
positioned between the sinus venosus and the devel-
oping atria, and the primary ring or fold that is
found between the primitive left ventricle and the
developing right ventricle. The sinoatrial transition
is important for the formation of the sinoatrial con-
duction system whereas the primary ring or fold de-
velops into the atrioventricular conduction system.
It is interesting that both transitional zones are not
lined by endocardial cushion tissue as are the other
two zones of the heart,the atrioventricular canal and

the primitive outflow tract. During early develop-
ment, HNK1 expression is found to be more exten-
sive than in what eventually persists as the definitive
conduction system. For the sinoatrial part we can
distinguish the venous valve bases as pathways that
run from the superior caval vein (later the sinus
node area) to the right atrioventricular ring. There
are three connections from the sinoatrial node area
to the right atrial ring bundle harboring the later
posterior atrioventricular node and the (transient)
anterior atrioventricular node: (1) the base of the
right venous valve (future right atrial terminal
crest); (2) the left venous valve which is incorporated
in the secondary atrial septum; (3) the septum
spurium, which consists of the fused right and left
venous valve that run anteriorly over the right atrial
wall and connect to the anterior part of the right
atrioventricular ring.This is exactly the site where in
some congenital heart malformations an anterior
atrioventricular node is found. The posterior fusion
of the right and left venous valve in the base of the
atrial septum connects to the posterior part of the
right atrioventricular ring where it forms the atrial
part of the atrioventricular node (Fig. 24.1a). A very
interesting expression of HNK1 is seen around the
pulmonary venous anlage, which in the human em-
bryo is initially positioned slightly to the right of the
developing primary septum.2 During development,
the pulmonary venous pit,which is embedded in the
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connection of the heart to the dorsal body wall, the
so-called dorsal mesocardium,moves to the left atri-
um. With septation of the atrium, the pulmonary
veins are disconnected from the right atrium.On the
basis of these findings we are convinced that the pul-
monary veins are confined within the embryonic tis-
sue of the sinus venosus and that this tissue makes up
part of the basis of the atrial septum and the dorsal
wall of the left atrium.1,2

These data are supported by findings in the en-
grailed-2 reporter mouse.4 As the insertion of the
construct has proven not to be in the engrailed gene
area the mouse is currently referred to as the CCS-
LacZ (conduction system like) expressing mouse.5

The marker gene is predominantly expressed in the
myocardium of the embryonic heart tube but most
markedly in the above-described transitional zones
between the various segments of the heart. We can

find it abundantly in primary fold derived structures
(including the moderator band of the right ventri-
cle), the tips of the trabeculae, and the sinoatrial
transition including the three for the internodal
pathways described for humans. Some parts of the
expression pattern differ somewhat from the human
situation as detected by HNK1 (Fig. 24.1b). There is
a marked anterior band (in future the so-called
Bachmanns bundle) running from the right to the
left atrium just above and in connection with the 
anterior part of the atrioventricular ring bundle
starting in a retro-aortic position at the site of the
anterior atrioventricular node (not shown).The lat-
ter is with the CCS/LacZ not only encircling the right
side of the atrioventricular canal but also the left
side. This description was provided in the article by
Rentschler et al.4 No data, however, were provided
on the pulmonary venous area.Recent studies of our

Fig. 24.1 Schematic representation of the primitive cardiac
conduction system as seen with HNK1: (a) in e.g. human
embryo; (b) in the mouse with the CCS/LacZ construct.
AAVN, anterior atrioventricular node; H, His bundle; LA, left
atrium; LAVR, left atrioventricular ring bundle; LV, left

ventricle; LVV, left venous valve; MB, moderator band;
PAVN, posterior atrioventricular node; PV, pulmonary veins;
RAVR, right atrioventricular ring; SAN, sino atrial node; SP,
septum spurium.
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own group using the CCS/LacZ mouse have re-
vealed that also in this model the pulmonary veins
are encircled by CCS expression during part of the
development, supporting our initial hypothesis that
the pulmonary veins belong to the sinus venosus
area. The functional implications of the above find-
ings might be that the areas that are prone later on in
life to abnormal atrial automaticity have a common
origin during embryonic life and during this period
transiently express the genes that persist in the defin-
itive conduction system.1 It is also of importance
that the CCS/LacZ expression is not only present in
the future right bundle branch but continues
through the moderator band all the way up to the
right atrioventricular ring bundle. This finding
might provide an anatomic substrate for the Maha-
mi re-entrant tachycardia.

It is still a matter of debate which factors direct the
differentiation of myocardial cells into the conduc-
tion system and working myocardium. There is cir-
cumstantial evidence that extra cardiac contributors
such as neural crest cells (NCC)6 and epicardium de-
rived cells (EPDC)7 might play a role in inducing the
differentiation of parts of definitive CCS. NCC mi-
grate to and into the heart. Recently we have shown
that NCC differentiate not only into an autonomous
nervous cell population but also provide a mes-
enchymal cell population that enters the heart both
at the outflow and the inflow tract.6 The latter cells
could be followed in both avian and mouse (Wnt1
reporter mouse) models to flank the atrioventricu-
lar and, to a lesser extent, the sinoatrial CCS. We hy-
pothesize that these NCC play a role in the
differentiation of the central CCS by releasing
growth factors during their subsequent apoptosis. It
is of interest that there is a clear overlap of intracar-
diac NCC areas and the engrailed distribution. The

EPDC are found in the subendocardial and periarte-
rial (avian) position and are considered to be impor-
tant for differentiation of the Purkinje network of
the heart. There is preliminary evidence that the
close association of the NC derived autonomous
nervous system and the primitive CCS areas might
be instrumental in understanding some adult car-
diac arrhythmias.
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Ever since the discovery of the cardiac conduc-
tion system (CCS), its embryonic origin has been a
matter of intense debate. Before the introduction of
advanced molecular tools (e.g. immunohistochem-
istry, in situ hybridization, mouse transgenics), his-
tological criteria (such as: degree of myofibrillar
development; PAS-reactivity, as indication for
glycogen content)1,2 were used to discriminate the
developing CCS from its surrounding tissues. Al-
though this histological approach has provided
many insightful studies, its limitations have also re-
sulted in inadequate interpretations of sections
leading to misconceptions on the anatomy and de-
velopment of the CCS. The introduction in the
1980s of immunohistochemistry (IHC) in cardio-
vascular developmental biology led to a significant
improvement of the understanding of the issue. In
the early days of IHC, the expression-domains of
myosin heavy chain (MHC) isoforms were found to
be informative to delineate components of the CCS.
Thus, the persistence of co-expression of atrial and
ventricular MHC, a characteristic feature of the pri-
mary myocardium of the early heart tube,3 proved to
be a feature of components of the developing CCS,
including the proximal parts of the atrioventricular
CCS (AVCS)4,5 and the sinoatrial node (SAN).6 It
was also demonstrated that, in some species,various
components of the CCS express unique MHC vari-
ants. Slow-tonic MHC (recognized by ALD58), is
expressed in the distal component (Purkinje fibers)
of the avian AVCS,7 which proved to be very helpful
in describing the differentiation of the Purkinje sys-

tem.In addition,it has been reported that antibodies
recognizing embryonic-like MHC specifically stain
discrete components of the CCS in the rat heart.8

Subsequently, a variety of other ‘markers’ were
found to delineate the CCS. Some of these markers
were predominantly expressed in the CCS, includ-
ing Cx42 in the distal AVCS of the chick heart,9 a 55
kDa protein found in the CCS of the bovine
heart,10,11 and neurofilament in the CCS of the rab-
bit.12 In contrast, in relation to the surrounding tis-
sues, other markers were found to be expressed at
extremely low levels. This included Cx43 in the
proximal AVCS in several mammalian species13 and
the M-isoform of creatine kinase in the proximal
AVCS in humans.14 Although these expression pro-
files provided improved insight in the development
and anatomy of the CCS in relatively advanced
stages of development and provided tools to study
the development of the CCS in vitro and in vivo,
none of these markers were really useful in helping
us to understand the early developmental events
that underlie CCS formation. However, consider-
able progress in the understanding of CCS 
development was made when three, independently
generated, antibodies (Gln2, HNK-1, and Leu7, all
recognizing the same carbohydrate epitope), were
found to recognize specifically the developing CCS
in humans and rats.5,15 Based on 3-dimensional re-
constructions of a developmental series of serially-
sectioned Gln2 stained human hearts, a model for
the development of the CCS was generated that al-
lowed us to describe development of the AVCS in re-
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Fig. 25.1 (-1.5/+0.8)cGATA6/lacZ expression during cardiac
development. Transgenic embryos at consecutive stages of
development were serially sectioned and the lacZ
expression pattern reconstructed using 3D-DOCTOR
software (ABLE). At E7.5 [(A) and (A’) are two sections from
the same embryo] expression was observed in the most
lateral areas of the precardiac mesoderm (black arrows/dark
staining indicate transgene expression). The 3D
reconstruction based on these stainings is shown in (B). At
E9.5–10 (C,D) the transgene is predominantly expressed in
the myocardium underneath the inferior and superior

atrioventricular cushions [arrows in (C) and dark staining
with double arrows in (D)]. At later stages of development
[e.g. E14, (E) and (F)] the expression becomes confined to
the morphologically recognizable proximal AVCS and the
lateral right AV junction. As a result, at these stages the
entire AV myocardium of the developing right AV junction
is characterized by the expression of the cGATA6/lacZ
transgene (E,F). ecto, ectoderm; endo, endoderm; iAVC,
inferior atrioventricular cushion; NG, neural groove; sAVC,
superior atrioventricular cushion; LV, left ventricle; RV, right
ventricle.
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lation to the remodeling of the embryonic AV 
junction.16,17

Despite all the CCS-related protein expression
patterns discussed above, many questions related to
CCS development remained unanswered. These in-
clude, but are not restricted to: (1) Does the proxi-
mal AVCS tissue derive from a common precardiac
mesodermal progenitor cell population? (2) What
are the molecular mechanisms that regulate the con-
tinuously changing expression profile in the devel-
oping CCS? (3) How is the 3D patterning of the CCS
regulated? (4) What is the functional significance (if
any) of the components of the primary ring that do
not develop into morphologically recognizable
components of the CCS?

The introduction of transgenic mouse technolo-
gy has led to the generation of several genetically en-
gineered mouse models that, often fortuitously,
reveal new and exciting aspects of CCS develop-
ment. These include the minK-lacZ mouse,18 the
cardiac-troponin I/lacZ mouse,19 and the CCS–lacZ
mouse.20 We have recently reported on a transgenic
model with expression of cGATA6-lacZ in the devel-
oping CCS.21,22 The expression of this transgene
could be traced back to the earliest stages of heart de-
velopment (see Fig. 25.1). Thus, in the precardiac
mesoderm stage (ED7.5) it was found in two bilater-
al strips of cells located in the distal-most region of
the heart fields (Fig.25.1a,a’,b). After the heart tube
has formed and looped (e.g. ED9.5), these two areas
of expression then become localized in the posterior
and inferior wall of the AV canal myocardium 
overlying the developing major AV cushions (Fig.
25.1c,d). Eventually, in late fetal and post-natal
stages, the cGATA6/lacZ transgene expression be-
comes largely restricted to the proximal AVCS and
right AV ring bundle, expression in the distal AVCS
(bundle branches and Purkinje system) or left AV
junction never being observed (Fig. 25.1e,f). To the
best of our knowledge,the cGATA6/lacZ construct is
the only CCS-related transgene discretely expressed
in the precardiac mesoderm stage. The expression
profile suggests that at least some of the molecular
machinery responsible for AVCS differentiation is
already in place at a very early stage of heart forma-
tion.We also infer that the potential to contribute to
the proximal AVCS might be restricted to a subset of
myocardial cells long before the myocardial heart
tube actually has been formed. This would not be

surprising in light of the fact that the various com-
ponents of the CCS arise within, and have distinct
functional properties suited to, regions of the heart
that contain functionally distinct myocardial cells
that are likewise specified early in the cardiogenic
program.
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Animal models for defects of cardiac development
and function have been generated and related
knowledge has accumulated. The models reveal that
defects in cardiac function are closely linked to ab-
normalities during embryonic development, and
understanding of heart development helps us to
clarify the mechanisms of heart disease.

Development of the embryonic heart is regulated
by diverse components including transcription 
factors, intracellular signaling, and cell to cell con-
tact. Calreticulin, one of the proteins regulating in-
tracellular signaling, is a ubiquitous Ca2+-binding
protein, located to the endoplasmic reticulum
lumen. The protein has been implicated in many
functions, including regulation of intracellular 
Ca2+ homeostasis, chaperone activity, gene regula-
tion, and cell adhesion. The expression of calretic-
ulin is elevated in the embryonic heart and is
downregulated after birth. To understand the 
physiological function of calreticulin, we used gene
targeting to generate a knockout mouse. Homozy-
gous mice were lethal at embryonic days 14.5–16.5,
probably owing to a marked decrease in ventricular
wall thickness. Calreticulin deficient cells exhibited
impaired nuclear import of nuclear factor of
activated T cell (NF-AT) transcription factor 
indicating that calreticulin plays a role in cardiac de-
velopment as a component of the transcription
pathway.

The molecular details underlying calreticulin 
deficient mice are not yet understood. Impaired 
nuclear import of NF-AT, however, suggests that
Ca2+-dependent pathways may underlie the embry-
onic lethality. To test this hypothesis we reconstitut-

ed the hearts of calreticulin-deficient mice with a
truncated, Ca2+-independent, constitutively active
form of calcineurin to re-establish the Ca2+-
dependent cascade downstream of calreticulin
(Plate 22). Overexpression of activated calcineurin
reverses the defect in cardiac development observed in
calreticulin-deficient mice and rescues them from
embryonic lethality. Reversal of embryonic lethality
owing to calreticulin-deficiency by activated cal-
cineurin underscores the impact of calreticulin–
calcineurin functions on the Ca2+-dependent 
signaling cascade during early cardiac development.
These findings show that calreticulin and calcineu-
rin play fundamental roles in Ca2+-dependent path-
ways essential for normal cardiac development 
and explain the molecular basis for the rescue of
calreticulin deficient phenotype.

Next, we generated transgenic mice that overex-
press calreticulin in the heart and we investigated
physiological consequences of continued high 
expression of the protein in the postnatal heart.
Cardiac specific overexpression of calreticulin was
driven by the cardiac myosin heavy chain promoter.
The transgenic mice showed that postnatally elevat-
ed expression of calreticulin leads to severe cardiac
pathology including sinus bradycardia and atrio-
ventricular node dysfunction with progressive 
prolongation of the P–R interval followed by 
complete heart block and sudden cardiac death.
Cardiomyocytes overexpressing calreticulin have a
decreased density of L-type Ca2+ channels. The
transgenic mice seemed to be a model of postnatal
arrhythmia and cardiac-related sudden death.
Calreticulin may be part of one pathway of events 
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involving the endoplasmic reticulum that can cause
complete heart block.

Our results demonstrate an essential role for cal-
reticulin during embryogenesis and cardiac func-
tion.Transgenic models with cardiac defect facilitate
elucidation of mechanisms involved in heart dis-
ease, and contribute to the development of new ap-
proach to the disease.
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Mechanisms governing the formation of the coronary

arteries and their proper connection to the aortic sinus-

es remain incompletely defined. Although much has

been learned regarding coronary artery morphogene-

sis, relatively little is known about the molecular mech-

anisms and signaling processes that drive coronary

artery formation in normal and abnormal cardiovas-

cular development.

It has been shown previously that the proximal coro-

nary arteries form by inward endothelial growth to-

ward the aorta. Ando et al. further refined this concept

by demonstrating that multiple endothelial strands

penetrate the aortic wall at several sites followed by fu-

sion of endothelial strands at the facing sinuses. Inter-

estingly, at the same time there is regression of the

endothelial strands that have penetrated the non-

coronary sinus. Lastly, the tunica media develops in the

proximal coronary arteries. The signals that promote

regression of the endothelial strands at the non-

coronary sinus and coalescence and ongoing develop-

ment of the definitive coronary arteries remain to be

determined.

Tenascins are a family of extracellular matrix pro-

teins that might play a role in vasculogenesis in the de-

veloping heart. It has been shown that cells derived

from the proepicardial organ adhere to the surface of

the heart and spread over it to become epicardial cells

which are vascular cell precursors. Imanaka-Yoshida et

al. studied the potential role of tenascin-C (TNC) and

tenascin-X (TNX) in this process, since tenascins have

been implicated in morphogenesis, cell motility, and

epithelial–mesenchymal and/or mesenchymal–ep-

ithelial transformation. TNC was highly expressed in

the mesenchymal cells of the proepicardial organ, but

once cells migrated to the surface of the heart, TNC ex-

pression decreased. In contrast, TNX was highly ex-

pressed after the epicardial covering was completed,

but in contrast to TNC, TNX was not expressed in the

cells of the proepicardial organ or during migration of

the proepicardial cells. It may be that TNC allows the

initial migration of cells from the proepicardial organ

and then TNX serves to sustain this process. However,

much remains to be determined regarding the role of

tenascins and other extracellular matrix proteins in

these processes. As demonstrated by Hanato et al., the

bis-diamine model of abnormal cardiovascular devel-

opment includes significant coronary artery abnor-

malities. Thus, application of this technique might be a

useful model for future studies of normal and abnor-

mal coronary artery development.





Several investigators have shown that the proximal
segment of the coronary arteries develops by en-
dothelial ingrowth from the peritruncal ring (PR) of
the coronary vasculature, rather than by endothelial
outgrowth from the aorta.1–3 In chick embryo,
Aikawa and Kawano were the first to describe that at
the onset of the formation of the proximal coronary
arteries, multiple ‘primitive’ coronary arteries origi-
nate from the right and left coronary sinuses, and
then decrease in number to form definitive coronary
arteries on each side.4 Later, Poelmann et al. report-
ed that multiple endothelial strands grow into the
aorta from the PR at several sites, and that the capil-
lary network persists at only two of these sites to
form definitive coronary arteries. 5 At this stage, the
first vascular smooth muscle cells come to surround
the right and left coronary arteries (HH 32; 7.5 days
incubation).6 Not withstanding the above observa-
tions, the exact process involved in the formation of
the proximal coronary arteries remains unclear. In
the present paper, we made detailed observations of
the formation of the main coronary trunks in quail
embryos using double immunostaining for an en-
dothelial marker (QH1, IgG1) and anti-smooth
muscle a-actin (1A4, IgG2a) in serial sections cut
parallel to the aortic orifice.7,8 In addition, using the
confocal microscope, we observed the initial devel-
opment of the endothelial strands (anlagen of the
proximal coronary arteries) that penetrate the aortic
wall.

The development of the proximal coronary arter-
ies in staged embryos is summarized in Table 27.1.
At 5 days of incubation, QH1-positive subepicardial

sinusoidal structures were observed surrounding
both the aortic and pulmonary trunks (PR of the
coronary vasculature); however, there was no visible
connection between the PR and the aortic lumen.At
6 days of incubation, QH1-positive endothelial
strands that seemed to begin to connect the PR with
the aortic lumen were found in the aortic wall facing
the future left or right coronary sinus (much as de-
scribed by Aikawa and Kawano4). No QH1-positive
endothelial strands were detectable in the wall of the
pulmonary trunk in any of the serial sections we ex-
amined. At 7 days of incubation, multiple QH1-
positive endothelial strands were penetrating the
aortic wall of the right and left coronary regions (the
facing sinuses). In three out of five embryos, QH1-
positive endothelial strands were penetrating the
aortic wall facing the noncoronary cusp; indeed, en-
dothelial strands with an apparent lumen were ob-
served penetrating the aortic wall of the noncoronary
sinus. At 8 days of incubation, all embryos possessed
a single right coronary trunk and four out of five a 
single left coronary trunk (one embryo exhibited
two left proximal coronary arteries). At this stage,
QH1-positive endothelial strands penetrating the
noncoronary sinus were seen in three out of five 
embryos. By 9 days of incubation, the right and left
proximal coronary trunks were completed in all five
embryos examined. At this stage, there were no
QH1-positive endothelial strands in the aortic wall
facing the noncoronary sinus, and the right and left
coronary orifices were manifest as a large concavity
surrounded by a thick smooth muscle cell layer 
(tunica media of the coronary artery).
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Several investigators have noted that while multi-
ple endothelial strands of the coronary arterial anla-
gen from PR connect to the aorta, only one channel
survives in each of the two sinuses to become the de-
finitive right and left proximal coronary arteries and
their orifices.3–5 In our observations, multiple en-
dothelial strands penetrating the aortic wall facing
the right and left coronary sinuses seemed to be-
come fused to each other. Thus, a reticular structure
consisting of endothelial strands with decidual tis-
sues could be clearly seen in the aortic wall. We sug-
gest that the fusion of the endothelial strands
penetrating the wall facing each sinus may con-
tribute to the generation of a single proximal coro-
nary trunk. On the other hand, we could not find
such a reticular structure with a decidual-tissue in-
volvement in the noncoronary sinus region. This
may be because the sparse penetration of fewer en-
dothelial strands in this region perturbes the fusion
of the endothelial strands within the wall of the 

Table 27.1 Summary of development of proximal coronary

vessels in staged embryos

No.of penetrating vessels 

(average)

Days of incubation RCS LCS NCS

5 (n = 3) 0 0 0

6 (n = 5) 1.4 0.8 0

7 (n = 5) 3.6 3.4 1.6

8 (n = 5) 1.0 1.2 0.6

9 (n = 5) 1.0 1.0 0

At 5 days of incubation, there was no QH1-positive

endothelial connection between the peritruncal ring and

the aortic lumen. At 6 days of incubation, QH1-positive

endothelial strands began to penetrate into RCS and LCS. At

7 days of incubation, more than 3 endothelial strands were

penetrating into RCS and LCS, and in 3 out of 5 hearts,

endothelial strands were penetrating NCS. By 9 days of

incubation, the right and left proximal coronary trunks

were completed, and no QH1-positive endothelial strands

were observed penetrating NCS. RCS, right coronary sinus;

LCS, left coronary sinus; NCS, noncoronary sinus; N, number

of hearts examined.

Fig. 27.1 Schematic representation of
developing proximal coronary artery. (A)
Peritruncal ring (PR) of coronary
vasculature surrounds the aorta; (B)
Endothelial strands are established by
vasculogenesis in the outside-to-inside
direction; (C) Multiple endothelial
strands with lumens penetrate the aortic
wall at several sites.; (D) Fusion of the
multiple endothelial strands occurs, and
the tunica media of the coronary artery
develops; (E) A single coronary trunk
surrounded by a well-developed tunica
media is completed. En, aortic
endothelium; M, tunica media; Mc,
tunica media of coronary artery; PR,
peritruncal ring.



CHAPTER 27 Development of proximal coronary artery in quail embryonic heart 111

noncoronary sinus.In addition,a thick tunica media
was observed surrounding the right and left proxi-
mal coronary arteries penetrating the aortic wall,
while only weak anti-smooth muscle actin im-
munoreactivity was seen in cells surrounding the
endothelial strands penetrating the noncoronary
sinus. It seems likely that the definitive proximal
coronary segments are demarcated from the aortic
media (a derivative of the pharyngeal mesenchyme
and ectomesenchyme) by the newly formed coro-
nary artery tunica media (a derivative of the proepi-
cardial organ).

Next,using the confocal microscope we examined
the details of the process by which endothelial
strands develop from PR. Thick (50mm) sections
across the cardiac base of day-6 embryos (n = 5) were
prepared and stained with QH1 antibody. The re-
sulting sections were scanned using a laser confocal
microscope, and the images reconstructed. Confo-
cal microscopic observation showed that QH1-pos-
itive discontinuous endothelial progenitors, which
did not make contact either with the PR of the coro-
nary vasculature or with the aortic endothelium,
were situated within the aortic wall. Some QH1-
positive cells were seen connecting either with PR or
with both PR and the aortic lumen.We found no en-
dothelial progenitors connecting with the aortic
lumen alone. In addition, we found no case in which
the coronary orifice did not connect with PR. These
observations strongly suggest that the formation of
endothelial strands occurs by vasculogenesis in an
outside-to-inside (PR-to-aortic) direction.

In the present paper, we have analyzed the devel-
opment of the proximal coronary arteries, and we
propose a new morphologic mechanism to explain
the development of the proximal coronary arteries
and their orifices (Fig. 27.1): (1) multiple endothe-
lial strands penetrate the aortic wall at several sites;
(2) fusion of the multiple endothelial strands occurs

at the facing sinuses, while at the same time the en-
dothelial strands penetrating the noncoronary sinus
disappear; (3) a coronary artery tunica media 
develops, and demarcates the definitive proximal
coronary arteries from the aortic media. Further 
investigations will be needed to reveal the molecular
mechanisms underlying the development of the
coronary arteries.
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During development, blood vessels arise through
two mechanism: angiogenesis and vasculogenesis.1

While angiogenesis refers to the formation of capil-
laries from preexisting vessels, the formation of new
capillaries by angioblasts which differentiate in situ
is termed vasculogenesis. The heart is vascularized
by vasculogenesis by cells that originate from the
outside the primitive heart tube.2 Angiogenesis and
vasculogenesis sometimes overlap and require com-
mon mechanisms such as endothelial cell prolifera-
tion, migration, formation, and reorganization of
3-D structures,which are mediated by cell– extracel-
lular matrix interaction.

The tenascins are a family of extracellular matrix
proteins.3 Tenascin-C (TNC) is transiently ex-
pressed in restricted sites during morphogenesis
and tissue remodeling often associated with cell
motility such as migration or epithelial–mesenchy-
mal/mesenchymal–epithelial transformation.4

Several lines of evidence suggest that TNC is involved
in neovascularization in cancer invasion and wound
healing in adult tissues.5 Another member of the
family, Tenascin-X (TNX), is more ubiquitously ex-
pressed but is predominantly expressed in the heart
and blood vessels, and is often complimentary to
TNC.Mutation of the TNX gene is reported to cause
vascular disease.6 These findings suggest that TNC
and TNX may regulate the embryonic development
of coronary vessels.

To study the roles of TNC and TNX in coronary
vasculo/angiogenesis, we first analyzed the expres-

sion of TNC and TNX in mouse embryos by im-
munohistochemistry, in situ hybridization and RT-
PCR. Initially, the primitive heart tube consists of
only a two-cell population; myocardial cells and en-
docardial cells both originating from the lateral plate
mesoderm.7 At E9–9.5, mesenchymal cells at the
base of the sinus venosus form a cauliflower-like
structure and extend villous projections toward the
heart. This transitory structure is called the proepi-
cardial organ (PEO). At E 9.5, cell aggregates detach
from PEO, adhere to the surface of the heart and
spread over the heart to become epicardial cells,8

which are precursors of vascular cells and interstitial
fibroblasts.9–12 Strong expression of TNC expres-
sion was observed in the mesenchymal cells of the
PEO (Fig. 28.1). However, once the cells were trans-
ferred onto the surface of the heart, the expression of
TNC was diminished. This expression pattern sug-
gests that TNC can be involved in the initial step of
cell migration from PEO. Proepicardial strands also
extend over the inner surface of the pericardial cavi-
ty.13,14 Interestingly, the cell inner surfaces of the
pericardium continue to express TNC. Cardio-
myocytes at this stage may send some signal to 
inhibit the expression of TNC of proepicardial cells.

After the total surface of the heart is ensheathed by
a single layer of epicardium by E10.5, some epicar-
dial cells undergo epithelial–mesenchymal transfor-
mation, delaminate, and invade the myocardium,
which gives rise to the vascular endothelium,
smooth muscle, and interstitial fibroblasts.10,12,14–19
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Generally, TNC expression is closely associated with
cell motility; however, during epicardial cell migra-
tion and epithelial–mesenchymal transformation,
TNC is not detected in the epicardium or 
myocardium.

In contrast, TNX is dramatically upregulated
around E11 after the epicardial covering is complet-
ed, although it is not expressed in PEO nor during
the migration of proepicardial cells. Whole-mount
immunohistochemistry showed that TNX initially
appeared along the interventricular groove and AV
groove and eventually covered the entire surface of
the heart by E12. Histological sections of the im-
munostained heart demonstrated that TNX was de-
tected around the subepicardial cells that form
vascular channels. In the E12.5 embryo, TNX was
also detected associated with cells invading the ven-
tricular myocardium as well as with channel-like
structures in the myocardium.TNX seems to play an
important role in vascular channel formation, while
TNC is not involved in coronary vasculogenesis.
However, around E13, preceding the connection of
primitive coronary arteries to the aorta, TNC be-
came detectable associated with the capillary plexus
at a peritruncal ring around the aorta.TNC might be
related with development of the proximal coronary
arteries and their orifice formation.

To examine the process of coronary vessel forma-
tion in vitro, we tried to explant a culture of PEO.
When the explants were plated on coverslips coated
with rat tail collagen I, fibronectin, or laminin, the
cells quickly spread and formed an epithelial sheet.
When PEO was cultured on the collagen gel or in the
gel, small outgrowths of cells were seen around the
explants 3–4 days after plating. Around day 5, cord-
like structures began to grow from the explants,
gradually elongated, increased in number, and
formed a branching network of structures (Fig.
28.2). A histological section demonstrated that the
cells migrated into the gel and formed tube-like
structures with lumens which were similar to the
primitive vascular channels in the embryonic heart.
The cells forming channels were TNX-positive, sim-
ilar to the observation in vivo. This result indicates
that PEO contains angioblasts or their precursors
that have the ability to differentiate to vascular cells
and form vascular channels without signals from
other tissues such as cardiomyocytes or the liver,and
that PEO apparently needs a particular extracellular
environment to form vascular channel structures.

Vasculo/angiogenesis is a multistep process re-
quiring various cell activities. TNC and TNX can
take part in its regulation as significant extracellular
factors. PEO explant culture in a 3-D collagen gel

Fig. 28.1 In situ hybridization for TNC of E9.5 mouse embryo
(a). Diagram of the embryo showing proepicardial organ
(PEO) (b). Cells from PEO transfer onto the surface of the

heart and spread over the heart to become epicardial cells.
Cells also migrate along the inner surface of the pericardial
cavity.
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system could provide a useful approach to under-
stand the complex nature of coronary vasculo/
angiogenesis.

Methods

Antibodies
A mouse monoclonal antibody against TNC, clone
4F10TT, was raised by immunization of a TNC-null
mouse with purified human glioma TNC.20 Poly-
clonal anti-TNX antibodies were raised in rabbits
against a fusion protein of the EGF-like repeats of
murine TNX.21

Immunohistochemistry
Immunostaining of tissue sections was performed
as previously described.20,22

In situ hybridization
Whole mount in situ hybridization of mouse 
embryos was carried out as described.23 In situ
hybridization of the tissue sections was performed
as previously described.20,22

RT-PCR
RT-PCR of TNC and b-actin was performed as 
previously described.24 The forward and reverse
primers for TNX were 5’-GCCTCTTCCCCTC
CACCTTCTCTACA-3’ and 5’-GTCTCGATCAC
GGGCAGAAAAGACA-3’, respectively, and the 
expected size of the PCR fragment was 553 bp.

PEO culture
Only the tip region of PEO was dissected from E9.5
mouse embryos with tungsten needles and placed

on a collagen gel or coverslips coated with various
substrates.

Collagen gel
Type I collagen was purified from rat tail tendon and
collagen gel was prepared as previously described.25

Briefly, 5 volumes of collagen solution (2.2 mg/mL),
5 volumes of 2¥ concentrated DMEM and 1 volume
of FCS were mixed and warmed to 37 ºC to allow gels
to form.

References

1 Risaw W. Mechanisms of angiogenesis. Nature 1997; 386:

671–4.

2 Bernanke DH, Velkey JM. Development of the coronary

blood supply: changing concepts and current ideas. Anat

Rec 2002; 269; 198–208.

3 Erickson HP. Tenascin-C, tenascin-R and tenascin-X: a

family of talented proteins in search of functions. Curr

Opin Cell Biol 1993; 5; 869–76.

4 Jones FS, Jones PL. The tenascin family of ECM glycopro-

teins: structure, function, and regulation during embry-

onic development and tissue remodeling. Dev Dyn 2000;

218: 235–59.

5 Zagzag D,Capo V.Angiogenesis in the central nervous sys-

tem: a role for vascular endothelial growth factor/vascular

permeability factor and tenascin-C. Common molecular

effectors in cerebral neoplastic and non-neoplastic 

‘angiogenic diseases’. Histol Histopathol 2002; 17: 301–

21.

6 Burch GH et al. Tenascin-X deficiency is associated with

Ehlers-Danlos syndrome. Nat Gen 1997; 17: 104–8.

7 Linask KK,Lash JW.Early heart development:dynamics of

endocardial cell sorting suggests a common origin with

cardiomyocytes. Dev Dyn 1993; 196: 62–9.

(a) (b)

Fig. 28.2 Proepicardial organ explant culture on collagen gel. (a) Day 5, (b) Day 10.



CHAPTER 28 Possible roles of the extracellular matrix in coronary vasculogenesis of mouse 115

8 Komiyama M, Ito K, Shimada Y. Origin and development

of the epicardium in the mouse embryo. Anat Embryol

1987; 176: 183–9.

9 Mikawa T, Cohen-Gould L, Fischman DA. Clonal analysis

of cardiac morphogenesis in the chicken embryo using a

replication-defective retrovirus. III: Polyclonal origin of

adjacent ventricular myocytes.Dev Dyn 1992; 195; 133–41.

10 Mikawa T, Gourdie RG. Pericardial mesoderm generates a

population of coronary smooth muscle cells migrating

into the heart along with ingrowth of the epicardial organ.

Dev Biol 1996; 174: 221–32.

11 Poelmann R, Gittenberger-de Groot A, Mentink M,

Bokenkamp R, Hogers B. Development of the cardiac

coronary vascular endothelium, studied with antien-

dothelial antibodies, in chicken-quail chimeras. Circ Res

1993; 73: 559–68.

12 Dettman RW, Denetclaw W Jr, Ordahl CP, Bristow J. Com-

mon epicardial origin of coronary vascular smooth 

muscle, perivascular fibroblasts, and intermyocardial 

fibroblasts in the avian heart. Dev Biol 1998; 193: 169–81.

13 Manner J. Experimental study on the formation of the 

epicardium in chick embryos. Anat Embryol 1993; 187:

281–9.

14 Perez-Pomares JM, Macias D, Garcia-Garrido L, Munoz-

Chapuli R.The origin of the subepicardial mesenchyme in

the avian embryo: an immunohistochemical and quail-

chick chimera study. Dev Biol 1998; 200: 57–68.

15 Mikawa T, Fischman DA. Retroviral analysis of cardiac

morphogenesis: discontinuous formation of coronary

vessels. Proc Nat Acad Sci U S A 1992; 89; 9504–8.

16 Gittenberger-de Groot AC, Vrancken Peeters, MP,

Mentink MM, Gourdie RG, Poelmann RE. Epicardium-

derived cells contribute a novel population to the myocar-

dial wall and the atrioventricular cushions. Circ Res 1998;

82: 1043–52.

17 Manner J. Does the subepicardial mesenchyme contri-

bute myocardioblasts to the myocardium of the chick 

embryo heart? A quail-chick chimera study tracing the 

fate of the epicardial primordium. Anat Rec 1999; 255;

212–26.

18 Vrancken Peeters MP,Gittenberger-de Groot AC,Mentink

MM,Poelmann RE.Smooth muscle cells and fibroblasts of

the coronary arteries derive from epithelial–mesenchymal

transformation of the epicardium. Anat Embryol 1999;

199: 367–78.

19 Vrancken Peeters MP et al. The development of the coro-

nary vessels and their differentiation into arteries and

veins in the embryonic quail heart. Dev Dyn 1997; 208:

338–48.

20 Imanaka-Yoshida K et al. Tenascin-C is a useful marker for

disease activity in myocarditis. J Pathol 2002; 197:

387–94.

21 Hasegawa K. et al. Differential expression of tenascin-C

and tenascin-X in human astrocytomas. Acta Neuropathol

1997; 93: 431–7.

22 Imanaka-Yoshida K et al. Tenascin-C modulates adhesion

of cardiomyocytes to extracellular matrix during tissue 

remodeling after myocardial infarction. Lab Invest 2001;

81: 1015–24.

23 Wei L et al. Rho kinases play an obligatory role in verte-

brate embryonic organogenesis. Development 2001; 128:

2953–62.

24 Noda N et al. Expression of tenascin-C in stromal cells of

the murine uterus during early pregnancy: induction by

interleukin-1 alpha, prostaglandin E2 and prostaglandin

F2 alpha. Biol Reprod 2000; 63: 1723–30.

25 Fujita Y, Yoshida T, Sakakura Y, Sakakura T. Reconstruc-

tion of pleomorphic adenoma of the salivary glands in

three-dimensional collagen gel matrix culture. Virchows

Arch. 1999; 434: 137–43.



Conotruncal anomalies, including tetralogy of Fal-
lot, truncus arteriosus communis, and aortic arch
anomalies, are often associated with anomalous
coronary arteries.1,2 However, the pathological
mechanisms of anomalous coronary arteries associ-
ated with the conotruncal defects3–5 as well as the 
developmental anatomy of coronary vasculatures 
have not been fully demonstrated. N,N¢-
bis(dichloroacetyl)diamine-1,8-octa-methylene
diamine (bis-diamine) induces conotruncal 
anomaly in rat embryos when administered to the
mother.6–8 To determine whether anomalous 
coronary arteries are associated with the cardiac de-
fects caused by bis-diamine, we morphologically
studied rat embryos treated with bis-diamine.

Materials and methods

A single dose of 200-mg bis-diamine conjugated
with 1 mL of 1% gum was administered to pregnant
rats at 10.5 embryonic days (ED) of gestation. ED
were dated from midnight prior to the presence of a
vaginal plug. Controls received 1 mL of 1% gum at
ED10.5. Embryos removed from the mothers at
ED20.5 were used for morphological analysis of
coronary arteries. The distributional patterns of
coronary arteries were examined by injecting India
ink into the aorta.To have the aorta accessible for ink
injection, a midsternal thoracotomy was performed
with iridectomy scissors. The beating of the heart
was stopped in diastole by dripping a 20% KCl solu-
tion (4ºC) over its surface. A solution of India ink
and 1% arabia gum diluted in phosphate buffered

saline (PBS) was then slowly injected into the 
ascending aorta. Injections were given through a 
micropipette. Following ink injections, the hearts
were removed and fixed in Carnoy’s solution
(ethanol: chloroform: glacial acetic acid = 6: 3: 1) for
3 h. The coronary vasculature of each heart was
studied under a stereoscope. Histological sections
from each heart were examined under microscope.

Results

The incidence of congenital heart anomalies,anom-
alous coronary arteries, and defects of the left dia-
phragm in bis-diamine-treated embryos at ED20.5
(n = 52) are presented in Table 29.1. Thirty-six
(69%) of 52 embryos had truncus arteriosus com-
munis and 12 (23%) had tetralogy of Fallot. Aortic
arch anomalies were detected in 6 (11.5%). No car-
diovascular anomaly was observed in the controls.
A single right coronary artery or hypoplastic left
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Table 29.1 Incidence of contotruncal anomalies, abnormal

coronary arteries, and defects of the left diaphragm in

control and bis-diamine-treated embryos

Control Bis-diamine 

(n = 20) treated (n = 52)

Heart anomalies None 48 (92%) TA 36; TF 12a

Coronary anomalies None 48 (92%)

LDDb None 52 (100%)

a TA, truncus arteriosus communis; TF, tetralogy of Fallot.
b LDD, defect of left diaphragm.
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coronary artery was detected in all the embryos and
was associated with truncus arteriosus communis or
tetralogy of Fallot. Abnormal distributions of coro-
nary arteries were also detected in all embryos.There
was no relationship between the type of coronary
artery anomalies and cardiac defects. Histological
sections revealed incomplete hatching and abnor-
mal connection of the aorta to the coronary vascula-
ture. Serial sections from younger embryos treated
with bis-diamine disclosed poor epicardial develop-
ment and disturbed vascular channel formation
(Table 29.2; Plate 23). No abnormal coronary 
arteries were detected in the embryos that did not
have a cardiac anomaly. All the embryos treated 
with bis-diamine had a defect in the left diaphragm.
Controls had neither abnormal coronary arteries
nor a defect in the diaphragm.

Discussion

In this study, we demonstrated that bis-diamine in-
duced anomalous coronary arteries, including a 
single right coronary artery and a hypoplastic left
coronary artery, in association with conotruncal de-
fects. As the conotruncal anomalies were experi-
mentally produced by ablation of the cardiac neural
crest in chick embryos,9,10 bis-diamine is supposed
to disrupt the migration of neural crest cells into the
heart in early rat embryos. Hood and Rosenquist,11

and Poelman et al.12 suggested the possible contri-
bution of the neural crest cells to the development of
coronary vasculature. Although we found no 
evidence to support their speculation, this study 
revealed poor development of the coronary 
vasculature near the truncus arteriosus and incom-
plete hatching and abnormal connection of the
aorta to the coronary vasculature. These findings
suggested that bis-diamine disturbed the formation

of vascular channels and subsequently induced 
abnormal development of the coronary vasculature.
As the anomalous coronary arteries, including 
an aplastic or hypoplastic left coronary artery,
were always associated with a conotruncal anomaly
in this study, it may be possible that abnormal 
truncal division secondarily disrupted the spatial 
relationship between the coronary ostium and 
vasculature.
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A large number of genetically engineered mice have a

cardiac phenotype, but such models have rarely pre-

dicted the genetic basis of viable, human congenital

heart malformations. As illustrated by the chapters in

this part, the identification of single gene mutations 

resulting in human cardiac malformations has pro-

vided new tools to study the pathogenesis of congenital

heart disease in animal models.

The paper by Bruneau describes mice with haplo-

insufficiency of Tbx5 (Tbx5del/+). Tbx5del/+ mice have 

all the major hallmarks of Holt–Oram syndrome,

confirming that haploinsufficiency of Tbx5 causes

Holt–Oram syndrome. Affected mice demonstrate

atrial septal defects, ventricular septal defects and AV

conduction abnormalities. Variations in severity of

phenotype between strains and within an outbred

strain of almost genetically identical animals, as is seen

in humans with heterozygous TBX5 mutations popula-

tions, supports a role for genetic modifiers as modula-

tors of penetrance and expressivity.

FOG-2 is a multi-zinc finger protein and a member

of the Friend of GATA family of transcriptional modu-

lators. To elucidate FOG-2’s role in cardiac develop-

ment, Svensson et al. generated a mouse deficient in

FOG-2 using standard gene targeting techniques.

Homozygous mice died in utero; cardiac examination

revealed cardiac malformations that included pul-

monic stenosis, double outlet right ventricle, atrial and

ventricular septal defects, absent coronary arteries, and

tricuspid atresia. During a functional analysis of the

FOG-2, they determined that zinc fingers 1 and 6 of

FOG-2 were capable of binding GATA4 and identified a

binding site for the transcriptional co-repressor C-

terminal binding protein-2 (CtBP-2) in the C-terminal

portion of the FOG-2 protein. Taken together, these re-

sults demonstrate the importance of FOG-2 for cardiac

formation and indicate that transcriptional repressors

are required for the regulation of heart development.

The chromosomal abnormality, del22q11, is fre-

quent cause of congenital cardiac defects in humans.

The deletion spans about 3 Mbp of DNA and includes

approximately 30 genes. TBX1 is contained in the 

deleted region; haploinsufficiency of Tbx1 results in a

mouse phenotype reminiscent of del22q11 in humans.

In order to define Tbx1-related regulatory cascades,

Yamagishi and Sirvastava searched for the cis-regulatory

elements that control Tbx1 expression during develop-

ment.Their studies show that Tbx1 is directly regulated

by Foxc1 and Foxc2 in the head mesenchyme, and

Foxa2 in the pharyngeal endoderm, through a com-

mon Fox binding element upstream of Tbx1. Shh sig-

naling functions to maintain the expression of Foxa2
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and Foxc2, which subsequently activate Tbx1 expres-

sion. This model provides insight into novel molecular

mechanisms underlying the role of Tbx1 in cardiovas-

cular development.

In previous studies, Baldini and colleagues generat-

ed the first murine model of del22q11 by engineering a

multi-gene chromosomal deletion of the murine re-

gion homologous to the human deletion. Later they

demonstrated that haploinsufficiency of Tbx1 re-

sulted in a similar phenotype. Results of the current

study suggests differential sensitivity of the developing

pharynx and the developing heart to Tbx1 RNA 

message. Based on the interaction of Tbx1 and Fgf8,

the authors propose that downregulation of some 

Fgf genes may play a pathogenetic role in the Tbx1

mutant phenotype and possibly in the human del22q11

phenotype.

Kochilas and associates have also studied the genetic

basis of a mouse model of DiGeorge Syndrome with 

a particular interest in the effects of differing amounts

of Tbx1 expression. The current studies examined

whether haploinsufficiency of the mouse orthologous

DiGeorge Syndrome Critical Region, which includes

Tbx1, affects neural crest migration. The investigators

conclude that while neural crest cells in this model are

defective in their ability to differentiate smooth muscle,

the cardiovascular defects seen in this mouse model are

not caused by absence of neural crest cells in the 

pharyngeal region. Hence, genes in the deletion are 

not required for cardiac neural crest migration.



The etiology of common congenital heart defects
(CHDs) has remained elusive until recently. The
identification of single gene mutations in inherited
CHD has begun to shed some light on these diseases.
For example, mutations in the T-box transcription
factor gene TBX5 in humans with Holt–Oram syn-
drome and mutations in the homeodomain tran-
scription factor gene NKX2–5 in patients with
inherited atrial septal defects (ASDs) and atrioven-
tricular (AV) block have allowed a glimpse into the
causes of septation and conduction defects.1–4

Mutations in either gene can lead to similar cardiac
defects: ASD, VSD, AV block, and other more rare
manifestations such as tetralogy of Fallot. While
these findings have revolutionized how the etiology
of CHDs is perceived, finding mutations does not
offer the whole picture. In this respect, mouse mod-
els have been of considerable use in deciphering the
consequences that these mutations precipitate.5 In
particular, mice lacking Tbx5 reproduce the spec-
trum of Holt–Oram syndrome quite well, and have
led to some understanding of the basis for this dis-
ease.6 However, many important questions remain
to be answered.

Mice lacking one copy of Tbx5 were made by gene
targeting in embryonic stem (ES) cells, followed by
generation of mice from these modified ES cells.6

The modification introduced in the mouse Tbx5
gene does not disrupt the function of the gene (but
see below), but allows the conditional inactivation
of the gene by the Cre recombinase. This approach
proved to be essential for the generation of this

mouse model, as mice of the strain used to make the
ES cells that are born with one copy of Tbx5 missing
die shortly after birth. Outcrossing the conditional
allele into a different strain prior to deletion of Tbx5
resulted in a line of mice lacking one copy of Tbx5
from which live mice could be obtained. This line
was called Tbx5del/+.Tbx5del/+ mice have all the major
hallmarks of Holt–Oram syndrome, confirming
that haploinsufficiency of Tbx5 causes Holt–Oram
syndrome. Mice that survive past the second week
after birth all have secundum ASDs of varying de-
grees of severity, and first degree AV block. Half of
these mice also have second degree AV block and/or
sinoatrial block. Mice that die in utero also have
VSDs. The reason for the lethality in this subset of
Tbx5del/+ mice is not known, but may not be related
to the VSDs. Instead, it may be that their defects are
generally more severe, and this could include fatal
arrythmias that cause in utero lethality. The varia-
tions in phenotype between strains and within an
outbred strain of almost genetically identical ani-
mals, as is seen in human populations, shows that 
genetic modifiers are likely to be important 
modulators of the penetrance and expressivity of
the mutations.

Molecular analysis of Tbx5del/+ mice has led to the
identification of connexin 40 (cx40) as a direct target
of Tbx5 that is abnormally expressed in the face of
decreased Tbx5 levels. Cx40 is a gap junction pro-
tein, and mice lacking this gene have conduction 
defects that resemble those found in Tbx5del/+

mice.7–10 Two interesting points are to be made of
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the decreased cx40 expression in Tbx5del/+ mice. The
first is that the decrease in cx40 mRNA levels (>90%
decrease) is not proportional to the 50% loss of
Tbx5, which shows that the regulation of cx40 by
Tbx5 is not linear, and perhaps involves cooperative
interactions between multiple Tbx5 binding sites.
The second is that the decrease in cx40 expression
may be in itself sufficient to explain the conduction
defects in Tbx5del/+ mice (and in Holt–Oram syn-
drome) independent of the ASDs. One might argue
that the conduction defects are secondary to the
structural defects, but several points argue against
this. One is that the decrease in cx40 expression oc-
curs at stage in mouse embryogenesis prior to that at
which formation of the atrial septum occurs. The
other is that within a family with a TBX5 mutation,
one can find individuals with ASDs but no AV block,
or AV block without an ASD,thus suggesting that the
two are unrelated except for the TBX5 mutation.11

Another intriguing observation from cx40-deficient
mice is that a proportion of these have ASDs and
VSDs.8 However, these may occur as a result of im-
paired neural crest cell function/migration, and are
perhaps distinct from those caused by Tbx5 defi-
ciency. We are currently generating transgenic mice

that express cx40 in the heart independent from
Tbx5 in order to rescue the defective cx40 levels 
in Tbx5del/+ mice; this may conclusively show what
portion of the Tbx5del/+ phenotype can be attributed
to cx40 deficiency.

The decrease in cx40 expression may explain the
conduction system defects caused by Tbx5 haplo-
insufficiency, but it might not explain the ASDs and
VSDs. The underlying basis for these defects is still
unknown. Preliminary analysis has not uncovered
dramatic changes in cell proliferation or apoptosis
in the hearts of Tbx5del/+ mice [unpubl. data]. It is
however possible that a small population of cells are
slightly impaired in their proliferative capacity, and
that these changes,although sufficient to cause these
structural defects, have to date escaped detection.
Tbx5del/+ mice have much thinner atrial walls than
their wild-type littermates (Fig. 30.1), lending 
support for the notion of decreased proliferation.
Similarly, ventricular septa of Tbx5del/+ mice are 
disorganized and hypocellular (Fig. 30.1). Perhaps
also, as suggested by in vitro data, Tbx5 is involved in
cell migration and motility,8 and that this is the
process that is impaired in the formation of the
septa. On the other hand, it appears that fundamen-

(a) (b)

(c) (d)

Fig. 30.1 Histology of wild-type
(a,c) and Tbx5del/+ (b,d) mouse
hearts from 8-week-old adult
animals (a,b) and E16.5 fetuses
(c,d). (a), (b) Close-ups
(magnification ¥ 40) of the atrial
wall. Note the considerably
thinner wall in the Tbx5del/+

animal (b). (c), (d) Sections
(magnification ¥ 10) through
the ventricles. Note the acellular
and disorganized ventricular
septum in the Tbx5del/+ animal
(d). *, ventricular septum.
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tal changes in gene expression and patterning occur
in Tbx5del/+ mice, as can be seen at E9.5–10.5 by in-
creased right ventricular expression of ANF, as well
as ectopic expression of this gene in the interventric-
ular groove where the interventricular septum will
arise (ref. 7 and Plate 24) Microarray analysis will
hopefully assist in uncovering genes other than 
cx40 that are misregulated in Tbx5del/+ mice,and lead
us in the right direction to uncover the mechanisms
underlying the structural defects in Holt–Oram
syndrome. For example, we have shown that 
Tbx5 controls limb formation by activating, in 
concert with Wnt signals, a fibroblast growth 
factor signaling cascade;1 perhaps similar path-
ways downstream of Tbx5 exist in the developing
heart.

The observation that a 50% decrease in the levels
of a transcription factor such as Tbx5 would cause
such dramatic heart defects and profound changes
in the expression of downstream target genes points
to very accurate responses to Tbx5 levels.We have re-
cently made use of a hypomorphic allele of Tbx5 (A.
Mori and B.G.B, unpublished data) to uncover a
much finer degree of gene regulation. The Tbx5 hy-
pomorphic allele expresses some Tbx5 mRNA, but
less than wild-type levels. Thus in the heterozygous
state, it expresses less than wild-type but more than
Tbx5del/+ mice, and in the homozygous state it 
expresses less than Tbx5del/+ mice but more than
Tbx5del/del mice. Thus using all these lines of mice we
have several graded intermediate levels of Tbx5
expression ranging between 0 and 100%. In mice
heterozygous for the hypomorphic allele, ASDs are
found, but conduction defects are less severe, show-
ing a marked and precise sensitivity to decreased
Tbx5 dosage. Furthermore, mice homozygous for
the hypomorphic allele have defects in morphogen-
esis that are not quite as severe as in embryos lacking
all Tbx5 protein. In these embryos, many genes that
are downregulated in Tbx5del/del embryos are also 
affected, but some escape downregulation, again
showing that the dosage of Tbx5 is crucial for regula-
tion of downstream target genes at all dosage levels.
This extraordinary rheostat-like control by Tbx5
may be as a result of numbers of Tbx5 binding sites
in the promoters of downstream genes. Preliminary
analyses, however, have not revealed any strong cor-
relation between sensitivity to Tbx5 dosage and
numbers of T-box binding sites. Tbx5 can synergis-

tically activate some promoters in combination with
Nkx2–5;6,13 it may be that it is a combination of
numbers of Tbx5 binding sites with Nkx2–5 or other
types of binding sites that dictates the degree of
sensitivity to Tbx5 levels. These precise differential
Tbx5 dosage sensitivities from one gene to the next
provide a useful mechanism to generate diversity of
transcriptional responses in different cell types at
various times in development.

We have gained much information from the gen-
eration of a mouse model of Holt–Oram syndrome.
However, more questions have been raised than an-
swered,which points to the complexities underlying
the development of CHDs.The transcriptional inte-
gration of multiple cellular processes in different cell
types at various stages of heart development is all
potentially disrupted to varying degrees by muta-
tions in genes such as Tbx5. Identifying these com-
ponents and their complex interplay during heart
development will be the key to understanding
CHDs.
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Cardiac development is a complex process regulated
by a number of transcription factors, only some of
which are currently known.1–5 To date,most of these
factors are strong transcriptional activators such as
GATA4, MEF2C, and Nkx2.5.6–9 Recently, the im-
portance of transcriptional repressors to heart de-
velopment is becoming apparent. We and others
have previously identified FOG-2, a multi-zinc 
finger protein and a member of the FOG family of
transcriptional modulators.10–13 FOG-2 is first 
expressed in the developing heart and septum trans-
versum at mouse embryonic day 8.5, and is sub-
sequently expressed in the developing brain and 
gonads as well as at low levels in the liver and lung.
FOG-2 physically interacts with the N-terminal zinc
finger of GATA4 and represses GATA4’s ability to 
activate transcription of a number of GATA-
dependent cardiac promoters in vitro.12

To elucidate FOG-2’s role in cardiac develop-
ment, we generated a mouse deficient in FOG-2
using standard gene targeting techniques.14,15 Dis-
ruption of the FOG-2 gene resulted in embryonic
lethality at mid-gestation, with homozygous defi-
cient mice displaying signs of embryonic heart 
failure. A histologic examination of these embryos
revealed cardiac malformations that included pul-
monoic stenosis, double outlet right ventricle, atrial
and ventricular septal defects, the failure to form
coronary arteries, and tricuspid atresia. Taken 
together, these results demonstrate the importance
of FOG-2 for cardiac formation and indicate that
transcriptional repressors are required for the 
regulation of heart development.

To obtain a better understanding of function of
FOG-2 in cardiac morphogenesis, we undertook a
functional analysis of the FOG-2 protein to deter-
mine the critical regions of FOG-2 mediating
GATA4 binding and repression.16 Our analysis indi-
cated that zinc fingers 1 and 6 of FOG-2 were capable
of binding GATA4. We also identified a binding site
for the transcriptional co-repressor C-terminal
binding protein-2 (CtBP-2) in the C-terminal por-
tion of the FOG-2 protein.However, this site was not
required for repression of GATA-mediated tran-
scription in vitro. Instead, we found that the N-
terminal 226 amino acids of FOG-2 were necessary for
this repression and sufficient to mediate repression
when fused to a heterologous DNA binding domain.

During our isolation of FOG-2 cDNA clones
from a mouse embryonic day 13 cDNA library, we
isolated an alternative FOG-2 transcript containing
240 bp of unique 5’ sequence which we designated
FOG-2B. To determine the origin of this sequence,
we assembled a genomic map of the FOG-2 gene
from the human sequences present in Genbank. We
found that the FOG-2 gene was composed of eight
exons and spanned over 500 kb of genomic DNA
(Fig. 31.1). Further, the unique sequence of the
FOG-2B transcript was encoded by an alternative
exon located between exon 1A and 2. To determine
the pattern of expression of this transcript,we isolat-
ed total RNA from embryonic day 13.5 mouse hearts
as well as adult heart, brain, and liver. RT-PCR 
analysis using primers specific for the FOG-2A or
FOG-2B transcripts is shown in Fig.31.2.As we have
shown previously, FOG-2A is present in embryonic
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Fig. 31.1 Genomic organization of the human FOG-2 gene.
Schematic illustration of the FOG-2 gene (above) and
transcripts (below). Genomic data derived from Genbank.

For each FOG-2 transcript, the translation initiation site is
indicated with an arrow. Exons containing coding
sequences are indicated by black shading.
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Fig. 31.2 FOG-2A and FOG-2B are
differentially expressed. RT-PCR analysis
of mRNA from embryonic day 13.5 heart,
adult heart, brain, and liver using primers
specific for the FOG-2A (top panel) or
FOG-2B (bottom panel) transcript.
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and adult heart, brain, and liver. In contrast, the
FOG-2B transcript is only expressed in embryonic
and adult heart. These results demonstrate that
FOG-2B is an alternative transcript of the FOG-2
gene expressed in a distinct pattern from FOG-2A.

Owing to the lack of an initiator methionine in
exon 1B,translation of the FOG-2B transcript is pre-
dicted to be initiated from a methionine in exon 4.
The resulting protein is an N-terminal truncation of
FOG-2A, lacking the N-terminal 132 amino acids
but still containing all eight zinc finger motifs. To 
determine if this protein was capable of binding to
GATA4, in vitro binding assays were performed as
previously.16 The results indicate that FOG-2B is
able to bind to GATA4 as expected based on our 
previous functional analysis of FOG-2A (data not
shown).

To test the function of FOG-2B, we transfected
NIH 3T3 fibroblasts with expression vectors encod-
ing GATA4 and either FOG-2A or FOG-2B, along
with a reporter construct containing the atrial na-
turetic factor (ANF) promoter driving expression of
human growth hormone. As we have shown previ-
ously, FOG-2A efficiently represses transcriptional
activation of the ANF promoter by GATA4.16 In
marked contrast, FOG-2B is unable to repress
GATA4 transactivation under these conditions
(data not shown).

In summary, we have described an alternative
transcript of the FOG-2 gene that is expressed in a
distinct tissue-restricted pattern. Further, this tran-
script encodes an N-terminal truncation of FOG-2A
that is capable of binding GATA4 but unable to 
repress GATA-mediated transactivation of car-
diac promoters. The importance of this tran-
script for cardiac development is currently under 
investigation.
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22q11.2 deletion syndrome (22q11DS) is the most
frequent chromosomal microdeletion syndrome in
humans and is characterized by congenital cardiac
and craniofacial defects.1–3 Haplo-insufficiency of
Tbx1 in mice results in aortic arch malformations,
whereas a homozygous mutation causes pharyngeal
arch defects and most features of 22q11DS.4–6

Consistent with the mutant phenotype, Tbx1 is
expressed in the head mesenchyme, pharyngeal
mesoderm, and pharyngeal endoderm,4–8 but the
developmental program in which it functions is 
unknown.

In order to define Tbx1-related regulatory cas-
cades, we searched for the cis-regulatory elements
that control Tbx1 expression during development.9

Transgenic expression of the lacZ marker under
control of the 5’ genomic region (12.8 kb long) of
Tbx1 recapitulated the endogenous expression of
Tbx1 (Plate 25a–c). To localize the regulatory ele-
ments responsible for embryonic expression of
Tbx1, we constructed a series of deletions of the 12.8
kb genomic fragment and analyzed their ability to
direct lacZ expression from a heterologous promot-
er in F0 transgenic mice at embryonic day (E) 9.5.As
shown in Plate 25, these analyses identified the criti-
cal cis-element(s) necessary for Tbx1 expression in
the pharyngeal endoderm and head mesenchyme
within a 1.1 kb region (Plate 25a–f).

The temporospatial expression pattern of Tbx1
during early embryogenesis was determined using
stable transgenic mouse lines bearing lacZ under
control of the 12.8 kb upstream fragments described
above. At E7.5, the 12.8 kb transgene directed lacZ
expression in the paraxial mesodermal cells that give
rise to cranial mesenchyme, but not in the lateral

plate mesoderm or cardiac crescent that forms the
heart tube (Plate 25g,l). Slightly later (E8.5), lacZ
expression was observed in a segment of the cranial
mesoderm including the first pharyngeal arch
mesoderm (Plate 25h,m). At E9.5, the transgene 
directed high levels of lacZ expression in the 
mesoderm-derived head mesenchyme and the
mesodermal core of the pharyngeal arches (Plate
25i,k,n–p). LacZ expression in pharyngeal endo-
derm became detectable at this stage and was pro-
nounced in the pharyngeal pouches.Expression was
not detectable in pharyngeal arch mesenchyme 
derived from neural crest cells, consistent with the
endogenous Tbx1 expression previously shown by
RNA in situ hybridization. At E10.5, lacZ expression
was maintained in the head mesenchyme, pharyn-
geal mesoderm and endoderm, and began to extend
to the precursors of the vertebral column (Plate 25j).

Although expression of Tbx1 in the developing
heart had not been detectable by mRNA expression
analyses, a recent study using mice harboring the
lacZ gene targeted into the Tbx1 locus demonstrated
Tbx1expression in the cardiac outflow tract between
E9.5 and E12.5.10 LacZ expression under control of
the 12.8 kb fragment was detectable in the myocar-
dial and endocardial layer of the outflow tract be-
tween E8.5 and E10.5 (Plate 25k,p), but not in the
conotruncal cushion, indicating that Tbx1 may be
expressed in the recently identified cells of the ante-
rior heart tube that are derived from anterior or sec-
ondary heart field.11,12

We have previously reported regulation of Tbx1
by a secreted molecule, Sonic hedgehog (Shh), in
mouse and chick embryos.8 Shh-null mice die soon
after birth and have numerous craniofacial and car-
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diac defects13 that are distinct,but overlapping,with
defects in Tbx1 mutants. We, therefore, crossed
Tbx1-lacZ transgenic mice into the Shh-null back-
ground to examine whether this enhancer is depen-
dent on Shh signaling.9At E9.25, lacZ expression was
relatively normal compared with wild type. At E9.5,
however, lacZ expression was downregulated in 
pharyngeal arches and the head mesenchyme of Shh
mutant embryos.These results suggest that the Tbx1
enhancer responds to Shh signaling and promotes
maintenance, rather than induction, of Tbx1
expression.

We inspected the 1.1 kb enhancer, which is re-
quired for pharyngeal endoderm and head mes-

enchyme expression, for binding sites of transcrip-
tion factors using the MatInspector V.2.2 based on
TRANSFAC 4.0.14 Alignment of the 1.1 kb enhancer
with the corresponding human TBX1 upstream 
sequence revealed a consensus-binding site (GCCT
GTTTGTTTT) for the winged helix/forkhead, or
Fox, family of transcription factors that was com-
pletely conserved across species.9 To determine if the
Fox binding site was required for Tbx1 expression in
vivo, we mutated this site in the context of the 1.1 kb
enhancer and generated transgenic embryos. LacZ
expression in pharyngeal endoderm and head mes-
enchyme was abolished in 6/6 embryos harboring
the mutant transgene. This result identified Tbx1 as

Fig. 32.1 Shh regulation of Tbx1 is directly mediated by Fox
proteins. (a),(b) Radioactive in situ hybridization on
transverse sections of E9.5 mouse embryos showed that
Foxa2 is downregulated in floor plate (fp) of neural tube
(nt) and pharyngeal endoderm (arrowheads) of Shh-/-

embryos compared with wild type (Shh+/+) embryos. (c),(d)
Foxc1 was expressed normally in the head mesenchyme
(hm) and pharyngeal arch mesenchyme (pm) of Shh mutant
embryos compared with wild type embryos. (e),(f) Foxc2 was
downregulated in the head mesenchyme and pharyngeal
arch mesenchyme of Shh mutant embryos compared with

wild type embryos. Foxc2 expression in dorsal aortae (da)
was normal in Shh mutant embryos. (a), (c) and (e) are serial
sections from a wild type embryo, and (b), (d) and (f) are
serial sections from a Shh mutant embryo. (g)-(l) Radioactive
in situ hybridization on sagittal sections of E9.5–10.5 mouse
embryos showed that Tbx1 was expressed, but partially
downregulated in the head mesenchyme of Foxc1 or Foxc2
mutant (Foxc1-/- or Foxc2-/-) embryos compared with wild
type (Foxc1+/+ or Foxc2+/+) embryos. (k) A proposed model for
molecular regulation of Tbx1. ht, heart; pa, pharyngeal
arch.
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a direct transcriptional target of Fox transcription
factors during development in vivo.

Of the numerous Fox factors, Foxc1 and Foxc2
(formerly Mf1 and Mfh1, respectively), are closely
related Fox proteins with virtually identical 
DNA-binding domains that are expressed in the
mesoderm-derived head mesenchyme and play 
redundant roles in cardiovascular develop-
ment.15–19 Embryos lacking either Foxc1 or Foxc2,
and most compound heterozygotes, die perinatally
from aortic arch defects including interruption of
the aortic arch (IAA), reminiscent of mice heterozy-
gous for a Tbx1 mutation.4–6 In contrast, Foxa pro-
teins, also known as hepatocyte nuclear factors
(HNF)-3, are expressed in the pharyngeal endo-
derm and one member,Foxa2 (HNF-3b), is essential
for endoderm development.20,21

To determine if the conserved Fox binding site
was capable of binding Foxa2, we performed elec-
trophoretic mobility shift assays (EMSA) with 
32P-labeled oligonucleotides containing the 
cis-element.9 Foxa2 protein specifically shifted this
element and DNA-binding was effectively competed
by an excess of unlabeled cognate competitor but
not by a mutated oligonucleotide, suggesting that
Foxa2 specifically interacts with the Fox consensus
site in the Tbx1 enhancer. Similar studies using
Foxc1 or Foxc2 protein also demonstrated interac-
tion with varying affinities for this site.

We transiently transfected HeLa cells with a lu-
ciferase reporter cloned downstream of the Fox
binding element (FBE) in the 1.1 kb Tbx1 enhancer.9

Transfection with expression vectors of Foxa2,
Foxc1, or Foxc2 activated this reporter by approxi-
mately 5-, 20-, or 25-fold, respectively. Similar re-
sults were obtained in COS-7 cells. These results
suggest that Foxa2, Foxc1, and Foxc2 can bind and 
directly activate transcription through the consen-
sus Fox cis-element upstream of Tbx1.

To test whether Fox proteins might serve as a tran-
scriptional link between Shh signaling and Tbx1 ex-
pression, we examined expression of these Fox
factors in Shh-null mice by section in situ hybridiza-
tion.9 Previous studies demonstrated that the ex-
pression of Foxa2 was downregulated in the neural
tube floor plate of Shh-null mice from E8.5. Trans-
verse section of E9.5 embryos showed Foxa2 expres-
sion in pharyngeal endoderm in wild type, and that
Foxa2 expression in pharyngeal endoderm was de-

pendent on Shh signaling. Serial transverse sections
demonstrate that Foxc2 expression was unde-
tectable, while Foxc1 expression was detectable in
Shh mutants. These results suggest a requirement of
Shh signaling for Foxa2 and Foxc2 expression that in
turn activates Tbx1.

Foxc1 or Foxc2 mutant embryos have aortic arch
defects similar to Tbx1 heterozygotes and survive
until E18.5,16–18 allowing us to test whether these
factors are involved in regulation of Tbx1 regulation
in vivo. The expression of Tbx1 was partially down-
regulated in either Foxc1 or Foxc2-null embryos,
suggesting that Foxc1 and Foxc2 may regulate Tbx1
in a dose-dependent and redundant fashion.

Taken together, we propose a model for tissue-
specific regulation of Tbx19 (Fig. 32.1k). Tbx1 is
directly regulated by Foxc1 and Foxc2 in the head
mesenchyme, and Foxa2 in the pharyngeal endo-
derm, through a common Fox binding element up-
stream of Tbx1. Shh signaling functions to maintain
the expression of Foxa2 and Foxc2, which subse-
quently activate Tbx1 expression. This model pro-
vides insight into novel molecular mechanisms
underlying the pathogenesis of 22q11DS and car-
diovascular development.Elucidating such molecu-
lar pathways may reveal genetic modifiers for the
highly variable phenotype of 22q11DS and may
eventually lead to novel methods of prevention of
this disease.
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The pharyngeal apparatus is a transient, vertebrate-
specific, modular structure made of pharyngeal
arches and pouches. Arches and pouches develop
progressively, in a cranial-caudal direction. Proper
development of these is critical for separation of
the pulmonary and systemic circulation, thymic,
parathyroid and thyroid development, and for 
development of the mandible, maxilla, external and
middle ear.1 Developmental defects of the pharyn-
geal apparatus underlie many birth defects includ-
ing cardiovascular anomalies, mainly affecting
outflow tract and aortic arch, craniofacial defects,
velo-pharyngeal insufficiency, and developmental
defects of the ear. DiGeorge syndrome (DGS) is a
typical disorder of the pharyngeal apparatus. The
phenotype includes, but is not limited to, craniofa-
cial abnormalities, congenital heart disease, thymic
and parathyroid aplasia or hypoplasia. The great
majority of DGS cases is caused by a heterozygous
deletion of chromosome 22q11.2 (del22q11).
Del22q11 is the most common chromosomal dele-
tion associated with birth defects in humans 
(reviews in refs 2–4). The common deletion spans
about 3 Mbp of DNA and includes approximately 30
genes. We generated the first animal model of this
syndrome by engineering a multi-gene chromoso-
mal deletion of the murine region homologous 
to del22q11.Heterozygously deleted mice,referred to
as Df1/+ mice, have cardiovascular defects similar to
those observed in del22q11 patients.5 They also show
thymic and parathyroid abnormalities.6 Later, we
and others have identified Tbx1 as the gene haplo-

insufficient in Df1/+ mice.7–9 Tbx1+/– mice have the
same cardiovascular phenotype as Df1/+ mice while
Tbx1–/– animals have severe abnormalities affecting
all the segments of the pharyngeal apparatus, and
have severe aortic arch and outflow tract de-
fects.7,8,10 In particular, the outflow tract defects are
complex as they affect septation and alignment. The
latter is a malalignment between the inter ventricu-
lar foramen and the infundibulum. We have pro-
posed that the outflow tract septation failure is the
result of defective neural crest cell migration into the
truncal cushions, while the alignment defect may be
owing to loss of function of Tbx1 in the secondary
heart field.10,11 If this hypothesis is correct, the two
types of outflow tract defects (affecting septation
and alignment) should be separable. The currently
available mutants of Tbx1, however, do not allow us
to dissect this phenotype. Therefore, we have gener-
ated a new allelic series of the Tbx1 gene to initiate
detailed genetic dissection of its function and im-
prove the disease model.One of these alleles carries a
PGK-neo cassette inserted into intron 5 (Fig. 33.1).
This allele expresses a low amount of mature Tbx1
RNA message (as tested by RT-PCR) and, therefore,
functions as an hypomorphic allele. We have per-
formed initial experiments with mice carrying this
allele,which we named Tbx1neo.Phenotypic analyses
have revealed differences between Tbx1–/– and
Tbx1neo/neo that underscore the high sensitivity of
some morphogenetic processes to Tbx1 RNA
dosage. For example, proper closure of the sec-
ondary palate was almost never observed in our
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Tbx1–/– animals, while in Tbx1neo/neo the palate is 
always closed, hence a minimal amount of Tbx1
message is sufficient to correct this abnormality.
The external ear defects were also less severe in
Tbx1neo/neo animals. However, our data indicate that
normal development of the cardiovascular system,
requires higher dosage of Tbx1 RNA message.
Tbx1neo/+ animals have the same arch defects as
Tbx1+/– animals, and Tbx1neo/neo animals have car-
diovascular abnormalities very similar but not iden-
tical to those seen in Tbx1–/– animals. In particular,
aortic arch and outflow septation defects were not
distinguishable between the two sets of mutants.
However, the alignment defect typical of the 5
Tbx1–/– mutants was substantially less severe in
about half of the Tbx1neo/neo animals. In Tbx1–/–
fetuses (E18.5), the truncus originates entirely from
the right ventricle while the left ventricle communi-
cates with the outflow indirectly, through a large
ventricular septal defect (VSD) (Plate 26, central
panel). In these animals, there is no continuity be-
tween the truncal valve and the mitral valve (not
shown). In contrast, in three out of five Tbx1neo/neo

fetuses so far examined, the truncus overrides a sub-
valvular VSD and communicates directly with both
the left and right ventricles (Plate 26, right panel). In
addition, there is continuity between the truncal
valve and the mitral valve (not shown). Hence, there
is a nearly complete correction of the alignment 
defect. These initial data indicate that the outflow
septation defect and the malalignment defect can
occur independently and suggest that the two types
of defects may derive from different pathogenetic
mechanisms. Interestingly, the type of outflow-ven-
tricular alignment found in the Tbx1neo/neo fetuses
resembles more closely the congenital heart defects

found in del22q11 patients.12,13 Therefore, manipu-
lation of the Tbx1 RNA dosage should lead to im-
proved mouse models of the del22q11 syndrome.

However, Tbx1 RNA dosage is not the only para-
meter that affects penetrance and expressivity of the
mutant phenotype. Interactors and target loci are
likely to contribute substantially to phenotypic vari-
ability. Potential targets of the Tbx1 transcription
factor are members of the fibroblast growth factor
(Fgf) family of genes. It has been shown that dosage
reduction of Fgf8 RNA dosage in mouse cause phe-
notypic abnormalities reminiscent of those seen in
del22q11 patients and Tbx1 mouse mutants.14,15 We
have shown that Fgf8 interacts genetically with Tbx1
because Fgf8 mutation enhances the aortic arch and
thymic phenotype of Tbx1+/– mice.11 In addition,
Fgf8 and Fgf10 have Tbx1-dependent expression
domains.11,16 We propose that downregulation of
some Fgf genes may play a pathogenetic role in the
Tbx1 mutant phenotype and possibly in the human
del22q11 phenotype.

Future research will further dissect the Tbx1 mu-
tant phenotype by genetic manipulation of the gene,
establish the pathogenetic significance of genetic 
interactions with Fgf genes, and identify direct 
targets of Tbx1.
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The velo-cardio-facial syndrome (VCFS)/DiGeorge
syndrome (DGS) is a common human genetic dis-
order characterized by numerous phenotypic ab-
normalities including cardiovascular defects.1 Most
patients are hemizygous for a 1.5–3.0 Mb region of
22q11 (DGCR).Mice hemizygous for the 1.5 Mb or-
thologous area on mouse chromosome 16 (Lgdel/+)
exhibit similar defects reminiscent of human DGS.
A series of complementation experiments using
mouse transgenic lines (BAC transgenics) that con-
tained extra human copies of some of the deleted
genes implicated a small group of genes within the
deleted area as possible candidates for the cardio-
vascular abnormalities.2–4 Subsequent analysis
identified Tbx1 as the critical gene with a dose 
dependent function.5 BAC transgenic mice over-
expressing Tbx1 and three other genes in a wildtype
background, also show DGS phenotypes, includ-
ing reduced viability, cardiovascular defects, ear 
disorders, thymus hypoplasia, and cleft palate.4 To
further study the Tbx1 dosage effect, the BAC trans-
genic mice were crossed with Tbx1 mutant mice.
After obtaining Tbx1 heterozygotes that also carry
BAC transgenes, the offspring were crossed again
with Tbx1 heterozygotes to generate BAC transgenic
mice in Tbx1 null background (Plate 27).Transgenic
mice in wild type background show reduced viabil-
ity, while transgenic mice in Tbx1 null background
have normal mendelian ratio. The reason for the de-
creased viability of the Tbx1 overexpressing mice is
their increased incidence of cardiovascular anom-
alies: 28% in transgenics in Tbx1 null background,
compared with 53% in transgenics in Tbx1 heter-

ozygous background and 64% in transgenics in wild
type background [unpubl. data]. These results sug-
gest that Tbx1 null mutation can rescue cardiovas-
cular defects in BAC transgenic mice and that
overexpression of Tbx1 is responsible for cardiovas-
cular defects in BAC transgenic mice.

These studies demonstrate that both increased
and decreased Tbx1 level can cause cardiovascular
defects similar to those observed in DGS and indi-
cate that Tbx1 might have a paradoxical dosage ef-
fect on mouse embryonic development.Many of the
affected organs have neural crest contributions,
suggesting that Tbx1 and the other genes within the
DGCR could be related to abnormal neural crest 
development. Interestingly, though, Tbx1 is not ex-
pressed by neural crest cells but by the pharyngeal
endoderm and core mesenchyme through which
neural crest migrates.6 We therefore examined
whether haplo-insufficiency of the mouse ortholo-
gous DGCR, that includes Tbx1, affects neural crest
migration. For this purpose, we utilized a binary
Cre-lox system to activate b-galactosidase expres-
sion in Pax3-expressing cells and their descendants
to fate map neural crest precursors in Lgdel/+ em-
bryos (Plate 28). Pax3-expressing neural crest pre-
cursors are fated to invade the cardiac outflow tract
and to populate the aorticopulmonary septum and
the aortic arch of both wild type and Lgdel/+ em-
bryos,although in the latter a more scattered and less
dense pattern of neural crest derivatives is observed
in the endocardial cushions,which is consistent with
the findings of other investigators in a similar mouse
model.7,8 Several neural crest markers were tested by
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in situ hybridization and there was no detectable dif-
ference of expression in affected embryos. We also
crossed mice containing loxP sites surrounding the
Lgdel area with Pax3pro-Cre transgenic mice to cre-
ate a hemizygous deletion of the entire interval 
in neural crest cells. We examined cardiovascular
anatomy by corrosion casting and gross dissection
and we were unable to find any cardiovascular ab-
normalities in the mice with the hemizygous neural
crest-specific inactivation of the Lgdel genes.7

Together these results suggest that the cardiovas-
cular defects seen in this mouse model of DGS are
not caused by absence of neural crest cells in the pha-
ryngeal region. Hence, Lgdel genes including Tbx1
are not required for cardiac neural crest migration
but could affect neural crest development in a non
cell-autonomous fashion. For instance, they could
affect the neural crest differentiation into smooth
muscle cells in the aortic arch arteries. Neural crest
cells encasing the arch arteries differentiate into
smooth muscle and invest the medial layer of these
vessels. To answer this question we used a mouse in
which lacZ had been inserted into the SM22a locus
as a sensitive assay for smooth muscle differentia-
tion.9 This early marker of smooth muscle differen-
tiation is reduced or absent in specific segments of
the 4th and 6th aortic arches of Lgdel/+ embryos.7

Since Tbx1 is expressed by adjacent mesenchyme,
these results suggest a model in which Tbx1 induces
the secretion of a critical growth factor that is re-
quired for proper differentiation or survival of near-
by neural crest derivatives.Fibroblast growth factors
(Fgfs), such as Fgf8, that are downregulated in other
models of abnormal arch formation,10 could medi-
ate interactions between endoderm or ectoderm
and migrating neural crest cells.At E11.5,we noted a
specific loss of pharyngeal expression of Fgf8 in the
endoderm of the third pharyngeal pouch of Tbx1-/-,
while the expression in the pharyngeal ectoderm
and mesenchyme was preserved. Fgf10, a related
member of the Fgf family, is likewise down-
regulated in the mesenchymal tissue adjacent to
pharyngeal endoderm in the region of the develop-
ing 4th aortic arch of Tbx1-/- embryos.7 Since Tbx1
is also expressed by pharyngeal endoderm, these 
results suggest that Tbx1 may function upstream 
of Fgf signaling in this tissue and in adjacent struc-
tures. Fibroblast growth factors (Fgfs), such as Fgf8
and Fgf10, could mediate interactions between sur-

rounding tissues and migrating neural crest cells
and recent data suggest a genetic link between Tbx1
and Fgf signaling.11

In conclusion our studies demonstrate that mice
with abnormal Tbx1 dosage display cardiovascular
defects similar to those observed in DGS. Hemizy-
gosity of the mouse DGCR does not eliminate car-
diac neural crest migration. However, neural crest
cells in these embryos are defective in their ability 
to differentiate into smooth muscle. This defect in-
volves both 4th and 6th aortic arches and is associ-
ated with inappropriate regression of aortic arch
segments, thus accounting for the anomalies ob-
served in Lgdel/+ mice and perhaps in humans with
DGS.
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During early vertebrate embryogenesis, neural crest

cells are generated from the ectoderm at the border be-

tween the prospective neural plate and the epidermis.

The neural crest, which is a population of pluripotent

stem cells, undergoes an epithelial–mesenchymal tran-

sition1 and migrates to various destinations through

defined pathways,2,3 finally giving rise to varieties of de-

rivatives as they reach destinations.

Cardiac neural crest migration has been extensively

investigated in avian species for the last two decades.4

Kirby and co-workers, using ablated chick embryos 

and quail–chick chimeras, demonstrated that cardiac

neural crest cells migrate to the developing pharyngeal

arches and the conotruncal region, and differentiate

into the smooth muscle of the aortic arches, thus con-

tributing to septation of the outflow tract. Ablation of

premigratory cardiac neural crest results in congenital

cardiac abnormalities involving the outflow tract and

great vessels, including persistent truncus arteriosus

and double-outlet right ventricle.

Interestingly, Boot et al. show in this book that the

early- and late-migrating cardiac neural crests play dif-

ferent roles. Using retroviral injection in the in vitro

culture, they showed that the early-migrating cardiac

neural crest cells gave rise to mesenchymal cells with

HNK1 expression, while late-migrating cardiac neural

crest cells predominantly differentiated into smooth

muscle cells with actin expression. Early migrating

crest cells pass along the dorsolateral pathway to sub-

divide secondarily into each visceral arch,5 and late 

migrating cells form the ganglionic crest because 

epithelialized somites inhibit the migrating crest cells

during development. Environmental signals, such 

as the Eph-ephrin signaling pathway,6 may affect 

the neural crest cell migration in a spatio-temporal 

manner.

Recently, several groups have performed fate-

mapping experiments in the mouse using tissue-

specific transgenes and Cre-lox technology (Table 

1).7–11 Sato et al. show in this book that the cardiac

neural crest exists in zebrafish embryos, and gives rise

to the myocardium in all segments of the heart, includ-

ing the bulbus arteriosus, ventricle, atrioventricular

junction,and atrium.The products of Cx43,Wnt1,and

PlexinA2,which are markers of the cardiac neural crest,

are expressed also in the left ventricle of mouse

hearts.7,10,12 Although we need more detailed data on

the functions of these genes in the mouse ventricle, this
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evidence suggests that the cardiac neural crest affects

myogenesis as demonstrated in neural crest-ablated

chick embryos.13

Cardiac neural crest cells should require many envi-

ronmental signals for specification, migration, pro-

liferation, differentiation, and survival during their 

migration to the pharyngeal arches and the outflow

tract of heart, as demonstrated in many gene-targeted

knockout mice (Table 2).14–28 These knockout 

mice show similar phenotypes to those seen in the chick

with neural crest ablation, and, therefore, the anom-

alies of the pharyngeal arches and outflow tract in the

mouse are very likely associated with the cardiac neural

crest. Herein, Molin et al. examine the role of neural

crest cells on pharyngeal arches development in the

Tgfb2-knockout mice using Wnt1-Cre-loxP reporter

mice. They found that the number of neural crest cells

Table 1 Cardiac neural crest markers

Transgene References

Cx43-LZ Lo et al. (1997)7; Waldo et al. (1999)8

P0-Cre Yamauchi et al. (1999)9

Wnt1-Cre Jiang et al. (2000)10

Pax3-Cre Li et al. (2000)11

Table 2 Knockout mouse models for altered cardiac neural crest

Gene altered Function Expression Cardiovascular phenotype*

Et-1 ko14 Endothelin 1 ligand Epithelium of arch, IAA, Arch anom, VSD

endothelium of arch and oft

Mesoderm core of arch

ECE-1 ko15 Endothelin converting enzyme-1 Epithelium and mesenchyme IAA, Arch anom, VSD, 

of arch DORV, PTA

Endocardium

ETA ko Endothelin A receptor Mesenchyme of arch and oft IAA, Arch anom, VSD, 

Myocardium DORV, TGA, PTA

RAR / ko17 Retinoic acid receptor RAR : myocardium† CoA, AP window, Arch 

RXR/RAR ko18 RAR : myocardium† anom, PTA, VSD, 

RXR : ubiquitous Common AVC

Sox4 ko19,20 Transcription factor Mesenchyme of arch Dysplastic semilunar valve,

Endocardium of oft and AVC PTA, Infundibulum anom

Foxc1(mf1) ko21,22 Transcription factor Mesenchyme of arch and IAA, CoA, VSD, Valve 

cushions dysplasia

Endocardium of vent

Foxc2(Mfh1) ko23 Transcription factor Endothelium and IAA, VSD

mesenchyme of arch

Semaphorin3C ko24 Semaphorin3C receptor Mesenchyme of arch and oft IAA, PTA, DORV

Oft myocardium

Neuropilin-1 ko25 Inhibitory axon guidance Endothelium RAA, DAA, Arch anom, 

Endocardium PTA

Tbx1 ko26–28 Transcription factor Mesenchyme of arch IAA, Arch anom, PTA, VSD

Pharyngeal endoderm

Dorsal wall of aortic sac

* Arch, pharyngeal arteries; Arch anom, aortic arch anomalies; AVC, atrioventricular canal; CoA, coarctation of the aorta;

DAA, double aortic arch; DORV, double-outlet right ventricle; IAA, interruption of the aortic arch; Infundibulum anom,

infundibulum anomalies; Oft, outflow tract; PTA, persistent truncus arteriosus; RAA, right aortic arch;TGA, transposition of

the great arteries; VSD, ventricular septal defect.

† Immunohistochemical findings [unpubl. data]
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is reduced along with apoptosis of these cells in the

process of regression of the fourth arch artery. The

nervus recurrence surrounding the aortic arch ex-

pressed Smad2,which is a member of the SMAD family

of intracellular signal mediator proteins, and has been

shown to transduce the Tgfb signal from the cell mem-

brane to the nucleus. Their data suggests that Tgfb-

Smad2 signaling, which is expressed in the arch artery

and the nervus recurrence, might play an important

role in the regression of the fourth arch artery.

Splotch mutant mouse, which is a spontaneous mu-

tant mouse, shows heart anomalies specific to abnor-

mality of the cardiac neural crest. This mouse has a

deletion in the Pax3 gene which encodes a DNA-

binding transcription factor, and this functional defect

is not intrinsic to the neural crest itself but seems to be

inappropriate cell interactions during the emigra-

tion.29 Using Splotch mutant mice, Maeda et al. show

expression of the CXC chemokine, Sdf1 ligand and

cxcR4 receptor, which is a transmembrane signaling.

Although mice lacking Sdf1 or cxcR4 showed only ven-

tricular septal defect, the Sdf1/cxcR4 were reciprocally

expressed along migration pathways of the cardiac

neural crest in normal mouse and not in the Splotch

mice. Since YY1, which is known to suppress the pro-

moter activity of cxcR4, was over-expressed in the

Splotch mice, they had inferred that the anomalous

CXC chemokine pathway might lead to poor neural

crest migration.

The neural crest plays a very important role in the 

development of the whole heart (Fig. 1), and its 

abnormalities in humans are also very likely to cause

outflow tract anomalies, which are usually very severe

and difficult to treat. Therefore, the precise role of the

neural crest in the development of the heart should be

extensively studied and clarified.
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Fig. 1 Approach for understanding cardiac morphogenesis.
The heart is the first organ to form during development.
Mesodermal precursors are initially committed and
specified to become cardiogenic cells, in response to
inductive signals from the adjacent endoderm and other
neighboring tissues. These cells, which form in bilaterally
symmetrical regions near the anterior end of the embryo,
converge at the midline to form a linear heart tube that
initiates rhythmic contractions. The heart tube is subdivided

along its length into segments and then undergoes right
ward bending (ventricular D-heart looping), which positions
the primitive atrial and ventricular chambers,
morphologically. During chamber specification, the cardiac
neural crest migrates to the pharyngeal arches and the
outflow tract. Subsequent chamber maturation, formation
of valves and septa, trabeculation, and formation of
conduction system occur, to eventually give rise to the
mature four-chambered heart.
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Cytokines are essential for cardiogenesis, hema-
topoiesis, and vasculogenesis during embryonic 
development, in addition to their involvement 
in chemotaxis of leukocyte subsets and endothe-
lial cells. Transmembrane signaling of the CXC
chemokine stromal cell-derived factor-1 (Sdf1)
ligand which is exclusively mediated by cxcR4, a 
G-protein-coupled receptor initially identified in
leukocytes and shown to serve as a co-receptor for
the entry of HIV into lymphocytes.1–3 Sdf1 and
cxcR4 have been shown to modulate cell migration,
differentiation, and proliferation and both are 
expressed in various tissues including the brain,
embryonic hematopoietic system, and heart.4 The
Xenopus homologue XcxcR4 is similarly expressed
within brain and embryonic hematopoietic system,
but as XcxcR4 is absent from the heart anlage (but
present in the neural crest),this has led to the sugges-
tion that XSdf1 is expressed in the heart to attract
cardiac neural crest cells from the neural tube into
the heart itself to regulate both septation of the 
cardiac outflow tract and differentiation of the 
myocardium during early heart development.5

Studies, principally in the chick6 and mouse,7 have
demonstrated that conotruncal defects and poor
myocardial function can result from failure of the
“cardiac” neural crest to colonize the developing
aortic arch system and outflow tract. Mice lacking
Sdf1 (1) or cxcR48,9 die parentally and exhibit identi-
cal hematopoietic, neuronal, and cardiac defects
(interventricular septal defect, VSD). Furthermore,

rat Sdf1 mRNA was induced in permanent coronary
artery occlusion model of myocardial infarction10

and high cxcR4 mRNA levels are present within both
chronic failing and nonfailing human myocard-
ium11 indicative of its role in the inflammatory
events in cardiovascular disease. Additionally, Sdf1
has been shown to act as an attractive guidance cue
for rats and mice neuronal migration12 and that 
the Sdf1/cxcR4 axis stimulates human VEGF secre-
tion.13 Although it is well documented that car-
diomyopathy is an important cardiac complication
in acquired immunodeficiency syndrome (AIDS)
and that HIV has been detected in cardiac myocytes
in AIDS,1–3 there is little data regarding how HIV af-
fects the developing embryonic/fetal heart. In order
to begin to determine the role of Sdf1/cxcR4 within
the pathogenesis of the congenital heart defects,
we analyzed the spatiotemporal expression of
Sdf1/cxcR4 mRNA within both normal and Splotch
mutant mouse embryonic hearts mutant that have
been shown to develop conotruncal defects, poor
myocardial function, and VSDs.6,7

Splotch mutant alleles have long been known to
disrupt neural crest development, resulting in de-
fects of neural crest derivatives. By studying this
heart defect in the splotch (Sp2H) mutant mouse
(which has a mutation in the DNA-binding homeo-
domain of the pax3 transcription factor), we have
shown that the cardiac neural crest cells (which
specifically express pax3) fail to migrate into the de-
veloping heart resulting in outflow tract defects and
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embryonic lethality at 14.0dpc.14,15 Here we showed
the Sdf1/cxcR4 reciprocally expressed along the 
cardiac neural crest migration pathways in normal
mouse and that there is a lack of Sdf1/cxcR4 mRNA
in Sp2H mutant embryos.

Initial RT-PCR analysis revealed that both Sdf1
and cxcR4 mRNA expression is reduced in 10.5 and
12.5dpc Sp2H mutant embryos when compared to
normal control littermates (Fig.35.1).Furthermore,
as Yin Yang-1 (a zinc finger-containing transcription
factor) is known to suppress the promoter activity of
cxcR4 (16),we assessed the level of YY1 expression to
determine whether down-regulation of Sdf1/cxcR4
expression was directly or indirectly due to lack of
normal pax3 expression. RT-PCR analysis demon-
strated that YY1 was over-expressed in Sp2H mutant
embryos (Fig. 35.1). Knockout of YY1 results in em-
bryonic lethality around implantation and a subset
of heterozygotes embryos are developmentally re-
tarded and exhibit neurulation defects.17 Thus,
RT-PCR analysis demonstrated that while YY1 was
over-expressed, both Sdf1/cxcR4 were under-
expressed in sp2H mutants and that lack of normal
pax3 function results in a lack of upstream control of
the CXC chemokine pathway.

Given the abnormalities in mRNA levels, we used
in situ hybridization to determine where Sdf1/cxcR4
expression was affected. In situ hybridization con-
firmed that there is reduced expression of both the 
reciprocally-expressed Sdf1/cxcR4 along the neural
crest cell migration pathway and within the pharyn-
geal arches and outflow tract itself and significantly
that there is no cxcR4 expression within the apex of

the aorticopulmonary septum (Fig. 35.2). While
cxcR4 mRNA was expressed within the neural tube,
some myocardial elements (possibly the conduction
system), atrioventricular cushion tissue, the en-
dothelial cells lining the arteries and pharyngeal 
endoderm, Sdf1 mRNA was absent from the neural
tube but was expressed within the mesenchyme,
most of the cardiomyocytes and in the periostium
surrounding the skeletal elements (Fig. 35.2). As
septation of the left and right ventricular chambers
occurs by fusion of the membranous portion of the
interventricular septum, the enlarging endocardial
cushions and the proximal region of the truncus ar-
teriosus – the lack of SDF1/CXCR4 signaling within
sp2H mutants at these sites suggests that abnormal
expression of these cytokines may be involved in the
final pathway leading to the observed congenital
heart defects. These data indicate that the elevation
of YY1 may repress cxcR4 expression leading to a
chemotatic deficiency and poor neural crest migra-
tion. What is currently unclear is whether YY1 is
directly or indirectly regulated by pax3 and further
studies are aimed at trying to determine the role of
pax3/YY1 regulation and the how Sdf1/cxcR4 help to
regulate cardiac neural crest migration, guidance,
and/or proliferation.

Materials and methods

RT-PCR and in situ hybridization
Total RNA was prepared from 10.5 and 12.5 dpc wild
type (+/+) and Splotch embryos in accordance with
the manufacturer’s instructions (Life Technologies,

Fig. 35.1 RT-PCR analysis. mRNA was prepared from whole
10.5, 12.5 dpc wild-type (+/+) and mutant (sp2H/sp2H)
littermates, plus adult hearts. cDNA was normalized using
housekeeping gene GAPDH (18 PCR cycles). YY1 (30 cycles) is
significantly increased (+) within the sp2H mutants, while

both Sdf1 (20 cycles) and cxcR4 (22 cycles) expression is
significantly decreased (–) within 10.5, 12.5dpc sp2H

embryos. Also note that YY1 is highly expressed within the
adult hearts, as are both Sdf1/cxcR4 (not shown).
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Inc.). RNA was reverse-transcribed to cDNA using
oligo(dT) primers and Superscript (Life Technolo-
gies, Inc.). PCR was performed using EX Taq DNA
polymerase (Takara, Inc.) using published primers
and PCR conditions.1,8,19 Linearity of gene expres-
sion was established by cycle-based RT-PCR using
the ubiquitously expressed GAPDH house-keeping
gene. The PCR fragments were subsequently cloned
and sequenced to confirm identity, and then used as
radioactive in situ hybridization probes to determine
whether there are any differences within the localiza-
tion of the mRNAs within the mutant embryos.
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Cardiac neural crest cells are considered as a con-
tiguous group of pluripotent cells capable to differ-
entiate into nerve tissue, smooth muscle cells of the
pharyngeal arch arteries, and mesenchymal cells of
the aorticopulmonary septum.1-4 Studies in neural
crest ablated chick embryos show that abnormal
cardiac neural crest cell migration disturbs pharyn-
geal arch artery development and outflow tract 
septation.5,6 Are these malformations related to 
subpopulations of the cardiac neural crest? Should
the cardiac neural crest cells be subdivided in popu-
lations depending on the time point at which they
emigrate from the neural tube?

We studied cardiac neural crest cell migration in
chick embryos in vivo and in vitro at various devel-
opmental Hamburger and Hamilton stages.7 Early-
migrating cardiac neural crest cells were marked in
vivo by injecting a lacZ-retrovirus into the neural
tube lumen at HH10 as described by our group be-
fore,2,3 and ablating the late cardiac neural crest at
HH11 with a tungsten needle. Late-migrating car-
diac neural crest cells were marked by injecting a
lacZ-retrovirus into the neural tube lumen at HH12.

The migration pathways of the early- and late-
migrating cardiac neural crest cells are very similar
in the first days after retroviral injection. However,
the differences between early- and late-migrating
cardiac neural crest cells were distinct by HH30.The
early-migrating cardiac neural crest cells massively

target the condensed mesenchyme and prongs of the
aorticopulmonary septum and the proximal and
distal parts of the pharyngeal arch arteries. Ablation
of late-migrating cardiac neural crest resulted in
pharyngeal arch arteries with interrupted concen-
tric layers. The late-migrating cardiac neural crest
cells tend to be restricted to the proximal part of
the pharyngeal arch arteries. This suggests that the
early-migrating cardiac neural crest cells are indis-
pensable for outflow tract septation, while the late-
migrating cardiac neural crest cells are involved in
pharyngeal arch artery remodeling.

To determine if there is only a difference in fate of
the two subpopulations or if there is also a difference
in developmental potential was studied in vitro by
culturing neural tube explants. Neural tubes from
the mesencephalon to the level of the fourth somites
were excised from chick embryos, and after collage-
nase induced removal of the adhering tissues,placed
in M199 medium on fibronectin coated glass and
cultured for 48 h. The early neural tube explants
taken from embryos HH10 gave rise to a high fre-
quency of mesenchymal cells; these cells stained
positive for HNK1. In the late neural tube explant
cultures, taken from embryos HH12, the number of
HNK1 stained cells was lower. Interestingly, after
staining for actin with HHF35 we observed a low
number of cells expressing actin in the early explant
cultures (Fig.36.1a) and a very high number of actin
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expressing cells in the late neural tube explants 
(Fig. 36.1b). This suggests that late-migrating car-
diac neural crest cells predominantly differentiate
into smooth muscle cells and are intrinsically differ-
ent from early-migrating cells.

From our data we can conclude that cardiac neur-
al crest cell migration patterns and differentiation
potential strongly depend on the time at which the
cardiac neural crest cells emigrate from the neural
tube. This division in subpopulations was not re-
ported before for the cardiac neural crest; however it
had been described for the trunk. In trunk neural
crest the early-migrating cells differentiate into
many derivatives like pigment cells, neurons, and
adrenergic cells, while late-migrating cardiac neural
crest cells never show characteristics of adrenergic
cells.8 The specific behavior of the late-migrating
cardiac neural crest cells might be partly due to in-
trinsic differences between the early- and late-
migrating cardiac neural crest populations. Other
important factors are the environment through
which the cardiac neural crest cells migrate, but in
vivo also guiding signals of the early-migrating car-
diac neural crest cells will probably affect the behav-
ior of the late-migrating cardiac neural crest cells.
The effects that subpopulations of neural crest cells
have on each other was described for the contribu-
tion of the mesencephalic crest to the cartilage of the
jaw.9

The implications of subpopulations of cardiac
neural crest cells involved in different developmen-

tal processes reflect upon cardiovascular malforma-
tions in which the focus should be pointed to a spe-
cific time window. By narrowing the developmental
range in which congenital heart diseases arise we
may exclude a number of supposed candidate genes
involved in these diseases.
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Transforming growth factor beta (TGFb) belongs to
the TGFb superfamily of growth and differentiation
factors. Only Tgfb2-knockout mice present major
cardiovascular abnormalities.1–3 During normal de-
velopment,the pharyngeal arch artery (PAA) system
remodels from its initially symmetrical paired arch
artery system into a left-sided aortic arch and ductus
arteriosus by regression of several vascular seg-
ments. We previously showed that this process 
involves apoptosis, which was markedly altered 
in Tgfb2-knockout mice.3 Smooth muscle cells
(SMCs) of the PAA are predominantly neural crest
cell (NCC) derived and play an important role in the
development of the PAA vasculature.4,5 TGFb has
been proven to influence the differentiation of NCC
into SMC as well as to enhance the expression of
smooth muscle specific proteins.6,7 Here we show
that in Tgfb2-knockout mice NCC are still capable
to migrate to and populate the PAAs, and eventually
differentiate into SMCs. Nonetheless, a clear reduc-
tion of NCC derived SMCs is apparent, being most
outspoken for the 4th PAA. This reduction coin-
cided with anomalous development of the 4th 
PAA, enhanced vascular apoptosis and aberrant
Tgfb2-SMAD2 signaling.

ISH was applied both to scrutinize the spatiotem-
poral vascular expression patterning of Tgfb1–3
and to reveal overlap of expression between the 

isoforms. The latter is important as the isoforms are
capable of mimicking their function in vitro and as
such might have redundant effects.1 In vivo a posi-
tive correlation between TGFb1 and arterial smooth
muscle differentiation was found,8 but knockout
studies revealed only minor vascular defects.9 Tgfb2
knockout mice develop vascular anomalies includ-
ing hypoplasia and aortic arch interruptions (4th
arch artery).2,3 Tgfb1–3 are expressed in the vascular
system.Tgfb1 is present in the vascular endothelium
during E9.5–15.5. In the early embryo (E9.5–10.5),
Tgfb2 shows a high expression in the media
throughout the vascular system confined to SMC
differentiation. The expression of Tgfb2 and Tgfb3
greatly overlap from E11.5 onwards,being present in
the media and adventitia of the great arteries. When
the expression patterns are taken into consideration
the Tgfb isoforms might have supplementary roles
during vascular development.

Of special interest are NCCs, as they supply SMC
precursors to the developing pharyngeal arch 
arteries.10 To analyze the effect of Tgfb2 on NCC 
migration and differentiation Tgfb2-knockouts
were crossed with NCC (Wnt-1) Cre-loxP reporter
mice.5 The potential of NCC to migration and popu-
late the PAAs as well as differentiate into SMC is 
unaltered. Nonetheless, a reduced number of NCC-
derived SMCs (related to the degree of hypoplasia)
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are found in the PAAs of stage E14.5–17.5 knock-
outs. Especially the 4th arch artery is affected, pre-
senting severe vascular hypoplasia,coinciding with a
complete interruption of its midpoint in the most
severe cases.

As regression of the 4th PAA can result from vas-
cular apoptosis, we analyzed apoptosis in serial 
sections 9using TUNEL and HE staining) of
E12.0–15.5 wild type and Tgfb2 -knockout mice. A
high number of apoptotic cells was found in the
mesenchyme surrounding the 4th PAA and in the
vessel wall, being significantly higher for the knock-
out mice. To determine if the vascular segment of
the 4th PAA that regresses relates to the segment re-
ported to exhibit a poor a-SM-actin, elastin make-
up,11 and extended NCC-related CX43 expression,12

we analyzed 4th PAA sections with antibodies
against a-smooth muscle-actin (a-SM-actin;1A4)
and neurofilaments (RMO-270). A SMAD2 anti-
body (to detect positive nuclei) was used to discrim-
inate for Tgfb signaling. The 4th PAA segment that
regresses in Tgfb2 knockouts locates in close pro-
ximity to the nervus vagus and nervus recurrence
overlaps with a poor a-SM-actin positive segment
that highly expresses RMO-270 and contains cells
that are SMAD2 (nuclei) positive.These data put for-
ward a potential relationship between the morpho-
logically distinct vascular segment of the 4th PAA,its
interruption, and TGFb2-SMAD2 signaling.
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In birds and mammals, cardiac neural crest is 
essential for heart development, and contributes to
conotruncal cushion formation and outflow tract
septation.1–9 The zebrafish prototypical heart lacks
outflow tract septation,10 raising the question of
whether cardiac neural crest exists in zebrafish.
Here, results from three distinct lineage-labeling 
approaches indicate that zebrafish neural crest cells
have the ability to generate MF20-positive muscle
cells in heart chambers during development. Fate-
mapping demonstrates that cardiac neural crest cells
originate both from neural tube regions analogous
to those found in birds,as well as from a novel region
rostral to the otic vesicle. In contrast to other verte-
brates,zebrafish cardiac neural crest invades the my-
ocardium in all segments of the heart, including the
bulbus arteriosus, ventricle, atrioventricular (AV)
junction, and atrium. Three distinct groups of pre-
migratory neural crest along the rostrocaudal axis
have different propensities to contribute to differ-
ent segments in the heart and are correspondingly
marked by unique combinations of gene expression
patterns.

Three distinct experimental approaches were
performed: (1) cell transplantation;11 (2) caged-
fluorescein dextran lineage labeling;12–14 (3) laser
activation of hsp70-gfp labeling.15 The neural crest
cells at the 8-somite stage were labeled and their cell
fate followed.To identify muscle lineage in the heart,
immunohistochemistry with MF20 was performed
on the fixed embryos13,16–18 and images were taken
by confocal microscopy.With the first two methods,

we found lineage-labeled neural crest cells were pre-
sent in the bulbus arteriosus, ventricle, AV junction,
and the atrium at 72 h postfertilization (hpf) and
were double labeled with MF20 (Plate 29a–f). In ad-
dition, laser activated neural crest cells in hsp70-gfp
transgenic fish were detected as cardiomyocytes in
the ventricle at 36 hpf (Plate 29g,h). Other lineage-
labeled cells contributed to the pharyngeal arches
and cartilage (Plate 29i), and a pigment cell (Plate
29j), confirming that neural crest was successfully
labeled by laser activation. These lineage labeling re-
sults indicate that zebrafish neural crest cells migrate
to the developing heart and form myocytes in the
functional myocardial layer of the heart.

In order to pursue a complete fate map of ze-
brafish cardiac neural crest,we performed a lineage-
labeling experiment by labeling small patches of
cells in the neural crest by laser activation of DMNB-
caged fluorescein dextran.At the 8-somite stage,flu-
orescein dextran was uncaged in 15 cells within the
neural crest by labeling each cell individually based
on a subdivision map (Fig. 38.1a). Labeled neural
crest cells in the heart structures were observed at 72
hpf in 398 labeled embryos. In contrast to the more
limited domains of cardiac neural crest reported for
avian embryos,cardiac neural crest arises from more
extensive rostrocaudal regions, ranging from ante-
rior of the midbrain/hindbrain boundary to the
somite 6. Interestingly, lateral neural crest showed
three distinct groups that made frequent contribu-
tions to the heart; divisions –5 to –4 (group A), divi-
sions 1 to 3 (group B), and divisions 5 to S2 (group
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C). Rostral group A has not been described in other
vertebrates. Each neural crest group made distinct
contributions to segments in the heart (Fig.38.1b,c).
The ventricle and AV junction received strong con-
tributions from each group, but Group A did not
contribute to the atrium. These results suggest that
distinct neural crest contributions to cardiac seg-
ments indicate that the rostrocaudal positions of a
particular neural crest cell before emigration biases
the cardiac segment to which the crest cell will con-
tribute. In addition, several differences between 
medial and lateral neural crest contribution were
observed. These rostrocaudal and mediolateral spe-
cific constraints in cardiac neural crest cell fates have
not been described in other vertebrate embryos.

We describe a developmental source of myocar-
dial muscle cells that arises from outside the primary
or the secondary heart fields: cardiac neural crest

cells form muscle cells in the zebrafish myocardium.
The discovery of zebrafish cardiac neural crest 
provides a basis for analysis of the diverse contribu-
tions of neural crest cells in organogenesis and the
mechanisms controlling vertebrate heart develop-
ment. Analysis of mutations that disrupt the devel-
opment of cardiac neural crest might reveal
mechanisms underlying cardiac morphogenesis.
Full details of our work was published in Develop-
mental Biology.19
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Fig. 38.1 Cardiac neural crest originates
from a broad rostrocaudal region in
zebrafish. (A) Topological map of an 8-
somite embryo used for fate mapping
(modified from 20). Neural crest were
divided rostrocaudally into 17 divisions
designated –6 through S6. Each division
was further subdivided into medial (M)
and lateral (L) layers along the
orthogonal axis. Y: yolk, E: eye, OV: otic
vesicle, M: medial, L: lateral subdivision.
(B) Medial and (C) lateral groups of
cardiac neural crest (Group A, B, and C)
make distinct contributions to heart
segments. Lower numbers, in
parenthesis, indicate the number of
appropriately labeled embryos. In Group
A, medial neural crest cells contributed
to both the ventricle and AV junction (B),
however, lateral neural crest cells
contributed predominantly to the
ventricle (C). There was no neural crest
contribution to the atrium from Group A.
The neural crest contribution to the
bulbus arteriosus was statistically greater
in Group C than in Group A (P < 0.01).
(Adapted from Sato and Yost.19)
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Formation of
outflow tracts
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Formation of the outflow tracts has been a subject of in-

tense study for many years and, consequently, a great

deal is known about the morphogenesis of outflow

tract formation and septation. Abnormalities in out-

flow tract formation result in a number of important

defects, including persistent truncus arteriosus,double

outlet right ventricle, tetralogy of Fallot, and ventricu-

lar septal defect. What is lacking, however, is detailed 

information regarding the molecular mechanisms and 

signaling pathways that are involved in formation of

the outflow tracts. The two papers in this section 

address this issue using distinct, but complementary,

models. Despite new insights provided by these 

investigators, a great deal remains to be learned in this

important area.

Henderson and Phillips studied the Loop-tail (Lp)

mouse, a naturally occurring mutant that develops se-

vere neural tube and axial rotation defects.In a systemic

evaluation of the cardiovascular system, fetuses were

found to frequently exhibit double outlet right ventri-

cle, perimembranous ventricular septal defects, and

aortic arch abnormalities.The Lp gene encodes Vangl2,

a protein related to Drosophila Van gogh (Vang). Vangl2

is highly expressed in the developing outflow tracts

from E11.5–E15.5 during the period of outflow tract

remodeling. This observation suggests that Vangl2

might play an important role in outflow tract myocar-

dialization. It has been shown previously that Vang acts

downstream in the frizzled/dishevelled planar cell 

polarity pathway, leading the authors to propose that

Vangl2 may play a role in determining cell polarity in

the developing outflow tract.

Zhang et al. studied another murine model, the hdf

(heart defect) mouse that arose from a lacZ transgene

insertion.This in an embryonic lethal mutation that re-

sults in failure of the right ventricle and conus/truncus

to form. Using a subtraction approach, a single clone

was identified that exhibited markedly diminished ex-

pression in the homozygous embryos. The candidate

gene, termed hag-2, was normally expressed in the

branchial arches, but not in the heart. The authors spe-

culated that this gene might be involved in signaling

normal outflow tract development. However, much 

remains to be learned regarding the identity and poten-

tial role of hag-2 in normal and abnormal outflow tract

development.





The outflow tract initially forms as a single muscular
vessel, connected to the common ventricle proxi-
mally and to the pharyngeal arch arteries distally.
The myocardium of the outflow tract wall is distinct
from that of the atria and ventricles, in that it arises
from a secondary (or anterior) heart field.1–3 It thus
has a separate origin from the myocardium found in
the rest of the heart, and therefore may be subject 
to an alternative developmental pathway to the
chamber myocardium and the atrioventricular canal.
This primitive outflow vessel is septated by the for-
mation of mesenchymal endocardial cushions along
its length,which grow towards each other,and with a
contribution from the neural crest, fuse to separate
the vessel into two separate channels – the aortic and
pulmonary trunks.Concomitant with septation,the
ventricular outlets remodel such that the aorta exits
from the left ventricle,whereas the pulmonary trunk
exits from the right ventricle.As a component of this
remodeling, the initially mesenchymal proximal
outflow tract cushions become muscularized to
form the subpulmonary infundibulum,4,5 which
walls the aorta into the left ventricle. This ‘myocar-
dialization’ of the endocardial cushion tissue only
occurs in the outflow tract of the developing mouse
heart, and is absent from the atrioventricular cush-
ions. Abnormalities in outflow septation or remod-
eling can result in defects that include common
arterial trunk, double outlet right ventricle, tetralo-
gy of Fallot, and ventricular septal defect.

Loop-tail (Lp) is a naturally occurring mouse 
mutant that develops severe neural tube and axial
rotation defects,6 abnormalities that arise from 
mal-development of the embryonic midline. As a
consequence of the known association between

midline and congenital heart defects, we examined
Lp litters for cardiovascular defects. Using hema-
toxylin and eosin staining of paraffin-embedded
sections of E13.5–E18.5 Lp embryos, we found that
Lp/Lp embryos develop fully penetrant cardiovas-
cular defects. The most common of these were 
double outlet right ventricle, perimembranous 
ventricular septal defects, and abnormalities in re-
modeling of the aortic arch7 (Plate 30a-d; data not
shown), that were found in all Lp/Lp fetuses exam-
ined. Abnormalities in neural crest cell colonization
of the outflow tract are frequently associated with
these types of defects,8,9 so we examined both the
migration pattern of neural crest cells, using a 
digoxigenin-labeled riboprobe for erbB3 (a gift from
Dr Carmen Birchmeier, Berlin), in wholemount in
situ hybridization,7 and their colonization of the
outflow tract cushions using an antibody raised
against a-smooth muscle actin (clone 1A4, Sigma)
as a marker in immunohistochemistry. In both
cases, neural crest cells seemed to be normally dis-
tributed in Lp/Lp when compared with their wild
type and heterozygote littermates7 (Plate 30e,f). A
correlation between cardiac looping abnormalities
and the axial rotation defects that are found in Lp
partially explains the malalignment of the ventricu-
loarterial connections, although the looping defects
are most apparent before E10.5, becoming less evi-
dent from E11.5 onwards, when outflow tract re-
modeling takes place.7 It is possible, however, that
subtle abnormalities in cardiac positioning may be
enough to prevent normal remodeling of this readi-
ly disrupted region of the developing heart.

The Lp gene (known as Vangl2, strabismus-like,
Ltap or Lpp1) has recently been cloned10,11 and
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shown to encode a protein related to Drosophila Van
gogh (Vang). The Vangl2 protein contains four puta-
tive transmembrane domains and a PDZ domain,
similar to Vang, consistent with shared functional
properties. We examined the expression pattern of
Vangl2 during cardiac development using digoxi-
genin-labeled riboprobes for in situ hybridization
on paraffin-embedded sections,12 and showed that
it is strongly expressed, from E11.5 to E15.5, in the
outflow tract of the developing mouse heart, over-
lapping with the period when the outflow tract re-
models. Moreover, Vangl2 mRNA distribution
correlated with the process of myocardialization
(Plate 30g,h).13 This suggests that Vangl2 might play
a primary role in the myocardialization process, and
argues that the defects in outflow tract remodeling
in Lp/Lp fetuses may not be simply due to abnormal-
ities in cardiac looping, secondary to incomplete
axial rotation.

Vang acts downstream in the frizzled/disheveled
planar cell polarity pathway, which mediates
changes in cell orientation, migration, and fate, via
alterations in the cytoskeleton.14 Similar pathways
operate in vertebrate embryos, regulating such di-
verse activities as convergent extension movements
during gastrulation (reviewed in ref.15),and stereo-
cilia organization in the inner ear (reviewed in ref.
16),and may well be operating in other tissues where
polarized growth of cells is required. Indeed, tar-
geted disruption of disheveled 2 (Dvl2) in the mouse
results in double outlet right ventricle,17 and frizzled
2 (Fz2) is strongly expressed in the outflow tract sep-
tum,18 supporting a role for this pathway in outflow
tract development. Vangl2 may therefore play a role
in determining cell polarity in the developing 
outflow tract in the mouse embryo. Expression of
Vangl2 in the myocardial cells that extend into the
proximal outlet septum, suggests that it may play a
role in polarized myocardial cell growth into the sep-
tum. The precise mechanism underlying the myo-
cardialization process is unclear. It was initially
proposed that myocardial cells completely colonize
the septum from the outflow tract wall,5 but more
recently it has been suggested that interdigitating
myocardial cells from the outflow tract wall induce
trans-differentiation of adjacent mesenchymal
cushion cells, into muscle cells.19 These two ideas are
not mutually exclusive, and both might occur to
some degree.Vangl2 could be involved in the change

in cell polarity that is required for interdigitation
with the septum.Alternatively,Vangl2 might play an
essential role in extension of the myocardial cells
into the septum. A third possibility is that Vangl2
could play a role in the cell fate changes that have
been proposed for the trans-differentiation of mes-
enchymal cushion cells into muscle. Experiments to
establish the precise role for Vangl2 in outflow tract
remodeling are underway in our laboratory.
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The hdf mouse is a recessive lethal mouse strain that
arose from a lacZ reporter-containing transgene in-
sertional mutation.1 Homozygous embryos die in
uteri by embryonic 11.5 dpc and exhibit specific car-
diac defects along the anterior–posterior cardiac
axis.The future right ventricle and conus/truncus of
the single heart tube fail to form, and consequently
the portion of the heart comprising ventricle and
atrium are highly dilated. The endocardial cushions
in the atrioventricular are also absent. In addition to
these cardiac abnormalities, hdf mice are smaller
than their littermates and their bodies have turning
defects; 10.5 dpc hdf mice remain unturned, while
turning is normally completed by 9.5 dpc.As a result
of chromosome mapping and the analysis of DNA
sequences flanking the transgene, Cspg2 was identi-
fied as a candidate gene disrupted by the transgene
insertion in the hdf mouse line.2 Thus, the Cspg2
gene is thought to be required for the normal devel-
opment of the endocardial cushion swellings and
heart segments that give rise to the right ventricle
and conus/truncus.

In order to further address the molecular mecha-
nisms responsible for abnormal heart development
in hdf mice, we performed subtraction analysis.
Suppressive subtractive hybridization was per-
formed using the PCR-Select cDNA subtraction kit
(Clontech) essentially according to the manufactur-
er’s instructions. Briefly, total RNA was extracted
from 9.5 dpc embryos of either homozygous, hem-
izygous hdf mice or wild type littermates C57BL/6J

using Trizol Reagent (Invitrogen); 1mg total RNA
was used for synthesis and amplification of each
cDNA fraction.In the SSH reaction,hemizygous hdf
cDNA was used as a tester, while homozygous hdf
cDNA served as a driver. Following subtraction, dif-
ferentially expressed cDNA fragments were ampli-
fied by two rounds of PCR. After purification
through a QIAquick PCR purification Kit (Qiagen),
these fragments were cloned into pCR4-TOPO (In-
vitrogen), followed by an electrical transformation
into Escherichia coli DH5a cells.The PCR-amplified
inserts were blotted, duplicated onto Hybond XL
nylon membrane (Amersham),and hybridized with
the a-32P-dCTP-labeled cDNA pools.

For real-time PCR, the cDNA fraction was con-
structed from 0.25 to 1mg aliquots of total RNA with
Superscript II (Invitrogen) using oligo-d(T)12–18 as
a primer. In some cases, cDNA fractions were con-
structed using a SMART PCR cDNA synthesis kit
brought to the reaction. PCR product (typically
90–120 bp long) was confirmed by gel electrophore-
sis before the real-time reaction.The reaction,which
was performed in triplicate using a QuantiTectTM

SYBR Green PCR kit (Qiagen), was monitored in an
iCycler iQ system (Bio-Rad). Crossover point val-
ues, where fluorescent signal exceeds a threshold set
above background, were determined for each reac-
tion. A threshold cycle difference of 1 approximates
a 1.5- to 1.7-fold increase or decrease of cDNA. For
Northern blotting, 20 mg total RNA was elec-
trophoresed on a 1.2% formaldehyde agarose gel
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and blotted onto Hybond XL nylon membrane
(Amersham). Hybridization was performed with a
32P-labeled probe prepared using a Prime-It II 
Random Primer Labeling Kit (Stratagene). Whole
mount in situ hybridization was performed 
essentially as described by Moorman et al.3 A
digoxigenin-labeled probe was synthesized with T7
RNA polymerase or T3 RNA polymerase using a
DIG RNA Labeling Kit (Roche). Probe bound to the
embryos was immunologically detected using sheep
anti-digoxigenin-AP, Fab fragment, and NBT/BCIP
stock solution (Roche).

From the subtracted cDNA pool, 600 clones were
isolated, and the candidate clones were checked by a
real-time PCR after screening through hybridiza-
tion with the a-32P-dCTP-labeled tester and driver
cDNA, respectively.As a result, mRNA expression of
one clone (hdf-affected gene 2, hag-2), was de-
creased in hdf homozygous mouse to the level of
one-tenth the mRNA expression in their littermates.
Northern analysis showed that hag-2 mRNA is c.
10 kb long and that its expression in the embryo
starts to be detectable at 9.5 dpc, peaked at 10.5 dpc,
and then gradually decreased thereafter. hag-2
expression in adult mouse tissue was detected 
relatively abundantly in the uterus and less abun-
dantly in heart, lung, and spleen. Sequence of the
hag-2 fragment has not hit any known gene by blast
search so far. Whole mount in situ analysis of 10.5
dpc normal mice showed hag-2 expression in 
nasal process, branchial arches, both limb buds and
segmentally in body trunk without any detectable
signal in the heart. hag-2 expression in the arches,
which is robust at 10.5 dpc, seems to fade away at
11.5 dpc. On the other hand, its expression in limb
buds remains at 11.5 dpc.Hdf mouse strain was gen-
erated by insertion of a LacZ containing transgene.

Extracardiac LacZ expression in hdf hemizygotes is
seen in the anterior extension of maxillary and
mandibular cartilages, and chondrogenic regions of
the forming digit. This pattern of LacZ expression is
similar to the expression pattern of Hag-2 in normal
mouse embryo; although not identical, hag-2 gene
expression was significantly decreased in hdf ho-
mozygotes. It is intriguing that hag-2 expression was
not detected in the heart in normal mouse embryos.
It is not known whether or how decreased expression
of the hag-2 gene is related to defective heart forma-
tion in the hdf phenotype as yet.A fundamental con-
cept of heart development is that the early heart tube
forms from two regions of lateral plate mesoderm.
Meanwhile, it is known that neural crest cells con-
tribute significantly to the formation of aortic arch
and to some extent to conotruncus formation. It is
also known that the cells from the transverse septum
migrate to populate the epicardium of the heart.
Therefore, the strong expression of hag-2 in the
branchial arches might suggest an involvement of
hag-2 in the formation of the outlet portion of the
heart,despite a lack of its expression in the heart.
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With the number and types of murine mutants with

defects in cardiovascular development, it becomes 

increasingly important to develop methods for the

noninvasive analysis of cardiac form and function 

in embryonic mice. Magnetic resonance (MR) 

microscopy is a relatively new technique that holds

promise as a means of studying embryonic cardiovas-

cular development. MR microscopy may offer several

advantages in that it can be used to study morphology,

spectroscopy, blood flow (velocity, distribution, oxy-

genation, diffusion), and tissue or organ volumes. Fur-

thermore, it is a noninvasive technique that makes it

possible to perform repeated studies in a serial manner.

Hogers et al. explored the utility of MR microscopy

for the study of living embryos. Previously published

data confirm the usefulness of this approach in fixed

images, but the application to living embryos remains

elusive. Despite using techniques such as cooling 

to slow the heart rate, the major limitations of

MR microscopy remain that of motion artifact 

and suboptimal spatial resolution. Although major 

advances have occurred in these techniques, further 

refinements are necessary before this approach will

have a routine role in studies of embryonic cardiovas-

cular development.





Traditional embryological studies are invasive; em-
bryos are sacrificed and processed in order to reveal
specific information such as morphology, histology,
antigen distribution, gene expression patterns, or
physiological parameters. Each objective requires 
a specific method, which excludes the use of one
specimen for several questions,while it is impossible
to perform a longitudinal study in one embryo as
each study starts with killing the embryo. For 
temporal information it is common to repeat the 
experiments on other specimens at subsequent
stages during development, which requires many
animals without the final proof that a certain condi-
tion in an early stage will develop into a specific 
malformation.

Magnetic resonance (MR) microscopy is a new
technique with two major advantages.At one hand it
is a multi-image modality on its own, as mor-
phology, angiography, spectroscopy, blood flow 
(velocity, distribution, oxygenation, diffusion), and
tissue or organ volumes can be measured or cal-
culated. On the other hand, it is a noninvasive 
technique that makes it possible to study, over an 
extended period, the subsequent stages of normal 
development in a single embryo, the course of con-
genital malformations and pathological processes in
adult specimens, and even the effectiveness of thera-
peutic interventions. The value of MR imaging 
is now being explored for embryological studies.
Fixed human, rat, mouse, chicken, and dolphin em-

bryos1,2,3 are already imaged and several (3-D)
datasets are available on the internet.4

We explored the usefulness of MR microscopy 
for living embryos with special emphasis on the 
development of the heart. Insufficient resolution
could be the bottleneck for anatomical detail at the
beginning of cardiac development. Therefore, we
started our research to assess whether the early
looped heart tube could be visualized under ideal
circumstances. As motion is deleterious for MR
imaging and embryos increase rapidly in size, we
used fixed embryos. As resolution is proportional 
to the field strength, we repeated the same experi-
ment at higher magnetic field strengths and com-
pared the results. For living embryos we started by
concentrating on one avian embryo inside an egg,
and finally we visualized individual mouse embryos
in utero.

We imaged fixed chicken embryos with vascula-
ture that was contrast-enhanced with gadolinium
with a 3D spin echo, with a resolution of 31–55 mm.
In our youngest embryo (stage 15) the complete
heart loop, the individual pharyngeal arch arteries,
and the dorsal aorta were clearly discernable. For 
tissue contrast we imaged postseptated chicken 
embryos (stage 37) with the spin echo diffusion
method, in which we obtained images almost simi-
lar to transverse ‘microscopic’ slides, with a resolu-
tion of 35 mm. The great arteries, the atrial septum,
the ventricular septum, and the valves were visible
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with enough detail that a congenital heart malfor-
mation could be diagnosed.

We explored the use of an ultra high magnetic
field (17.6 T, 750 MHz) for magnetic resonance 
microscopy (MRM), to increase image quality per
image acquisition time. We compared both images
(300 vs. 750 with identical parameters) made of the
same embryo. We found a three times increase in
SNR and a 3.5 times increase in the contrast to noise
ratio.5

Our real challenge was imaging the living em-
bryos. For the in ovo study we used quail embryos as
the chicken egg was too large to fit in the probe. To
avoid moving artifacts, the method needed to be
very fast. From all imaging sequences multislice
RARE6 seemed to give the best anatomical detail,
and we reached a resolution of 68 mm. We also per-
formed a longitudinal study in which the eggs were
scanned on embryonic day 4,5,11,and 12.The older
embryos were sedated by hypothermia (room tem-
perature) to prevent motion. After the experiments
the embryonic weight of the MRM group was com-
pared to that of a control group to test for any harm-
ful effect of the magnetic field or the hypothermia,
and no significant difference was found (P = 0.95).
We obtained clear images of the heart during devel-
opment without cardiac pacing (Fig. 41.1) and we

are planning the visualization of congenital malfor-
mations (avian models) at real time in the near 
future.

The technique of visualizing living mouse em-
bryos is still in development. As the mother mouse
has to fit in the resonator, the filling factor for the in-
dividual embryos is relatively poor.Although we ob-
tained beautiful images of the embryos themselves
(Fig. 41.2) the resolution is not high enough for
anatomical detail at organ level. However, by com-
bining the RARE method for obtaining a contrast-
rich image of an embryo with fast gradient echo,
we were able to obtain functional information in 
addition to the morphological image. By postpro-
cessing, the flow information was converted into a
color scale and superimposed on the RARE image,
revealing blood flow through the heart and the ves-
sels of the embryo. For abnormal heart develop-
ment, as is pertinent in many transgenic mouse
models, this method might reveal functional cardiac
abnormalities well before anatomic defects can be
detected.

Equipment

In our studies we used 89 mm vertical bore magnets,
working at 300 MHz (7.0 T), at 400 Mhz (9.4 T)

Fig. 41.1 Quail embryo, ED12, in ovo. Transverse MRM
image of the heart at the level of the great arteries.
Multislice RARE: TR/TE = 5000/9 ms, NEX = 2, resolution 
59 mm. A, aorta; LA + RA, left and right atrium; LB + RB, left
and right brachiocephalic artery; LP + RP, left and right
pulmonary artery.

Fig. 41.2 Mouse embryo, ED14, in utero. Coronal MRM
image of one of the embryos of a 14-days pregnant mother
mouse. Multislice RARE: TR/TR = 10000/6 ms, NEX = 4,
resolution 137 mm. B, brain; E, eye; FL, front leg; H, heart and
lungs; N, nose; T, tongue; U, umbilicus.
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(with AVANCE consoles) or at 750 MHz (17.6 T)
(with a DSX-750 console). We used a gradient 
system of 100 G/cm (1 T/m) with the Micro2.5
probe with exchangeable rf-coils (4 mg solenoid
coil, 10–15 mg birdcage coils) or a gradient system 
of 20 G/cm with the Mini0.5 probe with fixed 
38 mg resonator. The ParaVision software was 
used for data acquisition and processing. All 
from Bruker BioSpin MRI GmbH, Rheinstetten,
Germany.
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It is clear that form and function are inextricably linked

during embryonic cardiovascular development. What

is less clear, however, are the molecular and cellular

processes that link morphogenesis, cardiac function,

and hemodynamics. This section contains a series of

papers that address this important topic. Keller ele-

gantly summarized the current state-of-the-art and

challenges for the future. He defined a major challenge

in integrating cell and molecular biology with physiol-

ogy and biomechanics in order to fill the large gap that

remains in translating altered genotype to phenotype.

Furthermore, a strong case was made for directing ad-

ditional attention to areas that have up to now been less

intensively studied, such as defining maternal–embryo

and maternal–fetal interactions; determining meta-

bolic regulation of cardiovascular structural and 

functional maturation; and assessing the role of envi-

ronmental imprinting on developmental processes.

A series of papers addressed the issue of the effects of

mechanical forces on cellular and fiber orientation dur-

ing development.Yoshigi et al. presented a new method

to study actin fiber orientation in endothelial cells in re-

sponse to stretch. This approach should prove valuable

in future studies in that it allows a more quantitative as-

sessment of the responses to various interventions.

Tobita et al. used cyclical stretch to study the orien-

tation responses of embryonic noncardiac cells and

cardiomyocytes.They demonstrated that noncardiomy-

ocytes aligned perpendicular to the principal stretch

direction but that early embryonic ventricular car-

diomyocytes did not orient in response to mechanical

stretch. However, embryonic cardiomyocytes acquired

perpendicular orientation to mechanical stimulation

after establishing contact with nonmyocytes. These

new findings suggest that during early cardiogenesis,

cardiomyocytes lack the ability to respond to mechani-

cal stimulation and require signaling from noncardiac

cells to orient properly in response to mechanical load-

ing. This work lays the foundation for future studies to

characterize the signaling pathways involved in these

processes. Tobita et al. also reported the effects of re-

ducing mechanical load on the ventricular fiber archi-

tecture in the intact heart, using a left atrial ligation

model in the embryonic chick heart. Left atrial ligation

resulted in alterations in the myofiber maturation

process in the LV compact myocardium but not within

the trabecular myocardium. Thus it seems that me-

chanical load modulates both local myofiber orienta-

tion and maturation in the developing compact

myocardium.
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Using a variety of complementary techniques,

Poelmann et al. studied shear stress and the expression

of several genes in response to shear stress during car-

diovascular development. The underlying hypothesis

is that changes in local shear stress, caused by alter-

ations in contraction mode (from peristaltic to cyclic),

geometry (looping and septation), and growth modu-

late expression patterns of a number of signaling 

molecules (TGFb, PDGF) and vasoactive substances

(endothelin, nitric oxide) that are involved in further

development of heart and vessels. A mathematical

model of fluid dynamics was applied to characterize

shear stress in the stage 18 chicken embryo. This tech-

nique can be used to assess dynamic changes in shear

stress during the cardiac cycle and is expected to pro-

vide important insights in both normal and abnormal

cardiovascular development. Analysis of gene expres-

sion confirmed some of the predictions derived from

the computational fluid model and demonstrated that

specific regions of the atrioventricular junction and

outflow tract express shear stress responsive genes.

Several papers in this section addressed excitation–

contraction coupling and the regulation of contractile

function in the developing heart. Mancarella et al.

demonstrated differences in responses of the sodi-

um–calcium exchanger to beta-adrenergic signaling in

the immature rabbit heart that may have important 

implications in understanding modulation of contrac-

tion and relaxation in the developing heart.It has previ-

ously been shown that the sodium–calcium exchanger

may play a more important role in the developing heart

as compared to mature myocardium. Wang et al.

provided further evidence of the essential role of

the sodium–calcium exchanger during embryonic 

development by studying Splotch mice. Their results

suggest that the sodium–calcium exchanger is upregu-

lated in Sp2H hearts to maintain intracellular Ca2+

homeostasis and promote survival.

Minimasawa and Matsuoka studied the potential

role of sarcolipin as a modulator of atrial contractile

function. It is proposed that atrial sarcolipin may be

analogous to phospholamban in ventricular muscle.

These studies demonstrated that sarcolipin is expressed

selectively in murine and human atrial myocardium

and is developmentally regulated. Although not yet

proven, the results are consistent with the concept that

sarcolipin may be involved in the regulation of calcium

cycling in atrial tissue.

The cardiac responses to oxygen deprivation during

early postnatal maturation have been characterized by

Ostadal et al.These results demonstrate a complex tem-

poral change in the responses during the first week of

life. Furthermore, studies of expression of genes in-

volved in mitochondrial energy metabolism and the 

responses to ischemic preconditioning and simulated

intermittent high altitude suggest that the determi-

nants of cardiac responses to hypoxia undergo devel-

opmental regulation. Future studies based upon these

data are likely to provide additional insights into the

cellular and molecular mechanisms that account for

age-related changes in the tolerance to hypoxia and is-

chemia. These approaches have important implica-

tions for both the immature and adult heart.



Introduction

The development of the cardiovascular system de-
pends on many interlocking mechanisms. It is evi-
dent that the temporal sequence of regulation of
gene expression profiles dominates the differentia-
tion of the heart fields in an early embryo as well as
the ensuing phases including heart tube formation,
looping, septation, chamber specification, valve de-
velopment, differentiation of the conduction sys-
tem, etc. It is equally evident that as soon as the
tubular heart starts to contract, hemodynamic and
mechanical factors have to be taken into account as
well. The main focus of this study deals with the he-
modynamic regulation of the expression of a subset
of shear-stress responsive genes on cardiovascular
development. Cardiac contraction propels the
blood in a peristaltic fashion during early stages, fol-
lowed later by the cyclic changes characteristic for
the contraction–relaxation mode of the mature
heart. Furthermore, as the heart becomes geometri-
cally more complicated by looping and septation,
the flow profiles, generating forces on the cardiac
and vascular wall, become increasingly more com-
plex. Finally, the cardiovascular system increases
tremendously in size and force to provide for the
equally increasing demands of the growing embryo.
Experimental evidence exists that by changing flow
patterns, the normal cardiovascular development is

disrupted. Hogers et al.1 demonstrated that flow in
the early embryo (stages 10–17) is laminar and that
blood from vessels joining a larger one does not mix,
even when it passes through the pumping heart. Re-
routing the blood from the yolk sac by blocking any
of the larger vitelline veins resulted in increased
mortality and in a specific set of cardiovascular mal-
formations in the surviving embryos,predominant-
ly in the outflow tract region and the pharyngeal
arch arteries.2 As cardiac function measured at stage
34, but not at stage 24 of development, was dramati-
cally hindered,3 we postulated that the induced al-
terations in flow and shear stress, and the emerging
structural anomalies were mutually interactive.

Hypotheses

Proper cardiovascular development depends on
self-generated hemodynamic forces, in particular
flow-driven fluid shear stress.Changes in local shear
stress, caused by alterations in contraction mode
(from peristaltic to cyclic), by alterations in geome-
try (looping and septation),and by increase in diam-
eter (growth), take care of modulation of gene
expression patterns. Shear-stress responsive genes
coding for important signaling molecules such as
growth factors (TGFb, PDGF) and vasoactive sub-
stances (endothelin, nitric oxide), are involved in
further development of the heart and vessels.
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Antitheses

As it is tremendously difficult to measure the influ-
ence of changes in shear stress upon development 
in vivo directly, we developed surrogate endpoints
from which to move to different approaches.For this
reason we combined physiological approaches
studying flow and pressure, with molecular biologi-
cal approaches, studying shear-stress responsive
genes, and computational fluid dynamics, studying
cardiac geometry to predict shear-stress patterns.
We have to be aware of the translational difficulties
when moving between these dissimilar approaches.

Hemodynamics

Chick embryos were used throughout the study be-
cause of accessibility to experimental manipulation.
Fertilized eggs were incubated and used between
stages HH16 and 30. Hemodynamic measurements
were performed in stages 16–28 according to Ursem
et al.4 and Stekelenburg-de Vos et al.5 In brief, blood
velocity was measured in the dorsal aorta with a
pulsed Doppler ultrasound (model 545C-4, Iowa
Doppler Products), whereas pressure was measured
inside the embryonic ventricle using the servo-null
system.Pressure–volume loops were made by incor-
porating high-speed video recordings and subtract-
ing the ventricular wall volume from the outer
contour, revealing the ventricular volume. PV-loops
(Fig. 42.1) were analyzed using custom-made soft-
ware (see ref. 6). Using these approaches we per-
formed a new set of acute experiments in which we
analyzed the changes in volume flow in stage 17 dur-
ing the first 5 h after clipping one of the vitelline
veins. It was evident that hemodynamic parameters
did not return to baseline in this period, whereas
control embryos showed a continued increase,
probably owing to growth of the embryo.During the
first hours after clipping,the heart was not able to re-
turn to even base-level performance. One day (stage
21) after clipping, however, the hemodynamic para-
meters, including PV loops, no longer differed from
control embryos. The hearts of the clipped embryos
had apparently compensated for the earlier lack of
performance. Nevertheless, at still later stages, a
number of embryos were found dead and a high per-
centage of the living ones showed cardiac anom-
alies,2 demonstrating that the stage 17 intervention

had not been fully met. We concluded, therefore,
that the early temporary decrease in hemodynamic
values must be responsible for the cardiovascular
malformations, again fueling the hypothesis that
shear stress is involved in cardiogenesis.

Computational fluid 
dynamics (CFD)

As shear stress cannot be measured directly, we de-
cided to apply CFD on the geometry of a stage 18
chicken embryo (Fig. 42.2). A custom-made pro-
gram was developed based on the force method al-
lowing triangulation of the internal surface of the
looped heart tube. Furthermore, the triangles could
be changed in dimension to allow for a semirealistic
movement of the heart tube, mimicking peristaltic
or cyclic contraction as well as opening and closing
of the atrioventricular (AV) and outflow tract (OFT)
areas as surrogate for endocardial cushion function.
The flow and shear stress were calculated giving rep-
resentations of areas with low and high stress during
all phases of contraction and relaxation. This means
that we were handling a 4-D model of cardiac action,
the fourth dimension being time. The model clearly
showed that areas of changing shear stress occur
during opening and closure of the AV and OFT en-
docardial cushions. The upstream slope of the con-
strictions showed larger changes compared with the
downstream slope. Despite the curved geometry of
the ventricular part of the heart tube, this segment
was surprisingly devoid of changes in shear stress.
The segment in the model comparable to the aortic
sac, i.e. distal to the OFT constriction, showed con-
siderable changes in shear stress as well. These pat-
terns of shear stress changes are hypothesized to be
related to expression patterns of the genes we want-
ed to study.

Expression of genes responsive to
shear stress 

Radioactive in situ hybridization protocols were
used to study expression patterns in serial sections
between stages 16 and 30 of genes responsive to
shear stress. The latter comprise TGFb2, KLF2,
NOS3 (or eNOS) and genes in the endothelin-
signaling cascade (endothelin1, the receptors ETA
and ETB, and the endothelin converting enzyme1,
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ECE1). Expression patterns of the functional antag-
onists ET1 (vascular contraction in adult vessels)
and NOS3 (vascular relaxation) and the novel 
KLF2, which is reported to react proportional to

changes in shear stress7 were reconstructed three-
dimensionally using the Amira software package
(TGS Europe, Merignac, France). As ET1 is upregu-
lated by low shear stress and NOS3 and KLF2 by high
shear stress, alternating and excluding patterns were
expected. As mentioned above, the most intense
changes in shear stress were predicted for the narrow
regions of the heart tube. In stage 18 and later em-
bryos this general pattern was indeed observed.
Where the sinus venosus meets the atrium, and also
in the AV junction and the OFT area, we showed 
expression of genes responsive to shear stress. The
atrial endocardium was negative, while the ventric-
ular endocardium was negative for ET1 and KLF2
but positive for NOS3 (Fig. 42.3). The endothelium
of the pharyngeal arch arteries and the dorsal aorta
showed expression of the three genes in a patchy,
partly overlapping, partly excluding pattern. The
pattern in later stages became more complicated.
For example, nonendocardial and nonendothelial
tissues also demonstrated the expression of ET1
(particularly in the ectoderm,endoderm,and meso-
derm of the pharyngeal arches surrounding the 
OFT and aortic sac). We expected that expression 
at these locations was not shear stress dependent,
but was regulated by parallel pathways.
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Fig. 42.1 Pressure-volume loop of a stage 21 chick embryo
heart. (a) PV loop of an intact embryo as derived from the
combination of volume readings (b) and pressure readings
(d). (c) Normal loop and PV loop (grey) after hemorrhage of
a small vitelline blood vessel, demonstrating the degree of
adaptation to the decreased amount of circulating blood.

Fig. 42.2 Computational fluid dynamic
model of a heart tube of a stage 18 chick
embryo, demonstrating the tiled surface
of the endocardial lumen.
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Conclusions

Although not all the approaches provided compara-
ble “hard evidence,”we have acquired reasonably re-
liable material on the influence of changes in shear
stress on cardiovascular development. We used the
combination of experimental embryology (venous
clipping),computational fluid dynamics (4-D mod-
eling of geometry and shear stress), flow measure-
ments (using pulsed Doppler ultrasound) and the
assessment of shear stress-dependent gene expres-
sion patterns (with in situ hybridization).

The combination of venous clipping and ultra-
sound revealed the acute drop in hemodynamics
after clipping with a gradual restoration to normal.
Nevertheless, as secondary effects, structural mal-
formations emerged even resulting in embryonic
death.Furthermore, in situ hybridization confirmed
some of the predictions deduced from the computa-
tional fluid model. In particular, the upslopes of the
AV and OFT regions proved to be prone to express
genes responsive to shear stress. Other narrow 
regions of the cardiovascular system were also pre-
dicted to be shear stress responsive. The wall of the
atrium, however, remained negative for most of the
genes throughout development, suggesting that
changes in shear stress have no influence in this seg-
ment, or do not take place.

ET1 and NO are established vasoactive sub-
stances in mature vessels (and also elsewhere), but
their function during embryonic development is
not yet elucidated.Likewise,the role of KLF2 (LKLF)
has been postulated in embryonic development of
the vascular media8 and its function has been ad-
dressed in adult vessels only recently.7 We need fur-
ther research upon its role in development. We are
currently studying the changed gene expression pat-
terns after clipping and want to expand our predic-
tions from computational fluid dynamics to later
stages of development.
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Cells in the vascular wall experience complex 
mechanical forces in vivo. Pulsatile blood flow and
pressure exert shear, stretch, and compression on
endothelial cells, adventitial fibroblasts, and smooth
muscle cells. The mechanical forces influence cell
morphology, function, signaling, and gene expres-
sion of those cells in the vascular wall.1 However,
mechanisms by which cells in the vascular wall sense
and respond to mechanical force are not fully eluci-
dated, especially during embryonic angiogenesis.

In vivo and in vitro studies have examined the rela-
tionships between mechanical force and cell align-
ment.1 Particularly, studies in vitro have shown that
cells stimulated by cyclic stretch align cell orienta-
tion perpendicular to the stretch direction, regard-
less of the cell type. Comparisons of cell orientation
in various culture environments, however, are diffi-
cult owing to lack of robust measures for cell shape
and orientation. Manual determination of the cell
axis could involve errors when the cell shape is 
diverse.

We assumed that actin fibers, a major cytoskeletal
protein, determine the primary cell axis, and may be
used to determine cell orientation. We then devel-
oped a quantitative system (see Methods) that calcu-
lates local orientation of actin fibers at the pixel level,
using fluorescence microscopy and digital image
processing techniques. This simple system allowed
us to average orientation of local actin fibers for 
individual cells, any given regions of interest, or an
entire image.

Using a custom cell stretch device, which stimu-
lates cells with unidirectional strain, we analyzed

stretch-induced actin remodeling to examine the re-
lationships between stretch direction and actin fiber
orientation (Fig. 43.1). Our system also provided a
relative parameter of “actin fiber density” that al-
lowed us to evaluate early phase of actin remodeling
induced by cyclic stretch (Fig. 43.2).

The variance in stretch-induced morphological
responses in previous studies3–9 may be attributed to
the following factors. First, most studies manually
determined the cell axis based on cell shape, which
could be triangular, cuboidal, or polygonal. Deter-
mining a cell axis for cell shapes that are complex in-
troduces some intra- and inter-observer variance.
Second, most studies used subconfluent cells to de-
termine the cell axis for individual cells, where the
cell density may vary among studies. Cell density
also influences the phenotype and shape of cells, es-
pecially for smooth muscle cells, thus introducing
some variance in the determination of the cell axis.
Another reason may be the difference in stretch ap-
paratus and culture scaffolds such as collagen or fi-
bronectin which influences cell shape and signaling
mechanisms.10 Our analysis system has a potential
to reduce the variance, which will allow us to define
details of stretch-induced cytoskeletal remodeling
in various culture conditions.

Use of these parameters should facilitate future
studies using pharmacological and/or molecular
blockades of mechano-induced signal transduction
pathways. Another extension of our technique is a 
3-D analysis of cytoskeletal fiber orientation. By in-
creasing the dimension of the convolution kernels
(See Eq.43.1and 43.2 in Methods),cytoskeletal fiber
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orientation can be measured in the 3-D space.11 De-
scribing stretch-induced cytoskeletal remodeling in
the 3-D system is a critical link to the “tensegrity”
hypothesis of mechanosensing.12 In addition,
this method will lay the foundation for analyzing 
the relationships between orientation of actin fibers

and orientation of extracellular matrix fibers 
during embryonic angiogenesis and cardiomyo-
fibrilogenesis.13

Methods

The processing algorithm is based on a Sobel filter.11

Two convolution kernels (i.e. matrix defining
weighted sum of neighboring pixels) were defined to
perform the Sobel filter as follows:

Horizontal kernel (Kh)

(Eq. 43.1)

Vertical kernel (Kv)

(Eq. 43.2)

A sample matrix S(i,j) was defined as 3 ¥ 3 matrix
surrounding pixel of interest. Then, two convolu-
tion values Gh and Gv were calculated as follows:
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Fig. 43.1 (A)–(D) Actin fibers in control
(A) and stretched cells [(B), 1 h, (C): 2 h;
(D): 5 h]. Note increased actin fibers 
in (B)–(D), and perpendicular alignment
in (D). (A‘)–(D‘) Color coding of actin fiber
orientation. See to ref. 2 for color
reproduction. (A“)–(D“) Histogram of
actin fiber orientation. Note gradual
alignment of actin fibers started in (C“),
and more obvious alignment at 0° in
(D“). Scale bar = 50 mm and stretch
direction. Stretch axis is ±90° in
histograms.

Fig. 43.2 Increase in actin fibers induced by cyclic stretch.
Fiber density index demonstrated 30 minutes are enough to
induce statistically significant (P < 0.05) changes.
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(Eq. 43.3)

(Eq. 43.4)

where Gh represents the amplitude of intensity vari-
ation along the horizontal direction, and Gv repre-
sents the amplitude of intensity variation along the
vertical direction.

We calculated the angle (q) of intensity variation
in the sample matrix S(i,j) by:

(Eq. 43.5)

Then, amplitude (r) of the intensity variation in
the sample matrix S(i,j) was calculated by:

(Eq. 43.6)

We designated color coding for each q and r using
HSI coding system.11 For details, refer to ref. 2.

References

1 Frangos SG et al. The integrin-mediated cyclic strain-

induced signaling pathway in vascular endothelial cells.

Endothelium 2001; 8: 1–10.

2 Yoshigi M, Clark EB, Yost HJ. Quantification of stretch-

induced cytoskeletal remodeling in vascular endothelial

cells by image processing Cytometry 2003: 55A: 109–18.

3 Iba T, Sumpio BE. Morphological response of human en-

dothelial cells subjected to cyclic strain in vitro. Microvasc

Res 1991; 42: 245–54.

r i j G Gh v,( ) = +2 2

q i j
G

G
v

h

, tan( ) = -1

Gv v i ji j K S, ,( ) = ◊( )( )Â

Gh h i ji j K S, ,( ) = ◊( )( )Â 4 Lundberg MS, Sadhu DN, Grumman VE, Chilian WM,

Ramos KS.Actin isoform and alpha 1B-adrenoceptor gene

expression in aortic and coronary smooth muscle is influ-

enced by cyclical stretch. In Vitro Cell Dev Biol Anim 1995;

31: 595–600.

5 Putnam AJ, Cunningham JJ, Dennis RG, Linderman JJ,

Mooney DJ. Microtubule assembly is regulated by exter-

nally applied strain in cultured smooth muscle cells. J Cell

Sci 1998; 111: 3379–87.

6 Civelekoglu G,Tardy Y,Meister JJ.Modeling actin filament

reorganization in endothelial cells subjected to cyclic

stretch. Bull Math Biol 1998; 60: 1017–37.

7 Zhao S et al. Synergistic effects of fluid shear stress and

cyclic circumferential stretch on vascular endothelial cell

morphology and cytoskeleton. Arterioscler Thromb Vasc

Biol 1995; 15: 1781–6.

8 Takemasa T, Sugimoto K, Yamashita K. Amplitude-

dependent stress fiber reorientation in early response to

cyclic strain. Exp Cell Res 1997; 230: 407–10.

9 Wang JH, Goldschmidt-Clermont P,Yin FC. Contractility

affects stress fiber remodeling and reorientation of en-

dothelial cells subjected to cyclic mechanical stretching.

Ann Biomed Eng 2000; 28: 1165–71.

10 Yano Y, Geibel J, Sumpio BE. Cyclic strain induces reorga-

nization of integrin alpha 5 beta 1 and alpha 2 beta 1 in

human umbilical vein endothelial cells. J Cell Biochem

1997; 64: 505–13.

11 Russ JC. The Image Processing Handbook. Boca Raton, FL:

CRC Press, 2002.

12 Ingber DE. Tensegrity: the architectural basis of cellular

mechanotransduction.Annu Rev Physiol 1997; 59: 575–99.

13 Shiraishi I,Takamatsu T,Onouchi Z,Fujita S. In: Clark EB,

Markwald RR, Takao, A, eds. Developmental Mechanisms

of Heart Disease. New York: Futura, 1995.



Introduction

Following the onset of heart beat,cardiovascular tis-
sues are continuously subjected to various forms of
cyclical mechanical stimulation.Studies have shown
that alterations in mechanical load, such as wall
stress, strain, and fluid shear, change developing 
embryonic heart function and structure resulting in
cardiovascular malformations,3,8 and that mechani-
cal load is one of the major epigenetic factors regu-
lating cardiovascular morphogenesis.5

At tissue and cellular levels,mechanical stretch in-
fluences cell orientation, shape, contractile protein
turnover, and numerous biochemical signaling
pathways. Terracio et al.7 showed that neonate rat
heart cells aligned perpendicular to the stretch 
direction when uniaxial stretch was applied while
Vandenburgh et al.9,10 showed that neonatal rat 
cardiomyocytes aligned parallel to the stretch direc-
tion and increased cell size. Kada et al.4 showed that
ED17 cardiomyocytes from mouse embryos
changed cell orientation from parallel to perpen-
dicular to the stretch direction in response to 
sustained stretch. Simpson et al.6 reported that 
contractile protein turnover was influenced by the
relation between myofibril orientation and stretch
direction. Gopalan et al.1 recently reported in an
anisotropic neonatal rat cardiomyocyte stretch study
that transverse stretch rather than longitudinal
stretch to the cell has greater effects in regulating 

sarcomere organization. However, relatively little is
known about how mechanical stimulation influ-
ences embryonic cardiac cell orientation,shape,con-
tractile protein turnover, and biochemical signaling
pathways during early cardiovascular morphogene-
sis. In the present study we investigated the effects 
of cyclic stretch on cell orientation using acutely 
isolated ventricular cells from chicken embryos.

Method and results

Fertilized eggs from white leghorn chickens were in-
cubated in a standard force-draft incubator to Ham-
burger-Hamilton stage 27, day 5 of a 21 day (46
stages) incubation period.2 At stage 27, the embry-
onic chick heart contains primitive right and left
ventricular chambers.Approximately 20 embryonic
ventricles (including both primitive right and left
ventricles) were excised from the embryo and were
digested enzymatically using 0.05% trypsin. Sus-
pension of isolated embryonic ventricular cells was
then plated at 5 ¥ 105 cells/mL in 35-mm diameter
collagen type I, coated silicone membranes
(BioFlex, Flexcell International Corp, PA). We ap-
plied quasi-uniaxial cyclic stretch (maximum 18%
elongation at a rate of 0.5 Hz) using a Flexcell 4000T
stretch system (Flexcell International) and custom
made rectangular solid loading posts.Cells were cul-
tured and stretched by the following protocols: pro-
tocol 1, 24 hour quiescent culture followed by cyclic
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stretch for 48 hours; protocol 2, 24-h quiescent cul-
ture, culture during cyclic stretch for 24 h, and then
quiescent culture for next 24 h; protocol 3,quiescent
culture for 48 h followed by cyclic stretch for 24 h;
protocol 4, quiescent culture for 72 h (non-stretch).
Cells were then fixed at the end of each protocol
using standard methods and stained with sarcomer-
ic and non-sarcomeric a-actinin using routine 
immunocytochemical staining techniques. We
characterized cellular orientation in subgroups
based on cell type and cell–cell connections, i.e. iso-
lated or single populated cluster of cardiomyocytes
(CM), isolated or single populated cluster of
noncardiomyocytes (NC), CM connected to NC
(CM–NC), and NC connected to CM (NC–CM).
Cells forming a cluster, in which the majority of cells

were not adhered to the silicone membrane directly,
were excluded from image analysis (Plate 31).

Cellular orientation was analyzed by segment
vector accumulation. An 8-bit gray image was ex-
tracted from the captured RGB image.The extracted
image was then binarised and skeletanized using
Scion Image software (Scion Corporation, MD). In
each small segment the vector length and the angle
to the principal stretch direction was measured
using LabVIEW software (National Instruments,
TX). The principal cell orientation was then com-
puted by summation of all segmental vectors (Plate
32).

In the absence of cyclic stretch, both CM and NC
were randomly oriented (Fig. 44.1). After cyclic
stretch stimulation, NC and NC–CM cells oriented

Fig. 44.1 Distribution of cellular orientation to principal
stretch direction. Note that cardiomyocytes (CM) did not
acquire a preferential orientation in response to cyclic
stretch in the absence of attachment to noncardiomyocytes.
Noncardiomyocytes aligned perpendicular to the principal
stretch direction (NC, P < 0.05 in protocol 1 and 3). Initiation
and duration of stretch stimulation did not influence non-
cardiomyocyte orientation (protocol 1 vs. protocol 3).

However, noncardiomyocytes that became aligned
perpendicular to the principal stretch direction lost this
orientation after 24 h without stretch (NC, protocol 2). Both
cardiomyocytes attached to noncardiomyocytes and
noncardiomyocyte attached to cardiomyocytes aligned
perpendicular to the principal stretch direction (CM–NC and
NC–CM). * P < 0.05, directionality test; § P<0.05 vs. non-
stretch.
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perpendicular to the principal stretch direction (P <
0.05, Rayleigh test; Fig. 44.1). Single populated CM
did not acquire a preferential orientation in re-
sponse to cyclic stretch while CM–NC oriented per-
pendicular to the stretch direction similar to NC (P<
0.05). Preferential NC orientation was lost within 
24 h after removal of cyclic stretch stimulation.

We also tested the relationship between CM con-
traction and cell orientation in response to cyclic
stretch. Cells were cultured without stretch for 48 h
and then treated with high potassium (15 mM K+)
containing culture medium 20 min prior to stretch
stimulation. Contraction arrest of CM was con-
firmed by visual inspection before stretch. We then
cultured cells for 24 h during cyclic stretch.Contrac-
tile arrest using high potassium solution did not
alter either NC or CM cell orientation in response to
cyclic stretch.

Discussion

Our findings in the present study are: (1) noncar-
diomyocytes aligned perpendicular to the principal
stretch direction; (2) maintenance of noncardio-
myocyte alignment required persistent mechanical
loading; (3) isolated early embryonic ventricular
cardiomyocytes did not orient in response to me-
chanical stretch; (4) embryonic cardiomyocytes 
acquired perpendicular orientation to mechanical
stimulation only after establishing contact with
nonmyocytes; (5) myocyte contraction had no effect
on cell orientation in response to stretch stimula-
tion.Our results in the present study differ from pre-
vious studies in which CM from later developmental
stage embryos and/or neonate CM, oriented either
parallel or perpendicular to the principal stretch di-
rection. We speculate that nascent and functionally
immature cardiomyocytes during early cardiogene-
sis lack a primary response to mechanical stimula-
tion and therefore require direct signaling from NC
in order to reorient in response to mechanical 
stimulation. In contrast to immature CM, NC such
as cardiac fibroblasts and endocardial cells have 
already acquired the ability to sense external me-

chanical stimulation during early cardiogenesis.
Thus, we conclude that noncardiomyocytes play a
critical role in coordinating the cellular response to
external mechanical stimulation within the embry-
onic myocardium during cardiogenesis, and that 
altered mechanical stimulation changes cellular ori-
entation and associated intracellular and cell to cell
signaling in the developing embryonic myocardium.

References

1 Gopalan SM, Flaim C, Bhatia SN et al. Anisotropic stretch

induced hypertrophy in neonatal ventricular myocytes

micropatterned on deformable elastomers. Biotechnol

Bioeng 2003; 81: 578–87.

2 Hamburger V, Hamilton HL. A series of normal stages in

the development of the chick embryo. J Morphol 1951; 88:

49–92.

3 Hove JR, Koster RW, Forouhar AS et al. Intracardiac fluid

forces are an essential epigenetic factor for embryonic car-

diogenesis. Nature 2003; 421:172–7.

4 Kada K,Yasui K, Naruse K et al. Orientation change of car-

diocytes induced by cyclic stretch stimulation: time de-

pendency and involvement of protein kinases. J Mol Cell

Cardiol 1999; 31: 247–59.

5 Keller BB. Function and biomechanics of developing car-

diovascular systems. In: Tomanek RJ,Runyan RB,eds.For-

mation of the Heart and Its Regulation.Boston: Birkhauser,

2001: 251–72.

6 Simpson DG, Majeski M, Borg TK, Terracio L. Regulation

of cardiac myocyte protein turnover and myofibrillar

structure in vitro by specific directions of stretch. Circ Res

1999; 85: e59–69.

7 Terracio L, Miller B, Borg TK. Effects of cyclic mechanical

stimulation of the cellular components of the heart: in

vitro. In Vitro Cell Dev Biol. 1988; 24: 53–8.

8 Tobita K, Keller BB. Right and left ventricular wall defor-

mation patterns in normal and left heart hypoplasia chick

embryos. Am J Physiol Heart Circ Physiol 2000; 279:

H959–69.

9 Vandenburgh HH, Solerssi R, Shansky J et al. Response of

neonatal rat cardiomyocytes to repetitive mechanical

stimulation in vitro. Ann NY Acad Sci 1995; 752: 19–29.

10 Vandenburgh HH, Solerssi R, Shansky J, Adams JW,

Henderson SA. Mechanical stimulation of organogenic

cardiomyocyte growth in vitro. Am J Physiol 1996; 270:

C1284–92.



Our investigation of the interaction between biome-
chanical load and cardiovascular (CV) morphogen-
esis has shown that the embryonic heart adapts both
structure and function to maintain cardiac output
to the embryo. Acute adaptive mechanisms in the
embryo include the redistribution of blood flow
within the heart, dynamic adjustments in heart rate
and developed pressure, and beat to beat variations
in vascular resistance. Chronic adaptive mecha-
nisms include alterations in myocardial cell growth
and death and both regional and global changes in
myocardial architecture. These adaptive mecha-
nisms allow the embryo to survive epigenetic stress-
es (environmental,maternal) and to compensate for
developmental errors (genetic). Recent work from
numerous laboratories shows that a subset of these
adaptive mechanisms is present in every developing
multicellular organism with a “heart” equivalent
structure.

Developmental cardiovascular
physiology and biomechanics –
general concepts

The function and biomechanics of developing car-
diovascular systems have been of interest to scien-
tists for centuries and “normal”development occurs
within a definable range of functional parame-
ters.1–7 Due to variations in the environment in
which embryos develop (vertebrate and inverte-
brate) adaptive mechanisms allow the developmen-
tal process to vary morphogenesis in order to

optimize embryo survival. Stated another way, any
event which alters the function of a developing CV
system beyond a developmental stage- and species-
specific “threshold” will produce an altered CV
structural phenotype at the completion of morpho-
genesis. Failed adaptation to this stressor may result
in embryo death prior to completion of morpho-
genesis. These deviations from normal develop-
mental pathways have been described by W.
Burggren as “altered developmental trajectories.”

Several general concepts are relevant for develop-
ing CV systems. First, structural maturation occurs
during cardiac morphogenesis so that increasing
cardiac output matches increasing embryonic meta-
bolic demand. As the structure and function of the
heart expands, the ratio of heart to body weight 
decreases in most species suggesting increasing CV
efficiency. While the early embryo can receive 
metabolic support via diffusion from surrounding
tissues in the absence of CV function,8 rapid embryo
growth requires expanded CV supply without inter-
ruption to support morphogenesis. Thus, for 
practical purposes one goal of successful CV 
morphogenesis is the establishment of an adequate
and effective CV system to deliver nutrients to the
developing embryo and to respond to acute and
chronic changes in metabolic demand.

The second general concept is that all CV systems
(developing and mature) can vary “pump function”
acutely within a range of operational parameters to
optimize “work” performed by the system. Embry-
onic CV systems can adjust functional parameters
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including preload (determined by circulating vol-
ume, venous capacitance, and filling time),3 pump
function (cycle length, contractility defined as the
pressure generated in response to a set preload),9

and afterload (vascular resistance and imped-
ance).10 Embryos also release vasoactive substances
and alter neural CV regulation during this
process).11 However, all systems have limits and
when these limits are exceeded during CV morpho-
genesis embryo death occurs. The ability of the im-
mature myocardium to acutely adapt CV function
in response to a range of environmental “stressors”
has been noted in every species studied to date. For
mammalian embryos, this adaptive process actively
involves the placental circulation and altered pla-
cental function can be either adaptive or maladap-
tive. Of note, adaptation within the mammalian
placenta can preferentially benefit the mother, the
fetus, or both and in general, maternal survival 
occurs at the expense of fetal survival.12–14

The next general concept is that structural mor-
phogenesis of developing CV systems is dynamically
influenced by CV function (and vice versa) such that
the final structural phenotype can vary depending
upon the functional “history.” For example, numer-
ous experiments in the developing chick embryo
have shown that the developing heart requires spe-
cific mechanical loading conditions to accomplish
“normal” CV morphogenesis. If venous return to
the heart is impaired by unilateral vitelline vein liga-
tion,15 or more selectively, left ventricular filling is
reduced by left atrial ligation,16 CV morphogenesis
is altered so that defects occur in myocardial growth,
ventricular septation, and septation of the develop-
ing outflow track. It is interesting to note that the 
developing myocardium adapts to increased 
mechanical load by accelerating growth and pre-
serving CV function17 while reduced mechanical
loading during critical periods of development leads
to impaired function.18,19 The mechanisms by
which changes in mechanical load are transduced by
the developing CV system into changes in morpho-
genesis remain an area of intense investigation.
While there are numerous examples of isolated 
experimental interventions that result in dramatic
changes in CV phenotype there are likely a very large
number of much more subtle interactions that are
additive in determining the phenotypic variation
present in “normal”populations.

Experimental models and 
methods to investigate CV
functional maturation

Our investigation of CV structural and functional
maturation requires reproducible, accessible, and
affordable experimental models and technically 
feasible and reproducible experimental methods.
Fortunately, the perseverance of generations of
scientists has produced a wide spectrum of experi-
mental models for the investigation of CV morpho-
genesis (from fly to man) and the ingenuity of these
scientists has produced a comparable spectrum of
experimental methods. The selection of a specific
experimental model (for example, the chick em-
bryo) and a specific experimental method (for ex-
ample, the measurement of intraventricular blood
pressure using a fluid-filled glass cannula and a
servo-null pressure system while varying heart rate
by thermal probe application to the cardiac pace-
maker region) must be matched to a specific ques-
tion (for example,defining the relationship between
cardiac time intervals, filling volumes, and devel-
oped pressure) while recognizing the experimental
limitations (accuracy of pressure measurement,
variation in vascular resistance in response to altered
stroke volume, etc.).

The embryonic left-atrial ligation (LAL) model 
of chronically reduced left ventricular (LV) filling
produces a left-heart hypoplasia phenocopy of
hypoplastic left heart syndrome and provides 
insight into both acute and chronic CV adaptation
to altered mechanical load.20,21 LAL produces im-
mediate changes in intracardiac blood flow patterns
and immediate changes in regional myocardial de-
formation patterns consistent with redistributed
mechanical load between the LV and RV. Following
load redistribution, LV and RV growth become dis-
parate with subsequent LV “hypoplasia” relative to
stage-matched controls.LAL induced LV hypoplasia
is associated with regional changes in myocardial ar-
chitecture at both the trabecular and myofiber levels
and is associated with altered myocardial passive
properties. Regulation on cardiomyocyte micro-
tubule synthesis is increased in the LV following LAL
and the LAL associated increase in passive stiffness
can be reversed by microtubule depolymerization
with colchicine.22 We are now beginning to under-
stand the relationship between mechanical load and
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cardiomyocyte differentiation and proliferation at
the local level.

The investigation of embryonic CV function in
the mammalian embryo presents unique technical
challenges and offers the opportunity for unique in-
sights for the human embryo and fetus.23–26 It is well
established that CV function is directly influenced
by sedation, instrumentation, and restraint in the
adult mouse, and each of these issues impacts 
the embryo as well.18,24 The murine embryo is 
extremely sensitive to changes in maternal oxygena-
tion and placental perfusion.13,18 Screening mouse
embryos for altered CV phenotypes is possible but
requires significant dedicated resources. Numerous
gene-targeted mice have embryonic CV phenotypes
and a small subset of these animals may be valuable
models for congenital CV malformations. Murine
models of intrauterine growth restriction and 
“toxemia” are under development in order to better
understand embryonic adaptation.

The availability of targeted genetic models in a
wide range of species provides a unique opportunity
to define the “molecular” regulation of structure-
function relationships during CV development.27

The first level of sophistication in this approach has
been the targeted deletion of single genes and/or
transcription factors from flies to mice with the sub-
sequent characterization of altered CV phenotypes
and survival. Genetic errors have been created via
environmental mutagenesis protocols utilizing
rapidly developing experimental models (Drosophi-
la, Xenopus, zebrafish, mouse, to name a few) cou-
pled with altered phenotype detection strategies
(behavior,external phenotype, transparent embryo,
bulk screening). These genetic approaches provide
an almost unlimited source of unique experimental
models for further characterization. While the ini-
tial focus in this field was on the generation of
homozygous deletions the field is now shifting to
focus on selective reductions in gene and protein
number (heterozygotes or hypomorphs) with subtler
changes in structure and function that may be more
representative of biological adaptation and disease.
Once again, specific molecular “model” animals are
under investigation to define specific molecular
pathways with respect to CV structural and func-
tional maturation. Fortunately, many of the molec-
ular pathways are conserved across a wide range of

species (e.g. the tinman gene specifies dorsal vessel
cells in Drosophila, and genetic homolog to NKX2.5
regulates cardiomyocyte fate in every species studied
to date). It is important to note that single gene er-
rors are associated with phenotypic variation within
strains of the same species and across species due to
the distribution of modifier genes as well as environ-
mental influences during development.

Mathematical models of
developing CV systems

While we can measure numerous aspects of CV
structure and function acutely and can generate lon-
gitudinal trends related to developmental changes in
these parameters during morphogenesis, there are
aspects of biologic processes which can only be de-
scribed by mathematical models (such as mechani-
cal “stress”) and other processes which reflect the
integration of numerous simultaneous processes
such that mathematical models can be used to esti-
mate or predict these interactions. The description
of“growth”within developing tissues is one example
where mathematical models can integrate numer-
ous interactions (physical, genetic, environmental)
in order to predict normal processes or the adaptive
response to altered interactions. With respect 
to developing CV systems, mathematical methods
have been developed to describe the mechanical
forces that influence the developing myocardi-
um28,29 and that remodel the developing vascula-
ture30 including the calculation of regional
variations in hemodynamic shear stress in the devel-
oping zebrafish embryo.31 Models have also been
proposed to predict changes in CV structure in re-
sponse to differential growth and mechanical load-
ing conditions.32 We also use numerical methods to
integrate measures of blood pressure and blood ve-
locity to describe the impedance of the developing
vasculature.10

The challenge ahead: integrating
cell and molecular biology with
physiology and biomechanics

Despite the geometric expansion of available infor-
mation (novel genetic organisms and animals,novel
genetic and imaging reagents, novel experimental
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methods for structural and functional phenotyp-
ing) related to developmental biology, a large gap
still exists in the translation of altered genotype to
phenotype. Deconstructing the complex molecular
regulatory architecture of a developing organism
does not necessarily provide evidence of the interac-
tive regulation of the developmental process or the
mechanisms for adapting morphogenesis in re-
sponse to genetic or environmental events. With re-
spect to the role of mechanical load in the regulation
of CV morphogenesis, much work needs to be done
to define the specific regulation of altered cell func-
tion (gene expression, energy production, protein
synthesis and assembly) that results in the adaptive
response.Of course,we cannot assume that adaptive
mechanisms present in the very immature embry-
onic heart (e.g.prior to cardiac septation) will be the
same as those present in the fetal heart (following the
completion of cardiac morphogenesis) or mature
heart, but we can assume that the processes are 
related. However, one specific example of how these
adaptive processes differ is the ability of the develop-
ing myocardium to alter cell number (hyperplasia)
in response to altered mechanical load while the 
mature myocardium is restricted to altering cell size
(hypertrophy). The regulation of cell proliferation,
differentiation, and death during CV morphogene-
sis remain central themes as our field moves for-
ward. The investigation of CV morphogenesis in a
wide range of species and experimental paradigms
has become the rule rather than the exception.

Defining maternal–embryo and
maternal–fetal interactions

Maternal–embryo and maternal–fetal interactions
clearly impact both on the developmental trajectory
of the embryo and fetus and on both maternal and
fetal outcomes. Developmental maternal imprint-
ing occurs immediately following fertilization and
persists throughout life. As technology evolves to
allow the simultaneous investigation of embryonic
and maternal physiology we will be able to investi-
gate novel paradigms of maternal–embryo interac-
tions that alter both embryo and maternal fate.
These paradigms may result in adaptive strategies
that target either the fetus or mother,33 or both in
order to optimize developmental outcome.

Defining the metabolic regulation
of CV structural and functional
maturation

When we state that developing systems operate
within an optimal range one of the critical opera-
tional states must relate to energy availability and
utilization.Methods are available to quantify energy
availability and energy utilization in developing or-
ganisms however much less is known about how
subtle variations in energy balance directly influ-
ence developmental processes. Specifically, little is
known how changes in energy balance altered the
molecular regulation of developmental and adap-
tive processes that impact on “final trajectory.” Due
to the adaptive interaction on many system compo-
nents (cell to cell,ventricle to vasculature,embryo to
placental to mother) the investigation of the “inte-
grated” metabolic regulation of CV development
will reveal fascinating biology and will likely provide
insights into some of the events that alter CV devel-
opment and embryo fate.

Defining environmental imprinting
on developmental processes

While the impact of altered environment on CV
morphogenesis has been well established, the spe-
cific mechanisms that regulate these interactions are
now under intense investigation. The availability of
defined genetic pathways responsible for basic de-
velopmental sequences provides new paradigms to
assess the regulation of development by changes in
energy state and by external compounds (inert or 
biologically active) that can alter biologic processes.
It is important to note that in addition to the 
sequencing of the human genome, a recent 
sub-project has completed the characterization 
of a subset of human genes recognized to be 
sensitive to altered environmental forces. These 
“environmentally-responsive” genetic pathways 
become obvious targets for investigation related 
to adaptive developmental processes.34

In summary, we have made outstanding progress
in our understanding of the adaptive interaction 
between CV structure and function during mor-
phogenesis in a broad range of species. Many 
mechanisms are conserved while others are
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distinct.35 Our knowledge remains quite immature
with respect to the many remaining questions avail-
able and with the proper support and talented young
investigators the future remains without limit.

The investigation of developing CV systems is
rapidly expanding in a large number of laboratories
(www.biol.unt.edu/developmentalphysiology).
Unique examples of adaptive CV strategies are pre-
sent across a wide spectrum of organism size and
complexity.As with the genetic insights gained from
simpler organisms,conserved adaptive mechanisms
to altered biomechanical load in simpler organisms
will provide insights into CV adaptation in 
mammals.
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Introduction

Mechanical load is one of the major exogenous 
factors that play an important role in regulating em-
bryonic ventricular function and structure during
cardiac morphogenesis.1,2 Recent studies in chick
embryonic heart showed that reduced left ventri-
cular (LV) mechanical loads change LV chamber 
architecture,myocardial material properties,protein
expression, and cell proliferation patterns of the de-
veloping embryonic LV.2,3–6However, little is known
regarding how the embryonic LV myocardium ac-
quires a mature 3-dimensional (3-D) fiber architec-
ture distribution and how reduced mechanical load
influences the LV myofiber maturation process. We
tested the hypothesis that reduced mechanical load
alters the local 3-D fiber architecture of the embry-
onic LV myocardium. Our results showed that re-
duced mechanical load changed both 3-D myofiber
angle distribution and maturation patterns of outer
compact myocardium while inner trabecular my-
ocardium was similar to normal development.

Material and methods

White leghorn chick embryos were studied at 
Hamburger-Hamilton stages 27 (5 day), 31 (7 days),
and 36 (10 days) of a 46-stage (21 days) incubation

period.7 Toreduce LV mechanical load,we performed
left atrial ligation at stage 21 using a 10–0 nylon su-
ture. The left atrial ligation reduces LV preload and
redistributes intracardiac flow to the right ventricle
(RV) resulting in LV hypoplasia.2,4,8 The heart was
arrested at end-diastolic phase by injecting chick
ringer solution containing 60 mM potassium,
0.5 mM verapamil, and 0.5 mM EGTA.4,6 The em-
bryo was fixed in 4% paraformaldehyde for 12 h.The
embryonic heart was excised from the embryo and
then placed in a dorsoventral orientation within a
13% polyacrylamide gel that was immediately poly-
merized with 2% ammonium persulfate.9 Polyacry-
lamide embedded hearts were sectioned at 200 mm
thickness with a standard vibrotome. Sections rep-
resenting LV myocardium were stained for f-actin
with FITC-conjugated phalloidin. LV myocardium
at the midventricular level was examined using a
standard laser scanning confocal microscopy sys-
tem. Z-serial optical sectioning was performed on
50 to 100 mm thick specimens with a z-depth of 1 mm
at 1-mm intervals.

Reconstruction of 3-D fiber architecture
and fiber orientation measurement
From the acquired images (resolution, 1024 ¥ 1024
pixels in each section), we digitally reconstructed
myofiber images in either transverse or coronal ori-
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entation to the LV longitudinal axis. For transverse
sections we described myofibril angle with reference
to the local epicardial tangential plane as viewed
from above. For coronal sections we described 
myofibril angle with 0° assigned to the dorsoventral
circumferential direction and 90° assigned to the
apico-basal longitudinal direction, respectively. To
determine the myofiber orientation of the compact
myocardium, we then analyzed subregions [50 mm
width] ¥ [50 mm depth] ¥ [compact myocardium
thickness] of the reconstructed sections. Local 
myofiber angle was determined by examining local
intensity gradients in small regions of interest 
(ROI) within each subregion (20–30 pixel-square,
100–225 ROIs per section). The dominant local 

orientation was determined in subregions using an
accumulator scheme. A 180-element array Aq
represented the possible angles (q) 0 to 179° in sub-
regions quantitated in 1° interval.Each accumulator
bin value was determined using the following 
equation;10

Aq = S(i,j) G(i,j) * [(Exp(2cos(2(q - f(i,j))))/Exp(2)],
0° £ q < 180°

where, G(i,j) is sum of squares of horizontal and ver-
tical gradients of ROI, f(i,j) is inverse tangent of the
ratio of vertical to horizontal components of ROI,
respectively.

Dominant local myofiber angle in the subregion
was determined by the largest accumulator bin value

Fig. 46.1 Developmental changes in 3-D LV fiber architecture during normal development (N) and following left atrial
ligation (LAL, stereo images). End; endocardium side, Epi; epicardial side. Scale bar = 50 μm.
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and converted to range from -89° to +90°. All calcu-
lations were performed using a LabVIEW based cus-
tom made program. Calculated local fiber angles
were then inspected visually in each image. Mean
fiber orientation and circular standard deviation
were calculated using circular statistics.11 The mean
orientation was computed by treating each mea-
surement as a unit vector and averaging the vector
components.

C = S(i)cos(2qi), S = S(i)sin(2qi), qi: individual
fiber angle,

R2 = C2 + S2,

cos(2qmean) = C/R, sin(2qmean) = S/R, qmean: mean
fiber angle.

The circular standard deviation (d) is expressed as,

d = 0.5[-2 log(Rmean)]0.5, Rmean = R/n, n: number of
measurement.

To test myofiber orientation directionality,
the Rayleigh test was performed in each image.1

We performed a nonparametric ranking test to 
determine differences in mean fiber angle through-
out the compact myocardium in normal and LAL
hearts.11

Three dimensional myofiber
architecture and mean fiber orientation
Figure 46.1 shows representative 3-D fiber architec-
ture of the outer compact myocardium during nor-
mal development and the development following
LAL. Mean myofiber angles in transverse sections
were distributed uniformly through the entire LV

wall in both normal and LAL groups during devel-
opment (-10º to +10º, P < 0.001, Rayleigh test). In
coronal sections (Fig. 46.2), mean fiber angles were
distributed uniformly until stage 27 (-5º to +10º,
P < 0.001) in both normal and LAL hearts. At stage
31, the mean fiber angles at the outer 30% of the wall
significantly increased (+30º to +60º, P < 0.05) and
extended to 40% at stage 36 during normal develop-
ment. Following LAL, mean fiber angles in coronal
sections were distributed uniformly until stage31 
(-5 to +5, P < 0.001) and those of the outer 20% of
the wall increased at stage 36 (+15º to +20º, P < 0.05).
In the inner trabecular myocardium mature myo-
fibers were seen and the myofiber orientation was 
primarily parallel to the longitudinal axis of each tra-
becular segment.LAL did not appear to alter trabecu-
lar myofiber maturation and orientation (Fig.46.3).

Summary

The present study suggests that: (1) transmural 
myofiber angle distribution in the LV compact 
myocardium changed from uniform to regionally
unique non-uniform patterns during normal devel-
opment; (2) reduced mechanical load produced by
LAL altered the myofiber maturation process in the
LV compact myocardium; (3) LV hypoplasia was as-
sociated with an ‘immature’ transmural variation of
myofiber angle until stage 36; (4) reduced mechani-
cal load produced by LAL did not effect local 
myofiber orientation within trabecular myocar-
dium. In conclusion, reduced mechanical load 
modulates both local myofiber orientation and 
maturation in the developing compact myocardium.

Fig. 46.2 Transmural fiber angle distribution of the compact myocardium in coronal section. * P < 0.05 by Rayleigh test.
Horizontal axis represents transmural coordinate of compact myocardium from endocardium (0%) to epicardium (100%).
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Cardiac contraction and relaxation depend on Ca2+

cycling to and from the myofibrils. In mature mam-
malian ventricular myocardium, the sarcoplasmic
reticulum (SR) is the major source of Ca2+ for con-
traction and the major Ca2+ uptake mechanism dur-
ing relaxation.1 The release of a large amount of Ca2+

from the SR is triggered by a relatively small amount
of Ca2+ entering the cell,predominately through sar-
colemmal L-type Ca2+ channels. Relaxation occurs
primarily from reuptake of Ca2+ into the SR by an
ATP-dependent Ca2+ pump with efflux of a small
amount of Ca2+ across the sarcolemma (mainly
through the Na+–Ca2+ exchanger).

Regulation of cytosolic Ca2+ concentration is very
precisely controlled to maintain normal contractile
function and to respond to changes in demand.
Graded control of contractile force and relaxation
are achieved through a variety of cellular processes,
but the b-adrenergic signaling pathway is perhaps
the best characterized. In mature myocytes, activa-
tion of b-adrenergic receptors (predominately 
b1-AR) results in stimulation of adenylyl cyclase,
generation of cAMP, activation of PKA, and phos-
phorylation of several key regulatory proteins in-
volved in Ca2+ transport.1,2 b1-AR stimulation of
contraction and relaxation occurs primarily from

increases in L-type Ca2+ current, greater SR Ca2+ re-
lease, and enhanced SR Ca2+ reuptake.

Mechanisms for modulating contractile function
in the developing heart have not been fully defined.
Activation of the b-AR pathway in immature ven-
tricular myocytes increases contractility, but the 
cellular processes that mediate this response are 
unclear. The major targets involved in the b-AR re-
sponse in adult myocardium seem to play only a
minor role in the developing heart. In distinct con-
trast to adult myocardium, the immature mam-
malian heart is much less dependent upon L-type
Ca2+ channels and SR Ca2+ fluxes for contraction
and relaxation. Instead, neonatal rabbits depend
largely on the Na+–Ca2+ exchanger for directly 
regulating Ca2+ concentration at the contractile 
proteins.3–6 Therefore, we postulated that graded
modulation of contractile events in the immature
heart would occur primarily through alterations of
the functional activity of the Na+–Ca2+ exchanger.
Specifically,we hypothesized that the b-AR response
in neonatal ventricular myocytes is due to a b-AR
mediated increase in Na+–Ca2+ exchange activity.

We compared the effects of b-AR agonists on
Na+–Ca2+ exchange currents in freshly isolated ven-
tricular myocytes from adult (AD) and newborn
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(NB; 1- to 5-day-old) rabbits using the whole-cell,
patch-clamp method. Previous studies have shown
that b2-AR stimulation by zinterol (specific agonist
for b2-AR) increases contraction amplitude in
neonatal rat myocytes, but had little or no effect in
adult cells.7 Thus, we studied the effects of both iso-
proterenol (nonselective b-AR agonist) and zinterol
in adults and neonates.

As shown in Fig. 47.1, isoproterenol significantly
increased both inward and outward Na+–Ca2+ ex-
change currents in adult and neonatal ventricular
myocytes. In contrast, zinterol, a selective b2-AR

agonist, increased Na+–Ca2+ exchange currents only
in neonatal myocytes (Fig. 47.2). These results
demonstrate that the inotropic and lusitropic re-
sponses to b-AR agonists in immature ventricular
myocytes may be mediated by increases in Na+–Ca2+

exchange current,resulting in greater Ca2+ cycling to
and from the contractile elements. Furthermore,
these effects in neonatal cells appear to be mediated
predominately by b2-ARs.

In summary, cellular mechanisms for regulating
contractile function and determining the responses
to b-adrenergic receptor stimulation undergo major

Fig. 47. 1 Effects of the non-selective b-adrenergic receptor
agonist isoproterenol (1 mM) on INaCa recorded from adult
(left panel) and newborn (right panel) ventricular myocytes.

Squares indicate control currents and circles indicate
currents in the presence of isoproterenol.

Fig. 47. 2 Effects of the selective b2-adrenergic receptor
agonist zinterol (100 nM) on INaCa recorded from adult (left
panel) and newborn (right panel) ventricular myocytes.

Squares indicate control currents and circles indicate
currents in the presence of zinterol.
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changes during perinatal maturation. These new
findings have important implications for under-
standing signal transduction pathways and regula-
tion of cardiac contraction and relaxation in the
developing heart.

Materials and methods

Single ventricular myocytes were isolated from the
hearts of adult and newborn (1–5 days old) New
Zealand white rabbits (either sex) using a collage-
nase-based digestion technique described previ-
ously.5 Myocytes were transferred to a recording
chamber and continuously superfused at 37 °C with
Tyrode’s solution composed of (mmol L-1): NaCl,
140; KCl, 4; CaCl2, 2.5; MgCl2, 1; HEPES, 5; and glu-
cose, 10, titrated to a pH of 7.4 with 4 mmol L-1

NaOH. Whole cell currents were measured by the
patch-clamp technique. Patch pipettes were pulled
to resistances of 3–5 MW. Pipettes were filled with
internal solution containing (in mmol L-1): Cs-
aspartate,70;CsCl,40;HEPES,10,KH2PO4,2.5;NaCl,
20; CaCl2, 1; tetraethylammonium, 20; BAPTA (1,2-
bis(2-aminophenoxy)ethane-N,N,N¢,N¢-tetraacetic
acid), 10; MgATP, 4 (pH 7.2). To measure Na+–Ca2+

exchange current (INaCa), the normal Tyrode’s 
solution was changed to a K-free solution, which
also contained 10 mmol L-1 strophanthidin to 
inhibit the Na+–K+ pump and 10 mmol L-1 nifedip-

ine to block L-type Ca2+ current. INaCa was measured
as the current sensitive to the addition of 5–10 mmol
L-1 external Ni2+. Currents were normalized 
to cell capacitance to account for differences in cell
size.
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The Splotch (Sp2H) mutant mouse is a radiation-
induced strain that contains a 32-bp deletion in the
homeodomain of the Pax-3 transcription factor.
Pax3 mRNA is expressed within the neural tube,
somites, and early migratory neural crest cells1 and
Sp2H embryos exhibit defects within neural tube clo-
sure (spina bifida and exencephaly), pigmentation,
skeletal development, and a lack of limb muscula-
ture.2,3 Additionally, there are wide-ranging 
defects within neural crest-derivatives (such as the
melanocytes, thymus, thyroid, dorsal root ganglia,
and elements of the aortic arch arteries and outflow
tract septum) in Sp2H homozygotes.4 It has also pre-
viously been shown that homozygous Sp2H embryos
die in utero ~14.0 dpc owing to cardiac insufficiency
and conotruncal outflow tract defects with obliga-
tory perimembranous interventricular septal de-
fect.5–8 However, it is currently unclear as to why the
homozygous Sp2H embryos die as conotruncal out-
flow tract defects are not usually thought to be lethal
because separation of the systemic and pulmonary
circulations is carried out at the maternal–embry-
onic interface/placenta in utero. In humans, PAX3
mutations lead to Waardenburg syndrome, an auto-
somal dominant disorder that consists of defects 
in neural crest-derived tissues and is characterized
by pigmentation, and hearing and facio-skeletal
anomalies.9 Cardiac defects have also been reported
in some Waardenburg children.10,11

Molecular characterization of Sp2H mutants has
demonstrated that the cardiac neural crest initiate

migration but do not reach the pharyngeal arches or
outflow tract in sufficient numbers for normal re-
modeling or outflow tract septation to occur.6,12,13

Furthermore, we have shown that this lack of colo-
nizing cardiac neural crest is due to abnormal neural
crest stem cell expansion.14 We have also shown that
there is low level Pax3 expression in normal 9.5 dpc
hearts6 and that 100% of the homozygous mutant
embryos die by 14.0 dpc solely owing to the presence
of conotruncal anomalies6,7 and not the neural tube
defects. Deficiencies in myocardial function further
compromise cardiac function, as there is abnormal
excitation-contraction (EC) coupling in the Sp2H

mutants7 resulting in in utero lethality by ~14 dpc. It
has been proposed that this myocardial defect is an
indirectconsequence of the reduced numbers of mi-
grating neural crest,15 because neural crest cells are
not thought to contribute directly to the myocardi-
um.16 However, Kirby and colleagues have shown
that premigratory neural crest-ablation in chick re-
sults in myocardial dysfunction prior to the arrival
of the cardiac neural crest within the heart, and have
suggested that these early effects on the heart are due
to a prolonged release of factors (FGFs, etc.) by the
pharyngeal endoderm, which are normally involved
in the induction of cardiac mesoderm.17

In order to determine when the Sp2H mutant
hearts are affected, we initially analyzed the mor-
phology, histology, and structure of the Sp2H em-
bryos throughout development prior to lethality.
Histological analysis using previously published
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methods8 of the developing sp2H myocardium
(8.0–13.5 dpc) revealed that morphologically the
Sp2H myocardium is normal. This is in contrast to
that reported for the Sp allele (that functions like a
null allele), in which a thinned myocardium lacking
the compact zone is evident from 11.5 dpc onwards
and may be owing to upregulation and ectopic ex-
pression of p57Kip2 (a cyclin-dependent kinase in-
hibitor of the p21 family) in Sp hearts.18 However,
our gene chip, RT-PCR, in situ hybridization and
Western analysis using published methods6,7,19

showed that the spatiotemporal expression of
p57Kip2 is normal within Sp2H mutants (data not
shown), but that detailed transmission electron mi-
croscopy using published methods20 revealed some
myocytes in the Sp2H mutant ventricular compact
zone and atria (not shown) are very abnormal (Plate
33b). The 10.0 dpc Sp2H mutant compact zone con-
tained numerous cardiomyocytes that seemed to
have undergone “cytoplasmic clearing” or degrada-
tion but not apoptosis; however, this was specific to
the compact zone and atria as myocytes within the
bulbus cordis (not shown) and trabeculae (Plate
33c) were unaffected. These differences in splotch
phenotypes are interesting and could indicate that
Pax3 in Sp2H mutants (which has still has normal
paired domain but non-functional homeodomain)
is partially active and may constitute a hypomorphic
(dominant negative?) allele.

Subsequent functional analysis of ventricular 
cardiac function of fura-2/AM-loaded heart tubes
using published methods20 revealed that Ca2+

transients (a functional measure of EC-coupling)
are reduced within 9.5dpc Sp2H mutant hearts (Plate
33d,e). Furthermore, using a candidate gene ap-
proach we also determined that both the Na+/Ca2+

exchanger (Ncx1) and the Ca2+ channel (a1C) Ca2+-
handling genes were misexpressed (higher) in early
9.0–9.5 dpc Sp2H hearts. Interestingly, calmyrin (an
EF-hand Ca2+-binding protein) has been shown to
interact with Pax3 in vitro suggesting that Ca2+ itself
can alter the DNA-binding activity and subsequent
transcriptional activity of Pax3.21 Thus, these com-
bined data indicate that the aortic arch remodeling,
outflow tract and interventricular septation defects 
(occurring ~11.0 dpc) are preceded by a defect in
EC-coupling caused by a reduction in Ca2+ tran-
sients within the Sp2H hearts – almost from the first
heartbeat (~9.0 dpc).

Ncx1 (a plasma membrane bound protein that
catalyzes the electrogenic exchange of one intracel-
lular Ca2+ ion for three extracellular Na+ ions in all
adult mammalian tissues) is one of the earliest func-
tional genes to be expressed in the embryonic mouse
heart22 and there is a rapid upregulation of human
Ncx1 in response to pressure overload, end-stage
heart failure, and senescence.23 Overexpression has
been thought to play a cardioprotective role (i.e. to
maintain normal cardiac function and intracellular
Ca2+-levels). In order to try to determine whether
the overexpression of Ncx1 is beneficial or detri-
mental within Sp2H homozygotes, we generated a
lacZ reporter knockin–knockout of Ncx1. Ncx1 null
embryos die ~11.5 dpc as they fail to generate a
heartbeat and have a completely disorganized con-
tractile apparatus.20 Following the crossing of Ncx1
and Sp2H heterozygotes, our results using published
methods20 indicate that Sp2H–Ncx1 double homozy-
gous mutants die earlier than +/Sp2H–Ncx1 nulls
(~9.0 dpc in Plate 34a; see Table 48.1). Interestingly,
the lack of one copy of Ncx1 (~50% reduction in
Ncx1 mRNA) does not adversely affect Sp2H/+ adults
or embryos (Plate 34b,c). These data indicate that
the Sp2H hearts are upregulating Ncx1 expression to
maintain intracellular Ca2+ homeostasis and sur-
vive, suggesting that Ncx1 plays a cardioprotective
role in Sp2H hearts and may provide novel insights
into how the in utero heart functions and adapts to
failure.

Acknowledgments
We thank Rhonda Roger and Hongmei Chen for
their excellent technical assistance. This work is 
supported by NIH grants HL60714/HL60104 and

Table 48.1 Embryonic outcomes in various crossing

strategies

Genotype -pax3 +/Sp2H +/Sp2H Sp2H/Sp2H Sp2H/Sp2H

- Ncx1lacZ +/- -/- +/- +/+
13.5 dpc 5 X 3 X

(Litters n = 2)

9.5 dpc 17 19* 4 X

(Litters n = 5)

Notes: X = not found; Ncx1lacZ +/+ / +/+ & +/+ / +/- are not

included in table; * some +/Sp2H x Ncx1lacZ nulls have

excencephaly (n = 5)



CHAPTER 48 Role of the sodium–calcium exchanger (Ncx-1) 195

AHA/Southeast grant #0255460B (SJC) and a T32-
NIH Integrative Cardiovascular Post-doctoral Re-
search Fellowship (SVK).

References

1 Goulding M, Sterrer S, Fleming J et al. Analysis of the Pax-

3 gene in the mouse mutant splotch. Genomics 1993; 17:

355–63.

2 Dickman ED, Rogers R, Conway SJ.Abnormal skeletogen-

esis occurs coincident with increased apoptosis in the

Splotch (Sp2H) mutant – putative roles for Pax3 and

PDGFRa in rib patterning. Anat Rec 1999; 255: 353–61.

3 Schubert FR,Tremblay P,Mansouri A et al. Early mesoder-

mal phenotypes in splotch suggest a role for Pax3 in the 

formation of epithelial somites. Dev Dyn 2001; 222:

506–21.

4 Creazzo TL, Godt RE, Leatherbury L, Conway SJ, Kirby

ML. Role of cardiac neural crest cells in cardiovascular 

development. Annu Rev Physiol 1998; 60: 267–86.

5 Franz T. Persistent truncus arteriosus in the Splotch 

mutant mouse. Anat Embryol (Berl) 1989; 180: 457–64.

6 Conway SJ, Henderson DJ, Copp AJ. Pax3 is required for

cardiac neural crest migration in the mouse: evidence

from the (Sp2H) mutant. Development 1997; 124: 505–14.

7 Conway SJ, Godt RE, Hatcher C et al. Neural crest is in-

volved in development of abnormal myocardial function.

J Mol Cell Cardiol 1997; 29: 2675–85.

8 Conway SJ,Henderson DJ,Kirby ML,Anderson RH,Copp

AJ. Development of a lethal congenital heart defect in the

splotch (Pax3) mutant mouse. Cardiovasc Res 1997; 36:

163–73.

9 Tassabehji M, Newton VE, Liu XZ et al. The mutational

spectrum in Waardenburg syndrome. Hum Mol Genet

1995; 4: 2131–7.

10 Banerjee AK. Waardenburg’s syndrome associated with

ostium secundum atrial septal defect.J R Soc Med 1986; 79:

677–678.

11 Mathieu M,Bourges E,Caron F,Piussan C.Waardenburg’s

syndrome and severe cyanotic cardiopathy. Arch Fr Pedi-

atr 1990; 47: 657–9.

12 Serbedzija GN, McMahon AP. Analysis of neural crest cell

migration in Splotch mice using a neural crest-specific

LacZ reporter. Dev Biol 1997; 185: 139–47.

13 Epstein JA, Li J, Lang D et al. Migration of cardiac neural

crest cells in Splotch embryos. Development 2000; 127:

1869–78.

14 Conway SJ, Bundy J, Chen J et al. Abnormal neural crest

stem cell expansion is responsible for the conotruncal

heart defects within the Splotch (Sp2H) mouse mutant.

Cardiovasc Res 2000; 47: 314–28.

15 Kwang SJ, Brugger SM, Lazik A et al. Msx2 is an immediate

downstream effector of Pax3 in the development of the

murine cardiac neural crest. Development 2002; 129:

527–3.

16 Jiang X,Rowitch DH,Soriano P,McMahon AP,Sucov HM.

Fate of the mammalian cardiac neural crest. Development

2000; 127: 1607–16.

17 Waldo K, Zdanowicz M, Burch J et al. A novel role for car-

diac neural crest in heart development. J Clin Invest 1999;

103: 1499–507.

18 Kochilas LK, Li J, Jin F, Buck CA, Epstein JA. p57Kip2 ex-

pression is enhanced during mid-cardiac murine develop-

ment and is restricted to trabecular myocardium. Pediatr

Res 1999; 45: 635–42.

19 Kruzynska-Frejtag A, Machnicki M, Rogers R, Markwald

RR, Conway SJ. Periostin (an osteoblast-specific factor) is

expressed within the embryonic mouse heart during valve

formation. Mech Dev 2001; 103: 183–88.

20 Koushik SV,Wang J,Rogers R et al. Targeted inactivation of

the sodium-calcium exchanger (Ncx1) results in the lack

of a heartbeat and abnormal myofibrillar organization.

FASEB J 2001; 15: 1209–11.

21 Hollenbach AD, McPherson CJ, Lagutina I, Grosveld G.

The EF-hand calcium-binding protein calmyrin inhibits

the transcriptional and DNA-binding activity of Pax3.

Biochim Biophys Acta 2002; 1574: 321–8.

22 Koushik SV, Bundy J, Conway SJ. Sodium-calcium ex-

changer is initially expressed in a heart-restricted pattern

within the early mouse embryo. Mech Dev 1999; 88:

119–22.

23 Philipson KD, Nicoll DA. Sodium-calcium exchange: a

molecular perspective.Annu Rev Physiol 2000; 62: 111–33.



Sarcolipin (SLN) is a 31-amino acid proteolipid in
the sarcoplasmic reticulum (SR)1 and is known to be
expressed most abundantly in fast-twitch skeletal
muscle, to a lesser extent in slow-twitch skeletal
muscle, and to an even lesser extent in human and
rabbit cardiac muscle.2 This tissue distribution cor-
responds to that of the fast-twitch skeletal muscle SR
Ca2+ ATPase (SERCA1), and SLN interacts with
SERCA1 to modulate its activity.3,4 By contrast,
phospholamban (PLN), an integral membrane pro-
tein in the SR,is abundantly expressed in cardiac and
slow-twitch skeletal muscle, where SERCA2a is the
predominant SERCA isoform.5 Thus, SLN expres-
sion is complementary to PLN expression. SLN’s
structure and protein sequence are similar to those
of PLN.2 Therefore,SLN and PLN may belong to the
same family and SLN could be an analog of PLN in
skeletal muscle.

PLN is an endogenous inhibitor of SERCA2 and
plays a prime role in cardiac contractility and relax-
ation.6,7The expression of PLN is regulated by devel-
opmental, hormonal, and hemodynamic changes.7

In the heart, PLN is predominantly expressed in the
ventricles and to a lower extent in the atria.8 The dif-
ferent levels of PLN expression in the heart are in
part responsible for differences in the contractile pa-
rameters between the atrium and the ventricle. In
contrast to PLN,the role of SLN in the heart remains
unknown, even though SLN may play an important
role in skeletal muscle contraction.9 Since SLN ex-

pression is complementary to PLN expression, we
hypothesized that SLN expression in the heart is
higher in the atrium and is regulated in a develop-
mental stage-specific manner.

We analyzed the distribution of SLN mRNA in
various mouse tissues by Northern blot using the
PCR-amplified full-length sarcolipin cDNA probe.
The probe hybridized to a single transcript of 0.9 kb.
SLN mRNA expression was most abundant in the
atrium of the heart and to a lesser extent in
esophageal muscle and to an even lesser extent in
skeletal muscle and bladder (Plate 35a). In the
murine myocardium, the expression of SLN mRNA
was restricted to the atrium and was not found in the
ventricle by Northern blot analysis. In skeletal mus-
cle, the same levels of SLN mRNA expression were
detected in fast-twitch skeletal muscle (extensor dig-
itorum longus muscle) and slow-twitch skeletal
muscle (soleus muscle). In smooth muscle, SLN
mRNA expression was much greater in esophagus
than in bladder. SLN mRNA was not expressed in
brain, kidney, liver, spleen, thymus, or lung (liver,
spleen, thymus, and lung: data not shown) by
Northern blot analysis. Although a previous study
showed that SLN mRNA expression was weak in the
human heart,2 its chamber-specific localization has
remained undetermined. We found that SLN tran-
scripts were highly expressed in the human atrium
and were undetectable in the ventricle (data not
shown). In contrast to mice, the expression of SLN
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mRNA in the atrium was weaker than in skeletal
muscle in human.

In situ hybridization analysis using the antisense
SLN RNA probe also demonstrated that SLN mRNA
was expressed only in the atrium, but not in the 
ventricle of the heart (Plate 35b). The localization 
of SLN transcript in the atrial myocardium was
ubiquitous in the right and left atria.

The developmental changes of SLN mRNA in the
atrium were determined by Northern blot analysis
using the above probes. Figure 49.1(a) shows that
the expression of SLN and SERCA1 mRNA was in-
creased over time in the atria and was not detected in
the ventricle of any developmental stage. We exam-
ined the developmental changes of SLN mRNA ex-

pression in detail. No SLN transcript was found in
embryos at embryonic day 10.5 and the expression
of SLN transcript became detectable in the murine
atrium at embryonic day 12.5 (Fig. 49.1b). After 
embryonic day 16.5, the expression of SLN mRNA
was suddenly increased and was developmentally
upregulated in the atria.

In conclusion, we found that SLN, a counterpart
of PLN, was expressed selectively in the murine 
and human atrial myocardium. The expression of
SLN mRNA was developmentally increased in the
murine atrium, and was undetectable in the ventri-
cle at any developmental stage. The present study
suggests that SLN is likely to be an important regula-
tor of Ca2+ cycling in the atrium.

Fig. 49.1 Developmental upregulation
of sarcolipin mRNA in the atrial
myocardium. (A) The developmental
change in the expression of SLN, SERCA1,
and ANF mRNA in the atrial and
ventricular myocardium. Northern blot
analysis revealed that these transcripts
are upregulated during development in
the atrium. It should be noted that the
expression of ANF transcript was also
detected in the ventricle of embryos at
embryonic day 17.5 and elder mice at 2
years old. (B) The developmental
changes in the atrial expression of SLN
and SERCA1 mRNA in detail. No SLN
transcript was found in embryos at
embryonic day 10.5 and the expression of
SLN transcript started to be detected in
the murine atrium at embryonic day 12.5.
After embryonic day 16.5, the expression
of SLN mRNA was abruptly increased.
These data have been previously
published elsewhere.10
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Oxygen deprivation is the main pathophysiological
feature of the hypoxemic congenital heart disease; in
addition, the immature heart of children who have
undergone open-heart surgery is subjected to acute
ischemic arrest. It follows that understanding the
mechanisms by which cyanotic congenital heart dis-
ease modifies the tolerance of the immature heart
and how those modifications impact on the possible
protective mechanisms during ischemia may pro-
vide insight into the therapeutic strategies limiting
myocardial damage.1 Furthermore, ischemic heart
disease is no more the disease of the fifth and older
decades of life, but its origin and consequences may
be essentially influenced already prenatally by genet-
ic factors as well as by risk factors acting during early
postnatal development.2 Accordingly, the experi-
mental studies of the pathogenetic mechanisms of
cardiac ischemia/hypoxia must shift to the early on-
togenetic periods.

What are the developmental specificities of hy-
poxic/ischemic injury? Oxygen deprivation is a re-
sult of disproportion between the amount of oxygen
supplied to the cardiac cell and the amount actually
required by the cell.However, the degree of ischemic
injury depends not only on the intensity and dura-
tion of the hypoxic stimulus but also on the level of
cardiac tolerance to oxygen deprivation. This vari-
able is determined by the relationship between my-
ocardial oxygen supply and demand, i.e. myocardial

blood flow and oxygen carrying capacity of blood on
the one hand, and the functional state of the cardiac
muscle (level of contractile function, systolic wall
tension,heart rate,and external work) and basal me-
tabolism on the other. Because most of these deter-
minants change significantly during development,it
is understandable that marked ontogenetic changes
also underline their common consequence, cardiac
tolerance to oxygen deprivation.3

Our results have shown that cardiac tolerance to
ischemia changes during the early phases of ontoge-
netic development. Detailed analysis in isolated rat
hearts has revealed a significant decrease of toler-
ance to global ischemia (expressed as postischemic
recovery of developed force) from postnatal day 1 to
7; ischemic tolerance remained lower even on day
10.4,5 Riva and Hearse6 and Awad et al.7 have ob-
served that the age dependent changes in resistance
to global ischemia in the isolated rat heart showed a
biphasic pattern, with increasing tolerance from the
end of the first postnatal week up to the weaning pe-
riod, followed by a decline to adulthood.The results,
therefore, suggest a possible triphasic pattern of the
ontogenetic development of cardiac sensitivity to
oxygen deprivation, with a decrease during the first
week of life.

The mechanisms of the high resistance of the
newborn heart have not yet been satisfactorily clari-
fied. As the mammalian fetus lives at an oxygen par-
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tial pressure corresponding to an altitude of 8000 m,
newborn mammals exhibit a number of physiologic
reactions similar to adaptive mechanisms known
from hypoxia-tolerant individuals. The explanation
may reflect not a only lower energy demand and
greater anaerobic glycolytic capacity,but also higher
glycogen reserves, decreased free fatty acid uptake,
decreased production of reactive oxygen species,
decreased sensitivity to acidosis, and decreased 
sensitivity to calcium overload.3 Importantly,
mitochondrial oxidative phosphorylation is not
completely developed in the rat heart at birth and its
maturation is associated with increasing content
and specific activity of cytochrome-c oxidase8 and
increasing flux of adenine nucleotides across the
inner mitochondrial membrane.9 However, the
mechanisms that modulate the efficiency of mito-
chondrial energy conversion and might affect my-
ocardial sensitivity to oxygen deprivation during
ontogeny require further characterization.

In order to assess changes in the composition of
cardiac mitochondria during ontogeny, their con-
tent of cytochromes a + a3 was quantified.10 The
specific content of cytochromes in mitochondria 
increased twofold between birth and postnatal day
30 and declined in older rats (Fig. 50.1). These re-
sults indicate that mitochondria of one-month-old
rats have a higher content of cytochrome-c oxidase,
the terminal part of respiratory chain, compared to 
animals of other ages. Further experiments were 

focused on the ontogeny of uncoupling proteins
(UCP2,UCP3) which may be involved in the modu-
lation of coupling between oxidation and phospho-
rylation in cardiac mitochondria, as well as on the
levels of transcripts for adenine nucleotide translo-
case (ANT1, ANT2) which may modulate mito-
chondrial energy conversion.Postnatal activation in
the expression of UCP2, UCP3, and ANT1 genes re-
sulted in the expression maxima between days 20
and 30. The expression declined following day 20
(UCP2, UCP3) or 30 (ANT1), while the expression
of ANT2 decreased continuously during the first
month of life. In order to characterize the status of
the mitochondrial energy-converting machinery,
cardiac mitochondria were isolated and mitochon-
drial membrane potential (MMP) was evaluated
using flow cytometry. In mitochondria isolated on
prenatal day 20 (i.e.2 days before birth) and on post-
natal days 1, 2, 5, and 10 only a single population of
mitochondria with a relatively high MMP was
found. Starting with postnatal day 28, a second 
population with significantly lower MMP appeared;
the proportion between the low- and high-MMP
populations of mitochondria steadily increased up
to adulthood. Ultrastructural developmental stud-
ies indicate11,12 that the originally chaotic organiza-
tion of mitochondria and muscle fibers in the
immature heart becomes gradually regular and two
populations of mitochondria, subsarcolemmal and
interfibrillar,typical of the adult myocardium,occur

Fig. 50.1 Ontogenetic changes of mitochondrial membrane
potential in the rat heart. Measurements were made by
flow cytometry in mitochondria isolated from 19-day-old
rat embryos (ED19), and from 5-day-old (PD5) and 90-day-

old rats (PD90). x-axis, fluorescence intensity (mitochondrial
membrane potential); y-axis, number of mitochondria. Data
from Skarka et al.10
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at the weaning period. Our study suggests that both
fractions differ in MMP; unfortunately, distinct
structural marker and isolation procedure for each
population has not yet been identified.13 Our
results point to complex developmental changes in
the cardiac mitochondrial energy conversion and
ATP/ADP transport across the inner mitochondrial
membrane and suggest the involvement of UCP3
and/or ANT1 in controlling this process. UCP3 
and ANT1 are thus possible candidates for the 
determination of cardiac resistance to oxygen 
deprivation.10

Can we protect the highly tolerant immature
heart? While a substantial amount of data is 
available concerning the protection of the adult 
myocardium, information on whether protective
phenomena can be induced also in immature heart
is inadequate. In this regard, the two most potent
protective mechanisms have been described:
long-lasting adaptation to chronic hypoxia,14 and
short–lasting adaptation, called ‘ischemic precon-
ditioning.’15 We have observed that ischemic pre-
conditioning (IP) induced in isolated perfused rat
heart (three 3-min periods of global ischemia fol-
lowed by 40-min ischemia and 30-min reperfusion)
failed to improve recovery of developed force on
postnatal day 1 but significant protective effect was
observed on days 7 and 10.4 Prenatal exposure to 
intermittent high altitude (IHA), simulated in
barochamber (5000 m,8h/day,5 exposures) failed to
increase cardiac tolerance to ischemia in one-day-
old hearts, similarly as IP. In contrast, postnatal ex-
posure to IHA significantly improved the recovery

of developed force after ischemia on day 7 and 10;
the degree of protection was similar to the effect of
IP (Fig. 50.2).5 It seems, therefore, that decreasing
tolerance to oxygen deprivation during early post-
natal life is counteracted by the development of en-
dogenous protection; both protective phenomena
alone failed to improve ischemic tolerance just after
birth but their protective effects developed during
the early postnatal period.

In this connection the question arises whether is-
chemic tolerance of the heart adapted to chronic hy-
poxia can be further increased by IP. The clinical
relevance of this question is obvious: in children suf-
fering from cyanotic congenital heart disease the
myocardium is chronically perfused with hypoxic
blood which may influence the degree of protection,
e.g. during cardiac surgery. We have observed5 that
combination of exposure to simulated IHA and IP
induced higher protective effects as compared with
both phenomena separately in all age groups under
study (i.e. postnatal days 1, 7, and 10). Surprisingly,
this effect was significant even on postnatal day 1,
where both interventions applied separately failed
to improve cardiac tolerance to oxygen deprivation.

The precise mechanism of cardioprotection by
adaptation to chronic hypoxia and IP in the adult
myocardium is still unclear and the same is true for
the immature heart.16,17 It has been shown that long-
term adaptation to chronic hypoxia results in en-
hanced activation of mitochondrial K ATP channels
in the heart of adult rats,18,19 as well as in the 
myocardium of immature rabbits.20 Similarly, in-
creasing evidence has accumulated in support of

Fig. 50.2 Protection by ischemic preconditioning,
adaptation to chronic hypoxia and combination of the two
phenomena. Cardiac tolerance to ischemia (expressed as the
recovery of developed force – DF – after 40 min ischemia),
postnatal days 1, 7, and 10. Effect of ischemia (I), ischemia

and preconditioning (I + P) in normoxic animals, and
ischemia (H + I) and ischemia with preconditioning (H + I + P)
in hypoxic animals. a, significant difference (P < 0.01) from
the ischemic group (I); b, from the I + P group; c, from the H +
I group. Data from Ostadalova et al.5
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mitochondrial K ATP channels as a trigger, mediator,
and effector of cardioprotection by IP, again both in
adult21 and immature22 hearts. Furthermore, medi-
ators derived from the endothelium, particularly
NO, have been suggested to play a role in the cardio-
protective effect of IP in adult dogs23 as well as adap-
tation to chronic hypoxia in immature rabbits.24 We
have observed5 that neither the mitochondrial K ATP

channel blocker, 5-hydroxydecanoates nor the NOS
inhibitor, L-NAME, abolished the protection by IP
in normoxic rats but they decreased significantly the
protection by IHA; the final recovery was even lower
than the corresponding normoxic values.

In conclusion, ontogenetic development of car-
diac sensitivity to oxygen deprivation exhibits a
triphasic pattern with a decrease during the first
postnatal week. It has been suggested that develop-
mental changes of mitochondrial energy conversion
may be involved in the mechanisms of the high resis-
tance of the immature heart. IP and IHA failed to in-
crease hypoxic tolerance of the newborn rat heart;
their protective effect develops, however, during the
early postnatal period. Combination of exposure to
IHA and IP induced higher protective effects as
compared with both phenomena separately in all
age groups under study, even on postnatal day 1,
where both interventions applied separately failed
to improve cardiac tolerance to oxygen deprivation.
It seems likely that protective mechanisms may dif-
fer during ontogenetic development, particularly in
neonates. Mitochondrial KATP channels and NO
may be involved in the protective mechanisms of
adaptation to chronic hypoxia but not in IP, at least
in neonates. It is, however, too soon to reach a defin-
itive conclusion as to whether the mechanisms in-
volved in the protection of the immature heart differ
from those in the adult myocardium.
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PART 12

Patent ductus
arteriosus
Editorial perspective

Toshio Nakanishi

12

The ductus arteriosus is a large vessel normally present

in the fetus, connecting the pulmonary artery with the

aorta and allowing blood ejected by the right ventricle

to bypass the unexpanded lungs. At birth, the ductus

constricts and within several hours functional closure

of the ductus occurs.The factors that have been consid-

ered to function to maintain potency of the ductus in

the fetus are:

1 exposure to low PO2,

2 circulating and locally produced prostaglandin E2,

and

3 nitric oxide.

Factors that have been considered to cause postnatal

closure of the ductus are:

1 increases in PO2,

2 increases in endothelin-1,

3 decreases in prostaglandin E2, and

4 decreases in the effect of nitric oxide.

Prostaglandins are produced mainly in the ductus

and the placenta by the enzyme cyclooxygenase (COX)

from arachidonic acid. The ductus in the immature

fetus is more sensitive to relaxant effect of pro-

staglandin E2 than in the mature fetus, for un-

known reasons.1 In animal studies,ductus constriction

in response to indomethacin and oxygen is weak in the

premature fetus, compared to that in the mature fetus.

Nevertheless, in the immature fetus, the constrictive 

effect of nonspecific inhibitors of COX such as in-

domethacin is greater than that of oxygen.1 There are

two isozymes of COX, COX-1 and COX-2. Gestational

changes in the role of COX isozymes in maintaining

ductal patency have not been investigated. Toyoshima

et al. and Momma et al. in this part show that both

COX-1 and COX-2 play a minor role in dilating the

ductus in premature rat fetus and COX-2 plays a more

important role in dilating the ductus in the mature rat

fetus.

Administration of steroids increases the sensitivity

to indomethacin and oxygen in the immature fetus.

Takami and Momma show that in both the preterm

(19th day) and near-term (21st day) rat fetus, the duc-

tus constricted more with combined administration of

dexamethasone and indomethacin than with dexam-

ethasone or indomethacin alone. The mechanisms of

ductal constriction induced by steroids remain to be

studied.

Previous studies showed that nitric oxide synthase

(NOS) exists in the endothelium of the ductus in the

late-gestation fetal lamb, but the ductal constriction by

a NOS inhibitor was minimal, suggesting that the role

of NO in maintaining ductal patency in the mature

fetus is minimal.2,3 Gestational changes in the role of

NO in maintaining ductal patency have not been inves-

tigated. Momma showed that nitric oxide (NO) plays

the major role and PG has a minor role in dilating 

the ductus in premature fetal rats. In contrast,



206 PART 12 Patent ductus arteriosus

prostaglandins play the major role and NO plays a

minor role in dilating the ductus in the mature fetal 

rat. Whether this is true in other species remains to be

studied.

Changes in PO2 play an important role in ductal clo-

sure after birth. However, the mechanisms of the 

oxygen-induced ductal constriction remain unclear.

Coceani et al.4,5 hypothesized that endothelin-1 medi-

ates oxygen-induced ductal constriction. Fineman et

al.,6 however, showed that in the fetal lamb endothelin-

1 does not mediate oxygen-induced ductal constric-

tion. At least in the rat, mouse, and rabbit, however,

previous studies suggest that endothelin plays a signifi-

cant role in ductal constriction. Furthermore, Momma

showed in the rat that endothelin receptor blockers 

inhibited indomethacin-induced ductal constriction,

indicating that pharmacological ductal constriction

also depends on endothelin.

In addition to endothelin, Nakanishi et al. hypothe-

sized that oxygen may increase tissue ATP concentra-

tion and its increase may close ATP-dependent K

channel (KATP), resulting in the membrane depolariza-

tion and ductal constriction. Their study shows that

KATP was underdeveloped in the ductus of the prema-

ture fetal rats, supporting the hypothesis that KATP is

one of the O2 sensors in the ductus.

Oxygen-sensitive voltage-gated K channels (Kv)

exist in the ductus and the pulmonary artery. It has

been shown that oxygen opens Kv in the pulmonary

artery and it closes Kv in the ductus. The mechanisms

for this difference remain unclear. Kv is a tetramer of

four alpha and four beta subunits. There are many

members in the family of Kv and alpha and beta sub-

units specifically expressed in the ductus have not been

detected.7 Archer and his group hypothesized that

changes in tissue concentrations of reactive oxygen

species including H2O2 during oxygenation may alter

functional characteristics of Kv. The precise mecha-

nisms of regulation of Kv by reactive oxygen species in-

cluding H2O2 in the ductus and the pulmonary artery

remains undetermined. Physiological importance of

KATP and Kv in the constriction of the ductus also re-

mains to be clarified. Better understanding of the

mechanisms of ductal patency during fetal life and duc-

tal closure after birth are important to develop better

management of fetus and newborn with abnormal 

cardio-pulmonary anatomy and physiology.
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Introduction

Closure of the ductus arteriosus (DA) is initiated by
an increase in PO2 within minutes of birth.Vasocon-
striction of the DA causes functional closure and
forces blood through the newly expanded lungs.
This vasomotor-mediated functional closure is usu-
ally complete in 1–3 days after birth and precedes
anatomical closure, which results from cell prolifer-
ation. Thus O2-induced DA constriction is a crucial
step in the newborn’s transition to an air-breathing
organism.Failure to achieve early functional closure
results in a cardiac shunt, cyanosis, and failure to
thrive. The response of the normal term DA to O2 is
robust and rarely fails. However, ~70% of preterm
DAs do not close despite adequate oxygenation, re-
sulting in a common form of congenital heart dis-
ease, persistent DA. Almost half of preterm infants
born before 28 weeks of gestation require either
medical or surgical closure of patent DA. Surgical
closure of an isolated patent DA can be accom-
plished with low mortality rates and prostaglandin
H synthase inhibitor therapy can now be accom-
plished using agents such as ibuprofen.1 Nonethe-
less, both medical and surgical treatments are
associated with complications, especially in small
preterm infants. Conversely, PGE is often used to
maintain DA patency in certain congenital lesions as
a bridge to surgical correction (e.g. single ventricle).
Although highly effective, PGE has numerous com-

plications, most notably apnea. Thus there is a need
for new therapies to allow one to close the preterm
and occasionally to open the term DA. Recently we
found that the type 5 phosphodiesterase inhibitor
sildenafil (Viagra®) is highly effective in inhibiting
DA constriction and perhaps promoting patency.2

The constrictor response to O2 is modulated by the
endothelium (reinforced by endothelin and inhi-
bited by vasodilator prostanoids and nitric oxide,
NO)3 but is intrinsic to the DA smooth muscle cell
(DASMC).4 O2 constriction persists ex vivo, follow-
ing endothelial denudation, and in the presence of
inhibitors of prostaglandin H synthase, nitric oxide
synthase,and endothelin-A receptors.5,6 We have re-
cently demonstrated that the sequence of events in
functional closure of human DA is: alteration of a
redox sensor (the DASMC’s proximal mitochondrial
electron transport chain, P-ETC), production of a
diffusible redox messenger (H2O2), and inhibition of
an effector Kv channel. Kv channel inhibition depo-
larizes the membrane potential (EM), and activates
L-type Ca2+ channels leading to vasoconstriction7

(Fig. 51.1).

Endothelin modulates DA tone

O2 induces endothelin synthesis in the DA and this
contributes to constriction in near-term sheep
DA.8,9 However, Fineman et al. found in the same
model that effective endothelin receptor blockade
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does not impair DA constriction to O2.10 Although
acute O2 constriction is reduced in mice lacking 
endothelin-A receptors, they manifest normal DA
closure.11 Our group has shown that effective
inhibition of endothelin-A receptors and ET con-
verting enzyme does not prevent O2 constriction in
human DA.6 Since endothelin synthesis is slower to
onset (~30 min) than O2-induced DA constriction,
this mechanism may serve to reinforce the early
phase of O2 constriction. Preliminary data suggest
that while term DA use the Kv pathway almost exclu-
sively,this mechanism is underdeveloped in preterm
DAs (data not shown).

K+ channels and constriction of 
the DA

O2- and/or redox-sensitive K+ channels are involved
in the acute responses to changes in PO2 of the pul-
monary circulation,12 the type 1 cell of the carotid
body,13 adrenomedullary cells,14 and the neuroep-
ithelial body.3 Although this effector mechanism 
is widely conserved, the type of K+ channel and
downstream response to channel inhibition varies
amongst species, between tissues, and with matura-
tion. Roulet and Coburn first demonstrated that 
O2-induced DA constriction is associated with 
depolarization of the DASMC membrane potential
(EM) from –55 to –32 mV.15 Nakanishi et al. sug-
gested a role for KATP channels in this mechanism

based on the concordant effects of glyburide and O2

in the rabbit DA.16 However, in term rabbit DAs, we
find that O2reversibly inhibits a Kv channel,without
altering KATP activity.7 Furthermore the Kv inhibitor
4-AP causes constriction of similar magnitude to O2

and there is no additional effect of O2 when added to
4-AP.6,7 In addition, both 4-AP and O2 constriction
are completely inhibited by blockers of the L-type
Ca2+ channel. In contrast, we find that glyburide
causes minimal DA constriction. The basis for dis-
cordant results between groups is unclear; although
glyburide can inhibit Kv channels at the dose Nakan-
ishi used. However, both groups agree that the Ca2+

needed for O2-induced DA constriction enters the
cell via the L-type Ca2+.

O2 sensing, mitochondria and redox
sensitive K+ channels in the DASMC

Although the pulmonary artery (PA) and the DA are
contiguous, their response to O2 is reversed. Hypox-
ia causes pulmonary vasoconstriction vs. DA relax-
ation. It is intriguing that similar 4-AP sensitive Kv
channels are present in PA and DA SMCs.6,7,17,18 The
fact that the Kv inhibitor 4-AP constricts both DA
and PA, suggests that the Kv channels setting EM in
the two tissues may be similar and by extension im-
plies that the differential response of the tissues may
relate to differences in either the O2 sensor or the 
response of the K+ channels to the messenger 
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produced by a common sensor. P-ETC inhibitors 
(e.g. rotenone and antimycin) mimic hypoxia better
than any other class of drugs causing pulmonary
vasoconstriction, systemic and DA vasodilatation
and carotid body activation, consistent with our 
hypothesis that mitochondria are widely involved 
in cardiovascular O2 sensing.7,18 Furthermore,
mitochondrial membrane potential (DYm), a
major determinant of the amount of reactive O2

species (ROS, radicals and peroxides) produced by
the mitochondria, changes over a physiological
range of PO2 in the type I cell of the carotid body19

and the rabbit DA.7 The effects of P-ETC inhibitors
on tone, whole cell K+ current (IK), DYm, and ROS
generation is rapid (onset in 1–2 min), reversible,
and initially is not associated with a loss of ATP or a
change in PO2.7 DYm is less sensitive to complex IV
inhibition by cyanide in DASMCs than in many
other cell types, including cardiac myocytes, per-
haps explaining the relative lack of effect of cyanide
on DA tone.7

What then is the messenger linking the mitochon-
dria to ion channel function and ultimately to vascu-
lar tone? Mitochondria are a major source of ROS
and H2O2 and both hypoxia and P-ETC inhibitors
decrease ROS production.7,18 Most ROS are pro-
duced at complex I and III.20,21 The contribution of
various complexes can be dissected using well-
validated,specific inhibitors.For example,complex-
es I–IV are inhibited by rotenone, thenoyltri-
fuoroacetone (TTFA), antimycin, and cyanide. In
addition, complex III can be considered to have
proximal and distal components, which are inhibit-
ed by myxothiazole and antimycin, respectively.

We postulate that manganese superoxide dismu-
tase (MnSOD) converts superoxide anion, gener-
ated at complex I and III,22 to a ROS with a long
effective radius of diffusion (e.g. H2O2). H2O2 then
enters the cytoplasm and, directly or indirectly, al-
ters the function of redox sensitive membrane K+

channels. Not all K+ channels are susceptible to
redox regulation and not all ROS produce the same
effects on channels (i.e. peroxides and superoxide
may have different effects).23 Redox-sensitive chan-
nels have critically placed,sulfhydryl groups,usually
associated with cysteines or methionines, the redox
status of which controls channel gating.24,25 The
redox theory26 holds that an endogenous sensor
(NAD(P)H oxidase or the mitochondrial P-ETC)

delivers a redox messenger (e.g. H2O2) to the K+

channels, in proportion to PO2. However, there may
be important heterogeneity in the type of O2 sen-
sors,K+ channels and even in the effect of redox mes-
sengers amongst vascular beds. For example, while
PASMC K+ channel are activated by oxidants, oxi-
dants inhibit K+ channels in other tissues/models.
In both the DA and the PA, O2 increases H2O2 pro-
duction.7,18 However, in DASMC this increase 
in endogenous H2O2 inhibits IK;7,27 whereas in the
PAMSC it increases IK.Furthermore, in the DASMC,
removal of endogenous H2O2 with intracellular
catalase increases normoxic IK and hyperpolarizes
EM.

27 Conversely, intracellular H2O2 (100 nM) and
extracellular t-butyl hydroperoxide (100 μM) de-
crease IK and depolarize EM in DASMC. This sug-
gests that ROS could link the sensor with the effector
in tissue specific means.

We recently evaluated the mechanism of O2-
constriction in 26 human DAs (12 female, age 9 ±
2 days) studied in their normal hypoxic state or fol-
lowing normoxic tissue culture. In fresh, hypoxic
DAs, 4-aminopyridine (4-AP), a Kv inhibitor, and
O2 cause similar constriction and IK.

7 Tissue culture
for 72 h, particularly in normoxia, causes ionic re-
modeling, characterized by decreased O2 and 4-AP
constriction in DA rings and reduced O2 and 4-AP
sensitive IK in DASMCs. Remodeled DAMSCs are
depolarized and express less O2-sensitive channels
(including Kv2.1, Kv1.5, Kv9.3, Kv4.3, and BKCa).
Kv2.1 adenoviral gene-transfer significantly reverses
ionic remodeling, partially restoring both the elec-
trophysiological and hemodynamic responses to 4-
AP and O2. In fresh DASMCs, ETC inhibitors
(rotenone and antimycin) mimic hypoxia, increas-
ing IK and reversing constriction to O2, but not
phenylephrine. O2 increases, whilst hypoxia and
ETC inhibitors decrease, H2O2 production by alter-
ing mitochondrial membrane potential (DYm).
H2O2, like O2, inhibits IK and depolarizes DASMCs.7

We conclude that O2 controls human DA tone by
modulating the function of the mitochondrial ETC
thereby varying DYm and the production of H2O2,
which regulates DASMC Kv1.5 and 2.1 channel 
activity and DA tone.
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Pharmacological animal studies of the fetal ductus
arteriosus (DA) led to the current medical manipu-
lation of patent ductus arteriosus (PDA) in prema-
tures and in neonatal ductus-dependent congenital
heart disease.1,2 The following studies were done to
develop new medical approaches to the neonatal
PDA.

Pregnant Wistar rats (term = 21.5 days, weight =
420–530 g) were used as follows: the preterm fetus
on the 19th day, and the near-term fetus on the 21st
day.3–6 Drugs were administered through orogastric
tube, or injected intraperitoneally (i.p.) or subcuta-
neously (s.c., i.m.) in the back. 3–6 Doses were calcu-
lated assuming the weight of the mother rat as 0.5 kg.
Fetal ductus was studied 2, 4, or 8 h after drug ad-
ministration with delivery by cesarean section and
rapid whole-body freezing method. The frozen fetal
thorax was cut on a freezing microtome in frontal
section, and inner diameters of the ductus, main
pulmonary artery, and ascending aorta were mea-
sured with a microscope and micrometer.3–6 In 
the control fetus with no treatment, the diameters of
the ductus and main pulmonary artery (PA) are the
same (0.80 mm), and DA/PA is 1.0.3–6

Ductus-dilating effects of prostaglandins (PG)
(especially of PGE) and ductus-constricting ef-
fects of indomethacin have been well established,1,2

and have been clinically applied.1,2 We further stud-
ied cyclooxygenase (COX, prostaglandin (PG) syn-
thase) inhibitors as follows. All conventional acidic
nonsteroidal anti-inflammatory drugs (NSAIDs)
such as indomethacin (Indo) constricted the fetal
ductus arteriosus dose-dependently and severely in
full dose in the near-term rat.7,8 In rats, as well as in

humans, fetal ductal constriction is very different at
different gestational stages. Clinically, the human
fetal ductus arteriosus does not constrict before 24
weeks of gestation. In the humans, fetal ductal con-
striction by maternally administered indomethacin
begins to appear after 24 weeks,and increases as ges-
tational age increases.9 Even maximal doses of these
drugs, including indomethacin, constricted the duc-
tus only mildly in the preterm fetal rat on the 19th
and 20th day of gestation 4. Recently-developed
COX-2 inhibitors including celecoxib and rofecoxib
in clinical dose constricted the fetal ductus to 
the same extent as mixed inhibitors including 
indomethacin10, as shown by Toyoshima et al. (see
Chapter 53).Possibly, these COX-2 inhibitors can be
used clinically to close the patent ductus arteriosus
of the premature infant in place of indomethacin,
with less gastrointestinal or other side-effects.
COX-1 inhibitor (SC 560) constricted the ductus in
the preterm fetus to the same extent as indome-
thacin and selective COX-2 inhibitors, but signifi-
cantly less than in the near-term fetus.11

The physiological role of nitric oxide (NO) in 
dilating the fetal ductus arteriosus is not clear.
We studied effects of nitric oxide synthase (NOs) 
inhibitor (L-NAME; N-nitro-L-arginine methyl
ester, i.p., s.c.) as follows: in full dose, L-NAME 
constricted the ductus in the preterm fetus dose-
dependently and severely, but only minimally in 
the near-term fetus.6 These results combined 
with those with indomethacin indicate that nitric
oxide and prostaglandins dilated the fetal ductus 
arteriosus, and the major physiologic role switches
from NO to PG as the fetal stage advances from
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preterm to near-term. In addition, combined ad-
ministration of indomethacin and L-NAME con-
stricts the preterm and near-term fetal ductus
synergistically6,12 (Figs 52.1 & 52.2).

Steroid hormones constrict the ductus arteriosus
of the fetal rat dose-dependently, and massive dose
constricts the ductus severely.3 We studied steroid
hormones including dexamethasone and be-
tamethasone. Steroid hormones in clinical doses
constrict the fetal ductus moderately in the prema-
ture and near-term fetal rat.3,5 Combined adminis-
tration of dexamethasone and indomethacin
constricted the ductus synergistically in the near-
term and preterm fetus5 (Figs 52.1 & 52.2), as shown
by Takami and Momma (see Chapter 54). Although
the precise mechanisms of ductus-constriction by
corticosteroids are not clear, our results are compat-
ible with the reported effect of steroid hormones on 
release of endothelin.

We have found that vitamin A and retinoic acid
increase sensitivity of the fetal ductus to in-
domethacin and oxygen.13,14 Our study showed that
vitamin A (1 mg/kg, s.c.), administered 1 or 2 days
before, potentiated drug-induced ductal constric-
tion in the near-term and preterm fetus. Retinoic
acid also potentiated drug-induced ductal constric-
tion in the near-term fetus.15

We studied the role of endothelin (ET) in 
fetal ductal constriction as follows: used endothelin
(ET) receptor inhibitors: bosentan (dual blocker)
and CI-1020 (selective AT-A blocker).16 Bosentan
(i.p.) inhibited drug-induced ductal constric-
tion in the near-term and preterm rat. In full 
dose, bosentan (30 mg/kg) and CI-1020 (10 mg/kg)
reversed fetal drug-induced ductal constric-
tion completely, indicating that pharmaco-
logical fetal ductal constriction depends on 
endothelin.

Fig. 52.1 Ductus-constricting effects of indomethacin 
(1 mg/kg, orogastric), dexamethasone (1 mg/kg, i.m.), and 
L-NAME (10 mg/kg,i.m.), 4 h after administration in the
near-term rat (21st day of gestation). Indomethacin and
dexamethasone constricted the fetal ductus only mildly

when administered individually, and L-NAME constricted
the ductus minimally. Combined administration of two of
these three drugs constricted the ductus severely, and
simultaneous administration of all three drugs constricted
the ductus even more.
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These studies lead to the following conclusions.
Major physiological dilators of the fetal ductus are
prostaglandins in the near-term fetus and nitric
oxide in the preterm fetus. The major physiologic
ductal constrictor is endothelin. Combined admin-
istration of indomethacin, L-NAME, and dexa-
methasone synergistically constrict the fetal ductus.
Pretreatment with vitamin A potentiates ductal con-
striction. These experimental results provide a basis
for better treatment for the patent ductus arteriosus
in the premature infant.
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A widely-patent ductus arteriosus is essential for
fetal well-being because it allows 90% of the right
ventricular output to bypass the high resistance 
pulmonary vascular bed in utero.1

Prostaglandin (PG)E plays an active role in dilat-
ing the ductus arteriosus (DA).2,3 Cyclooxygenase
(COX) is the central enzyme in the PG synthetic
pathway. COX converts arachidonic acid to PGH2,
which is then further metabolized to various PGs.
Since 1991, two COX isoforms have been identified,
COX-1 and COX-2.4 COX-1 is constitutively ex-
pressed by most tissues and seems to be responsible
for homeostatic functions,while COX-2 is inducible
and associated with inflammation.4 Recently, selec-
tive COX-1 inhibitor and COX-2 inhibitor have
been developed.5,6 The selective COX-2 inhibitor is
now being used as an anti-inflammatory agent with
fewer side-effects owing to COX-1 inhibition.5 The
aim of this study was to examine the relative impor-
tance of COX-1 and COX-2 for dilating the DA in
fetal rats.We studied the ductal constrictive effects of
a selective COX-1 inhibitor and a selective COX-2
inhibitor, compared with a mixed COX inhibitor 
on the 19th day of pregnancy (preterm) and the 21st
day of pregnancy (near-term) in rats. SC560 is a
selec-tive COX-1 inhibitor (COX-1 IC50 = 0.009mm;
COX-2 IC50 = 6.3mm).5 Rofecoxib is a selective
COX-2 inhibitor (COX-1 IC50 = 63mm; COX-2 
IC50 = 0.31mm), which has been used as an anti-
inflammatory drug in the USA. Indomethacin 
is a non-selective COX inhibitor (COX-1 IC50 =

0.013mm; COX-2 IC50 = 0.13mm), which has been
used to close the patent ductus arteriosus in prema-
ture infants .The fetal ductus arteriosus was measured
using the rapid whole-body freezing technique, as 
reported previously.7,8 The inner diameters of the
pulmonary artery (PA) and DA were measured under
a binocular microscope with a micrometer.We calcu-
lated the ratio of DA/PA (1.0 in control) which was
used to evaluate the constrictive effects of the drugs.

The results of the experiments are shown in 
Figs 53.1 and 53.2. The dose–response curves 
after administration of the three drugs show dose-
dependent constriction of the DA. As shown in 
Fig. 53.1, on the 19th day there was no difference 
between the effects of SC560, rofecoxib, and indo-
methacin. As shown in Fig. 53.2, on the 21st day,
the most prominent constriction of the fetal DA 
was caused by rofecoxib rather than SC560. As
shown in Figs 53.1 and 53.2, fetal ductal constriction
by rofecoxib and indomethacin was significantly
stronger on the 21st day than on the 19th day. There
was no statistical difference in the ductal constrictive
effect of SC560 on the 19th day and the effect on the
21st day.

The present study demonstrates that COX-1 and
COX-2 develop unevenly in the DA in fetal rat.Some
reports have been published on the role of COX-2 in
fetal lamb and pig DA.9-12 Fetal lamb DA expressed
both COX-1 and COX-2-immunoreactive protein
by Western analysis. Although COX-1 was found in
both endothelial and smooth muscle cells, COX-2
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was found only in the endothelial cells lining the
ductus lumen by immunohistochemistry.10 It was
demonstrated that COX-1 and COX-2 develop un-
evenly in the DA. While the two enzymes sustain
PGE formation at term gestation, COX-2 con-
tributes little to this process in the preterm. COX-2
function, however, may increase upon exposure to a
physiological stimulus such as oxygen, and during
treatment with endotoxin.12

We found that both COX-1 and COX-2 play a
minor role in dilating the DA in preterm fetal rats.
PG induced by COX-2 assumes the major role in di-
lating the DA in the near-term. Both COX isoforms
are found naturally in the amnion and chorion.13 It
has been shown that, at term, amnion COX-2 ex-
pression at the mRNA level exceeds that of COX-1
100-fold.13,14 Sawdy et al. have found that fetal 
membranes contain both COX-1 and COX-2 at term,
but only COX-2 contributes towards PG synthesis.15

Previously, we showed that nitric oxide (NO) plays
the major role and PG has a minor role in dilating 
the DA in preterm fetal rats. In contrast,PG plays the
major role and NO plays a minor role in dilating 
the ductus in the near-term.16 This changeover of
the DA dilating mechanism resulting from a fetal en-
vironmental change, including that of the placenta,
may have caused the increased COX-2 expression.
It may lead to DA constriction immediately after
birth when the supply of PGE from the placenta 
disappears.

Methods

Materials
Virgin Wistar rats were mated overnight from 17.00
to 09.00 hours, and the presence of sperm in vaginal
smears was designated day 0 of gestation. Fetal rats
from pregnant dams (term = 21.5 days) were used as
follows: the preterm fetus on the 19th day, and the
near-term fetus on the 21st day. SC560 (SC, Searle) 
is a COX-1 inhibitor.5 Rofecoxib (Rof, Merk) is a
COX-2 inhibitor.6 Indomethacin (Indo, Banyu) is a
mixed COX inhibitor.

Rapid whole-body freezing technique
Each drug was administered through an oro-gastric
tube in a suspension of 2 mL water containing 5%
arabic gum on the the 19th and 21st days of preg-
nancy. The fetal ductus arteriosus was measured

using the rapid whole-body freezing technique. The
animals were killed 4 h later by cervical dislocation,
and the fetuses were delivered quickly by cesarean
section. The fetuses were fixed within 5 s by a rapid
whole-body freezing technique using acetone
cooled to –80ºC by dry-ice. The frozen thorax was
cut on a freezing microtome (Freezing Microtome;
Komatsu Solidate Co., Tokyo, Japan) in the frontal
plane. The frontal plane, defined as the plane per-
pendicular to the long axis of the DA was measured
in the sections. The inner diameters of the pul-
monary artery (PA) and DA were measured under a
binocular microscope (Nikon Binocular Stereo-
scopic Microscope; Nihon Kogaku Co., Tokyo,
Japan) with a micrometer (Nikon Ocular Micro-
meter, Nihon Kagaku Co., Tokyo, Japan). We calcu-
lated the ratio of DA/PA.

Statistics
The results are expressed as means ± SEM. Two- and
three-way analysis of variance were used and the sta-
tistical significance of differences between group
means was determined by the modified t statistics.
The difference was considered to be significant if the
p value was < 0.05.
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Indomethacin, one of the classical nonsteroidal
anti-inflammatory drugs (NSAIDs), has been 
widely used to close the patent ductus arteriosus
(PDA) in premature infants. However, it has some
side-effects, such as renal failure, active bleeding,
and thrombocytopenia, and may fail to close the
PDA in some cases.Steroid hormone constricted the
fetal ductus dose-dependently and moderately in
premature and near-term fetal rats.1 Dexametha-
sone is a pure glucocorticoid without mineralocor-
ticoid activity and is approximately 30 times more
potent than hydrocortisone. To find a better treat-
ment for PDA in premature infants, we studied the 
synergism of regular doses of dexamethasone and
indomethacin on the fetal ductus in rats.

Pregnant Wistar rats (term  = 21.5 days) were used
as follows: the preterm fetus on the 19th day and 
the near-term fetus on the 21st day. To study the in
situ morphology of the fetal DA, a rapid whole-
body freezing method was used as described in an
earlier study.1 Dexamethasone (0.3 mg/kg) or in-
domethacin (0.3 mg/kg) alone or in combination
were administered either through an orogastric tube
or injected intraperitoneally. From 2 to 8 h later, the
fetuses were delivered by cesarean section with atlas
dislocation of the mother, and frozen immediately
in acetone cooled to –80ºC by dry ice. The frozen
thorax was cut on a freezing microtome in the
frontal plane,and the inner diameters of the ascend-
ing aorta, the main pulmonary artery, and the DA
were measured with a microscope and a microme-
ter. The narrowest diameter of the DA was used to

get the ratio of the inner diameter of the DA to the
main pulmonary artery (DA/PA). The DA/PA,
which was 1.0 in controls, was studied at 2, 4, and 8 h
after simultaneous administration of dexametha-
sone and/or indomethacin. Results are expressed as
mean ± SEM. The statistical significance of differ-
ences between group means was determined sepa-
rately by ANOVA and Fisher’s PLSD methods.

In both the preterm (19th day) rats and near-term
(21st day) rats, the fetal DA constricted more with
combined administration of dexamethasone and
indomethacin than with dexamethasone or in-
domethacin alone at 2, 4, and 8 h after administra-
tion (Figs 54.1 & 54.2). Especially in near-term rats,
combined administration of dexamethasone and
indomethacin caused severe ductal constriction,
with a DA/PA of 0.56 ± 0.05 (n = 16) at 4 h and 
0.52 ± 0.08 (n = 16) at 8 h, respectively.

Several mechanisms have been proposed in the 
literature for the reduction in the incidence of
PDA associated with glucocorticoids. These include
diuresis, interference with prostaglandin synthesis,
and a reduced sensitivity of the ductal muscle to
prostaglandin E2.2,3 Clinically,corticosteroid therapy
has recently been widely used in the perinatal period.
There is conclusive evidence that treatment of
women with a course of corticosteroids before
preterm delivery reduces the risk of respiratory dis-
tress syndrome (RDS), mortality, and intraventricu-
lar hemorrhage (IVH).4 Meta-analyses showed that
postnatal corticosteroids significantly reduced the
risk of chronic lung disease (CLD) and death of
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infants at 28 postnatal days and 36 postmenstrual
weeks, facilitated earlier extubation, and reduced the
later use of corticosteroids.5,6 Since respiratory dis-
tress syndrome (RDS) is associated with inflamma-
tion, it has been hypothesized that a long delay in
anti-inflammatory therapy may lead to a critical 
degree of lung injury. The most common dosage 
regimen is 0.5mg/kg/day divided into two daily doses
and tapered over a period of 7–42 days. On the other
hand,adverse effects of dexamethasone include poor
growth and weight gain during treatment,hyperten-
sion, gastrointestinal hemorrhage and perforation,
and hyperglycemia.Recently, there is increasing con-
cern that postnatal corticosteroid treatment has 
adverse effects on neurodevelopment.7

In conclusion, we studied the time course of
constriction of the fetal DA using regular doses of

dexamethasone and indomethacin. Ductal con-
striction was significantly increased by combined
administration of dexametasone in near-term fetal
rats. Clinically, further study is needed to evaluate
the long-term risk and benefits of treating neonates
with potent systemic steroids.
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The epidemiology of congenital cardiovascular mal-

formations has been studied for many decades, but

only recently have genetic studies been possible. There

are many genes, discussed throughout this book, that

can cause congenital cardiovascular malformations

(CCVMs) in an autosomal dominant fashion. In this

section, examples are provided which show that muta-

tions of genes responsible for familial CCVM can also

cause sporadic disease but with incomplete penetrance

and variable expressivity. The incidence of various 

genetic mutations in subsets of diseases is studied 

including those involving atrioventricular septation,

the conotruncus, and valvular diseases. The combina-

tion of genetic factors and environmental agents is also

explored in an attempt to link genetic risk factors to po-

tential ‘second hits’.An integrated approach combining

human mutation screens of known candidate cardiac

developmental genes along with epidemiologic and de-

velopmental studies will be instrumental in connecting

the clinical genetics with cardiac developmental ad-

vances.The utility of this approach is highlighted in this

section.





Figures on the prevalence of congenital heart mal-
formations (CHM) at birth range from 2.101 to
12.32 per 1000 live births. The oldest studies give a
lower mean value of 5.2 per 1000 live births than the
recent surveys which show the mean value of 7.7 per
1000 live births ranging from 4.233 to 12.234 per
1000 live births. In the countries neighboring the
Czech Republic,a mean value of 8.07 was found.The
lowest mean value of 7.1 per 1000 live births was
found in German Bavaria and the highest of 10.60 in
Szolnok Hungary in a study with small numbers.
Much lower mean values of only 3.97 per 1000 live
births were found in Canada, followed by the United
States with 5.76 per 1000 live births. Having ana-
lyzed this data, we came to the conclusion that the
majority were subject to some sources of error. Be-
side the inadequate size of some studies, those based
on hospital statistics had the problem of selection
bias, many were inaccurate because of diagnostic 
errors, or omission of clinically insignificant CHM,
but a frequent source of error was incomplete vali-
dation of diagnoses by autopsy in those who died.
This review outlines our own findings on the preva-
lence of CHM and on their severity.

The prevalence of CHM at birth was studied in 
all 816 569 children born live in Bohemia between
the years 1980 and 1990.5 All live-born children 
were examined by a pediatrician at birth, at 14 days
and 6 weeks,and then 3 times in the first year and re-
examined at the ages of 3, 7, and 15 years by a pedia-
trician.Children with suspected or confirmed CHM
were referred to a pediatric cardiologist or directly to
our Center for further investigation. This always in-
cluded echocardiography and catheterization when
necessary. Cardiac surgery was carried out only in

our Center. All children who died at home or in the
hospital, not only those with heart disease, were 
autopsied.

In total, 5030 infants were born with CHM. This
gives a CHM prevalence of 6.16 per 1000 live births.
In addition to these congenital heart malforma-
tions, there were some other heart diseases such as
140 children with cardiomyopathy, 93 with a severe
mitral valve prolapse, 44 with vascular ring, 9 with
isolated aortic regurgitation, and 4 with isolated tri-
cuspid regurgitation. The prevalence was higher to
1985 with a mean value of 6.68 per 1000 of live births
than later on, when the figures of prevalence de-
creased to a mean value of 5.32 per 1000 of births. A
reason for this difference is seen in the expansion of
fetal diagnosis and the possibility of terminating
cardiac-affected pregnancies. Of 561 CHM diag-
nosed prenatally, 61.5% of the parents opted to ter-
minate the pregnancy and 15.3% of fetuses died
spontaneously. There were a definite seasonal and
regional differences in the prevalence of CHM and
their individual types. The most frequent CHM was
ventricular septal defect (41.59%), followed by atri-
al septal defect (8.67%) and aortic stenosis (7.77%)
(Table 55.1).

Pulmonary stenosis, transposition of the great ar-
teries,coarctation of the aorta,and patent ductus ar-
teriosus occurred at a relative frequency from 5% to
6%.Atrioventricular septal defect (4%),hypoplastic
left heart syndrome (3.42%), and tetralogy of Fallot
(3.36%) were the next frequent malformations.
Double outlet right ventricle, double inlet ventricle,
common arterial trunk, and pulmonary atresia oc-
curred in between 1.05% and 1.37% of all cases. The
lowest prevalences were found for total anomalous

CHAPTER 55

Prevalence of congenital heart
diseases in the Czech Republic

Milan Šamánek
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pulmonary venous connection (0.80%), tricuspid
atresia (0.78), Ebstein’s anomaly of the tricuspid
valve (0.44%), interrupted aortic arch (0.38%), and
anomalous origin of the coronary arteries (0.22%).

Within the category of critical CHM were placed
children urgently admitted with deep cyanosis, se-
vere congestive heart failure or both and those where
CHM itself had terminated in death. In total, 35.3%
of patients with CHM (2.36 per 1000 live births) suf-
fered from a critical CHM, most frequently those
with hypoplastic left heart (94%), transposition of
the great arteries (84%), and double inlet ventricle
and tricuspid atresia (77%). In total, 58% of
neonates whose cause of death was identified as due
to CHM died for other than cardiac reasons.

In conclusion, the prevalence of CHM in a 10-
year study in which all children who died, not only
those with CHM, were subjected to autopsy and
those with suspected CHM were examined by
echocardiography was 6.16 per 1000 live births. The
prevalence before fetal detection and before possible

termination of pregnancy was introduced 6.68 per
1000 live births and it decreased to 5.32 per 1000
after introducing fetal echocardiography and pre-
mature termination of pregnancy.The prevalence of
critical CHM is 2.36 per 1000 live births. There are
annual, seasonal, and regional variations in the total
and individual prevalence. Ventricular and atrial
septal defects are the most frequent CHM, followed
by aortic and pulmonary stenoses and transposition
of the great arteries.
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Epidemiologists study populations of affected and
non-affected individuals to gain insights into the
causes and prevention of diseases. In this context,
the Baltimore–Washington Infant Study (BWIS)
has advanced the understanding of congenital car-
diovascular malformations (CCVM) by generating
hypotheses about genetic and environmental risk
factors.1,2 At the present time of growing interest in
using molecular tools to investigate basic mecha-
nisms of normal and abnormal cardiogenesis, it is
important to consider not only the separate roles of
genetics and the environment, but also how they
might interact to cause CCVM. For such studies to
be successful, epidemiological science is needed to
provide insights into how genes and environmental
factors affect human populations, and basic science
disciplines are needed to identify candidate genes
and test possible teratogenic agents, and to develop
experimental models to test hypotheses generated
by population studies (Fig.56.1).This report aims to
summarize the findings of the BWIS in the context
of gene–environment interactions,to stimulate pro-
ductive future collaborations between the biological
disciplines.

In a summary report on the prevention of birth
defects and other adverse reproductive outcomes,
the National Institute for Occupational Safety and
Health identified major gaps in knowledge which
have hindered the identification of risk factors and
implementation of preventive strategies.3 Among
the identified research needs was a call to investigate
the influence of genetic susceptibility, i.e. the genetic

basis for differential responses of individuals to ex-
posures to developmental toxicants. A search for
such gene–environment interactions in the etiology
of CCVM represents an important,yet largely unex-
plored, research topic that may provide important
clues for prevention of such malformations. Recent
developments in molecular biology have identified
genes that govern the metabolism of toxicants, and
variants in these genes that result in altered metabo-
lism. At the same time, epidemiological investiga-
tions have begun to describe associations of specific
birth defects with maternal exposures to toxicants
during pregnancy. These efforts have created a new
research horizon by making it possible to examine
the extent to which genotypic differences in key
metabolic enzymes among individuals may mediate
the developmental toxicity of prenatal environmen-
tal exposures. To move toward this new research
goal, the identification of potential toxicants associ-
ated with specific types of CCVM is essential.

Materials and methods

The BWIS enrolled live-born infants during
1981–1989 in Maryland, the District of Columbia,
and northern Virginia, USA. Methods of the study,
its questionnaire, study forms, and major research
findings have been published in two monographs1,2

and in numerous manuscripts, as cited below. Cases
(n = 4,390) were infants with structural CCVM 
diagnosed in the first year of life by pediatric cardi-
ologists, and confirmed by echocardiography,
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fects,2,4 notably hypoplastic left heart in which 8%
had affected older siblings. Coarctation of the aorta
was similar with a 6% rate. In contrast, only 0.4% of
control infants had an older sibling with CCVM.

In a successor, multicenter study (1990–1994) on
familial aggregation of hypoplastic left heart and
coarctation of the aorta, standardized echocardiog-
raphy evaluations were performed on parents and
siblings of affected probands. Familial CCVM were
discovered in 19% of the families of hypoplastic left
heart cases, and in 9% of the families of cases with
coarctation of the aorta.5 In most instances, the 
family members were concordant for the diagnosis
of the case, or had previously undiagnosed aortic
valve stenosis or bicuspid aortic valves, suggesting a
strong role for genetic factors in left-sided obstruc-
tive types of CCVM.

Environmental factors
Maternal exposures to organic solvents at work 
and at home were associated in the BWIS with an 
increased risk of coarctation of the aorta (OR = 
3.2), and hypoplastic left heart (OR = 3.4).2,6 D-
transposition of the great arteries (D-TGA) was also
associated with maternal solvents exposures in the
major analysis of the BWIS data, but later work on
the expanded pesticides data collected in 1987–1989
revealed possible associations of D-TGA with ro-
denticidal chemicals (OR = 4.7) and with herbicides
(OR = 2.8).7 Membranous ventricular septal defects
and total anomalous pulmonary venous return were
also associated with maternal exposures to pesti-
cides,and in the latter malformation group the asso-
ciation seemd to be much stronger in the presence 
of a reported family history of birth defects in 
older relatives.2 Thus, the major classes of environ-
mental exposures identified by the BWIS as possible
hypotheses for future studies included organic 
solvent compounds, chemical rodenticides, and
herbicides.

More recent analyses of the BWIS environmental
and familial data focusing on diagnostic subtypes of
CCVM have suggested that considerably more etio-
logical heterogeneity may be present than has been
appreciated in the past. For example, in cases with
interrupted aortic arch compared to controls we
found that type A interrupted aortic arch was associ-
ated with a family history of non-cardiac malforma-
tions and with maternal use of aspirin in the critical

cardiac catheterization, surgery, or autopsy. Sub-
types of CCVM mentioned in the present report in-
clude the following numbers of enrolled cases:
L-transposition of the great arteries (n = 35), D-
transposition of the great arteries with intact ven-
tricular septum (n = 115), atrioventricular septal
defect (n = 320), hypoplastic left heart (n = 162),
coarctation of the aorta (n = 67 with associated ven-
tricular septal defect and n = 126 without),membra-
nous ventricular septal defect (n = 895), total
anomalous pulmonary venous return (n = 60), in-
terrupted aortic arch (n = 53),and single ventricle (n
= 55). Controls (n = 3572) were live-born infants
free of CCVM, randomly sampled from the regional
birth cohort by year and hospital of birth.Interviews
were conducted with the parents, using a question-
naire about family history, medical and occupation-
al history,use of medications,personal habits (use of
alcohol, tobacco, and illicit drugs), and exposures to
chemical and physical hazards at home and work.
Case-control differences in these reported expo-
sures during early pregnancy were assessed by logis-
tic regression models, adjusting for known covariates
of CCVM risk. Here we report the adjusted odds 
ratios (OR) for selected associations (P<0.05).

Results

Familial factors
Rates of CCVM among older siblings of the cases
were highest for left-sided obstructive heart de-

Epidemiology: study of causes and prevention
of diseases by time, place, and person

Cardiology
Morphogenetics

Environmental sciences

Biostatistics

Fig. 56.1 A collaborative model for CCVM. Epidemiology as
a biological discipline contributes to the study of congenital
cardiovascular malformations (CCVM) by studying possible
causes and preventive measures. Through collaborations of
epidemiologists with experts in cardiology, environmental
sciences, morphogenetics, and biostatistics, new progress
may be achieved in defining the roles of genetics,
environment, and gene–environment interactions in the
etiology of CCVM.
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period, but the type B phenotype was associated
with maternal reproductive factors (previous still-
birth, bleeding during the study pregnancy) and
with use of arts and crafts paints.8 Single ventricle
with normal situs was associated with preconcep-
tional paternal use of marijuana,while single ventri-
cle in abnormal cardio-visceral situs was associated
with maternal history of induced abortions and
with preconceptional paternal alcohol consump-
tion (>4 drinks per day).9 Complete atrioventricular
septal defect without trisomy was associated with
maternal diabetes and use of antitussives, in contrast
to partial forms of the heart defect which were 
associated with family history of CCVM.10 In each 
of these examples, phenotypic heterogeneity cor-
related with differences in the patterns of possible
risk factor associations.

Geographic information systems tools have been
recently applied to the BWIS data on cases and con-
trols. To date, these ongoing analyses suggested an
increased risk for laterality and cardiac looping 
defects and other types of CCVM in areas where 
residential drinking water was supplied from wells,
and where residences were close to hazardous waste
disposal sites.11 Common contaminants at these
sites are chlorinated hydrocarbon compounds.

Gene–environment interactions
As mentioned above, the possible risk associated
with pesticide exposures of mothers of infants with

total anomalous pulmonary venous return was
greater in the presence of a family history of CCVM
than in the absence of such history. This may be an
example of gene–environment interaction,whereby
the risk from possible teratogens is modified by the
genetic backgrounds of the mother and fetus.To fur-
ther explore such interactions, neonatal blood spots
were obtained from a subset of BWIS cases and 
controls, as a source of DNA for evaluating 
polymorphisms in candidate genes governing the
metabolism of organic solvents.12 Glutathione-S-
transferase genes,GSTM1 and GSTT1,were selected
on this basis. The results of this small pilot study
(Fig. 56.2) showed an unmasking of solvent-associ-
ated increased risk of atrial septal defect, which had
not been apparent before the GST genotypes were
known.13 Also, the results provided further refine-
ment of the hypothesis of solvent-associated in-
creased risk of pulmonic valve stenosis, in which the
highest risk was observed for exposed infants carry-
ing a specific genotype of GSTT1.14

Discussion

Although limited by self-report of environmental
exposures and limited molecular genetic data, the
BWIS data are a rich source for new studies testing
hypotheses about the roles of genetics and environ-
ment in CCVM. Studies of developmental toxicity
must now consider the role of the genetic 
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Fig. 56.2 Possible genetic susceptibility to maternal solvent
exposures. In this study, neonatal blood spots of cases and
controls were retrieved from storage at the State of
Maryland Newborn Screening Program, and genomic DNA
was extracted. Genotypes at GSTM1 and GSTT1 were
determined by standard polymerase chain reaction
methods to identify homozygote deletion genotypes in

comparison to non-homozygotes. For GSTT1 (glutathione-S-
transferase theta type 1), cross-classification of subjects by
maternal solvent exposures (paints and paint-cleaning
chemicals) and GSTT1 non-deletion genotype in the infant
suggested a large risk of atrial septal defect when both
factors were present, relative to other combinations of
genotype and exposure.
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background in mediating effects of exposures. Such
studies should assess the maternal genotype as well
as the fetal genotype in mediating effects of expo-
sures, since maternal, fetal, and placental metabo-
lism can affect the concentration and types of
metabolites reaching the fetus during development.

Summary

The BWIS established population-based data on the
occurrence of CCVM in live-born infants, and gen-
erated novel hypotheses on possible etiologic risk
factors. The results clearly suggest new avenues of
experimental research into mechanisms of CCVM,
especially: (1) organic solvents and pesticides as 
possible cardiac teratogens; (2) genetic factors re-
sponsible for the familial aggregation of left-
sided obstructive heart defects; (3) models of gene–
environment interactions.
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Nonsyndromic congenital heart defects (CHDs) are
often a sporadic occurrence in the families,but mul-
tiple affected family members can also be found 
occasionally. In 1968, Nora introduced the 
multifactorial model for the etiology of nonsyn-
dromic CHDs, suggesting that several genetic loci
can interact together, in association with environ-
mental factors.1 However, familial recurrence of
concordant CHDs within affected family members
supports monogenic or oligogenic inheritance of
CHD in selected pedigrees. In practical genetic
counselling, the recurrence risk for CHD in sibs of
patients with nonsyndromic CHD is considered as 1
to 3%.2 In regard to the different types of CHD,it can
be noted that ventricular and atrial septal defects,
hypoplastic left heart, and atrioventricular canal 
defect (AVCD) are at greater risk of recurrence (3%),
while for tricuspid atresia, Ebstein anomaly, and
pulmonary atresia the risk is consistently lower
(1%). A general concept in multifactorial inheri-
tance is that if two first-degree relatives are affected,
the recurrence risk for the next child becomes two to
three times as great.

The experience of our group has focused on the
evaluation of recurrence risk figures in sibs and the
identification of families segregating specific CHDs
in a possible Mendelian fashion. Particularly, we
studied family history in patients with AVCD, tetral-
ogy of Fallot (TF), and transposition of the great 
arteries (TGA).

Atrioventricular canal defect

AVCD is a genetically heterogeneous CHD. The 
recurrence risks for CHD among siblings of 103 
patients with AVCD from our series corresponds 
to 3.6%3 (Table 57.1). According to our experience
and literature reports, large pedigrees with many 
affected members can be identified.3–9 Most of
these familial cases are compatible with an autoso-
mal dominant mechanism of inheritance. The gen-
eral concordance rate for CHD in familial cases from
our series is 62%.3 Interestingly, the concordance
rate corresponds to 50% in sibs, but is much higher
(100%) when one parent is affected. Information
about cardiac abnormalities for the offspring of par-
ents with complex CHDs is now becoming available
because the first survivors of corrective surgical 
procedures are reaching adulthood. According to 
literature reports, recurrence risks for CHD in the
offspring of parents affected by AVCD corresponds
to 10%.5,10 Nevertheless, it can be noted that af-
fected mothers seem to have a higher risk to transmit
the defect in comparison to affected fathers. In fact,
the risk rate for offspring becomes 14% when the 
affected parent is the mother.5 The detection of iso-
lated cleft of the mitral valve or electrocardiograph-
ic left-axis deviation without cardiac malformation
in families with autosomal dominant AVCD may in-
dicate that these defects represent a mild expression
of AVCD.8

AVCD in pedigrees with autosomal dominant in-
heritance probably results from a single gene defect.
Up to now, two genes involved in nonsyndromic
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AVCD have been identified,11–13 but genetic hetero-
geneity with different genes causing AVCD in differ-
ent families is suspected. A curious observation is
the finding of rare families segregating AVCD in sibs
with discordant karyotypes.14,15 Of course,AVCD in
Down and non-Down patients is genetically dis-
tinct, but the contemporary occurrence in the same
family could imply that common predisposing 
genetic factors in parents could play a role in the 
etiology of both disorders.

Tetralogy of Fallot

Nonsyndromic TF has a frequency of CHD in sibs
corresponding to 3.1% in our series of 102 patients,
with a high concordance rate in affected sibs16(Table
57.1).An autosomal recessive mechanism of inheri-
tance of nonsyndromic TF has been proposed by
several authors, following the observation of TF re-
current in two or three sibs.17,18 The absence of a de-
tectable deletion 22q11.2 in patients included in our
series supports the hypothesis that nonsyndromic
TF, including familial and sporadic cases, is not the
result of this chromosomal imbalance, and genes 
located on different chromosomes could be impli-
cated.16 The genetic basis of TF is probably complex.
The results of the British collaborative study suggest
a three-gene model for nonsyndromic TF as the best
fitting model in their series of familial and sporadic
cases.10

Transposition of the great arteries

TGA has been previously considered to be mostly a
sporadic occurrence in families. Our clinical experi-
ence suggesting that familial TGA might be higher

than thought19 led us to design a study to investigate
familial recurrence of CHD in 370 nonsyndromic
patients enrolled inside an Italian multicentric
study20 (Table 57.1). Familial recurrence risk in 
sibs was 1.8%. TGA itself was the most common 
recurrent malformation, suggesting monogenic or
oligogenic inheritance of TGA in selected pedigrees.
Interestingly, complete TGA and congenitally 
corrected TGA have been found to segregate in 
the same family in several instances, indicating a
pathogenetic link between some cases of TGA 
and the situs and looping abnormalities. Note that
our observation disclosing a relationship between
complete TGA and laterality defect is corroborated
by molecular studies (the detection of complete
TGA in mice heterozygous for both SMAD2 and
Nodal mutations, the finding of complete TGA in
humans with mutations of CFC1 gene or ZIC3
gene)21–23 so as by pathogenetic evidences (the de-
tection of complete TGA in animal models obtained
by all-trans retinoic acid administration during
pregnancy).24,25

Conclusions

The importance of the multifactorial polygenic
model of inheritance for nonsyndromic CHDs is de-
creasing, owing to the increasing number of CHDs
found to be related to a monogenic or oligogenic 
inheritance. Large families with multiple mem-
bers affected by CHD are fundamental for the 
identification of the genes related to specific malfor-
mations using genetic techniques such as linkage
analysis and positional cloning. The analysis of the
anatomic types of CHD segregating in the same
family is an important aid for the analysis of patho-
genetic links between CHDs. The evaluation of risk
figures in large series has practical implications in
genetic counseling for families of probands with dif-
ferent types of CHD.
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Putative transcription factors of the T-box family
genes1–3 act to control early cell-fate decisions, and
differentiation and morphogenesis/organogenesis.
The spatial and temporal expression patterns of T-
box genes4 such as Tbx1, Tbx2, Tbx3, Tbx4, Tbx5, are
unique although they overlap in their sites of expres-
sion.This overlapping indicates that T-box genes are
differentially regulated during the developmental
process, particularly in areas where inductive inter-
actions are taking place. Tbx1 shows very little over-
lap with the other two cognate gene sets, Tbx2/Tbx3,
Tbx4/Tbx5, since the divergence of Tbx1 occurred
long before the relatively recent divergence of the
other four genes from common ancestral genes, and
recent studies of mouse genetics have suggested that
TBX1 is the major candidate gene for del22q11.2
syndrome.5–7 Although the expression patterns of
Tbx28 and Tbx3 are similar to some temporal and
spatial differences, Tbx39 is a disease gene for
ulnar–mammary syndrome. Tbx5 and Tbx4 are ex-
clusively expressed in the vertebrate forelimb and
hind limb, respectively, and Tbx510,11 is a disease
gene for Holt–Oram syndrome. When mutated,
these genes may produce dramatic phenotypes in a
number of human congenital malformations, in-
cluding cardiovascular diseases, such as the key gene
of del22q11.2 syndrome, Holt–Oram syndrome,
ulnar-mammary syndrome, or similar syndromes.
Del22q11.2 syndrome including conotruncal
anomaly face syndrome (CAFS)/velo-cardio-facial
syndrome (VCFS) and DiGeorge syndrome (DGS)
with conotruncal anomaly face (CAF), is the most
frequent known chromosomal microdeletion syn-
drome, with an incidence of 1 in 4000–5000 live
births. This syndrome is characterized by a 3-Mb

deletion on chromosome 22q11.2, cardiac abnor-
malities, anomaly face, T-cell deficits, cleft palate,
and hypocalcemia. At least 30 genes have been
mapped to the deleted region. However, the associa-
tion of these genes with the cause of this syndrome is
not clearly understood.12–15 Therefore, in 1998 we
established Holistic Molecular Genetic (HMG)
medicine, which is a new system of molecular gen-
etic medical care. The aim of HMG is to clarify the
molecular genetic pathogenesis of congenital and
hereditary heart disease throughout life. We have
applied this system to test if TBX1 is a candidate gene
responsible for the CAFS and DGS with CAF in
22q11.2 deletion-minus patients, and analyzed the
genotype/phenotype relationship of these T-box
family genes in patients with Holt–Oram syndrome,
with ulnar-mammary syndrome, and with other
similar syndromes. To find theTBX1 mutation, we
focused on performing the precise diagnosis of
CAFS or DGS with CAF based on a clear view of the
phenotypes. In 96% (225/235) of the patients, there
was a defined 1.5~3-Mb deletion at 22q11.2 which
was not found in the remaining 10 patients (seven
sporadic CAFS patients, one sporadic DGS with
CAF patient and two patients from two CAFS fami-
lies). We have identified three mutations of TBX1 in
two unrelated patients without the 22q11.2 dele-
tion, one with sporadic CAFS/VCFS and one with
sporadic DGS, and in three patients from a
CAFS/VCFS family.Our results imply that the TBX1
mutation is responsible for five major phenotypes in
del22q11.2 syndrome, i.e. CAF, cardiovascular de-
fects, thymic hypoplasia, velopharyngeal insuffi-
ciency with cleft palate, and parathyroid dysfunction
with hypocalcemia. We conclude that TBX1 is a
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major genetic determinant of the del22q11.2 syn-
drome in humans. Also, we found five mutations of
TBX5 in 50% (5/10) of unrelated patients with
Holt–Oram syndrome. We did not find the muta-
tions of TBX3 in a patient with ulnar-mammary
syndrome. It is important to emphasize that the
correct diagnosis of a syndrome should be based on
a clear view of the phenotypes to avoid confusion
with other similar syndromes. HMG medicine will
allow investigation of the prevention of crisis, based
on a molecular genetic diagnosis, in the early-phase,
and will aid precritical diagnosis and the choice of
appropriate therapy. To try to understand their 
etiology, mutated genes are now being investigated
further, including an expression study.16

Methods

Phenotypic evaluation
To investigate the molecular and clinical aspects of
congenital heart disease, we constructed a system
(HGM) for gene analysis.To investigate that TBX1 is
the major candidate gene for del22q11.2 syndrome,
the genotype/phenotype relationship of the T-box
family genes (Tbx2, Tbx3, Tbx5) in patients with
Holt–Oram syndrome and patient with ulnar-
mammary syndrome, we carefully evaluated each
patient by history and physical examination and/or
review of their medical records. The typical facial
features of conotruncal anomaly face (CAF) are 
ocular hypertelorism, short palpebral fissures,
“bloated”eyelids, a low nasal bridge, a small mouth,
and the minor ear lobe anomalies.17 Our findings in-
dicated that CAF is always associated with deletion
of 22q11.2.18–20 An overlap of similar but varied
phenotypes, including both the facial characteristics
and structural anomalies, is seen in CAFS/VCFS and
DGS with CAF.We found dysmorphism of the nose,
which seems to be divided into two parts (upper part
and lower part) at the joint of the wing and sides.19,20

This makes physical diagnosis of del22q11.2 syn-
drome more certain and indicates that CAFS is the
same pathologic entity as VCFS.18–20 Facial features
and anthropometric measurements were obtained
from photographs.

Genetic analysis
Peripheral blood from the patients and their family
members with congenital heart disease were used to

prepare genomic DNA for mutation analysis or 
to perform chromosomal analysis, if needed, and 
the rest were used to construct an Epstein–Barr
virus-transformed cell line (Plate 36). To test for 
the chromosomal deletion at 22q11.2, we carried
out fluorescence in situ hybridization analysis 
using 10 probes on 22q11.2 in 235 unrelated 
patients with clinically evaluated CAFS or DGS 
with CAF. To investigate mutations in the coding 
sequence of TBX1, we also performed genetic 
analysis in 13 22q11.2 deletion-minus patients,
(phenotypically, 8 sporadic CAFS or DGS, and 5 
familial CAFS) from 10 families. Genetic analysis
was also performed on the T-box family genes (Tbx2,
Tbx3, Tbx5) in 10 patients with Holt–Oram syn-
drome and 1 patient with ulnar-mammary syn-
drome. Bidirectional direct sequencing of the
purified PCR products (QIAGEN) was performed
using a BigDye Terminator Sequencing Kit (Applied
Biosystems) and a 3100 Genetic Analyzer (Applied
Biosystems).
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Conotruncal defects are congenital malformations
of the outflow tracts of the heart and historically in-
clude: tetralogy of Fallot (TOF), truncus arteriosus
(TA), interrupted aortic arch (IAA), transposition
of the great arteries (TGA), and double outlet right
ventricle (DORV). They account for 16% of con-
genital heart disease presenting in the newborn 
period and are still associated with significant mor-
bidity and mortality despite notable medical and
surgical advances.1 In the past decade, significant
progress has been made in our understanding of
the genetic contribution to the development of
conotruncal defects. For our part, we have used 
a wide variety of molecular genetic approaches 
to begin to decipher the genetic basis of these 
important clinical problems, including the evalua-
tion of genetic syndromes characterized in part by
conotruncal defects and additional candidate genes
identified from family studies or animal models.For
these investigations, over the last decade, we have
prospectively recruited a large cohort of patients
with conotruncal defects ascertained solely on the
basis of their cardiac anatomy.

Molecular analysis of 
genetic syndromes

Molecular genetic studies demonstrated that the
vast majority of subjects with either DiGeorge,
velo-cardio-facial or Conotruncal Anomaly Face
syndromes shared a common genetic etiology,
namely a chromosome 22q11 deletion (reviewed in
ref. 2). Given that all of these syndromes are in part
characterized by conotruncal cardiac defects, we
and other investigators have evaluated the frequency

with which patients with a conotruncal defect have a
22q11 deletion. Over the past several years, we have
prospectively studied a large cohort of patients with
conotruncal defects by fluorescence in situ hy-
bridization to detect a 22q11 deletion.3 Our results
are summarized in conjunction with those reported
by other investigators in Table 59.1.4–9 Of note, a
substantial number of patients with either IAA, TA,
or TOF but very few with DORV or TGA have a
22q11 deletion. These results indicate that a subset
of IAA, TA, and TOF share a common genetic 
etiology, while DORV and TGA are not generally 
associated with this particular genetic alteration.We
and others have also found that those subjects with
either IAA, TA, or TOF and aortic arch anomalies
have a higher deletion frequency than those with
normal aortic arch anatomy.3,10 Based on this find-
ing, we studied subjects with aortic arch anomalies
and normal intracardiac anatomy for 22q11 dele-
tions and found a deletion in a substantial number
of patients (24%) with a wide range of isolated aortic
arch anomalies.11

Candidate genes identified from
family studies

Conotruncal defects most commonly occur as a
sporadic event within a family. While small families
with a few affected members have been reported,
large families with multiple members with con-
otruncal defects suitable for parametric linkage
analyses have not been identified. Recently, Schott
and colleagues12 reported on four families with atrio-
ventricular conduction block frequently accompa-
nied by atrial septal defects whose affected members
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were found to have mutations of the homeobox
gene, NKX2.5. We noted that two members of one
family had TOF and hypothesized that additional
subjects with TOF would have NKX2.5 muta-
tions. We, therefore, evaluated a cohort of 114 
subjects with TOF for mutations of NKX2.5 by 
Conformation-Sensitive Gel Electrophoresis and
sequence analysis of PCR products demonstrating
aberrant mobility.13 We identified four heterozy-
gous missense mutations in six subjects as summa-
rized in Table 59.2. None of the mutation-positive
subjects had atrioventricular conduction abnor-
malities. These mutations were not identified in 100
random normal control chromosomes.

In particular, two mutations (Arg216Cys,
Ala219Val) map within a highly conserved domain,
the NK2 specific domain. Mice carrying a homozy-
gous mutation for the NK2 specific domain demon-
strate congenital heart defects in the absence of
atrioventricular conduction abnormalities.14 The

Glu21Gln mutation is just 3’ of another conserved
domain, the TN domain, and changes a highly con-
served amino acid. Thus, although further experi-
ments are required, these mutations have a high
likelihood of being disease-related. The Arg25Cys
mutation deserves further mention since it was re-
ported previously15 and found in three subjects in
this study. Because three of the four subjects identi-
fied with this alteration were African-American, we
subsequently tested an African-American control
population and identified that 2 of 43 (4.7%)
African-American controls carried the Arg25Cys 
alteration.13 Whether this mutation, which has 
been demonstrated to confer subtle functional alter-
ations on protein function,16 is a polymorphism or
confers an increased susceptibility to congenital
heart disease, remains to be determined. Nonethe-
less, mutations of NKX2.5 are associated with con-
genital heart defects, and in particular seem to play a
role in the development of TOF. Further investiga-
tions to define the role of NKX2.5 in the develop-
ment of other conotruncal and congenital cardiac
defects are in progress.

Candidate genes identified by
animal models

Multiple animal models where altered gene expres-
sion results in congenital cardiac defects have served
to identify critical developmental pathways for
conotruncal embryogenesis and candidate genes for
similar human disorders. One such gene, CFC1
(encoding cryptic) was found to participate in the

Table 59.1 Frequency of 22q11 deletions in conotruncal

defects

Conotruncal defect % Deleteda

Interrupted aortic arch 50–84%

Truncus arteriosus 34–41%

Tetralogy of Fallot 8–35%

Double outlet right ventricle <5%

Transposition of the great arteries <1%

a References 3–10.

Table 59.2 Summary of subjects with Tetralogy of Fallot and NKX2.5 mutations

Patient Mutation PV anatomy Aortic arch anatomy Other Mutation positive relatives

229 G61C (Glu21Gln) Stenosis RAA, mirror Retroaortic Mother, no reported 

innominate vein phenotype

122 C73T (Arg25Cys) Stenosis LAA, normal PFO or 2o ASD

324 C73T (Arg25Cys) Atresia RAA, mirror APC

393 C73T (Arg25Cys) Atresia RAA, mirror APC Father, VSD

518 C646T (Arg216Cys) Stenosis RAA, unknown

328 C656T (Ala219Val) Atresia RAA, mirror Mother, no reported 

phenotype

PV, pulmonary valve; RAA, right-sided aortic arch; LAA, left-sided aortic arch; mirror, mirror image branching pattern;

normal, normal branching pattern; APC, aortopulmonary collaterals; PFO, patent foramen ovale; 2o ASD, secundum atrial

septal defect; VSD, ventricular septal defect.
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establishment of left-right asymmetry when the
mouse homozygous mutant for cryptic developed
the equivalent of heterotaxy syndrome.17,18 CFC1
encodes an extracellular protein and is one of four
family members characterized by an EGF-like 
domain and a cysteine rich, CFC domain which is
highly conserved among the family members (re-
viewed in ref.19). Because of the homozygous mu-
tant mouse phenotype, Bamford and colleagues20

evaluated humans with heterotaxy syndrome and
identified four mutations and one polymorphism in
CFC1. Given that the cardiovascular abnormalities
associated with heterotaxy syndrome include mal-
position of the great arteries, we hypothesized that
human subjects with either TGA or DORV would
also have mutations within CFC1. To that end, a co-
hort of subjects with either D-TGA (n = 58), L-TGA
(n = 6),or DORV (n = 22) but without other signs of
laterality abnormalities were evaluated for muta-
tions in CFC1 by single stranded conformation
polymorphism and direct sequencing.21 Two muta-
tions predicted to alter protein function were 
identified. In particular, one subject with D-TGA 
exhibited a 20 base pair tandem duplication of the
splice donor site at exon 4 that would introduce an
alternative splice donor site. If the alternative site
were used, then a frameshift would be introduced
eliminating the CFC conserved domain and the 
hydrophobic domain. A second subject with DORV
was found to have a one base pair deletion
(G174del1) that would introduce a frameshift and
interrupt the hydrophobic domain.Previous studies
have demonstrated that the encoded mutant protein
does not reach the cell surface.20 Neither of these
mutations were identified in 100 normal control
subjects.A third mutation (R78W) was identified in
one subject with DORV. The R78W mutation was
also identified in multiple subjects with heterotaxy
syndrome and found to confer subtle functional 
alterations in the mutant protein.20 Though this
mutation was not identified in 100 normal random
controls, it was identified in 13.6% of African-
American control subjects. Thus, this mutation is
most likely a polymorphism, but may also increase
susceptibility to disease. These findings represent
the first report of a single gene defect in subjects with
TGA or DORV. In addition, these data indicate that,
in certain cases, subjects with heterotaxy syndrome
and those with malposition of the great arteries in

the absence of other laterality defects share a com-
mon genetic etiology.

Summary and conclusions

Multiple molecular genetic approaches have been
used over the last decade to begin to decipher the 
genetic contribution to the development of
conotruncal cardiac defects. Investigations into 
genetic syndromes, family studies,and animal mod-
els have all provided insight into genetic alterations
associated with these defects. These investigations
demonstrate that these malformations are geneti-
cally heterogeneous and extremely complex given
that evidence of decreased penetrance is seen with
each genetic alteration. Therefore, genetic and envi-
ronmental modifiers must also be invoked as con-
tributing to the risk of developing conotruncal
defects. Future investigations will therefore include
family-based association studies to identify genetic
alterations that may increase or decrease the risk of
developing this class of congenital heart defects.
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We reviewed clinical and laboratory data on 179 pa-
tients with deletion 22q11.2 by reviewing medical
records from seven institutions in Korea.Genetic di-
agnosis was made by fluorescent in situ hybridiza-
tion (FISH) method from peripheral lymphocyte
using TUPLE 1 probe. Those patients whose clinical
features were strongly suggestive of deletion but did
not have genetic confirmation were not included in
the study. There were 89 males and 90 females. Age
distributions were: < 2 years, 32 patients; 2~6 years,
83 patients; 7~11 years, 28 patients; 12~16 years, 14
patients; >17 years, 22 patients. Congenital heart
disease was seen in 156 patients (86%; Table 60.1):
tetralogy of Fallot (TOF) in 98 [simple TOF,48; TOF
with absent pulmonary valve, 2; TOF with pul-
monary atresia ± major aorto-pulmonary collateral
arteries (a), 48], ventricular septal defect (VSD) 31;
double outlet right ventricle (DORV) 7; interrupted
aortic arch type B 7; ASD 7; truncus arteriosus 2;
PDA 2; total anomalous pulmonary connection 1;
and complete atrioventricular septal defect with
DORV in 1 patient.Location of VSD were perimem-
branous 78%, subarterial 6%, total conal defect
12%, muscular 3% and mixed in 2%. The side of the
aortic arch was right in 53%, left in 46%, and a dou-
ble arch in one.Cervical arch was seen in 1 (Plate 37)
and circumflex retroesophageal arch in 2 patients.
Various anomalies in aortic arch branching were ob-
served: retro-esophageal subclavian a ± Kom-

merell’s diverticulum in 27 patients, origin of right
subclavian artery from vertebral a in 1 patient, and
isolation of subclavian artery in 2 patients. Anom-
alous origin of arch vessels was twice as common
with the right arch (29%) than with the left arch
(15%).Side of the aortic arch and branching pattern
was not known in most patients with normal intrac-
ardiac structure. Other cardiovascular anomalies
were bilateral SVCs in 14 patients, bicuspid aortic
valve with aortic stenosis 3 patients, pericardial de-
fect 3 patients, double chambered right ventricle 3
patients, aortopulmonary window 1 patients, juxta-
position of left atrial appendage 1 patient, partial
anomalous pulmonary venous connection 1 pa-
tient, abnormal course of a pulmonary vein 1 pa-
tient, unroofed coronary sinus 1 patient, absent
proximal left pulmonary a 1 patient, crossed 
pulmonary artery 1 patient, origin of right pul-
monary artery from the ascending aorta 1 patient,
and abnormal origin of left upper pulmonary artery
from the right pulmonary artery in 1 patient (Fig.
60.1).

Study limitations

Since this is a retrospective study from many institu-
tions, complete cardiovascular investigation is not
available from all patients with “normal” heart.
Therefore the incidence of various cardiovascular
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anomalies reported in this study probably repre-
sents a minimal estimate of the true incidence. Also,
FISH study has been available for only 3–5 years in
Korean hospitals and this syndrome is not well
known to all medical specialists yet. As a result pre-
sumably only a small proportion of deletion patients
are diagnosed and are included in this study.

Conclusion

A wide variety of cardiovascular anomalies, includ-
ing some lesions not previously reported, were 
observed in our patients, expanding the spectrum 
of cardiovascular anomalies associated with this 
important genetic syndrome. A thorough cardio-

vascular investigation as well as noncardiac prob-
lems is essential in preoperative investigation and
counseling.
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Fig. 60.1 CT image from a 1-month-old patient with huge
PDA and mild isthmus hypoplasia, showing abnormal
branch pulmonary artery to left upper lobe (short
arrowhead) arising from the right pulmonary artery (RPA).

Table 60.1 Diagnosis of intra-cardiac lesions among 179

Korean patients (156 with congenital heart disease)

TOF 98 patients

“Simple” 48 patients

TOF with absent pulmonary valve 2 patients

TOF with pulmonary atresia 14 patients

TOF with pulmonary atresia and major 34 patients

aortopulmonary collateral arteries 

Ventricular septal defect 31 patients

Atrial septal defect 7 patients

Interrupted aortic arch with ventricular 7 patients

septal defect

Double outlet right ventricle with 7 patients

pulmonary stenosis

Persistent truncus arteriosus 2 patients

Patent ductus arteriosus 2 patients

Total anomalous pulmonary venous 1 patients

connection, supracardiac type

Complete atrioventricular septal defect 1 patient

with double outlet right ventricle



The AVCD is a quite frequent CHD occurring in 
3.5 per 10 000 live births, representing 7.3 of all
CHD1 and showing strong genetic impact and 
genetic heterogeneity.2,3 There are essentially two
main anatomic types of AVCD: a complete form,
representing about the 70% of cases, and a partial
form.

Our 15 years experience among > 600 patients
shows that the DS represents 45% of cases and the
heterotaxy 15% (Fig. 61.1). Moreover other genetic
conditions,such as chromosomal or Mendelian syn-
dromes or associations, are frequent, accounting 
for about 15% of cases. The nonsyndromic patients
represent only 25% of all cases.

Down syndrome

Trisomy 21 is the classic genetic anomaly in children
with AVCD. In this aneuploidy the complete form of
AVCD is prevalent and additional cardiac defects
(except TF) are rare.4 In particular left-sided ob-
structive lesions are rare and anomalies of visceral
situs, ventricular loop and TGA are virtually ab-
sent.4,5 In the critical DS region of the chromosome
21 these are important candidate genes for the CHD
including DSCAM,6 Collagen VI and XVIII,7 and
SH3BGR.8 All these genes could be involved in the
mechanisms of cell adhesion and endocardial cush-
ions fusion.

Heterotaxy

This complex syndrome may present with
Mendelian, chromosomal or poligenic inheritance.

The two main groups of heterotaxy are asplenia
and polysplenia presenting cardiac and extracardiac
malformations different from each other. In par-
ticular, at cardiac level asplenia shows: complete
AVCD with reduced number of leaflets and papillary
muscle,9 ventricular dominance, and transposition
of the great arteries with pulmonary stenosis. In con-
trast, the cardiac defects of polysplenia are less com-
plex including partial AVCD and normally related
great arteries.Note that transposition of the great ar-
teries is very rare in polysplenia. In these patients, in
spite of ambiguity of the atrial situs, at ventricular
and great arteries level, the following prevails: (1) the
pattern of situs solitus with normal rightward spiral-
ing of the ventricles (d-loop) and the great arteries
(normally related) or (2) the pattern of situs inversus
with leftward spiraling of the ventricles (l-loop) and
of the great arteries (inversely normally related).10

Studies on the genetics of heterotaxy show two con-
tradictory aspects. Because familial recurrence in-
cludes the entire phenotypic spectrum and because
the mutations of some human genes (such as ZIC3,
AVCR2, and CFC1)12 cause asplenia, polysplenia,
and situs inversus, the first hypothesis suggests that a
single genetic defect can cause multiple phenotypes.
On the other hand, some recent studies suggest that
there are different genetic pathways for asplenia and
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polysplenia. In fact, target disruption in the mouse
of some candidate genes results in more specific
phenotypes. Animal knockout of PITX2 and
SMAD2 cause right isomerism and TGA, and animal
knockout of Sonic and Lefty 1 cause left isomerism
with normally related great arteries. Moreover,
human mutation of Lefty A and Lefty B is associated
with left isomerism, complete AVCD, normally re-
lated great arteries, and left-sided obstructions.11

Other chromosomal syndromes

In our series of AVCD,the chromosomal defects rep-
resent 1.6% and the complete form is prevalent. The
most frequent chromosomal anomaly after Trisomy
21 is deletion 8p consisting of growth and mental re-
tardation and dysmorphic features.The AVCD is the
most frequent CHD in this syndrome and the preva-
lent pattern includes the complete form of AVCD,
cardiac malposition, and pulmonary valve stenosis
recalling some cardiac features of heterotaxy. The
critical region is a 5 cM area and GATA4 is one of the
candidate genes.12 AVCD is also frequent in patients
with deletion 3p.In this syndrome the critical region
is at 3p25.3 and one of the candidate genes is
CRELD1.13

Mendelian syndromes and
associations

After the group of patients with Down syndrome
and with heterotaxy, the group with Mendelian syn-

dromes and with associations is the most impor-
tant.2 In our experience these syndromes represent
9.3% of the entire series. The most frequent syn-
drome is the Noonan–Leopard syndrome. In this
condition the common cardiovascular anomalies
are pulmonary valve stenosis with dysplasia of the
valve and hypertrophic cardiomyopathy, but also
partial AVCD is quite frequent, with additional
anomalies of the mitral valve causing subaortic
stenosis.14 PTPN11 is the causative gene,mapping to
chromosome 12, showing different mutations in
Noonan and in Leopard syndromes.15

A number of syndromes with polydactyly may be
part of a common group of orofacioskeletal syn-
dromes.16 Ellis van Creveld syndrome, caused by a
mutation of EvC gene to chromosome 4,17 is the
main syndrome of this group which presents 
polydactyly, short-limbed dwarphism, ectodermal
anomalies and partial AVCD, common atrium, and
persistent left superior vena cava.16 Describing this
cardiac phenotype, we indicated the anatomic 
similarities with some cardiac aspects of heterotaxy
in particular with those of polysplenia.16

Kaufman–McKusick syndrome, which has recently
been grouped with the Bardet–Bield syndrome, is
another example of these conditions characteristi-
cally associated with partial AVCD and common
atrium. This syndrome is caused by a mutation of
BBS6 gene located on the short arm of chromosome
20. Smith–Lemli–Opitz syndrome is an autosomal
recessive disorder of cholesterol metabolism also
characterized by polydactyly and a complete AVCD,

1987-2002
612 pts with AVCD

Down S
45%

Non S
25%

Other S
15%

HS
15%

Non syndromic 153 cases

Other syndromes 92 cases

Heterotaxy 92 cases

Down Syndrome 275 cases

Fig. 61.1 Distribution of syndromes
among patients with atrioventricular
canal defects (AVCD).
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and a total anomalous pulmonary venous connec-
tion.18 This pattern of cardiac defect also recalls
some aspects of heterotaxy. The gene of this syn-
drome, DHCR7, maps to chromosome 11. A 
VACTERL association may also present the partial
form of AVCD, perhaps in relation to a mutation of
Gli genes and Sonic hedgehog signal transduction.

All these observations on OFS syndromes, SLO,
VACTERL and other syndromes suggest the hypoth-
esis that an altered function of Sonic pathways could
lead to several different developmental errors pre-
senting with partially overlapping manifestations
including AVCD with or without heterotaxy, with or
without polydactyly19 (Fig. 61.2).

Nonsyndromic AVCD

The last group of AVCD consists of nonsyndromic
patients and represents only 25% of the entire series.
In this group, as we reported in 1986,5 the partial
form is prevalent and the left-sided obstructions are
frequent. Moreover, familial recurrence is quite fre-
quent, with autosomal dominant inheritance.20 A
linkage to chromosome 1p has been shown and a
candidate gene is p93.21

Conclusions

It is evident that the AVCD shows a significant
anatomic variability and genetic heterogeneity. The

complete form of AVCD is prevalent in chromo-
somal imbalances and in patients with additional
cardiac defects. Moreover additional heart 
malformations are prevalent also in children with
Mendelian syndromes and associations. We even
suggest that in many conditions it is possible to rec-
ognize a precise genotype–phenotype correlation.

Several mutations of different genes can activate a
more limited number of pathogenetic mechanisms
involved in the formation of AVC. These mecha-
nisms lead to various phenotypes of AVCD with
similar anatomic aspects. However, on some occa-
sions the pathway is more specific and the pheno-
type is strictly correlated to the genetic cause: the
anatomic form of AVCD and the type of additional
cardiac defects can be characteristic of the 
syndrome.

An accurate phenotypic study and a description
of cardiac anatomy is essential not only for surgical
treatment but also to understand the cause and the
pathogenesis of the cardiac malformations.
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Introduction

Hypoplastic left heart syndrome (HLHS) comprises
2–3% of congenital heart defects, but accounts for
20–25% of mortality in all infants born with con-
genital heart disease. The first report of HLHS was
described in 1851 by Dr Bardeleben, a German
pathologist.1 He described the constellation of find-
ings in a newborn infant that died, which included a
hypoplastic left ventricular cavity, atretic mitral and
aortic valves, a hypoplastic aorta, an atrial septal
communication, and a patent ductus arteriosus.
Furthermore, he deduced that the systemic circula-
tion depended upon the patency of the ductus arte-
riosus, and that closure of the ductus caused the
infant’s demise.

Two surgical options for HLHS currently exist.2,3

The first, transplantation, is not a realistic option for
the majority of HLHS infants, because of the short-
age of available donor hearts. The other option, the
three stage Norwood/Fontan procedure, ultimately
converts the right ventricle to become the systemic
ventricle. Both options have inherent limitations,
and the 5-year survival of either is, at best, 70%. Fur-
thermore, the long-term prognosis for either option
is guarded. Hence, our current surgical modalities
for HLHS can only be considered a palliation.

There is strong evidence for a genetic etiology for
HLHS.4.For example, there are numerous reports of
HLHS occurring in families. Recently, echocardio-
grams performed on siblings of infants with HLHS
demonstrated a 30% occurrence of congenital heart
defects, ranging in severity from a bicuspid aortic
valve to HLHS.5 HLHS has also been associated 
with multiple genetic loci and occurs in many 

dysmorphic syndromes, many of which are likely to
be of a genetic etiology.

Three possible approaches can be used for identi-
fying genes causing HLHS: linkage analysis,deletion
disorders, and balanced translocations. Linkage
analysis is a powerful tool for identifying candidate
genes when large families are available,when there is
high genetic penetrance, and when there are not
multiple genetic loci involved.Thus, linkage analysis
is unlikely to be useful for identifying genes that
cause HLHS.

We have used a combined approach to identify a
candidate gene for HLHS by studying a rare genetic
deletion disorder, Jacobsen syndrome, in combina-
tion with the molecular cloning of a patient with a
heart defect that carried a balanced translocation.
Jacobsen syndrome (JS) was first reported in 1973 by
the Danish geneticist, Dr Petrea Jacobsen.6 Since her
original publication, approximately 100 cases have
been reported in the English literature.7 We have
subsequently studied prospectively over 100 cases of
JS.8

JS is caused by the terminal deletion of the long
(q) arm of chromosome 11 (Fig. 62.1), extending to
the telomere. Previous studies have identified that
the deletion breakpoints are variable, and that the
breakpoints cluster around CCG trinucleotide re-
peat sequences.9–11

Our studies revealed that 57% of patients with 
Jacobsen syndrome have severe heart defects (Table
62.1).12 We have divided these defects into two
groups.The first,which includes about two-thirds of
JS patients with heart defects, consists of left-sided
obstructive lesions and ventricular septal defects,
so-called flow lesions.HLHS occurs in about 5–10%
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of all patients with JS, an unprecedented frequency
of HLHS for any dysmorphic syndrome. This repre-
sents a frequency of 1000–2000 times that of the
general population. The other third have a wide va-
riety of heart defects, including atrioventricular
canal defect, double outlet right ventricle, secun-
dum atrial septal defects, and d-transposition of the
great arteries.To summarize,HLHS occurs at an un-
precedented frequency in JS, and many of the most
common congenital heart defects occur in JS.

Experimental approach

Initially, we mapped the deletion breakpoints in 35
JS patients with heart defects by fluorescence in situ
hybridization (FISH), There was no apparent corre-
lation between the deletion breakpoints and the type
of heart defect. Thus, the patient with the smallest
deletion with a heart defect (in this case, HLHS), de-
fined a cardiac ‘minimal’ region in 11q. Analysis of

this region using the human genome database re-
vealed the presence of about 20 known genes in this
minimal region. At least two of these genes, KCNJ5
and JAM3, are expressed in the heart. KCNJ5 en-
codes a cardiac potassium channel.A mouse knock-
out model of this gene caused sinus arrhythmias, a
nonlethal phenotype, and there was no evidence of
structural heart defects in these knockout mice.13

Patients with isolated HLHS were analyzed for mu-
tations in JAM3, but none were found.14

To identify an individual candidate gene(s) in the
Jacobsen syndrome cardiac minimal region, we
mapped and cloned the molecular breakpoint of a
patient with a balanced translocation whose break-
point is in 11q. This patient had a severely dysplastic
pulmonary valve that required surgical valvotomy.
In addition,she had a submucosal cleft palate,devel-
opmental delay, and craniofacial defects.All of these
disorders occur in Jacobsen syndrome. Although
still possible, the association of the balanced translo-

Fig. 62.1 Karyotype of a patient with
Jacobsen syndrome. Arrow, deletion of
11q.

Table 62.1 Heart defects in Jacobsen syndrome

Flow lesions (common) Miscellaneous lesions (uncommon)

Hypoplastic left heart syndrome Secundum atrial septal defect

Shone’s Double outlet right ventricle

Coarctation of the aorta Aberrant right subclavian artery

Bicuspid aortic valve Atrioventricular canal defect

Aortic valve stenosis d-Transposition of the great arteries

Mitral valve Stenosis Dextrocardia

Membranous ventricular septal defect Tricuspid atresia

Type B interruption of the aortic arch/truncus arteriosus

Left-sided superior vena cava
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cation in this patient with the clinical phenotype 
described (i.e., a ‘partial JS phenotype’) seemed 
unlikely to be coincidental.

The karyotype of this patient (t:11;17:25;21) sug-
gested that the breakpoint in 11q could be in the JS
cardiac minimal region.We hypothesized that inter-
ruption of a gene in the cardiac minimal region
would define that gene as a candidate gene for caus-
ing at least a subset of the heart defects in JS.Towards
that end, we mapped the breakpoint of the translo-
cation. Initially, we used overlapping BAC clones
and identified the molecular breakpoint to be within
the JS cardiac minimal region. Next, we performed
genomic southern hybridization and subsequently
cloned the chromosome 11 and 17 translocation
breakpoints.12 No genes or expressed sequence tags
seemed to be interrupted by the chromosome 17
breakpoints. The chromosome 11 breakpoint, how-
ever, was found to be between exons 1 and 2 of a
known gene in the 11q cardiac minimal region:
OBCAM (opiate binding cell adhesion molecule).

OBCAM is a member of the immunoglobulin 
superfamily of genes.The protein is 345 amino acids
long and contains three immunoglobulin binding
domains, as well as a carboxyl-terminus glyco-
sylphophatidyl (GPI) binding domain that is re-
quired for attachment of protein to the cell surface.15

OBCAM is a member of the IgLON subfamily 
of proteins, consisting of three other closely related
genes: Neurotrimin, LAMP (limbic-associated
membrane protein), and Kilon (kindred of
IgLONs).16–20 The IgLONs are highly conserved
genes across human, mouse, rat, chick, and bovine
genomes; they are located at 11q25,3q13.2-q21, and
1p31. Interestingly, Neurotrimin is located next to
OBCAM at 11q25, in a tail to tail configuration. The
sequence of exon 1 of OBCAM and Neurotrimin is
identical.

Previous studies of the IgLONs have been on their
function in the brain, where they are most abun-
dantly expressed, and in a unique pattern.17–19,21–24

These studies have implicated a putative role for the
IgLONs as a cell adhesion molecule that mediates es-
sential cell–cell interactions during axon formation.
Prior studies have not detected expression of any of
the IgLONs in the heart.19–23

All patients with Jacobsen syndrome and heart
defects have both Neurotrimin and OBCAM 
deleted.12 To determine if the IgLONs are expressed
in human heart,we performed Northern blot analy-
sis to mRNA from fetal and adult human heart. In-
terestingly, all four genes were found to be expressed
in the heart, in a chamber-specific pattern (Table
62.2). Furthermore, multiple isoforms were 
detected whose expression pattern is regulated dur-
ing development. Recent studies in chick heart have
identified both a cell membrane-bound and a cy-
tosolic form of OBCAM, suggesting multiple func-
tions for OBCAM in the heart [unpubl. data]. Thus,
the region-specific expression pattern of the IgLONs
in the heart is reminiscent of that in the brain. Taken
together, the IgLONs seem to have an important
function in cardiac development and function.

To determine whether mutations in OBCAM
might occur in patients with isolated heart defects
that occur in Jacobsen syndrome, we performed
DNA sequencing analysis on 35 patients with flow
lesions. No mutations were detected. We are cur-
rently analyzing patients for possible microdele-
tions spanning OBCAM and Neurotrimin, using
quantitative real time polymerase chain reaction25

(Fig. 62.2).

Future studies

To date, the function of the IgLONs in the heart is
unknown. No functional or genetic knockouts have
been reported. Based on our current data, it seems
that interruption of OBCAM (i.e. by the balanced
translocation), causes defective pulmonary valve
development (dsyplasia), whereas deletion of both
OBCAM and Neurotrimin causes more severe heart

Table 62.2 Human cardiac expression pattern of IgLONs

Fetal Adult Aorta Apex RA LA RV LV Dev

OB + ++ ++ ++ + + ++ ++ Yes
NT +++ + + ++++ + + + + Yes
KILON + + ND + + + + + No
LAMP ND + ND ++ ND ND ++ ++++ Yes
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defects, including HLHS. The molecular basis of the
incomplete penetrance and variable cardiac pheno-
type is unknown. We are currently generating
knockouts of the IgLONs in order to elucidate the
function of these genes in cardiac development and
in causing congenital heart defects.

Recently, we obtained cardiac tissue from a new-
born infant with Jacobsen syndrome and HLHS.
This tissue may prove valuable for studying the effect
of hemizygosity of OBCAM and Neurotrimin on
IgLON gene expression, as well as on other genes in-
volved in cardiac development.

Summary

Jacobsen syndrome is a rare chromosomal disorder
caused by terminal deletions of 11q. Using a com-
bination of deletion mapping and the cloning of a
patient with a balanced translocation, we have 
implicated a role for the IgLONs in cardiac develop-
ment and congenital heart defects. Clearly, the com-
bined approach of the human, chick, and mouse

systems will help elucidate the exact functions of this
interesting subfamily of genes in cardiac develop-
ment and congenital heart disease.
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Clinical description of 
Char syndrome

Florence Char, an American geneticist, described a
novel syndrome in 1978, based on her observations
with a four-generation Arkansas family.1 The prin-
cipal features that she noted were facial dysmorphia
consisting of a short philtrum, patulous lips, ptosis,
and low-set ears (Fig. 63.1a), aplasia of a phalanx in
the 5th fingers (Fig. 63.1b), and patent ductus arte-
riosus. Dr Char noted that the mode of inheritance
of this disorder was autosomal dominant and that
expression of the trait was variable.

Since that description of the trait, which is now 
referred to eponymously, a limited number of
additional publications have described additional
families inheriting Char syndrome.2–8 In addition,
the original kindred described by Dr Char was re-
evaluated 30 years later, by which time a number 
of additional affected individuals were available.9

Clinical descriptions of the affected individuals in
those families expanded the range of abnormalities
associated with Char syndrome (Table 63.1). Most
of these features have varied significantly between
and within families inheriting Char syndrome. The
exception is the dysmorphia,which has been present
in all patients although less marked among affected
individuals in one family.4 Disease penetrance seems
to be complete. The variability of the expression of
the Char syndrome phenotype was compared be-
tween two large kindreds with 19 and 14 affected in-
dividuals (the original Char and Sletten kindreds,
respectively).9 Patent ductus arteriosus prevalence
was 21% in the former and 71% in the latter, while
the prevalence of 5th finger abnormalities was 89%

and 0%, respectively. In all families with several 
affected individuals, the pattern of inheritance is 
autosomal dominant with complete penetrance.

There are no data about the anatomy or histology
of the ductus arteriosus or other affected structures
in Char syndrome.

Genetic mapping and disease 
gene discovery

Satoda and co-workers identified TFAP2B as the
Char syndrome disease gene using a positional can-
didacy approach.10 Initially, two multigenerational
kindred, the original family discovered by Florence
Char1 and a second kindred identified by Sletten and
Pierpont,4 were used to perform linkage analysis.9

Significant linkage was found with several polymor-
phic DNA markers mapping to chromosome 6p12-
p21. The maximal two-point LOD score was 8.39,
achieved with marker D6S1638. Both families con-
tributed positively to the LOD scores obtained with
markers from that region and independently pro-
vided evidence for linkage.Haplotype analysis iden-
tified recombinant events that defined the Char
syndrome locus with high probability to a 3.1-cM
region between D6S459/D6S1632/D6S1541 and
D6S1024. While genetic heterogeneity is suspected
for Char syndrome (discussed below), no proof of
that has been reported using linkage exclusion 
mapping.

Next,Satoda and co-workers discovered that mis-
sense mutations in TFAP2B cause Char syndrome.10

They physically mapped TFAP2B, which had been
assigned to chromosomal band 6p21 with FISH,
into the critical region for Char syndrome and then
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performed mutation analysis with the original Char
kindred and a modest Scottish family.3 Both families
were inheriting exon 5 missense mutations, which
were, respectively, a C-to-A transversion at nu-
cleotide 791 that predicted the substitution of an
alanine by an aspartic acid residue at codon 264

(A264D) and a C-to-T transition at nt 865 that pre-
dicted the substitution of an arginine by a cysteine at
codon 289 (R289C). Subsequently, this research
group genotyped an additional eight unrelated 
patients and families with Char syndrome.11

They identified four additional missense mutations
(Table 63.2). No mutation was found in four indi-
viduals with Char syndrome. While the mutation
analysis scanned only the coding exons and their 
intron boundaries, the dominant negative effects of
the mutations that were identified suggested that
changes in regulatory regions of the TFAP2B
gene would be unlikely to cause Char syndrome.
Thus, Char syndrome may prove to be genetically
heterogeneous.

Tfap2b and its protein product

Moser and co-workers cloned the mouse Tfap2b
cDNA using its homology to Tfap2a.12 First, a
human genomic bacteriophage library was screened
with a portion of the human TFAP2A cDNA. This
resulted in the isolation of two weakly hybridizing
phage clones that contained sequences homologous
to exons 2–6. This, in turn, led to a screening of a
mouse fetal cDNA phage library and the isolation of
cDNAs with the entire coding region. Williamson
and co-workers isolated the orthologous human
cDNA from a breast cancer-derived cell line.13 The
1391-bp human cDNA has 5’and 3’untranslated re-
gions of 32 and 9 bp, respectively. The open reading
frame of 1350 bp encodes a 450-residue polypeptide
with a predicted unglycosylated Mr = 49 266. The
predicted protein sequence has the typical organiza-
tion of AP-2 transcription factors: an N-terminal
transactivation domain, a basic domain, and a 

(a) (b)

Fig. 63.1 (a) Typical facial features of Char
syndrome in an affected 46-year-old woman
from the Arkansas family. The short philtrum,
prominent lips, flat nasal bridge with upturned
nares, midface hypoplasia, and ptosis are
evident. (b) Hands of the same individual with
Char syndrome. The 5th middle phalanges are
absent, and the 5th proximal and distal
phalanges are hypoplastic.

Table 63.1 Clinical features of Char syndrome

Dysmorphia Broad forehead

Hypertelorism

Ptosis

Flat nasal bridge

Flat nasal tip

Short philtrum

Patulous lips

Low set pinnae

Cardiovascular Patent ductus arteriosus

Muscular ventricular septal defect

Complex defects

Skeletal Clinodactyly of 5th fingers

Hypoplasia or aplasia of middle 

phalanx of the 5th fingers

Polydactyly of the toes

Partial syndactyly of the toes

Abnormal 5th toes (broad, externally 

rotated)

Ophthalmalogic Strabismus

Myopia

Polythelia Hypodontia of permanent teeth

Dental/Oral High arched palate

Developmental

delay, mild
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C-terminal helix-span-helix (HSH) domain (Fig.
63.2a). The sequence of the basic and HSH domain
are highly conserved with the other three human
AP-2 proteins (Fig. 63.2b) as well as those in other
organisms such as mouse,chicken,frog,and fly (e.g.,
Drosophila AP-2 and human TFAP2A are 68% iden-
tical). The transactivation domains are far more di-
vergent among the AP-2 proteins (e.g. Drosophila
AP-2 and human TFAP2A are only 28% identical).
The TFAP2B transactivation domain, like those 
of most of the AP-2 proteins, contains a PY 
motif (XPPXY) and certain other conserved

residues, which are critical for transactivating gene
expression.14

The expression pattern of Tfap2b has been 
studied during mouse embryogenesis.15 At the earli-
est stage examined, day 8 post coitum (p.c.), Tfap2b
expression is observed in the lateral head mes-
enchyme, neural fold, and the extraembryonic tro-
phoblast. At day 10 p.c., Tfap2b is expressed in the
mid- and hindbrain, the spinal cord, dorsal root
ganglia, and the facial mesenchyme, the first
branchial arch,and the surface ectoderm.Later,dur-
ing organogenesis,Tfap2b continues to be expressed

Table 63.2 TFAP2B Mutations causing Char syndrome

Family Nucleotide substitution Exon Amino acid substitution Functional domain

Minnesota C185>G 2 P62R Transact.

Palestine C673>T 4 R225C Basic

England C673>A 4 R225S Basic

Arkansas C791>A 5 A264D Basic

Australia G821>A 5 R274Q Basic

Scotland C865>T 5 R289C HSH

Transactivation

Dimerization

DNA Binding

Helix HelixSpan

TFAP2B
TFAP2A
TFAP2C

S V N T G E V F C S V P G R L S L L S S T S K Y K V T V G E
V V N P N E V F C S V P G R L S L L S S T S K Y K V T V A E
V M N P T E V F C S V P G R L S L L S S T S K Y K V T V A E
                          C
                          S

TFAP2B
TFAP2A
TFAP2C

V Q R R L S P P E C L N A S L L G G V L R R A K S K N G G R
V Q R R L S P P E C L N A S L L G G V L R R A K S K N G G R
V Q R R L S P P E C L N A S L L G G V L R R A K S K N G G R
                                            D

TFAP2B
TFAP2A
TFAP2C

S L R E R L E K I G L N L P A G R R K
S L R E K L D K I G L N L P A G R R K
S L R E K L D K I G L N L P A G R R K
    Q                             C

212 221

251

281 290

261 271

231 241

(a)

(b)

Fig. 63.2 (a) Cartoon showing the domain arrangement of a
prototypical AP-2 protein. (b) Clustal W alignment of the
basic and helix-span-helix (HSH) regions of the human
TFAP2 protein sequences with five Char syndrome

mutations. Identical amino acid residues are shaded in gray.
The basic region of TFAP2B extends from residue 212–287
and the first helix of the HSH motif extends from residue
288–315.30
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in the midbrain and facial mesenchyme and is ex-
pressed in the kidney and corneal epithelium. This
tissue-specific expression pattern has overlap with
other AP-2 genes in some structures at certain time
points, but is unique overall.

Moser and co-workers generated a mouse model
with complete deficiency of Tfap2b using targeted
gene disruption in embryonic stem cells.16 Mice that
were heterozygous for the Tfap2b allele were pheno-
typically normal, while homozygotes died in the
newborn period. It was shown that Tfap2b-/- mice
have polycystic kidneys with cysts in the collecting
ducts and distal tubules. These renal changes oc-
curred relatively late in kidney development and
were due to excessive apoptosis in the affected re-
gions that was accompanied by downregulation of
anti-apoptotic genes. These investigators did not
note any malformations in structures comparable to
those affected in Char syndrome.

The genome of the fruit fly Drosophila
melanogaster contains a single AP-2 gene (dAP-2).
The gene has been cloned17,18 and several mutant al-
leles have been generated.19,20 Flies with null muta-
tions die as adults or late pupae. They have an
abnormal phenotype that includes severely short-
ened legs with absent tarsal joints as well as reduced
proboscis. While embryonic brain development is
normal,defects do exist in the central complex of the
protocerebrum. Hypomorphic dAP-2 alleles have
less severe effects on leg shortening. Interestingly,
these mutations result in ectopic growth in the eye
territory including supernumerary antennae, po-
tentially through a developmental mechanism that
might be relevant for the polythelia observed in
some individuals with Char syndrome.

One particularly interesting Drosophila dAP-2
mutation is R243C,20 which alters the arginine
residue corresponding to the one mutated in the
Char syndrome allele, R225C. In flies, R243C is a
null mutant associated with a severe phenotype
comparable to that observed with CRIM-negative
mutants. When paired with hypomorphic muta-
tions, the R243C allele caused a more severe pheno-
type, evidence of a dominant negative effect. These
results provided confirmation in vivo of the domi-
nant negative effects that were documented in vitro
and in cell culture with the TFAP2B R225C mutant
protein.

Molecular pathology of Char
syndrome

As noted above, six TFAP2B mutations associated
with Char syndrome have been identified to date.
Several features are noteworthy. First, they are all
missense mutations. This makes it less likely that
they cause haplo-insufficiency,a notion bolstered by
the mutant protein characterization studies de-
scribed below. Second, five of the six TFAP2B gene
defects affect residues in the basic or HSH domain
(Fig. 63.2b). Since those domains are critical for
DNA binding, it seems that the pathogenic mecha-
nism underlying Char syndrome relates to per-
turbed binding of AP-2 dimers containing mutant
TFAP2B to their target gene regulatory sites.
Third, four of the six Char syndrome mutations 
alter arginine residues. As discussed by Zhao et al.,11

the disproportion of arginine missense mutations
observed in TFAP2B and other transcription
factors21,22 can be attributed to synergism between
fundamental genetic and structural mechanisms. A
genetic mechanism is invoked because four of the six
codons coding for arginine contain CpG dinu-
cleotides, which are susceptible to mutagenesis.23 In
fact, all four TFAP2B arginine residues that are mu-
tated are encoded by CGX codons. The structural
mechanism relates to that fact that arginine residues
are known to play critical functions in the binding of
transcription factors to their target sequences.24

Specifically, they can form hydrogen bonds with
bases as well as with phosphate groups in the DNA
backbone.

The effects of the six TFAP2B mutant proteins
have been characterized in vitro and in cell cul-
ture.10,11 Electromobility shift assays (EMSAs) were
used to assess the ability of mutant TFAP2B proteins
to bind TFAP2 target DNA sequence. Wild type and
mutant proteins were translated in vitro and incu-
bated with the palindromic TFAP2 recognition 
sequence from position –180 of the human 
metallothionein-2A gene (MT2A -180). The P62R
protein, which has normal basic and HSH sequence,
engendered a normal shift (Fig. 63.3). Among the
mutants affecting the basic or HSH domains, the
R274Q protein weakly bound sequence while 
the other four mutants did not.When these mutants
were co-expressed with a truncated TFAP2A protein
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activating efficiently,clear evidence that the mutants
have dominant negative effects. There were some
significant differences among the mutants with 
the R225C and A264D proteins having the most
negative effects.

Genotype/phenotype correlation

As documented above, five of the six TFAP2B muta-
tions have affected DNA binding, while one muta-
tion, P62R, affected the transactivation domain.
While the functional profile of P62R was similar to
that of R274Q and R289C, the phenotype associated
with P62R was strikingly different.4,9 The facial dys-
morphism originally described by Florence Char
has been consistent among affected individuals with 
relatively little intra- or interfamilial variation. The
affected members in the family bearing the P62R
mutation consistently had a much milder facial dys-
morphism, such that the original assignment of af-
fectation status for some individuals in that kindred
without PDA was in error.In addition,other families
with multiple affected individuals have revealed
some persons with abnormalities of the hands,rang-
ing from aplasia of the middle phalanx of the fifth
digit to clinodactyly. None of the 14 affected mem-
bers of the family inheriting the P62R mutation had
such hand defects.

Despite the mild facial and hand phenotype, the
prevalence of PDA and other cardiovascular defects
in the family inheriting P62R was high. This dis-
crepancy between the effects of P62R on cardiac 
development versus those on craniofacial and hand
development requires explanation, particularly
since two other mutants with comparable dominant
negative effects are associated with the typical Char
syndrome phenotype. One potential basis for this
phenomenon would depend on the expression pat-
terns of TFAP2 coactivators. The PY motif has been
shown to mediate interactions between transcrip-
tion factors and coactivators.25 Thus, adverse effects
of P62R could be more marked in certain tissues, in
which coactivators interacting with the PY motif
play a greater role in modulating transcriptional 
activation. Testing of this hypothesis, particularly
with respect to cardiovascular development,
must await identification of the relevant TFAP2B
coactivators.

Fig. 63.3 Autoradiograms of electromobility shift assays
(EMSAs) performed using recombinant TFAP2B proteins. 
EMSAs performed with singly translated recombinant
TFAP2B proteins that had been incubated with [32P]-labeled
DNA with the consensus TFAP2 binding sequence. Free
probe is indicated below. EMSA performed with co-
translated TFAP2B and truncated TFAP2A proteins.
Truncated TFAP2A (DN165), which retains dimerization and
DNA-binding properties, was co-translated with wild type
and mutant TFAP2B. TFAP2 protein were incubated with
[32P]-labeled DNA with the consensus TFAP2 binding
sequence and electrophoresed. The two homodimer species
(upper and lower shifted complexes) and the heterodimer
(intermediate shifted complex) are indicated.

that retains its dimerization and DNA binding func-
tions, it was observed that heterodimers containing
R225S, R274Q, and R289C did bind target sequence
while R225C heterodimers were not able to do so
(Fig. 63.3). Protein cross-linking documented that
R225C protein dimerizes, establishing its deficit as a
failure of DNA binding per se.

The six TFAP2B mutants have been expressed
transiently in NIH3T3 cells,either alone or with wild
type TFAP2B, and their ability to transactivate a
chloramphenicol acetyl transferase (CAT) reporter
gene assessed.10,11 When expressed singly, all mu-
tants engendered significantly less CAT expression
than wild type (Fig. 63.4a).When co-expressed with
wild type TFAP2B, all mutants significantly reduced
the CAT expression expected from the wild type
protein (Fig. 63.4b). This documented that the 
mutant-wild type heterodimers were not trans-
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Fig. 63.4 Transactivation assays with
wild type and mutant TFAP2B in NIH3T3
cells. (a) Cells were transfected
transiently with 1.5 mg of the CAT
reporter construct (A2BCAT) with three
copies of TFAP2 binding sequence or an
equivalent amount of the CAT-only
construct (BCAT). To test for
transactivation, 0.3 mg wild type (wt) or
mutant TFAP2B construct was co-
transfected with A2BCAT. After 48 h,
cells were lysed and the CAT
concentrations in the lysates
determined. To normalize for
transfection efficiency, 0.5 mg of pQB125
was co-transfected, and GFP
fluorescence measured. The bars
indicate the mean and standard errors
from three independent transfections.
Units are arbitrary and the mean from
the condition with only A2BCAT was set
at 1.0. (b) Transient co-expression of wild
and mutant TFAP2B genes in NIH3T3
cells. Co-transfections and analysis were
performed as described in Fig. 63.4(a).
Total DNA used during the transfection
was made equivalent for all conditions
with an unrelated plasmid.
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The atrioventricular (AV) conduction system is
comprised of specialized cells that permit synchro-
nized cardiac excitation resulting in contraction of
the atria during ventricular filling and rapid depo-
larization of the ventricles. Anatomic components
of the AV conduction system can be identified in the
postnatal heart: the sinoatrial node, the AV node,
His bundle, left and right bundle branches, and
Purkinje ramifications. These elements are distin-
guished from the ordinary working myocardium by
developmental, anatomic, electrophysiologic, and
gene expression characteristics (reviewed in refs 
1, 2).

AV block refers to any abnormality in which con-
duction of sinus or atrial impulses to the ventricle is
delayed or interrupted.AV block taxonomy has been
based on extent (degree) of block and site of block
(Plate 38). First degree AV block manifests as pro-
longation of the PR interval (mild conduction
delay) while in third degree or complete AV block,
no atrial impulse conducts to the ventricle. Second
degree AV block is intermediate, and some atrial im-
pulses conduct to the ventricle.3 AV block is termed
‘progressive’ if the electrocardiographic features
worsen over time, e.g. block progresses from second
to third degree.

The classification can be extended by subdividing
the PR interval into three subintervals related to
conduction in specific anatomic sites: PA interval
(intra-atrial conduction), AH interval (AV node
conduction), and HV interval (distal His–Purkinje
conduction) (Plate 38).This electroanatomical clas-
sification (extent, progression, and site of AV block)

has been useful in guiding indications for pacing
therapy,but the genetic significance of this scheme is
not known.

Several causes of AV block have been identified 
in the pediatric patient. AV block as a surgical 
complication has diminished to ~1% as a result 
of improved understanding of conduction system
anatomy.4 Maternal antibody-associated AV block is
usually detected between 16 and 24 weeks of gesta-
tion in an otherwise normally developing heart and
is irreversible; over 60% of affected children require
lifelong pacemakers.5 The target antigens have 
been extensively characterized, but pathogenicity
remains to be clarified. AV block may also be the
major cardiac manifestation of neuromuscular 
disease (Table 64.1).

Despite an increasing number of entries in Online
Mendelian Inheritance in Man (OMIM), in some
cases an obvious cause of AV block is not identifi-
able. Familial clustering of AV block of unknown or
idiopathic cause has been recognized,and published
pedigrees show autosomal dominant inheritance.11

Some individuals with AV block have a health histo-
ry or family history of other forms of cardiovascular
disease in the young including cardiomyopathy or
congenital cardiac anomaly. This is not surprising
given the common origin of the specialized 
conduction system elements and the working 
myocardium.12,13

To identify the genetic basis of AV block, models
using reduced penetrance (presence of disease geno-
type in absence of phenotype) and variable expres-
sivity (presence of a disease genotype with variable
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phenotypes) have been employed. An association
between AV conduction abnormalities and congen-
ital cardiac abnormalities has long been observed.
Using genetic linkage and candidate gene analysis,
heterozygous mutations in the transcription factor,
NKX2.5, were identified as a cause of both AV block
and varied congenital heart defects.14,15 The AV
block phenotype develops even in the absence of as-
sociated malformation.14,16 Mutations exhibiting
reduced DNA binding and transcriptional activa-
tion are most likely to result in the AV block pheno-
type.17 NKX2.5-associated AV block is characterized
by conduction delay in the AV node that progresses
during postnatal life such that most individuals have
advanced second or third degree AV block by the
third decade of life.14 The developmental basis for
progressive AV nodal block, which is similar to that
observed in association with heterozygous TBX5 (a
T-box transcription factor) mutation has not been
elucidated.18

Mutations in PRKAG2, the gene for the g2 regula-
tory subunit of AMP-activated protein kinase also
result in AV block.19 Affected individuals also mani-
fest Wolff–Parkinson–White syndrome and cardiac
hypertrophy. The cardiac pathology demonstrates
that, rather than the characteristic features of
hypertrophic cardiomyopathy, hypertrophy results
from myocardial storage disease characterized by
vacuoles filled with glycogen-associated granules.
Detailed clinical electrophysiology studies of this
phenotype have shown that accessory AV connec-
tions are responsible for pre-excitation.20 The AV
block is progressive, with a site of block in the distal
His-Purkinje system (below the His bundle record-
ing site). Accumulation of glycogen-associated
granules in conductive tissue may lead to AV 
block, but how such accumulation accounts for the
presence of accessory AV connections remains an
open question.

Two distinct inherited syndromes of cardiac ar-
rhythmia, the congenital long QT syndrome and
Brugada syndrome, have been previously associated
with mutations in the cardiac sodium channel 
a-subunit gene (SCN5A). Recently, heterozygous
SCN5A mutations were detected in individuals with
AV block thus identifying a third cardiac sodium
channelopathy.21

Biophysical characterization of AV block-causing
SCN5A mutation has revealed distinct patterns of
abnormalities not previously observed for other
SCN5A alleles.22–24 In vitro studies of single, AV
block-causing SCN5A mutations demonstrate com-
peting shifts in activation and inactivation gating,
with the net effect being reduced levels of sodium
current density, which in turn slows the rise time of
the cardiac action potential and slows conduction
velocity, resulting in conduction delay rather than
another arrhythmia phenotype. Based on the 
limited studies performed to date, when AV block is
due to SCN5A mutation the extent, progression,
and site of block is variable.

Considerable progress has been made in the diag-
nosis and treatment of AV block,and recently identi-
fied genetic causes are providing insight into the
molecular pathogenesis of this important clinical
problem. These findings are significant, since they
provide insight into the molecular basis of a clinical
condition previously defined only by biophysical
characteristics. AV block-causing mutations identi-
fied to date have not conformed precisely to the
electromechanical classification scheme. Models of
AV block pathophysiology, based on electrocardio-
graphic and electrophysiologic characteristics, have
been useful for diagnosis and treatment of affected
individuals, but identification of genetic causes
promises to lead to improved understanding of
pathogenesis and natural history. For the electro-
physiologist, understanding the mode of inherit-

Table 64.1 Genetic causes of neuromuscular disease in which AV block is the principal cardiac manifestation

Neuromuscular disorder Inheritance Gene OMIM Reference

Emery Dreifus muscular dystrophy X-linked emerin 310300 17

Emery Dreifus muscular dystrophy AD Lamin A/C 181350 5, 9

Kearns-Sayre syndrome AD MtDNA deletion 530000 1

Myotonic dystrophy AD DMPK 160900 7
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ance is essential for identifying individuals at risk of
developing AV block. For the molecular geneticist,
patterns of transmission can direct strategies for
identification of the disease-causing gene muta-
tions. For the developmental biologist, disease-
causing mutations become reagents for dissecting
the processes whereby cells from common ancestry
are recruited into the atrium, ventricle, or conduc-
tion system and the tubular embryonic heart is
transformed into the four-chambered adult heart.
These insights promise to lead to alternative diag-
nostic methods and new therapeutic strategies for
this challenging clinical problem.

References

1 Moorman AFM, Lamers WH. Development of the con-

duction system in the vertebrate heart. In: Harvey RP,

Rosenthal N,eds.Heart Development. San Diego,CA:Aca-

demic Press, 1999: 195–208.

2 Thomas PS,Kasahara H,Edmonson AM et al. Elevated ex-

pression of Nkx-2.5 in developing myocardial conduction

cells. Anat Rec 2001; 263: 307–13.

3 Fish, FA, Benson, DW. Disorders of cardiac rhythm and

conduction.In:Allen HD,Gutgesell HP,Clark EB,Driscoll

DJ,eds.Heart Disease in Infants, Children, and Adolescents.

Philadelphia: Lippincott, Williams and Wilkins, 2001:

462–533.

4 Ho SY, Rossi MB, Mehta AV et al. Heart block and atri-

oventricular septal defect. Thorac Cardiovasc Surg 1985;

33: 362–5.

5 Buyon JP,Hiebert R,Copel J et al.Autoimmune-associated

congenital heart block: Demographics, mortality, mor-

bidity and recurrence rates obtained from a national

neonatal lupus registry. J Am Coll Cardiol 1998; 31:

1658–66.

6 Nagano A,Koga R,Ogawa M et al. Emerin deficiency at the

nuclear membrane in patients with Emery-Dreifuss mus-

cular dystrophy. Nat Genet 1996; 12: 254–9.

7 Bonne G, Di Barletta MR,Vanous S et al. Mutations in the

gene encoding lamin A/C cause autosomal dominant

Emery-Dreifuss muscular dystrophy. Nat Genet 1999; 21:

285–8.

8 Fatkin, D, MacRae C, Sasaki T et al. Missense mutations in

the rod domain of the lamin A/C gene as causes of dilated

cardiomyopathy and conduction-system disease. N Eng J

Med 1999; 341: 1715–24.

9 Anan R, Nakagawa M, Miyatta M et al. Cardiac involve-

ment in mitochondrial diseases. A study on 17 patients

with documented mitochondrial DNA defects. Circula-

tion 1995; 91: 955–61.

10 Brook JD, McCurrach ME, Harley HG et al. Molecular

basis of myotonic dystrophy: expansion of a trinucleotide

(CTG) repeat at the 3’ end of a transcript encoding a pro-

tein kinase family member. Cell 1992; 68: 799–808.

11 Brink PA, Ferreira A, Moolman JC et al. Gene for progres-

sive familial heart block type I maps to chromosome

19q13. Circulation 1995; 91: 1631–40.

12 Gourdie RG, Kubalak S, Mikawa T. Conducting the em-

bryonic heart: orchestrating development of specialized

cardiac tissues. Trends Cardiovasc Med 1999; 9: 18–26.

13 Takebayashi-Suzuki K, Pauliks LB, Eltsefon Y, Mikawa T.

Purkinje fibers of the avian heart express a myogenic tran-

scription factor program distinct from cardiac and skeletal

muscle. Dev Biol 2001; 234: 390–401.

14 Benson DW, Silberbach GM, Kavanaugh-McHugh A et al.

Mutations in NKX2.5, a cardiac transcription factor,affect

diverse cardiac developmental pathways. J Clin Invest

1999; 104: 1567–73.

15 Schott J-J, Benson DW, Basson CT et al. Congenital heart

disease caused by mutations in the transcription factor

NKX2.5. Science 1998; 281: 108–11.

16 Goldmuntz E, Geiger E, Benson DW. NKX2.5 mutations

in patients with tetralogy of Fallot. Circulation 2001; 104:

2565–8.

17 Kasahara H, Lee B, Schott J-J et al. Loss of function and in-

hibitory effects of human CSX/NKX2.5 homeoprotein

mutations associated with congenital heart disease. J Clin

Invest 2000; 106: 299–308.

18 Basson CT, Bachinsky DR, Lin RC et al. Mutations in

human TBX5 cause limb and cardiac malformation in

Holt-Oram syndrome. Nat Genet 1997; 15: 30–5.

19 Arad M, Benson DW, Perez-Atayde AR et al. Constitu-

tively active AMP kinase mutations cause glycogen storage

disease mimicking hypertrophic cardiomyopathy. J Clin

Invest 2002; 109: 357–62.

20 Mehdirad AA, Fatkin D, DiMarco JP et al. Electrophysio-

logic characteristics of accessory atrioventricular connec-

tions in an inherited form of Wolff–Parkinson–White

syndrome. J Cardiovasc Electrophysiol 1999; 10: 629–35.

21 Schott JJ, Alshinawi C, Kyndt F et al. Cardiac conduction

defects associate with mutations in SCN5A. Nat Genet

1999; 23: 20–21.

22 Tan HL, Bink-Boelkens MT, Bezzina CR et al. A sodium-

channel mutation causes isolated cardiac conduction dis-

ease. Nature 2001; 409: 1043–7.

23 Viswanathan PC, Benson DW, Balser JR. A common

SCN5A polymorphism modulates the biophysical effects

of an SCN5A mutation in a patient with cardiac conduc-

tion disease. J Clin Invest 2003; 111: 341–6.

24 Wang DW, Viswanathan PC, Balser JR, George AL Jr,

Benson DW Clinical, genetic, and biophysical characteri-

zation of SCN5A mutations associated with atrioventric-

ular conduction block. Circulation 2002; 105: 341–6.



Noonan syndrome is the eponymous name for the
disorder that Jacqueline Noonan, a pediatric cardi-
ologist, described in an oral presentation in 1963
and published in 1968.1,2 Her description of this
syndrome was based on observations made in nine
patients with valvar pulmonic stenosis, a distinctive
dysmorphic facial appearance with hypertelorism,
ptosis, and low-set ears, webbed neck, and chest de-
formities (Fig. 65.1). Several male patients also had
cryptorchidism. John Opitz suggested that this dis-
order be called Noonan syndrome,3 which was sub-
sequently adopted. The clinical features observed in
Noonan syndrome are summarized in Table 65.1.

Noonan syndrome is inherited in an autosomal
dominant manner, although rare apparently auto-
somal recessive cases have been described. Like
many autosomal dominant disorders, a substantial
proportion of cases seem to be sporadic. The preva-
lence of Noonan syndrome is not known precisely,
but the best estimate is between 1: 1000 and 1: 2500
live births. Disease incidence is higher since loss of
affected fetuses occurs.

Genetic mapping and disease 
gene discovery

The first genetic mapping studies for Noonan syn-
drome were performed with small kindreds, with
the first report appearing in 1992. Since Noonan
syndrome shares some features in common with
neurofibromatosis (particularly in certain indi-
viduals),markers flanking NF1 on chromosome 17q
and NF2 on chromosome 22q were used to exclude
allelism of Noonan syndrome to those traits.4,5

Jamieson and co-workers used a large Dutch kin-

dred inheriting the disorder to perform a genome-
wide scan and observed linkage with several markers
at chromosome 12q22-qter, which they named
NS1.6 They also documented that Noonan syn-
drome was genetically heterogeneous, based on
linkage exclusion for the NS1 locus with some other
smaller kindreds. The NS1 locus was refined to a re-
gion of approximately 7.5 cM using novel STRs.
Legius and co-workers studied a four-generation
Belgian family in which some affected individuals
had findings consistent with Noonan syndrome
while others had a phenotype more consistent with
cardiofaciocutaneous syndrome.7 They achieved in-
dependent linkage to NS1, and refined the critical
interval further to approximately 5 cM.A positional
candidacy approach was taken to identify the 
Noonan syndrome disease gene residing at NS1.

Tartaglia and co-workers discovered that mis-
sense mutations in PTPN11 cause Noonan syn-
drome.8 They studied two medium-sized kindreds
inheriting the disorder,documenting probable link-
age to NS1 but failing to reduce the critical region
further. PTPN11 was considered a candidate gene
because it mapped to the proper genetic interval at
chromosomal band 12q24.1 and because its protein
product,SHP-2,occupied a critical role in several in-
tracellular signal transduction pathways controlling
diverse developmental processes, including cardiac
semilunar valvulogenesis.9 Bi-directional sequenc-
ing of the fifteen PTPN11 coding region exons and
their intron boundaries for one family revealed a G-
to-T transversion at position 214 in exon 3, predict-
ing the substitution of Ala72 by a Ser residue (A72S)
in the N-SH2 domain. This sequence change was
confirmed with a PCR-based RFLP assay that docu-
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mented its presence in all affected family members
and its absence among unaffected ones. This change
was not observed in more than 200 control individ-
uals. Sequence comparison of SHP-2 with its ortho-
logues and other closely related PTPases revealed
complete conservation of Ala72. Analysis of the sec-
ond family revealed an A-to-G transition at position
236 in exon 3.This change predicted the substitution
of Gln79 by an Arg (Q79R), affecting another highly
conserved residue in the N-SH2 domain. This se-
quence change was confirmed in all affected individ-
uals in this family, but was absent in unaffected
family members and controls. Taken together, these
findings established PTPN11 as the NS1 disease
gene.

PTPN11 and IT protein product, 
SHP-2

Ahmad and co-workers cloned the human PTPN11
cDNA from an umbilical cord library based on its
homology to other protein tyrosine phosphatases in
the catalytic domain.10 The predominant cDNA
contained an open reading frame of 1,799 nu-
cleotides, resulting in a predicted protein of 593
amino acid residues that is named SHP-2.SHP-2 has

Fig. 65.1 Dysmorphic facial features in Noonan syndrome.
Series of one affected girl from age 2 to 17 years, showing
the evolution of the facial features. (Kindly provided by J.
Allanson.)

Table 65.1 Clinical features of Noonan syndrome

Dysmorphia Epicanthal folds

Ptosis

Downslanting palpebral 

fissures

Triangular facies

Low set, thickened pinnae

Light colored irises

Curly, coarse hair

Cardiovascular Congenital heart defects 

(pulmonic stenosis >
atrioventricular septal

defects > aortic coarctation >
secundum atrial septal

defects > mitral valve defects

> tetralogy of Fallot >
ventricular septal defects >
patent ductus arteriosis)

Hypertrophic cardiomyopathy

Short stature

Webbed neck with low

posterior hairline

Skeletal Pectus excavatum and/or 

carinatum

Cubitus valgus

Scoliosis

Vertebral anomalies

Cryptorchidism

Feeding difficulties

Developmental Delay

Attention deficit/hyperactivity 

disorder

Hematologic Bleeding diathesis (von 

Willebrand disease, factors XI

and XII deficiency)

Thrombocytopenia

Leukemia

Ophthalmalogic Strabismus

Myopia

Hearing Loss

Dental/Oral Malocclusion

High arched palate

Lymphatic Lymphedema

Lymphangiectasia
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a domain arrangement identical to another non-
membranous protein tyrosine phosphatase, SHP-1,
with two tandemly arranged src-homology 2 (SH2)
domains at the N-terminus followed by the catalytic,
or protein tyrosine phosphatase (PTP), domain.
There is 60% identity between the PTP domains of
SHP-1 and SHP-2 but slightly lower homology
across the SH2 domains.Ahmad and co-worker also
identified a second PTPN11 transcript that contains
12 additional base pairs within the catalytic domain.
Little additional information is available about this
alternative transcript.

The expression pattern of PTPN11 has been ex-
plored in humans and mice. In humans, a 7.0-kb
transcript is detected in several tissues (heart, brain,
lung, liver, skeletal muscle, kidney, and pancreas)
with highest steady-state levels in heart and skeletal
muscle.10 The age of the subjects from whom the
RNAs were derived was not specified. The expres-
sion pattern of SHP-2 was assessed in adult human
brain using immunoblot and immunohisto-
chemistry.11 While SHP-2 was detected diffusely in
the brain, immunohistochemical analysis revealed
signal from neurons but not glial or endothelial 
cells. In the developing mouse,a 7.0-kb Ptpn11 tran-
script was detected at all time points examined
(E7.5–E18.5) with northern analysis.12 Ptpn11 was
detected using in situ hybridization in embryonic
and extra-embryonic tissues at E7.5. At later time
points, signal was present in all tissues with highest
levels in heart and neural ectoderm.

A mouse model of Shp-2 deficiency was gener-
ated using targeted disruption in embryonic stem
cells.13,14 The allele,which deleted several residues of
the N-SH2 domain and obliterated activation of the
MAPK pathway, was a recessive embryonic lethal.
Developing embryos nullizygous for Shp-2 had de-
fects in gastrulation and patterning, resulting in se-
vere abnormalities in axial mesoderm development.

Chimeric mice were generated by associating
Ptpn11-nullizygous embryonic stem cells with wild
type morulas.15,16 Among phenotypically normal
chimeric embryos, mutant cells were absent in the
heart, somites, limb buds, and nasal placode, all re-
gions that require Fgf signaling. There was also ab-
sence of a contribution of Ptpn11-mutant cells to
hematopoietic progenitors in fetal liver and bone
marrow. Extensive characterization of limb devel-
opment in chimeras demonstrated that the absence

of Ptpn11-mutant cells in the developing progress
zone resulted from abnormal chemokinesis or cell
adhesion, but not from inadequate proliferation.16

When Ptpn11-mutant cells were present in the
progress zone, limb development was abnormal,
evidence that Shp-2-related signaling is required 
for limb development.

Of particular relevance to the potential pathogen-
esis of Noonan syndrome, Shp-2 has a role in semi-
lunar valvulogenesis. Chen and co-workers studied
the effects of a hypomorphic allele of Egfr (called
Egfrwa2), which produces a protein with 10–20%
residual kinase activity.9 Mice with combined 
homozygosity for Egfrwa2 and heterozygosity for a
null Ptpn11 allele had aortic and pulmonic stenosis
due to thickening of the valve leaflets with excessive
numbers of mesenchymal cells. Embryos with only
Egfrwa2 homozygosity also had abnormal semilunar
valves, but to a significantly lesser extent. While the
nature of the PTPN11 alleles differs between these
mice and patients with Noonan syndrome (haplo-
insufficiency vs. gain-of-function), these data sug-
gest that the pulmonic stenosis associated with
Noonan syndrome results from abnormal SHP-2
activity in the EGFR pathway.

The Drosophila homologue of PTPN11 is
corkscrew (csw), which was cloned by Perrimon’s
group in 1992.17 This X-linked gene is named for the
shape of misshapen fly embryos that result from 
deficiency of this protein tyrosine phosphatase.
Corkscrew is maternally required for determination
of cell fates for terminal structures. Corkscrew acts
downstream of torso,which is a receptor tyrosine ki-
nase that is homologous to fibroblast growth factor
receptor 3.18–22 After binding its ligand, torso au-
tophosphorylates and initiates a signal cascade that
results in activation of mitogen-activated protein ki-
nase (MAPK, Fig. 65.2). Activated MAPK dimerizes
and translocates into the nucleus where it induces
expression of two transcription factors, tailless and
huckebein at the anterior and posterior embryonic
poles.

As shown in Fig. 65.2, the interactions between
torso and corkscrew are complex. Using an SH2 do-
main, corkscrew binds to torso at the phosphory-
lated residue Y630(20). This binding activates
corkscrew, which then dephosphorylates torso at
Y918. This dephosphorylation prevents GAP1, a
negative regulator of the MAPK cascade, from bind-
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ing to torso. Activated torso also phophorylates
corkscrew at Y666, facilitating docking of the 
protein, downstream-of-receptor-kinases (the
Drosophila homologue of the mammalian adapter
protein GRB-2). Downstream-of-receptor-kinases,
in turn, binds son-of-sevenless, activating it and
stimulating the MAPK cascade. Epistatic analyses
have also documented that corkscrew interacts with
additional members of the MAPK cascade,although
its specific targets remain to be determined. Re-
cently, it was shown that corkscrew binds with Droso-
phila importin-7, which binds to dimerized MAPK
and translocates it across the nuclear membrane.23

In addition to its role in the development of ter-
minal structures through the torso signal cascade,
corkscrew also is important for several other recep-
tor tyrosine kinase pathways that result in MAPK ac-
tivation.22 Among these, the best characterized is the
sevenless pathway in the developing Drosophila
eye.24 The Drosophila eye is comprised of 800 units,
called ommatidia,that contain eight photo-receptor
cells (R1–R8), as well as lens and accessory cells.
While the development of all photoreceptor cells is
dependent on the Drosophila epidermal growth fac-
tor (EGF) receptor, only R7 development also re-

quires signaling from sevenless. Mutant corkscrew
alleles perturb R7 development, producing the
rough eye phenotype.25 While the sevenless pathway
to MAPK is quite similar to that used by torso,the in-
teractions of corkscrew within the cascades are not
identical. In particular, corkscrew binds sevenless
independent of the phosphorylation state of seven-
less (whereas it binds torso only after ligand binding
and autophosphorylation). In addition, activated
corkscrew binds and dephosphorylates the Gab2
homologue, daughter-of-sevenless, which is phos-
phorylated by activated sevenless.26,27 Daughter-of-
sevenless then acts as a multisite adapter in
promoting signaling to MAPK in a RAS-dependent
or RAS-independent fashion.

Phenotypic characterization of several corkscrew
alleles has documented that corkscrew participates
in signal cascades for several other receptor tyrosine
kinases.22,28 EGF (a.k.a. DER) is important for the
development of ventral ectoderm (including the
central nervous system), eyes, antennae, legs, and
wings. All of these structures develop abnormally
when corkscrew is deficient. Similarly, the fibroblast
growth factor receptor 1, breathless, is a receptor 
tyrosine kinase that is critical for tracheal develop-
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Fig. 65.2 Torso (TOR) signal transduction
pathway. The signaling pathway from the
receptor tyrosine kinase, TOR, to
stimulation of gene transcription by
mitogen activated protein kinase (MAPK)
in Drosophila embryos. Corkscrew (CSW)
binds phosphorylated Y630 residue and
dephosphorylates Y918. The latter
prevents the binding of GTPase activating
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regulates the MAPK pathway. Activated
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activates the MAPK cascade, resulting in
increased expression of TLL and HKB.
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kinases, DRK; Son-of-sevenless (SOS);
MAP kinase kinase, MEK; Tailless, TLL;
Huckebein, HKB.
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ment.When corkscrew is deficient, tracheal cell pre-
cursors are produced normally but fail to migrate
properly. Finally, another fibroblast growth factor
receptor, heartless, is critical for specification of
pericardial cells.Deficiency of corkscrew disrupts or
deletes their development.

Molecular pathology of 
Noonan syndrome

In the original gene discovery paper as well as in a
subsequent publication, Tartaglia and co-workers
investigated the relative importance of PTPN11
defects in the epidemiology of NS as well as the 
spectrum of molecular defects observed in the dis-
order.8,29 Mutation screening was performed with
141 apparently unrelated individuals affected with
NS, either sporadic (n = 81) or familial (n = 60)
cases. Among the familial cases, the trait was linked
to NS1 in 11 of the kindreds and excluded in four.
For the remaining 45 families, their small size pre-

Table 65.2 PTPN11 Mutations in Noonan syndrome

No. of cases Nucleotide substitution Exon Amino acid substitution Domain

2 A124>G 2 T42A N-SH2

2 G179>C 3 G60A N-SH2

1 G181>A 3 D61N N-SH2

2 A182>G 3 D61G N-SH2

2 T184>G 3 Y62D N-SH2

4 A188>G 3 Y63C N-SH2

1 G214>T 3 A72S N-SH2

2 C215>G 3 A72G N-SH2

2 C218>T 3 T73I N-SH2

1 G228>C 3 E76D N-SH2

6 A236>G 3 Q79R N-SH2

3 A317>C 3 D106A N-SH2/C-SH2 linker

1 G417>C 4 E139D C-SH2

1 G417>T 4 E139D C-SH2

1 A836>G 7 Y279C PTP

2 A844>G 7 I282V PTP

1 T853>C 7 F285L PTP

1 T854>C 8 F285S PTP

20 A922>G 8 N308D PTP

2a A923>G 8 N308S PTP

1 A925>G 8 I309V PTP

1 G1502>A 13 R501K PTP

4 A1510>G 13 M504V PTP

aAffected members of one family exhibited the Noonan-like/multiple giant cell lesion condition.

cluded genetic linkage analysis. Missense mutations
were identified in 66 cases or 47% (Table 65.2). A
total of 22 different molecular defects were observed
in this cohort and one mutation, the 922A-to-G
transition that predicted an N308D substitution
constituted nearly one-third of the defects. Several
sporadic N308D cases, for whom the parents did not
carry that allele, were observed, indicating a muta-
tional hotspot.

Two lines of evidence suggest that Noonan syn-
drome caused by PTPN11 mutations is almost com-
pletely penetrant. First, PTPN11 mutation analysis
with 11 families for which there was significant or
suggestive linkage to the NS1 locus revealed muta-
tions in all affected individuals but none of the unaf-
fected ones. Second, genotyping of a number of
unaffected parents for defects discovered in their
offspring with apparently sporadic Noonan syn-
drome provided only a single instance of a genotyp-
ically affected, phenotypically normal parent.While
it is possible that similar analysis for ‘milder’cases of
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NS might uncover some instances of incomplete
penetrance, the strict criteria for Noonan syndrome
employed clinically identifies a cohort with almost
100% penetrance.

The 68 Noonan syndrome mutations identified to
date are not randomly distributed in the PTPN11
gene (Fig. 65.3). Sixty-five of the mutations (96%)
affect residues residing at or adjacent to the interface
between the N-SH2 and PTP domains. The N-SH2
domain interacts with the PTP domain and binds to
phosphotyrosyl-containing targets on activated re-
ceptors or docking proteins using two separate sites.
These sites show negative cooperativity so that N-
SH2 can work as intramolecular switch to control
SHP-2 catalytic activity. In the inactive state, the N-
SH2 and PTP domains share a broad interaction
surface. More precisely, the N-SH2 D’E loop and
flanking bD’and bE strands closely interact with the
catalytic cleft, blocking the PTP active site. Crystal-
lographic data on SHP-2 in the inactive conforma-
tion revealed a complex interdomain hydrogen
bonding network involving Asn58, Gly60, Asp61,
Cys459, and Gln506, which stabilizes the protein.30

Numerous polar interactions between N-SH2
residues located in strands bF and bA, helix aB and
residues of the PTP domain further stabilize the 
inactive conformation. Significantly, most of the
residues mutated in Noonan syndrome are either 

directly involved in these interdomain interactions
(Gly60, Asp61, Ala72, Glu76, and Gln79) or are in
close spatial proximity to them (Tyr62, Tyr63,
Thr73, Tyr279, Ile282, Phe285, Asn308, Ile309,
Arg501, and Met504). This distribution of molecu-
lar lesions suggests that the pathogenetic mechanism
in Noonan syndrome involves altered N-SH2/PTP 
interactions that destabilize the inactive conforma-
tion without altering SHP-2’s catalytic capability.
Consistent with this view, no mutation altered
Cys459 (the residue essential for nucleophilic at-
tack), the PTP signature motif (positions 457–467),
or the TrpProAsp loop (positions 423–425), which
are all essential for phosphatase activity.

Three of the Noonan syndrome mutations af-
fected residues outside of the interacting regions of
the N-SH2 and PTP domains (Fig. 65.3). One recur-
rent mutation affected Asp106, which is located in
the linker stretch connecting the N-SH2 and C-SH2
domains. Although functional studies are required
to understand the functional significance of the
AspÆAla substitution, Tartaglia and co-workers
hypothesized that this mutation might alter the 
flexibility of the N-SH2 domain, thus inhibiting the
N-SH2/PTP interaction.29 Two mutated residues,
Thr42 (N-SH2 domain) and Glu139 (C-SH2 do-
main), are spatially far from the N-SH2/PTP inter-
action surfaces. In contrast to the other mutated
residues, Thr42 and Glu139 are implicated in the 
intermolecular interactions of the SH2 domains
with phosphotyrosyl-containing peptides.31,32

Specifically, Thr42 directly interacts with the tyro-
sine phosphate and Glu139 is adjacent to Arg138
and Ser140, which form hydrogen bonds to that
phosphate. Since the phenotype of the subjects 
bearing these mutations was typical for Noonan
syndrome, molecular characterization is needed in
order to understand how defects in phosphotyro-
sine binding result in similar developmental pertur-
bations to those affecting SHP-2 inactivation.

The mechanism of action of the mutant SHP-2
proteins appears to be a gain of function. Tartaglia
and co-workers used thermodynamic analysis to ex-
plore the molecular consequences of two Noonan
syndrome mutants,A72S and A72G.8 The technique
of Monte Carlo33 with scaled collective variables34

(MC-SCV) was used to determine the energetically
accessible conformations of the segment Gly68-
Glu76 in the context of N-SH2 in the activated (A)

Fig. 65.3 Location of mutated residues in SHP-2 in the
inactive conformation. Ca trace of N-SH2, C-SH2 and PTP
domains according to Hof et al. (1998). Mutated residues are
indicated with their side chains as thick lines (N-SH2 residues
located in or close to the N-SH2/PTP interaction surface,
black; linker, C-SH2 and N-SH2-phosphopeptide binding
residues, gray; PTP residues located in or close to the 
N-SH2/PTP interaction surface, gray).
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conformation. From this procedure, more than 30
structures were analyzed to relate their structure and
energy.For the wild type (Fig.65.4a),only three low-
energy structures had Ca-root mean square dis-
tance (rmsd) 2Å. The lowest energy structure
(rmsd = 0.86Å) was ~8 kcal/mol below the other two
states with small rmsd, supporting the observed sta-
bility of the active conformation of isolated N-
SH2(32). In addition to the two low-rmsd states
around 8 kcal/mol above the lowest energy con-
formation, several conformations were found at this
energy with considerably larger rmsd values. There-
fore, shuttling of wild-type SHP-2 between the A
and inactivated (I) conformations becomes energet-
ically plausible if,upon interacting with the PTP do-
main, the energy gap between the lowest energy
conformation and the nearby states decreases. This
would make those conformations accessible and
confer the requisite flexibility to this segment of N-
SH2. In contrast, both A72G and A72S had large
populations with small rmsd and low energies (Fig.
65.4b,c). Even if the energies of these states shifted
relative to each other upon binding of the PTP 
domain, there would still be several low-energy con-
formations available that were close to the A 
conformation, but none that would confer the flexi-
bility required for transition to the I state. Conse-
quently, the ability of these two mutants to shuttle
between the A and I states is predicted to be im-
paired, implying that the equilibrium is shifted to-
ward the A state relative to the wild-type protein.

There are functional data supporting the conclu-
sions of the foregoing energetics-based structural
analyses. O’Reilly and co-workers created and char-

acterized two SHP-2 mutants, D61A and E76A,
which they postulated would be gain-of-function
changes since both are N-SH2 residues that inter-
act directly with the PTP domain.35 Both mu-
tants showed increased basal phosphatase activity
(E76A>>D61A>WT) and retained normal phos-
phopeptide binding properties. When expressed in
Xenopus ectodermal explants, both mutants in-
duced changes mimicking some aspects of develop-
ment that are fibroblast growth factor-inducible,
documenting basal stimulation of some signaling
cascades in vivo. D61G, found in a case of Noonan
syndrome, was extremely similar to D61A, provid-
ing strong evidence that this mutation has gain-of-
function effects. E76D, observed in another case,
affected the same residue as the E76A, but was more
a more conservative change. Glu76, however, is in-
variant among the SHP-2 orthologues and homo-
logues.The similarity in function of Asp61,Ala72 and
Glu76 in stabilizing the I state30 provides further evi-
dence that NS is caused by increased activity of SHP-
2.

Genotype/phenotype correlation

Because of the clinical heterogeneity observed in
Noonan syndrome, Tartaglia and co-workers inves-
tigated possible associations between genotype and
phenotype.29 The distribution of several major 
clinical features of Noonan syndrome in subjects
with and without mutations in PTPN11 is shown in
Table 65.3.A statistically significant association with
pulmonary valve stenosis was found among the
group with PTPN11mutations (70.6% vs.46.2%,P=
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Fig. 65.4 Plots of root mean-square deviation (RMSD)
against energy for the wild type and two mutant N-SH2
segments of SHP-2. For each case, the lowest energy

conformation was arbitrarily set to an energy of 0 kcal mol-
1. (a) Wild type; (b) Ala72Gly; (c) Ala72Ser.
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0.008). In contrast, a statistically significant lower
incidence of HCM was observed in this group (5.9%
vs. 26.2%, P = 0.004). There was no significant dif-
ference in the prevalence of atrial and/or ventricular
septal defects or other congenital heart malforma-
tions between the PTPN11 mutation and non-
mutation groups. Similarly, there was no difference
in the rates of short stature, pectus deformities,
cryptorchidism, or enrollment in special education
(as a marker of developmental delay).

The cohorts with N-SH2 and PTP mutations,
respectively, were compared for the same clinical
manifestations of NS. While this analysis had less
statistical power due to sample size, no significant
differences were identified.The phenotype observed
in subjects with the common Asn308Asp substitu-
tion (n = 17) was not qualitatively different from
those with other mutations, except none carrying
the Asn308Asp change was enrolled in special 
education.

PTPN11 mutations have now been identified in
two phenotypes related to classic Noonan syn-
drome. Tartaglia and co-workers identified an A-to-
G transition at position 923 (Asn308Ser) in a
previously described family with Noonan-like syn-
drome with multiple giant cell lesions in bone (MIM
no.163955).29 In this family, two siblings had lesions
in the mandible while their mother only had typi-
cal features of Noonan syndrome.36 The same
Asn308Ser mutation was observed in another 
family with Noonan syndrome that had no known
bony involvement.

Digilio and co-workers screened eight indepen-
dent individuals with LEOPARD syndrome (MIM

no. 151100) for PTPN11 defects and identified mis-
sense mutations in seven.37 They also found muta-
tions in two individuals with Noonan syndrome
with café-au-lait spots. Among these nine appar-
ently independent mutations, three were A-to-G
transitions at position 386 (Tyr279Cys) and six were
C-to-T transitions at position 1403 (Thr468Met).
The Tyr279Cys mutation had been found pre-
viously in an infant diagnosed with Noonan syn-
drome; re-examination later in life revealed the
presence of multiple café-au-lait spots [S. Jeffery,
pers. comm.]. These results suggest specificity 
for these mutations for the development of these
dermatological abnormalities.

Two other genetic disorders that share some fea-
tures with Noonan syndrome are cardiofaciocuta-
neous and Costello syndrome. Geneticists had also
proposed that one or both might be allelic with 
Noonan syndrome. Two independent studies ex-
cluded PTPN11 mutations in medium-sized cohorts
of individuals with cardiofaciocutaneous syn-
drome38,39 and one achieved the same for Costello
syndrome.40 Thus,it can be concluded that neither of
these two disorders is allelic with the genetic form of
Noonan syndrome caused by PTPN11 mutations.
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Table 65.3 Clinical features in Noonan patients with and without PTPN11 mutations

Clinical feature Proportion (%) of patients Proportion (%) of patients P1

with PTPN11 mutation without PTPN11 mutation

Cardiac defects:

HCM 3/51 (5.9) 17/65 (26.1) 0.004

Pulmonic stenosis 36/51 (70.6) 30/65 (46.2) 0.008

Septal defects 6/50 (12.0) 11/63 (17.5) NS

Short stature 39/51 (76.5) 45/64 (70.3) NS

Special education 11/46 (23.9) 21/59 (35.6) NS

Pectus deformities 39/50 (78.0) 46/61 (75.4) NS

Cryptorchidism 26/31 (83.9) 25/35 (71.4) NS

1 NS indicates a statistically not significant difference
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Noonan syndrome (NS) is characterized by dysmor-
phic face, short stature, chest deformity, and con-
genital heart disease (CHD).1 More than 50% of the
patients with NS have some cardiac defects, most
commonly pulmonary stenosis (PS), atrial septum
defect (ASD), and hypertrophic cardiomyopathy
(HCM).2–4 The estimated incidence of this syn-
drome is between one per 1000 and one per 2500 live
births.5 In 1994, a candidate gene for Noonan syn-
drome was mapped to chromosome 12q24.1 and 
genetic heterogeneity was also noted.6 In 2001,
mutations in PTPN11, encoding the protein-
tyrosine phosphatase SHP-2, were reported to cause
NS.7,8 To further characterize the genotype/
cardiac-phenotype correlation, we reviewed the
clinical data and genotyped NS patients.

We evaluated 34 probands of Japanese NS with
cardiac defects, among whom there was only one fa-
milial case (Table 66.1). Their age ranged from 2
months to 37 years. There were 23 males and 11 fe-
males. In the screening of the 34 patients, 10 differ-
ent PTPN11 missense mutations were identified in
15 probands, including two novel ones (Glu69Gln,
Ser502Ala) (Table 66.2). Two pairs of three un-
related subjects shared the same missense mutation
Tyr63Cys in exon 3 and Asn308Ser in exon 8, respec-
tively. Two unrelated subjects carried the same de
novo missense mutation Tyr62Asp in exon 3. Eleven
of these mutations were located in or around inter-

acting portion of N-terminal SH2 domain and 
protein tyrosine phosphatase (PTP) domain9 (Fig.
66.1).The rest,three Asn308Ser and one Asn308Asp,
resided in the PTP domain of exon 8. These muta-
tions are thought to be in a hot spot.There were eight
cases of valvular pulmonary stenosis, including five
cases of dysplastic valve. There were seven cases of
atrial septal defects, six of which were secundum de-
fect type and one multiple fenestrated type. Only
one case of the secundum type was isolated and the
rest were accompanied by PS. There was one case
each of HCM, infundibular PS with VSD, and ASD,
and supravalvular PS. A novel mutation, Ser502Ala,
was identified in exon13. It was located at the site 
of the PTP domain interacting with the N-SH2 
domain.9 The Ser502Ala mutation resulted in 
valvular PS accompanied by ASD, peripheral PS 
and supravalvular AS. One missense mutation,
Asn308Ser, was identified in a NS proband with
HCM. It is interesting that the Asn308Ser mutation
has been seen by us and others to be associated with
PS without HCM.

These findings strongly suggest that PTPN11
plays an important role in valvulogenesis and 
cardiac septum formation, and that additional 
genetic and/or environmental factors must be 
involved in bringing about the observed variation 
in cardiac phenotypes resulting from a single
PTPN11 mutation.

CHAPTER 66

Missense mutations in the PTPN11
as a cause of cardiac defects
associated with Noonan syndrome
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Methods

Clinical evaluation
Informed consent was obtained from all partici-
pants in accordance with the Ethics Committee of
Tokyo Women’s Medical University. Noonan syn-
drome was diagnosed on the basis of the presence of
the following major characteristics: typical facial
features (ocular hypertelorism, ptosis, epicanthic
folds, anti-mongoloid slant of palpebral fissures),
cardiac defects (PS, ASD, and HCM), short stature,
and chest deformity. Cardiac defects were evaluated

by history,physical examination,12-lead electrocar-
diography and transthoracic echocardiography,
cardiac catheterization, and angiography without
knowledge of the genotype status.

Genetic studies
Genomic DNA was extracted from peripheral blood
lymphocytes or Epstein–Barr virus-transformed
lymphocytes. By comparing the cDNA sequence of
the Human PTPN11 gene (GenBank accession
number NM002834) and BAC clone RP3–329E11
(GenBank accession number AC004086) which
were used in a previous study,7 we determined the
genomic structure and made adequate primers to
amplify each exon (2–15)(Table 66.3). (We used the
sequence of primer pairs for exon 1, which was sug-
gested by Tartaglia.7)

The coding region (exons 1–15) with flanking 
introns of PTPN11 were amplified from genomic
DNA by PCR using 15 sets of primers (Table 66.3).
For exons 2–15, PCRs were performed in a 50 mL re-
action volume containing 50–100 ng genomic DNA,
1U AmpliTaq, 25 pmol of each primer, 200 mM of
each dNTP and 1xPCR buffer (Applied Biosystems),
through the use of Gene Amp PCR System 2400 (Ap-
plied Biosystems). For exon1, we used GC buffer I or
II (TaKaRa) instead of 1xPCR buffer. Cycling 
parameters were as follows: 95°C for 4 min (first 

Table 66.1 Subjects classified by cardiac defects

Cardiac defects Total: 34

PS without ASD 10

PS with ASD 7

HCM 7

PS with VSD 3

PS with HCM 2

ASD with HCM 2

ASD 2

Tetralogy of Fallot with ASD 1

PS, pulmonary stenosis; ASD, atrial septal defect; VSD,

ventricular septal defect; HCM, hypertrophic

cardiomyopathy

Table 66.2 PTPN11Mutations in Noonan syndrome

No. Nucleotide change EXON Amino acid change Heart disease

1 GGT-GCT 3 Gly60Ala PS, ASD

2 GAT-GGT 3 Asp61Gly ASD

3 TAC-GAC 3 Tyr62Asp PS(valv.), ASD

4 TAC-GAC 3 Tyr62Asp PS(infund.), VSD,ASD

5 TAT-TGT 3 Tyr63Cys PS(valv.), ASD

6 TAT-TGT 3 Tyr63Cys PS(mild,valv.)

7 TAT-TGT 3 Tyr63Cys PS, small VSD

8 GAG-CAG 3 * Glu69Gln PS(mild,valv.)

9 CAG-CGG 3 Gln79Arg ASD, PS(valv.)

10 TTT-TCT 8 Phe285Ser PS(dysplstic, infund.)

11 AAT-AGT 8 Asn308Ser HCM

12 AAT-AGT 8 Asn308Ser VSD, PS(valv.)

13 AAT-AGT 8 Asn308Ser PS(supra valv.)

14 AAT-GAT 8 Asn308Asp PS(mild,valv.)

15 TCA-GCA 13 * Ser502Ala PS(dysplastic), ASD

valv., valvular; infund., infundibular; *, novel mutation
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denaturing step); 35 cycles of 95°C for 20 s, 60°C for
30 s, and 72°C for 1 min; and 72°C for 5 min (last ex-
tension step).The PCR products were purified using
PCR purification kits (QIAGEN, Santa Clarita, CA)
and sequenced directly with a ABI BigDye-
terminator cycle-sequencing Kit (Perkin Elmer) and
an ABI 3100 Capillary Array Sequencer (Perkin
Elmer). Sequences were analyzed using SeqMan II
software (DNASTAR).
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Fig. 66.1 Distribution of PTPN11
missense mutations in Noonan
syndrome with cardiac defect. The
functional domains of the SHP-2 protein
are composed of two tandemly
arranged SH2 domains and a protein
tyrosine phosphatase (PTP) domain.
Numbers below the domain structure
indicate the amino acid boundaries of
those domains.

Table 66.3 Primer pairs for amplifying the PTPN11coding sequence

PTPN 1F GCTGACGGGAAGCAGGAAGTGG PTPN 1R CTGGCACCCGTGGTTCCCTC

PTPN 2F GCCCAGGGCTCAGATAAGG PTPN 2R GCAGGGAGGAGGCATTGAC

PTPN 3F AAAATCCGACGTGGAAGATGAGAT PTPN 3R GTCACAAGCCTTTGGAGTCAGAGA

PTPN 4F TGAAACCCCATCTGTAGGTGATAG PTPN 4R ATCCCTTGGAGGAATGTGTCTACT

PTPN 5F TGGAGGCTGATGATACTATTCTGT PTPN 5R CACCCAGCCTATTATCTGTCTTT

PTPN 6F CAACTTGCTCCGTGTCAATCAAT PTPN 6R AACCCTCTGTCCGTGCCTTTAT

PTPN 7F CTAAGGCCTCCGATGTGCTAAC PTPN 7R CACGCCTGACCCAGATGAAC

PTPN 8F TTCAGGCTAGAAATTTAGGAAGAA PTPN 8R TAGGCTGGGGAGTAACTGATTTG

PTPN 9F TCCTAAACATGGCCAATCTGACA PTPN 9R AATGCAAATATCATCATGGTAAGC

PTPN 10F TGAGTAACGGCAAGACCCTGAAT PTPN 10R AGGCCATTTTCCATGTTGGTG

PTPN 11F TGTCCCTCAATGCAGTTGCTCTAT PTPN 11R AACCTGGGGAGATTCTCTTCCTCT

PTPN 12F GAAGTCTTCAGCCCAGATTTTT PTPN 12R TTGCCAACATATTTTCAAACATAA

PTPN 13F TTCCCATTCCGAAATCAAACAGT PTPN 13R TAGCCATTGCAACATGCTCAGTTA

PTPN 14F ACTAACAGTAGGGCAACAGGAACG PTPN 14R TCAGTATTCTCAACCCGTCTATCA

PTPN 15F TTGCTTGCCTGCTTAAAAATACT PTPN 15R TATCTGGTGCCCAAAGAATGTAGT
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Left ventricular noncompaction (LVNC), a form of
cardiomyopathy, presents in infancy with a hyper-
trophic and dilated left ventricle with deep trabecu-
lations and commonly with reduced systolic
function. Deletion of the FK Binding protein 12
(FKBP12) gene result in nonisolated LVNC associ-
ated with congenital heart disease in mice.1 Muta-
tions in the gene G4.5, which maps to chromosome
Xq28, have been described in patients with isolated
LVNC, suggesting that LVNC and Barth syndrome
(X-linked disorder associated with dilated car-
diomyopathy, skeletal myopathy, neutropenia, and
abnormal mitochondria) are allelic.2,3 Female pa-
tients with LVNC, however, have been also reported
suggesting non-X-linked inheritance in some 
instances.4,5

The purpose of this study was to investigate pa-
tients with LVNC for disease-causing mutations in a
series of candidate genes selected using the “final
common pathway hypothesis”6 including a-
dystrobrevin.

DNA was isolated from 27 patients including six
families with isolated LVNC and from 10 patients
with nonisolated LVNC including two families after
informed consent. Patient samples were screened

for mutations in FKBP and G4.5, as well as cy-
toskeletal protein-encoding gene a-dystrobrevin,
using single-strand DNA conformation polymor-
phism (SSCP) analysis and DNA sequencing.

A C>T mutation was identified at nucleotide 362
of a-dystrobrevin, resulting in a change from pro-
line to leucine (P121L) in all six affected individual
from one family with LVNC, including five with
nonisolated LVNC and one with isolated LVNC
(Plate 39). The pattern of transmission is most con-
sistent with an autosomal dominant trait over four
generations. All patients with the nonisolated form
had one or more VSDs. Computer modeling pre-
dicted this mutation to result in a change in the sec-
ondary structure of this protein. No mutations were
identified in FKBP12 and G4.5 in these patients.

A novel splice-site mutation of intron 8 in G4.5
gene was found in the proband and four female car-
riers from one family with isolated LVNC, being
consistent with X-linked transmission over four
generations (Plate 40).This mutation results in dele-
tion of exon 9 from the mRNA, and is predicted to
significantly disrupt the protein product. Neither of
the affected individuals nor any other family mem-
bers presented with signs or symptoms of BTHS.
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Genotype–phenotype correlation were analyzed
in all of 38 cases with G4.5 mutation reported up to
the present time.7–11 The individual G4.5 mutations
in 38 patients are heterogeneous, and there are 
no obvious genotype–phenotype correlations that
allow the systemic manifestations of BTHS and the
differentiation of clinical course to be predicted. In
patients with X-linked LVNC, associated findings of
BTHS are either absent or inconsistent. Additional
factors to G4.5 mutations influence the clinical 
phenotype, which may also account for the large
phenotypic heterogeneity of the symptoms within
families.

These data suggest that there is genetic hetero-
geneity in LVNC, which like dilated cardiomyopa-
thy, is a disease of the cytoskeleton. This mutation in
the a-dystrobrevin represents the first mutation
identified in patients with LVNC.In addition,we be-
lieve that G4.5 mutations should be considered as a
possible cause of infantile cardiomyopathy affecting
males, even in the absence of signs of BTHS.
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About 1% of type 2 diabetes mellitus (DM) is known
to be associated with a mitochondrial (mt) DNA
mutation at nucleotide position (np) 3243.1 Re-
cently, common mtDNA variants at 1310, 1438,
3290,3316,3394,12026,15927,and 16189 have been
suggested to be associated with DM.2–7 Among these
mtDNA abnormalities, the 3243 mutation and the
variants at 3316, 15927,and 16189 have also been re-
ported to be associated with cardiomyopathies.7–10

Left ventricular hypertrophy (LVH) is common in
DM.DM was reported to be associated with LVH in-
dependent of hypertension and obesity.11 However,
the mechanism of LVH in DM remains unclear.
Some mtDNA abnormalities may play a role in the
development of LVH in patients with type 2 DM.

We investigated the prevalence of a mtDNA mu-
tation at 3243 and variants at 1310,1438,3290,3316,
3394, 12026, 15927, and 16189 in 33 diabetic pa-
tients with echocardiographically detected LVH
(wall thickness >12 mm), 79 diabetic patients with-
out LVH, and 100 non-DM controls. Patients with
valvular heart disease or any wall motion abnormal-
ities on echocardiograms were excluded. Controls
were healthy blood donors.

After informed consent was obtained, peripheral
blood samples were taken, and lymphoblastoid cell
lines were established by Epstein-Barr virus trans-
formation.To detect a heteroplasmic mutation at np

3243, DNA extracted from blood was used. The
mtDNA fragments encompassing the mutation site
were amplified by PCR.1 The PCR products were di-
gested with Apa I and then analyzed by polyacry-
lamide gel electrophoresis. To detect homoplasmic
variants at 1310, 1438 (12SrRNA), 3290 (tRNALeu),
3316, 3394 (ND1), 12026 (ND4), 15927 (tRNAThr),
and 16189 (Control), DNA extracted from cell lines
was used, and the mtDNA fragments encompassing
the polymorphic sites were amplified by PCR.
Using an ABI Prism sequencer, we sequenced the 
six regions, where the eight variants described 
above are present, and adjacent three regions:
tRNAPhe (np 577–647), 12SrRNA (648–1601),
tRNALeu (3230–3304), ND1 (3307–4262), ND4L
(10470–10766), ND4 (10760–12137), tRNAThr

(15888–15953), tRNAPro (15955–16023), and Con-
trol (16024–16576) regions. A total of 9 mtDNA 
regions (4982 bp) were sequenced, and the results
were compared with the MITOMAP human
mtDNA revised Cambridge sequence.

Among the three groups, age and gender were not
different (Table 68.1). Compared with diabetic pa-
tients without LVH, those with LVH had higher rates
of obesity (body mass index >26 kg/m2) and hyper-
tension (blood pressures 160/95 mgHg or on
drugs). DM duration and HbA1c level were not dif-
ferent.In mtDNA analysis,none had the mutation at

CHAPTER 68

Mitochondrial 16189 DNA variant
and left ventricular hypertrophy in
diabetes mellitus

Yukihiko Momiyama, Michiko Furutani,Yoshihiko Suzuki,
Shinichiro Imamura, Kazuhiro Hosokawa,Yoshihito Atsumi,
Kempei Matsuoka, Mitsuru Kimura, Hiroshi Kasanuki,
Fumitaka Ohsuzu, Rumiko Matsuoka

68

279



280 PART 13 Human clinical genetics and epidemiology

np 3243.Among the eight variants reported to be as-
sociated with DM, the variant at 16189 was more
prevalent in diabetic patients with LVH than in
those without LVH and controls (55% vs. 23% and
22%, P<0.005) (Table 68.2). The mtDNA sequenc-
ing of the nine regions identified a number of nu-
cleotide substitutions in diabetic patients with and
without LVH. The variants at 709 and 16217 were
also more prevalent in diabetic patients with LVH
than without LVH (36% and 21% vs. 15% and 5%,
P<0.025). However, multivariate analysis revealed
that the 16189 variant was significantly associated
with LVH independent of hypertension and obesity,
but the variants at 709 or 16217 were not. The odds
ratio for LVH was 5.6 (95%CI 2.0 to 15.4) for the
16189 variant.

We previously studied the family history of DM
and the prevalence of LVH in 834 diabetic patients.12

We found that the family history of DM in mothers
was an independent factor for LVH, suggesting that
some genetic factors of DM may contribute to the
development of LVH in DM. Because DM, especial-
ly maternally inherited DM, was reported to be 
associated with mtDNA abnormalities,1–7 we 
hypothesized that some mtDNA abnormalities may
play a role in the development of LVH in DM. In the
present study, we showed the high prevalence of the
16189 variant in diabetic patients with LVH. The
16189 variant was an independent factor associated
with LVH in diabetic patients.

The 16189 variant was recently reported to be as-
sociated with dilated cardiomyopathy (DCM).10

Among the mtDNA abnormalities reported to be as-
sociated with DM, the 3243 mutation and the vari-
ants at 3316 and 15927 were reported in patients
with hypertrophic cardiomyopathy (HCM).7–10

Table 68.1 Clinical characteristics in the three groups

Patients with LVH P value Patients without LVH P value Non-DM controls

Age (years) 62 ± 9 NS 63 ± 7 NSa 62 ± 10

Gender (male) 23 (70%) NS 46 (58%) NSb 65 (65%)

Body mass index 25 ± 3 <0.001 22 ± 3

Obesity 12 (36%) <0.05 12 (15%)

Duration of DM (years) 14 ± 9 NS 13 ± 9

Family history of DM in mothers 13 (39%) NS 15 (19%)

Insulin therapy 5 (15%) NS 30 (38%)

HbA1c (%) 7.8 ± 1.5 NS 8.3 ± 1.8

Systolic blood pressure (mmHg) 144 ± 18 NS 137 ± 15

Hypertension Echocardiograms 23 (70%) <0.01 32 (41%

LV internal dimension 44.4 ± 4.3 NS 43.2 ± 3.6

LV wall thickness 12.4 ± 0.9 <0.001 8.5 ± 0.7

Data are presented as the mean ± SD or the number (%) of patients.
a Comparison groups are diabetic patients with and without LVH.
b There was no difference between controls and diabetic patients with and without LVH.

Table 68.2 Prevalence of mitochondrial DNA variants reported to be associated with DM in the three groups

1310 1438 3290 3316 3394 12026 15927 16189

12SrRNA 12SrRNA tRNALEU ND1 ND1 ND4 tRNATR Control

CÆ T G ÆA T Æ C G ÆA T ÆC A ÆG G ÆA T ÆC

Patients with LVH (n = 39) 0 (0%) 1 (3%) 0 (0%) 0 (0%) 0 (0%) 1 (3%) 1 (3%) 18 (55%)*

Patients without LVH (n = 79) 0 (0%) 0 (0%) 1 (1%) 0 (0%) 5 (6%) 1 (1%) 0 (0%) 18 (23%)

Controls (n = 100) 1 (1%) 1 (1%) 0 (0%) 0 (0%) 1 (1%) 3 (3%) 3 (3%) 22 (22%)

* P<0.005 compared with diabetic patients without LVH and controls.
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However, the 3243 mutation was also reported in
some patients with DCM.13 In cardiomyopathy as-
sociated with mtDNA abnormalities, mitochondri-
al metabolic alterations are considered to cause
cellular hypertrophy due to markedly increased mi-
tochondria, which leads to LVH-like HCM.14 Al-
though no association between the 16189 variant
and HCM has yet been elucidated, it seems reason-
able to think that the 16189 variant could contribute
to the development of LVH. The 16189 variant is in
the noncoding Control region that contains many
control elements for transcription and replication
and that is an important area of interaction of
mtDNA with nuclear-encoded proteins.The T-to-C
transition at np 16189 generates an uninterrupted
homopolymeric C-tract that is highly unstable and
causes heteroplasmic length variation of mtDNA by
replication slippage.15 The length variation in repet-
itive sequences within Control region can generate
changes in expression of gene products and promote
evolutionary flexibility.16

In conclusion, a common mtDNA variant at
16189 was found to be associated with LVH in pa-
tients with type 2 DM. The 16189 variant may play a
role in the development of LVH in DM.
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Primary pulmonary hypertension (PPH) is a rare
(annual incidence 1–2 per 106) and potentially re-
fractory disorder, characterized by sustained eleva-
tion of pulmonary artery pressure above 25 mmHg
at rest and 30 mmHg during exercise, without a
demonstrable cause.1 It has been suggested that fa-
milial PPH accounts for at least 6% of all PPH pa-
tients, and its pattern of inheritance is autosomal
dominant disorder disease with a risk of clinical ex-
pression of about 10–20%.2,3 In both familial and
sporadic PPH,the disease occurs 1.7–2.0 times more
often in females than in males,4 and symptoms typi-
cally develop during the third decade of life, al-
though the disease may occur at any age. On the
other hand, in children, PPH occurs at the same rate
in females as in males.

In 2000, mutations of the bone morphogenetic
protein (BMP) receptor II gene (BMPR2) on 2q33
were detected in PPH families.5 The BMPR2 encod-
ing a receptor for a member of the transforming
growth factor beta (TGF-beta) superfamily, is orga-
nized in 13 exons, 3871 bp in total length. Mutations
of this gene have been reported in Caucasians: 45%
in familial PPH,6 but only 26% in sporadic PPH.7

We have made a genomic study of Japanese pa-
tients with pediatric PPH, including BMPR2 and
other genes, which could be candidate genes in the

BMP-signaling pathway (ex. BMPR1B), and poly-
morphism of the angiotensin-converting enzyme
(ACE) gene, related to proliferation of vascular
smooth muscle cells.8

Twenty unrelated Japanese children (males n = 9,
females n = 11) were recruited with clinical symp-
toms and diagnosed as having PPH after 1 year of
age.They were diagnosed at 4–17 years old (median:
10 years old). It was speculated from their clinical
symptoms that the age at onset was between 3
months and 3 years before the diagnosis.Four differ-
ent BMPR2 mutations were identified in the 20 pa-
tients. There were three patients with sporadic PPH
and one patient with familial PPH. Thus, mutations
of BMPR2 were identified in 17.6% (3/17) of spo-
radic PPH, and 33.3% (1/3) of familial PPH in
Japanese patients. The clinical features of the pa-
tients with the BMPR2 mutations are summarized
in Table 69.1. In the clinical course, for example, age
at onset, and with or without syncope, PPH patients
with BMPR2 mutation did not differ from those
without the mutation. The patients from Familial 4
had the same BMPR2 mutation and were diagnosed
with PPH, but there was variation in the age at onset
and clinical symptoms.

We have reported BMPR2 mutations, i.e. three
nonsense mutations and one missense mutation, in-
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cluding two novel mutations. It has been reported
that missense mutations of the BMPR2 in PPH pa-
tients occurred in the ligand-binding protein or in
the serin-threonine kinase protein. In our study, the
missense mutation of BMPR2 in PPH was in the lig-
and binding protein, as previous report. Functional
analysis of BMPR2 showed that BMPR2 with the
missense mutation in the ligand-binding protein
caused a severe deterioration of function, as with 
the nonsense mutation. Each patient in our study
showed severe features whether the mutation was of
the nonsense or missense type. We investigated the
PPH patients based on their clinical data, which
showed no correlation between the type of BMPR2
mutation.

In this study, the BMPR2 mutation was not found
in about 80% of the PPH patients, and so we also
studied BMPR1B as another candidate gene in the
BMP-signaling pathway and ACE I/D polymor-
phism.Mutations of BMPR1B were not found in the
other 14 sporadic PPH patients and two PPH fami-
lies. The distribution of ACE genotypes did not dif-
fer between Japanese PPH patients and controls
(Table 69.2). We came to the reluctant conclusion
that BMPR1B and ACE polymorphism were unre-
lated to PPH.

In conclusion, in sporadic PPH, genetic abnor-
malities seem to play an important role in children as
well as in adults. BMPR2 is suggested to be only one
of the factors which lead to the development of pul-
monary hypertension, and pulmonary hyperten-
sion only develops when an additional factor, e.g.
fenfluramine,or even another genetic factor, such as
a molecular gene, become involved. These factors,
which may be associated with the development of
PPH, remain to be investigated.

Methods

Japanese patients with PPH diagnosed after 1 year of
age were screened for mutations of BMPR2,
BMPR1B and polymorphism of ACE, because it is
difficult to distinguish between patients with PPH
diagnosed before 1 years old and persistent pul-
monary hypertension of the newborn (PPHN). In-
formed consent for genomic examinations was
obtained from all patients and/or their families by
pediatric cardiologists at each hospital. The diagno-
sis of primary pulmonary hypertension was made
after echocardiography, cardiac catheterization and
angiography, lung perfusion scintigraphy, and pul-
monary function testing,excluded secondary causes
of pulmonary hypertension.

We collected venous blood samples,and extracted
DNA from peripheral lymphocytes. The BMPR2
and BMPR1B gene was amplified by PCR, and per-
formed direct sequencing with ABI PRISM dye ter-
minator cycle sequencing kit (Perkin-Elmer), in
reference to previous reports or designed by us.
When the mutation is detected, we confirmed that
these mutations were not observed in 100 Japanese
normal controls by single-strand conformational

Table 69.1 PPH patients with the BMPR2 mutation

Gender Age at diagnosis Age at onset Initial symptom; Mutation: Amino

(years) (years) syncope exon acid

Sporadic 1 F 10 9 (+) 3 C123R Reported

2 M 11 9 (–) 3 Y113X Novel

3 F 17 14 (+) 2 Q42X Novel

Familial F 4 4 (–)

4 F 4 4 (+) 9 Q403X Reported

M 37 37 (–)

Table 69.2 PPH and ACE polymorphism

PPH Control

DD 3 14

DI 9 41

II 8 45 P = 0.91

D/I alleles: 0.6/0.53 odds ratio 1.13.
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polymorphism (SSCP) analysis or direct 
sequencing.

The ACE I/D polymorphism was genotyped,
using the published primer set as previously 
described.
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Williams syndrome is a developmental disorder as-
sociated with interstitial deletion of chromosome
7q23 encompassing the elastin gene locus. Hyper-
tension is a common feature of Williams syndrome
(WS) and has been attributed to impaired compli-
ance of the arterial tree associated with diffuse 
hypertrophy of the media.1 Both in vitro and in vivo
studies demonstrated that increased arterial wall
thickness is a common phenotypic trait of the
Williams syndrome.2,3 However,arterial wall hyper-
trophy in hypertensive subjects is not necessarily as-
sociated with reduced distensibility.4–6 In adult
Williams syndrome patients, hypertension can
cause remodeling of the conductance arteries over-
riding primitive alterations of their mechanical
properties related to elastin hemizygosity. Here we
show that the mechanical properties of the conduc-
tance arteries in WS are characterized by normal
compliance and low elastic modulus.In addition,we
found an activation of various metalloproteases in
the aortic wall of WS patients indicating an active re-
modeling of the arterial wall. We hypothesized that
this active remodeling is an adaptative process aim-
ing to normalize the wall stress.

To determine if arterial wall hypertrophy of the
elastic arteries was associated with alteration of their
mechanical properties in young WS patients, we
performed noninvasive analyses of the mechanical
properties of the conductance arteries in WS pa-
tients. Systolic and diastolic blood pressures were
higher in WS patients (125/66 vs. 113/60 mmHg,
P<0.05). The intima-media thickness was increased
in WS patients (0.6 ± 0.07 vs. 0.5 ± 0.03 mm;
P<0.001). Normotensive WS patients had a lower
circumferential wall stress (2.1 ± 0.5 vs. 3 ± 0.7

mmHg, P<0.01), a higher distensibility (1.1 ± 0.3 vs.
0.8 ± 0.3 mmHg-1.10–2, P<0.01), similar cross-
sectional compliance (0.14 ± 0.04 vs. 0.15 ± 0.05
mm2.mmHg-1,P>0.05) and lower incremental elas-
tic modulus (7.4 ± 2 vs. 14 ± 5 mmHg.102; P<0.001).
The compliance of the large elastic arteries is not
modified in WS syndrome, even though increased
intima-media thickness and lower arterial stiffness
are consistent features. Further evidence for the role
of disruption of elastin in producing thickening of
the arterial wall has been recently proposed in light
of a mouse model that lacks elastin.7,8 The obstruc-
tive arterial disease of these mice results in a com-
pensatory increase in the number of rings of elastic
lamellae and intimal smooth muscle proliferation
and reorganisation. These morphologic changes
were independent of the hemodynamic stress as
they also occur in arteries that were isolated in organ
culture.7 Although elastin mRNA and protein were
reduced by 50% in elastin +/– mice, arterial compli-
ance at physiologic pressures was nearly normal.8

Consequently, elastin has not only a structural role
in the extracellular matrix but also controls smooth
muscle proliferation during arterial development.A
quantitative change in biosynthesis alters the or-
ganization of the various medial elements during
development as the knock-out of the elastin 
gene suggested in mouse. In addition, pathologic 
observations in Williams patients also showed 
thick irregular elastic fibers, swirling collagen, and 
hypertrophied smooth muscle cells. This abnormal
deposition of elastin in the media could modify the
distribution of the load throughout the arterial wall
and shift the load bearing to structures with a low
elastic modulus. The above reasons suggest that

CHAPTER 70

Pathophysiology of Williams
syndrome arteriopathy

Damien Bonnet
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qualitative changes of elastin, or more specifically
changes in the orientation of the elastic fibers might
explain the alterations of the mechanical perfor-
mance of the common carotid artery in Williams
syndrome.Therefore,systemic hypertension cannot
be attributed to impaired compliance of the arterial
tree in this condition.9

We then sought to relate the alterations of the ex-
tracellular matrix turnover with altered viscoelastic
properties of the elastic arteries in elastin related dis-
orders. Morphology of the aortic lamellae obtained
at surgery was analyzed by computerized morpho-
metric system. Metalloproteinases (MMP1, MMP2,
MMP3, MMP7, MMP9, and TIMPs) expression in
the aortic wall was studied by zymographic analysis,
Western detection, quantified by image analysis and
compared to controls. Morphologic studies showed
an increased number of fragmented elastic lamellae
with extensive deposition of collagen III.MMP2 and
MMP7 (elastases) were strongly expressed in pa-
tients with SVAS compared to controls. MMP1 and
MMP9 were also present but at a lower level.Activa-
tion of metalloproteinases promotes aneurysms for-
mation. In elastin defects, arterial wall hypertrophy
is constitutive and not subject to hemodynamic
stress. Activation of metalloproteinases leading to
an accelerated turn-over of the extra-cellular matrix
may be an adaptative process aiming to normalize
wall stress by attempting to dilate and/or thin elastic
arteries.

Finally, we tested the hypothesis that loss of me-
dial elastin affects the discharge of baroreceptors
and consequently the baroreflex sensitivity (BRS).
Eight untreated patients with WS (14.8 ± 2.4 years,
m ± SEM) were compared to eight healthy subjects
(15.1 ± 2.3 years). Blood pressure (BP) was recorded
using a Finapres® in the supine position. Systolic BP
(SBP) levels were 117.8 ± 4.4 mmHg in WS com-
pared to 110.9 ± 5.7 in controls (NS). HR was higher
in the WS (89.8 ± 1.0 vs. 76.8 ± 3.4 beats/min in con-
trols, P<0.01). The amplitude of the high frequency
(HF, respiratory) PI component (modulus) was re-
duced in WS (5.7 ± 0.9 vs. 22.4 ± 4.3 ms, P < 0.01).
The gain of the SBP-PI transfer function was dimin-
ished in the low frequency (LF, 0.1 Hz) and the HF
range as well (5.9 ± 0.6 vs. 13.8 ± 2.1 ms/mmHg for
LF,P < 0.01 and 6.0 ± 1.1 vs.23.7 ± 4.2 ms/mmHg for

HF, P < 0.01). The BRS obtained with the sequence
technique was also reduced in WS (8.2 ± 0.9 vs. 21.5
± 2.9 ms/mmHg in controls,P < 0.001).The per cent
of beats involved in baroreflex sequences observed
in WS was also diminished to 20% compared to 48%
in controls (P < 0.001). In conclusion, qualitative
changes of elastin might explain the alterations in
the mechanical performances of the large arteries
involved in baroreceptor discharges.10 This trait
could underlie the BRS reduction and HR elevation
observed in WS. The pathophysiology of the WS ar-
teriopathy is complex and today, the precise links 
between loss of elastin and morphological or 
hemodynamic features of WS remain unclear.

References

1 Rein AJ, Preminger TJ, Perry SB, Lock JE, Sanders SP.

Generalized arteriopathy in Williams syndrome: an 

intravascular ultrasound study. J Am Coll Cardiol 1993;

21: 1727–30.

2 Sadler LS,Gingell R,Martin DJ.Carotid ultrasound exam-

ination in Williams syndrome. J Pediatr 1998; 132: 354–6.

3 O’Connor WN, Davis JB Jr, Geissler R, Cottrill CM,

Noonan JA, Todd EP. Supravalvular aortic stenosis.

Clinical and pathologic observations in six patients. Arch

Pathol Lab Med 1985; 109: 179–85.

4 Hayoz D, Rutschmann B, Perret F et al. Conduit artery

compliance and distensibility are not necessarily reduced

in hypertension. Hypertension 1992; 20: 1–6.

5 Laurent S, Caviezel B, Beck L et al. Carotid artery dis-

tensibility and distending pressure in hypertensive 

humans. Hypertension 1994; 23(6 Pt 2): 878–83.

6 Laurent S,Girerd X,Mourad JJ et al.Elastic modulus of the

radial artery wall material is not increased in patients with

essential hypertension. Arterioscler Thromb 1994; 14:

1223–31.

7 Li DY,Brooke B,Davis EC et al.Elastin is an essential deter-

minant of arterial morphogenesis. Nature 1998; 393:

276–80.

8 Li DY,Faury G,Taylor DG et al.Novel arterial pathology in

mice and humans hemizygous for elastin. J Clin Invest

1998; 102: 1783–7.

9 Aggoun Y, Sidi D, Levy BI, Lyonnet S, Kachaner J, Bonnet

D. Mechanical properties of the common carotid artery in

Williams syndrome. Heart 2000; 84: 290–3.

10 Girard A,Sidi D,Aggoun Y,Laude D,Bonnet D,Elghozi JL.

Elastin mutation is associated with a reduced gain of the

baroreceptor–heart rate reflex in patients with Williams

syndrome. Clin Auton Res 2002; 12: 72–7.



Page numbers in bold type refer to tables; those in italics to figures

atrioventricular (AV) cushion transformation 55–8
atrioventricular septal defect 230, 243

prevalence 225, 226

BAC transgenics 135, Plate 27
Bachmanns bundle 99
Baltimore–Washington Infant Study (BWIS) 228–31
Bardet–Bield syndrome 245
Barth syndrome 277
betamethasone 212
biomechanics, during cardiovascular development 180–5
bis-diamine

abnormal development in embryo treated with 107,
116–18, Plate 23

teratogenic effects on developing myocardium 44–6
N,N¢-bis (dichloroacetyl) diamine-1, 8-octamethylene

diamine, see bis-diamine
blood flow in the embryo 169–70, 180
blood vessel formation, fibulin-2 and 21–2
BMP (bone morphogenetic protein) 53, 54, 64
BMPR2 mutation analysis in primary pulmonary

hypertension 282–4
body situs 6
bone morphogenetic protein (BMP) 53, 54, 64
mBop 79
bosentan 212
BrdU incorporation, effect of added FGF4 66, Plate 12
Brugada syndrome 261
BTHS 277–8

calcium
and calmodulin 6–7
see also sodium–calcium exchanger

calmodulin 1, 6–7
inv protein interaction 6–9

calreticulin 90, 105–6, Plate 22
cardiac arrhythmia 261
cardiac chamber, specification 73–4
cardiac conduction system (CCS)

atrioventricular (AVCS) 101–3
development of 89–90, 98–100, 101–4

cardiac excitation–contraction coupling 190–2
cardiac looping 1, 4, 10, 81

randomization of direction 10, 11
rightward 74, 81, 82–3
signal transduction during 17–19

cardiac morphogenesis 1, 139, 151
effects of Pitx2c on 14–16

cardiac septum formation, PTPN11 in 273

Index

abortions, induced 230
actin 111, 145–6
actin fibers, stretch affecting orientation 167, 174, 175
activin receptor-like kinases (ALK) 56–7
alcohol consumption 230
ANF 123
Anf (atrial natriuretic factor) 74, 84–7
angiogenesis 112, 113–14
angiotensin 41–2
angiotensin-converting enzyme (ACE) 282, 283
anomalous origin of left coronary artery, prevalence 226,

226
anterior (secondary) heart field (AHF) 73–4, 81–3, 86, 155

and rightward looping 74, 81, 82–3
antimycin 209
antitussives 230
aorta

coarctation of 229
coarctation of, prevalence 225, 226
development, fibulin-2 and 21

aortic arch anomalies/defects 116, 133, 238, 242
see also interrupted aortic arch

aortic constriction 48
aortic stenosis, prevalence 225, 226
apoptosis 148, 149

bis-diamine and 46
in ventricular myocardium 50

Arg25Cys mutation 239
arteries

pharyngeal arch artery (PAA) system 148
transposition, see transposition of the great arteries
see also coronary arteries

aspirin 229
asplenia 244–5
atrial natriuretic factor (Anf) 74, 84–7
atrial septal defect 230

in Korea 243
prevalence 225, 226
recurrence risk 232

atrioventricular (AV) block 260–2
causes 260–1
classification 260, Plate 38
familial factors 260

atrioventricular canal defect (AVCD)
anatomical and genetic characteristics 244–7
familial recurrence risk 232–3, 233
nonsyndromic 246
trisomy 21 and 244

atrioventricular conduction disturbance 260–2, Plate 38

287



288 Index

cardiofaciocutaneous syndrome 263, 270
cardiogenesis

ballooning model 78
cell behaviour during 27–30
mechanisms of 25
Tbx5 role during 73, 75–7, Plates 13–18

cardiomyocytes, stretch affecting orientation 167, 177–9,
Plates 31–2

cardiotrophin-1 (CT-1) 44, 45, 45–6
cardiovascular morphogenesis 180–1, 183
cardiovascular systems 180–1

environmental imprinting 184
experimental models 181–2
functional maturation 180, 181–2, 183
maternal–embryo/fetal interactions 183
mathematical models 182
structural maturation 180–1, 183
see also shear stress

b-catenine 18
CCS-LacZ 99–100
celecoxib, ductus arteriosus constriction 211
cell transformation

endothelial–mesenchymal (EMT) 69–71
epithelial–mesenchymal (EMT) 55, 56, 112–13, 137
epithelial–mesoderm 3

cells
hyperplasia 47, 48, 183
hypertrophy, see hypertrophy
migration, see migration

CFC gene 10
CFC1 gene 239–40
Char syndrome 253–9

clinical features 254
familial factors 253, 257
molecular pathology 255, 256–7, 258
mutations causing 255
P62R mutation 256, 257

chloramphenicol acetyl transferase (CAT) reporter genes
257, 258

chlorinated hydrocarbon compounds 230
chromatin structure, regulation 25, 79
chronic lung disease (CLD) 219–20
CI-1020 212
cilia

cyst formation in kidneys 8
“sensory” 1

coarctation of the aorta 229
prevalence 225, 226

collagen 64, 113–14, 114, 174
computational fluid dynamics (CFD) 168, 170, 171
conduction system, see cardiac conduction system
conduction tissues

spatial correlation in ventricular trabeculae of zebrafish
95–7, Plates 20–1

specialised, formation of 89–90
congenital cardiovascular malformations (CCVMs) 223

Baltimore–Washington Infant Study (BWIS) 228–31
basis of 121–4
collaborative model 229
in Czech Republic 225–7
environmental factors 229–30
familial factors 229, 229–30
familial recurrence risks 232–4
gene–environment interactions 223, 228–31
models of 119–20

nonsyndromic 232
prevalence 225–7
single gene mutations 121

congenital heart disease/defects (CHDs), see congenital
cardiovascular malformations

congenital long QT syndrome 261
connexin 40 (cx40) 121–2
conotruncal anomalies 44
conotruncal anomaly face syndrome (CAFS) 235, 236,

238
conotruncal banding 47
conotruncal defects 238–41

familial factors 238–9
contraction, cardiac 168, 190–2
corkscrew (csw) 265–7
coronary arteries

anomalous, effect of bis-diamine 116–17
development 107
left, anomalous origin, prevalence 226, 226
proximal 109–11
tunica media 109, 111

coronary vascular development, fibulin-2 and 20–1
corticosteroid therapy 219
costameres 18
Costello syndrome 270
COX (cyclooxygenase), ductus arteriosus constriction 205,

211, 215–18
COX-1/2 inhibition 211
Cspg2 158
Csx/Nkx2.5 31–6

GATA4 interaction 31–3
Tbx5 interaction 33–5

cushion tissue
differentiation, periostin in 54, 62–5, Plates 6–10
endothelial–mesenchymal transformation (EMT) during

formation of 69–71
fibulin-2 and 20
formation of 53–4, 69
microinjection of FGF4 protein 67, Plate 12
microinjection of FGF4 retrovirus 66–7

cx40 (connexin 40) 121–2
cxcR4, see Sdf1/cxcR4
cyclic stretch

effects on embryonic cardiomyocyte/noncardiomyocyte
orientation 167, 177–9, Plates 31–2

endothelial cell remodeling 174–6
cyclooxygenase (COX), ductus arteriosus constriction 205,

211, 215–18
cyst formation in kidneys 8
cytokines 141, 142
cytoskeletal fiber 174–5
Czech Republic, congenital heart malformations (CHM) in

225–7

del22q11 120, 132, 133
del22q11.2 syndrome 128, 132, 235, 236, 242–3
dexamethasone, ductus arteriosus constriction 205, 212,

212–13, 219–21
diabetes mellitus (DM) 230, 279–81

familial factors 280
diacylglycerol (DAG) 5
DiGeorge syndrome (DGS) 132–4, 135–6, 235, 238
dilated cardiomyopathy (DCM) 280–1
dorsal mesocardium (DM) 11–12
double inlet ventricles, prevalences 225, 226, 226



Index 289

double-outlet right ventricle (DORV) 137, 240
22q11 deletions in 239
in Korea 243
prevalence 225, 226

Down syndrome 233, 244
drinking water 230
Drosophila

D. melanogaster 256
eye 266
fasciclin gene family 54, 62

ductus arteriosus (DA) 205
constriction by indomethacin/dexamethasone 219–21
constriction by inhibition of cyclooxygenase (COX) 205,

211, 215–18
fetal, pharmacological manipulation 211–14
oxygen constriction in 207–10
smooth muscle cell (DASMC) 207, 208, 208–9
see also patent ductus arteriosus

Ebstein’s anomaly of the tricuspid valve
prevalence 226
recurrence risk 232

ECE-1 (endothelin-converting enzyme) 92–3
ectoderm 3–4
elastin, in Williams syndrome 285–6
Ellis van Creveld syndrome 245
embryogenesis, role of TGFb2 during 148–9
embryos, heart development in 161, 163–5
Emery Dreifus muscular dystrophy, genetic causes 261
endocardial cells, epithelial–mesenchymal transformation

(EMT) 55, 56
endocardial cushions

formation of 53–4
see also cushion tissue

endocardial valves, formation of 53–4
endocardium, as modulator of cardiovascular form and

function 59–61
endothelial cell remodeling, stretch-induced 174–6
endothelial derived mesenchyme (EM) 59, Plate 5
endothelial–mesenchymal transformation (EMT), during

cushion tissue formation 69–71
endothelial strands, formation of 109, 110, 111
endothelin, ductus arteriosus constriction 206, 207–8, 212,

213
endothelin-converting enzyme (ECE-1) 92–3
environment–gene interactions 228–31
epicardium derived cells (EPDC), in development of cardiac

conduction system 100
epidemiology 223

Baltimore–Washington Infant Study (BWIS) 228–31
epithelial–mesenchymal transformation (EMT) 55, 56,

112–13, 137
epithelial–mesoderm transformation 3
excitation–contraction coupling 190–2
extracellular matrix (ECM) 20

in cardiac development 41–3
in coronary vasculogenesis 112–15
fibers 175
molecules 22

fasciclin gene family 54, 62
fate mapping,neural crest cells (NCC) 135,137–8,150,Plate 28
fibers

cytoskeletal 174–5
extracellular matrix 175

fiber architecture of left ventricle, mechanical load and
186–9

see also actin fibers
fibroblast growth factors (Fgfs) 120, 123, 133, 136

FGF4, effect on AV cushion mesenchymal cells 66
Fgf8 83, 120
Fgf10 81–3
in valve leaflet formation 66–8, Plates 11–12

fibronectin 3, 174
fibulin{s} 20

molecular structure 21
fibulin-2

aortic development and 21
biological role 22
coronary vascular development and 20–21, 22
endocardial cushion tissue and 20
wound healing and 21–2

flectin 10–11
fluid dynamics, see computational fluid dynamics
focal adhesion 18
focal adhesion kinase (FAK) 17, 18
FOG-2, in cardiac development 119, 125–7
Fox transcription factors 129–30

b-galactosidase 81, 82, 83, 135
GATA4 119, 125, 127

Csx/Nkx2.5 interaction 31–3
cGATA6/lacZ expression during cardiac development 102,103
gene–environment interactions 228–31
Gli genes 246
Gln2 antibody 101
glucocorticoids 219
glyburide 208
growth factors, see fibroblast growth factors (FGFs);

hepatocyte growth factor (HGF); transforming growth
factor b (TGFb)

haemorrhage, intraventricular (IVH) 219
hag-2 gene 153, 159
Hand genes 76, 79, 80, Plate 16
HAND proteins 78
haploinsufficiency

Tbx1 128
Tbx5 33, 119, 121
TBX5 27, 35
TFAP2b mutation 256

hdf (heart defect) mouse 153, 158–9
heart looping, see cardiac looping
hemodynamics 170
heparin sulfate proteoglycans (HSPGs) 3–4
hepatocyte growth factor (HGF) 44, 45, 45–6
herbicides 229
heterotaxy 240, 244–5
histone 79
HNK1 antibody 89, 95–6, 98–9, 101
Holistic Molecular Genetic (HMG) medicine 235, 236,

Plate 36
Holt–Oram syndrome (HOS) 27, 75, 121–4, 235

Tbx5 haploinsufficiency 119
TBX5 mutations 236
TBX5 mutations 33–5

hyperplasia 47, 48, 183
hypertrophic cardiomyopathy (HCM) 280–81
hypertrophy 47, 183

left ventricular (LVH), in diabetes mellitus 279–81



290 Index

hypoplastic left heart
familial factors 229, 248
genetic approach 248–52
prevalence 225, 226
recurrence risk 232
syndrome (HLHS) 226, 229

hypoplastic left heart syndrome, surgical options 248
hypoxia 168, 199–203

ibuprofen 207
IgLONs 250–1
imaging techniques 161

see also magnetic resonance (MR) microscopy
immunohistochemistry (IHC) 96, 101, 113
indomethacin

ductus arteriosus constriction 205, 206, 211, 212, 212–13,
215, 216, 219–21

side-effects 219
inhibin 56
integrins 18, 41
intercalated disks 18
interrupted aortic arch 229–30

22q11 deletions in 239
in Korea 242, 243
prevalence 226, 226

intraventricular haemorrhage (IVH) 219
inv gene 8

mutation 6
inv protein

calmodulin interaction 6–9
and left–right symmetry 6, 7–8

IQ sites 6, 7
Irx4 78–9
ischaemic heart disease 199
ischaemic preconditioning (IP) 201–2
isoproterenol 191, 191

Jacobsen syndrome (JS) 248–9, 250, 251
Japan

Noonan syndrome 273–6
pediatric primary pulmonary hypertension 282–4

Kaufman–McKusick syndrome 245
Kearns-Sayre syndrome, genetic cause 261
kidneys, cyst formation in 8
Kilon (kindred of IgLONs) 250
Korea, del22q11.2 242–3

L-NAME, ductus arteriosus constriction 211–12, 212–13
lacZ 128, 129, 153, 158, 159, Plate 25
LAMP (limbic-associated membrane protein) 250
left-atrial ligation (LAL) 168, 181, 186, 188–9
left coronary artery, anomalous origin, prevalence 226
left–right patterning 1

calmodulin–inv protein interaction 6–9
randomization in 3–4, 8

left ventricle, fiber architecture and mechanical load 186–9
left ventricular hypertrophy (LVH),in diabetes mellitus 279–81

clinical characteristics 280
familial factors 280

left ventricular noncompaction (LVNC) 277–8,Plates 39–40
familial factors 277, 278

lefty gene 6, 8
Lefty 83, 245
Leopard syndrome 245, 270

Leu7 antibody 101
Lgdel genes 135–6
Loop-tail (Lp) 153, 155–6
looping, see cardiac looping
Lp (Loop-tail) 153, 155–6

magnetic resonance (MR) microscopy 161, 163–5
advantages of 163
heart development in embryos 161, 163–5
limitations 161

malformations, see congenital cardiovascular malformations
marijuana 230
matrix metalloproteinases (MMPs) 11–12
Mendelian syndromes 245–6
mesenchyme

endothelial derived (EM) 59, Plate 5
neural crest derived (NCM) 59, Plate 5
see also cell transformation

mesoderm cells, migration 3–5
metalloproteases 285
metalloproteinases 11–12, 286
“microenvironment” 3
migration

mesoderm cells 3–5
neural crest cells 3, 132, 137–8, 145–7, 193
proepicardial cells 3

mitochondrial DNA variants in diabetes mellitus 279–81
morphogenesis

cardiac 1, 139, 151
cardiovascular 180–1, 183
effects of Pitx2c on 14–16
ventricular,transcriptional regulation of 73,78–80,Plate 19

Msx1 expression 54, 69–71
muscle LIM proteins (MLPs) 18
myocardial development

mechanisms of 25
teratogenic effects of bis-diamine on 44–6

myocardial remodeling, proliferative responses to 47–51
myocardium formation, regulation after development of

linear heart tube 37–40
myocytes

hyperplasia 47, 48, 183
hypertrophy 47, 183

myofibrillogenesis
angiotensin and 41
signal transduction during 17–19, Plate 3
see also cardiac looping

myosin heavy chain (MHC) isoforms 101
myotonic dystrophy, genetic cause 261

neural crest cells (NCC) 59, 135–6
alterations in 138
in cardiac conduction system development 100
in cardiomyogenesis 150–2
in cardiovascular development 137–40
in coronary vasculature development 117
fate mapping 135, 137–8, 150, Plate 28
in heart formation 150–2
migration 3, 132, 137–8, 145–7, 193
TGFb2 and 148–9
in zebrafish 150–2

neural crest derived mesenchyme (NCM) 59, Plate 5
neuromuscular disease 260, 261
Neurotrimin 250–1
NFATc1 53–4, 59–61, Plate 5



Index 291

nitric oxide (NO), ductus arteriosus constriction 205–6,
211–12, 213, 217

Nkx gene 78, 121
NKX2.5 85, 123

mutations 239, 239, 261
nodal flow, unidirectional 1
nodal gene 6, 7, 8, 83
noncardiomyocytes, stretch affecting orientation 167,

177–9, Plates 31–2
nonsteroidal anti-inflammatory drugs (NSAIDs), ductus

arteriosus constriction 211, 219
Noonan syndrome

clinical features 264, 270, 273
familial factors 263–4, 267, 270, 273
genotype/phenotype correlation 269–70
molecular pathology 267–9
PTPN11 mutations in 245, 263–72, 267, 273–6, 274

Noonan–Leopard syndrome 245
NSAIDs (nonsteroidal anti-inflammatory drugs), ductus

arteriosus constriction 211, 219
nuclear factor of activated T cells (NFATc1) 53–4, 59–61,

Plate 5

OBCAM (opiate binding cell adhesion molecule) 250–1
oligodeoxynucleotides (ODNs) 70
osteoblast specific factor 2 (periostin), in cushion tissue

differentiation 54, 62–5, Plates 6–10
outflow tracts (OFTs/OTs) 55, 59, 69

defects/anomalies 132, 139
formation of 153
myocardium 81–3
remodeling 153, 155–7, Plate 30

oxygen
deprivation 168, 199–203
ductus arteriosus constriction 206, 207–10
PO2 206, 208, 209
and tissue ATP concentration 206

P-ETC inhibitors 209
paints 230
paracrine signals 91, 92
patent ductus arteriosus 205–6, 211, 213, 219, 243

preterm infants 207
prevalence 225, 226
see also ductus arteriosus

pediatric primary pulmonary hypertension (PPH) 282–4
peptide II 62
periostin, in cushion tissue differentiation 54, 62–5,Plates

6–10
persistent truncus arteriosus (PTA) 44, 137, 243

prevalence 226
see also truncus arteriosus

pesticides 229, 230
pharyngeal development 132–4

pharyngeal arch artery (PAA) system 148
phospholamban (PLN) 196
physiology during cardiovascular development 167–8,180–5
Pitx2 gene 6, 7, 8, 14–16, Plates 1–2

isoforms 14, Plates 1–2
Pitx2 transcription factor 1
Pitx2c 83

effects on morphogenesis 10, 14–16, Plates 1–2
PKCs 5

PKC-gamma 4, 5
placental circulation 181

polycystins 8
polydactyly 245–6
polysplenia 244–5
posterior heart field 86
pregnancy, exposure to toxicants during 228
primary pulmonary hypertension (PPH) 282–4
proepicardial cells, migration 3
proepicardial organ (PEO) 107, 112–13, 113–14
prostaglandins (PG)

ductus arteriosus constriction 205, 206, 211, 213
PGE 207, 215, 217

PTPN11, mutations in Noonan syndrome 245, 263–72, 267,
273–6, 274

PTPN11, in valvulogenesis/cardiac septum formation 273
pulmonary atresia

prevalence 225, 226
recurrence risk 232

pulmonary stenosis, prevalence 225, 226
pulmonic valve stenosis 230
pump function 180–81
Purkinje fiber network, mechanisms inducing and patterning

89, 91–4

relaxation, cardiac 168, 190–2
respiratory distress syndrome (RDS) 219–20
retinoic acid, ductus arteriosus and 212
Rho protein 18
right ventricle, double-outlet (DORV) 137, 240

22q11 deletions in 239
in Korea 243
prevalence 225, 226

rodenticidal chemicals 229
rofecoxib, ductus arteriosus and 211, 215, 216
rotenone 209

sarcolipin (SLN) 168, 196–8, Plate 35
sarcomeres 18, 177
sarcoplasmic reticulum (SR) 190, 196
SC560, ductus arteriosus and 215, 216
SCN5A mutations 261
Sdf1/cxcR4 139, 141–4
secondary heart field, see anterior (secondary) heart field
shear stress 168, 169–73

expression of genes responsive to 170–1, 172
in zebrafish 182

Shh (Sonic hedgehog) 128–9, 130, 246, 246
SHP-1 265
SHP-2 264–5, 268–9, 273, 275
sildenafil 207
skeletal muscle 196
Smads (specific downstream moderators of TGFb signaling)

57, 139, 149
Smith–Lemli–Opitz syndrome 245–6
smooth muscle cells (SMCs) 148
sodium–calcium exchanger (Nxc1) 168, 190–2

in Splotch myocardial failure 193–5, Plates 33–4
solvents 229, 230, 230
Sonic hedgehog (Shh) 128–9, 130, 246, 246
Splotch mutant mice 139, 141

sodium–calcium exchanger 193–5, Plates 33–4
steroid hormones, ductus arteriosus and 212, 219
stretch

endothelial cell remodeling 174–6
see also cyclic stretch

stromal cell-derived factor (Sdf1), see Sdf1/cxcR4
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syndecans 4–5
syndecan-2 4–5

T-box (Tbx) gene family, congenital cardiovascular anomalies
235–7

Tbx1 119–20
and DiGeorge syndrome 132–4, 135–6
haploinsufficiency 128
over-expression of 135, Plate 27
tissue-specific expression of 128–31, Plates 25–6

Tbx2 85
Tbx5 121–3, Plate 24

haploinsufficiency 33, 119, 121
specifying left/right ventricles and ventricular septum

position 73, 75–7, Plates 13–18
Tbx5 85, 121–3

Csx/Nkx2.5 interaction 33–5
haploinsufficiency 27, 35
overexpression 27, 28, 29
regulating cell behavior 27–30, Plate 4

Tbx20 73, 76, Plates 17–18
tenascins 107, 112–14
tetralogy of Fallot (TOF) 44, 116–17, 121

22q11 deletions in 239
bis-diamine and 116–17
familial recurrence risk 233, 233
in Korea 242, 243
NKX2.5 mutation 239, 239
prevalence 225, 226

TFAP2B mutations 253–9
TGFb, see transforming growth factor b
tissue polarity 155–6
cTni 85
torso 265–6
total anomalous pulmonary venous connection 243

prevalence 225–6, 226
toxicants 228
transcription factors 18–19

chamber-specific 78
Fox 129–30
Pitx2 1

transcription regulation 18
transcriptional regressors 125, 127
transforming growth factor b (TGFb) 53, 54, 69

during atrioventricular cushion tissue formation
55–8

during embryogenesis 148–9
in epithelial–mesenchymal transformation 55
ligands 55–6
Msx1 expression and 54, 70–1
surface receptors 55–6

transposition of the great arteries (TGA) 226, 240
22q11 deletions in 239
D-TGA 229, 240
familial recurrence risk 233, 233
L-TGA 240
prevalence 225, 226

tricuspid atresia 226
prevalence 226, 226
recurrence risk 232

tricuspid valve, Ebstein’s anomaly
prevalence 226
recurrence risk 232

trisomy 21, and AVCD 244
Troponin I 85, 86

truncus arteriosus (TA)
22q11 deletions in 239
see also persistent truncus arteriosus (PTA)

truncus arteriosus communis 116–17
tyrosinase minigenes 6

ulnar–mammary syndrome 235, 236
uncoupling proteins (UCPs) 200–201

valve leaflet formation
fibroblast growth factor in 66–8, Plates 11–12
localization of FGF proteins and receptor mRNA 66

valves
endocardial, formation of 53–4
semilunar 84
see also tricuspid valve

valvulogenesis 54, 55, 66
periostin role in cushion tissue differentiation 62–5
PTPN11 in 273
semilunar 59, 61

Vangl2 153, 155–6
vasculogenesis 112, 113–14

coronary, extracellular matrix in 112–15
VEGF 141
velo-cardio-facial syndrome (VCFS) 135, 235, 236, 238
ventricles

double inlet, prevalence 225, 226, 226
left/right, Tbx5 specifying 73, 75–7, Plates 13–18
single 230
see also double-outlet right ventricle; left ventricle; left

ventricular hypertrophy; left ventricular noncompaction
ventricular development, epigenetic factors regulating 79
ventricular function, mechanical load and 186
ventricular morphogenesis, transcriptional regulation of 73,

78–80, Plate 19
ventricular septal defect (VSD) 133, Plate 26

in Korea 242, 243
prevalence 225, 226
recurrence risk 232

ventricular septum, Tbx5 specifying 73, 75–7, Plates 13–18
ventriculogenesis

ballooning model 78, Plate 19
molecular pathway 80

Viagra 207
vitamin A, ductus arteriosus and 212, 213

Waardenburg syndrome 193
waste disposal sites 230
Williams syndrome (WS) 285–6
Wolff–Parkinson–White syndrome 261
wound healing, fibulin-2 and 21–2

Xenopus 6–8
atrial natriuretic factor (Anf) in 74, 84–7
X. laevis 3

Yin Yang-1 142

Z-bands 18
zebrafish

ECG 96
neural crest cells (NCC) 150–52
shear stress 182
ventricular trabeculae 95–7, Plates 20–1

zinterol 191, 191
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Plate 1 cont’d (d)–(g) Scanning electron micrographs of
hearts and corrosion casts of wild type (d,f) and Pitx2 dc -/-
mutants (e,g) at E18.5. Red arrows, position of the aorta, at
the level of the aortic valve sinuses and the coronary vessel
orifices. (h)–(i) Wild type (i) and Pitx2 dc -/- (h) mutant hearts
at E18.5 carrying a reporter transgene expressed in

pulmonary infundibulum (red arrows). (j)–(o) Wild type
(j,l,n) and Pitx2 dc -/- mutant (k,m,o) hearts at E11.5 showing
OFT cushions (red arrows mark apposition lines). Frontal
views of fresh (j,k) and alcian blue stained (l,m) hearts, and
coronal sections (n,o).
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Plate 1 (a)–(c) Gene
targeting strategy to
generate the Pitx2 dc and
cre knock-in, dabccreneo,
alleles. (a) Summary of
exon use by Pitx2 isoforms.
(b) Pitx2 genomic structure
and Pitx2c specific
targeting strategy. Boxes,
exons; straight lines,
introns. P1 and P2, two
promoters that regulate
expression of different
isoforms. (c) Pitx2 dc
targeted allele before and
after PGKneomycin
removal.



E11.5
+/+ dc/dc

d

k l

m n

o

e

a b

c

g h

f

j

p

i

E11.5E12.5

Pitx2 dabccre/+

E11.5

+/+
Pitx2c

+/+ dc/dc
1V-24 (FGF10) E18.5

Plate 2 (a)–(d) Scanning electron micrographs of wild type
(a,c) and Pitx2 dc -/- mutants (b,d) at E11.5. Red arrows: (a)
fusion of atrioventricular cushions; (c) and (d) venous valves.
(e)–(h) Expression of Pitx2c by in situ hybridization on
sections of wild type hearts at E9.5: (e) transverse, red
arrows left-sided OFT expression, E10.5: (f) and (g) coronal,
red arrows in (f) mark inner curve and right ventricle
expression; (g) shows expression in left side of OFT, sinus
horn and primary atrium, as well as bilateral expression at
the cranial pericardial junctions, which is also seen in at
E11.5 in (h), coronal, plus left atrial and interatrial septum.
(i)–(n) Fate mapping with Pitx2 dabccreneo and Rosa26
reporter alleles. Note that OFT staining at E11.5 [(j) and blue

arrow in (k), transverse section] is mostly ventral, compared
to earlier left-sided expression. There is a significant
population to the right of the interventricular border at
E11.5 [(j) and red arrow in (k), and blue arrows in (l) and (m),
sagittal sections] which expands markedly by E12.5 (i). A
significant proportion of the superior atrioventricular
cushion is stained in (m), red arrow, as is the base of the
interatrial septum, and the left side of the dorsal
mesocardium in (n), red arrow, transverse section. (o)–(p)
Wild type (o) and Pitx2 dc -/- mutant (p) hearts at E18.5
carrying a reporter transgene expressed in OFT and right
ventricle, showing that the right side of the interventricular
border is altered in Pitx2 dc -/- mutants.
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Plate 3 Proposed mechanism of signal transduction during cardiac myofibrillogenesis.

Plate 4 Retroviral-mediated overexpression of wild type
and mutant TBX5 in embryonic chick hearts. Tubular hearts
of HH stage17–18 chicks were microinjected with CXIZ
retrovirus with or without various TBX5 isoforms. Chicks
were killed at E15, and the hearts were fixed and stained for
b-galactosidase activity. Whole mounts are shown of hearts
infected with CXIZ alone, wt-TBX5-CXIZ, DAsn198FSter-

TBX5-CXIZ, and Gly80Arg-TBX5-CXIZ. (a)–(d) Analysis of
whole mounts reveals mosaic transmural expression of the
transgene. Gross anatomical analyses also demonstrate an
~15% decrease in overall size and rudimentary ventricular
trabeculation in hearts infected with wt-TBX5 and
DAsn198FSter-TBX5 retroviruses. Scale bar = 1 mm (adapted
from ref. 5).



Plate 5 Sagittal section through the heart of an embryonic
day 10 (E10) mouse embryo that was either (A)
heterozygous (NFATc-/WT) or (B) homozygous (NFATc-/ko)
for a null mutation in the NFATc1 gene. To perform a lineage
analysis of endocardial cushion derived mesenchyme, these
mice were bred into the R26R reporter line and crossed into
the Tie2-Cre transgenic line to specifically identify all
endothelial cells and their progeny (blue-X-gal staining). In
the heterozygous (A) embryo all of the mesenchyme in the
distal outflow tract (Oft) is derived from the neural crest

(NCM) with little or no contribution from endothelial
derived mesenchyme. In the atrioventricular canal (AVC),
most, if not all of the mesenchyme in the endocardial
cushion is derived from endocardium as evidenced by X-gal
staining. However, in the null mutant heart (B) there is now
an increase in the component of endothelial derived
mesenchyme (EM) in the Oft suggesting either an increase
in endothelial proliferations and / or an increase in
epithelial to mesenchymal transformation of Oft
endocardium.



Plate 6 (A) A 9-day mouse AV cushion showing that Pn
staining is upregulated in transformed mesenchyme. (B) A
12.5-day mural leaflet demonstrating extracellular Pn+
filaments. (C) Stage 29 chick AV cushion co-stained with a
myocardial marker MF20 and ES130, a mesenchymal marker

to show co-localization occurs in cells located at the
interface where the cushion delaminates from the
myocardium. (D) Stage 42 chick AV leaflets co-stained with
ES130 (red) and MF20 (green) to demonstrate that some
cells within the developing tendinous cords express MF20.



Plate 7 Periostin staining of the anterior neural tube region of a day 10.5 mouse.

Plate 8 Histology showing that rings are dense fibrous tissue (type I collagen+) compared to circumscribed undifferentiated,
loose mesenchymal tissue (magnification ¥ 20).



Plate 10 MC3T3 cultures at 40 days
with b-glycerophosphate or without
and stained with von Kossa stain
(magnification ¥ 10).

Plate 9 Staining of type II collagen
in day-17 cushion cultures treated
with 20 ng bone morphogenetic
protein (BMP).



Plate 11 (A) Immunohistochemical localization of FGF4 in
the stage 25 chick heart. FGF4 was detected in the cushion
mesenchymal cells (C) as well as in the myocardial cells (My).
Punctate cytoplasmic staining of FGF4 was seen in both
myocardial (My) and cushion mesenchymal (C) cells. (B)
Immunohistochemical localization of FGF8 in the embryonic
day (ED) 13.5 mouse heart. FGF8 was expressed primarily in
the luminal endocardial rim of the cushion (C) as well as in
the myocardial cells (My). (C) FGFR1 mRNA expression was
detected throughout the heart including myocardium and

cushion mesenchyme. (D) FGFR2 mRNA, however, was
expressed intensely in the cushion mesenchymal cells
(arrows) but little signal was detectable in the myocardium.
(E) Most strikingly, FGFR3 mRNA expression was confined to
the endocardium of the cardiac cushion (arrows). (F) High
power view of FGFR3 mRNA expression in the cardiac
cushion tissue (bright field view). This bright field picture
indicates a restricted pattern of FGFR3 mRNA expression to
cushion endocardial endothelial cells (arrows). Note cushion
mesenchymal cells have few silver grains.



Plate 12 (A), (B) FGF4 overexpression induces expansion of
cardiac cushion mesenchyme in ovo. Replication-defective
retrovirus encoding FGF4 and bacterial ß-galactosidase
(FGF4 + ß-gal) or ß-galactosidase (ß-gal) was microinjected
into the sinistro-ventral conal cushion (SVCC) of the heart of
stage 17 chick embryos. Whole embryos were incubated to
stage 24 then processed with X-gal histochemistry to detect
viral reporter ß-galactosidase expression. A total of 17 chick
embryos was successfully microinjected with virus
specifically into cardiac cushions. Eight out of 17 embryos
were microinjected with FGF4+ß-gal virus and nine were
microinjected with ß-gal control virus. microinjected. None
of nine ß-gal microinjected embryos showed expansion of
cushion mesenchyme. Seven out of eight FGF4 + ß-gal
embryos injected with virus clearly demonstrated luminal
expansion of ß-gal positive cushion mesenchyme. Arrow,
intense viral ß-galactosidase staining in the heart (A). A
paraffin section of the same embryo shows the outgrowth
of a bud-like expansion of cushion tissue stained with X-gal

(arrows) (B). (C), (D) FGF4 protein injection stimulates BrdU
incorporation by cardiac cushion mesenchymal cells in ovo.
Recombinant human FGF4 was microinjected into cushion
mesenchyme of the inner curvature at stages 17–18.
Embryos were incubated another 18 h to evaluate the
proliferative effect of FGF4. BrdU was applied topically to
the embryo for 3 h before the termination of the incubation
in ovo. After the fixation and paraffin embedding, sections
were immunostained with an anti-BrdU monoclonal
antibody (green). Myocardium was immunostained with
MF20 (blue) and all nuclei were stained with propidium
iodide (red). Note that the increased incidence of BrdU-
positive nuclei (yellow, after overlay of triple labeled
immunofluorescent microphotographs) nuclei in the FGF4
injected cushion mesenchyme (D) as compared to the BSA
injected control (C). BSA injected control samples tend to
show more BrdU positive cells near the luminal surface of
the cushion (C), while FGF4 injected samples show more
BrdU positive cells in the central part of the cushion (D). 



Plate 13 Asymmetric expression of Tbx5. Expression of Tbx5 is restricted to the left ventricle, making a clear boundary at the
position of ventricular septum (red arrow head).

Plate 12 cont’d (E) Quantitative analysis of exogenous
FGF4 mediated proliferation in culture. BrdU positive and
negative nuclei in the cultured AV cushion mesenchymal
cells from stage 25 chick embryos were cultured for 2 days in
the serum-free medium 199 with FGF4 at final
concentrations of 0–250 ng/mL. BrdU was added to the
medium 2 h before the termination of the culture. BrdU-
incorporated nuculei were counted to determine the
percentage of cells which were in cell-cycle transit as a index
of proliferation. A total of 500 nuclei in each culture well
was evaluated in random fields. Vertical bars indicate ± 1 SD
of the mean. Six wells of mesenchymal cells were evaluated
for each dosage of the culture. FGF4 (as low as 10 ng/mL in
SFM) promoted proliferation of mesenchymal cells.
Asterisk, significant difference at the 1% level of confidence

using Student's t-test. (F) Quantitative analysis of FGF4
protein-mediated cardiac cushion mesenchyme
proliferation in ovo. Six μm serial paraffin sections at every
24 μm were subjected to quantitative evaluation of BrdU
incorporation into nuclei as an index of proliferation. BrdU
positive and negative nuclei in cushion mesenchymal cells
were counted to determine the percentage of cells that
were in cell-cycle transit. Vertical bars indicate ± 1 SD of the
mean. BrdU incorporation in FGF4 microinjected samples is
statistically higher than that in the control BSA injected
cushion mesenchyme. Asterisk, significant difference at the
1% level of confidence using Student's t-test. Numbers of
chick embryos used for quantitative evaluation indicated in
parenthesis.
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Plate 14 Misexpression of Tbx5 in the entire heart ventricle.
Ventricular septum formation was severely disturbed,
resulting in a single ventricle. The ventricular wall was thin,
and the trabeculae were coarse and rough. Both right and

left atria were dilated with an atrial septum defect (ASD).
The aorta and pulmonary artery were fused at their base
and connected to the single ventricle, resulting in a double
outlet left ventricle (DOLV).
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Plate 15 Partial misexpression of Tbx5 in the heart ventricle.
The left ventricle expanded and the right ventricle shrank.
The relative sizes of these two ventricles indicate a shift of
the ventricular septum formation to the right, although the

trabecular formation and the thickness of ventricles were
not affected. Conal septation/rotation defects were also
observed. The atrial septum formed, but it was thin and
membranous.



Plate 16 Misexpression of Tbx5 in mouse heart. (B), (H), (H)
and (Q) In the MHC-Tbx5 transgenic mice, both eHAND and
mANF were induced in the entire ventricle, whereas dHAND
was repressed. (K) Ventricular septum formation was
disrupted with a tiny bulge at the right-most end (black
arrowhead). (C), (F), and (I) In the MLC-2v-Tbx5 transgenic
mice, the right ventricle expanded, as indicated by a red
arrowhead. In this portion, both the eHAND and mANF
genes were induced, and the dHAND gene was repressed.

(L), (O), and (R) Histologic analysis revealed the swelling of
the right ventricle, as indicated by a red arrowhead in (L). In
this swelling, eHAND was induced in a gradient manner, as
indicated by a red arrowhead in (L), leaving an eHAND-
negative part near the septum. (O) In this small part, dHAND
is expressed, as indicated by a red arrowhead, whereas this
gene is repressed in the rest of right ventricle. (R) mANF was
induced in the right ventricle of this transgenic mouse.



Plate 18 Establishment of the
identities of the right and left
ventricles. Tbx5 in the left ventricle
and Tbx20 in the right exert their
mutually repressive actions to
establish a clear boundary of gene
expression. Consequently, the
ventricular septum develops at the
position of this boundary. Tbx5 and
Tbx20 act synergistically with other
transcription factors, such as GATA4
and Nkx-2.5 to set up two different
identities of developing ventricle.

Plate 17 Expression patterns of Tbx5 and
Tbx20. Tbx5 expression is restricted to
the left ventricle, whereas Tbx20 is
expressed in the right ventricle, making a
complementary fashion of gene
expression. Red arrowheads indicate the
position of the ventricular septum.

RV

LV

IVS

Tbx5



contribute to specific segments of the mature aortic arch,
also color coded. Mesenchymal cells form the cardiac valves
from the conotruncal (CT) and atrioventricular valve (AVV)
segments. Corresponding days of human embryonic
development are indicated. RV, right ventricle; LV, left
ventricle; RA, right atrium; LA, left atrium; PA, pulmonary
artery; Ao, aorta; DA, ductus arteriosus; RSCA, right
subclavian artery; RCC, right common carotid; LCC, left
common carotid; LSCA, left subclavian artery. Reprinted
with permission from Srivastava and Olson.1

Plate 19 Schematic of cardiac morphogenesis. Illustrations
depict cardiac development with color coding of
morphologically related regions, seen from a ventral view.
Cardiogenic precursors form a crescent (left-most panel)
that is specified to form specific segments of the linear heart
tube, which is patterned along the AP axis to form the
various regions and chambers of the looped and mature
heart. Each cardiac chamber balloons out from the outer
curvature of the looped heart tube in a segmental fashion.
Neural crest cells populate the bilaterally symmetric aortic
arch arteries (III, IV, and VI) and aortic sac (AS) that together

Plate 20 Expression of the HNK1
epitope (labeled by FITC) is found in
the trabeculae of the ventricle; and
almost the entire atrium of a 4-day-
old zebrafish heart. The heart is
rendered and deconvolved to show
the 3-D structure.



Plate 21 Projection of stacked confocal sections (2 mm
apart) through the ventricular wall of a 3-day-old zebrafish.
(A) Immunofluorescence localization of HNK1 (green)
epitope of a 3-day zebrafish heart superimposed on the
differential interphase contrast (DIC) image. (B) Sagittal

section of the same heart with the intensity color code LUT
shows the HNK1 epitope expressed extensively in the
atrioventricular (arrow), outflow tract (arrowhead), and the
ventricular regions.
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Plate 22 Summary of phenotype of calreticulin knockout
mice and heart specific overexpression mice. Calreticulin is
essential for heart development. Knockout mice is
embryonic lethal because of decrease in ventricular wall
thickness. The defect is rescued by additional expression of

activated form of calcineurin in the heart. Calreticulin is
abundant in embryonic heart. However, level of calreticulin
expression is reduced in the newborn heart. Overexpression
of calreticulin in the heart lead to arrhythmia and cardiac
sudden death.
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Plate 24 Whole-mount in situ
hybridization for ANF in E10.5 wild-type
(A) and Tbx5del/+ embryos (B). Note
increased expression in the Tbx5del/+ RV
and ectopic expression in the
interventricular groove (arrowhead).

Plate 23 Histological findings and VCAM-1
immunoexpressional patterns in control (a, c, e) and bis-
diamine-treated hearts (b, d, f). The epicardium (E)
approached and finally connected with the myocardium
(M), and vascular plexuses, which were formed between the
epicardium and ventricular myocardium, became thick and
shortened in the control heart during these developmental

stages (a, c, e). However, the epicardium stayed separate
from the myocardium and the vascular plexus was loose and
thin in the bis-diamine-treated heart (b, d, f). Note the thin
ventricular myocardium in the bis-diamine-treated heart.
VCAM-1 immunoreactivity was observed on the epicardium,
vascular plexuses, and epicardial myocardium in both
control and bis-diamine-treated hearts.



Plate 25 Tbx1 expression is controlled by separable
pharyngeal endoderm and mesoderm regulatory regions in
transgenic mice. (a) Genomic organization of the 5' mouse
Tbx1 locus and flanking region. Boxes indicate exons and
translation start site (ATG) is designated as nucleotide
number zero. Construct number is indicated on the left, and
the corresponding expression pattern of lacZ at E9.5 is
summarized on the right. The far-right column indicates the
fraction of F0 transgenic embryos with Tbx1-like lacZ
expression/lacZ gene positive embryos. (b) Endogenous
expression of Tbx1 transcripts by whole-mount RNA in situ
hybridization. (c)–(f) Right lateral views focusing on the
pharyngeal arch of representative embryos obtained with
each construct (indicated in upper right corner of each
panel). Expression of lacZ in embryos with construct 1 (c)
recapitulated endogenous Tbx1 expression (b). LacZ
expression in the head mesenchyme (hm) and pharyngeal
endoderm (asterisks) was detectable in each embryo with
construct 1 (c), 3 (d), 4 (e) and 6 (f), while that in the
pharyngeal mesoderm (arrowheads) and cardiac outflow

tract (ot) was only in embryos with construct 1 (c) or 3 (d).
(g)–(p), Embryos from a stable transgenic line harboring the
12.8 kb fragment (construct 1) were analyzed at various
times during mouse embryogenesis. (g)–(j) Whole-mount
photographs of embryos from E7.5 to 10.5. (k) Right lateral
view of embryo focusing on the pharyngeal arch and heart
at E9.5. (l)–(p) Transverse (l,m,p), sagittal (n), or frontal (o)
sections counterstained by Nuclear Fast Red from E7.5 to
9.5. (g),(l) lacZ was expressed in mesoderm cells (m) that give
rise to head mesenchyme, but not in the cardiac crescent (cc)
or lateral plate mesoderm (lm) at E7.5. (h),(m) Expression of
lacZ was detectable in the head mesenchyme (hm) and
pharyngeal arch (pa) at E8.5. (i),(n)–(p) LacZ expression was
detectable in head mesenchyme, pharyngeal arch
mesoderm (white arrowheads) and endoderm (black
arrowheads), but not in neural crest-derived mesenchyme
(asterisks) at E9.5. (j) Expression of lacZ extended to the
primordia of vertebral bodies (vb). (k),(p) LacZ was
expressed in both myocardial (my) and endocardial (e)
layers of the ot at E9.5. hf, head fold; ht, heart; ph, pharynx.
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Plate 26 Intracardiac phenotype in Tbx1+/+, Tbx1neo/-, and
Tbx1neo/neo fetuses at E18.5. Frontal view after removal of
the atria and free wall of the right ventricle (RV). The
Tbx1neo/- specimen has an intracardiac phenotype identical
to that of Tbx1–/– fetuses. Note the very large ventricular
septal defect (VSD) and the truncus originating entirely

from the RV. In the Tbx1neo/neo specimen, the VSD is
subvalvular. The truncus overrides the interventricular
septum and communicates with the left and right ventricles.
Pav, semilunar valves of pulmonary artery; TRv, truncal
valve.
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Plate 27 Tbx1 overexpressing mice have higher incidence of
cardiovascular anomalies: 64% of BAC transgenics in wild
type background display various cardiovascular defects,
compared with 28% of BAC transgenics in Tbx1 null

background. This figure displays a detailed analysis of
cardiovascular phenotype of BAC transgenics in wild type
and Tbx1 null background.



Plate 28 Fate mapping of neural crest cells was performed
using P3proCre mice crossed with R26R lacZ reporter mice in
wild type (A) and Lgdel/+ (B) embryos. Sagittal sections of
E9.5 embryos (A, B) reveal neural crest cells (blue)
surrounding the pharyngeal arch arteries in both wild type
and Lgdel/+ embryos. Pharyngeal arches are numbered.
SM22a-lacZ knockin mice were used to detect smooth
muscle differentiation in wild type (C, F, H) and Lgdel/+ (D, E,
G, I) embryos at E10.5. The aortic arch arteries are
numbered. The 3rd aortic arch arteries are stained blue
indicating smooth muscle differentiation in both wild type
and Lgdel/+ embryo, while smooth muscle differentiation
was severely deficient in the 4th and 6th aortic arch arteries
of Lgdel/+ embryos. The black arrow in (D) points to a

hypoplastic 4th aortic arch artery that is devoid of smooth
muscle. In (E), there is minimal evidence of smooth muscle
differentiation in the dorsal segment of the 6th aortic arch
artery. Coronal sections (F, G) confirm b-galactosidase
activity in the 3rd, 4th, and 6th aortic arch arteries bilaterally
in wild type embryos, while no evidence of smooth muscle
differentiation is present in the 4th arch artery of a Lgdel/+
embryo (G). The 6th arch artery is not visible in this section.
Double staining of embryos to identify Sm22a-lacZ (blue)
and smooth muscle actin (immunohistochemistry, dark
brown) (H, I) confirms deficient smooth muscle
differentiation in the 4th aortic arch of Lgdel/+ embryos (I)
comparing to the wild type (H).



Plate 29 Three lineage-label approaches mark cardiac
neural crest cells that form muscle cells in the myocardium.
(A-F) Confocal cross sections of the green channel (lineage-
labeled cells) shown in left panel, superimposed green and
red (MF20) channels shown in right panel. (A-D)
Transplanted neural crest cells transform into muscle cells in
the myocardium at 3dpf. Cells in the ventricle (green label
and arrow, panel A) and in the bulbus arteriosus (BA) and
ventricle (V) (panel C) were also MF20-positive (yellow label
in overlapped images, panel B and D). (E, F) Laser uncaging
of DMNB-caged fluorescein dextran labeled neural crest
cells at the 8-somite stage and confocal images of the
ventricle of a 72hpf embryo were shown. By 72hpf, the
lineage-labeling begins to appear punctate within the
cytoplasm of lineage-labeled cells. (G, H) Laser activation of
hsp70-gfp transgene in neural crest lineages resulted in
GFP-labeled myocytes at 36hpf. Both myocardial layer and
endocardial layer in the ventricle were detected in Nomarski
optics (G). Three fluorescent-labeled cells were detected in
the myocardial layer (H). (I, J) Cells labeled by laser uncaging
or GFP-activation were also detected in (I) the pharyngeal
arches and head cartilage and (J) a pigment cell, indicating
that these techniques successfully labeled neural crest 
cells. Arrows indicate labeled cells. (Adapted from Sato and
Yost.19)



Plate 30 Defects in outflow tract remodeling in Lp, and
expression pattern of the causative gene, Vangl2. (A), (B)
Hematoxylin and eosin staining of transversely sectioned
E13.5 Lp, shows that in wild-type fetuses, the aorta arises
from the left ventricle, whereas the pulmonary trunk arises
from the right ventricle (arrows). (C), (D) In Lp/Lp
littermates, in contrast, both the aorta and the pulmonary
trunk exit from the right ventricle (arrows). (E), (F)

Immunohistochemistry, using an anti-a-smooth muscle
actin antibody, visualizes neural crest cells in the outflow
tract cushions at E11.5 (arrows). There are no apparent
differences between +/+ and Lp/Lp littermates in the
distribution of these cells. (G), (H) Expression of Vangl2 in
the myocardial wall of the outflow tract (arrows) and the
ventricular myocardium at E11.5 and E12.5 suggests that
Vangl2 plays a primary role in outflow tract remodeling.



Plate 32 Measurement of cellular orientation. Either 8-bit
green or red color channel was extracted from a captured
RGB image (A). The extracted gray-scale image (B) was then
binarised (C) and skeletanized (D). In each small segment

Plate 31 Representative image of 72 h
non-stretched (left panel), and 48 h
quiescent and 24 h stretched (right
panel) embryonic ventricular cells
stained for sarcomeric (green) and non-
sarcomeric (red) a-actinin. Double
arrows, principal stretch direction. 1,
single populated cluster of
cardiomyocytes (CM); 2, single populated
cluster of noncardiomyocytes (NC); 3,
cardiomyocytes connected to
noncardiomyocytes (CM–NC); 4,
noncardiomyocytes connected to
cardiomyocytes (NC–CM). Scale bar = 
20 μm.

the vector length and the angle to the principal stretch
direction were measured (E). The average cellular
orientation was then computed by summation of all
segmental vectors (F, red arrows).



Plate 33 Cardiac failure in early homozygous Sp2h embryos.
(A)–(C) Transmission EM images of 10.0 dpc +/Sp2h control
(A), ventricular compact zone (VCZ), Sp2h homozygous
ventricular compact zone (B) and Sp2h homozygous (C)
ventricular trabeculae (VT) at ¥ 12 500 magnification. Note
the myofilament deposition and parallel myofibril
organization surrounding the forming Z-lines within both
the normal control ventricular compact zone (A) and Sp2h

homozygous myocytes in the trabeculated wall of the
common ventricular chamber (C), but that the Sp2h

homozygous ventricular compact zone myofibrils (B) are
disorganized and surrounded by an abnormally sparse
cytoplasm. The cellular membranes are intact, adherence
junctions are present and there is no observable apoptosis
within the homozygous Sp2h ventricular compact zone. (D),
(E) Examples of intracellular Ca2+ transients in 9.5 dpc wild
type and homozygous Sp2h freshly dissected heart tubes
measured using 3 mm fura-2/AM. Ca2+ transients were

elicited from the primitive ventricle by electrical field
stimulation at 1Hz as described.17,20 Note the reduction
(~30%) of Ca2+ transients in homozygous mutant (n = 6)
hearts. Basal Ca2+ concentration was not statically different
between all three genotypes (average ~198 nM [Ca2+]i), but
the peak [Ca2+]i levels (not shown) and the times for the Ca2+

transients to decay by half of the peak magnitude peak
within the Sp2h homozygous 9.5 dpc hearts is significantly
reduced (average ~228 nN in wild type; ~172 nM in
heterozygotes; 108 nM in Sp2h homozygous embryos). (F),
(G) RNA whole mount in situ hybridization analysis a1-
Ca2+channel subunit (F) and of Ncx1 (G) and expression
within both control and homozygous Sp2H mutant 9.5 (F)
and 9.0 dpc (G). Note both Ca2+ handling genes are elevated
within the mutant heart (arrows) when compared to the
wild-type embryos. Both Sp2H mutant embryos have
exencephaly (*).
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Plate 34 Ncx1 over-expression has a cardio-protective
effect. (A) Whole mount X-gal staining for the Ncx1lacZ

reporter in both heterozygous and homozygous Sp2h-Ncx1
null 9.0 dpc embryos. Note that both are Ncx1 homozygous
nulls and do not exhibit a heartbeat, but that the double
mutant Sp2H-Ncx1 embryo (only one of two that survived to
9.0 dpc; arrow) is more severely growth retarded than just
the heterozygote Sp2h-Ncx1 null embryo. Also note that
often the heterozygous Sp2h embryos exhibited failure of
cranial neural-fold closure (exencephaly, Ex) and that the
Ncx1lacZ reporter is only expressed within the heart (H). (B)

X-gal staining of Sp2h heterozygous and homozygous Sp2h

11.0 dpc embryos, both of which are Ncx1 heterozygotes.
Note the slightly elevated Ncx1 expression within the
irregular somites in the Sp2h homozygous embryo, but
otherwise the spatiotemporal expression of Ncx1lacZ

reporter is unaffected. (C) X-gal staining of heterozygous
and homozygous Sp2h 13.5dpc embryos. Both embryos are
Ncx1 heterozygotes and strongly express Ncx1 within the
heart, but also exhibit some expression within the neural
tube. Note that the homozygous Sp2h embryo has
exencephaly (Ex) and spina bifida (Sb).



Plate 35 Atrial chamber-specific expression of sarcolipin
mRNA. (A) Northern blot analysis for the various mouse
tissues. Using the full-length SLN cDNA probe, a single
transcript of 0.9 kb was most abundantly expressed in the
atrium of the heart and to a lower extent in esophageal
muscle and to even lower extent in skeletal muscle and
bladder. No hybridized signal was found in the ventricle. A
small amount of SERCA1 transcript was detected in the
atrium. There was a considerable amount of SERCA1
expression in mouse smooth muscle. GAPDH was used for

internal control. (B) In situ hybridization analysis using the
antisense SLN RNA probe. SLN mRNA was restrictedly
expressed in the atrium, but not in the ventricle. The
localization of SLN transcript in the atrial myocardium was
ubiquitous in the right and left atria. (C) High magnification
image of the lesion indicated as a rectangle in (B). EDL,
extensor digitorum longus muscle; PLN, phospholamban,
LV, left ventricle; RV, right ventricle; LA, left atrium; RA, 
right atrium. Scale bar = 1 mm (B). These data have been
previously published elsewhere.10
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Plate 36 Holistic Molecular Genetic (HMG) medicine and
collaborators. HMG is a new system of molecular genetic
medical care, the aim of which is to clarify the molecular
genetic pathogenesis of congenital and hereditary heart

disease throughout life. HMG medicine was established in
1998. We have applied this system to conotruncal anomaly
face syndrome (CAFS) and Holt–Oram syndrome patients.

Plate 37 A posterior view of a 3-D CT image from a 30-year-
old woman with deletion, a mother of a child with deletion
and TOF, showing high cervical right arch (A), Kommerell's

diverticulum (long arrow) and retro-esophageal left
subclavian artery (short arrow). DA: descending aorta



Plate 38 Electroanatomic classification of AV conduction
disturbances. Electrocardiographic traces depicting 1st, 2nd
and 3rd degree AV block are shown. Sites of block, relative
to intracardiac recording of the His bundle electrogram
(HBE), are depicted. AH, conduction interval from onset of

low septal atrial depolarization to His bundle spike (H) to
onset of ventricular depolarization; HV, conduction interval
from onset of His spike to onset of ventricular
depolarization; PA, conduction interval from onset of P
wave to low atrial septal depolarization.
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Plate 39 Left, SSCP analysis of one family with LVNC
identifies an abnormal band (arrow) in affected members of
this family. Right, automated sequencing identifies a point

mutation (C>T) at nucleotide 362 within exon 3 of a -
dystrobrevin in affected individuals compared to the wild
type normal sequence.
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Plate 40 Left upper, Pedigree of the patients with isolated
left ventricular noncompaction. Squares, males; circles,
females; solid-filled squares, affected males; circles with
dots, carrier females; slashes, dead individuals. The pedigree
reveals a history of unexplained death during infancy and
early childhood, indicated by hatched symbols. Arrow,
proband (patient IV: 1). Left lower, SSCP analysis of exon 9 of

the proband (IV: 1), his mother (III: 2), father (III: 3),
grandmother (II: 3), great grandmother (I: 6), aunt (III: 4), as
well as the mother (II: 14) of the second patient (III: 9) and a
normal unrelated control (C). Right, DNA sequence analysis
of intron 8 and exon 9 of a normal control (panel A), the
proband (panel B) and his mother, a heterozygous carrier
(III: 2: panel C).
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